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Abstract

Background: Glucose is the primary fuel for the brain. Theerof glucose in
the performance of cognitive tasks been extensistlgied over the years. The
possible and desirable facilitative effects of gse on cognitive performance
have been explored in various ways including behaal and psychological
tests and by studying brain activation patterndm@n imaging. The literature is
also dotted with anecdotes of detrimental effe¢taaute severe hypoglycemia
on cognition. However, the possible deleteriouseaf of recurrent
hypoglycemia, in people with diabetes treated witulin, remains divisive.

The body of work which this thesis forms part ofswa look at the effects of
hypoglycemia on cognitive performances and simelbais brain activation

patterns (Appendix 1) by inducing experimental hglgoemia (clamps).

Rationale: The study was set to examine the effects of clemgblood glucose
on memory function and upon accompanying pattefrisrain activity. It was

also aimed to identify memory differences between-diabetic subjects, and
patients with type 1 diabetes (T1DM) with and withexposure to severe
hypoglycemia. Thus, prior to embarking on compléemp studies in people
with diabetes, the cognitive performances and baativation patterns of a small
dose of oral glucose were studied in non-diabegalthy individuals. This study
would serve as a critical prelude to an exploratadnthe effects of altered

glucose levels on memory performance in diabetigesus.



Topical work by Farooqi et al (Farooqi, et al., Zp8howing modulatory effects
of leptin on the nucleus accumbens and appetitelaggn, prompted the study
of glucose load on a further cognitive domain, nigrbeain activation patterns in
response to images of foods.

The first part of the body of this thesis is mageofi the study of the cognitive
performances and the brain activation patternssrhall dose of oral glucose in
healthy volunteers. The second part details th@ystd brain activation patterns

on viewing food imagery under influence of glucasel sweetener.

Hypotheses:Previous work has shown an effect of glucose ormrawagnitive
functioning. The hypothesis was that cognitive perfance on long-term verbal
memory tasks would be enhanced following 25 g af glucose. This would be
mirrored by differences in brain activation pattern

For the food task, the hypothesis was to see iseckarain activation in limbic
regions of the brain on viewing food pictures fallog ingestion of the control
drink, aspartame. This state would be perceivedhasfasted state and thus
activate the hedonic circuitry on presentationaafd (images). Activation in the

limbic regions would be dampened following 25 gddl glucose.

Methods: A controlled randomised single-blind cross-overdgtwas conducted
on 13 healthy right-handed individuals. Brain aation patterns using functional
magnetic resonance imaging and cognitive perforemdmerbal memory tasks,
continuous performance testing and working memaefe studied following 25

g of oral glucose.



Following the cognitive tasks, in parallel, theeefls of the glucose load on a
further cognitive domain, namely activation in respe to images of foods was

also examined.

Results: Despite being sufficient to cause a small butifgant rise in blood
glucose and insulin, there was no significant e¢ftdadhe glucose load on either
cognitive performance or brain activation for eitbéthe cognitive tasks.

In contrast to the lack of effects seen on thksabove, significant differences
in brain activation was observed with the glucasad| with areas of the limbic
region, being increasingly activated in responsefdod images following

glucose ingestion. This was in contrast to ourinaghypothesis.

Conclusions: The study was short of demonstrating a facilitateféect of
glucose on cognitive performance partly due to tfsg@tal performance data on
the verbal memory task, which has been shown taylbeose-sensitive. In
addition, one could speculate that failure to obsex glucose effect may be
because the tasks were not sufficiently demanding.

Though the expectation was to see dampened aotivati the hedonic brain
areas post-glucose, the contrary was found. Thexpgrcted finding could be a
part of a “feed-forward” control mechanism with ewolutionary advantage to
reinforce/ increase food intake when appropriatee gontrast between the latter
food task and the former cognitive tasks suggedttths is not just a general fuel
effect but rather a specific “post-ingestive” irdhce to increase activation in

hedonic areas of brain when presented with food.



The novel findings shed light on the mechanismstroimg appetite and

highlight the need for further research in thisdfie

Results from this study were presented as an oedgntation at the European

Association for study of Diabetes (EASD) ConfergAoesterdam in 2007.
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1 Introduction

Chapter 1. Introduction

This chapter outlines the scope of the researcjegirahe hypothesis and aims
of the study. It also explains how the body of wgnesented in the thesis
contributes towards the research project.

Glucose from the blood stream is the main fuel sujppy brain metabolism and
function. Acute hypoglycemia results in cognitimepairment, with deterioration
in a number of cognitive processes including memakithough cognition
generally recovers rapidly after acute hypoglycernti@ long-term cumulative
effects of recurrent moderate episodes of hypoghyaeare unclear. There have
been conflicting reports in the literature linkiadhistory of severe hypoglycemia
with memory problems. Recent studies in rats suggest the effects of
recurrent hypoglycemia on memory may be differénditierent blood glucose
levels.

The aim of the project was to look at the effedtslmnges in blood glucose on
memory in both non-diabetic volunteers, and subjegith type 1 diabetes
without and with a history of problems with recunrsevere hypoglycemia. This
was done by using detailed cognitive assessmentsavhory performed in
combination with functional magnetic resonance img@g(fMRI) at different
blood glucose levels. The first part of the studgkied at cognitive performance
with fMRI performed on non-diabetic volunteers oro@casions (randomised,
single blind study design) following a drink oflest glucose or sweetened water.

The results from this study form the body of thesik.

-16 -



1 Introduction

| then went on to study diabetic subjects twiceramdom order, once at
hypoglycemia and once at euglycemia using the hyp@inemic clamp
technique. | also studied an additional group ofnb2-diabetic subjects on a
single occasion using a similar hyperinsulinemicangb protocol at
hypoglycemia. Outcome measures were memory perficenaand brain
activation under different glucose conditions coregabetween groups. Results
from this study do not form part of this thesis.eToriginal proposal has been
included in the appendice8gpendix ] for reference.

In the latter part of the thesis the effects ofcgke on the brain activation
patterns on viewing images of food have been desdriThis study was carried
out in view of the topical facilitative effects tptin on the hedonic regions of
the brain (Farooqi, et al.,, 2007). The hypothesiss what glucose had a
modulatory effect on the hedonic regions of therbvehich in turn was involved
in regulation of appetite. In particular, a smdtise of oral glucose would
dampen appetite and thus reduce the activatiorrah lvegions to pictures of
food. Furthermore the expectation was to see éfffiegs in brain activation
patterns between appetitive vs. bland food pictures

Thus this study contributes to the existing literaton effects of oral glucose
load on cognitive performance. It additionally delates the brain regions
recruited during performance of these tasks undfareint metabolic conditions
(glucose vs. sweetener). The second part of thigk i@oking at effects of
glucose on hedonic circuitry of the brain would ghreew light on the current
understanding of appetite regulatory controls.

At the outset, the literature looking at effectsghicose on memory functions

and brain activation patterns during performanceagnitive tasks have been
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1 Introduction

reviewed. Following this the literature looking @ntemporary knowledge and
understanding of the processes involved in therobmif appetite have been

reviewed.

1.1 Brain glucose metabolism

The brain is an extremely active organ consumirg &0 the body’s oxygen and
receiving 15% of its cardiac output (Sokaloff, 198&lucose constitutes the
principle fuel for brain metabolism, with 120 gglticose per day being oxidized
in the brain to liberate energy (Sieber & Traystma®92). Thus presence of
adequate levels of glucose in the blood streamarsmpount for the smooth
functioning of basic cell functions and regulatioincritical metabolic processes
such as body temperature, energy balance and, floirgxample. Glucose is also
vital for the execution of more complex and sopbaéded tasks of memory and
learning. The effects of glucose on performanceoginitive functions have been
studied for decades with variable conclusions. €aeebral regions involved

during performance of cognitive tasks have beedistuusing modern brain

imaging techniques such as positron emission toapbgyr (PET) and functional

magnetic resonance imaging (fMRI) to name a few.

It has been known for several years that glucose dma impact on the

performance of some of these functions of braingPGold, 1995b). Memory

enhancement following glucose administration hasdently been studied by
neuropsychologists and has been variably shownet@rihanced, reduced or
unaffected by glucose. On the other hand othernesutave shown detrimental
effects of low blood glucose on memory performancepeople with diabetes

suffering from hypoglycemia.

-18 -



1 Introduction

1.2 Glucose and memory

1.2.1 Hypoglycemia and Memory:

The best studied glucose manipulation with respeotemory is hypoglycemia.
Low blood glucose levels (< 3.0 mmol/l) have beboven to have short-term
effects on various aspects of cognitive performanoeluding memory as
described below.

Before experimental hypoglycemia became an accepieekstigative tool in
diabetes, expert clinical observers noted impaitsief cognitive functions
despite clear consciousness during hypoglycemia\(Aletcher, Campbell WR,
1922; Wilder, 1943). Type 1 diabetes (T1DM) isaani of diabetes which
develops when the insulin-producing cells in thelyobave been destroyed and
the body is unable to produce insulin. It accodotss-15 % of all patients with
diabetes and is treated by daily insulin injectior{®iabetes UK,
www.diabetes.org.uk). Inherent to treatment witbulm is the adverse effect of
developing hypoglycemia. The deleterious effectaamfte hypoglycemia on the
brain are well known to T1DM patients and theirezarand families, with low
blood glucose levels frequently resulting in slowadd dampened thought
processes, and even lethargy or frank coma if $efadl low enough (Gaudieri,
Chen, Greer, & Holmes, 2008). Cognitive functionsluding orientation and
attention, perception, memory (verbal and non-v@rbanguage, construction,
reasoning, executive function and motor performa(fsher, 2007) can be
variably affected by hypoglycemia.  Hypoglycemiands to affect the
performance in certain select domains of cognititiist sparing the others. This

is partly explained by the different areas of thmaif involved in processing of

-19 -



1 Introduction

these various functions and their inherent restgtaio hypoglycemic effects.
Early studies (P. N. Russell & Rix-Trott, 1975) kashown that fine motor co-
ordination, mental speed, concentration and somenane functions were
disrupted at blood glucose levels of about 3.0 MimAlthough experimental
hypoglycemia does not exactly mimic natural episodd hypoglycemia
experienced with people with T1DM, psychologicadtselike the four choice
reaction time, Stroop and trail making tests whig$t attention, concentration,
psychomotor skills and mental tracking , have bskown to be sensitive to
acute hypoglycemia (Evans, Pernet, Lomas, Jonedmiel, 2000). The four
choice reaction time (where a mental decision oheskind is needed before
reacting to a stimulus) is affected at higher blghacose concentrations more
than simple reaction time (Heller & Macdonald, 1p96tudies have also
suggested that certain aspects of memory is rasistathe acute effects of
hypoglycemia, with performance on a variety of meyntasks being unaffected
by a moderate decrease in blood glucose (Mellmaayid) Brisman, &
Shamoon, 1994; Meneilly, Cheung, & Tuokko, 1994@rt@in mental functions,
such as simple motor tasks (speed of tapping) andosy skills and speed of
reading words aloud are relatively spared duringolgyycemia (Fisher, 2007). In
summary, tests which involve rapid responses andhvéire more cognitively
complex and attention-demanding tend to show impamt during hypoglycemia

(Deary, 1993).
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1 Introduction

1.2.2 Hyperglycaemia and Memory

1.2.2.1 Acute hyperglycaemia

Clinically less apparent are the effects of acutgpelnglycaemia on
neurocognitive functioning. A number of studies éademonstrated that
intraperitoneal glucose administration improvesnitige performance in rodents
(P. E. Gold, 1991, 1992; P. E. Gold, Vogt J, Hall 1986; Wenk, 1989; NM
White, 1991). A possible mechanistic explanation tlas comes from elegant
microdialysis measurements of rat brain glucosestehown that hippocampal
extra-cellular fluid (ECF) glucose levels fall dugi maze testing (a spatial
working memory task), suggesting that metabolic aets associated with
cognitive performance in the hippocampus are lichiig glucose supply, even in
non-diabetic rats at euglycemia. The fall in ECEcglke can be prevented by
(intraperitoneal) administration of glucose, caatiglg with enhanced
performance on maze testing (McNay, Fries, & Ga@0O0).

In humans, the memory-improving action of glucoas bheen studied for more
than 20 years. The memory-improving effect of gkecoon memory was
originally discovered by Lapp (Lapp, 1981) in youmgh school students. She
showed that giving a mixture containing 450-g caslvate over a 1-h period
improved word learning of high school studentsmigirly studies have shown
that experimentally raising blood glucose levelhantes certain aspects of
memory performances. Initial studies of effectgloicose on cognition appeared
to show that glucose specifically enhanced memargctions for those
individuals with memory deficits. However, it is worecognized that the
efficacy of glucose as a cognitive enhancer exteéads variety of populations,

including healthy young adults, healthy elderlyjsats and subjects with severe
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cognitive deficits. Studies performed by Sunram-eéal have shown that oral
glucose administration enhances memory, in padicdeclarative long term
memory (LTM), in healthy non diabetic humans (Garesderick, et al., 1987;
Messier, Gagnon, & Knott, 1997; Sunram-Lea, Fofdarjach, & Perez, 2002).
Declarative long term memory (LTM) is memory foreews or materials (such as
word lists or stories) which can be consciouslyulgit to mind and described
some time after the materials were originally leaknand after sufficient delay
or competing mental activity has elapsed for tHermation to be no longer held
in short-term memory (STM) (E. Tulving, 1972). Deative LTM , namely
episodic memory, is essentially memory for pasheyer materials and there is
clear evidence that it is highly dependent upon hippocampus with the left
hippocampal region differentially mediating memaoifyverbal materials and the
right hippocampal region mediating non-verbal (sgatial) memory (Aggleton

& Brown, 1999).

1.2.2.2 Chronic hyperglycaemia

Finally, although not a classical end-organ forbdiec damage, there is also
evidence that chronic hyperglycaemia may adver@gégct the brain, resulting in
“diabetic encephalopathy” (Ferguson, et al., 20@an, Williams, Finegold, &
Orchard, 1993). These results are probably partiadonfounded by
hypoglycemia. It is seemingly paradoxical that aggliicose treatments enhance
cognitive function, while chronic glucose consuroptmay lead to degeneration
of neural and other tissues across the neural tred tissues cross the life span

via metabolic stress following production of fresdicals (D. L. Korol, 2002).
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However, as mentioned above, processes throughhwdgate rises in blood
glucose enhance cognition may act by providing ymsars for neurotransmitter
synthesis or other neurochemicals from glycolysid amay not solely rely on
oxidative metabolic actions of glucose (D. L. Kqra002).

Rodent studies have demonstrated increased apeptoshe hippocampus of
BB/ Wor rats- a model of TIDM accumulating over g¢inwvith diabetes (Li,
Zhang, & Sima, 2002).

A number of studies have suggested that T1LDM stdjerform less well than
non-diabetic patients on a variety of cognitiveegssnents, although it is worth
emphasizing that in general the differences weltatively subtle (Brands,
Kessels, de Haan, Kappelle, & Biessels, 2004). &stgd mechanisms for this
have included oxidative stress, microvascular diseand the effects of brain
insulin signalling. Naoet al (Naor, Steingriiber, Westhoff, Schottenfeldi&
Gries) compared the performance of two groups ofyp@ 2 diabetic patients
who showed initial poor metabolic control (HbA1c0%). They were divided
into two groups with one being the intensive treaitngroup and the other the
regular treatment group. The intensive treatmemugrimproved for most
cognitive measures, across the assessments. Imetjudar treatment group,
performance either remained unchanged or even awmle across the

assessments.

1.3 Brain glucose levels
Although intracellular levels of glucose are tightbntrolled, extracellular levels
of glucose fluctuate with blood levels. The glucosentent of the brain

extracellular fluid has been measured in severaflemb experiments.
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Microdialysis and in vivo voltametry provide similastimates of extracellular
glucose, a value of 0.35 mmol/l (Lowry, O'Neill, Belle, & Fillenz, 1998).
Experiments examining the impact of hyper- and lgjypggemia on glucose
extracellular content have yielded variable resittsthe absolute values of
extracellular glucose. Conventional thinking ha®rbéhat brain extracellular
glucose levels are about 20-30% of the blood gkeidegels in the physiological
range. Brain activity in general is unaffected e tvariation in the brain
extracellular glucose levels (Claude Messier, 2{6Agept in case of significant
hypoglycemia), increases or reductions in braimaeeilular glucose following
changes in blood glucose levels are unlikely tecfbverall brain function and
are also unlikely to produce changes in neuronatage uptake because this
uptake is driven by the neuron’s activity, not bgdal glucose concentration. On
the other hand, increased blood glucose may fai@liglucose uptake in brain
regions where extracellular glucose levels are lpv@ecreased by either high
neuronal uptake or by poor transfer of glucose fremdothelial cells to brain
extracellular space. In another experiment, chaingéippocampal extracellular
glucose levels in rats during performance of a mgntask were examined
(McNay & Gold, 2002). Y maze spontaneous altermaisoa behavioural test for
measuring the willingness of rodents to explore rewironments. Rodents
typically prefer to investigate a new arm of thezeaather than returning to one
that was previously visited. The hippocampus iscigiby thought to be involved
in the performance of this task. (D. S. Olton, &felson, R.J, 1976). The level
of glucose (injected intra-peritoneally) in the rexellular fluid of a given brain
area decreased substantially when a rat was perfgrammemory task for which

the brain area was necessary. In another expetitmendecrease in extracellular
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glucose was reduced when the animals performedea-drm alternation task,
which was less difficult and presumed to requiss Iprocessing (McNay, et al.,
2000), suggesting that task difficulty induced egéat decrease in extracellular
glucose. In animals undergoing the three-arm atesn task, the hippocampal
extracellular glucose decrease was minimal anctioje of 250 mg/kg glucose
did not increase alternation behaviour. In a d#fgérexperiment, the changes in
hippocampal extracellular glucose levels in youmgl ald F-344 rats were
examined during a four-arm alternation task (McNayGold, 2001). It was
found that the alternation task was associated vaitil2% decrease in
hippocampal extracellular glucose levels in youats while old rats showed a
48% decrease. The injection of 250mg/kg glucosdisdisal these decreases and
also increased the number of alterations, indigabetter memory. These results
suggest that efficacy of glucose transfer to théraeellular space in the
hippocampus is reduced with aging. Glucose tramspdr (GLUT 1) facilitates
the transfer of glucose across cell membranes. défisit in GLUT 1 transfer of
glucose from the blood to the brain with aging doekplain the deficiency in
transfer of glucose into the hippocampus and thighty/ increasing blood
glucose levels is sufficient to overcome this defi@dlternatively insulin
sensitive glucose transporters such as GLUT 4 (whiediate passive diffusion
of glucose through the blood brain barrier) araol@d in the hippocampus, thus
glucose administration and/or impairments in glegotatory mechanisms are
thought to exert the most profound effects on medimporal regions (Owen,

Finnegan, Hu, Scholey, & Stinram-Lea, 2010).

-25-



1 Introduction

1.4 Neuropharmacological basis of central actions oflgcose

The neurobiological mechanisms of glucose’s act@mn memory are not
completely delineated. Changes in available gluaosg alter local cerebral
metabolism (Ragozzino, Hellems, Lennartz, & Gol@93), may modify
neurophysiological properties of neurons via chariggon channel activity (M.
R. Stefani, Nicholson, & Gold, 1999), and/ or mayeract with the output of
neurochemical systems (Ragozzino, Unick, & Gold@6)9perhaps by providing
substrates for the synthesis of various neurotrdatessr An ATP-sensitive
potassium channel is a type of potassium channektbbmembranes that is gated
by ATP (adenosine triphosphate). Intra-septalctipas of glucose and the
direct K-ATP channel blocker glibenclamide enhaspentaneous alternation
performance in the rat, and attenuate the perfoceanpairing effects of the

putative K-ATP channel opener morphine (M. R. Siefat al., 1999).

1.4.1 Glucose acting as a fuel

As discussed earlier, microdialysis studies in satggest that systemic glucose
can support hippocampal glucose levels during mgntask performance
(McNay, et al., 2000). There are a number of payiswlay which circulating
glucose can support cerebral metabolism. Firstthet it enters the brain
parenchyma through GLUT1 glucose transporter ptasethe endothelial cells
lining the blood vessels. Glucose is then tranggbdut of the endothelial cells
into the brain extracellular fluid and a substdngmrtion of glucose is
transported from the brain extracellular fluid tastrocytes that have processes
(end feet) that surround capillaries via an isofofM&LUT1 transporter. Glucose
in the astrocytes can be stored as glycogen thmtgain be broken down into

glucose and then transported back into the extrdaefuid either as glucose or
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as lactate (a product of glycolysis) and into tleirons via GLUT3 glucose
transporter (Claude Messier, 2004). Thus, glucaseigles energy to neurons
either by direct transfer of glucose from bloodseds to extracellular fluid to
neurons or by an intermediate transfer of glucdseugh astrocytes and by
metabolism of glucose into lactate in neurons aadsfer into neurons. Another
factor known to control glucose uptake by the biaicerebral blood flow. As
blood flow increase, blood glucose concentrati@msain high and may facilitate
glucose entry into the endothelial cells by keemngigh concentration gradient

between the two compartments (Claude Messier, Z064dta, et al., 2003).

1.4.2 Glucose altering neurotransmitter release and/or cannel activity
Increases in glucose uptake during neuronal adativare related to increased
synaptic function. Several key neurotransmitterstie brain are directly
dependent on exogenous glucose for their synth@hkis. includes two of the
main excitatory neurotransmitters in the brain,tgjuate and acetylcholine as
well as an inhibitory neurotransmitter, gamma-arbirtgric acid (GABA)
(Kaufman, Houser, & Tobin, 1991; Schousboe, etl#193). Thus synthesis of
neurotransmitters may drive a portion of changesgincose uptake and
utilization kinetics seen during neuronal activat{€laude Messier, 2004).

Gold et al (P. E. Gold, 1992; P. E. Gold, 1995aneixed interactions between
glucose and drugs directed at specific neurotraitsnsystems, to study how
glucose might affect brain processes. In roderdistuusing systemic injections,
findings indicate that glucose ameliorated the @#feof many drugs, including
reversing impairments in learning and memory predubdy opiate and-
aminobutyric acid (GABA) receptor agonists, and lctergic (both muscarinic

and nicotinic) and glutaminergic (N-methyl-D-aspéet NMDA) antagonists.
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Thus glucose interacts with several drugs, crossmany neurotransmitter
domains. Further experiments using microinjectiohglucose and drugs into
specific brain targets in rats have been usedyt@id define mechanisms by
which glucose might act on the brain. Gold et avéh identified two brain
injection sites where glucose has effects on legr@nd memory, namely the
amygdala and the medial septum (P. E. Gold, 1996}&ction of morphine, an
opiate agonist into the amygdala, before trainm@gm avoidance task impaired
later memory for that training experience; co-itigas of glucose, also directly
into the amygdala, attenuated the morphine-indusgzhirment (Ragozzino &
Gold, 1994a). The medial septum or the septohipppei system appears to
participate in learning and memory for spatial saakd other situations in which
relations between stimuli are important features tloé learned responses
(Eichenbaum, 1992; McDonald & White, 1993). Scoputge, an anticholinergic
drug has been used to produce cholinergic blockddehich one prominent
effect is to produce antegrade amnesia (Wesneq)dArigmpson, & Christmas,
1990), thereby impairing initial memory acquisitjosecondarily impairing
memory retrieval and especially delayed free re¢sleador, et al.,, 1993).
Intraseptal injections of morphine, muscimol, sdapone, and propranolol all
impair spontaneous alternation performance wheeciag into the medial
septum. Glucose injections into the medial septuttenaate deficits in
spontaneous alternation performance after intrak@géections of morphine, but
glucose does not attenuate the effects of eitleggatamine or propranolol under
the same conditions. Further, glucose metabolismoutgh pyruvate may
contribute to the mechanisms by which glucose adgalbrain functions (M. R.

Stefani, Ragozzino, M.E., Thompson, P.K., hellems]kennartz, R.C., Gold,
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P.C., 1994). It has also been suggested that gliscastions on memory may be
mediated by one or more outputs from the medialusefo the hippocampus.
This has been demonstrated by co-injections of ogleic(either systemic or
intraseptal) fully blocking the morphine-induced cosase in release of
acetylcholine in the hippocampus (Ragozzino, WefakGold, 1994b). This
suggests that the memory-impairing effects of mioghand the memory-
enhancing effects of glucose are paralleled by eds@s and increases,
respectively, in the release of acetylcholine, arogansmitter important to
memory formation. Glucose has reversed amnesidtiregdirom scopolamine
pre-treatment in young adult rodents (Croul, 1988)cose has also been shown
to attenuate amnesia in rats given scopalmine,oéinglngic antagonist (Wenk,
1989). In a series of studies (Ragozzino, et 8b6), it was found that while rats
were learning spatial information, acetylcholinéease in the hippocampus, a
structure believed to play a role in learning arehmry, was elevated compared
with output while the rats sat quietly in their eag In addition, peripheral
injections of glucose enhanced performance ine¢hening task and in the same
rats potentiated the output of acetylcholine frdme hippocampus in a dose-
dependent manner. Moreover, glucose injectionsdaib increase acetylcholine
output when the rat was in its own cage, suggedtira animals must be
engaged in learning activities before glucose eoéaent of neurotransmitter
function can be observed.

The results from the rodent studies reflect the durstudies in that subjects
appear to require sufficient task difficulty, aneéripaps neural activity, for
cognition-enhancing effects of glucose to be ol=#r(D. L. Korol & Gold,

1998). Glucose has been found to resemble theteaffecholinergic agonist,
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when 25 g glucose was given to healthy young worseme enhancing effects
were found in delayed recall of items from fourk&a®f the California Verbal
Learning Test (Delis, 1987) compared to those takirsaccharin drink or water
(Winder & Borrill, 1998).

Thus the evidence suggests that glucose modulatioagnitive performances is
at least to some extent carried out via alteratiortbe levels of brain excitatory

neurotransmitter acetylcholine.

1.5 Interaction with Oxygen

In addition to glucose, oxygen has been studiedit®rmemory enhancing
properties, due to dependency of glucose metabaligom oxygen supply. The
brain’s utilization of glucose parallels blood flomnd oxygen consumption at
rest (Sokoloff, et al., 1977). Energy expenditureréases with the difficulty of a
working memory task (Backs & Seljos, 1994). Theatefency of memory on
these substances has also been illustrated by anberuof studies which

demonstrate the reduction in cognitive functionihgit can occur when the
supply of glucose or oxygen is abnormally low (Cleyy et al., 1992; Clarissa S.
Holmes, 1986). Various studies have shown memoharerement following

inhalation of natural or hyperbaric oxygen (Crowley al., 1992; Edwards &
Hart, 1974; Moss & Scholey, 1996). Thus it has beestulated that increasing
the oxygen supply would in itself increase the opputy for glucose utilization.

The increase in memory consolidation following oaggadministration could be
due to the oxygen’s direct or indirect (via glugogs#fect on modulating the

cholinergic system (Moss & Scholey, 1996). In adgtaonducted by Winder et
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al., oxygen enhanced participants’ long-term (bot short-term) memory for
names with faces and shopping list items, whilegbe (50 g, pre-task) alone
appeared to have no significant effect on shortr{@diate) or long-term memory
(8 min) in either task. On the other hand, oxygethwlucose group recalled
significantly more names and faces than those gglenose alone. However
there was no significant difference between thagengoxygen alone (Winder &
Borrill, 1998). Thus the effects of glucose anggen on memory performance

were not additive and no more than that found wxigen alone.

1.6 Peripheral actions of Glucose

A number of experiments have suggested that theagoyi action of glucose in
modulating memory might be in the periphery. Thgalaafferents terminate in
the nucleus of tractus solitarius and the dorsatomaucleus. Secondary
projections from these structures project to thggaala (Claude Messier, 2004)
and the nucleus accumbens shell (Kerfoot, Chattilli& Williams, 2008) and
modulate memory processes.

Coeliac ganglion lesions in rodents that effectiv@bck most of the efferents of
the liver have been shown to abolish the effectaofje doses of glucose on
memory (NM White, 1991). Others have shown thatowagy produced an
attenuation of the memory-enhancing effects of ivperipherally injected
drugs (James F. Flood & Morley, 1988; J. F. Flo8djith, & Morley, 1987,
Nogueira, Tomaz, & Williams, 1994; C. L. Williams &nsen, 1993).

Further, stimulation of the vagus nerve in humaas been found to either
improve (Clark, Naritoku, Smith, Browning, & Jenset®99; Sackeim, et al.,

2001) or impair (Helmstaedter, Hoppe, & Elger, 20@bgnitive functions.
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However these results are difficult to interpretteesy involved either epileptic or
treatment-resistant depressive patients. In onelystit appeared that the
improvement in cognition produced by vagal stimolatvas associated with the
reduction of depressive symptoms (Sackeim, et 2001), suggesting a
nonspecific effect of the stimulation through thmprovement of depressive

symptoms.

1.7 Role of Epinephrine

Epinephrine is a hormone secreted under stresshdittons and during arousal
situations. Epinephrine has been shown to faalitmemory and other brain
functions via its action of releasing glucose frparipheral stores (liver) into the
circulation (P. E. Gold, 1995b). Although epinepleridoes not enter the brain in
large amounts (P. E. Gold, 1995a; Wenk, 1989) ay modulate brain functions
by brain stem mechanisms, such as by activatingonsuwf the nucleus of the
solitary tract. This suggested that glucose wouldimthe effects of epinephrine
on memory However; the neurobiological mechanisimaction of epinephrine
on memory are less well defined. Gold et al (PGEld, 1991) have shown that
similar to epinephrine, posttraining injectionsgidicose enhanced later memory
for the avoidance response in rats. Similar to eggnine, glucose’s effects on
memory were time-dependent and were most effectiwen glucose was
administered immediately after training, with nofeet if glucose was
administered 1 hour posttraining.

Although the effects of glucose mirror those oledirwith epinephrine in most
respects, one important difference is that glucosdéfects on memory are not

attenuated by pre-treatment with systemically adstened adrenergic
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antagonists (P. E. Gold, Vogt J, Hall JL, 1986)e3dresults are consistent with
the view that glucose effects on memory are sules#do epinephrine actions at
hepatic adrenergic receptors to liberate glucas@stinto the circulatory system.
It has also been noted that systemically admirgdteadrenergic receptor
antagonists block the effects on memory of mangtinents, but not that of
glucose.

Emotionally significant, stressful or arousing etgecan play an important role in
the regulation of memory. Acute emotional arousslults in activation of the
hypothalamo-anterior pituitary - adrenocorticalxisa(HPA) and the sympatho-
adrenal (SAM axis). Most evidence concerning regutaof memory formation
is for adrenaline. Presentation or encoding of @natly arousing material not
only increases subsequent memory performance,ldutraises plasma glucose
levels (Blake, 2001; Brandt, Sinram-Lea, & Qualgtou2006). It has also been
observed that glucose facilitation (post 25g olacgse) does not emerge for
material that already benefits from memory advaatagthe arousal mechanism,
as the emotional material would inherently raise thilood glucose levels

(Brandt, et al., 2006).

1.8 Role of Insulin

It is important to emphasize that there is a cluseespondence between the rise
in blood glucose and the rise in blood insulindaling an oral glucose load and
it is hard to dissociate the effect of glucose fritvat of insulinin the mediation
of the memory-improving action of ingested or inget glucose. Studies in
rodents have shown the ability of small doses stilin (0.4-0.8 units/kg) to

reverse the amnesia produced by a 2mg/kg scopatamijection (Blanchard &
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Duncan, 1997; Claude Messier, 2004) and intracedswular (intraventricular)
injection of insulin can facilitate memory (Parleedey, Craft, & Woods, 2000).
In humans, euglycemic clamp, in which glucose lewale held constant and

insulin levels rise, has been shown to improve nrgr(®. Craft, et al., 1999).

1.9 Cognitive performance and glucose

There is considerable evidence that modest incseasecirculating glucose

concentrations enhance learning and memory prog@ssedents and humans. It
has now become clear, that several factors infla¢he possibility of observing

a gluco-facilitatory effect on cognition. Some diese are, age, dose of
administered glucose, timing of glucose adminigiratwith respect to task

performance and also the type of cognitive taskiaistered.

1.9.1 Age

The effects of glucose on cognitive performance véth different ages.

Rodent Studies:

In an experiment involving aged and young micehbaung and aged mice had
a spontaneous alternation scores near 70%. Spownsiaternation in mice and
rats refers to the natural tendency of the rodeatspontaneously choose
alternate arms in a Y- or a T- maze. It relies ba ability of the animal to
remember which arm it had entered on a previoussiocn to enable it to
alternate its choice on a following trial. It isnsddered as a reliable test of spatial
working memory devoid of fear, reward or reinforcksthis experiment, when
allowed to alternate freely; the rats chose a newapproximately every 15 s. If

a 1min delay was imposed between arm choices, youog still alternated at
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70% rates, but aged mice exhibited a deficit in nsmoeous alternation
performance, alternating near chance levels (5084he aged mice received
glucose injections before testing, their altermatsxores were near the 70%
values seen in young mice (P. E. Gold, 1995b).

Human Studies:

Hall et al. (Hall, Gonder-Frederick, Chewning, ®iha, & Gold, 1989) tested the
effects of glucose on generally healthy, elderl®-88 years old) subjects.
Similar findings were documented by the group simgwifacilitation of
performance following a 50 g oral glucose drink efderly, non-diabetic
individuals on the Wechsler Memory Scale (GondedErick, et al., 1987). The
findings indicated that performance was betterrafigestion of glucose (509)
than saccharin (27 mg) on a test of memory foratiae prose (free recall of
information contained in a short paragraph). Magn&é al. (C. A. Manning,
Hall, & Gold, 1990) found that glucose ingestionfdse testing improved
retention for contextual (narrative prose) and nontextual (word list) verbal
material (selective reminding task) by 12% relatitee performance after
saccharin in elderly subjects. Glucose had no fsogmt effect on performance of
non-memory neuropsychological tasks such as attentnotor speed, or overall
IQ. Gold et al (P. E. Gold, 1995b) found that gkeodid not enhance
performance on a test of implicit (i.e. memory thagcurs without subject
awareness, thus not requiring deliberate recotiattverbal memory while, at
the same time, enhancing memory for words assesseakplicit(i.e. memory
requiring deliberate recollection) declarative meynd his findings concurs with
the notion that implicit memory involves a separatemory store (Schacter,

1991), one apparently less sensitive to manipulatiof circulating glucose
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concentrations. Enhancement of memory in elderly &lao been reported by
Craft et al (S. Craft, Murphy, C., Wemstorm, J.949 including evidence
suggesting insulin responses might contribute twage’s effects on cognition.
Riby et al. reported that glucose specifically Heds episodic memory
functioning following 25 g of oral glucose in 60-86ars old participants (Leigh
Martin Riby, Meikle, & Glover, 2004). They did nfihd any interaction of task
difficulty with the glucose effect and neither angeal increase in arousal to
account for the glucose effect. Thus they summed tilucose selectively
impacted on hippocampal function which was knowndézline with ageing.
Enhancement with glucose in healthy elderly indraild is greatest on tests that
reveal age-related cognitive deficits, deficitsttparhaps emerge during tasks
that are particularly demanding (D. L. Korol, 2002)

An order-effect has been observed in the withinettb study designs, in that
superior performance was seen in the second tesafadive to the first testing
session, irrespective of treatment condition (M.SWith & Foster, 2008). This
emphasizes the importance of the random order sfedign employed in the
current experiments.

Also perhaps relevant to the current data, in aietyarof laboratories,
observations of glucose facilitation in young adulitman subjects have been
inconsistent. A failure to observe facilitationdallege-age subjects might result
from a variety of factors, including task difficyltthat is, the investigators chose
cognitive tests to observe a relative deficit ie thider subjects to facilitate the
enhancement of performance, leaving the performdecel in the younger
subjects sufficiently high to unmask any improveméd. L. Korol & Gold,

1998).
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There was no influence of glucose on the averagekimgp memory span nor
were any effects seen on the face and word regogrtésk (requiring delayed
forced-choice recognition). In simple terms, wokimemory span is the longest
list of items that a person can repeat back ineobrorder immediately after
presentation on 50% of all trials. This has beeplared in detail by Baddeley
et al. (A. D. Baddeley, & Hitch, G.J. , 1974). Thedifferences in observations
were attributed to difficulty in precisely identifhg the cognitive attributes most
affected by glucose and the importance of adjustask difficulty to enable
demonstration of glucose effects across cognitemains. Lapp (Lapp, 1981)
reported that subsequent to ingestion of a carlraltgdich meal (which elevated
blood glucose concentration), healthy adolesceuntgesformed a fasted control
group of adolescents on a paired-associate leamasky These findings have
been argued as possibly reflecting the negativecesffof fasting on memory,
rather than the positive effects of elevated blgbetose (Doniger, Simon, &
Zivotofsky, 2006). In another study of eighteent@®5 year old human males,
Azari reported no significant effect of glucose adistration upon memory
performance (Azari, 1991), and Cormier et al fatedbserve a glucose-related
facilitation effect on memory in either young odetly participants (Cormier,
1993). No differential effect of glucose was foumten university students had
to remember high-imagery words versus the morecdlfflow-imagery words
(Messier, Desrochers, & Gagnon, 1999) (but gluatidefacilitate the memory
for the order of words in a list, a task that istgudifficult (Awad, Gagnon,
Desrochers, Tsiakas, & Messier, 2002)).

It is thought that in a learning situation where #ubjects are challenged with a

difficult task stress hormones could interact with the action loca@se on
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memory, by either producing an additive facilitgtior impairing effect on
memory or contributing to increased variability bBese subjects do not
necessarily react the same way to stressful stif@diude Messier, 2004).

In another study, young healthy normal adults itepe80 g and 100 g of glucose
solutions in a random double-blind triple crossogtesign. Thirty minutes post-
glucose, subjects were shown nouns on a computenitenoand then
administered recall and recognition memory testerd was no effect of glucose
on memory tests and plasma glucose measures didon@late with memory
test scores (Azari, 1991). Other studies haveddidedemonstrate the facilitative
effect of glucose on memory (Means & Edmonds, 1938ans, Holsten, Long,
& High, 1996; Messier, Pierre, Desrochers, & GratéP8).

By contrast, Hall et al. found that the extent tfoich glucose enhanced memory
in young participants was less than that seendim #giderly counterparts, but that
an effect was nevertheless observed (Hall, e1889). Smith et al (M. A. Smith
& Foster, 2008) studied the effects of a 25 g gtatose load vs. placebo on
verbal memory in healthy adolescents. In this stuglyestion of glucose laden
drink or a sweetness matched placebo, participaate required to perform a
secondary hand movement task during encoding aspg@n word list (CVLT
). CVLT (Californian Verbal Learning Test) is a el established
neuropsychological test of verbal memory. It invesha ‘shopping list’ of items
for the days of the weeks belonging to differeradayroups (e.g fruits, herbs,
meat etc.). Participants are then tested for reidii several repeated trials and
also records if the participants make use of thiegmay information to facilitate
the recall process. Thus this test allows the emanto test various components

of verbal memory. They observed improved memoryoperance on short delay
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cued recall, long delay free recall and long detaxed recall post glucose
ingestion, in healthy young adults under conditiafsdivided attention at
encoding. In another study involving 18 subjectsmM@men and 13 men) who
were undergraduates at Virginia University, witimaan age of 20 years, 50 g
glucose (vs. 35 g saccharin) significantly enhangeformance on both
immediate and delayed recall of a narrative prasss@ge. Subjects recalled
35% more meaningful items correctly after glucosent after saccharin
consumption. In this experiment, glucose tendddhfwrove attentional processes
by 8%, though observations of positive glucoseatffeon attention have been
inconsistent (D. L. Korol, Lexecen, F.J., parent, Rlagozzino, M.E., Manning,
C.A,, Gold, P.E., 1995). Several other studies hadeeonstrated glucose
facilitating effects on cognition (Foster, 1998; M. Riby, et al., 2006; S.
Sunram-Lea, Foster, Durlach, & Perez, 2001; Surltag-et al., 2002).

These studies indicate that glucose selectivelylgeto influence (facilitate)
hippocampal based cognitive functions which arewkmtéo decline with age in
elderly populations. Thus as would be expected;afle facilitatory effects were
observed for tasks which are hippocampally depen@eg. episodic memory).
Glucose facilitation in younger individuals (e.gollege students) has been
variable. This could be attributed to lack of cdiye decline in this age group
with performances already at ceiling levels, emnag the importance of

selecting the correct level of task difficulty img age group.

1.9.2 Glucoregulation
Further studies have been conducted looking ateffects of efficiency of
glucoregulation (i.e. the ability of the body topeohomeostatically with a

glucose challenge) followingn oral glucose load on cognitive performances
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(Awad, et al., 2002; Messier, 2005; Wenk, 1989)deDladults with poorer
glucose regulation have been shown to have modoyrd glucose induced
cognitive enhancements (Hall, et al., 1989; Kaplangenwood, Winocur, &
Wolever, 2000; Messier, Tsiakas, Gagnon, Desro¢ct&rawad, 2003). Other
studies on older adults, have suggested that gbucesnory facilitation effect is
more pronounced in those individuals exhibitingatigely better glucose
regulation (S. Craft, Murphy, C., Wemstorm, J., 49%aplan, et al., 2000;
Messier, et al., 1997; Leigh Martin Riby, et aD02).

Task difficulty may play an important role in ourbilty to observe
improvements with glucose. Consistent with thisaideatient populations with
cognitive deficits such as Alzheimer's victims dxhian enhancement by
glucose more robust and broader in extent thansdam in healthy elderly (S.
Craft, Zallen, & Baker, 1992; C. A. Manning, Ragozy, & Gold, 1993). Similar
findings have been demonstrated in young adults @dwn’s syndrome (C. A.
Manning, et al., 1993).

Young adult males with poor glucose regulation hdeen observed to
demonstrate superior paragraph recall, subseqaegiitose ingestion, relative
to ingestion of saccharin control drink (S. Cradfturphy, C., Wemstorm, J.,
1994). This is in contrast to inferior performamceverbal episodic memory task
in poor glucose regulators subsequent to glucagestion relative to ingestion of
a saccharin control drink, in younger individualan-effect that is ameliorated if
glucose is consumed prior to memory encoding (Messt al., 1999).

These contrasting effects on memory in good and gl@oregulators have been
addressed by Smith et al (M. A. Smith & Foster, &00rhey suggested that

rather than glucoregulatory efficiengyer se determining susceptibility for
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glucose facilitation of memory, it may actually bleat a glucose memory
enhancement effect is observed only when bloodogkiconcentration is located
within an optimal range to induce memory facilibatieffect, as has been alluded
to before (Parsons & Gold, 1992). The lack of feation in young adults may
result from a variety of possibilities including absence of a loss of function,
leaving no room for improvement, or similarly theeuof tasks that are too easy,
yielding no cognitive deficit upon which to imprav# this is the case, any
benefits of glucose on human memory in the yourg raost likely to be
observed only when participants are engaged incseritly demanding cognitive
tasks.

The contrasting results from various studies sugtest the effect of gluco-

regulation on cognitive performance currently remsaincertain.

1.9.3 Dose of glucose

Rodent Studies:

A number of animal studies have characterized tbgedesponse effect of
glucose on memory. In general, animal studies sHofaeilitating effects at

doses of 100mg/kg or of 2g/kg (N. White, 1993) doses as low as 10-30
mg/kg were also shown to modulate memory (Kopf &@B8@ 1996; Rodriguez,

Horne, Mondragon, & Phelps, 1994) as were dosdsgiisas 4g/kg (Messier &
Destrade, 1988). Contrary to conventional wisdagianal extracellular glucose
levels fluctuate widely with behaviour, with redwacts in specific brain areas
appearing soon after animals were placed in a ilggrsituation that relied on
that specific brain structure. (McNay & Gold, 200Their results imply that

neurons are not always saturated with glucose laatdnibrmal brain functioning

may put a demand on glucose stores. Moreover, isgweéithe glucose depletion
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correlates with the difficulty of the task: highee cognitive load of the task, the
greater the reduction in extracellular glucose (MgNet al., 2000). Providing
systemic glucose restores depleted brain levetgugiose in both young and old
rats during maze learning and reverses age-and taksked deficits in
performance of the task. Regions that are hightivaed may drain available
stores; on less complex tasks brains of young daimay be able to sustain the
supply of fuel, whereas those from old animals rhaye difficulty maintaining
adequate levels for optimal cognitive functioninga¢hael T. Donohoe &
Benton, 1999b). As task difficulty rises, demands aerebral glucose may
increase, even in healthy young brains (Scholeypéta& Kennedy, 2001).
Different doses of glucose are thought to modutatgnitive effects dependant
on different brain structures. For example, in &entask on rodents, 2g/kg (but
not 100mg/kg) glucose injection posttraining resdiltin glucose improved
memory for the association of light and food. Tiaist which did not require the
animals to remember the previously visited armsdnly to learn the light-food
association is referred to as a reference memaly (@'Keefe & Dostrovsky,
1971), and is thought to depend on structures siscthe caudate nucleus. In
another maze experiment involving rats (win-shifyfs were trained to a
criterion of four correct choices; when a rat reatla criterion, it was injected
with glucose and tested for retention of the tragni8 h later. Results showed
that both the 100mg/kg and 2g/kg glucose dose iwgufdhe performance of the
rats in this win-shift procedure. This task is tgbuto require the involvement of
the hippocampus and is referred to as the workieghary task (D. S. Olton,
Wible, & Shapiro, 1986; M. G. Packard, Hirsh, & W$i1989; M. G. Packard &

Teather, 1997). Thus, these results suggest tleatotlh and the high optimal
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doses of glucose improve memory that depends omifppocampus while the
higher optimal dose is specific for memory thatelegs on the striatum (Claude
Messier, 2004).

Animal literature further suggests that differeises of glucose can influence
different types of memory. Research in rats shotlkatithe dose-response curve
for the effect of post-training glucose injectiorems to be bimodal, as peaks
were found both at 100 mg/kg and 2,000 mg/kg (NMité&/h1991). It was
suggested that these doses may represent the adtiglicose on two brain
structures; the dorsal striatum (caudate nucleud pntamen) and the
hippocampus. The dorsal striatum has been showa &ssociated with response
learning (habit memory) and the hippocampus witlogtative’ learning
(cognitive memory) (M. G. Packard, et al., 1989; ®&1. Packard, White, N.M.,
1990). White (NM White, 1991) demonstrated thatpbigampally dependent
memory was enhanced by glucose doses at both 2@y and 100 mg/kg.
However striatal dependent enhanced learning wigsatiserved at higher dose,
and this effect as thought to be mediated by anigguiapocampal interaction.
Thus lower doses fail to activate amygdala-hippgeanmteractions or do so in
a manner that favours cognitive learning and menfleigpocampus dependent).
Low or extremely high plasma glucose levels (outh# normal physiological
range) after footshock training were associatedh wtor memory performance
and moderate plasma glucose levels were associaidd better memory
performance (P. E. Gold, Vogt J, Hall JL, 1986)u3lglucose levels less than or
greater than the optimal dose of (100mg/kg) have emhanced memory in

rodents (Azari, 1991).
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Human Studies:

In humans, doses of 25 to 75 g have been shownet@ftective, which
corresponds to doses of 300 mg/kg to 1g/kg for &gHuman. In studies in
human participants given doses between 10mg/kd.gfd), memory facilitation
was observed only for the 300 mg/kg dose (Messkerl., 1998). Moreover
doses of 2g/kg produced nausea in many human ssilffelaude Messier, 2004).
In general, lower doses of glucose (25g) appedetanore effective in young
human adults while higher doses (50-75 g) are noften found to improve
memory in older human adults (Claude Messier, 2028)g glucose dose has
shown cognitive enhancement on a number of measurkgling verbal recall
and recognition and spatial working memory (Suntaga; Owen, Finnegan, &
Hu, 2010a) as has 60 g of glucose (Sunram-Lea,l.et2@10a). Studies
comparing glucose effects on cognition using déferdoses of glucose have
found that though blood glucose levels were shghtigher following
administration of 60g glucose compare to 25 g @gecahis did not reach
significance over the study period (Azari, 1991; é&wwFinnegan, Hu, Scholey,
& Sunram-Lea, 2010b). At other times, same reseascfSunram-Lea, et al.,
2010a) have found significant differences in blghacose levels between these
glucose doses over a similar time period. Theséabiar results have been
attributed to reflect differences in the glucoregaty control within the sample
(Owen, et al., 2010b).

Implicit memory (learning) has been shown to beilifated following 60 g
glucose (and not 25 g glucose) (Owen, et al., 2)Mihbereas other studies have
found no effect of glucose administration on implimemory performance in

healthy young and older adults (C. A. Manning, Biass M.W., Cotter, E.M.,
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Gold, P.E., 1997). This suggests that higher glecmsages may be able to exert
effects on brain areas other than the medial teatpoloe. The medial temporal
lobe, basal forebrain and diencephalon supportfdhmation of newexplicit
memories but do not appear to contribute to then&bion of new implicit
memories (Squire & Zola-Morgan, 1991). Areas of ltinain pertaining to tasks
such as repetitive priming (and formation of implimemories) are thought to
involve the occipital, posterior temporal corticaed basal ganglia (Keane,
Gabrieli, Fennema, Growdon, & Corkin, 1991; E. Tody& Schacter, 1990).

It has been suggested that effects of glucose orahunemory have an inverted-
U dose-response curve; the glucose doses thapémeab for memory are those
producing blood glucose concentrations near 8.9 iunbhis equates to an oral
dose of 25 g in elderly human participants (Parsi@&old, 1992) as an optimal
dose for memory enhancement.

Thus in general, lower doses of glucose, i.e. 2ag shown to have facilitatory
effects on cognitive performance in younger indints in most studies. On the
other hand, higher doses of 75 g of glucose tendshbw improvement in
cognitive performances in older individuals prolyabtflecting an element of
poor glucose transfer across the cells with agasgglluded to before. Thus there
does not seem to be a single dose of glucose thaldwpotentiate cognitive
performance reliably. Various factors including dase or inherent cognitive

ability seem crucial to observing a difference.
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1.9.4 Priming

Priming refers to increased sensitivity to certstimuli due to prior experience.
Studies showing reliable glucose facilitation afdeterm memory performance
following 25 g glucose have generally used repeabeoosure to the to-be-
remembered material (Foster, 1998; Sunram-Leal.,e2@02). Similarly, there
are reports showing no differential glucose enharece of memory following
single exposure to the to-be-remembered materibbwimg 25 g glucose
(Scholey & Kennedy, 2004). Practice and repetiaghin learning episode and
the memory trace is strengthened through repetitictimuli. Moreover in order
to reveal a glucose effect of materials more shdjleencoded, a greater glucose
load is required (Owen, et al., 2010b). A studySunram-lea et al. showed that
glucose administration (25 g) appeared to facditatcognition memory (a
component of long-term memory) that was accompaiugdrecollection of
contextual details and episodic richness but haeffext on the proportion of
recognition responses made through participantstectien of stimulus
familiarity (S. I. Sinram-Lea, Dewhurst, & Fost2008). Facial recognition task
has been shown to be resistant to glucose indutdeheement in various studies
(Mitchell M. Metzger & Flint, 2003; Owen, et al.020b), suggesting that facial
recognition is particularly stable and robust ahdstnot as sensitive to dietary

changes compared with some other memory domaingiiOst al., 2010b).

1.9.5 Types of carbohydrate
A number of different sugars have been testedHeir impact on memory. In
addition to glucose, fructose has been tested sixtdy and it was found that

post-training injections of 2g/kg fructose imprdveemory (Messier & White,
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1987; Rodriguez, et al., 1994). Focus has beenngigeelucidating whether
glucose acts through provisions of energy or asta apecific signal for other
neuronal processes. If glucose enhancement wasgthrithe supply of readily
useable energy, then substituting other carbohgslratith glycemic indices
similar to the glucose load should be as effecisgylucose alone. Thus studies
looking at commonly eaten breakfast food (readye&t cereal) have been
compared with glucose drink for its cognitive ette¢D. L. Korol & Gold,
1998). In a study conducted by Korol et al , blghacose response was identical
for the cereal (providing 50 g of available carbatage) group and the 50 g
glucose (in lemonade) group, but cognitive enhamcewas not identical.

Other studies have looked at the combined effeftgglocose and other
macronutrients like fat and proteins on cognitiverfprmance. In one study,
young participants received either a 25 g glucesadetener drink with either a
full fat/fat-free yogurt (S. I. Stnram-Lea, Fost&urlach, & Perez, 2004).
Participants receiving a glucose drink in conjumctiwith fat-free yogurt
displayed higher blood glucose levels and betteiopeance on short-and long-
delay recall of the word list compared with the estlyroup. Thus the group
concluded that foods with a relatively fast glucedesorption rate are able to
significantly enhance the encoding and long-tertenton of novel memory
materials in healthy young adults. Furthermore grsup found that it was the
individuals’ absolute blood glucose rather than ttegree of change from
baseline level that mediated the effect of gluadministration on their memory
performance. This effect was achieved at 25 min.

Kaplan et al have argued that glucose may not beiapn improving memory,

because they demonstrated that consumption of #®e samount of

-47 -



1 Introduction

carbohydrates (50 g) as a high-Gl food (potato)adow-Gl food (barley)
produced similar cognitive enhancing effects (Kapleet al., 2000) on
hippocampally based long-term verbal declarativenory.

Aspartame, a sweetener has been extensively usearious experiments as a
control for studies looking at glucose effects ogration. The active ingredient
of aspartame is phenylalanine. Phenylalanine cso$eeblood-brain barrier and
may influence CNS neurotransmitter levels (Pardridy Oldendorf, 1977).
Since only large doses of aspartame (15-20 mg/isgiigt normal CNS function
(Elsas, 1988), doses of 5-6 mg/Kg, commonly usestuidies probably do not
influence normal CNS function (Azari, 1991). Furtrespartame alone or in
combination with carbohydrates does not seem tectffnemory in normal
humans (Lieberman, 1988).

These studies hint that glucose may not be exdusivts effects of enhancing
cognitive performance. However the effect of difetr forms of carbohydrates
on cognitive performance has not been extensivelgiesd and the data on the
topic is slim, making it difficult to draw any reasable conclusions.
Nonetheless, as far as aspartame is concernede#t ot seem to have any
known significant neurological effects in doses caonly used in experimental

studies.

1.9.6 Pre- and post-trial effects

One of the main differences between animal and hushadies of the effect of
glucose on memory is that most animal experimese& (posttraining glucose
injections.

Posttraining administration of glucose is thoughtéflect an action of glucose

on memory processes that take place after leamiogit a new task or a new
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situation (consolidation process). On the other dhapre-training glucose
administration could possibly interact with attentl, perceptual and other
cognitive processes taking place during and aftesvalearning experience.
However, Gold et al showed that both pre and posttrg administration of
glucose in humans improved memory for a paragrapélirtask (C. A. Manning,
Parsons, & Gold, 1992). Thus glucose appears toradtarning, memory, and
retrieval of information, as the treatment is efifex when given either
pretraining (C. A. Manning, et al., 1990), posttrag (C. A. Manning, et al.,
1992) or just prior to recall (C. A. Manning, Stok@rol, & Gold, 1998).

The duration of memory facilitation following a logl of glucose has also been
studied. Sinram Lea et al examined long-term merfamilitation and observed
that glucose facilitation persists 24 h after ghe@dministration (Sunram-Lea,
et al., 2002) but not after 1 week of glucose adstiation (Owen, et al., 2010b).
However, the later study utilized a memory taskolwing repeated recall and
thus exposure to the stimulus, ensuring a deep metrace, suggesting trace
strength as an important factor to ensure greategion against increasing
decay and / or increased interference over timanbther study, elderly subjects
learned a narrative prose passage, then receiwezhbale (glucose or saccharin)
in a counter-balanced crossover design) and wateddor memory 24 h later
(C. A. Manning, et al., 1992). Because the subjéeis received no treatment
before hearing the paragraph, and were tested éle day well after blood
glucose concentrations had returned to baselieegtihancement of memory by
glucose under these conditions did not reflect @geeinduced differences in
sensory-motor function or attentional processelatimes of training or testing.

Furthermore, the findings indicated that the eHeof glucose on memory
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outlasted the increases of circulating glucose eotnations, that is, the enhanced
memory remains improved in a retrograde enhancerfasttion, reflecting
improved storage or retardation of forgetting psses. In other words, these
findings imply that the administration of glucosa&ipates in a chain of events
which proceed after target information has beerméad into memory (P. E.
Gold, 1992).

Thus glucose has been shown to have a facilitafiegt under both pre-training
and post-training circumstances in humans indigatia influence on various

steps involved in memory formation.

1.9.7 Time of the day

Blood glucose levels in response to a glucose bBradabout 1.7- 2.8 mmol/l
higher that during the morning (Van Cauter, Polgns& Scheen, 1997).
Evidence also suggests that insulin secretiongkértiin the morning than in the
evening (Van Cauter, et al., 1997). Cognitive tegtising the CVLT with 25 g
glucose drink either in the morning after a 24+t fan the morning after 2-h fast
(with controlled breakfast) or in the afternooreaf2-h fast with controlled lunch
content, produced blood glucose patterns diffefeorh those observed in the
morning and afternoon. Memory facilitation was Btlg better after a 2-h fast
but there was little difference between morningafiernoon effects after a 2-h
fast (S. Sinram-Lea, et al., 2001).

Thus the time of the day has not been convincisglywn to influence memory
performance though slight variation in glucose leveas been observed

reflecting physiological diurnal hormonal variation
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1.10 Glucose and Cognitive Domains
Memory is defined as an organism’s ability to stee¢ain and recall information
and experiences. Within the long — term memory, orgncan be differentiated
into two kinds of processes (i) active informatiprocessing that is isolated in
time and (ii) processes or mechanisms that maimathconsolidate information
over extended periods of time. Encoding and redti@ve active processes that
occur at relatively specific points in time; enauglrefers to the initial processing
of information that potentially instantiates a meyntiace, and retrieval refers to
newly evolved processing that results from, an@roftequires access to, prior
encoding episodes. Somewhere between these twofsmttive processes occur
the more temporally distributed processes invoivestorage and consolidation,
the mechanisms that convert the otherwise trangiecding event into a more
enduring form (R. L. Buckner & Koutstaal, 1998).
Memory also encompasses a variety of dissociabbeegses believed to be
mediated by distinct brain systems. It can be @didnto explicit or implicit
memories and may be further categorized basedpes tgf information that are
stored, for example, visual, spatial, verbal orimug types of information.
Glucose facilitating effects are observable foreippe or aversive tasks and
also for tasks where spontaneous exploration id asethe motivator (Hughes,
2002, 2003; Messier, et al., 1997). The cognitiaéure of the task is a critical
factor in determining whether a significant glucdseilitation effect is observed

(Foster, 1998).

1.10.1 Encoding
Tests that measure episodic memory have been colyjmesamined to test

glucose effects on memory. Other tasks facilitdigdglucose include memory
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for movements (Scholey & Fowles, 2002), visual mgmfor drawings (S.
Sunram-Lea, et al., 2001) or faces (M. M. Metz@®00). Faster reaction times
and better performance in a target detection taste iound in children given
259 glucose (David Benton, 1990; David Benton, Bi&tBrain, 1987). In this
experiment, after taking a drink containing eitlgkrcose or a placebo, subjects
performed a task that involved watching a scre@r2%%min, during which they
had to press a space bar when one of four diggeapd. Over the duration of
the task the performance of both groups improved, ib those taking the
glucose drink the improvement occurred significamghrlier. In the second part
of this experiment subjects performed a task forn@@ requiring hand-eye
coordination. The taking of a glucose-containingkinvas not associated with a
change in performance on this task. In the headttigrly, evidence suggests that
glucose has its largest effect upon declarative omgniP. E. Gold, 1992).
Similarly Hall et al. found in elderly participanthat glucose administration
significantly enhanced performance on the Wechslemory Scale. Wechsler
Memory Scale is a commonly used neuropsychologésildesigned to measure
different memory functions (verbal and performairgdices) in a person. In the
younger participants , glucose facilitated memoeyfgrmance on the forward
digit- span test only, performance on which wa® déilitated in the elderly
(Hall, et al., 1989). Messier et al. (Messier & @Gang, 1996) argue that glucose
preferentially improves performance on complex aedeclarative memory tests
such as the Wechsler Logical Memory Scale. Bentod @wens, despite
reporting no overall treatment effects, did not@gnificant correlation between
blood glucose values and the number of words etafl a short-term memory

task. This effect was found irrespective of thdiahiblood glucose levels of
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participants and specifically did not relate to-pst hypoglycemic status. The
observed correlation indicates a positive influeatglucose rather than merely
the negative effect of fasting (David Benton & Oweh993).

Lapp reported that the lists of words were mordyesesarnt by participants with
high blood glucose measures (>7.2 mmol/l) companéd those with low blood
glucose levels (<4.4 mMol/l)(Lapp, 1981). Similarigtinram- Lea et al. have
demonstrated significantly improved performancest gbucose on the delayed
recall components of the CVLT, and on short andjldelay cued recall tasks.
These glucose facilitation effects were preserveémindividual differences in
resting blood glucose concentration and immediatall were partialled out.
They did not find glucose facilitation effect onetldigit span test nor on the
reproduction of the Rey-Osterrieth figure, evenutiio performances on these
tests were not close to ceiling levels. Thus theggested that the cognitive
nature of the task was the critical factor in deieing whether a significant
glucose facilitation effect is observed (Foster98 Moreover, the saccharin
and the water groups in the latter study were wptifecantly different from each
other on any of the memory tasks.

Looking at the effect of glucose administration (§0D on non conscious or
implicit memory, Manning et al. (C. A. Manning, Bans, M.W., Cotter, E.M.,
Gold, P.E., 1997) found no effect of glucose adstration on both aspects of
memory (explicit and implicit) in healthy adult® dlder adults, explicit memory
performance was improved, whereas no effect wasrebd on a measure of
implicit memory in that population.

Recognition memory is a subcategory of declarativemory. Recognition

memory can be further discriminated by memory egtadl processes (either by
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recollection or familiarity processes) (Aggleton Bxown, 1999; Eichenbaum,
1992, 1994). Recollection and familiarity are samet referred to as
remembering and knowing, respectively (Medina, 30@8ecollection is the
retrieval of details associated with the previouskperienced event. In contrast,
familiarity is the feeling that the event was pmsly experienced, without
recollection. Thus, the fundamental distinctiorwen the two processes is that
recollection is a slow, controlled search procedsereas familiarity is a fast,
automatic process (Jacoby, 1991). Recent reseascbhown that the proportion
of ‘remember responses’ is significantly greateélofeing glucose administration
(S. I. Sinram-Lea, et al., 2008). Previous reseaeshdemonstrated that when
glucose is administered prior to an encoding evdohg-term memory
facilitation is observed following a short delayd(Bin) and 24 h after glucose
administration (Sunram-Lea, et al., 2002). Studiese by Fletcher and others
have used fMRI to show activation of the hippocahgystem during memory
tasks such as encoding of faces, words, scendsjest® (Bernard, et al., 2004).
The amount of hippocampal activity at the time n€@ling predicts how well
that item is subsequently remembered (Brewer,.etl898; Kirchhoff, Wagner,
Maril, & Stern, 2000; A. D. Wagner, et al., 1998jrhed the subsequent memory
effect or the difference due to memory (Dm) eff@tller, Kutas, & Mayes,
1987).

Fletcher et al. have previously demonstrated diffees in brain activation seen
at different levels of encoding, with deep encodidgring learning trails
resulting in left prefrontal cortex and medial teargd lobe activation (Paul C.
Fletcher, Stephenson, Carpenter, Donovan, & Bukm@003). Similarly this

study attempted to investigate the brain regioas were differentially sensitive
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to glucose administration under different encodoanditions (deep versus
shallow encoding).

Another study looked at glucose effects on cognitim young healthy
undergraduates females from the University of Mastér (Foster, 1998). In this
study, after an overnight fast the influence ofsagoral dose of glucose on
cognition was tested, against saccharin and watare was significant glucose
facilitation effect upon performance of long-termarbal free and cued recall
tasks which did not vary with test delay, but clated with significantly with
blood glucose levels. Further, no-glucose relatszdlifation was observed on
tests involving short-term memory or long-term nambal memory. Thus the
researchers suggested that the memory facilitagitects of glucose may be
fractionated in young adults and that glucose mayaece retention in and/or
retrieval from long term memory (Foster, 1998). Miag et al have reported no
effect on measures of digit-span or visuospatiamory following a glucose
drink, whereas they reported significantly improwvadmory for remembering a
story and for word list recall (C. A. Manning, dt,d992). Benton et al. have
argued that the time to search for and retriew@stérom memory (a proposed
reflection of levels of attention, alertness andtivadion) were associated with

blood glucose concentrations (David Benton & Sat,ge®02).

1.10.2 Working Memory (WM)

Baddeley and Hitch suggested a working memory maaelhich memory is an
active set of processes (i.e. short term, not kemgr memory). It is suggested
that when we first perceive something it is ‘worlad in working memory. This
is called encoding. Memories have to encoded bedfag can be stored in long

term memory. The model has various components, eaotessing different
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types of information. It has a master controlledechthe ‘Central Executive’
which receives and sends information to the slgems. These include the
‘phonological loop’ (holds speech based informationiso-spatial sketch-pad
(processes visual information) and more recenttyapisodic buffer (combines
information from the phonological loop and viso4splasketch-pad into a single
representation) (A. D. Baddeley, 2000; A. D. Badgle& Hitch, G.J. , 1974).
Ingestion of glucose has been shown to facilithte gerformance of the serial
sevens task during which participants have to agb# from 100, then subtract 7
from the result and so on (Kennedy & Scholey, 208@wever, glucose did not
improve the easier serial threes task. Similardycase facilitated a fluency task
(executive component of the working memory taskyvimch participants had to
generate as many words as possible starting witketetters with a low
occurrence at the beginning of a word (R. T. Domoldo Benton, 1999a).
Glucose had no effect when the three letters begards with a higher
occurrence. Glucose also improved the difficultsi@ns of Porteus mazes but
not the easy ones (Rachael T. Donohoe & Benton9ld)99n another study,
there was no effect of 25 g of oral glucose on digt-span test, a type of
working memory task, in young healthy individualS. (Sinram-Lea, et al.,
2001). In a study by Manning et al. glucose (5@lig) not improve short-term
memory as measured by performance on a digit 3fVactisler, 1987) in a group
of healthy elderly volunteers aged 62-84 yearsA(QMlanning, et al., 1990).
Messier et al. tested the effects of 50 g of ohatase in 93 healthy non-diabetic
55-88 years old individuals on cognitive functiaqnimhey found progressively
worse glucoregulation predicted poorer performaonemeasures of working

memory and executive function i.e, on the Arithmeiigit Span Backward,
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Letter-Number Sequencing, Spatial Span Forward,ti@p&pan Backward

(trend), and Modified Brown-Peterson tasks (MessiEsiakas, Gagnon, &
Desrochers, 2010). In a study involving people wiype 2 diabetes,

hyperglycaemic clamp to maintain plasma glucoselteat 16.5 mmol/l, resulted
in deterioration in the performance of working meyntasks namely, the digit
span forwards and backwards and the letter/numéguesncing (Sommerfield,
Deary, & Frier, 2004). A group of young femaledddito show facilitation of

performance on the Brown-Peterson task followingg56f oral glucose when
compared to placebo. Fasting was associated witn performance and the
glucose drink improved their performance, howevdriled to do so in those
who had consumed breakfast (Martin & Benton, 1999)us currently the

evidence suggests that working memory is lessikelbe manipulated by a
glucose load.

The working memory task was included in this expent to ensure that any
changes observed in the key tasks were not simpigflaction of general

working memory effect. One of the other objectieéshe study was to observe

the brain regions recruited in the performancehsf task.

1.10.3 Continuous Performance Test (CPT)

A Continuous Performance Task/Test, or CPT, is ylpdogical test which
measures a person's sustained and selective atteartd impulsivity. Sustained
attention is the ability to maintain a consistestus on some continuous activity
or stimuli and is associated with impulsivity. Sgiee attention is the ability to
focus on relevant stimuli and ignore competing stinrhis skill is associated

with distractibility. Benton et al have reportedpraved CPT reaction time to
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glucose (David Benton & Owens, 1993; C. S. Holnt¢éayford, Gonzalez, &
Weydert, 1983) and improved attention (D. Bentone@s, & Parker, 1994; C.
S. Holmes, et al., 1983). Holmes et al reportednéitinal deficits and slower
performance of fine-motor skills in individuals wheere either hypo- or

hyperglycemic (C. S. Holmes, et al., 1983).

The CPT task was administered as a non-memory thegtask in this study.

Thus so far, the memory task most consistently shimwarious studies to be
facilitated by glucose administration is the episademory involving encoding
and its retrieval. Furthermore plethora of studiesnonstrates that the glucose
facilitation of cognition is not universal but sefige to certain domains of

cognition, predominantly that dependant on hippqearactivation.

1.11 Task Difficulty

Task difficulty can involve simultaneous performanaf two tasks, increase in
cognitive load or attention switching.

A series of experiments examined the impact of@geavhen participants had to
perform two tasks simultaneously. In one study (8omLea, et al., 2002),
participants who received either glucose (259) spagtame were tested under
four conditions. For the first condition, subjebtsd to perform a motor sequence
with their hand during the presentation of a 20-dviist. They also had to keep
track of the number of words so that they couldraklite every 5 words between
two motor sequences. Another group of subjects teadype a four-letter
sequence on a computer keyboard. Finally, an additigroup of subjects was
presented with a 20-word target list (Californiarbéd Learning Test) by a male

voice and 20 distractor words were presented lgneale voice. Results showed
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that the interference tasks, particularly the hand keyboard tasks, interfered
significantly with performance and that glucoseemtiated these deficits,
particularly the verbal list learning task, andi@esevens task.

The effects of a glucose drink on participantsfgrenance of a serial subtraction
task (computerised Serial Sevens), a somaticallycimed control task (key-
pressing), a short interval Word Memory task antard Retrieval (Verbal
Fluency) task were assessed by Scholey et al. Thage in blood glucose
during the demanding computerised Serial Sevenscaapared to the change
occurring during the key-pressing control. Glucasmsumption significantly
improved performance on Serial Sevens, with a tfendmproved performance
on Word Retrieval and no effect on the Word Memtaigk. Compared with the
control task, Serial Sevens resulted in a sigmficaduction in blood glucose in
both drink conditions. This accelerated decay vigsifecantly greater following
glucose than placebo. Thus there appears to bapaeal relationship between
falling glucose levels and cognitive performancatipularly under conditions of
cognitive demand (Scholey, et al., 2001).

Glucose has also been shown to improve performamceasks involving
attention switching. Gagnon et al. studies thect$fef glucose ingestion (50 Q)
vs. placebo on different attentional tasks in fagtiealthy older adults (60 years)
after 12 h of fasting. Participants were testednemropsychological tests of
attention (trail A and B, modified Stroop) and onanputerized dual-task. They
found that participants in the glucose group westdr than the placebo group to
complete the switching condition of the modifiedd®p test and showed a
smaller dual-task cost in the divided attentionktasuggesting that glucose

ingestion appeared to momentarily enhance atteadtiparformances in tasks
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requiring switching and dividing attention (Gagnd@reenwood, & Bherer,

2010).

Another experiment compared the effect of gluc&sg), saccharin and water.
Participants had to learn two lists of words, of&vbich was presented while
they performed hand movements (fist, chop, slap) e sequence of hand
movements changed every fifth word. The glucoseign@membered the word
list better at the immediate and delayed free rdnalno effect of glucose was
found for the list when no motor interference wasespnt. Recognition

performance for both lists was equally good ingabbups, possibly indicating

that memory storage as such was unaffected by sgubat that glucose only
improved free recall performance under the interiee condition (Foster, 1998).
Thus the level of difficulty and presence of inegeince increase the likelihood of
observing the effect of glucose on cognition in yguyeople. Robust glucose
facilitation of memory has usually been observed stndies in which a

concurrent task was carried out during encodinggssting that the possible
“depletion” of episodic memory capacity and/ orglge-mediated resources in
the brain due to performing a concomitant task migk crucial to the

demonstration of a glucose facilitation effect (&un-Lea, et al., 2002). Though
it has been suggested, that with sufficient taskcdlty, glucose ingestion can

enhance performance on specific cognitive testsinohividuals considered

cognitively healthy (D. L. Korol, 2002), other stad failed to demonstrate
glucose facilitation (Riby 2004) with increasinghkaifficulty.

Thus in general, more the cognitive demand, maedls chances of unmasking

the gluco-facilitative effects on cognitive perfance.
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1.12 Functional brain imaging and cognition

The functional neuroimaging approach depends onractexization of
hemodynamic responses to relatively transient gsEs® Neuroimaging allows
us to observe the subset of memory processes loedcds active memory
processes (encoding and retrieval) that can batelin time (R. L. Buckner &
Koutstaal, 1998). On the other hand, neuroimagmagrilikely to demonstrate
areas involved in temporal distribution of processelated to storage and
consolidation (R. L. Buckner & Koutstaal, 1998).

PET (Positron Emission Tomography) imaging has hese to map areas of the
brain involved in processing deep encoding vershall®v encoding. PET
imaging studies have shown that word generatioivatetl a pathway of brain
regions including left prefrontal areas, the awtecingulate, and the right-lateral
cerebellum. (E. Tulving, Kapur, Markowitsch, et, d994). Thus researchers
concluded that active encoding of verbal inforntatweas tied to activation of a
brain pathway including the left prefrontal cortewxd functionally related
structures. Kapur et al (Kapur, et al., 1994) wsieep encoding by asking
subjects to decide whether visually presented woeggesented entities that
were either living or non-living. They also testathallow encoding” by asking
subjects to decide whether the word containeddtter|“a”. Imaging data during
performance of these tasks demonstrated robust pieftfrontal activation
overlapping with the regions activated by the wgetieration tasks. Gabriel and
colleagues have explored the functional anatonutoatelates of another deep
encoding task, in which participants view words #imeh decided whether they
fell into the category of abstract (e.g. hopegancrete (e.g. tree) words (J. D. E.

Gabrieli, Desmond, John E., Demb, J.B. , Wagneb.AStone M.V., Vaidya,
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C. J., Glover, G.H., 1996). They found significgntjreater left prefrontal
activation during this deep encoding task thanmdud shallow encoding task in
which subjects simply decided whether words wems@nted in uppercase or
lowercase letters (Demb, et al., 1995). Fletched €. C. Fletcher, et al., 1995).
They compared later recall performance when pgditis engaged in word
generation concurrently with either an easy distratask (high levels of recall,
83%) or a difficult distractor task (moderate lewvedf recall 69%). Word
generation paired with easy distraction, which pnesbly allowed for more
elaborate encoding, showed significantly greatérgdee-frontal activation than
was observed during word generation in conjunctuith the difficult distractor
task.

The hippocampus is strongly associated with detl@&amemory (Nyberg,
McLntosh, Houle, Nilsson, & Tulving, 1996), whichviolves conscious recall
and recognition for verbal, spatial and numeric enial. Face recognition, an
example of declarative or explicit long-term memadnwolves small regions of
the left and right fusiform and inferior temporajrig(Allison, et al., 1994).
Fletcher et al have demonstrated activation ofhHippocampal system during
memory tasks such as encoding of faces, wordsgescaenobjects (Bernard, et
al., 2004). Fletcher et al have also previously aiesirated differences in brain
activation seen at different levels of encodingthwideep encoding during
learning trails resulting in left prefrontal corteand medial temporal lobe
activation (Paul C. Fletcher, et al., 2003). Kaptial have suggested that when
subjects process verbal stimuli in a semantic marether under experimental
or real life conditions, it involved increased nenal activity in the left inferior

pre-frontal cortex.
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Thus from these studies, the left prefrontal cqrég»or near Broadmann areas 44
and/ or 45 and sometimes extending anteriorly amdadly, is activated when
subjects are engaging in tasks that lead to lomg storage as assessed by later
explicit retrieval tasks (R. L. Buckner & Koutstadl998). Tulving et al have
suggested a model whereby the left and right pnédidobes are a part of an
extensive neuronal network that sub serves episednembering, but with the
two prefrontal hemispheres playing different rolésft prefrontal cortical
regions are differentially more involved in retr@gdwf information from semantic
memory and in simultaneously encoding novel aspeadtsthe retrieved
information into episodic memory. Right prefrontaltical regions, on the other
hand, are differentially more involved in episodatrieval (E. Tulving, Kapur,
Craik, Moscovitch, & Houle, 1994). Increased adsivin the hippocampal
region, irrespective of the individual's intentiom remember, leads to a more
readily retrievable memory trace (Kapur, et al940

Para moved up in the same section.

In contrast to the consistent findings regarding peefrontal involvement in
memory encoding, there have been sporadic findafgsedial temporal lobe
involvement in encoding processes. Deep vs. shallogvother verbal encoding
manipulations often have failed to detect diffel@nactivation in these regions
(Desmond, 1996; P. C. Fletcher, et al., 1995; Kapual., 1994). A number of
studies have reported medial temporal lobe invokmnm encoding when novel,
complex visual scenes or faces are presented (JE.DGabrieli, Brewer,
Desmond, & Glover, 1997; Grady, et al., 1995; Hayxddyal., 1996; Stern, et al.,
1996; E. Tulving, Markowitsch, Craik, Habib, & Heul 1996). However

hippocampal activation in relation to verbal enogdhas been inconsistent. It
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seems possible that critical memory-related praesessib served by medial
temporal lobe structures may not include acutedifidrential activation during
the initial encoding of information or may involuelatively sparse neural
changes in relation to encoding (R. L. Buckner Suk&taal, 1998).

Working memory is a limited capacity system for sieultaneous maintenance
and manipulation of information which is fundaménta a broad range of
cognitive processes, including reasoning, languageprehension, and problem
solving (E. E. Smith & Jonides, 1998). Previous fiMiRudies have consistently
demonstrated involvement of prefrontal and parietgions in verbal working
memory in humans (G. D. Honey, Bullmore, & Shar@@00).

Although frontal lobe activation is often bilater@ihe left ventrolateral frontal
cortex appears to be primarily concerned with thaintenance of verbal
information whereas the right ventrolateral frontafttex is more involved with
maintenance of spatial information (P. C. Fletckdienson, 2001). There may
also be anatomical divisions within the frontal te@r that subserve different
processes with the ventrolateral frontal cortexngeactivated during tasks
requiring maintenance of information, and the d@atsoal frontal cortex being
more involved during tasks requiring manipulatidgnndormation (P. C. Fletcher
& Henson, 2001). On the other hand, typical spatiatking memory tasks
activate right-hemisphere prefrontal, occipitalrigi@al and premotor cortices
(Jonides, et al., 1993).

Buckner and Tulving (R. Buckner, & Tulving, E. ,98) proposed that these
functional neuroimaging studies demonstrate howtipialkinds of information
processing might interact to promote long-term memas is evidenced by

overlapping areas of encoding and working memomyc@sses in the brain.
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Effortful word generation tasks, verbal working nmn tasks, and long term
memory encoding tasks all activate similar brairthpays including left

prefrontal regions and related structures. Proogsshat requires verbal
elaboration (deep processing) appears to actieéitpriefrontal cortex selectively
whereas well automated tasks involving verbal im@ation (shallow tasks) do
not (Demb, et al., 1995). Shallow encoding tasks timay lead less often to the
formation of explicit long term memories becauseytldo not initially require

representation of the information in prefrontal tegr the anatomical substrate

that supports higher level representations necg$saconscious retrieval.

1.13 Conclusions

The literature so far has shown that oral glucose crease cognitive
performance as evidenced by rodent experimentshantan studies. Though
there are wide variations in the study designs aysiothe human studies (dose of
glucose and type of cognitive task applied, fornegke), once can draw some
useful conclusions.

Firstly, the dose of glucose shown to affect cagnifavourably depends on the
age group studied. Smaller doses (25 g) have beewnsto be effective in
young college-going adults whereas higher doseS0ef5 g of glucose have
been shown to be effective in older individuals ai@le Messier, 2004).
Secondly, the chances of finding a facilitatoryeetfof glucose depend not only
on the choice of the cognitive task administeretl diso on the level of task
difficulty (Sunram-Lea, et al., 2002). Also task$ieh are cognitively more

demanding or involve a second interfering task rame sensitive to glucose
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facilitation (Foster, 1998). In general, hippocaithpbased tasks, such as long-
term declarative memory (CVLT IlI) has been showrbéoenhanced with oral
glucose (Sunram-Lea, et al., 2002). Thus for thusys 25 g glucose was used to
study performance and brain activation patternseriooding tasks in young
healthy university graduates.

Brain activation patterns have enhanced our ural®igig of the processing of
some of these cognitive processes. Bilateral ftoantd medial temporal lobes
are the main players in the formation of memorycpsses (Kapur, et al., 1994;
E. Tulving, Kapur, Craik, et al., 1994). The integnp®f activity on the left and
the right halves of these regions tend to vary, deample with the type of
information being handled (verbal vs. nonverbalpn{des, et al., 1993).
Encoding is associated with activation in both tiglit and left prefrontal lobes
and the medial temporal lobe (J. D. E. Gabrielisidend, John E., Demb, J.B. ,
Wagner, A.D., Stone M.V., Vaidya, C. J., Glover,HG 1996; Nyberg,
Mclintosh, et al., 1996). Greater hippocampal atgtiduring performance of an
encoding task predicts how well the item is subsatjy remembered (P. C.
Fletcher, et al., 1995). Deeper encoding resultgeater activation in the regions
of left prefrontal cortex and medial temporal lohe compared to shallow
encoded tasks (Paul C. Fletcher, et al., 2003en&ity of activity in the
hippocampal region correlates with subsequent sstaeretrieval (Kapur, et al.,
1994). The left prefrontal cortex has been showbetoesponsible for retrieval of
semantic memory whilst the right with episodicieatal (Kapur, et al., 1994)
Working memory tasks are manipulated by the froldbes. Left ventrolateral
frontal lobe and parietal regions are concernech vpierformance of verbal

working memory tasks whereas the right prefrontatex is associated with the
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performance of spatial working memory task (P. Iétdher & Henson, 2001; G.
D. Honey, et al., 2000).

Thus there is an overlap of the brain regions m&dlin processing encoding and
working memory with the left prefrontal lobe primgrhandling tasks with

verbal information (R. Buckner, & Tulving, E. , 199

1.14 Regulation of appetite

Rationale: In addition to studying the cognitive affects oémall dose of oral
glucose and simultaneous brain activation pattems;study also looked at the
effects of oral glucose on brain activation in @sge to food images. This aspect
of the study was subsequently added on to our stadign.

The topical work done by Faroogi et al. (Faroogiale, 2007) locally showing
the manipulative effects of leptin on appetite coinprompted us to perform this
study. Leptin, a key hormone involved in regulatiohenergy balance, was
shown to manipulate the limbic (hedonic) regionstieé brain, mainly the
nucleus accumbens by changing feeding behaviour lamger scores in
congenitally leptin deficient children. Thus, thgpbthesis was that glucose, a
nutritive substrate and primary fuel of the braguld also potentially influence
energy balance by regulating the appetite pathuwatee brain.

In particular, in overnight fasted (hungry) healtaglults (given a sweetened
drink), visualization of food pictures would eli@ttivation in the limbic regions
of the brain. Further, a drink of 25 g of glucosewd dampen the activation in
these regions, as individuals would no longer begreed to be hungry. If this
was the case, differences in activation patternsvddous types of food

(appetising vs. bland) would be studied.
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The following paragraphs give a brief overview afr @wurrent knowledge of

appetite control and the various modalities usestudy this subject.

1.14.1 The glucostatic theory

The role of glucose as a regulator of energy ba&dras been a subject of debate
for more than half a century. Glucose as a modulztenergy balance was first
proposed by Jean Mayer more than 50 years ago asdalled the ‘glucostatic
theory’. This theory proposes a central role ofcgke in the regulation of food
intake (J Mayer, 1953, 1955; J. Mayer & Bates, }992e glucostatic theory
postulated that reduced glucose utilization iniaalt brain regions leads to
perception and expression of hunger, and incregkembse utilization in these
same glucosensitive sites leads to decreased hwamgkrcessation of eating.
Mayer (J Mayer, 1953, 1955; Mayer.J & Bates, 19a@)posed that decreased
glucose utilization or metabolic hypoglycaemia, ploént at which the peripheral
arterio-venous difference in blood glucose becomeggligible and glucose was
no longer entering ‘metabolising cells’ was thensigfor meal initiation. He
suggested that the glucostatic theory would acctarrthe short term control of
hunger and fluid intake, whereas he invoked a dtptic’ mechanism to account
for the long term regulation of body weight and rgiyebalance. Following this
there have been numerous studies supporting andingfthe glucostatic
hypothesis. These researchers and further studigshasized the role of
decreased glucose utilization or decreased inttdaelglucose rather than the
absolute level of blood glucose as the stimulusnieal initiation. Moreover, it
was suggested that this theory should be renamehbeaglucodynamic theory
rather than the glucostatic theory, as it is thdepa of dynamic changes in

glucose which was sensed rather than its absoaviel (nadir (low) glucose
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initiating food intake, whilst rising blood glucoserminating ingestion) (J
Mayer, 1953, 1955; J. Mayer & Bates, 1952) . Onlihsis of observations that
changes in glucose use affected ingestion, May&tayer, 1955) proposed the
glucostatic hypothesis whereby glucose-sensingamsuparticipated in the short-

term regulation of energy intake.

1.14.1.1Rodent Studies

Several studies have been conducted in rodentsutty she pattern of blood
glucose changes surrounding meals. In support ofeWs hypothesis, it was
found that 6-8% dips in plasma glucose were aswmtiwith meal initiation
(Louis-Sylvestre & Le Magnen, 1980). Certainly lkargeductions in plasma
glucose levels or glucose availability can stimeitimtod intake (Ritter, Murnane,
& Ladenheim, 1982). Investigation of the effectsnobdest changes in blood
glucose levels within the physiological range,adents, has found differences in
appetite responses between blood glucose levels-&fmmol/; with fullness
greater at 8 mmol/l (Abizaid, et al., 2006). Moveg from below. When the
level of glucose in blood is continuously monitonedfreely feeding rats, by
means of an indwelling intravenous catheter, Casigbfet al. (L. A. Campfield
& Smith, 1990; L. S. F. Campfield, 1986) observiedt tbeginning a few minutes
prior to when a “spontaneous” meal is initiateadol glucose decreased. In rats,
every observed spontaneous meal was precededrbglbh(approximately 12%)
but reliable decline in blood glucose (L. Arthurmafield, Brandon, & Smith,
1985).

However it remains uncertain whether brain can alstudetect small changes,

within the physiological range, in plasma glucosefdhis might be a primary

- 69 -



1 Introduction

stimulant of meal initiation (Levin, Dunn-Meyne&, Routh, 1999). Alterations
in plasma glucose of 2mM alter brain glucose lewsl90.2-0.3 mM within 10
min, and this is associated with changes in firoigglucose-sensing neurons
(Silver & Erecinska, 1998). But these levels aiikfarr greater than the <0.5 mM
changes in plasma glucose postulated to trigget migation (Louis-Sylvestre
& Le Magnen, 1980). However, central neurons dpaoed to larger changes in
peripheral glucose levels transmitted from portainvglucosensors by direct
neural inputs (Hevener, Bergman, & Donovan, 199YJ hy direct action of
glucose that enters the brain by a transport-mediptocess (Vannucci, Maher,
& Simpson, 1997). On the other hand, some researdive postulated that
eating is initiated even when energy supplies ampla (Woods, Schwartz,
Baskin, & Seeley, 2000), suggesting that eatin@nsinefficient way to get
calories in blood rapidly, due to digestive and capsve lags. Others have
suggested that initiation of eating secondary dgpan glucose is functional only
in extreme metabolic emergencies, as a protectieehamism (Epstein AN,

1975).

1.14.1.2Human Studies

When blood glucose was measured over a 2-6 h pasiogd) continuous glucose
monitoring, in participants who were isolated frdood and hunger cues,
changes in hunger and meal requests were precgdaddcorrelated with, brief
transient declines in blood glucose in 83% of paéints (L. S. F. Campfield,
1986). The same association between hunger raéingstransient declines in

blood glucose was seen when acute insulin infusi@nmsU/kg body weight
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administered over 2 min) were used to mimic spa@das transient declines in
blood glucose. No changes in hunger ratings weservled while blood glucose
was stable; however, hunger ratings increased af$etin-induced decreases in
blood glucose (L. Arthur Campfield, Smith, Rosenbad& Hirsch, 1996). These
findings suggest that hunger and meal initiatioe associated with rapid
declines in blood glucose in human subjects althabhg mechanisms underlying
this association have not been elucidated (L. Ar@ampfield, et al., 1996).
Hunger early in the test meal increases once theggide meal is tasted, this
response has been termed the appetiser effecidlitast, 2002). Preloading test
meal reduces intake to a greater extent when dsbjegest a bland test meal
compared with a palatable meal (Robinson, 2001; &, Lee, Gray, &
French, 2001) suggesting that palatable meals nvayride partially normal
satiety process.

Though some of the rodent studies tend to faveeiMhyer’s hypothesis about a
dip in plasma glucose initiating ingestion of a hesad thus controlling appetite,
human studies are less convincing. In spite of humstadies showing small
decreases in plasma glucose prior to meal ininatioe underlying physiological
mechanisms remain unclear and the clinical releyarichis phenomenon is not
unknown.

In this study the role of glucose in the controlappetite by was investigated by
studying the brain activation patterns to differbltod glucose levels (with and
without 25 g of oral glucose). The expectation wasee different activation
patterns on visualization of food pictures in tlastéd versus the post glucose
ingestion state. This could provide indirect evicenthat variations in glucose

levels in the body influenced appetitive behaviour.

-71 -



1 Introduction

Studies directed towards energy balance and regulaas traditionally focussed
on metabolic controls and mainly focussed on thgothyalamus in the brain,
which is undoubtedly a significant player in apfgeticontrol. Compelling
evidence over the last decade has now highlightedrportance of the other
brain regions, like the cortico-limbic brain systerknown to be involved in
cognition, reward and emotion, to regulate the alewircuitry of appetite
control. Functional neuroimaging techniques havenban instrumental tool in
expanding our knowledge of central regulation gfedjte. | have used functional
magnetic imaging for my studies. | have briefly kped the principle

underlying this technique in the next paragraph.

1.14.2 Neuroimaging of the brain

The field of cognitive neuroscience, particularglated to studies involving
functional imaging techniques, has experiencedasiypé growth over the past
two decades. Functional imaging of the brain haanbe valuable resource to
study the complexity of appetite control and foateke in humans. Coupled
with this is the rapid development of non-invasitw&in imaging techniques.
Together, brain imaging techniques and measuréscaf neuronal activity have
permitted researchers to investigate regions ofbitaén that are functionally

related to a variety of sensory and cognitive ta@kaichle, 1998). Functional
neuroimaging techniques include positron emissi@magraphy (PET),

functional magnetic resonance imaging (fMRI), mageecephalogram (MEG),
electroencephalogram (EEG), and other methods. Ghreat strength of

functional brain imaging is that it can contributeiquely to a task by providing

a broad and detailed view of the processing arctite of cognitively engaged
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networks. Underpinning all the modalities of invgations is the common thread

that increases in neuronal activity is precededbsease in regional blood flow.

Principle of fMRI: Functional brain imaging with fMRI is based on a
remarkably consistent relationship between regiatednges in the cellular
activity of the brain and changes in circulatiord anetabolism of that region.
Though brain represents 2% of the body weightcdoants for ~20% of the
body’s oxygen, and hence glucose consumption (dMdk 1999). fMRI, like
other neuroimaging techniques (PET, Single-emissiomputed tomography
(SPECT)) provides information about state dependkanges in local neuronal
activity. Increases in local neuronal activity associated with a greater increase
in regional cerebral blood flow than needed to $upplls with oxygen; for this
reason, increases in local neuronal activity resula lower concentration of
deoxyhaemoglobin, which can be detected using MRtaranni & DelParigi,
2003). fMRI detects changes in the magnetic pragserof haemoglobin,
resulting from neural demands for oxygenated blddee fMRI scanner detects
changes in this hemodynamic response and recomddltdod oxygen level-
dependent (BOLD) signal. The higher the proportioh oxyhaemoglobin
(diamagnetic) relative to deoxyhaemoglobin (parame#ig), the less interference
to the radio frequency pulse generated by the srarand the stronger the
BOLD signal and brighter the image (Gibson, Carr@thner, & Geliebter). In
other words, fMRI measures the different magngiin between oxygenated and
deoxygenated haemoglobin, the levels of which changh neuronal activity.
Though BOLD imaging is the dominant technique @Rl activation, arterial

spin labelling (ASL) technique is also being inciegly used. The ASL
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technique gives better resolution for areas whislolve air-tissue interfaces like
the orbito-frontal cortices (Cacioppo, 2007).

Compared with PET, fMRI has superior temporal (sesoversus minutes) and
spatial (~1mm versus ~4 mm) resolution, which alawore rapid changes in
neuronal activity that occur in smaller areas o¢ ttrain to be visualised
(Lingford-Hughes, 2005). Moreover, the relativeesgf absence of radioactivity,
and high spatial and temporal resolution of fMRis mesulted in it eclipsing PET
as the dominant approach in neuroimaging rese&itis¢n, Carnell, Ochner, &
Geliebter, 2010). Indeed (Tataranni & DelParigiQ2)) fMRI is more accessible
and less expensive than PET. Functional neuroingagrovides a fundamental
advantage by allowing investigation of the wholaiby making it possible to
study the system rather than restricting the ingagbn to pre-selected regions
of interest.

Limitations of fMRI include difficulty in studyingertain areas of the brain such
as the orbitofrontal cortex due to its proximityaio-filled sinuses, which causes
in-plane distortion of echoplanar images (W. D.lgdlre & Yurgelun-Todd,
2006). Another region of the brain susceptiblehis effect is the hypothalamus.
The hypothalamus is surrounded by a vascular n&tad in close proximity to
a sinus cavity, potentially limiting spatial reswtun in imaging studies
(Tataranni & DelParigi, 2003). Despite these liitas, functional imaging of
the hypothalamic response to a meal has been guisweenumber of studies (J.
F. Gautier, et al., 2000; Liu, Gao, Liu, & Fox, BQQrataranni, et al., 1999).
Furthermore, although there are more establishéasest and parcellation
protocol (e.g. Talairach space) for human comptrethimal brains, there is still

no widely accepted standard (Talairach, 1988, 19@®)recise labelling can be
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a limitation when imaging micro-anatomical struesyr such as the
hypothalamus and brainstem (Bohland, Bokil, All@éMitra, 2009). Certain
artefacts associated with fMRI are difficult to aslj especially when there is a
significant head movement between scans (becausengfduration between
scans, or movements of the jaw, both of which maypkesent in eating and
drinking studies (Frahm, Merboldt, & Hanicke, 1988) addition, on/off design
of most study paradigms limit capture of functiodata. Nevertheless, there is
no doubt that fMRI has the greatest potential foprioving our ability to both
describe the time course of the brain events tbatral eating and provide the
most precise map of where these events occur (hegjsf 2000; Thompson,
Peterson, & Freeman, 2003).

Critical to the interpretation of the functionaluneimaging is the knowledge of
the cellular events associated with the local chang blood flow, metabolism
(i.e. relative increase in glycolysis) and tissueg/genation as evidenced by
functional imaging. The most parsimonious explamratior this observation is
that the glycolysis is related to metabolic chanigeastrocytes associated with
increased clearance of glutamate from the synapdagigtretti, Pellerin,
Rothman, & Shulman, 1999; Mintun, et al., 2001; I8tan, Hyder, & Rothman,
2001). It has been suggested recently that the@sérs are also a critical link
between neurons and blood vessels in orchestrédimghanges in blood flow
associated with changes in neuronal activity (Zomtaal., 2003). Spiking
activity of the neurons has been used as the galtiard in assessing the ability
of functional imaging signals to track events denest within the brain (Hyder,
Rothman, & Shulman, 2002; A. J. Smith, et al., 20@h the other hand, others

researchers propose synaptic events, as reflattedal field potentials, as being

-75 -



1 Introduction

most influential in determining the signals obtaneith functional imaging
(Schwartz, et al., 1979; Frank R. Sharp, 1976; FShkarp, Kauer, & Shepherd,

1977).

1.14.3 Control of energy balance

Food procurement has its history as an evolutioneoypserved survival
mechanism. For example, the honey bees engagdance to communicate the
location and abundance of a food source to othekevdbees in the hive. (von
Frisch, 1967). Thus at a given time in evolutiarge portions of the nervous
system have been dedicated to procuring food. Moepresentations of
foods and food cues are available to the foragiagdn long before food is
actually seen, smelled, or tasted. Paramount tduthetioning of this system is
the control of appetite.

Appetite has variably been defined as the desireatdood, felt as hunger and
serves to regulate adequate energy intake to nmaintaetabolic needs.
Regulation of appetite the (appestat) has beerbj@cuof much research in the
last decade. Appestat has been loosely defineleabrain centre (probably the
hypothalamus) concerned in controlling of appettteman food intake relies on
a complex hierarchy of cortical processing whicltlude obtaining stable
sensory information, evaluation of desirability,danhoosing the appropriate
behaviour. Part of this processing is linked toibdsomeostatic regulation,
which has been elucidated in great details in ahmmalels with mammals with
humans sharing many subcortical circuits and mdééscusuch as leptin and
ghrelin.

However, human food intake is not only regulatedhbyneostatic processes as

illustrated by our easy overindulgence on sweeti$dmeyond homeostatic needs
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and epidemic proportions of obesity which has bex@mmajor health problem
(Kohn & Booth, 2003). The regulation of human foodake relies on the
interaction between homeostatic regulation and hiedpleasure. This complex
subcortical and cortical processing involves higbeter processing, including
learning memory, planning and prediction and gn®s to conscious experience
of not only the sensory properties of food (such identity, intensity,
temperature, fat content, and viscosity) but ateoualence elicited by the food
(including, most importantly, the pleasure experext) (Kringelbach, 2005).
Food intake is a precisely controlled act that patentially be fatal if the wrong
decision is taken to swallow toxins, micro-orgarssmr non-food objects on the
basis of erroneously determining the sensory aspEcthe food. Humans have
therefore developed elaborate food behaviours whighaimed at balancing,
conservative risk-minimising and life preservingagtgies, with occasional
novelty seeking in the hope of discovering new sesirof nutrients (Rozin,
2001).

It is thus becoming obvious that behind the ‘sirhgdlkecision to eat or not eat a
particular food, the brain is actually functionidg) its highest order. Indeed,
central to all the models of food regulation, is thct that the various signals and
messages converge at a ‘central headquarters'eiuex the final outcome. This
then translates to the final decision to either @ateject the particular food
substance in question.

Current teaching dictates that appetite controlmanaged by two distinct
systems, namely the ‘homeostatic system’ and tleddhic system’. However
recent explosion of knowledge of central regulatodrappetite has blurred the

distinction of these two systems, and has indegjhlighted the extensive
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overlap of functions of the components each ofdlsstems. Furthermore, there
is a growing body of evidence detailing the commbaracteristics between the
central centres controlling energy balance andvpagk of addiction. Also areas
of the brain traditionally associated with mood aawflictive behaviour, the

limbic system, have now been identified in additibm be key players in the

central control of appetite. The pancreatic hormansulin, which enters the

brain from the circulation and acts there to redenergy intake, was the first
hormonal signal to be implicated in the controlbaidy weight by the central

nervous system (CNS). Newer players into the fwfldappetite control range

from previously unrecognised roles of well knowrpi@es on the brain such as
protein peptide Y (PYY) (Batterham, et al., 2008)the discovery of newer

peptides like leptin (Farooqi, et al., 2007).

The homeostatic system is predominantly comprideth® hypothalamus and

brain stem, and appears to drive food intake basedaloric need or energy
balance (H.-R. Berthoud & Morrison, 2008; Nisbetf72). The role of the

hypothalamus in the non-conscious regulation ofrggndhomeostasis is well

established. Key molecules governing energy horasissare highly conserved
across species and it is therefore assumed thalasimechanisms may be

operating in the human hypothalamus (Tataranni &PBegi, 2003). To ensure

adequate nutrition, it is necessary for the brairhave intrinsic circuitry that

regulates the levels of various nutrients in tleotland in the body stores.

The increase of food intake (hyperphagia) triggdrgca period of fasting is a

simple but compelling example of food intake. Tlsequent recovery of lost
body weight to baseline values, accompanied bygtiaglual return to normal

levels of energy (Harris, Kasser, & Martin, 1986)testimony to a regulatory
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process that is both precise and robust. Aidinghis decision making are

various cortical and sub-cortical brain regionsjohihave been described below

(Fig.1.1).
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Figure 1.1: Neural network controlling food intake and energy balance (H.-R. Berthoud, 2007)

Schematic diagram of information flow involved in oth internal-homeostatic and external control of
food intake and energy balance. Signalling from theénternal milieu or external environment to the
brain is either mediated by primary and higher orde sensory neurons or hormones and substrates.
Centrifugal signalling from the brain to the effector organs is either mediated by premotor and motor
neurons or by hormones. Abbreviations: ACB, nucleussccumbens; AIC, agranular insular cortex;
AMY, amygdala; AP, area postrema; ARC, arcuate nuaus; dmnX, dorsal motor nucleus of vagus;
LH, lateral hypothalamus; HIP, hippocampus; MoN, motr nuclei for oro-motor control; NTS,
nucleus tractus solitarius; OLF, olfactory bulb; PFC, prefrontal cortex; PIR, piriform cortex; PIT,
pituitary gland; PRL, prelimbic cortex; PVN, paraventricular nucleus of the hypothalamus; RF,
medullary reticular formation; RVLM, rostroventrolat eral medulla; SNS, sympathetic nervous
system; V1/V4, visual processing areas 1,4; V, fati nerve; VI, trigeminal nerve; IX,

glossopharyngeal nerve.

As is illustrated in the above diagram, the netwooktrolling food intake and
energy balance is extremely intricate and a dyngmacess. This diagram (H.-R.

Berthoud, 2007) illustrates the schematic flow mfbrmation in both internal-
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homeostatic and external control of food intake andrgy. Signalling from the
internal milieu or external environment to the bra either mediated by primary
or higher order sensory neurones or hormones drgtrates.

All this has generated renewed interest in undedstg and unravelling of the
biology and physiology of energy balance and appetontrol. In addition,
cutting edge technology has now made it possiblstudy brain behaviour in
multitude of ways which was not possible beforeisThas not only enhanced the
discovery of previously unknown metabolic processas substrates but has also
enhanced our understanding and knowledge of weahbbkshed metabolic
pathways and processes. These results also opgastential new avenues in the
management of disorders associated with dysregulappetite control and

energy balance states such as obesity.

1.14.4 Central systems involved in appetite control anddod consumption
The cortical and subcortical regions of the braomstitute a highly evolved
system and incorporate some of the basic and rudane instincts related to
feeding. This system takes into account not ondy tieme ongoing inputs to the
brain regions involved in appetite control in tleenh of taste or visual stimuli
for example, but also background substrate stgiaptifde, glucose levels for
example) and also memory of past events relatéektting.

For ease of discussion the central control of agmpétas been anatomically

divided into cortical and subcortical regions.

1.14.4.1Cortical regions involved in control of appetite
Consuming sufficient food to maintain adequate gystores is the sine qua non
for survival for all species in the animal kingdoFor mammals, which must

maintain a stable body temperature in even the imostile climates to survive,

-80 -



1 Introduction

this problem is even more acute. Maintaining a higétabolic rate requires
constant availability of large amounts of energyes. For small mammals that
do not retain heat well, life consists mainly oftahing and consuming food
(Saper, Chou, & Elmquist, 2002). To insure thas #utivity takes a high priority
in brain function, mammalian brains have evolvedesal potent and interrelated
neuronal systems that drive feeding behaviour.

All of the classic five senses (vision, hearingefinaste and touch) are involved
in the regulation of food intake. Foremost, of c@uthe sensing of food occurs
when food is grasped and delivered to the moutls iAcludes taste, smell, and
somatosensory (this includes temperature, visgopitygency and irritation)
input primarily from our oral and nasal cavity. $rsensory input is vital in
deciding whether to swallow or reject a potentighlgisonous food. Taste is
sensed by taste receptor cells arranged in tagiewhich are primarily found on
the tongue but also on other areas in the orakyauich as the soft palate, the
pharynx, the larynx, and the epiglottis (Thomas$Bbtt & Plata-Salaméan, 1999).
Thus input through the visual, tactile and auditeepsations are able to serve as
conditioned stimuli. The exact mechanisms by whigpresentations of
experience with specific foods are formed, stored @ecalled are not well
understood, but likely involve processing stepstigh each sensory channel and
the generation of polymodal representations inigpeed cortical areas. (H.-R.
Berthoud, 2007). Further research has gone intaliBieg the cortical centres
representing the central control of these senses.

The following illustration (Fig. 1.2) taken from Moet al (Moll, Zahn, de
Oliveira-Souza, Krueger, & Grafman, 2005), shows thief cortical regions

involved in the regulation of appetite and energyabce in the body. These
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chiefly include the various lobes of the frontal dartemporal cortices.

Figure 1.2 Cortical regions of the brain involvedn control of appetite

Cortical regions include the anterior prefrontal catex (aPFC), the medial and lateral orbitofrontal
cortex (MOFC and IOFC), the dorsolateral PFC (DLPFC; mostly the right hemisphere) and
additional ventromedial sectors of the PFC (vmPFC)the anterior temporal lobes (aTL) and the

superior temporal sulcus (STS) region (Moll, et al.2005)
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The insular cortex and associated areas

Insular
Cortex

Figure 1.3: Macroscopic view of the insula

The insular lobe corresponds to the fifth lobe of th brain including Brodmann areas 13 through 16.
The insula is buried in the lateral sulcus, coveretly the operculum (consisting of the opercular parts
of the frontal, parietal and temporal lobes) that § opened here (Dupont, Bouilleret, Hasboun, Semah,
& Baulac, 2003)

Non-invasive imaging techniques have clearly derrated that simply thinking
about food can modulate neural activity in spechirain areas known to be
involved in the cognitive controls of appetitiveha@iours. (Arana, et al., 2003).
The largest functional magnetic neuroimaging stafliaste processing from 38
right handed subjects (13 women and 25 men) destihily Kringelbach et al
revealed 3 cortical activation foci to the maineefs of taste in the human brain.
These were bilateral activation of the anteriomulag frontal opercular cortex
(Fig.1.3) with a slightly stronger response on tight side, the medial caudal
orbitofrontal cortex and the left dorsolateral poetal cortex.

The locations of the anterior insular/frontal opgac cortex in the standard brain
space in Montreal Neurological Institute (MNI) cadimates: [X,y,z: 38,20-4] and
[x,y,z:-32, 22,0] are the likely bilateral sitesmimary taste cortices. The insular

cortex, in particular its most anterior portion, densidered a limbic-related
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cortex. The insula has increasingly become thedafuattention for its role in
body representation and subjective emotional egpeea. Functionally speaking,
the insula is believed to process convergent inébion to produce an
emotionally relevant context for sensory experienkre specifically, the
anterior insula is related more to olfactory, gtmtg viscera-autonomic, and
limbic function, while the posterior insula is reld more to auditory-
somesthetic-skeletomotor function (Kringelbach, Ataujo, & Rolls, 2004c).
fMRI experiments have revealed that the insula d@asmportant role in pain
experience and the experience of a number of mmmtions, including anger,
fear, disgust, happiness and sadness, functiorzing have also implicated the
insula in conscious desires, such as food carvmbadaug craving (Kringelbach,
et al., 2004c). The right anterior insula has bedmown to support a
representation of visceral responses accessibleawareness, providing a
substrate for subjective feeling states (CritchMiiens, Rotshtein, Ohman, &
Dolan, 2004).

The insula is well situated for the integrationimformation relating to bodily
states into higher- order cognitive and emotiomakpsses. The insula receives
information from ‘homeostatic afferent’ sensorypaays via the thalamus and
sends output to a number of other limbic relatedcstires such as the amygdala,
the ventral striatum and the orbitofrontal cortédF(C). It also encodes the
motivational value of food, with its activity deasng with eating and subjects
become les motivated to further food intake (Dakiral., 2001).

The second region identified was the medial ca@C. The location in the

MNI coordinates: [x,y,z:6,22,-16] is likely to caide with the secondary taste
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cortex, which fits well with the subsequent neungpblogical recordings in
medial parts of the macaque OFC (Pritchard et @620

Lastly the third region in which activity was foumahs the left dorsolateral pre-
frontal cortex (DPFC) in the posterior part of tmeiddle frontal gyrus
(Brodmann Area 46): [x,y,z: -42, 26, 36]. This abuhid higher cognitive
processes in guiding complex motivational and eomati behaviour. Using
functional magnetic resonance imaging, researchave found that individual
variation in trait reward sensitivity (as measut®dthe Behavioral Activation
Scale) highly correlated with activation to imagefs appetizing foods (e.g.,
chocolate cake, pizza) in a fronto—striatal-amyasdalidbrain network. These
findings suggested that there was considerableopalisy-linked variability in
the neural response to food cues in healthy ppaints (Beaver, et al., 2006).
Furthermore, at a lower statistical threshold,etastated activity was found in
the anterior cingulate cortex (I. E. de Araujo, IRoKringelbach, McGlone, &
Phillips, 2003a; I. E. T. de Araujo, KringelbacholR, & Hobden, 2003b; Ivan
E. T. de Araujo, Kringelbach, Rolls, & McGlone, 320 Kringelbach,
O'Doherty, Rolls, & Andrews, 2003; J. O'Doherty,lIRoFrancis, Bowtell, &
McGlone, 2001b; John P. O'Doherty, Deichmann, @Glatg, & Dolan, 2002;
Small, et al., 2003; David H. Zald, Hagen, & Par@002; D. H. Zald, Lee,
Fluegel, & Pardo, 1998). Regions of the anteriorgalate cortex thus may
contain taste-related activity which can help tbke of this region in executive
control.

The decision about food intake is multi-modal inpmating information gleaned
from taste, smell, somatosensory receptors in theenand oral cavity,

temperature of the food, viscosity, fat content pndgency of the food. Studies
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using multimodal combinations of taste and smelhgisneuroimaging have
shown that a region of the left OFC is respondibtehe hedonic representations
of the food (Kringelbach, et al., 2003). The insislalso involved in the brain’s
hedonic response to taste stimuli. It possibly sie¢stone for how strong of a
signal is transmitted to areas that further prodessonic taste experience (A.
Wagner, et al.,, 2007). This suggests a dual rolehef insula in sensory
processing and affective processing of taste. Thasfrontal opercular/insular
region (primary gustatory area) seems to be seasitt only to the intensity but
also to the palatability of a tastant (J. O'Doheetyal., 2001b). In a PET study
by Tataranni et al, there was increased activithemiddle insula in response to
taste stimulation in hungry (after 36 h of lasttfasmd shortly before the
administration of a satiating amount of liquid meabese individuals. In
contrast, there was no significant change of agtin hungry normal-weight
individuals. Post-obese individuals, who are athhigk for the recurrence of
weight gain, exhibited an obese-like increase stiliar activity, suggesting that
the insular response to sensory-stimulated antioipaof food reward may
represent a neural marker of increased propersityeight gain (A. C. K. Del
Parigi, Salbe AD, Hill JO, Wing RR, Reiman EM, Tatani PA, 2002).The
insular cortex has been implicated in a variety furictions related to the
integration of the autonomic response with ongob&haviour and emotion
(Allen, Saper, Hurley, & Cechetto, 1991), and gastestinal motor and sensory
phenomenon (Penfield, 1955), including swallowirdarhdy, et al., 1999),
distension of the oesophagus (Aziz, et al., 200@) stomach (Stephan, et al.,
2003), as well as in response to flavour (Daltonplidtle, Nagata, & Breslin,

2000; I. E. de Araujo, et al., 2003a; Kringelbaeh,al., 2003; Small, Jones-
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Gotman, Zatorre, Petrides, & Evans, 1997), tastea(f et al., 2003; Small, et
al.,, 1999), food texture (lvan E. de Araujo & RgIll2004) and tongue
somatosensation (Pardo, Wood, Costello, Pardo, & 1®97), smell (Cerf-
Ducastel & Murphy, 2001; I. E. de Araujo, et al003a; Savic & Gulyas, 2000;
Small, et al., 1997; Zatorre, Jones-Gotman, Ev&nsleyer, 1992), hunger for
food (A. Del Parigi, et al., 2002b; J.-F. Gautietr al., 2001; J. F. Gautier, et al.,
2000; Tataranni, et al., 1999), thirst (Denton,aét 1999), hunger for air
(Banzett, et al., 2000), and drug craving (Kiltsak, 2001; G.-J. Wang, et al.,
1999). The insular cortex has also been implicatefdod reward and flavour-
guided behaviour in rats (Cubero & Puerto, 2000gdzaino & Kesner, 1998)
and humans (LaBar, et al., 2001; J. O'Doherty, |et2800; Small, Zatorre,
Dagher, Evans, & Jones-Gotman, 2001). Taken togethese reports indicate
that the insular cortex participates in many aspetteating behaviour, serving
perhaps as the “ingestive” cortex of the brain RT.Scott & Verhagen, 2000;
Small, et al., 2001). Greater insular activity ss@ciated with higher motivation
to eat (Small, et al.,, 2001). It has also been ssiggl that in conditions like
anorexia nervosa, rate-limiting dysfunction of reuwircuitry integrated by the
insula could be the responsible offender (Nunnmptan, Gordon, & Lask,
2008).

Brain imaging in non-human primates has shown tthate are sets of neurones
in the caudolateral orbitofrontal cortex that resg®to tastes of food only when
the animal is hungry (E. T. Rolls, 1997). The remm of these neurones
decreases to almost zero when the animal has eatatiety and is specific for
the food eaten. This observed event is referredstesensory-specific satiety

(SSS), a decreased desire to consume more of ajimbdeaten while still
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desiring more food. It is related to human eatiefpdviour and contributes to
satiation, that is, the termination of a meal (Dead&, De Jong, & Lambers,

1999; Raynor & Epstein, 2000).

The Orbitofrontal cortex (OFC)

The OFC is one of the most important nodes linkegnsory and hedonic
systems involved in appetite and food consumptiothe human brain. Indeed,
primary taste cortex (i.e., agranular insular corteas efferent connections to the
(OFC) and the other major limbic areas includingdNAJA , and amygdala. The
OFC receives multimodal inputs including gustatoojfactory, visual, and
somatosensory information. For example, some OR(ons respond to the oral
texture of fat (B. Rolls & Moran, 1999). Output®in this region of the cortex
project to the striatum, the ventral midbrain, #imel sympathetic nervous system
(H. R. Berthoud, 2002). In rats, electrical stintida of the OFC initiates feeding
(Bielajew & Trzcinska, 1994), and infusion of var® neuropeptides or
neurotransmitters into the OFC can alter respiyatquotient and energy
expenditure as thermogenesis (lain S. McGregor,édez, & Atrens, 1990a; 1.
S. McGregor, Menendez, & Atrens, 1990b; Westerh&ud oewy, 2001).
Functionally, neuroimaging studies have shown bl pleasant and unpleasant
stimuli activate the orbitofrontal cortex (J. O'oty, et al., 2000). Furthermore,
the OFC is regarded as the brain region integraliffgrent modalities- smell,
taste and texture (Edmund T. Rolls, 2001). The hur@&C also plays an
important role in representing the reward value liguid food stimuli
(Kringelbach, et al., 2003) which correlates with subjective pleasantness; as

studied using fMRI. This effect is also consistesith an important role for the
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orbitofrontal cortex in human emotion and motivatiand associated subjective
states (Kringelbach, et al., 2003).

A study investigating the nonspecific satiationeets6 of chocolate where
subjects were allowed to eat chocolate beyond tgatieund modulation in
cortical chemosensory areas including insula, cengdtial and caudolateral
OFC, suggesting reward value of food is represehtzd. They further noted
differences in activity in the medial and lateratidal part of the OFC suggesting
differential representation of reward and punishimehis region (Small, et al.,
2001). Activity in OFC has in fact been implicatedth negative dissonance
(pleasantness) of musical chords and intenselyspialle responses to music
have been associated with activity in OFC, vergnahtum, cingulate and insular
cortex in studies investigating the effects of &amgi stimulation (Blood &
Zatorre, 2001). Further compelling evidence fronugdrstudies have found
responses to cocaine in the PFC, ventral striatund,other reward related brain
structures (Breiter, et al., 1997). Thus the OF& bhaen implicated in a wide
variety of tasks.

A large meta-analysis has demonstrated medio-latend antero-posterior
functional distinctions in the OFC, (KringelbaclQ02 ; Kringelbach & Rolls,
2004a). Activity in the medial orbitofrontal cortas been shown to relate to the
monitoring of the reward value of many differentinfercers (involving
mechanisms for learning and memory), whereas thealdOFC activity has been
proposed to be related to the evaluation of reg#fier which leads to change in
ongoing behaviour. Furthermore, it has been shadwat more complex and

abstract reinforcers (such as monetary gain and) lbeing represented is
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represented more anteriorly than simpler reinfarceuch as taste and pain
(Kringelbach, 2002 ; Kringelbach & Rolls, 2004a).

The OFC has been extensively implicated in reptesgrand monitoring the
changing reward value of primary (including gustat@nd somatosensory
stimuli) and learned (including olfactory and viswsimuli) (Kringelbach &
Rolls, 2004a). A caudal and lateral area of thatafdontal cortex has been
involved in sensory-specific satiety, both in rasg®to the odour of a solid food
eaten to satiety (J. O'Doherty, et al., 2000) oth# orosensory experience of a
liquid food consumed to satiety (Kringelbach, et &003). This is the same
region noted to be activated by O’Doherty et al @QDoherty, Kringelbach,
Rolls, Hornak, & Andrews, 2001) in response to mlsglic monetary gain and
in proportion to the magnitude of this reward, adl\as deactivated in response
to a symbolic loss of money (punishment). Wangl eshawed marked increase
(24%) in brain metabolism, using FDG-PET, by préseon of food (G.-J.
Wang, et al., 2004), providing evidence of the rsghsitivity of the human brain
to food stimuli. These changes were largest indingerior temporal, anterior
insula and orbitofrontal cortices. Further, theré@ased activation in the right
orbitofrontal cortex correlated significantly witincreases in self-report of
hunger and desire for food.

Animal studies implicating the limbic regions otthrain have shown that lesion
experiments in rats suggest different but compliaen roles for the
orbitofrontal cortex and basomedial amygdala in ries about the
representations of specific experiences with food aising them to guide
appetitive behaviour. It had long been demonstrabed food intake can be

conditioned over time by repeatedly pairing thesprgation with tone or light in

-90 -



1 Introduction

hungry rats. After learning this task even satdd vall approach and consume
food upon exposure to the conditioned stimulus (Waiten, 1983). Thus the
authors demonstrated an increase in free feedilhgwiog presentation of the
pavionian cue, a phenomenon called “conditionedemgaition”. Through

selective lesion techniques involving the basalgtjanand the OFC in rats,
another group showed that the basolateral amygasdmed critical to learning
representations that link cues to the incentiveerties of outcomes, but not for
maintaining such representations. In contrast,QR€ seems to be critical for
maintaining memorial representations that link diethe incentive properties of
outcomes, for updating them with new informationg dor using them to guide
appetitive behaviour. (Pickens, et al., 2003). lkenmmhore, neurons in the
basolateral and basomedial amygdala, and orbittafrqgrefrontal cortex were
selectively activated by conditioned potentiatiomd gorojected to the lateral
hypothalamus, a key area for energy control. Tiis évidence indicates that
these pathways are functionally involved in thie-potentiated feeding during
satiation. It also provided a key functional anat@hlink between the reward-
motivational systems in the amygdala and pre-flontartex with the

hypothalamus (primary homeostatic centre). (PetigvHolland, & Gallagher,

2005). The OFC is richly interconnected with thabic system, particularly the
amygdala and the perirhinal cortex; this network/e@rve to integrate affective,

visceral, and primary sensory information (Pricg@99).

1.14.4.2The subcortical control of appetite: Mesolimbic dopamine
reward system

Certainly one of the most potent drives for feedmgs rewarding nature. Few

experiences in life are more satisfying than coriegra well-prepared meal, and
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the complex flavours and textures of food are bpgreciated when one starts in
a hungry (rather than satiated) state. Becauséhedet rewarding properties,
humans and animals will work for food (the quintsgsal definition of a reward,
i.e., the willingness to engage in otherwise uneeldbehaviours that quickly
extinguish in the absence of the reward) (Sape. €2002).

The subcortical control of appetite is regulatedths limbic system which is
also called the hedonic region of the brain or ‘Hueidiction centre’ Fig. 1.4.
Areas of the brain involved in processes of andéitgn and reward include the
projection areas in the ventral striatum (especidlie nucleus accumbens
(NAcc)) (Knutson, Adams, Fong, & Hommer, 2001), sirstriatum (Delgado,
Stenger, & Fiez, 2004; David H. Zald, et al., 2Q0aFC (E.T Rolls, 2004), and
other areas of mesial prefrontal cortex (Knutsoand; Bennett, Adams, &
Hommer, 2003; Ramnani, Elliott, Athwal, & Passingha&004). This network
has been collectively described as the ‘reward vpayh that responds to
subjectively positive stimuli. Thus the reward pedlys involve several entities
of the brain, predominantly involving the limbicségms. There is overwhelming
work delineating the role of these regions in ap@etontrol using various
modalities like studies in animal models (dopandeécient mice), behavioural
and psychological studies and functional imagingdigts. Understanding the
pathways involved in reward perception paves watheounderstanding of the

hedonic controls of appetite.
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|Teg mentum
Septal area

Hypothalamus
Bazal forebrain

Figure 1.4 Interactions between chief limbic regios involved in appetite control (top panel) and claf

subcortical regions involved in hedonic control ofppetite (lower panel)

In this diagram, the green and blue arrows depict lymtaminergic projections; the orange arrows,
dopaminergic projections and the pink arrows GABAegic projections (Everitt & Robbins, 2005;
Moll, et al., 2005). Acb, nucleus accumbens; AMG, naygdala;. GP, globus pallidus ; Hipp,
hippocampus; mPFC, medial prefrontal cortex; AC, arerior cingulate cortex; OFC, orbitofrontal

cortex; VS, ventral striatum; DS, dorsal striatum; Thal, thalamus. Subcortical structures include the
amygdala, ventromedial hypothalamus, septal area ahnuclei, basal forebrain (especially the ventral
striatum/pallidum and extended amygdala), the wallsof the third ventricle and rostral brainstem

tegmentum (Moll, et al., 2005).
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The mesolimbic dopamine system including the vémtigmental area (VTA) of
the midbrain and extending to the nucleus accumbaenghe striatum, is
considered the major reward pathway (Haber & Knut2009). The mesolimbic
dopamine reward system is a higher brain centrd thaimportant in
neurobiological control of food intake (PalmiterOQZ). This is clearly
demonstrated in dopamine deficient mice, as theyhgpoactive and hypophagic
and die of starvation within 3 weeks of age (Szkaypet al., 1999). Activation
of mesolimbic dopamine neurons in the ventral tagalearea (VTA) leads to
dopamine outflow from the nucleus accumbens (NAEhis mesolimbic
dopamine-accumbal projection is critical to rewaethted behaviour and has
been well studied in models of drug addiction (Kad & Volkow, 2005). Food
palatability and hedonic value are critical to twerall regulation of food intake
and significantly contribute to obesity by ovemdi long-term homeostatic
control in today’'s highly palatable, energy-richveanment (Andrews &
Horvath, 2008) . Highly palatable foods increaspainine concentrations in the
NAc (Hernandez & Hoebel, 1988), and the hedoniuealof sucrose can be
attenuated by dopamine antagonists (Bailey, H&d¢ing, 1986).

Recent evidence suggests that neurons in the lalpathhs can sense and
respond to the changes in metabolic value of iegesiutrients. In a set of
behavioural experiments, de Araujo et al used hehe&al, neurochemical and
electrophysiological modalities to study whetheg thesolimbic dopaminergic
system, critical for reinforcing food palatabilignd hedonic value, could also
sense metabolic value of ingested nutrients ind#greinof taste (lvan E. de
Araujo, et al., 2008). The authors showed that K@oc¢k-out) mice (mice

lacking a functional transient receptor potentihhmnel M5, TRPM5, highly

-94 -



1 Introduction

expressed in taste receptor cells), were acutelgnisitive to the orosensory or
“sweet” rewarding properties of sucrose. As expcteater deprived WT (wild-
type) mice were more strongly attracted to sucsmetions compared to water
(as measured by number of licks for water), wheth€@s mice exhibited no
preference for sucrose over water. Additional pesfee tests confirmed that the
KO mice were insensitive to the orosensory “sweettarding properties of
sucrose. These sweet insensitive mice then allalaeeduthors to test the critical
question of whether animals could detect the oaloralue of ingested
substances. WT and KO mice were exposed to a “tionttig protocol” that
allowed KO mice to associate sipper side with pogéstive caloric load (I.E.
water versus the highly calorific sucrose solutioS}trikingly their results
indicated that both WT and KO mice consumed momase. These results
argued that KO mice were making a choice prefergnaely based on the
detection of the postingestive reinforcing propetiof the sucrose solution
(increased caloric load). When the experiment wegseated with sucralose
(noncaloric, but highly palatable sucrose derivedeetener), the WT mice
consumed more sucralose (avid for sweet taste) tiater during the
conditioning period but the KO mice did not. Thhe WT mice were reinforced
by sweet taste regardless of whether the drinktheadighly caloric sucrose or
the noncaloric sucralose. Conversely, the KO miteved a specific preference
for calorific content and were not influenced byegivtaste, in the absence of any
calorific advantage. In this experiment the authexsluded the possibility that
differences in plasma glucose underlay the obsergHdct. Furthermore,
dopamine levels in nucleus accumbens were significadhigher in WT mice

post sucrose and sucralose, confirming that dopamélease in the NAc
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reinforces the hedonic value “taste” of sugarsnat@o calories are present. On
the other hand, KO mice exhibited no increase irc dApamine upon ingestion
of sucralose, although they showed significantaases in NAc dopamine after
sucrose consumption, indicating that caloric loativates the brain dopamine
reward independent of “sweet” taste sensation (&nwdr& Horvath, 2008; Ivan
E. de Araujo, et al., 2008).

The brain response to the ingestion of a meal imabweight individuals
suggested the presence of an orexigenic domaimlynapresented by limbic
and paralimbic areas, including the orbitofrontatl ansular cortices, anterior
cingulate, and hypothalamic region, and of a datiatdomain, almost
exclusively represented by prefrontal areas (Tatarat al., 1999). Furthermore
Tataranni et al proposed a model to explain thiemihces in the brain response
to a meal in obese and lean individuals. This madetlicts that the prefrontal
cortex signals satiation by sending inhibitory itgpto the limbic/paralimbic
areas, thus suppressing hunger. In obese indiwadted prefrontal cortex may be
working harder to suppress chronically hyperactiegexigenic areas.
Alternatively, the hypothalamus in the obese imdlinails may be resistant to the

inhibitory effects of the prefrontal cortex (A. Diearigi, et al., 2002).

1.14.5 Lessons from addiction studies

Further insight into the study of appetite regalatiby the limbic system is
offered by studies focussing on the central medmasi of drug addiction.
Functional imaging of areas involved in substanibesa has been intensively

studied and has contributed to our knowledge of@imaging in addiction. This
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is relevant and interesting as there are severahwmn characteristics between
the neural circuits of the addiction systems amdahpetitive systems.

Drug abuse and addiction, and certain types of igbean be understood as
resulting from habits that strengthen with repetitiof the behaviour and that
become increasingly harder for the individual tatcol despite their potentially
catastrophic consequences (Nora D. Volkow, Wangil€ip & Telang, 2008). In
general, irrespective of the patient populationgystances abused, and use of
different neuroimaging studies, several key areaslved in addiction have been
identified. Areas such as the amygdala, anteriogudate, dorsolateral prefrontal
cortex and orbitofrontal cortex, which are involvad attention, emotional
processing, goal-directed behaviour, associativanleg, decision making,
integration of information and response suppressaom commonly activated. In
particular, the role of the orbitofrontal cortexshgained prominence because of
its crucial role in impulse control and decisionking. (London, Ernst, Grant,
Bonson, & Weinstein, 2000; Nora D. Volkow & Fowl@Q00).

Consumption of food, other than eating from hungewl some drug use are
initially driven by their rewarding properties, wehi in both instances involves
mesolimbic dopamine pathways. Food activates braimard circuitry both
through palatability (involves endogenous opioidd aannabinoids) and through
increase in glucose and insulin concentrationso{fires dopamine increases),
where as drugs activate this same circuitry via thlegarmacological effects (via
direct effects on dopamine cells or indirectly thgh neurotransmitters that
modulate dopamine cells such as opiates, nicotyr@minobutyric acid or

cannabinoids (Nora D. Volkow & Wise, 2005).
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Functionally the limbic reward system mediates rd@arding, reinforcing, and
emotional aspects of stimuli. From the anatomieabpective, there is a general
consensus that the lateral hypothalamic area (Lidfygdala, select regions of
the cerebral cortex, the ventral tegmental areaA)y&nd the ventral striatum or
the nucleus accumbens (NAc) are components of iticeitcy (De Olmos &
Heimer, 1999; Everitt, et al., 1999). Activation WTA dopamine neurons, and
release of dopamine within the NAc, has long bemwed as indicative of
reward enhancement. Food craving (defined as ansetdesire to eat a specific
food) has been suggested to be the evolutionamcadar cravings of all kinds
including cravings for drugs and alcohol (Pelchlthnson, Chan, Valdez, &
Ragland, 2004). Pelchat et al used a two part tgabnto study fMRI brain
activation to food cravings. Threshold for cravimgs reduced through diet
manipulation (monotonous diet) and cravings waggéred during BOLD fMRI
sessions by having subjects imagine the sensopepies of favourite foods (a
cue-induction technique). They had two groups ofh#@lthy volunteers, one
who received monotonous diet and another who weiiatained on their normal
diet. Both groups were shown food names and wéoevedl to think of the most
desirable version of their liked food, in a blodsliion. The monotonous diet
group showed greater activation in the left hippogas, left insula, and right
caudate nucleus (Pelchat, et al., 2004). Thess areaalso activated during drug
craving supporting a common circuitry for desire f@atural and pathological
rewards (Nora D. Volkow, Fowler, Wang, & Goldste2002).

The opioid and the serotonin pathways can moduldie mesolimbic
dopaminergic activity (Spanagel & Weiss, 1999), gagiing a link between

‘liking’ and ‘wanting’ food and a possible basisrfdood craving’(Mercer &
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Holder, 1997). The association of taste with ‘wagtifood and food reward
(positive reinforcement) is related to the releasdopamine in the meso-limbic
circuitry of the brain (Martel & Fantino, 1996). Memver reduced D2 receptors
could contribute to loss of self control in detesd drug-addicted subjects and
with decreased metabolic activity (regional braincgse metabolism) in the
orbitofrontal cortex, anterior cigulate gyrus anorsiblateral pre-frontal cortex
(N. D. Volkow, Fowler, J.S., Wang, G. J, Hitzmam, Logan, J., Schlyer, D. J.,
Dewey, S.I. & wolf, A. P., 1993; G.-J. Wang, et, &001). These areas are
traditionally involved with inhibitory control (Gdktein & Volkow, 2002) and
with emotional processing (Phan, Wager, Taylor, d&belkzon, 2002) and
dopamine impairments in these regions could ureldie compulsive drug
intake that characterizes addiction. (Nora D. Velk& Wise, 2005). Thus
Volkow et al postulate that high levels of D2 retoep could protect against
addiction by modulating prefrontal regions involved inhibitory control and
emotional regulation. Likewise, reductions in DZaptor activity in morbidly
obese subjects was associated with reduced glucetsbolism in the prefrontal
regions of the brain, namely the dorsolateral preal cortex, medial prefrontal
cortex and the cingulate gyrus. This suggests dbateases in D2 receptors in
obese subjects contribute to overeating in parbuin dysregulation of
prefrontal regions implicated in inhibitory contrand emotional regulation
(Nora D. Volkow, et al., 2008).

On the other hand, during active cocaine addicttbe, prefrontal regions are
hypermetabolic, suggesting drug induce dopamingeases in the striatum
activates OFC and cingulate gyrus which resultraviong and compulsive drug

intake (N. D. Volkow, et al., 1991; Nora D. Volkowt al., 2008). Imaging in
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obese subjects have shown increased activationreffoptal regions upon
exposure to a meal, which is greater in obese ithégan subjects(J. F. Gautier,
et al., 2000). When food- related stimuli are giwenobese subjects, medial
prefrontal cortex is activated and cravings arerea (J. F. Gautier, et al., 2000;
Miller, et al., 2007; G. J. Wang, Volkow, Thanos, Bowler, 2004). These
prefrontal regions could reflect a neurobiologisabstrate common to the drive
to eat or the drive to take drugs. Abnormalitieghe#se regions could enhance
either drug- or food-oriented behaviour, dependamgthe sensitivity to the
reward and/or established habits of the subjectgNIbo Volkow, et al., 2008).
Food deprived subjects were studied while stimdlatéth a neutral or food-
related stimulus (conditioned cues). Food stimatatsignificantly increased
dopamine in striatum and these increases correlatdthe increases in self-
reports of hunger and desire for food (N. D. Volkaw al., 2002). This suggest
the involvement of striatal dopamine signallingconditioned responses to food
and the participation of this pathway in food mation in humans (Nora D.
Volkow, et al., 2008). Thus Volkow et al proposednadel illustrating the

overlap of the neurocircuitry in addiction and abgsas illustrated in Fig 1.5.
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Figure 1.5 Overlap of neural circuitry in addiction and obesity

Model of brain circuits involved with addiction and obesity: reward/saliency motivation/drive,
memory/conditioning and inhibitory control/emotional regulations. Disrupted activity in brain
regions involved with inhibitory control/emotional regulation when coupled with enhanced activation
of reward/saliency and memory/conditioning leads teenhanced activation of the motivational/drive
circuit and the resultant compulsive behaviour (drig taking or food ingestion) when the individual is
exposed to the reinforcer (drug or food), conditiord cues or a stressor. Note that circuits that
regulate mood as well as internal awareness (inteteption) are also likely to modulate the ability to

exert control over incentive drives. (a) Healthy bain, (b) dysregulated brain (Nora D. Volkow,
Fowler, & Wang, 2003b).

According to this model, reward/saliency, motivafdrive,

memory/conditioning and inhibitory control/emotibrragulations are the key
players of the neurocircuitry. Disrupted activitythe brain regions involved in
inhibitory control/emotional regulation when coupleiith enhanced activation
of reward/saliency and memory/conditioning leadenbanced activation of the
motivational/drive circuit and the resultant congwé behaviour (drug taking or
food ingestion) when the individual is exposedhe teinforcer (drug or food),
conditioned cues or a stressor. (Nora D. Volkowalet 2003b). Nasser et al
suggest reduced sensitivity to the “sensory-spestdtiety” as an alternative way
in which altered taste responses promote excessiggyy intake and contribute

to the development or maintenance of obesity indmsy(Nasser, 2001).
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This model has therapeutic implications for it segfg a multi-prong approach
that targets strategies to: decrease the rewargiogerties of the problem
reinforcer (drug or food); enhance the rewardingpprties of alternative
reinforcers (i.e. social interactions, physicahatt); interfere with conditioned-
learned associations (i.e. promoting new habitsuostitute for old ones); and
strengthen inhibitory control (i.e. biofeedback)y the treatment of drug
abuse/addiction and obesity (Nora D. Volkow, et2003b).

In addition to the dopaminergic system, the endoahioid system has also been
shown to be involved in control of food intake \dath central and peripheral
mechanism (Di Marzo & Matias, 2005). Brain endoanoids system controls
food intake at two levels, First, it tonically réances the motivation to find and
consume foods with a high incentive value, possiiyyinteracting with the
mesolimbic pathways involved in the food reward hagsms. Second, it is
activated ‘on demand’ in the hypothalamus aftertstesm food deprivation and
then transiently regulates the levels and/or acwbnother orexegenic and
anorectic mediators to induce appetite (Di Marzo Matias, 2005). The
endocannabinoids system interacts with the mesdatirappstem by enhancing
dopamine release in the nucleus accumbens shdiri@tet al., 2003; A. N. A.
Verty, McGregor, & Mallet, 2004) or by synergisimgth opioids through as yet
undefined mechanisms (R. Z. Chen, Huang, Shen, Micl® Fong, 2004,
Kirkham & Williams, 2001; Rowland, Mukherjee, & Rettson, 2001; A. Verty,
Singh, McGregor, & Mallet, 2003; C. M. Williams & ikkham, 2002). In
addition to its central effects, the endocannalirgistem also has peripheral
actions which contribute to its role of appetitenitol. The endocannabinoid

system may also reduce satiety by acting on thasragrve, as suggested by the
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anorectic action of peripherally administered rimloant and by the reversal of
this action following destruction of the vagal cajgg-sensitive nerves that also

mediate cholecystokinin (CCK)-induced satiety (Gamet al., 2002).

1.14.6 Role of neuropeptides in the limbic region

Neuroimaging methods have been used to examina haiivation in response
to food stimuli following manipulation of appetiteclated hormones. For
example, in a study combining i.v infusions of dimrevith fMRI, Malik et al
(Malik, McGlone, Bedrossian, & Dagher, 2008) measdubrain activation in
response to pictures of highly palatable foods.(pigza, hamburger) versus
nonfood stimuli (e.g. scenery pictures) following3ah fast in lean healthy males
(n= 12) before and after a 20 min ghrelin infusidhey compared the results
with those from similarly timed scans conductedaincontrol group (n= 8)
receiving no ghrelin. Post-infusion increases isponse to food (versus non-
food) pictures were observed in the amygdala, ofoibtal cortex, insula and
striatum, comprising areas that are associated evidoding the reward value of
stimuli (Edmund T. Rolls, 2000) and have shownvatibn to appetising food
images (Stice, Spoor, Ng, & Zald, 2009; Stoecktlale 2008). Thus ghrelin
activates dopamine neurones in the VTA and inceedspamine turnover in the
nucleus accumbens of the ventral striatum (Balle2@®5; Jerlhag, et al., 2007).
They suggested that the orexigenic effect of ghridiassociated with an up-
regulation of mesolimbic dopaminergic activity acgmnied by an increase in
motivational salience of high-energy foods (Len&r8erthoud, 2008; Malik, et
al., 2008)

In addition to signalling in the periphery, a numb&hormones produced in the

brain also regulate appetite. Neuropeptide Y (NBNY agouti-related protein-
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producing neurones in the arcuate nucleus areaaetivby ghrelin to stimulate
food intake, where as serotonin from the rapheauscinhibits feeding (Arora &
Anubhuti, 2006; Leibowitz, Weiss, Walsh, & Viswahatl989). Similar to the
peripheral effects, centrally released endocanwoatsn(Wenger & Moldrich,
2002) increase food intake, whereas GLP-1 (Tangs@msen, et al., 1996), and
oxyntomodulin (Dakin, et al., 2001) decrease it. &ntrast to ghrelin, PYY
appears to have different actions according todi@dministration and release.
Suppression of food intake has been found by perghadministration
(Batterham, et al., 2003), whereas increases haen ldound on central
administration (Corp, Melville, Greenberg, GibbsS&nith, 1990; Hagan, 2002),
highlighting the complexity of neural and hormoisanals relating to appetite
control. Studies have also combined direct hormaohesions with fMRI. In a
double-blind placebo-controlled crossover studyBayterham et al (Batterham,
et al., 2003), eight lean healthy males were irdusgh physiologically relevant
doses of PYYs.3 to mimic the hormone profile after satiation, wdes, on
another day, they received saline infusions desigaestimulate the fasted state.
All participants were scanned throughout both imdas, and blood draws were
taken every 10 min throughout the 100-min procedwreneasure hormone
levels, with visual analogue scale ratings madeyewenute to assess subjective
appetite. Thirty minutes following the scan, pap@nts consumed a mixed
buffet meal and caloric intake was measured. Caticglal analyses revealed
increased activation with PYY 3-36 infusion andresponding decrease with
saline infusion in the left orbito-frontal corteparabrachial nucleus, ventral
tegmental area, insula, anterior cingulate conerjral stratum (globus pallidus,

putamen), regions of the frontal, parietal, temparad cerebellar cortices and
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posterior hypothalamus (including VMH), providingidence for tight yoking
between gut hormones and brain activity. Furtheemaaloric intake in the
buffet meal was predicted by activation in the hyptamus in the saline
condition, and by deactivation in higher-order redvareas (i.e. orbitofrontal
cortex) in the PYY condition. This was interpret@sl indicating a switch from
homeostatic determination of feeding in the fastade to hedonic determination
of feeding in the satiated state (Neary & Batterha@®9).

In a study of leptimeplacement in genetically leptin-deficient aduBsjcy et al
(Baicy, et al., 2007) reported reduced fMRI aciwatn the leptin supplemented
group in areas involved with hunger (insula, patiend temporal cortex) and
greater activation in regions linked to inhibitiand satiety (PFC) in response to
visual pictures of food (e.g. fried chicken, chdmsgers) compared to neutral
stimuli (e.g. brick walls). Another group extendédis to leptin deficient
adolescents, demonstrating marked fMRI activatiorthe ventral striatum in
response to food images presented in both therdddasted states, which was
markedly reduced following 1 week of leptin admiration. (Farooqi, et al.,
2007). Rosenbaum et al (Rosenbaum, Sy, Pavlovich, Le&dHirsch, 2008)
have applied this methodology to individuals widnmamon polygenic obesity. In
their study, six obese inpatients that had lost Xi%heir initial weight on a
liquid diet were given twice-daily subcutaneouseations of leptin or saline for
5 weeks. Response to visual presentation of adtuads was assessed at
baseline, after weight loss, and after leptin aatine administration. Post-
administration, the saline group showed signifigagteater activation to food
cues compared to the leptin group in areas inctuthe insula, parahippocampal

gyrus, and middle and superior frontal gyri, cotesis with a relatively greater
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appetitive responsivity and drive to eat (Rosenhaetral., 2008). Thus these
studies suggest that leptin down-regulates ‘hed@aitvation in reward areas in
response to food stimulation, and simultaneouslyregulates homeostatic
control by enhancing the central response to pergltsatiety signals (Farooqi,
et al., 2007; Hukshorn, et al., 2002).

Other studies have focussed on specific effectsvefet taste on brain activation
patterns. Study of effects of glucose ingestionthenhypothalamus by Smeets et
al revealed prolonged signal decrease in the upppothalamus 2-5 minutes
following ingestion of 75 glucose solution and é&stfor ~30 minutes. Water,
aspartame and maltodextrin had no such effect emypothalamus. In addition
insulin measurements revealed an early rise ineranations following ingestion
of glucose only and with glucose and maltodextrin5al0 minutes post
ingestion. However, as maltodextrin causes instH@nges but no hypothalamic
activation, they suggested that the early (<5 n@)hdecrease in hypothalamic
signal was attributable to glucose per se rathan tmsulin. Moreover, a
combination of taste (sweetness) and energy comtasnthought to be important
in triggering a hypothalamic response and a adeptesponse to sweetened
beverages (Smeets, de Graaf, Stafleu, van Oschn&er Grond, 2005a).

Chen et al have studied the hypothalamic respoftse glucose ingestion in 24
lean and overweight rats after fMRI. The hypothatarfMRI signal was
transiently lowered in all rats within 19.5 - 25mhinutes of oral glucose
consumption, although the decrease was greatéreitein than the overweight
rats, with no change observed in control animals@iken, et al., 2007).

Imaging studies investigating neuronal responsesortd administration in

humans have provided data on the relationship lmtwe#asma glucose and
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insulin and appetite regulation. Matsuda et al @ddh, et al., 1999)
administered a 65 g oral glucose load to ten olessus ten lean male and
female adults after a 12-h fast. Oral glucose iigesstarted 10 minutes after
subjects were placed in the scanner. Following dgtige, lean participants
showed deactivation in the lower posterior quadrahtthe hypothalamus
including the VMH, and obese participants showedl@aver and smaller

response. In the upper anterior hypothalamic regiciuding the PVN, there

was slight deactivation and a relative delay indtliplamic inhibition in obese
versus lean participants. The decrease (4-8%) ihB@ignal in the lower

posterior hypothalamus started 4 min after ingestiod lasted approximately 10
min in all subjects, providing information aboutetag time of homeostatic
neural responses. There was a positive correldiegiween the time to reach
maximum response in the lower posterior hypothatrand upper anterior
hypothalamus and fasting glucose and insulin canggons in both obese and
lean subjects. The findings of Matsuda et al sugties delayed activation of
satiety centres (e.g. VMH) following glucose congdgion may contribute to

excessive intake in obese individuals (Matsudaalet1999). Thus fMRI and

PET studies have shown that in obese individuasdétcrease in hypothalamic
activity following a meal is significantly reducedmpared with lean individuals
(Matsuda, et al., 1999)

In a similar study done by Liu et al (Liu, et &2000), 21 healthy adults were
given a 75 g oral glucose load after a 12-h fasteduction in hypothalamic

activity (up to 4%) was observed initially at 1-2nand then again at 7-12 min
following ingestion. Smeets et al recently extendeese findings by varying

glucose load and adding water condition to rule the possibility that
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hypothalamic signal decreases independently ows.tln this study of 15 lean
healthy males, 25 g or 75 g of glucose was adneirgdtin 300 ml of orange-
flavoured water, and the hypothalamic signal (nyostl the upper anterior
hypothalamus) was shown to be significantly low&f2(5%) than in water
condition (300 ml) for up to 30 min post ingestiomhis decrease was
significantly greater for 75 g than for 25 g glued®ad, supporting a dose-
response pattern (Smeets, de Graaf, Stafleu, velm, @svan der Grond, 2005b).
The exact neurophysiological mechanisms underlyingse finding in the
hypothalamus are unclear. It is possible that thealmdirectly inhibits
hypothalamic neuronal activity, which may be eledain a state of hunger
(Tataranni & DelParigi, 2003). Alternatively, theeal may activate inhibitory
pathways (prefrontocortical hypothalamic pathwgys)Del Parigi, et al., 2002),
which in turn suppress the neuronal activity of thgothalamus. It is also
unclear what components of the meal (glucose) dh@fphysiological response
to it (insulin, other gut hormones, autonomic nelwaystem afferents signals)
may mediate the observed hypothalamic responses it ludifficult to resolve if
these responses relate primarily to the role ofypothalamus in the regulation
of glucose metabolism or of energy homeostasisa(@ani & DelParigi, 2003).
Thus in essence, appetite control is a highly easbland intricate pathway
incorporating several central and peripheral hureged satiety signals and is
modulated to various external appetitive stimuld angested nutrients and
indeed the internal central appetite control merdmas can adapt to changing
external appetitive environment over time, suggesta dynamic model of

appetite control.
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These data illustrate that neuropeptides, origigatboth centrally (e.g.
Neuropeptide Y) and peripherally (e.g. leptin) ufhce the hypothalamo-limbic
regions of the brain to regulate appetite. In addjt presence of glucose
manipulates hypothalamic activity as observed \bithin imaging techniques,
suggestive of either a primary glucose effect @eeondary effect of hormonal
and peptide secretion in response to glucose. Stdy decided to test the
effects of oral glucose, a vital brain substratehypothalamo-limbic brain areas
in response to viewing food images, to see if preseof glucose manipulated
activity in these regions under different physiabad conditions (post 25 ¢

glucose vs. sweetener) and thus influence energyndain the body.

1.14.7 Factors influencing brain responses to foods (pictes)

Brain responses to food (pictures) has been showary with the physiological
state of the body (hungry/satiated), calorific emtof food and individual's

nutritive status (lean vs. obese), to state a few.

1.14.7.1Nutritional state

It is now well recognized that nutritional statepacts on food reward. Acute
fasting or more chronic negative energy balance waeight loss increases the
appeal and pleasantness for food (Cabanac, 19#hei@a, Goldfield, Cyr, &

Doucet, 2008; Stoeckel, Cox, Cook lii, & Weller,(Z0Q Uher, Treasure, Heining,
Brammer, & Campbell, 2006). Goldstone et al ingzded whether acute fasting
increased the degree to which the brain’s rewarclitry is engaged by high-
calorie compared with low-calorie foods,arpriori regions of interest including

ventral striatum, amygdala, anterior insula anditoffsontal cortex. Their
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results demonstrated that fasting (skipping breskfanhanced the engagement
of brain reward system by high calorie foods, watttivation bias for high-
calorie foods over low-calories foods seen bildkgmaithin the ventral striatum,
amygdala, anterior insula and the medial and lateRRC when fasted but not
after eating breakfast. Acute fasting also incrdasetivity in the ventral
striatum, amygdala, insula and medial OFC in respa food vs. non-food
stimuli compared when fed (Farooqi, et al., 200&hrér, Zysset, & Stumvaoll,
2008; Hinton, et al., 2004; Holsen, et al., 200&B#r, et al., 2001; Uher, et al.,
2006). The subjective rating of hunger when fadtedat least 5 h has been
shown to correlate with activation in the insulddod pictures (Porubska, Veit,
Preissl, Fritsche, & Birbaumer, 2006). Activity the amygdala and OFC has
also been associated with enhanced memory of foodils when fasted (Morris
& Dolan, 2001). Furthermore, the behavioural ddtawsed that subjective food
appeal was only biased towards high-calorie foodenfasted (A. P. Goldstone,
et al., 2009). Acute fasting also increases agtivit the ventral stratum,
amygdala, insula and medial OFC in response to femdnon-food stimuli
compared when fed (Farooqi, et al., 2007; Fuhregl.e 2008; Hinton, et al.,
2004; Holsen, et al., 2005; LaBar, et al., 2001etJet al., 2006). The subjective
rating of hunger when fasted for at least 5 h heenlbshown to correlate with
activation in the insula to food pictures (Poruhsiidal., 2006). Activity in the
amygdala and OFC has also been associated witmesthanemory of food
stimuli when fasted (Morris & Dolan, 2001). Pargji al have also studied the
neuroanatomical correlates of hunger and satiafdministration of a meal to
hungry individuals was associated with increasedror@al activity in the

prefrontal cortex (generally involved in the inliibn of inappropriate response
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tendencies) and decreased neuronal activity in hyygothalamus, thalamus,
several limbic/paralimbic areas (generally involvedaffect and motivation),
basal ganglia, temporal cortex and cerebellum. Agntive limbic/paralimbic
areas, they observed decreased activity in resgonseal in the insular cortex,
the anterior cingulate (selectively involved inpesse to noxious stimuli) and
the orbito-frontal cortex (known to respond to hengh non-human primates)
(A. Del Parigi, et al., 2002b).

In normal weight individuals, in a fasted hungrgtst visual food vs. non-food
stimuli is reported to produce greater activation regions including the
amygdala, insula and orbitofrontal cortex (Fuhedral., 2008; Gordon, et al.,
2000; Hinton, et al., 2004; Holsen, et al., 2008B&r, et al., 2001; Porubska, et
al., 2006; Simmons, Martin, & Barsalou, 2005; Stg@nSy, Heymsfield, &
Hirsch, 2005; G.-J. Wang, et al., 2004). Thesesaaga also implicated in neural
response to smell and taste (Angelo Del Parigalet2002; Jay A. Gottfried,
O'Doherty, & Dolan, 2002; J. P. O'Doherty, 2007;d8et al., 2007).

Central processing of food pictures using a bloekigh of food and non-food
pictures in healthy normal weighted individuals Iheen studied by Frank et al
(Frank, et al., 2010). Areas of the brain active wwawing food pictures
compared to non-food pictures showed greater dwiivan the insula and
orbitofrontal cortex suggesting a temporo-insul@mplar and orbitofrontal
network involved in food processing. Stronger ation was found in food-
specific areas like orbitofrontal cortex and insida high-calorie food, whereas
there was no significantly different BOLD activatiin the amygdala, indicating
that this may be an area specific for explicit eaibn of food pictures. In

addition there was more occipital activation tohhaalorie foods as compared to
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low calorie foods (Frank, et al., 2010). On analgsihe fMRI images for effects
of satiation (hungry and not hungry states werecassfully manipulated as
measured on hunger scores), no significant difte¥enn the imaging data were
observed. On analysis of gender effects on thenbaativation, the superior
medial frontal lobe (involved in reward — seekinghbviour and social
cognition) showed higher activation in women whérovged the high-calorie
pictures when hungry compared to when not hungnys $uggested that women
had a lower ability to suppress hunger (Frank, let 2010). Another study
looking at fMRI brain activation in lean healthydimiduals to food versus non-
food pictures (Porubskd, et al., 2006), demongtrgreater activity in the left
orbitofrontal cortex and the insular/opercular erbilaterally with a stronger
focus on the left side, on viewing food picturesirtRer, the activity in the
insular cortex on sides, the left operculum, and tight putamen were
modulated by the subjective feeling of appetite ceoning the food stimuli
presented.

fMRI studies examining the modulating effects ofoc& content, hunger and
attention focus of food reward processes in thedrubrain reveals activation of
a large network of left-sided brain regions, inahgdthe fusiform gyrus, ventral
stratum, amygdala, bilateral insula/ frontal op&roy anterior cingulate cortex,
premotor area, dorsolateral prefrontal cortex aretial orbitofrontal cortex
(Siep, et al., 2009). Satiated healthy females sktmanger activation in these
reward processing areas on presentation of lowdealmods whilst hungry
healthy females show a stronger BOLD responseeasettareas when presented
with high-calorie foods. Strong BOLD activity wadserved in the amygdala

and medial orbitofrontal cortex when participant@laated the food pictures
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compared to when they did not (Siep, et al., 20D8).Parigi et al demonstrated
that obese individuals responded to satiation wgjtbater activation of the
prefrontal cortex and greater deactivation of theabic/paralimbic areas
compared to leanndividuals, suggesting obesity may be associateth w
abnormal neuronal activity in certain regions of thrain, some of which may
have a role in the pathophysiology of the disedseDgl Parigi, et al., 2002b).
Another study designed to investigate differenceswben obese and lean
subjects in their response to the sensory expexieha liquid meal in a state of
extreme hunger and expectation of feeding, using &fd°O-water , showed
significant activation in the sensory areas (mieitdesal insular cortex),
associative areas (temporal cortex), paralimbiasaferbitofrontal and posterior
cingulate cortices), and midbrain. Interestinglye tlnsular response was
proportional to the percentage of body fat anddbgree of adiposity was the
main determinant of this neuronal response (Dejpatihen, Salbe, Reiman, &
Tataranni, 2005). This may be due to greater cesérasitivity to the fat content
and/or texture of the liquid formula meal. Or aajez anticipatory effect of the
sensory stimulation in obese as compared to ledinidtuals (DelParigi, et al.,
2005). Saelens et al. (Saelens & Epstein, 1996drrefhat food is more
reinforcing in the obese than the lean, and thiefilected in the differences in
functioning of the dopaminergic pathway betweenléan and the obese (G.-J.
Wang, et al., 2001). Cornier et al (Cornier, VoreKal, Bessesen, & Tregellas,
2007) studied the neuronal responses to visual-feladed stimuli in thin
individuals (BMI < 24Kg/m) 2 days post eucaloric intake and 2 days post 30%
overfeeding, using fMRI. They demonstrated robwstranal activation in the

inferior temporal visual cortex, posterior parietalrtex, premotor cortex, and
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hippocampus (consistent with visual processingattehtion) and hypothalamus
to foods of high hedonic value than to neutrallfedafoods. Two days of
overfeeding led to significant attenuation of thessponses (Cornier, et al.,
2007), suggesting interactions between the hedmmicthe homeostatic systems
of regulation of energy.

Thus these studies indicate that the brain actimgtatterns to food pictures vary
relative to baseline metabolic state (fasting esl) f(Porubska, et al., 2006) and
nutritional status (lean vs. obese) (A. Del Parddi,al., 2002b). Feeding was
associated with increased activity in the prefrbotatices, mainly involved in
inhibitory responses (A. Del Parigi, et al., 200&t)owing visual food stimuli.
On the other hand fasting was associated with @obiv in hedonic brain regions
including ventral striatum, amygdala, insula and3dFR response to visual food

stimuli (LaBar, et al., 2001).

1.14.7.2Appetising vs. bland

Brain activation is greater in ventral stratum, O&@ amygdala when viewing
appetizing compared with bland or disgusting foedsch are correlated to
individual differences in reward sensitivity as essed by Behavioural
Activation Scale. This implicates the fronto-stalahmygdala-midbrain network
in the neural responses to food cues in healthlycgzants (Beaver, et al., 2006).
Other studies have shown greater activity in thgulen medial and dorsal
prefrontal cortex when viewing high versus low c&doods (Gordon, et al.,
2000; W. D. S. Killgore, et al., 2003). Hinton eétshowed greater activation in
the amygdala and OFC when choosing highly prefefoedls from a menu

(Hinton, et al., 2004). On the other hand, low deldoods (e.g. salads and
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cereals) caused activation in the primary gustatmstex, including bilateral
superior and transverse temporal gyri, and inferi@ft hemisphere
somatosensory cortex, as compared to non-food ktfiivuD. S. Killgore, et al.,
2003). Furthermore obese subjects are reportedvte breater activation in the
ventral striatum, amygdala, insula, and medial Etdral OFC when viewing
high-calorie vs. low calorie foods, as comparedhwiton-obese subjects
(Stoeckel, et al., 2008). High calorie foods yisignificant activation within the
medial and dorsolateral prefrontal cortex, thalamhgpothalamus, corpus
callosum, and cerebellum. Low-calorie foods yieldaler regions of focal
activation within medial orbitofrontal cortex; prary gustatory/somatosensory
cortex; and superior, middle and medial temporgioms (W. D. S. Killgore, et
al., 2003).

One such study looking at brain mechanisms involaezhergy homeostasis and
appetite regulation in humans using food cues dviduals attempting weight
loss, showed significantly greater activation oewing ‘fattening’ foods (as
compared to non-fattening foods) in the brain regimvolved in many different
aspects of food intake regulation. These includé@ tegions of the
hypothalamus, caudate, putamen, nucleus accumtietamus, midbrain, right
insula, left amygdala, prefrontal cortex, and ottaldobe (Schur, et al., 2009a).
Thus the authors concluded that neural circuitiynarily engaged in energy
homeostasis (hypothalamus), satiety perceptiondfinan), reward processing
(midbrain ventral tegmental area, ventral striatusmd cognitive control of
behaviour (orbitofrontal cortex, prefrontal corteig selectively attuned to
representations of foods perceived as fatteningsTis plausible that attention,

motivation, and cognitive areas have developed dtectively attend to
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environmental food cues in conjunction with a redvagystem that reinforces
their ingestion (Schur, et al.,, 2009a). Neuroimggims also enhanced our
understanding of peoples’ choices of the typesootifconsumed. fMRI studies
on healthy normal-weight adult women as they viewenloured food
photographs has been studied by Killigore et aké ihmages presented were from
three categories: high calorie foods, low caloneds, and non-edible dining-
related utensils. Both food categories were assatimith bilateral activation of
the amygdala and ventromedial prefrontal cortexghHcalorie foods yielded
significant activation within the medial and doeseral prefrontal cortex,
thalamus, hypothalamus, corpus callosum, and cikwebhelLow calories foods
yielded smaller regions of focal activation withimedial orbitofrontal cortex,
primary gustatory/somatosensory cortex; and supemoiddle and medial
temporal regions. They also suggested that the dalggnay be responsive to a
general category of biologically relevant stimulch as food, whereas separate
ventromedial prefrontal systems may be activatgoedding on the perceived
reward value or motivational salience of food stinfw/. D. S. Killgore, et al.,
2003).

These studies demonstrate that brain activatiotenpat differ in response to
caloric value of food, with increased activatiorhedonic regions of the brain in

presence of calorie — rich food images (Schurl.eP@09b).

1.14.7.3Gender

Effects of fasting and gender on cerebral procgssirvisual and gustatory food-
related stimuli have been studied using fMRI (Uhatral., 2006). Uher et al

reported significant gender differences in the psstng of visual food- related
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stimuli in modality-specific cortices and in thearior occipito-temporal cortex,
with stronger responses in women than men. Foodors. food showed greater
activation in the right angular gyrus and in th# &nterior insula (Uher, et al.,
2006). Another FDG-PET study looking at genderedéhces in brain activation
with food stimulation and voluntary control of hwargvisual, smell, taste)(G.-J.
Wang, et al., 2009), revealed that cognitive irtiobi of hunger, suppressed
activation of various limbic areas (left amygddkff hypothalamus, left OFC,
left uncus, right stratum, right insula, anterigrgulate gyrus, parahippocampus,
and cerebellum) in men. In women, there was no slechease in activation of
the reward areas of the brain even though theyrtegpha@ecrease in subjective
feeling of hunger. Study of the responses of tlaénisrof women to ingestion of a
meal has revealed areas of the brain responsibkaf@tion (J. F. Gautier, et al.,
2000). They showed that satiation, consisting bfad meal after 36 hours of
fasting was associated with increased rCBF in pneél and occipital regions
and decreased rCBF in limbic/paralimbic areas, Ibgaaglia, temporal cortex,
and cerebellum. Moreover, obese individuals respdrtd satiation with greater
activation of the prefrontal cortex and greateratigation of some of the limbic/
paralimbic areas compared to lean subjects. Intiaddithere was satiation
induced deactivation in the vicinity of the amygdaind nucleus accumbens in
obese women (J. F. Gautier, et al., 2000). Thisgestg differential brain
responses to satiation in lean and obese women.

Effects of gender on fMRI brain activation to hunged satiation has also been
studied by Del Parigi et al (Angelo Del Parigi, &t, 2002). They found
extensive similarities in the brain responses toglen and satiation between men

and women with fMRI. In particular, their study iodted that hunger elicited
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greater activation of brain regions mainly involvedprocessing of emotion in
men (temporal lobe, posterior cingulate, parahippgeal gyrus, and dorsolateral
prefrontal cortex) than women. On the other haratjagon elicited more

extensive activation of neocortical areas involved sensorial association
(occipital cortex) and behavioural planning (vealateral prefrontal areas) in
women than in men, suggesting retrieval of vismfbrmation to process the
sensation of satiation (Angelo Del Parigi, et2002).

These studies seem to suggest that brain respam$esd stimuli tend to vary

between the genders with greater activity in thevared areas of the brain
following a meal in women than in men (G. J. Waegal., 2009), though this

finding has not been consistent across other studie

1.15 The feed-forward theory

Studies have shown that a rat that is satiatedyliorose in solution, and will

drink no more of it when access is prolonged, witbmptly return to ingestion
when offered laboratory chow, milk, or even glucdself in powdered form.

The resulting bout of ingestion, called ‘a secorshlhmay lead to higher caloric
intake as high as or higher than the initial ‘fins¢al’ of glucose solution, which
leads to satiety for that solution (D. G. Mook, uss, & Keats, 1986). The
authors concluded that the satiety for glucosetgolueflects one post-ingestive
mechanism or set of mechanisms. Then, access @ ohg@owder must feed
forward to reset the necessary conditions for satiecruiting a new satiety
mechanism with different properties. The feed-fadvaomponent appears
necessary because this happens only when, ahe i€how or powder is actually

encountered. If the second commodity is withhetdifaan 80-minutes session of
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access to solution), intake remains inhibited dliersecond half of the session.
Therefore, the authors suggested that the stinpriyserties of the powder must
feed forward as a “metabolic expectancy” or anérfhce copy” (D. G. Mook,
J.A.Brane and J. A. Whitt, 1983) to cancel or reth& original postingestive
inhibition (D. G. Mook, et al., 1986).

Thus studies from the 1980’s were already showlrag the homeostatic system
was not a singular player in the field of energlabee but in fact seemed to be
under a more powerful influence of a stronger wlng system that could
supersede its signals and engage the animal toummnsmore food that

necessary, i.e. the hedonic system.

1.16 Psychological basis for appetite control and feedin

Alongside physiologists, psychologists and neurrgsts have also contributed
to the knowledge of the elaborate feeding systenasthe drivers of appetite.
Indeed, the psychological theories explaining fegdoehaviour seem to be of
paramount importance and relevant in today’s warld could potentially be a
focus of therapeutic intervention in tackling thgidemic of obesity. Various
theories have been proposed using different motielexplain the brain
mechanisms associated with energy regulation apeitiag.

It is known that the relative abundance of food @adeward value often over-
ride the physiological signals of hunger and sgat{Blestle, et al., 1998). On the
other hand, the rewarding effects of food are maigal by the internal state such
that a food that is pleasurable when one is humgay be unpleasant after
satiation (Tataranni & DelParigi, 2003). Thus thdras been a progressive

dysregulation of the reward networks on repeatqubsxre to palatable foods
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over several years. For human and even rodentapwiat need (negative energy
balance) is not the only motivation to consume fdother motivations to feed
can be traced to the rewarding features of simetiasly available attractive
foods, temporal factors (time of day, season), enaand cognition (learning,
memory and social cues). Collectively, these factofluence “non-homeostatic”
food intake (Grill, Skibicka, & Hayes, 2007).

The psychopharmacology of food reward comprisesleast two phases:
anticipation and consumption (K. C. Berridge, 199@hticipation is usually
elicited by the presentation of a sensory cue, Wwhieliably signals the
forthcoming delivery of a rewarding stimulus. UsifigRIl, O’'Doherty et al
measured the brain activity in subjects exposedn of three arbitrary visual
stimuli, each of which reliably predicted the sulpsent delivery of a moderately
pleasant sweet taste, a moderately unpleasant tsalty, or a neutral control
solution. In keeping with the central role of rediadopaminergic areas, such as
the midbrain, amygdala, and ventral stratum (nicl@gcumbens), showed
higher activity in anticipation vs. receipt of agtweward (John P. O'Doherty, et
al., 2002). Hunger has been shown to increaseeponse to the sight of food in
some of these limbic/paralimbic areas (LaBar, gt28101) and the sight of food
increased regional blood flow in the right pariedald temporal cortex in obese
but not normal weight women (Karhunen, Lappalainéanninen, Kuikka, &

Uusitupa, 1997).
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1.16.1 Liking vs. wanting

It is widely acknowledged that an important stinsufar eating is not hunger but
the anticipated pleasure of eating determined bysénsory qualities of palatable
foods (Pinel, Assanand, & Lehman, 2000; Woods|.e2800). It has been said
that humans have evolved to eat more than is redjuo met their immediate
nutritional needs (Pinel, et al., 2000). Whereas biehaviour was once adaptive
in an environment characterized by food scarcitypeicame maladaptive in the
modern environment where a variety of foods witghhy rewarding value are
almost always available. Indeed, the human eaffates did not evolve to cope
with the continuous exposure to highly temptingdeasuch as French fries,
hamburgers or chocolate cookies (Pinel, et al.0200he maladaptive response
of overeating under conditions of abundance isno@plained in terms of
difficulties to resist the temptation of the immatly rewarding value of
palatable foods. However, from an evolutionary pecsive it seems more likely
that humans (and other animals) would be able tidbate proper values to
delayed rewards when it enhances the chance ofrmmarg their long-term
gain. That is, they would be able to exert selftcmnand deny immediate
rewards in the interest of delayed by bigger rewaiidche view that self-control
may have played an important role in human evatutd (eating) behaviour
seems at odds with the dominant evolutionary extian that immediate
pleasure from food drives decisions about foodkmtgRuud van den Bos & de
Ridder, 2006).

Two essential components of the reward systemréatlates eating behaviour
are the hedonic experience of eating and appetib@kaviour involved in

attempts to obtain food (A. E. Kelley, Baldo, Pr&tWill, 2005). The hedonic
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experience or sensory pleasure of eating is detexanby the palatability of
foods as been labelled as ‘liking’ (K. C. Berriddeg996; K. C. Berridge &
Robinson, 2003). ‘Liking’, under control of opioiddeals with the immediate
appraisal of food items and has been shown to taeeaghen subjects (rats) are
more or less sated (M. F. Barbano & Cador, 2009)efvhungry or (not sated) it
appears that the specific qualities of food itemes @f less relevance than the
mere consummation of food items per se, leadingheo ingestion of large
guantities of food regardless of their hedonic qudA. E. Kelley, et al., 2005).
Opioid induced overeating in sated subjects, eaflgadf highly palatable and
caloric food, serves to increase fat stores thampte survival under conditions
of future famine. It may thus be hypothesized that role of opioid-mediated
‘liking’ and consummation of foods becomes strongdren basic nutritional
needs are met (M. F. Barbano & Cador, 2005; H.-Brtl®ud, 2004; A. E.
Kelley, et al., 2005).

The second component of the reward system relatdbhet degree to which
anticipated pleasure is translated into actiongi®ahe & Correa, 2002; Spruijt,
van den Bos, & Pijlman, 2001; R. van den Bos & Gp@D03; R. van den Bos,
Houx, & Spruijt, 2002). Animal studies of ‘wantingehaviour have shown that
rats showed higher levels of anticipatory actiytior to the arrival of food when
hungry than when they are sated- thus demonstrétmgpposite pattern from
‘liking’ behaviour, which proved to be higher inted subjects (M. Barbano &
Cador, 2007). Until now, evolutionary accounts alure to regulate eating in
the midst of plenty have focussed on the ‘likingirpof the reward-system,
emphasizing the pleasure of eating as a powerfulham@sm to protect from

future famine (Mela, 2006; Pinel, et al., 2000).t Ylee ‘wanting’ part of the
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reward system seems more sensitive to environmeatability as it directly
relates to the amount of effort individuals areliwg to (or must) spend to obtain
food and is therefore a more promising candidateexplain maladaptive
overconsumption from an evolutionary perspectiespecially as this relates to
an imbalance between the reward system and selfetgRuud van den Bos &
de Ridder, 2006).The rewarding properties of modewd-items may be so
powerful that ‘wanting’ is extremely activated atitus overrides self-control.
Exposing humans to an environment with a largestsaof foods which differ in
rewarding value makes them extremely vulnerabtbécstrongly rewarding food
items that are immediately available (Ruud van Bes & de Ridder, 2006).

It has also been argued that self-control playsrgrortant role in the decisions
involving food intake. Self-control is often refed to as the choice of a more-
delayed outcome that is ultimately of more valueroa less-delayed outcome
that is ultimately of less value (Ainslie, 1974;du®, 1988). The somatic marker
hypothesis proposes that decision making is a psoteat is influenced by
marker signals that arise in bioregulatory processeluding those that express
themselves in emotions and feelings (Bechara, Dam&s Damasio, 2000;
Damasio, Everitt, & Bishop, 1996). This influen@nwccur at multiple levels of
operation, some of which occur consciously and safevhich occur non-
consciously. These processes involve various @rfecg. OFC) and subcortical
components (e.g. amygdala). Using the lowa Gamf@lagk (IGT), Van den Bos
et al have shown that enhancing the rewarding ptiegeof some items relative
to others increases the chance that individual©\atasuppress responding to
them, even though they know that this choice withtout disastrous in the long

run. Thus they argue that exposing healthy humanant environment with a
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large variety of foods that differ in rewarding wal make them extremely
vulnerable to the strongly rewarding food itemst thee immediately available
(Ruud van den Bos & de Ridder, 2006). Sensory-ipesatiety is thought to
modulate food consumption in rodents (Kent C. Bigrei 1991). In humans, the
only study aimed at assessing the change in breiwitg associated with
transition from a state of high motivation to eabd (chocolate) to a state of
aversion revealed decreases in neuronal activitii@nprimary gustatory cortex,
striatum, midbrain, subcallosal region and caudoatextbitofrontal cortex and
prefrontal cortex, thus providing circumstantiaidance for an additional role of
brain dopaminergic pathways in the regulation obdfantake (Tataranni &
DelParigi, 2003).

Thus a dynamic interaction between the reward sysaed the self-control
systems seems a more plausible explanation of #lyed@cisions are made about
food intake under natural, thus uncertain condgigks abundance of food in our
society is a reality, it may be the omnipresencénighly rewarding palatable
foods that is an important factor in compromisingaganced decision about the
trade-off between short-term gains (acquisitionhwfhly palatable foods) and
long-term gains (health benefits) (Ruud van den &afe Ridder, 2006). Lowe
et al have studied the fMRI responses to food imagedieting versus non-
dieting people. The dieters were labelled as ‘e@std eaters’ and the non-
dieters were labelled as ‘Unrestrained Eaters (JRHE&ey demonstrated that
‘Restrained Eaters’ engage in counter-regulatotjngastemming from eating
less than wanted rather than less than needed. Sthdied brain activation of
normal weight restrained eaters (REs) and unrestaeaters (URES) in fasted

and fed state and when viewing pictures of highhg anoderately palatable
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foods ‘Unrestrained Eaters’ showed bilateral widespreativation to high
palatability food stimuli when fasted, in areasoassted with hunger, memory
and motivation. In the same state restricted sat@owed virtually no activation.
On the other hand, while viewing high palatabiliyods in fed state, REs
showed activation in areas associated with goahted planning, expectation of
reward and goal-defined behaviour (left orbito-tedncortex and dorsolateral
prefrontal cortex), and food craving and desirdt (lesular cortex). Whereas
activation for UREs under the fed state was foumdreas related to satiation and
memory. Thus they concluded that, when food dedrifREs ate relatively little,
not because they were dieting, but because theg lees motivated to eat and
consumption of a filling meal by REs paradoxicaligreased the reward value
of palatable food, thus creating a state of hedbaiger (M R Lowe, 2008).

It has been suggested that in disorder of eatingppetite, such as in anorexia
nervosa and in obesity, subjects are unable tayrese internal eating cues (such
as epigastric empty hollow sensations, EHS) and ubjective cues are
significant in homeostatic eating. Thus recognitajrthese internal cues along
with low mental arousal (feeling of pleasure) sldotdsult in better regulation of

energy intake (Lovell-Smith, Ciampolini, & BorselR008).

1.16.2 Valence vs. Salience

Previous experiences influence eating behaviougpatEmotional states differ
in many ways, but one of the most fundamental isn@e or how positive or
negative an emotion feels (J. A. Russell, 19803tinguishing between positive

and negative has fundamental implications for bmihjective experience and
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behaviour. Positive emotions are linked to approacth negative emotions are
linked to avoidance (Cooper & Knutson, 200B)creased activation of nucleus
accumbens has been demonstrated with increasingitm@g of anticipated
rewards, (Breiter, Aharon, Kahneman, Dale, & Shizg8801; Knutson, et al.,
2001), and increasing self-reported positive arb(Beevets, et al., 2001), and
decreasing NAcc activation with painful stimulati@r increasing potential
losses (Becerra, ladarola, & Borsook, 2004; Tomx, Firepel, & Poldrack,
2007). This valence account is thought to make kg prediction that
anticipatory NAcc activation will correlate with gtive emotional experience
and so will predict approach behaviour. On the otiend, other researchers
have shown that the salience of an incentive cdenanits valence drives NAcc
activation and thus NAcc activation does not neadlysdistinguish positive
from negative emotional experience.

Salience has been defined behaviourally as oneiticetéases the chance an
organism will need to make an important behavioveaponse in near future.
Crucially this response might involve either an raggh or withdrawal, with
cues posing danger or a need to escape will hoidweh (if not more) salience
as cues predicting reward (Cooper & Knutson, 2008us according to this
definition, the NAcc promotes attention towards artpnt or unexpected events
rather than promotes approach behaviour (K. C.id@ger & Robinson, 1998;
Redgrave, Prescott, & Gurney, 1999). Cue salienightnmcrease with absolute
incentive magnitude (good or bad), incentive uraety or the contingency of
the response (i.e. how important an organism’'saesp is to the outcome.).
NAcc activation increases with behavioural demaodsnterference (Tricomi,

Delgado, & Fiez, 2004; Zink, Pagnoni, Chappelow,rtviaSkurski, & Berns,
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2006; Zink, Pagnoni, Martin-Skurski, Chappelow, &rBs, 2004) in response to
novel non-rewarded events (Zink, Pagnoni, Martihabala, & Berns, 2003) or
in anticipation of painful stimulus (K. C. BerridgeRobinson, 1998; Jensen, et
al., 2003). Existing studies have yielded conffigtievidence as to whether all
salient outcomes increase NAcc activation (Joh@®'Boherty, Dayan, Friston,

Critchley, & Dolan, 2003; Pagnoni, Zink, Montague,Berns, 2002). Valence

can be negative or positive and salience can vatwden high to low. Further
studies have suggested a two-component accourgdcride NAcc activation.

Cooper et al (Cooper & Knutson, 2008) have shovat tlalence and salience
each partially account for NAcc activation duringcentive processing, but

neither provides a complete account.

1.17 Model for interaction between sensory and hedonisystems

A possible model has been proposed for the interadietween sensory and
hedonic systems in the human brain using as an @raome hemisphere of the
orbitofrontal cortex. This is illustrated in thellewing figure (Figure 1.6)

Information is shown as flowing from the bottomthe top of the figure.

Sensory information about primary (e.g., taste amell) and secondary (e.g.,
visual) reinforcers is carried from the peripheoytlhe primary sensory cortices
(e.g., anterior insula/frontal operculum for taated pyriform cortex for smell),

where stimulus identity is decoded into stable espntations (Small, et al.,
1999; Zatorre, et al., 1992). This information Isen conveyed for further
multimodal integration in brain structures suchpasterior parts of the orbito-
frontal cortex (I. E. de Araujo, et al., 2003a; 3met al., 1997). The reward

value of the reinforcer is assigned (e.g., in mangerior parts of the orbito-
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frontal cortex) (J. A. Gottfried, O'Doherty, & Dola2003; Small, et al., 2003)
from where it can be used for influencing subsetumhaviour (e.g., lateral
parts of the anterior orbito-frontal cortex, artercingulate cortex (Kringelbach,
et al., 2003) and dorsolateral prefrontal corterir{felbach, et al., 2004c; Wallis
& Miller, 2003), monitored as a part of learningdamemory mechanisms (e.g.,
in medial parts of the anterior orbitofrontal cojtél. E. T. de Araujo, et al.,

2003Db; J. A. Gottfried, et al., 2003) and made labée for subjective hedonic
experience (e.g., mid-anterior orbitofrontal cojtéKringelbach, et al., 2003).
The reward value and thus also the subjective hedxperience of a reinforcer,
can be modulated by hunger and other internal sstgke A. Gottfried, et al.,

2003; Kringelbach, et al.,, 2003; J. O'Doherty, &t 2000), while identity

representation is remarkably stable and not sultgeechodulation (I. E. T. de

Araujo, et al., 2003b; Edmund T. Rolls, Kringelba&De Araujo, 2003).
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Figure 1.6 Model for interaction between hedonic &ensory systems (H.-R. Berthoud, 2007)

1.18 Conclusion

Food intake is essential to sustain life, and #ressry systems of taste and smell
are amongst the most fundamental building blockthefbrain’s natural reward
systems (Ann E. Kelley & Berridge, 2002). It hasibgroposed that humans’
higher cognitive functions may have evolved to supphe required cognitive
processing involved in the sophisticated foragimgeassary for the sustained
food intake needed for omnivores such as humanad&lbach & Rolls, 2004a).

Thus the major players in the control of feedingl anergy intake include
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several areas of the neocortex (hippocampus andjdata), striatum (nucleus
accumbens, ventral pallidum), hypothalamus (latgvatifornical) and ventral
midbrain (ventral tegmental area). These are vefferdnt from the limited
neural substrate comprised by the mediobasal, patagular and perhaps lateral
hypothalamus and the caudal brainstem typicallyd hedsponsible for the
homeostatic regulation of energy balance (H.-R.thH&erd, 2007). Though
homeostatic mechanisms are traditionally known ritiate and end feeding,
hedonic eating can override homeostatic cues togeatarious factors influence
feeding behaviour, including nutritive state (LaBear al., 2001), nature of food
(W. D. S. Killgore, et al., 2003) and presence wofulatory peptides such as
leptin (Farooqi, et al., 2007). In addition, plegscan guide the initiation and
cessation of feeding (A. E. Kelley, et al., 2005).

Various neuropepetides (PYaYsq, leptin) have been shown to influence activity
in the various limbic structures (Batterham, fhygclet al., 2007; Farooqi, et al.,
2007) of the brain. This work entertained the higpets that glucose a chief
source of energy to the brain, could also possalfigct the limbic structures in
the brain to influence appetitive behaviour. Ther@ot study initially looked at
brain activation patterns in relation to performanmaf cognitive tasks under
influence of oral glucose. Thus the study desigis wall-placed to extend the
area of interest of the experiment.

This aspect of the research was set out to looKifégrences in the brain
activation patterns on fMRI to food images, undadiuence of oral glucose. The
hypothesis was to observe greater activation inlithbic regions of the brain
involved with hunger (insula, parietal and temparaitices) in the fasted state

whilst activation in these regions would be dampefodiowing 25 g glucose on
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viewing food images, similar to leptin (Farooqi,adt 2007). Further, if this was
true, differences in activation would be found drserving appetising (amygdala
and OFC) as compared to bland foods, as demoréstgt&illgore at al. (W. D.

S. Killgore, et al., 2003).

1.19 Main aims of the research project:

1. To examine the effects of changes in blood glu@senemory function
and upon accompanying patterns of brain activitud$ 1).

2. To identify memory differences between non-diabstibjects (Study 2),
and patients with type 1 diabetes (T1DM) with anthout exposure to
severe hypoglycemia (Study 3) characterized in seah performance
deficits and changes in brain activation.

3. To examine whether differences occurring as a apresece of exposure
to severe hypoglycemia in T1IDM are reversible.

4. To examine also fMRI activation of glucose-sensargas of brain at
different glucose nadirs in T1DM patients with andithout
hypoglycemia unawareness

Prior to embarking on complex clamp studies in peopith diabetes, the
cognitive performances and brain activation patteoh a small dose of oral
glucose were studied in non-diabetic healthy irdiigis (Study 1). This study
would lead up to exploration of the effects of mdtkglucose levels on memory
performance in diabetic subjects.
Specific aims and hypotheses for Studyl:

1. Cognitive performance on long-term verbal memorgksawould be

enhanced following 25 g of oral glucose (vs. sweete
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2. This difference in cognitive performance underetidéint drink conditions
would be mirrored by differences in brain activatjmatterns.

In addition, contemporary work by Farooqi et alr@eai, et al., 2007) showing
effects of leptin on the nucleus accumbens andtappegulation, prompted the
study of glucose load on a further cognitive domaiamely brain activation
patterns in response to images of foods.

3. Additional hypothesis was to see increased brativamon in limbic
regions of the brain on viewing food pictures fallng ingestion of the
control drink, aspartame. This state would be peeckas the fasted state
and would thus activate the hedonic circuitry oesentation of food
(images).

4. Activation in the limbic regions would be damperfetlowing 25 g of
oral glucose.

The first part of the volume of this thesis is mageof the study of the cognitive
performances and the brain activation patternssrhall dose of oral glucose in
healthy volunteers. The second part describes tidy sof brain activation

patterns on viewing food imagery under influencglotose and sweetener.
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Chapter 2: Methods and Materials

In this chapter, the general methods and the naddarsed in the study are described.

2.1 Recruitment of volunteers

Thirteen healthy, right handed, volunteers, agedol80 years were recruited by
advertising in the local ‘Cambridge Graduate Unineivsletter and by posting flyers
at place of work (in accordance with the local &thi Assuming a coefficient of
variation (CV) of 25% and glucose mediated diffeein recall of 25% (Sunram-
Lea, et al., 2002) then n=12 gave 90% power toctisienilar difference with alpha
of 0.05.

Those with previous history of diabetes, major okgical illness (epilepsy,
previous seizures) or psychiatric illness (inclgdialcohol and drug dependence,
major depression) likely to affect the interpretatof the fMRI scans or performance
of the cognitive tasks, were excluded from the gtidblunteers were screened for
substance abuse, smoking and presence of any aih#raindications for magnetic
resonance imaging (MRI). Subjects were also scetarecardiovascular risk factors
and for presence of any major organ dysfunctiomdte subjects were screened for
pregnancy (last menstrual period (LMP) and with owrcially available urine
pregnancy test kit (Axis-Shield Pregnancy Te&tK, AC-FHC-U101, sensitivity 10
IU/ml). They were weighed, had their height meadumed their BMI was calculated.
Only volunteers with healthy BMI (</= 25 kgfinwere recruited. The protocol was
approved by the Local Research and Ethics CommittB&C) of Addenbrooke’s
Hospital, Cambridge, UK. Each volunteer gave wnitieformed consent for the

studies and further consent and screening for MRietg was performed
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independently by the Neuroimaging Department (Wuif8rain Imaging Centre,
WBIC). They arrived at the Imaging Centre, on theming of the test day. Subjects

requiring visual refractive error correction weféeced MRI safe lenses.

2.2 Experimental procedure

Thirteen healthy non-obese right handed subjectadles 4 females, BMI 23.7+/-
1.07, age 26.8 4.1 years) were studied on two occasions at leaseek apart.
Studies were approved in advance by a local relsesttics board and volunteers
gave fully informed consent to participate. Sulgefatsted from 10 PM the night
prior to studying with studies being performed bstw 9 and 11 am the following
morning. Studies were performed in random ordeh witbjects blinded as to study
order. For this study, volunteers had a singleairgnous catheter inserted retrograde
in the left antecubital fossa, following anaesthegion of the skin by injection of 1%
lignocaine (local anaesthetic) intradermally. Tlk& brm was chosen, so that the
right arm could be free for using the button bogide the scanner for recording
responses to cognitive functions. 0.9% normal sasiolution (0.9%) was infused to
keep the vein patent throughout the experimentirigscanning blood samples were
collected every 5 minutes, passed out from thersngnroom through a dividing
wall and analysed in the adjacent room.

Following cannulation and during the 45 minute gwatisation period, subjects
practiced the cognitive tasks once, on a laptophénpreparation room. Immediately
prior to entering the scanner, subjects consumed tne period of a minute a drink
containing 200 millilitres of water along with 250 glucose on one study day and
on the control day 425mg (5 tablets) of aspartaf@ar(derel”’, Merisant, High

Wycombe, UK). The dose of aspartame was selectadaich for sweetness and
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both drinks were further disguised with lemon juigkf lemon juice, Unilever
Foodsolutions, UK, 3 squirts per drink). Oral glseowvas preferred to intravenous
glucose to keep the overall study design simplenwglecose clamp studies were
performed (Appendix 1).

During scan acquisition, subjects viewed imagegepted on the computer screen
(housed in the ante room) via a mirror positionedrdhe head. Subjects underwent
a battery of cognitive tests lasting for 1 hour igesd to examine memory
performance. During scanning, samples were colleceery 5 minutes after
ingestion of drink up until the end of the scannipgriod (60 minutes). Blood
samples were drawn from the cannula by an investigaside the scanning room
and passed outside through a hole in the dividirai, wor analysis of plasma
glucose. Additional plasma samples were collectedl® minute intervals for
measurement of insulin and glucagon. Importantipjects were not disturbed or re-
cannulated if there were problems with the samploagheter, so a complete
sampling profile was possible only in eight outtlmfteen volunteers on the glucose
day and seven out of thirteen volunteers on theetamer day. Subjects were blind
to their glucose levels at all times.

At the end of the experiment, the cannula was wavd, the subjects were given a
meal and they then left the Imaging Centre. Theesaotunteers then returned for
the second part of the study after an interval toleast a week and underwent a
similar protocol (with a different drink). Subjeatsceived financial reimbursement

for their participation.
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2.3 Dose of glucose and sweetness testing

2.3.1 Dose of glucose

Studies done by Sunram-Lea et al (Sunram-Lea,.,e2@02) showed that ingestion
of 25 g of oral glucose load (in comparison to aatener like Aspartame) in healthy
subjects resulted in a rise in blood glucose (T€ebae, t25 and t45 are 25 and 45
minutes respectively) and an improvement in rggatformance up to 24 hours later
(immediate recall averaged over 5 trails (IFR)agtet recall within 45 minutes of
ingestion (DFR) and 24 hours later (DFR). In thie tblood glucoses were
significantly high at 25 minutes post ingestiongbfcose drink. This is illustrated in
the following figure (Fig. 2.1) adapted from theppa
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Figure 2.1 Graph illustrating glycemic response pd<25 g glucose

(Sunram-Lea, et al., 2002)

Based on this preliminary data, cognitive perforogmand related anatomical brain
activation in healthy non-diabetic volunteers wastéd following 25 g of oral

glucose load.
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2.3.2 Sweetness Testing

Critical to the study was matching drinks for taatel sweetness. In advance of the
fMRI studies, double-blinded sweetness tasting pa$ormed by collaborators in
Lancaster in a group of 7 healthy volunteers (3dies) using 2 tests (Stinram Lea et
al., unpublished data). Given the critical impodarof this information for this
study, the experiment has been briefly describéaibe

Aspartame was favoured as a placebo as it has at daste without the bitter
chemical or metallic aftertaste reported in othéfieial sweeteners. Aspartame is an
artificial sweetener that is 180 times sweeter thagar in typical concentrations,
without the high energy value of sugar. It has ra@avalue similar to sugar (4
kcal/g), but the amounts used are small enougbnsider aspartame essentially free
of calories. Analogous to previous research thekdriwere also flavoured with
lemon juice to improve palatability (Fostet al., 1998, Stinram-Leat al., 2001,
2002a; 2002b; 2004 & Green et al., 2001)

Seven independent judges (4 males, 3 females) pveveded with six 300ml drinks
(labelled 1-6) containing five dosages of Candesglartame tablets and one drink
containing 25g of dextrose glucose. Tasting waseathiout with uniform containers
(disposable plastic cups) to ensure that parti¢goaiil not be influenced by colour
or other characteristics of the receptacle. Thegatwere carried out in a laboratory
setting and drinks were refrigerated for 30 minwged then taken out of the fridge
10 minutes before the experiment. The experimesner those participating in the
sweetness matching test were blind to the drinkesds. All drinks were flavoured
with lemon juice. Participants were first askedaste and experimental liquid and
rate all drinks for how sweet they were on a fieenp scale (1 being the least sweet
and 5 being the most sweet) and then match it tthan liquid of perceived

equivalent sweetness The Canderel dosage whichratead as most similar in
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sweetness to the solution containing 25g of gluseae 5 aspartame tablets (Table

1).

Table 1 Sweetness Rating of Glucose and Aspartameakbured Drinks.

Drink Judge Judge Judge Judge Judge Judge Judge Total
1 2 3 4 5 6 7

Glucose 3 4 3 5 3 3 3 24
25¢

Aspartame 2 1 3 2 1 2 3 14
3 tablets

Aspartame 3 4 3 5 4 3 3 25
5 tablets

Aspartame 5 3 5 4 4 5 5 31
7 tablets

Aspartame 5 5 4 5 5 4 33
9 tablets

Aspartame 4 4 5 5 5 5 4 32
11 tablets

Looking at the sweetness rating, the mean sweetagsg for the glucose drink was
3.4 +0.3 with aspartame sweetness scores for the desaited above being 24-(3
tablets), 3.6 4.3 (5 tablets), 4.4 8.3 (7 tablets), 4.7 6.2 (9 tablets) and 4.6 6.2
(11 tablets). In summary, the aspartame dose whih rated as most similar in
sweetness to 25g of glucose was 5 Canderel taldetgsult in keeping with

manufacturers’ report for relative sweetness.
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Next, using a double-blind procedure subjects vesteed to compare glucose and 5
Canderal tablets to test if they could identify the drinks. Participants were asked
to swill their mouths with water and were then préed with two new drinks
(labelled A or B) one containing 25g glucose thbeotcontaining 5 aspartame
tablets. The participants were told that one digoktained glucose and the other
contained an artificial sweetener. Participantsenttien asked to taste both drinks
and identify which drink contained glucose. Theyrevgiven a sheet of paper on
which to make their response by circling one oééhresponses; Drink A, Drink B or
Don’t Know. Three patrticipants circled a ‘Don’t Kwbresponse, of the remaining
four participants two correctly identified the ghse drink and 2 incorrectly believed
that the aspartame drink was glucose. Therefore dB%e sample admitted that
they could not tell the difference between the tdiwnks and the remaining
participants identified the drink at chance levels.

Taken together, these data show that a drink gantpi5 Canderal tablets was
equivalent in sweetness to a drink with 25 g glecds the subsequent fMRI studies,

we therefore used this Canderal dose as the apgt@pgontrol drink.

2.4 Sample handling

All blood samples were immediately spun with Eppehdlicrofuge® centrifuge at

1300 revolutions per minute for 30 seconds for gdgcand 1 minute for hormone
samples, at room temperature. Plasma was sepasatédeither immediately

analysed for glucose or stored on dry ice (for ~hd@irs) for later hormone

measurements. These samples were subsequentlg 8t0i20°C freezer for insulin

and glucagon measurements.
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2.4.1 Biochemical analyses

Bedside plasma glucose was measured using the Alaose Analyser (Analox
Instruments® GM9, Glucose oxidase method). Theityuedntrol (QC) was carried
out by using the quality control (QC) solution pided by the AnaloX Company.
Insulin was assayed in singleton on a 1235 AutoDEBCFautomatic immunoassay
analyser using a two-step time resolved fluororoedssay (Kit No. BO80-101). All
reagents, standards and consumables were thosemerwled and supplied by the
manufacturer. Glucagon was measured by Meso Sdstery kif (Gaithersburg,
MD, USA), a two-site microtitre plate-based immussay with electrochemical

luminescence detection.

2.5 Cognitive tasks

A set of cognitive function tests, comprising enogdand retrieval, continuous
performance tasks (CPT) and working memory task&/(Was administered on
each study day. Encoding and retrieval have beewrshio glucose sensitive by
other researchers (Sunram-Lea, et al., 2002). Tiwe Ald CPT tasks are widely
used tasks engaging critical cognitive functionge(dion and working memory).
They were included to ensure that any changes widén the key tasks were not a
simple general attentional or working memory eff@dtese tasks weren't included
because of any anticipation that they would beiseago glucose.

All tasks were displayed on a computer screen asgdanses were recorded using a
button box. During each set of tasks, performanas measured and brain activation
was determined using fMRI. The subjects practitedtasks only once on a laptop
prior to entering the magnetic resonance (MR) searand before drinking a

sweetened solution. Thus sequence of tasks wetia| practice, followed by the test
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drink and move into the scanner, then performame¢keoencoding task, followed by
continuous performance testing (CPT), working mem@NM) and finally the
picture (food/non-food) task. Following this thébgects came out of the scanner and
were then tested for retrieval on a laptop. Thé& tasler was kept constant on all
study days. The instructions given to the subjpaty to administering the tasks can

be viewed inPAppendix 3

2.5.1 Declarative long-term memory

The declarative long-term memory task (or verbalgleerm memory) consisting of
encoding and retrieval (measurable and consolidaia storage (non-measureable)
has been repeatedly shown to be sensitive to gtugotentiation effects in various
studies (Foster, 1998; Sunram-Lea, et al., 2002).

Numerous studies have examined declarative LTM ffidl activation using a
number of different cognitive tests. Locally, Fletc's laboratory examined LTM in
healthy subject using a list of nouns with two levaf encoding (deep and shallow)
combined with fMRI scanning. The cognitive task vaasociated with specific fMRI
changes which was different at the two depths dfrgpof the test. There was also a
correlation between performance on the subseqeeall test and brain activation
(Paul C. Fletcher, et al., 2003).

For this study, the encoding task was designecadlude a shallow encoding task
and a deep encoding task to tease out any diffeseimcperformance and imaging
characteristics on the two occasions. For this,tgskticipants were visually
presented with a list of words on the computer estrand performed the two
encoding tasks as previously described (Paul Gclide, et al., 2003). However, due
to technical and computational setback, the engpdata could not be analysed and

is hence not reported here.
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2.5.1.1 Deep encoding task

For this task the word was accompanied by an iastmi to record whether the word
was thought as pleasant/ not pleasant on the basisy previous associations the
word might have had in the person’s lifetime (ankagant or unpleasant
connotations to the word). Participants were irtd&d to press one of the two

buttons on a conveniently located keypad to inditiaeir choice (yes or no).

2.5.1.2 Shallow encoding task

The word was accompanied by an instruction to gegntaon to whether there were
an odd or even number of syllables in the word. (8 GREAM o0dd?). A keypad
response indicated their yes/ no decision.

For both tasks the chosen button for yes or nohvedd constant within participants.
A total of 144 nouns were presented in a pseudwdamised order, 72 for each of
these two tasks.

After scanning, (approximately 60 minutes aftetiahilist presentation/ encoding)
participants were presented with a recognition nrgntessk (Gardiner, 1988) of 200
words (2 seconds appearance with interstimulusvateof 1.5 seconds) including
the 144 words that they had seen during scanningimstructed to indicate, by
pressing one of the 3 buttons, whether it wasefembered from the study list and
asked whether the word had pleasant connotationmsb(pressing ‘B’ button on
keyboard with right hand), (i) remembered from tis¢ and asked if the word had
even/odd syllables (pressing ‘N’ button on the laayal with right hand) (iii) do not
remember seeing the word at all (pressing ‘Z’ hutta the keyboard with left hand).
The participants were not informed of this taskha time of performance of the

encoding task.
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2.5.2 Continuous performance task (CPT)

The continuous performance task is a widely usedrapsychological task for
assessing vigilance and sustained attention (Nest@l., 1991; Nuechterlein, 1991,
Rosvold, 1956). It also enables us to evaluateestibj reaction times. EXxisting
literature does not suggest this task to be glusessitive. It was administered to
ensure that any changes observed in the key taskeding and retrieval) were not a
simple attentional effect.

This task has been shown to produce robust fMRVatan (Weintraub, 1985). In
our Centre, Fletcher's laboratory has tested tagk twidely in healthy controls,
several patient groups and in pharmacological sfydinding reliable activation in
prefrontal, cingulate and sub-cortical regions.

The task consisted of a combination of numbers either clear or poor imagery.
Subjects were required to monitor the computerescigpon which numbers flashed
up at a rate of roughly one per second. They wastucted to respond with a key
press, as rapidly as possible, every time theyad and to withhold responses to
all other digits. The tasks was run at two levdlglifficulty, one in which stimuli
were clear and easily visible and one in which tweye degraded and a greater level
of visual attention was required to pick out tasgderformance was measured in
terms of ability to discriminate targets from namefets and the reaction time when
responding to a target. Brain responses on fMRlierms of the main effects of
performing the task compared to a resting baselme in terms of the impact of
stimulus degradation were measured. This taskustidted in the figure below (Fig.

2.2).
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RELAX

Figure 2.2: Continuous Performance Task
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2.5.3 Working memory (WM) task

The working memorys a limited capacity system for the simultaneowsmenance
and manipulation of information which is fundamentaa broad range of cognitive
processes, including reasoning, language compremerad problem solving (E. E.
Smith & Jonides, 1998). This task has not beenioocimgly shown to be sensitive to
glucose induced facilitation. It was administeredenhable correct interpretation of
data obtained during performance or other taskssd also interested in studying the
brain activation patterns during performance of thsk.

Fletcher and colleagues have recently used thigimgmemory task to study brain
activation patterns. They examined the effectsatine, confirming that the test
produced robust fronto-parietal activation and ttlanges in performance on the
cognitive test (with ketamine) were associated withnges in this pattern of fMRI
activation (R. A. E. Honey, et al., 2004).

Participants were presented with a set of letters2f5 seconds, followed by an
instruction cue (FORWARD or ALPHABET) for 1.5 sectsn Following a 7 second
delay (during which a fixation cross was present@dthe screen) a probe was
displayed for 4 seconds during which participanesenrequired to respond with a
yes or no. If the cue was FORWARD, participantsemerquired to remember the
letters in the order they were presented and th@rese cue was a question about the
position of the letter (e.g. was ‘N"®) and the participants were to give a yes
response if that letter had been presented inpibsition in the initial display, and a
no response if it had not. If the cue was ALPHABB&rticipants were required to
mentally rearrange the letters presented into dlgiheal order and to remember the
letters in the new order. The response cue was agading the position of the letter
(e.g. was ‘N’ 2% but in this condition participants had to givges response if that

letter had that position alphabetically and a nspoase if it had not. For both the
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FORWARD and the ALPAHABET conditions, participantgere presented with

three (low- load condition), four and five (highalb condition) letters.

This is

illustrated in the figure below (Fig. 2.3) which svarojected on a computer screen.

Figure 2.3: Working memory task
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2.6 Picture tasks

Rationale: This part of the study was subsequent additioautostudy design. The
topical work done by Farooqi et al. (Farooqi, ef 2007) showing the manipulative
effects of leptin on appetite control prompted aperform this study. In this study
Farooqi et al. showed leptin treatment in two conigdly leptin- deficient adults
resulted in changes in activation in the limbicioag of the brain, mainly the
nucleus accumbens. This supported the notion #pinl acted on neural circuits
governing food intake, providing key neuroanatorminaights into mechanisms of
actions of leptin (Farooqi, et al., 2007). Thudgs teeminal work encouraged the
hypothesis that glucose, a nutritive substratepmdary fuel of the brain, could also
influence energy balance and pathways regulatipgtép in the brain.

The hypothesis was that in overnight fasted (hundrgalthy adults (given a
sweetened drink), visualization of food picturesuldoelicit activation in the limbic
regions of the brain. Further, a drink of 25 g hfogse would dampen the activation
in these regions, as the individual would no longeperceived to be hungry. If that
was the case, one would further look for differenceactivation patterns to various
types of food (appetising vs. bland). A separatevgr calculation was not
performed for this arm of the study.

Several studies have documented changes (decreasgnal) in the hypothalamic
region on functional imaging following ingestion gliucose (M. Chen, et al., 2007;
Liu, et al., 2000; Matsuda, et al., 1999; Smeetsale 2005a) with glucose doses
ranging from of 25-75 g. Further studies have l@b&ethe brain activation patterns
on viewing food images under different metaboliaditions (fasting vs. fed). These

studies have shown changes in activation in themegof limbic/paralimbic areas,
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insula and the orbitofrontal cortex (A. Del Parigi,al., 2002b; Gordon, et al., 20(
Porubsk4, et al., 2006; G. J. Wang, et al., 2C

The regions on imaging consred in the present study included
limbic/paralimbic areas, the insula, and the orfrontal cortex. The hypothalam
is difficult to map using the region of interestdR analysis and was not studit
The ‘picture task’ used by Farooqgi et al. (Fe«qi, et al., 2007) was administer
towards the end of our cognitive test

Between 45 and 60 minutes into the experiment,estbjwere presented with
series of images (4 sec presentation) consistinigotti foods and nc«food items
presented in a bitked format (each block made up of 5 successive fioages or !
nonfood images so that each block lasted 20 secofRd®d and nc-food images
were matched for size, variety of colours and caxipy. On occasion, images we
repeated and subjects weisked to press a keypad if they recognised an irttag:
had previously been viewed. Inherent to the desigs a further si-classification of
the food items into appetising and bland focOn exiting the scanner, subjects w
shown a paper copy of thood images viewed and asked to rate using a v
analogue scale, their liking of the food images. é&wample of the images usec

shown below (Fig. 2.4). See alAppendices 4a and 4b

Figure 2.4 Food images tas

The imaging results of this task are presentedasdependent study in Chaptel
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2.7 Brain Imaging and Analysis

Siemens Trio scanner operating at 3 Tesla in thdfssfo Brain Imaging Centre
(WBIC) in Cambridge was used. A total of 502 Gradliecho T2*-weighted echo
planar images (EPI) depicting blood oxygenatioreladependent (BOLD) contrast
were acquired for each subject. The first six insagere treated as “dummy” scans
and discarded to avoid T1 equilibration effectsadgies were positioned at 30 degrees
to the AC-PC plane and comprised 49 slices, eaé@mwh with a 0.5 inter-slice gap.
A TR of 2000ms was used with an echo time of 30nts30 degree Flip Angle. The
scanner has a 192mm field of view with a 64x64 dadrix.

Data were analyzed using statistical parametric pimgpin the SPM5 (SPM5:
Wellcome Dept of Cognitive Neurology, London, UKtatistical parametric

mapping (www.fil.ion.ucl.ac.uk(Friston, 1995) employs a mass univariate approac

and culminates in a series of t-tests comparingasigat each volume element
(voxel) of the scan) across activation and contohditions. The design was
counterbalanced in order to allow identificationdagxclusion of period effects.
Essentially this involved a voxel by voxel implenttion of the general linear
model with individual subjects’ responses to adtoratasks identified and carried
through to a group analysis identifying the comnmegional brain activations
through a series of standard t tests. Group armlys®#e used to evaluate brain
responses to the task and to identify the impacthefglucose drink upon these
activations. The threshold was set at p < 0.00%macted with minimum cluster
size of 20 voxels.

Images were realigned then spatially normalized standard template and spatially
smoothed with a Gaussian kernel (6mm at full widthalf-maximum). The time
series in each session were high-pass filtered (gut-off frequency 1/120 Hz) and
serial autocorrelations were estimated using an (ARmodel. Each of the three
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blocks of stimuli (encoding, CPT and WM) events everodeled using a canonical
hemodynamic response function (plus first deriv@tigonvolved with a 20 second
boxcar functiorplaced at the onset of each block In addition, rarpatric function
was applied to each condition mean post-scan diNgetiking. These functions
were used as covariates in a General Linear Modélaaparameter estimate was
generated for each voxel for each block type. Térampeter estimate, derived from
the mean least squares fit of the model to the, dafects the strength of the
covariance between the data and the canonical mesepfunction for a given
condition. The responses to each condition wereeteddseparately compared to
baseline and parameter estimates taken forwardgmap analysis treating inter-
subject variability as a random effect. At the grdevel an ANOVA model was used
reflecting the 2x2 factorial design with stimulygpé¢ (food and non food pictures)
and pre-scan drink (glucose and aspartame) asendept factors.

The regions of brain activation were anatomicatlgntified using the Pick atlas tool
implemented in SPM5, with striatal and midbrainioeg being identified using
criteria described previously (Murray, 2008). Feammple, voxels within the regions
of interest showing a significantly greater resgof food compared to non-food
pictures for the glucose and sweetener conditioosbined were identified.
Parameter estimates from each of the foci wereaeted to identify and evaluate

stimulus by drink interactions.

2.8 Statistical analyses

Assuming a CV of 25% and glucose mediated diffezanaecall of 25%, n=12 gave
90% power to detect similar difference with alph® @5.

Data were analysed using ‘Windows Excel 26@id GraphPad Prism®. Following

the initial processing of the fMRI images using SP{erformed by Dr Swamy), the
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statistical analyses for the images were perforlnebdr Paul Fletcher. The cognitive
tasks were statistically analysed by Dr Paul Fletch

The biochemical data were first log transformed #meh analysed used paired t-
tests. Empty cells in Excel 2007 were treated assimg. The contents of the cell
were checked with the ‘if’ function with the ‘isndrar’ information function, e.g. if
(isnumber (cell), log(cell),””). Biochemical datareapresented as means (SEM)
throughout, unless indicated otherwise.

Cognitive data were analysed using within-subjac@ysis of variance (ANOVA).

SPM analyses results are reported using Z-scorggyma
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Chapter 3: Effects of Oral Glucose

on Cognitive Performance and

Brain Activation

3.1 Aims
To establish how and whether oral glucose altensmiong tasks performance and
associated brain activation responses as asseg$gliRbin healthy non diabetic

volunteers.

3.2 Rationale

As set out earlier, the ultimate aim of the prograerof work towards which this
study contributed to was to examine the effectldnges in blood glucose
during both short term and over a longer periodagnition and brain activation
patterns in patients with type 1 diabetes.

As a logical first step in this overarching prograe the effect of oral glucose

on these parameters in non-diabetic healthy indalglwas examined.

3.3 Chapter abbreviations
GLU: Studies in which 25 g oral glucose ingested
CON: Control studies in which sweetener (5 tabdétaspartame) ingested

WBIC: Wolfson Brain Imaging Centre, Cambridge, UK
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3.4 Methods

The methods are described in detail in Chaptern2summary, 13 healthy
subjects attended the WBIC on two separate occasamid underwent fMRI
scans after consuming either glucose or sweet&ldd or CON) in randomised
single-blinded order. During the following 60 mirsibjects performed a series
of cognitive tasks.

Presented below in order are data from blood sagpbognitive performance

and fMRI brain activation.
3.5 Results

3.5.1 Changes in Blood Chemistry
Due to challenges with sampling from venous catketile subjects were lying
inside the MRI scanner, blood sampling was onlysjiids in eight of the thirteen

subjects on CON day and 7 out of thirteen subjec@LU days.
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3.5.1.1 Plasma glucose results

As expected, baseline glucose values were simildrath study days (5.1 38.00
vs. 5.2 +0.01 mM GLUvs. CON). On GLU days, intake of 25 g glucose orally
resulted in a modest but significant rise in plagheose (6.9 4.00vs.5.1 +
0.01 mM GLUvs.CON at 30 mins, p < 0.0001, t=6.775, df=12). Thgnificant
difference persisted at 45 min and 60 min althgpigma glucose had started to

return towards baseline by the end of the study. (&i).
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Figure 3.1 Plasma glucose on 25 g glucose days amcketener day
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3.5.1.2 Hormone results

In addition to glucose, insulin may have effectsomgnition and memory. As
relatively few samples were obtained at the 15 mairiume point (3 samples).
Hence insulin or glucagon data at the 15 minut&kmaes not analysed.
Baseline plasma insulin levels were not signifigamtifferent in both groups
(33.33+£ 0.07 vs. 27.77 £ 0.08 pM/L, GLU vs. CONQO@7, NS).

As expected, in keeping with the rise in plasmaagse, insulin levels also rose
in these healthy volunteers on GLU days as compar&DN days (fig 3.2). By
30 minutes, insulin levels had risen significantiythe GLU group (84.70 + 0.08
vs. 22.85 + 0.10 pmol/l). These changes persistetb aninutes (103.61 £+ 0.07
vs. 19.00 %= 0.13, GLU vs. CON) and at 60 minutés@9 + 0.10 vs. 19.31 +
0.13, GLU vs., CON). p = 0.04, t= 3.44, df = 3. Seaesults are illustrated

below (Fig 3.2).
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Figure 3.2 Plasma insulin levels on glucose and setener days

Plasma glucagon levels responds reciprocally wisulin, although, current
literature does not suggest a cognitive effect latg@gon. Glucagon levels did
not differ significantly between the GLU and CONyda(fig 3.3). Mean

glucagon levels (pg/ml GLU vs. CON) at 0 min= 75#9@.03 vs. 74.4 £ 0.02, 30
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min=57.33 £ 0.07 vs. 65.59 + 0.02, 45 min = 7228.03 vs. 67.56 £ 0.02 and
60 min = 58.51 + 0.05 vs. 62.14 + 0.02. p = 0.58,6087, df= 3. These results

are depicted in figure 3.3.
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Figure 3.3 Plasma glucagon levels on GLU and CON ya

3.5.2 Cognitive Performance Data
Cognitive data from 13 participants were analyssagnitive data were analysed

using within-subjects analysis of variance (ANOVA).

3.5.2.1 Continuous Performance Testing:

The performance scores for this task are preseased discrimination index

(targets versus non-targets). The discriminatiatexnrepresents the proportion
of hits minus the proportion of false alarms (fadé&rm= wrongly saying ‘yes’ to

a non-target, that is, inverse of correct rejedjon

On GLU days the discrimination index was 0.98 (S0@4) and on CON days

0.98 (STD: 0.03).
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3.5.2.2 Working Memory
The behavioural results for the working memory taskpresented as follows:
1. Hits: This indicates the correct identification of tharget. The
maximum score for this task was five. There waseffect of drink on
performance. The correct hits GLU vs. CON were 4/&74.08 for 3
digits, 4.33 vs. 4.33 for 4 digits, 4.08 vs. 3.88 b digits. p= 0.69, F =
0.17, df = 1. Interaction between types of drink task difficulty were
non- significant with p = 0.93, F=0.07, df = 2. Bemoni posttest was
performed giving t= 0.18 for 3 digits, 0.0 for 4gds and 0.53 for 5

digits. These results are illustrated in figure 3.4
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Figure 3.4 Working Memory (Frequency of correct his)
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2. Correct Rejections: This indicates the correct response to a ‘No’ arsw
The maximum score for this task was five. Corregpeations GLU vs.
CON were 4.67 vs. 4.58 for 3 digits, 4.25 vs. 4di4 digits and 4.25
vs. 4.33 for 5 digits. p = 0.76, F = 0.09, df driteraction between types
of drink vs. task difficulty were non- significantth p= 0.85, F=0.16, df
= 2. Bonferroni posttest was performed giving t260for 3 digits, t= 0.52

for 4 digits and t= 0.26 for 5 digits. These resualte shown in figure 3.5.
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Figure 3.5 Working Memory (Frequency of correct rgections)
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3. Accuracy: This is a measure of overall hits plus the correfctions out
of a possible maximum score of ten. Accuracy forUGés. CON was
0.88 vs. 0.86 for 3 digits, 0.86 vs. 0.88 for 4iig0.83 vs. 0.81 for 5
digits. There was no significant difference in pemiance under the
different drink conditions with p = 0.89, F = 0.@2d df = 1. Interaction
between types of drink vs. task difficulty was magnificant with p =
0.92, F= 0.08 and df = 2. Bonferroni posttest wadgymed giving t =
0.25 for 3 digits, t = 0.25 for 4 digits and t =28.for 5 digits. These

results are illustrated in figure 3.6.
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Figure 3.6 Working Memory (Accuracy)
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4. Performance or the ‘Discrimination Index’: This represents the
proportion of hits minus the proportion of falsearahs (false alarm=
wrongly saying ‘yes’ to a non-target, that is, irseof correct rejections)
(Fig. 3.7). The discrimination index for GLU vs. €8lQvas 0.77 vs. 0.78
for 3 digits, 0.78 vs. 0.71 for 4 digits, 0.70 065 for 5 digits. There was
no difference in performance on the two study dajtk p = 0.64, F =
0.21 and df = 1. Interaction between types of drigktask difficulty was
not significant with p = 0.88, F = 0.13, df = 2. Berroni posttest was
performed giving t = 0.13 for 3 digits, 0.53 forddgits and 0.40 for 5

digits. This is shown in figure 3.7.
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Figure 3.7 Working Memory (Performance Index)
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3.5.2.3 Encoding
Due to loss of retrieval task performance dataealircomparison between
cognitive performance and neural activation waspussible for this task. Lack

of retrieval data made interpretation of encoditigrapts difficult to analyse.

3.5.3 Functional Magnetic Resonance Imaging (fMRI ) Resus$

Data from 13 participants were analysed.

3.5.3.1 Continuous Performance Testing (CPT):

For this task, the baseline condition "Relax” wasdias a control. During
performance of the CPT task, robust activation se@sn in the regions of the
inferior frontal gyrus, superior temporal/inferiparietal cortex on the left and
the right sides on GLU days. Activation was alsatedoin the anterior

cingulate/medial prefrontal cortex on GLU days. ©@QN days, performance of
the CPT task was associated with activation inrdggons of the inferior frontal

gyrus, superior temporal/inferior parietal cortex t¢he left and the right

hemispheres. In addition, activation as also notdte anterior cingulate/medial
prefrontal cortex, midbrain, cerebellum, right aledt thalamus and the left

putamen. These regions of activation survived esthwld of p < 0.005. The xy z
co-ordinates of these regions and the Z scoresatidg the statistical magnitude
of the effect have been described in Table 2. Thrtase regions in the figure

represent activation observed with threshold set rmtodest p<0.05 uncorrected

for multiple comparisons (Figures 3.8 and 3.9).
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Regions surviving an uncorrected threshold of p<O@b and cluster size of 20

voxels

Region Coordinates (x,y,2) Z score (t)
CPT main effect
(compared to control
task) - Glucose
Df (1,20) Inferior Frontal
Gyrus
Right 42,10, 24 2.7 (3.1)
32,24,8 3.5(4.2)
Left -34, 18, 6 4 (5)
Superior
temporal/inferior
parietal cortex
Right 30, -60, 44 3.6 (4.3)
66, -34, 26 2.8 (3.1)
Left -56, -36, 20 3.9 (4.9
Anterior 4,14, 46 3.8 (4.6)
cingulate/medial
prefrontal cortex
CPT main effect Region Coordinates (x,y,z) Z score (t)
(compared to control
task) - Sweetener
Df (1,20) Inferior Frontal
Gyrus
Right 42,24, -6 3.8 (4.7)
42,12, 24 3.6 (4.4)
Left -46, 20, -2 3(3.4)
Superior
temporal/inferior
parietal cortex
Right 32, -52,52 3.7(4.5)
66, -42, 20 3.6 (4.4)
Left -30, -52, 52 3.8(4.7)
-54, -44, 28 3.4 (4
Anterior 2,16, 54 3.8 (4.7)
cingulate/medial
prefrontal cortex
Midbrain 6, -16, -8 3.6 (4.3)
Cerebellum 38, -40, -26 3.5 (4.2)
Thalamus
Right 10, -20, 18 3.4 (4)
Left -16, -14, 18 3.2 (3.7)
Left putamen -20,0, 14 3.1 (3.5)

Table 2 Regional brain activation during performanceof Continuous Performance Task (CPT)
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Figure 3.8 fMRI activation during CPT (vs. Control Task) for GLU

These surface regions in the figure represent &abiv observed with threshold

set at a modest p<0.05 uncorrected for multiplepanmons
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Figure 3.9 fMRI activation during CPT (vs. Control Task) for CON

These surface regions in the figure represent aadiv observed with threshold

set at a modest p<0.05 uncorrected for multiplepamsons
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3.5.3.2 Working Memory

For the WM task, activation was compared to sinfplation cross (taken as
baseline). Activation was found in the regions afldie/inferior frontal gyrus,
inferior parietal cortices on both hemispheres withU. Activation was also
observed in both the right and the left cerebdiamispheres and the midbrain
on the GLU days. On CON days, activation was oleskrm the middle/inferior
frontal gyrus and superior temporal/inferior paletortex bilaterally. These
regions showed increase intensity of activatiorhwiicrease in the difficulty of
the working memory task, however, there was noetgffice in patterns of
activation with the type of drink.

These regions of activation survived a thresholgp of 0.005. The x y z co-
ordinates pertaining to the regions of brain atibrahave been detailed in table
3. The surface regions in the figure representvaiitin observed with threshold

set at a modest p<0.05 (Figures 3.10 and 3.11).
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fMRI and Working Memory

Regions surviving an uncorrected threshold of p<O@b and cluster size of 20

voxels
Region Coordinates Z score
(x.y,2)
Working memory
load effect
Glucose
Df (1, 18) Middle/Inferior
Frontal Gyrus
Right 30, 32, 24 3.2 (3.8)
38, 30, 18 2.9 (3.4)
26, 14, 28 3.2 (3.7)
Left -38, 38, 30
Inferior parietal
cortex
Right 50, -20, 28 2.6 (2.9)
Left -46, -34, 44 3(3.5)
Cerebellum
Right 38, -66, -28 3.1 (3.6)
Left -28, -64, -32 3.8 (4.8)
Midbrain 4,-28, -18 2.7 (3.1)
Working memory | Region Coordinates Z score
load effect (x,y,2)
Swesetener
Df (1, 18) Middle/Inferior
Frontal Gyrus
Right 50, 12, 46 3.3 (4)
30, 30, 32 2.6 (3)
48, 38, 20 2.6 (2.9)
40, 50, 10 2.3 (2.6)
Left -46, 20, -4 2.5 (2.7)
Superior
temporal/inferior
parietal cortex
Right 42, -34, 48 3.4 (4.1)
32, -66, 60 2.8 (3.2)
Left -56, -46, 26 2.4* (2.7)

Table 3Regional brain activation during performance of WiogkMemory Task
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Figure 3.10 fMRI activation during WM (increased intensity with increasing work load) for GLU

These surface regions in the figure represent atadiv observed with threshold

set at a modest p<0.05 uncorrected for multiplepamsons.
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Figure 3.11 fMRI activation during WM (increased intensity with increasing work load) for CON

These surface regions in the figure represent atadiv observed with threshold

set at a modest p<0.05 uncorrected for multiplepamsons.

3.5.3.3 Encoding
The fMRI images during encoding task was not amalybecause of the lost
retrieval data, as without the latter data, thess wo way of knowing which

trials involved successful encoding and which ditl n

3.6 Discussion:

Facilitation of cognitive abilities has been anuafig and elusive subject for
decades. Ingestion of glucose improves declarébivg term memory (Sunram-
Lea, et al., 2002), but the neuroanatomical bakithis phenomenon remains

unexplored.
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This study aimed to answer this question by stuglyire cognitive effects of a
small dose of oral glucose on memory tasks whitstukaneously studying the
regions of brain activation during performancelade tasks, using fMRI.
Overall the study was well designed with sufficipotver to unmask facilitative
effects of glucose on cognitive performance. Howetlee study was rendered
less powerful due to loss of critical data (retalegtata) making interpretation of
the encoding task (shown to be glucose-sensitiVigerrature) difficult.

Thus my study contributes to the existing literatan effects of oral glucose
load on cognitive performance. It additionally delates the brain regions
recruited during performance of these tasks undfareint metabolic conditions

(glucose vs. sweetener).

3.6.1 Glucose dose

As was expected and as has been reported in vatodes (Brandt, et al., 2006;
Claude Messier, 2004; Sunram-Lea, et al., 201@ay} @f oral glucose increased
plasma glucose levels significantly. For this study g oral glucose dose was
used, rather than a higher dose, as collaborafatsecstudy; Sunram-Lea et al
have previously demonstrated facilitative effects @ognition at this dose.
Moreover, according to the existing literature, cgise facilitative effects in
young individuals (average age of our participams 24 years) are observed at
lower blood glucose values than that seen in hgatilder individuals (Claude
Messier, 2004).

In this study, an oral load of 25 g of glucose gay@erceptible and a significant
rise of blood glucose from the baseline, as in &wmakea’s study, associated
with a corresponding rise in plasma insulin. In tcast, glucagon levels were

unchanged by the oral glucose load. Plasma gluabbaseline was comparable
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in both the groups, making any further observationgerformances in the two
groups comparable.

In humans, doses ranging from 25g to 75 g have beewn to be effective in

demonstrating memory facilitation which correspotal800mg/kg to 1g/kg for a

75 kg human (Claude Messier, 2004). There is fartiheught that higher doses
of glucose, show beneficial effects in healthy gidendividuals and in people

with Alzheimer’s disease, where as lowers doseglatose have been found
have facilitative cognitive effects on healthy ygen individuals (Claude

Messier, 2004). Human studies comparing glucoseceffon cognition using

different doses, such as 25 g and 60 g have foontparable blood glucose
levels (Azari, 1991; Owen, et al., 2010b; Sunrama;Let al., 2010a) over similar
time periods.

Azari et al gave 30g and 100 g of glucose solutiom random double-blind

triple crossover design. They studied 18 healthynab adults (mean age= 21).
Thirty minutes post-glucose, subjects were showmaan a computer monitor
and then administered recall and recognition td$tere was no effect of glucose
on memory tests and plasma glucose measures didon@late with memory

test scores (Azari, 1991). Though similar studyigies was shown to reveal
gluco-facilitatory effects (Hall, et al., 1989),etHailure to observe facilitative
effects was attributed to lack of rigorous adheeettc pre-experimental dietary
requests. Other possible explanations for the tdokffects of oral glucose on
performance are task simplicity and younger ageasficipants. If performance
at baseline (or at the sweetener stage) is aingelével to task simplicity, it

leaves little room for improvement post glucoseesigpn. This has been

observed to be a plausible cause for failure toghee-facilitation on cognitive

-170 -



3 Effects of Oral Glucose on Cognitive Performance Brian Activation

tasks. Addition of motor sequence (interferenc&)talkiring presentation of a
word list, has been shown to expose the faciligatifects of glucose (Foster,
1998; Sunram-Lea, et al., 2002). University gradwstidents can be considered
a skewed cohort of intellectually higher achievensasking any potential

potentiation of performance.

3.6.2 Cognitive tasks

The declarative long-term memory task (or verbaglterm memory) consisting
of encoding and retrieval (measurable and condodidlaand storage (non-
measureable) has been repeatedly shown to beigerisitglucose potentiation
effects in various studies (Foster, 1998; Sunram-eeal., 2002).

One of the major limitations of the current studgsamhe unfortunate loss of
retrieval data on the performance task. This gydatlited the potential of this
study to determine the facilitative effects of gise (if any) on cognitive
performance. The sample size of thirteen individuahs adequate to detect a
difference in performance (power calculation gavel?).

The working memoryis a limited capacity system for the simultaneous
maintenance and manipulation of information whishfundamental to a broad
range of cognitive processes, including reasoramgguage comprehension, and
problem solving (E. E. Smith & Jonides, 1998). Thaésk has not been
convincingly shown to be sensitive to glucose irmtldacilitation. It was
administered to enable correct interpretation ¢@ adtained during performance

or other tasks.

3.6.2.1 Continuous performance task
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The continuous performance task is a widely usadapsychological task for
assessing vigilance and sustained attention (Nestoal., 1991; Nuechterlein,
1991; Rosvold, 1956). It also enables us to evalsabject’s reaction times. It
was administered to ensure that any changes olasaribe key tasks (encoding
and retrieval) were not a simple attentional effétisting literature does not
suggest this task to be glucose-sensitive. Theseengahange in performance on
this task on either of the study conditions.

Though there are scattered reports of improvemem¢action times to glucose
(David Benton, et al., 1987) this test is not cdased to be sensitive to glucose
manipulation (C. A. Manning, et al., 1990). Bentral. (David Benton, et al.,
1987) studied the effects of 25 g of glucose insB@seven years old children.
The children were tested on sustained attentickstasd tasks designed to be
intentionally frustrating. Post-glucose childrenrevdound to have increase in
sustained attention and fewer signs of frustratitmwever these results have not
been reproduced by other researchers. Manning. €CalA. Manning, et al.,
1990) studied 17 healthy elderly (mean age =73)viddals for cognitive
performance following a 50 g glucose drink and ebac Amongst other tests,
the participants were also tested on ‘Letter Cdatteh Test’, an attention task.
The researchers found comparable performance sesuitler the different

conditions.
3.6.2.2 Working Memory

This is a limited capacity system for the simuliaume maintenance and
manipulation of information which is fundamentalaobroad range of cognitive
processes, including reasoning, language compremensnd problem solving

(E. E. Smith & Jonides, 1998).
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There was no improvement in the performance, neibinethe increasing digit
span nor on the alphabetical reordering part otakk, which is inherently more
difficult to solve. There was no increase in theanber of correct responses;
however, there was also no decrease in the nunfli@carect answers either.
Existing literature suggests that the working megmiask is not amenable to
glucose facilitation (C. A. Manning, et al.,, 199Btessier, et al., 2010; S.
Sunram-Lea, et al., 2001). This task was includethis experiment to ensure
that any changes observed in the key tasks weresingily a reflection of
general working memory effect. One of the otheroties for inclusion of this
task was to observe the brain regions recruitedarperformance of this task.

It has been observed by Sunram-Lea et al, thabgtutacilitation on memory is
fractionated, that is to say that glucose facegabnly certain aspects of memory,
such as verbal long term memory as shown in the TYdsk, and that the
facilitation is not global. Other factors which leabeen noted to influence
glucose-facilitatory effects on cognition are tigiof the drink, the dose of
glucose as discussed above and the effect of tearni

Gold et al showed that both pre and posttrainingpiagtration of glucose in
humans improved memory for a paragraph recall (CMAnning, et al., 1992).
Studies have employed pretraining (C. A. Manningle 1990), posttraining (C.
A. Manning, et al., 1992) or just prior to recall.(A. Manning, et al., 1998)
glucose administration and have observed facigateffects on learning,
memory and retrieval of information.

In the current study, the participants were inyiddriefed about the upcoming
tasks and had one practice run of the cognitiviestas a laptop computer prior

to entering the scanner. The practice runs didnmutde the words, numbers or
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pictures included in the test paradigm. Thus tkeaxs minimal learning effect on
the observed outcomes. Repeated exposure or mralsis been shown to
facilitate performance. Studies showing reliablecgke facilitation of long term
memory performance following 25 g glucose have gahe used repeated
exposure to the to-be remembered material follovidbgy glucose (Scholey &
Kennedy, 2004). Practice and repetition aid inrley episode and the memory
trace is strengthened through repetition of stirf@Wen, et al., 2010b).

All human experiments involve measurement of peniph glucose levels.
Though experiments examining the impact of hyperd &ypoglycemia on
extracellular glucose content have yielded variabtailts in the absolute values
of extracellular glucose, in general brain extradat glucose levels are about
20-30% of the blood glucose levels in the physimalgrange (Claude Messier,
2004). Rodent studies have verified that extratallglucose levels value at
0.35 mmol/L (Lowry, et al., 1998). Moreover, neuabglucose uptake is mainly
driven by the neuron’s activity (and hence glucespiirement) and not by blood
glucose (glucose supply) due to counterregulatoegchranisms, except in the
face of severe hypoglycemia (Claude Messier, 2004).

Though unlikely, stress hormones such as epinepluam sometimes confound
the results. Stress hormones such as epinephririd potentially interact with
the action of glucose on memory, by either prodgi@n additive facilitating or
impairing effect on memory or contributing to inased variability because
subjects do not necessarily react the same waytrésséul stimuli (Claude
Messier, 2004). The current study was a relativ@igple study involving a
single venous cannulation prior to the onset of sihedy. Understandably,

cannulation can induce a stress response (witlagel®f catecholamines and
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cortisol) and so also stress can be induced bygbmiside a MRI scanner.
However, the drink/ study days were randomiseds the contribution of stress,
if any would be counterbalanced across both dalyss$ hormone levels were
not measured in this study.

Several other researchers have shown that there d¢tose correspondence
between the rise in blood glucose and the risdandinsulin following an oral
glucose load and it is hard to dissociate the efféglucose from that of insulin
in the mediation of the central effects of ingestednjected glucose. Insulin, in
its own right has been shown to have cognitive-aaimg properties. In rodents,
small doses of insulin (0.4-0.8 units/kg) to reeetise amnesia produced by a 2
mg/kg scopolamine injection (Blanchard & Duncan979 Claude Messier,
2004) and to facilitate memory following intracer@gascular injection (Park, et
al., 2000). Euglycemic clamps in humans have alenbshown to enhance
memory, where glucose levels are held constantswimbulin levels are raised

(S. Cratft, et al., 1999).

3.6.2.3 Encoding and Retrieval

As described above performance data was not alaifabthis task, so that the

only analysis possible was fMRI activation with amithout glucose (see later).

3.6.3 fMRI brain imaging

One of the key aspects of the study was to lo@ndtmap out areas of the brain
engaged in performances of these cognitive tasbssiBle differential patterns
of activation following ingestion of glucose duripgrformance of the cognitive

tasks were also studied.
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3.6.3.1 Continuous performance testing

During performance of the CPT task, robust actoratvas seen in the regions of
the inferior frontal gyrus, superior temporal/inéerparietal cortex on the left
and the right sides on both the study days. Adtimatvas also noted in the
anterior cingulate/medial prefrontal cortex undethbglucose and sweetener
conditions. In addition, on the CON days activatias also noted in the anterior
cingulate/medial prefrontal cortex, midbrain, ceiélm, right and left thalamus
and the left putamen. Similar to our observatiogg@t al (Ogg, et al., 2008)
performed fMRI in 30 healthy adults during perfomma of Conner's
Continuous Performance Test (CPT) (subjects viele#egrs on a computer
screen and were instructed to respond to everrleicept the target letter X).
They demonstrated an extensive neural network wlsat activated during the
task and included the frontal, cingulate, paridhporal, and occipital cortices;
the cerebellum and basal ganglia. The magnitudetfation in several regions

correlated with reaction time.

3.6.3.2 Working Memory

As outlined above, activation was noted in the raddferior frontal gyrus,
inferior parietal cortex bilaterally on both glueoand sweetener days. There was
no hemispheric differentiation in the patterns dfivation. The hemispheres of
the cerebellum and the midbrain were also activatethe glucose days. On the
other hand, the middle/inferior frontal gyrus ame superior temporal/inferior
parietal cortex on both sides were activated onetsver days during
performance of this task. There was no differenesvben the drink conditions

on the brain activation patterns.
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The verbal working memory task has consistently alestrated activation of the
prefrontal and parietal regions in humans, on fMidging (G. D. Honey, et al.,
2000). Although frontal lobe activation is ofteridberal, the left ventrolateral
frontal cortex appears to be primarily concernethule maintenance of verbal
information whereas the right ventrolateral frortattex is more involved with
maintenance of spatial information (P. C. Fletch&r Henson, 2001).
Furthermore, it has been suggested that the vatdral frontal cortex is
activated during tasks requiring maintenance ajrmftion and the dorsolateral
frontal cortex is more involved during tasks remgr manipulation of
information (P. C. Fletcher & Henson, 2001). In theo experiment, prefrontal
activation has been shown to increase parameyricallrelation to working
memory load (Braver, et al., 1997). The prefromiaivations tracking memory
load were located in several areas of dorsolag@rafrontal cortex including
portions of anterior frontal-operculum and the ridefrontal gyrus that directly
overlap with areas activated by deep encoding, assldeen described below.
Beside the prefrontal cortex, the parietal cortexaiso involved in working
memory (Suchan, 2008). Most important in a workmgmory context are
connections between the parietal and frontal lo@desides, et al., 1993). A
hemispheric dissociation between the verbal (leftyl spatial (right) working
memory processing in the parietal cortex has begyested by Smith and
Jonides (E. E. Smith & Jonides, 1998).

The observations in this study cannot currentlpbeely attributed to the effects
of glucose. However, given the drinks were effediivmatched for sweetness,
the results observed are likely to be a post-ingesffect, rather than the sweet

taste in the mouth per se. Indeed post-ingestiy#iqes (PYY, ghrelin) and
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hormones (insulin (Plum, Belgardt, & BrAvining, 200&ave been shown to
activate similar brain regions (Batterham, ffytcle¢,al., 2007; Malik, et al.,

2008).

3.6.3.3 Encoding

Due to loss of performance data (retrieval), thaging data during performance
of the encoding task was not thought to revealulseformation with regards to
successful encoding attempts. Hence these imagesnetanalysed.

The literature describing the brain regions invdhairing the encoding process

have been described in Chapter 1.

3.7 Summary

In summary, following on oral glucose load thereswe improvement in the
performance of cognitive tasks in spite of havingespectable rise in plasma
glucose levels. Though the study was well desighaged on previous work and
evidence to demonstrate the facilitative effects ghficose on aspects of
cognition, it is unfortunate that the study wasdexred less powerful to prove the
hypothesis that glucose facilitates cognitive penance, due to adverse
technical problems leading to loss of valuable dakere were no differences in
brain activation patterns during cognitive perfontes under different metabolic

conditions (glucose vs. sweetener).

3.8 Conclusions
This study did not demonstrate facilitation in penhiance of cognitive tests, post
25g oral glucose ingestion. Performance of theetbffit cognitive tests mapped

out activation of distinct brain regions and thgme of activation was the same
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under the two experimental conditions (GLU vs. CONJhus there were no
differences found between condition on either tgskformance or brain

activation in this study.
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Chapter 4: Oral Glucose Increases

Activation In Reward Areas of

Brain in Response to Food Images

4.1 Rationale

The final picture task was designed with the intentof studying the regional
brain activation to pictures of food and non-food.

This aspect of the study was subsequently addetb aur study design. The
topical work done by Faroogi et al. (Farooqi, et 2007) locally showing the
manipulative effects of leptin on appetite contppbmpted us to perform this
study. Leptin, a key hormone involved in regulatiohenergy balance, was
shown to manipulate the limbic (hedonic) regionstieé brain, mainly the
nucleus accumbens by changing feeding behaviour lamger scores in
congenitally leptin deficient children. As we wengaging the exact same brain
regions with and without the presence of experialeglucose as a part of the
study, addition of this task was thought to reveavel findings in functional
brain imaging.

The potential effects of changes in blood glucosefeding behavior remain
unclear 50 years after the glucostat theory firsjppsed that small changes in
blood glucose triggered/ terminated feeding. Receotk suggests that brain
areas such as the ventral striatum, involved irardvand motivation, may play a

key role in mediating food-related behaviors (Bdden, Fytche, et al., 2007).
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4.2 Hypothesis:

Glucose, a nutritive substrate and primary fuethef brain could also potentially
influence energy balance (like leptin) by regulgtthe appetite pathways in the
brain. In overnight fasted (hungry) healthy aduylisren a sweetened drink),
visualization of food pictures would elicit actii@t in the limbic regions of the

brain. Further, a drink of 25 g of glucose wouldngen the activation in these
regions, as the individuals would no longer be gieex to be hungry. If this was
true, differences in activation patterns to varidyses of food (appetising vs.
bland) would be studied.

This chapter describes the effects of oral gluasérain activation patterns on

functional magnetic resonance imaging (fMRI) todomages.

4.3 Introduction

During the current epidemic of obesity with attemdaealth and fiscal costs, it
has become increasingly important to discover hesding is controlled and, in
particular, how the current obesigenic environmeith a ready availability of
palatable energy dense food may lead to obesityerGihat the requirement for
adequate energy intake is essential for survivalinmals have evolved multiple
systems for controlling feeding behavior. A numbdr nutritional signals
including circulating neuropeptides from gut andpade tissue (such as ghrelin,
peptideYYs3s [PYY] and leptin) have been identified as acting &ay
populations of orexigenic and anorexigenic cellthimi the hypothalamus and/or

brain stem (Bewick, et al., 2005; Gropp, et alQ20Luquet, Perez, Hnasko, &
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Palmiter, 2005). Alterations in the circulating & of these neuropeptides in
response to a fall or threatened fall in nutritiead to increased feeding and vice
versa with feeding and satiety ((Morton, Cummirigaskin, Barsh, & Schwartz,
2006; Porte, Baskin, & Schwartz, 2005).

However, in addition to the simple maintenance redrgy homeostasis, feeding
may also be a rewarding experience controlled lepsaof the brain related to
motivation and hedonic value (H.-R. Berthoud, 200@pntrol of feeding by
brain reward pathways may be particularly relevanthe current epidemic of
obesity, which has been attributed to the availghif highly palatable energy-
dense foods allowing “hedonic” feeding to overridemeostatic energy level
signaling (Nestle, et al., 1998). Although concefiiuconvenient to consider
homeostatic and hedonic feeding separately, intrgata suggest that the two
may be intrinsically intertwined. For example, neicstudies using functional
magnetic resonance imaging (fMRI), a technique ron-invasively imaging
patterns of brain activation in humans (Tataranm&Parigi, 2003) have shown
that ghrelin (Malik, et al., 2008) leptin (Farooget al., 2007) and PYY
(Batterham, Fytche, et al., 2007) can all modudatevity in higher brain centers-
cortical and limbic areas such as the ventral tstmainvolved in hedonic
responses. Patterns of brain activation in thesasaran even predict subsequent
“hedonic” food intake (Batterham, Fytche, et aD02). Typically, these studies
have explored brain responses not to food itseltdstimuli (such as images of
highly palatable foods) that might be supposednttuce the thought of, and
motivation towards, food and eating. The strikingsponsivity of reward
circuitry to such stimuli suggests that a greatl ddfathe brain's response

concerns the motivation towards consumption as gggto consumption itself.
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As the main brain fuel, glucose was first propoasé controller of feeding over
50 years ago. The “glucostat” theory postulated $haall falls in blood glucose

triggered feeding and/or that the post-prandia ris glucose terminated food
intake and although this has failed to gain wideagracceptance, the potential
contribution of blood glucose variations acrossghgsiological range to feeding
remain unclear (Grossman, 1986; J. Mayer & Bat@s21L While there is no

doubt that a low blood glucose level stimulates rggmecy feeding, the role of

glucose variations in the physiological range asraroller of feeding is unclear.

A role for blood glucose in controlling feedingthetr by meal initiation being

triggered by a small dip in circulating glucose /amdthat a prandial rise in

glucose leads to meal termination was first postdlaseveral decades ago
although experimental data have failed to confimn ihdeed to completely

dismiss) the potential influence of glucose (Graasm986; J. Mayer & Bates,

1952; Mobbs, et al., 2005).

Given the consistent effects of neuropeptides adohie circuitry, that glucose

might alter activity in reward- and motivation-redd areas of the brain in

response to food-related stimuli. This study déssibrain activation patterns in
healthy subjects in response to images of foodsviiolg a small oral glucose

load, independent of taste. In particular, a smdalte of oral glucose would

dampen appetite and thus reduce the activatiorrah lvegions to pictures of

food. Brain activation between appetitive vs. blaodd pictures were also

studied with the expectation to see increased aaiv to appetising foods in the

fasted (sweetener) state.
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4.4 Methods

The overall study methods and materials were sintibathat explained in
Chapter 2. A separate power calculation was ndopeed for this study, as it
was not part of the initial proposal (see ApperixEssentially subjects viewed
pictures of food and non food on a computer scnehbiist undergoing MR
imaging of the brain. It is noteworthy to emphasieze, that the drinks were
matched for taste and sweetness, as detailed ipt€ha under ‘sweetness
matching’. Also, recognizing that palatability atidis liking of food varies on
individual basis, the results were interpreted delpgy on each individual's
rating of liking a specific food item. Liking ratgas included as a parameter in
the model.

In order to maximize sensitivity without unacceatype | error, we confined
our imaging analyses to striatal midbrain, insuigpothalamic and amygdala
regions of interest. OFC showed signal drop-out lagdce was not featured in
region of interest (ROI) analysis. Hypothalamic ammygdala regions were
identified anatomically using the Pick atlas tooiplemented in SPM5, with
striatal and midbrain regions being identified gsamiteria described previously
(Murray, 2008). Voxels were identified within thegions of interest showing a
significantly greater response for food comparechém-food pictures for the
glucose and sweetener conditions combined. Eaclrasbrwas corrected for
multiple comparisons using the False Discovery R#&enovese, Lazar, &
Nichols, 2002). Parameter estimates were extratted each of the foci so

identified and evaluated stimulus by drink intei@as.
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4.5 Results

The results of the preliminary sweetness testimgdatailed in Chapter 2. The
biochemical results of the blood sampling during #xperiment (glucose and

hormones) are outlined in Chapter 3. It is usefulsummarize here, that as
expected, following oral glucose ingestion but sateetener, plasma glucose
rose modestly but significantly before returningvémds baseline (Figure3.1). In

keeping with this rise in plasma glucose, insudivels also rose in these healthy
volunteers on oral glucose study days (Figure 33)icagon levels remained

constant throughout studies, being similar on Istdidy days (Figure 3.3).

The fMRI results obtained during viewing of the doand the non-food pictures

are presented below.

4.5.1 Results of fMRI brain activation

The data presented here are for activation on wigwil food pictures. Liking

was included as a parameter in the model. At tbemtevel an ANOVA model

was used reflecting the 2x2 factorial design witimslus type (food and non
food pictures) and pre-scan drink (glucose and réap&) as independent
factors.

In order to maximize sensitivity without unaccep¢atype | error, analyses was
confined to striatal midbrain, hypothalamic and gdwsla regions of interest.
Hypothalamic and amygdala regions were identifiedtamically using the

Pickatlas tool (Maldjian JA, 2003) implemented i?N#. The striatal and

midbrain regions were identified using criteria ctdzed previously (Murray,

2008). Initially all study days were looked at rejass of the drink consumed to
identify which brain areas were activated by thespntation of food images.

Using SPM analysis as described above, viewing @nad food (as compared to
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non-foods) resulted in a discrete pattern of ineeelaactivation in the amygdala
(26 -4 -12), midbrain (-10 -10 -4) and the antefR 12 -6) and posterior (28 -4
-4) putamen. These data, in healthy volunteersoviolg an overnight fast,
confirmed that viewing images of foods resultedfMRI activation in brain
areas involved in reward circuitry (Fig. 4.1). Natigation was observed in the

insular region and hypothalamus. The thresholdseast p <0.05.
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o1
o
o

Amygdala
-26 -4 -12
P<0.05 interaction)

Midbrain
-10-10-4
No interaction (p=0.2)

Anterior Putamen
2212 -6
No interaction (p=0.2)

Figure 4.1 Summated fMRI image: Activation with faod images

Posterior Putamen
28 -4 -4
P<0.05 interaction

Activation is noted in midbrain, amygdala, and anteior and posterior putamen regardless of type of

drink consumed (co-ordinates x y z= 0, 0, 0). Coloed areas indicate significant activation.

Bottom panels show how magnitude of activation inhese areas was altered by glucose ingestion * =

p<0.05 for interaction indicating difference GLUvs CON.

- 187 -



4 Oral Glucose Increases Activation in Reward Arga8rain in Response to
Food Pictures

Further, increase in activation was expected inglheose sensitive areas of the
brain following ingestion of sweetener on viewingtpres of the food. This
expectation was based on the reasoning that thehgagubjects consumed the
sweetener (no calories), they were essentiallyisigrand hence their brains
would be hungry and light up at the prospect otitddowever, we found results
to the contrary.

Activation in the areas identified as being respanso foods was re-examined
to study the effects of glucose drink. Contrarydioat might be predicted from
the glucostat theory, we observed a significanteiase in activation induced by
food images in the amygdala and posterior putaméh glucose ingestion

relative to control drink (Fig.4.2) at p<0.05.
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Figure 4.2 Summated fMRI image: Increased activation in amygdala and putamen withdod images

following glucose (relative to CON)

(Co-ordinates xy z = 26, 0, -17). Coloured areasdicate significant activation.
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Finally, the scans were re-examined to identify thbe any additional brain
regions that were not identified by the initial b@s. non-food comparison
showed a food-glucose interaction. A further aréadivation in the lateral
putamen, again a brain area implicated in hedomeuitry (Fig. 4.3) was

identified at p<0.05.

Figure 4.3 fMRI image: Increased activation with food imagesn lateral putamen following glucose

(relative to CON)

(Co-ordinates: x, y, z = 30, -20, 0)
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Viewing images of food as opposed to non-foodsltegun a discrete pattern of
fMRI activation in the amygdala, midbrain and thetesior and posterior
putamen, areas involved in reward processing. 8ngrastration of oral glucose
was associated with an augmentation of food imatgad activation in these
areas. There was also a region of lateral putafmnshowed a response to such
images only when oral glucose had been consumedtprscanning.

On the other hand, consumption of or priming witestener did activate the
insular area as expected, as the sweetness wdb/egqatched on both the study
days. Thus, though the sweetness of the two sokiticere equally matched, the
zero-calorie sweetener did not increase the aativaif the reward areas of the
brain to food pictures any more than that seenlanoge days. This suggests
higher assimilation of taste pathways, homeostaéintres judging nutritive
content and probably previous knowledge, to drivdgment about further

eating.

4.6 Discussion

In summary, the data shows that a 25 g oral glutmse sufficient to cause a
modest rise in blood glucose and insulin in ovdrhigsted healthy volunteers,
resulted in increased responses to food imagekammygdala, posterior and
lateral putamen, all areas of brain involved inaeiv Given that the drinks were
disguised effectively for sweetness, the data ssigiipat a post-ingestive factor
rather than sweet taste is mediating these changes.

What might be the teleological explanation for ardake of glucose increasing
activity in reward pathways when presented withdfd®revious descriptions of

glucose affecting feeding have focused on the smmptiation of feeding when
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hungry and termination when satiated (Grossman;198 Mayer & Bates,
1952). However, physiological feedback during tle @ feeding may affect
appetite and nutrient intake. For example, rewaydispects of the food/ drink
being consumed may reinforce nutrient intake. Irt jags may be mediated by
responses, conditioned and unconditioned, genefeted the taste, smell and
texture of food in the oropharynx (Sclafani, 20Q8awever, part of the body’s
ability to gauge the nutritional merit of ingestadtrients may also be “post-
ingestive” and related to the energy value. Fomgda, transgenic mice lacking
the sweet taste receptor still develop a preferefuce sucrose ingestion,
suggesting the existence of a taste-independenhanen for detecting the
metabolic value of nutrients (lvan E. de Araujoakt 2008). Clearly, the ability
to respond positively and rapidly to increase fegdf high-energy foodstuffs
might offer an evolutionary advantage.

Goldstone et al studied the interaction betweenntietional status (with and
without eating a filling breakfast) and differenbfl stimuli (high calorie and low
calorie foods) on brain food reward systems by graring fMRI scans on
overnight fasted healthy subjects. In contrash®results from this study, they
demonstrated that fasting (no breakfast) enharfeedubjective appeal of high-
calorie foods more than low- calorie foods. Thiamipe in appeal was positively
correlated with medial and lateral orbito-frontadrtex activation on fMRI
scanning. Goldstone et al fed their subjects &njlbreakfast’ consisting of a
mixture of nutrients whilst in this study subjecexeived a fixed dose of 25 g
glucose only which makes the results difficult tompare (Anthony P.
Goldstone, et al., 2009). Activation was observedthe regions of insula,

caudate and putamen whilst Goldstone et al obsenceeased activation to high
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calorific foods in the fasting state in the regiaighe medial and lateral orbito-
frontal cortex, amygdala, ventral striatum and aateinsular. Whether this
variability of regional activation is specific tdugose (rather than a meal effect)
cannot be determined from this study.

Central to much reward-driven behavior such as daddiction (Kalivas &
Volkow, 2005)is a mesolimbic circuit in which dopamine-releasingurons
project from the ventral tegmental area to the ewslaccumbens. Palatable
foods increase dopamine release in the accumbesradhidez & Hoebel, 1988)
and ghrelin and leptin probably also exert thetroms on food-reward pathways
via this circuit (Abizaid, et al., 2006; Holst, Z00Analogous with this, taste
receptor knockout mice described above showedasek dopamine outflow in
the nucleus accumbens (ventral striatum) associatéill sucrose ingestion
(Sclafani, 2006) . If the findings in this study neemediated by increased
accumbens dopamine release, how might oral glubesgenerating this? By
design, direct effects of glucose in Gl tract anditbod stream from indirect
effects mediated by glucose induced changes idinsuincretin signaling were
not differentiated, although the available datagesf) that insulin or GLP-1
might be expected to decrease appetite (Holst,;20@im, Belgardt, & Bruning,
2006; Porte, et al., 2005). Glucose sensors (gasoesponsive cells) have been
identified both outside brain (for example in thertpl vein, ideally placed to
sense oral nutrients) and within brain in both “leastatic areas” (hypothalamus
and brain stem) and other brain regions includhmgamygdala (limbic system),
and midbrain. In normal weight individuals, in atied hungry state, visual food
vs. non-food stimuli is reported to produce greatsivation in regions including

the amygdala, insula and orbitofrontal cortex (lEuhet al., 2008; Gordon, et al.,
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2000; Hinton, et al., 2004; Holsen, et al., 2008B&r, et al., 2001; Porubska, et
al., 2006; Simmons, et al., 2005; St-Onge, eR805; G.-J. Wang, et al., 2004).
It was also considered whether the sweetener usednitrol studies might exert
biological actions to suppress hedonic circuitryt there is no robust data to
support this.

In summary, glucose may have more complex effestéeeding behavior than
those originally described, with the data providewydence for a “feed-forward”
mechanism in humans. This work also illustratespineer of fMRI imaging to
further the understanding of hedonic circuitry naib, which may be critical to

understand the etiology of human obesity and ssagkdifferent diets

4.7 Conclusions

The data suggest that a small oral glucose load imergase the perceived
reward of foods. One might speculate that this pheenon may have evolved as
a “feed forward” mechanism to switch on feedingidbpwhen moving from
fasting to intake of high glycemic nutrition whidlot only ensures further energy
intake but also reassures safety (non-poisonout)renaof the food being
ingested.

In addition, this study contributes to the growbwfy of evidence demonstrating
an interaction between the homeostatic and hedaspects of feeding with
various influences, intrinsic and extrinsic inflegrg the hedonic regions of the

brain, which in turn overrides the homeostatic oanbf energy regulation.
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Facilitation of cognitive abilities has been a faating subject of research for
decades. Memory or cognition is defined as an asgas ability to store, retain
and recall information and experiences. Withinltreg — term memory, memory
can be differentiated into two kinds of processe@s active information
processing that is isolated in time and (ii) preessor mechanisms that maintain
and consolidate information over extended periddsree.

Encoding and retrieval are active processes thatrat relatively specific points
in time; encoding refers to the initial processofgnformation that potentially
instantiates a memory trace, and retrieval refergeivly evolved processing that
results from, and often requires access to, pmaoding episodes. Somewhere
between these two sets of active processes oceundine temporally distributed
processes involved in storage and consolidatiantachanisms that convert the
otherwise transient encoding event into a more engdorm (R. L. Buckner &

Koutstaal, 1998).

5.1 How does this study equate with previous reports?

In this study the cognitive effects of a small dadeoral glucose on memory
tasks was studied whilst simultaneously studyirg rdgions of brain activation
during performance of these tasks, using fMRI. dditon, changes in plasma

glucose and hormone levels were also measured.
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5.1.1 Dose of glucose

As was expected and as has been reported in vatodes (Brandt, et al., 2006;
C. Messier, 2004; Sunram-Lea, et al., 2010a), 25 gral glucose increased
plasma glucose levels significantly well above thaseline and was also
significantly higher than those in the aspartanmugr For this study, 25 g oral
glucose dose was used, rather than a higher desmllaborators of the study;
Sunram-Lea et al have previously demonstratediti@oile effects on cognition
at this dose (see Appendix 2). Moreover, accordmghe existing literature,
glucose facilitative effects in young individualseaobserved at lower blood
glucose doses than that seen in healthy, oldevithdils (Claude Messier, 2004).
As the average age of the participants was 24 y2&rg of glucose was thought
to be appropriate. There is further thought thaghér doses of glucose show
beneficial effects in healthy elderly individualsdain people with Alzheimer’s
disease, where as lowers doses of glucose have fbaad have facilitative
cognitive effects on healthy younger individual$a(@lie Messier, 2004).

Human studies comparing glucose effects on cognitising different doses,
such as 25 g and 60 g have found variable resitlsragards to change in blood
glucose levels, some reporting significantly difier whilst some reporting no
significant difference in blood glucose levels (Azd4991; Owen, et al., 2010b;
Sunram-Lea, et al., 2010a) over similar time peyidchese variable results have
been attributed to reflect differences in the ghegolatory control within the
sample (Owen, et al., 2010b). There have been sthdries that have failed to
demonstrate the enhancing actions of glucose. Atai gave 30 g and 100 g of
glucose solution in a random double-blind triplessover design. Thirty minutes

post-glucose, subjects were shown nouns on a cempubnitor and then
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administered recall and recognition tests. Thers wa effect of glucose on
memory tests and plasma glucose measures did nefate with memory test

scores (Azari, 1991).

5.1.2 Cognitive performance and glucose

The study was designed to test the effects of gigtacilitative) on long term
verbal recall which has been shown to be enhanaéaiving glucose (Gonder-
Frederick, et al., 1987; Messier, et al., 1997M..Riby, et al., 2006; Sunram-
Lea, et al.,, 2002). Encoding has been extensiviebwa to be facilitated by
glucose ingestion (Bernard, et al., 2004; Paul |€tcker, et al., 2003). Also the
amount of hippocampal activity at the time of enogdhas been shown to
predict how well that item is subsequently remerabefBrewer, et al., 1998;
Kirchhoff, et al., 2000; A. D. Wagner, et al., 1998

The hypothesis was to see improved performancé®metrieval task following
ingestion of glucose However, with loss of datatbe ‘retrieval’ task due to
technical issues, it was difficult to interpret ttesults from the encoding task.
The cognitive performance task (CPT) was includedest for attention and to
mark it as a reference to assess the attentivemetige other tasks. According to
the existing literature, this test is not considete be sensitive to glucose
manipulation (C. A. Manning, et al., 1990) and tasults from the current study
were equivocal.

The working memoryis a limited capacity system for the simultaneous
maintenance and manipulation of information whighHundamental to a broad

range of cognitive processes, including reasoramguage comprehension, and
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problem solving (E. E. Smith & Jonides, 1998). Tiaisk has not been shown to
be sensitive to glucose induced facilitation oktpsrformance.

Various studies have demonstrated the importandast choice and difficulty
while studying the effects of glucose on cognitpexformance. Unless the task
at hand is challenging enough, glucose fails toasits facilitative actions. In
fact, researchers have included dual tasks suclmaasl movement during
memorization of lists of words to try and dissoeiflie concentration at the time
of encoding and then study the performances inptlesence and absence of
glucose (Sunram-Lea, et al., 2002). This tactic lbeen shown to uncover the
facilitative effects of glucose, suggesting tha plossible “depletion” of episodic
memory capacity and/ or glucose-mediated resoumeshe brain due to
performing a concomitant task might be crucialite dlemonstration of a glucose
facilitation effect. Messier et al, did not findddferential effect of glucose when
university students were asked to remember higlyémawords versus the more
difficult low-imagery words (Messier, et al., 1999)

As this study included fMRI brain imaging, it wadfidult to administer a
concurrent motor task, as not only was there mihnmam for movement in the
scanner, but significant movement would have detated the image quality of
the brain scans. It has been observed by Sunrameteal, that glucose
facilitation on memory is fractionated, that issay that glucose facilitates only
certain aspects of memory, such as verbal long teemory as shown in the
CVLT task, and that the facilitation is not global.

Other factors which have been noted to influenceage-facilitatory effects on
cognition are timing of the drink, the dose of glse and the effect of learning.

Gold et al showed that both pre and posttrainingpiagtration of glucose in
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humans improved memory for a paragraph recall (CMAnning, et al., 1992).
Studies have employed pretraining (C. A. Manningle 1990), posttraining (C.
A. Manning, et al., 1992) or just prior to recall.(A. Manning, et al., 1998)
glucose administration and have observed facigateffects on learning,
memory and retrieval of information.

Repeated exposure or practice has been shownilitatagperformance. Studies
showing reliable glucose facilitation of long ternmemory performance
following 25 g glucose have generally used repeaeposure to the to-be
remembered material following 25 g glucose (SchofeyKennedy, 2004).
Practice and repetition aid in learning episode dnhd memory trace is
strengthened through repetition of stimuli (Owerale 2010b). In this study, the
participants were initially briefed about the upeogitasks and had one run of
practice of the cognitive tasks on a laptop comppit®r to entering the scanner.
The practice runs did not include the words, numlaerpictures included in the
test paradigm. Thus the perception was that thaeminimal learning effect on
the observed outcomes, if any.

Though it is unlikely, stress hormones such as egfirine can sometimes
confound the results. Stress hormones such as pwine could potentially
interact with the action of glucose on memory, e producing an additive
facilitating or impairing effect on memory or cabtiting to increased
variability because subjects do not necessarilgtrdage same way to stressful
stimuli (Claude Messier, 2004). The current studs\a relatively simple study
involving a single venous cannulation prior to tl@set of the study.
Understandably, cannulation can induce a stresgonsge (with release of

catecholamines and cortisol) and so also stresbeanduced by being inside a
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MRI scanner. However, the drink/ study days weradamised, thus the
contribution of stress, if any would be counterbatd across both days. Levels
of stress hormones were not measured in this study.

Finally, as is well known, there is a close cormsience between the rise in
blood glucose and the rise in blood insulin follogrian oral glucose load and it
is hard to dissociate the effect of glucose froat tf insulin in the mediation of
the central effects of ingested or injected glucdssulin, in its own right has
been shown to have cognitive-enhancing propertresodents, small doses of
insulin (0.4-0.8 units/kg) to reverse the amnesradpced by a 2 mg/kg
scopolamine injection (Blanchard & Duncan, 1997au@e Messier, 2004) and
to facilitate memory following intracerebrovascuiajection (Park, et al., 2000).
Euglycemic clamps in humans have also been shownhance memory, where
glucose levels are held constant whilst insulirels\are raised (S. Craft, et al.,
1999).

Though this study was well designed, based on pusvivork and evidence to
demonstrate the facilitative effects of glucosecertain aspects of cognition, it
was disappointing that the study was rendered pemserful to prove the
hypothesis that glucose facilitates cognitive penance, due to adverse
technical problems leading to loss of valuable data

Moreover due to the simplicity of the task, perfamoe at baseline (or at the
sweetener stage) was probably at a ceiling lewsyvihg little room for
improvement post glucose-ingestion. This has bessteg to be a plausible
cause for failure to see gluco-facilitation on ctige tasks. The cohort of
graduate students from the University of Cambridges probably, a skewed

cohort of intellectually higher achievers.
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5.2 Cognitive performance and brain activation patternson fMRI

Neuroimaging allows us to observe the subset of ongmrocesses described as
active memory processes (encoding and retrievat)dan be isolated in time (R.
L. Buckner & Koutstaal, 1998). On the other hanelneimaging is unlikely to
demonstrate areas involved in temporal distributadnprocesses related to
storage and consolidation (R. L. Buckner & Koutstd@98). Apart from the
previously alluded to limitations of functional meumaging, it is unlikely to
resolve directly flow of information processing tleccurs over very brief time
scales, such as the order of 10s or millisecondsveider, these processes can be
observed with electrophysiological recording tegomes (R. L. Buckner &
Koutstaal, 1998).

One of the aspects of the study was to look atraad out areas of the brain
engaged in performances of these cognitive taskistaninvestigate possible
differential patterns of activation following indgem of glucose to reflect
differences in cognitive performances.

During performance of the working memory tasktivation was noted in the
regions of the middle/inferior frontal gyrus, infar parietal cortex bilaterally on
both glucose and sweetener days, similar to thagreled by other researchers.
The hemispheres of the cerebellum and the midlwane also activated on the
glucose days. The superior temporal cortices om Bates were additionally
activated on sweetener days during performancehisf task. There was no
difference between the drink conditions on the rbratctivation patterns. The

verbal working memory task has consistently denratest activation of the
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prefrontal and parietal regions in humans, on fMRdging (G. D. Honey, et al.,
2000). Although frontal lobe activation is ofteridberal, the left ventrolateral
frontal cortex appears to be primarily concernethule maintenance of verbal
information whereas the right ventrolateral frontafttex is more involved with
maintenance of spatial information (P. C. Fletch&r Henson, 2001).
Furthermore, it has been suggested that the vatdral frontal cortex is
activated during tasks requiring maintenance afrmftion and the dorsolateral
frontal cortex is more involved during tasks remgr manipulation of
information (P. C. Fletcher & Henson, 2001). In theo experiment, prefrontal
activation has been shown to increase parameyricallrelation to working
memory load (Braver, et al.,, 1997). This was nasenbed in this study. The
prefrontal activations tracking memory load werealked in several areas of
dorsolateral prefrontal cortex including portionfs amterior frontal-operculum
and the inferior frontal gyrus that directly overlavith areas activated by deep
encoding, as has been described below. Besideré¢fimmptal cortex, the parietal
cortex is also involved in working memory (Such2@08). Most important in a
working memory context are connections betweenp#réetal and frontal lobes
(Jonides, et al., 1993).

During performance of the CPT task, robust actoratvas seen in the regions of
the inferior frontal gyrus, superior temporal/inéerparietal cortex on the left
and the right sides on both the study days. Adtiwatvas also noted in the
anterior cingulate/medial prefrontal cortex undethbglucose and sweetener
conditions. In addition, on the CON days activatiaas also noted in the anterior
cingulate/medial prefrontal cortex, midbrain, ceiélm, right and left thalamus

and the left putamen. Similar to our study, Oggakt(Ogg, et al., 2008)
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performed fMRI in 30 healthy adults during perfomna of Conner's
Continuous Performance Test (CPT) (subjects vieletegrs on a computer
screen and were instructed to respond to everrleicept the target letter X).
They demonstrated an extensive neural network wlsat activated during the
task and included the frontal, cingulate, parid&hporal, and occipital cortices;
the cerebellum and basal ganglia.

Due to loss of performance data (retrieval), thaging data during performance
of the encoding task was not thought to revealulseformation with regards to
successful encoding attempts. Hence these imagesnetanalysed.

The literature describing the brain regions invdhgiring the encoding process
have demonstrated robust left pre-frontal activabwerlapping with the regions
activated by the word generation tasks (E. Tulvikgpur, Markowitsch, et al.,
1994). Fletcher et al have demonstrated activabiothe hippocampal system
during memory tasks such as encoding of faces, syosdenes or objects
(Bernard, et al., 2004). Fletcher et al have alsevipusly demonstrated
differences in brain activation seen at differemtels of encoding, with deep
encoding during learning trails resulting in leftefsfontal cortex and medial
temporal lobe activation (Paul C. Fletcher, et 2D03). Kapur et al have
suggested that when subjects process verbal stimalisemantic manner either
under experimental or real life conditions, thisalved increased neuronal
activity in the left inferior pre-frontal cortexnéreased activity in this region,
irrespective of the individual’s intention to remigen, lead to a more readily
retrievable memory trace (Kapur, et al., 1994).

Buckner and Tulving (R. Buckner, & Tulving, E. ,99) proposed that these

functional neuroimaging studies demonstrate howtipialkinds of information
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processing might interact to promote long-term memas is evidenced by
overlapping areas of encoding and working memomyc@sses in the brain.
Effortful word generation tasks, verbal working nmn tasks, and long term
memory encoding tasks all activate similar brairthpays including left

prefrontal regions and related structures. Proogsshat requires verbal
elaboration (deep processing) appears to actieéitpriefrontal cortex selectively
whereas well automated tasks involving verbal im@ation (shallow tasks) do
not (Demb, et al., 1995). Shallow encoding tasks tlmay lead less often to the
formation of explicit long term memories becauseytldo not initially require

representation of the information in prefrontal tegr the anatomical substrate

that supports higher level representations necg$saconscious retrieval.

5.2.1 Food imagery and brain activation patterns

The final aspect of the study introduced a new dsian to the overall focus of
the study. It looked at the brain activation patsefollowing visualization of
food images under different physiological condifdiglucose vs. sweetener). It
was commenced following seminal work by Farooqi at showing the
modulating effects of leptin on limbic regions dretbrain regulating appetite.
Mayer proposed the ‘glucostat theory’ 50 years agy@ygesting the role of
glucose in the initiation and termination of med&®sults from the leptin study
facilitated the hypothesis that glucose too coubdeptially influence hedonic
regions of the brain such that it would manipukgteetite.

Glucose being the primary fuel for the brain isaille placed to manipulate
appetitive behaviour. Indeed, as limbic regionshefbrain were being imaged as

part of the glucose-cognitive study, it was possibl study the effect of glucose
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on appetite by using visual stimuli in the form mttures of food with little
change in the study design. It is important taapout that though this aspect of
the study was prompted by the leptin work they wereidentical with respect to
the study design. Farooqi et al studied two chidmth congenital leptin
deficiency under fasted and fed (meal) conditiditse current study looked at
the brain activation patterns to food images foltayv 25 g glucose and
sweetener conditions in healthy adults. Though omght argue that the
sweetener condition could equate to a fasted dtae?25 g glucose state would
not equate to a fed state or post-meal situatitnusTthough the food imagery
paradigm used for this part of the study was idahtio that used by Farooqi et
al, the protocol of the study was distinct. Thektecluded pictures of food and
non-food (neutral, everyday) items to study theirbractivation patterns on
viewing pictures of food (as compared to neutral-faod items) under different
physiological states (glucose vs. no glucose).

Recognizing that palatability and thus liking obtbvaries on individual basis,
the data were interpreted depending on each ingasl rating of liking a
specific food item. Following glucose ingestioncneased responses to food
images was observed in the amygdala, posteriotadecdhl putamen, all areas of
brain involved in reward.

Goldstone et al studied the interaction betweenntiteitional status (with and
without eating a filling breakfast) and differenbfl stimuli (high calorie and low
calorie foods) on brain food reward systems by graring fMRI scans on
overnight fasted healthy subjects. In contrast uo results they demonstrated
that fasting (no breakfast) enhanced the subjeappeal of high-calorie foods

more than low- calorie foods. This change in appead positively correlated
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with medial and lateral orbito-frontal cortex aetivon on fMRI scanning.
Goldstone et al fed their subjects a ‘filling brit’ consisting of a mixture of
nutrients whilst we gave our subjects a fixed dos@5 g glucose only which
makes the results difficult to compare (Anthonya®@ldstone, et al., 2009). In the
current study, activation was observed in the mgiof insula, caudate and
putamen whilst Goldstone et al observed increaséigtasion to high calorific
foods in the fasting state in the regions of thaliadeand lateral orbito-frontal
cortex, amygdala, ventral striatum and anteriouleas Whether this variability
of regional activation is specific to glucose (eatthan a meal effect) cannot be
determined from this study.

What might be the possible reason for oral glugnseeasing activity in reward
pathways when presented with food? Previous desmgof glucose affecting
feeding have focused on the simple initiation oédi@eg when hungry and
termination when satiated (Grossman, 1986; J. M&yBates, 1952). However,
physiological feedback during the act of feeding/ratiect appetite and nutrient
intake. For example, rewarding aspects of the fabmhk being consumed may
reinforce nutrient intake. In part this may be na¢eldl by responses, conditioned
and unconditioned, generated from the taste, sarall texture of food in the
oropharynx (Sclafani, 2006). However, part of tluelyis ability to gauge the
nutritional merit of ingested nutrients may also*pest-ingestive” and related to
the energy value. For example, transgenic micengcthe sweet taste receptor
still develop a preference for sucrose ingestiarggesting the existence of a
taste-independent mechanism for detecting the raktaklue of nutrients (lvan

E. de Araujo, et al., 2008). Clearly, the abilibyrespond positively and rapidly

- 206 -



5 Discussion

to increase feeding of high-energy foodstuffs migtiter an evolutionary
advantage.

The results of this study probably provide someiinterthe feed-forward theory.
Mook et al have shown that a rat that is satiatedyfucose in solution, and will
drink no more of it when access is prolonged, witbmptly return to ingestion
when offered laboratory chow, milk, or even glucaself in powdered form (D.
G. Mook, et al., 1986). The feed-forward comporegppears necessary because
this happens only when, and if, the chow or powvsiactually encountered.
Central to much reward-driven behavior such as daddiction (Kalivas &
Volkow, 2005)is a mesolimbic circuit in which dopamine-releasingurons
project from the ventral tegmental area to the euslaccumbens. Palatable
foods increase dopamine release in the accumbesradhidez & Hoebel, 1988)
and ghrelin and leptin probably also exert thetroms on food-reward pathways
via this circuit (Abizaid, et al., 2006; Holst, Z00The observatiosn in this study
cannot be solely attributed to the effects of ghsoas has been alluded to
before.

On balance, this study was better designed matchingsweetness than
comparing with unsweetened water for example. Tthdysdesign might also
extrapolate better to real world where sweeteneghinbe the substitute for
glucose, and our data suggest use of sweetengtada of glucose might offer
an advantage beyond simple caloric substitution tfmse looking to curb
appetite and lose weight. In summary, the visuatlfstimulus study found that
glucose may have more complex effects on feedingawer than those
originally described, with the data providing ewide for a “feed-forward”

mechanism in humans. The work also illustratespihwer of fMRI imaging to
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further the understanding of hedonic circuitry naib, which may be critical to

understand the etiology of human obesity and ssesesf different diets.

5.3 Study limitations

Though our study was well designed, based on pusweork and evidence to
demonstrate the facilitative effects of glucosecertain aspects of cognition, it is
unfortunate that the study yielded negative reswits respect to the hypothesis
set at the outset for cognitive performance.

One of the contributing factors for this was thsslof valuable performance data
(encoding-retrieval) due to adverse technical mols. Other possible
explanations for failure to observe gluco-facititat effects on cognition include
insufficient task difficulty, ceiling effect of pfrmance in the cohort of
Cambridge University students. As performance dbffiee was not documented
between the 2 drink conditions, it is not surpgsthat brain activation patterns
were not different in the two groups. It is alsosgible that the study was
subjected to limited power of n = 13.

Albeit the results of the second part of the stlmyking at brain activation
patters on viewing food imagery did not comply watlr hypothesis, it produced
fascinating results. This study finding might aésglain the reported efficacy of
low glycemic index or low carbohydrate diets sushtlze ‘Atkins diet’. One of
the mechanistic explanations offered is that higicase leads to high insulin
and rebound fall in glucose leading to further fegd This data suggests an
alternative explanation that the glucose load aatst with ingestion of high

glycemic-index carbohydrates triggers hedonic disgwalthough it is important
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to emphasize that different diets were not direedgmined in this study and that
further work would be needed to detail this.

The results from this study have prompted furthgul@ation of the appetite

pathways to try and decipher the results of thelystdPossible investigative

questions arising from this study has been exploréke following chapter.
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Chapter 6: Future work

This study was set out to investigate the effetts small dose of oral glucose on
cognitive performance. In addition, the brain aafiion patterns on viewing
images of food both in the presence and absenaesofall dose of oral glucose
was also studied.

Differential brain activity patterns on viewing fuces of food versus non-food,
more so following ingestion of glucose was observEabugh, this is a novel
finding on its own, it is difficult to solely attsute the brain activation to the
ingestion of glucose per se. It is well known tpast-ingestive factors, such as
insulin, PYYs.39influence the limbic regions in a similar fashiorhe current
study design does not exclude this possibility. SThttwould be interesting to
study this observation further by performing a paatic clamp during fMRI and
measuring the levels of metabolic hormones, suchP¥¥3.3, insulin. This
would facilitate delineating the effects of insuliom those of glucose.

Though 25 g glucose, as used in this study resutted modest but significant
rise in blood glucose, it does not by any meanseqto a full meal. Rational
thinking might prompt one to expect reduced braitivation to food pictures in
the presence of glucose as substrate, as glucoskl weduce the homeostatic
drive to feed. Instead, glucose seemed to “prinine’ hedonic regions of the
brain, such that consumption of glucose actuallyden®od pictures more
appealing, as evidenced by more intense brainaiiv in the limbic regions.

Further, no difference in brain activation patteors viewing foods with high
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caloric value versus those with low caloric valimethe presence of glucose was
observed.

Based on these preliminary results, it would berggting to see if there was
differential brain activation in the limbic regionsn viewing high vs. low
calorific food pictures when the individual was aré replete. If this was the
case, it would potentially indicate overriding béthomeostatic system of energy
control (intake) by the hedonic systems. To be &bldecipher this, one could
image the brains of candidates whilst they werpisgpdrinks of varying caloric
content inside the scanner, for example, 25g, 5@g7& g glucose (or equivalent
sweetness) and view food and non-food picturesulsameously. Would the
brain regions be as active on viewing high calorifiods in presence of 75 g of
glucose instead of 25 g of glucose? Would thera Beiitch in brain activation
areas when the individual was calorie replete? res such as these need
further explanation and testing.

These studies could potentially further our underding of the most sought after
explanation for the drive to eat. With the growingidence and prevalence of
obesity, its associated co-morbidities and impl@alth costs, advancement in
biology of appetite regulation and controllers afeding behavior is of
paramount significance. Lessons learnt from thesk samilar studies could be
translated to benefit patient management over & wpctrum of disorders. For
example, knowledge of contribution of the limbicsegm in the control of
appetite and food choices, could suggest a role pychotherapy in the
treatment of obesity. As the limbic regions hawalitionally been shown to be
implicated in addiction disorders, measures usdddkle substance abuse, could

also be implemented to address obesity disorders.
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Abbreviation Full form

IFR Immediate Free Recall

DFR Delayed Free Recall

AC Anterior Cingulate Cortex

Acb, NAc Nucleus Accumbens

AIC Agranular Insular Cortex

AMY/ AMG Amygdala

AP Area Postrema

aPFC Anterior Prefrontal cortex

ARC Arcuate Nucleus

aTL Anterior Temporal Lobe

aTL Anterior Temporal Lobe

BLA Basolateral Amygdala

BMI Body Mass Index (Kg/r)

BOLD Brain Oxygen Level Dependant
CCK Cholecystokinin

CeN Central Nucleus of Amygdala
CNS Central Nervous System

CPT Continuous Performance Testing
CRH Corticotrophin-releasing Hormone
CVLT I Californian Verbal Language Test Il




Glossary

ate

DLPFC Dorsolateral Prefrontal Cortex

dmnX Dorsal Motor Nucleus of Vagus

DS Dorsal Striatum

ECF Extra-cerebrospinal fluid

EEG Electroencephalogram

FDG-PET Fluro-deoxyglucose Positron Emissjon
Tomography

fMRI Functional magnetic resonance imaging

GABA Gamma amino butyric acid

GLUT 1 Glucose uptake transporter 1

GLUT 3 Glucose uptake transporter 3

GLUT 4 Glucose uptake transporter 4

GP Globus Pallidus (D, dorsal; V, ventra

HbAlc Haemoglobin Alc

HIP/ Hipp Hippocampus

HPA Hypothalamo-adrenal axis

IOFC Inferior Orbitofrontal Cortex

IX Glossophrangeal Nerve

K-ATP Potassium-Adenosine Triphosphd
channel

KO Knock-out

LH Lateral Hypothalmus

LHA Lateral Hypothalamic Area

LTM Long term memory
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MEG Magnetoencephalogram

MNI Montreal Neurological Institute
mOFC Medial Orbitofrontal Cortex

MoN Motor Nuclei for Oromotor Control
mPFC Medial Prefrontal Cortex

NAC Nucleus Accumbens

NMDA N-methyl-D-aspartate

NPY Neuropeptide-Y

NTS Nucleus of Tractus Solitarius
OFC Orbitofrontal cortex

OLF Olfactory Bulb

PET Positron Emission Tomography
PFC Prefrontal Cortex

PIR Piriform Cortex

PIT Pituitary Gland

PRL Prelimbic Cortex

PVN Paraventricular Nucleus

PVN Paraventricular ~ Nucleus  of t

Hypothalamus

ne

PYY/ PYY 336

Polypeptide YY

rCBF Regional Cerebral Blood Flow
RF Medullary reticular Formation
RVLM Rostroventrolateral Medulla
SAM axis Sympatho-adrenal axis
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SNc Substantia Nigra pars compacta
SNS Sympathetic Nervous System
STM Short Term Memory

STS Superior Temporal Sulcus
T1DM Type 1 diabetes

Thal Thalamus

Vv Trigeminal Nerve

V1/V4 Visual Processing Areas 1, 4
Vil Facial Nerve

VMH Ventromedial hypothalamus
vmPFC Ventromedial Prefrontal Cortex
VS Ventral Striatum

VTA Ventral Tegmental Area

VTA Ventral tegmental Area

WM Working Memory

WT Wild-type
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Appendices

Appendix 1  Research Plan

Specific Aims

1. To examine the effects of changes in blood glu@senemory function
and upon accompanying patterns of brain activity.

2. To identify memory differences between non-diabetithjects, and
patients with type 1 diabetes (T1DM) with and withexposure to
severe hypoglycemia. These differences will be attarized in terms of
performance deficits and changes in brain activatio

3. To examine whether differences occurring as a apresece of exposure
to severe hypoglycemia in T1DM are reversible.

4. To examine also fMRI activation of glucose-sensargas of brain at
different glucose nadirs in T1DM patients with andithout

hypoglycemia unawareness

b) Background and Significance:

Intensive lowering of blood glucose levels in typediabetes (T1DM)
reduces risk of chronic complications of diabetasidassociated with an increased
risk of suffering from severe hypoglycemia (DCC®93). This is, in large part, a
consequence of the non-physiological nature of ezurinsulin replacement
regimens with subcutaneous injections or pumpgshabeven the most careful
and best-controlled T1DM patients will experienketuations in blood glucose
levels throughout the day, being exposed to bloodoge levels that may be

higher and/ or lower than normal. Glucose is esadior the normal functioning
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of the central nervous system (CNS) with convertiomisdom being that brain
contains relatively small amounts of stored carlioate fuel. Brain metabolism
and neurocognitive functioning are thus dependeotwa continuous supply of
circulating glucose. The outcome of this work wslbgnificantly advance our
understanding of the effects of recurrent hypogdyci@ on cognition in humans
and may ultimately aid in the prevention or retémfaof cognitive impairments
associated with diabetes and/or hypoglycaemic dpsbd

The deleterious effects of acute hypoglycemia om ltinain are well
known to T1DM patients and their carers and famjlwith low blood glucose
levels frequently resulting in slowed and muddlbduight processes, and even
lethargy or frank coma if levels fall low enougm keeping with this,
psychological tasks requiring attention and conegioin and those engaging
psychomotor skills and mental tracking (e.g. 4-chaieaction and Stroop and
trail making tests) are sensitive to acute expantalehypoglycemia (Evans,
Pernet, Lomas, Jones, & Amiel, 2000). Certain othspects of cognition,
however, are relatively resistant to the effectshgboglycemia. Some studies
have reported that memasyresistant to the effects of acute hypoglycemid
performance on a variety of memory tasks being feotdfd by a moderate
decrease in blood glucose (Mellman, Davis, Brism&nShamoon, 1994;
Meneilly, Cheung, & Tuokko, 1994). Most of the maeeent studies, however,
suggest that a number of memory domains (discussetbre detail later) are
sensitive to acute hypoglycemia. (Sommerfield, PelicAulay, & Frier, 2003).
Whether recurrent hypoglycemia results in long-teeffects on brain and
cognition remains uncertain. A number of case rspdrave documented

cognitive problems- and in particular problems witemory- in TLDM subjects
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with a history of recurrent severe hypoglycemiaEAGold, Deary, 1.J., Jones, I.
J., O'Hare, J.P., Reckless, J.P., Frier, B.M., 1994ry deep and prolonged
hypoglycemia/ aglycemia undoubtedly results inwversible structural brain
damage, with certain brain areas being particulsulsceptible to damage. These
include areas involved in memory such as the hippgal CAl region and
dentategyrus (Auer, 1984). Such serious and prolonged @lygemia is
fortunately rare in clinical practice but we do nkmow if more modest
hypoglycemia as may be experienced by some T1DNermiat may result in
cumulative structural and/or functional damage tedial temporal lobe areas,
including the hippocampus resulting in permanemgndo/e impairment. Young
rats exposed to recurrent moderate hypoglycemiagmepresentative of that
experienced by T1DM patients) demonstrate more lesubbanges in the
hippocampus, with no apparent neuronal necrosiswiiht a loss of neuronal
synaptic plasticity (Yamada, et al., 2004). A numbg cross-sectional studies
have reported decrements in a variety of cognitagks including memory in
T1DM patients with a history of recurrent sever@dglycemia (Langan, Deary,
Hepburn, & Frier, 1991; Lincoln, 1996). In partiaul the developing brain
seems to be especially sensitive to hypoglyceman(idnen, Tupola, Ahonen, &
Riikonen, 2003; Hershey, Lillie, Sadler, & WhitepD(). In contrast, other
studies, including prospective follow up analysigatients from the DCCT and
Stockholm studies did not find such a relationgR@CT, 1996; Kramer, et al.,
1998; Ryan, Williams, Finegold, & Orchard, 1993).

Where reported, all of these assessments of cunmilaffects of
recurrent hypoglycemia were performed with subjettsuglycemia. A number

of studies have also looked at the effects of @utest hypoglycemia on
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subsequent cognitive performance during hypoglyaemhumans. Reports have
been mixed with studies demonstrating that previoymsoglycemia may worsen
(Lobmann, et al., 2000), have no effect on (Mataimas, Macdonald, & Amiel,
1995), or mitigate (Veneman, Mitrakou, Mokan, Cry& Gerich, 1994)
cognitive deficits during subsequent hypoglycenflarecent study examining
both healthy and diabetic rats exposed to reculigpbglycemia (RH) showed
an interesting anomaly, with RH animals performipgfter than controls on
maze testing- a memory task- during euglycemiadmgnificantly worse than
control rats during hypoglycemia (McNay & SherwipQ04). One possible
interpretation of this work is that the hippocampuaspted to prior occurrences
of hypoglycemia by upregulating the transport afcgise from blood into brain.
This hypothesis is supported by microdialysis measents of hippocampal
glucose, which normally show a dip in control sasliduring maze testing
(McNay, Fries, & Gold, 2000). RH rats were protéectagainst the task
associated dip in hippocampal glucose- a findirag Was associated with better
maze performance when tested at euglycemia. Dumypgglycemia, however,
hippocampal glucose levels plummeted during magintgin diabetic RH rats,
consistent with the marked fall in performancesdth a phenomenon occurs in
humans, it is possible that the damaging effectbypioglycemia on memory
may be missed by studies that test subjects onlgugtycemia. Our current
proposal (described later) includes the intentimriobk specifically for this in
T1DM patients exposed to recurrent severe hypoghae

Although less clinically apparent than the effezt@cute hypoglycemia,
there is now considerable evidence that acute lgiygemia may also affect

neurocognitive functioning. A number of studies éademonstrated that
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intraperitoneal glucose administration improvesnitige performance in rodents
(Croul, 1986; Ferguson, et al., 2003; P. E. Go@911 1992; Wenk, 1989; White,
1991). Microdialysis measurements of rat brain glucoseehahown that
hippocampal ECF glucose levels fall during mazdintgs(a memory task),
suggesting that metabolic demands associated wghittve performance in the
hippocampus are limited by glucose supply, evennan-diabetic rats at
euglycemia. The fall in ECF glucose can be prewerig (intraperitoneal)
administration of glucose, correlating with enhahgeerformance on maze
testing (McNay, et al., 2000pimilarly, studies performed in Stinram-Lea’s and
Foster’'s laboratories and elsewhere have shownotldtglucose administration
enhances memory, in particular declarative longiteremory (LTM), in healthy
non-diabetic humans (Gonder-Frederick, et al., 198%sier, Gagnon, & Knott,
1997; Sunram-Lea, Foster, Durlach, & Perez, 200@nr&n-Lea, Foster,
Durlach, & Perez, 2004). Declarative LTM is memdoy events or materials -
such as word lists or stories - which can be cansty brought to mind and
described some time after the materials were allyinearned, and after a
sufficient delay has elapsed (or sufficient compugetmental activity has taken
place) for the information to be no longer heldsiort-term memory (STM).
Declarative LTM is essentially memory for past egeor materials and there is
clear evidence that it is highly dependent upon hippocampus with the left
hippocampal region differentially mediating memaifyverbal materials and the
right hippocampal region mediating non-verbal (smatial) memory (Aggleton
& Brown, 1999).

Finally, although not a classical end-organ foibdiec damage, there is

also evidence that chronic hyperglycemia may adVersffect the brain,
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resulting in a “diabetic encephalopathy” (Fergusenal., 2003; Ryan, et al.,
1993). In keeping with this, a number of studiesehauggested that T1DM
subjects perform less well than non-diabetic p#édiem a variety of cognitive
assessments, although it is worth emphasising ithgeneral the differences
were relatively subtle (reviewed by Brands 2004)gdested mechanisms for
this have included oxidative stress, microvascdisease and the effects of brain
insulin receptors. Rodent studies have demonstia@eéased apoptosis in the
hippocampus of BB/ Wor rats- a model of TLDM acclating over time with
diabetes (Li, Zhang, & Sima, 2002).

To summarise the above, memory tasks are proba&lsits/e to acute
hypoglycemia. Recurrent severe hypoglycemia maye&aanemory problems,
possibly because of the sensitivity of neuronsreas such as the hippocampus
to hypoglycemia. Acute hyperglycemia improves aertaspects of memory
(LTM), probably by delivering fuel to key brain a® including the
hippocampus. Finally, chronic hyperglycemia mayoalesult in cognitive
deficits.

However, there is much that remains unknown abbetinfluence of
different patterns of hypo- and hyperglycaemia upoman cognitive function in
healthy and in diabetic subjects. In this work, pl@n to examine the effects of
diabetes and glycemia on memory by combining cognittesting with
functional magnetic resonance imaging (fMRI). Thid enable us to examine
brain areas mediating the effects of changes irtogkel levels on memory
performance. Functional MRI is dependent on cogptihneuronal activity with
energy metabolism and blood flow, and uses nonsineablood oxygenation

level dependent (BOLD) activation to indicate areésltered blood flow and
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thus increased brain activity. One published stuslgd fMRI to examine brain
activation during cognitive function during acutgpbglycemia, but looking at
non-memory tasks such as finger tapping and simupdechoice reaction time in
healthy volunteers. Hypoglycemia was associatedh wask-specifidocalized
changes in brain activation (Rosenthal, et al. 1200

Studies conducted by Fletcher and others have &€& to show
activation of the hippocampal system during mentasks such as encoding of
faces, words, scenes or objects (Bernard, et #Q4)2 The amount of
hippocampal activity at the time of encoding pré&tlibow well that item is
subsequently remembered (Brewer, et al., 1998;hkotf, Wagner, Maril, &
Stern, 2000; Wagner, et al., 1998), termed thesegbent memory effect’ or the
‘difference due to memory’ (Dm) effect (Paller, k&gt & Mayes, 1987). Our
protocol will examine Dm effects during the encadphase within the glucose
memory facilitation framework. Fletcher has previously demonstrated
differences in brain activation seen at differemtells of encoding, with ‘deep’
encoding during learning trials resulting in leftefsfontal cortex and medial
temporal lobe activation (Paul C. Fletcher, Stegban Carpenter, Donovan, &
Bullmore, 2003).As described later, by implementing the same ‘lewél
processing’ approach, we intend to investigate linain regions that are
differentially sensitive to glucose administratiamder different encoding
conditions (‘deep’ versus ‘shallow’ encoding). Idd#ion to declarative LTM,
we also intend to examine working memoM/orking memory is a limited
capacity system for the simultaneous maintenancd aranipulation of
information which is fundamental to a broad randecognitive processes,

including reasoning, language comprehension, aotl@m solving (Smith &

- 252 -



Jonides, 1998). Previous fMRI studies have congiste demonstrated
involvement of prefrontal and parietal regions ierbal working memory in
humans (G. D. Honey, Bullmore, & Sharma, 2000).haitgh frontal lobe
activation is often bilateral, the left ventrolakfrontal cortex appears to be
primarily concerned with the maintenance of veripdbrmation whereas the
right ventrolateral frontal cortex is more involvedth maintenance of spatial
information (P. C. Fletcher & Henson, 2001). Themay also be anatomical
divisions within the frontal cortex that subserviéfedent processes with the
ventrolateral frontal cortex being activated duriagks requiring maintenance of
information, and the dorsolateral frontal cortexngemore involved during tasks
requiring manipulation of information (see Fletchend Henson 2001 for
review).

Finally, although not the primary aim of our workis also possible that
we may be able to identify areas of brain activa@ssociated with changes in
glucose levels. For example, hypothalamic activatioas been reported
following an oral glucose load (Liu, Gao, Liu, & ¥02000; Matsuda, et al.,
1999). Itis also possible that hypoglycemia migp aesult in changes in brain
activation patterns in glucose-sensing areas irmyjpothalamus and brain stem.
Comparing these patterns in T1DM patients with/haitt hypoglycemia
unawareness in study 2 below may allow us to vizseallifferences in brain
activation occurring as a consequence of changebram glucose sensing
associated with the syndrome of hypoglycemia unemess/ impaired
counterregulation. A previous report used positeamission tomography (PET)
brain imaging to identify a subthalamic brain regwith a significantlydifferent

response pattern between the aware and unawarpsg(tain Cranston, Reed,
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Marsden, & Amiel, 2001). We are aware that othevugs, including some
funded by the JDRF are currently using fMRI to laakthis. It is possible that
information collected from our study might complarhthe attempts of others to

look at this phenomenon.

Significance of this work for type 1 diabete$his work will significantly

advance our understanding of how fluctuations sobdlglucose as experienced
by patients with TIDM affect memory. In particuldhe work may describe
effects of recurrent hypoglycaemia in TLDM on meynand may ultimately aid

in the prevention or retardation of cognitive impaents (and/or fear of such
problems) associated with diabetes and/or hypogiyéa In addition, the data
may allow insight into the etiology of defectiveurerregulation/ hypoglycemia

unawareness as described in the preceding paragraph

c) Preliminary Studies

As outlined above, a number of studies in the applis’ laboratories have
demonstrated the effects of glucose administratiormemory. As an example,
the figures below show blood glucose on the left performance on a verbal
memory task (Free Recall Performance on the righbe data show that
administration of a 25 g oral glucose load in Healubjects resulted in a rise in
blood glucose (TO baseline, T25and T45 are 25 dnanths after ingestion,

respectively) and an improvement in recall perfaragaup to 24 hours later
(immediate recall averaged over 5 trials (IF), dethrecall within 45 mins of

ingestion (DFR) and 24 hours later (24DFR) (Suntasa; et al., 2002).
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Also as outlined above, Dr Fletcher's team havesc®rable experience in using
fMRI to examine brain areas activated during mentasks. As an example, the
figures below shows regions of significant actiatiduring a “famous faces”
recognition task superimposed on a T1-weightedoamatl image in standard
space. Panels show activation in (a) the left hsppgpus, (b) the left frontal
cortex, (c) the bilateral temporo-parietal junctemd the right cerebellum, (d) a
region including the precuneus/cuneus and the sgleaial cortex, and (e) the

head of caudate bilaterally (Bernard, et al., 2004)
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d) Research Design and Methods

Study 1: Regional brain activation and cognitive pdgormance following

glucose administration in healthy non-diabetic volateers

Background/ Rationale Ingestion of glucose improves declarative longrte
memory (Sunram-Lea, et al., 2002), but the neurtoamaal basis for this
phenomenon remains unexplored. We therefore ainddntify the effects of
glucose ingestion on fMRI brain activation engeedeby a series of relevant
cognitive tasks. This will serve as a critical p# to an exploration of the
effects of altered glucose levels on memory peréoroe in diabetic subjects
(study 2 below). Study 1 will also allow fine-tugimf important methodological
aspects, such as the level of task difficulty atehaing parameters prior to more
interventional clamp studies described in study 2.

Methodology: We will recruit 12 healthy adult participants €algl8 to 60 with
no neurological/ psychiatric illness or diabetesing a within-subjects design.
Local ethical approval (LREC) will be obtained iedping with national guidelines
and subjects, having given fully-informed writteonsent, will attend on 2
occasions. Visits will be separated by at leastegkw After an overnight fast,
subjects will come to the scanner at 09 00 am. Angia will be placed
retrogradely in the non-dominant arm for blood siamgp At least 60 minutes will
then be allowed for stress hormone/ plasma gluegssibration during which time
subjects will practice cognitive function testsrtlegpants will then drink 150 mls
of water containing, on one occasion, 25 g of ghec(SUG) and for the other

study a similar volume sweetened with aspartamePjASStudies will be

- 256 -



performed in random order with participants blindedthe order of study and
conditions. Subjects will then immediately entez #tanner for cognitive testing
and fMRI scanning as described below.

Cognitive Tasks:

1) Long-term memory task: Participants will be \afly presented with a list of
nouns and required to perform one of the two emmpdasks as previously
describedeteher 03

a) Deep Encoding Task: The word is accompanied rbynatruction to pay
attention to whether or not it is living/animate apposed to non-living/
inanimate. Participants will be instructed to presse of two buttons on a
conveniently located keypad to indicate their cadqies or no).

b) Shallow Encoding Task: The word is accompanigdb instruction to pay
attention to whether there were an odd or even reuarabsyllables in the word
(e.g. STREAM ... odd?). A keypad response indicdtes tyes/no decision.

For both tasks, the chosen button for ‘yes’ and ‘mesponses will be held
constant within participants to avoid confusiont lmounterbalanced across
subjects. A total of 144 nouns will be presented ipseudo-randomised order,
72 for each of these two tasks.

As described below, after scanning has finishegr@pmately 30 minutes after
initial list presentation/encoding) participants llwbe presented with a
recognition memory task (the ‘remember-know’ praged(J. M. Gardiner,
1988)). Subjects will be presented with 200 wordils¢conds appearance with
inter-stimulus interval of 1.5 seconds) includirg t144 words that they have
seen during scanning and instructed to indicategrbgsing one of four buttons,

whether it was (i) remembered from the study lisgnjember’ response), (ii)
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known to be on the list but not remembered ie.tam ifeels familiar from the
study list but they cannot consciously recollestatrlier presentation, ('know’
response) (iii) “new” if not recognized or (iv) “gas” if they think they are
guessing. The guess response option decreasesntihenty for subjects to use
remember and know responses for higher and lowefidemce responses
respectively (John M. Gardiner, Ramponi, & Richard&lavehn, 1998, 2002).
i) Working memory task (R. A. E. Honey, et al.,4): Subjects will be
presented with a set of letters for 2.5s, followey an instruction cue
(‘(FORWARD'’ or ‘ALPHABET’) for 1.5s. Following a 7slelay (during which a
fixation cross will be presented on screen) a pretidbe displayed for 4s during
which participants are required to respond witlyes® or ‘no’. If the cue was
‘FORWARD’, participants are required to remembex kbtters in the order they
were presented and the response cue is a quebbaom the position of the letter
(e.g. was ‘N’ 2%) and participants are to give a ‘yes’ responghaif letter had
been presented in that position in the initial igpand a ‘no’ response if it had
not. If the cue was ‘ALPHABET’, participants arajugred to mentally rearrange
the letters presented into alphabetical order antemember the letters in the
new order. The response cue is again regardingdbkgion of the letter (e.g.
was ‘N’ 2'%) but in this condition participants have to gavéyes’ response if
that letter has that position alphabetically, arfda response if it has not. For
both the ‘FORWARD’ and the ALPHABET’ conditions, ppigipants will be
presented with three (low-load condition) and fili@h-load condition) letters.

iii) Continuous performance task: this task engaglesained attention and also
enables us to evaluate subjects’ reaction timeljeBis are required to monitor

the computer screen upon which numbers flash w@gprate of roughly one per
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second. They are instructed to respond with a kegsp as rapidly as possible,
every time they see a "0" and to withhold respornsedl other digits. We have
previously run the task at two levels of difficyligne in which stimuli are clear
and easily visible and one in which they are degpladnd a greater level of
visual attention is required to pick out targetsrf®rmance will be measured in
terms of ability to discriminate targets from namgets and the reaction time
when responding to a target. We will explore biagtivity in terms of the main
effects of performing the task compared to a rgstiaseline and in terms of the
impact of stimulus degradation.

The cognitive tests will take 30 mins to completeghwfMRI scanning being
performed during encoding of LTM tasks and duriegggrmance of the other three
cognitive asks (working memory task, reaction tirmed visual processing).
Baseline plasma glucose and insulin will be drammediately prior to drinking
fluid and then at regular intervals during stud{&s mins glucose, 15 mins
insulin). Retrieval of LTM (the “remember know” medure as described above)
will subsequently be performed outside the scarBemins after the initial
encoding task.

Scanning will be performed on a Bruker MedSpec ajpey at 3 Tesla. Data will
be analysed using Statistical Parametric MappingM3. Wellcome Dept of
Cognitive Neurology, London, UK). Essentially, this/olves a voxel by voxel
implementation of the general linear model withiwdbal subjects’ responses to
activation tasks identified and carried througtatgroup analysis identifying the
common regional brain activations through a seokstandard t tests. Group
analyses will be used to evaluate brain resporsdiset task and to identify the

impact of the glucose drink upon these activations.
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Anticipated Results

Plasma glucose and insulin will rise in SUG tests hot ASP. Cognitive
performance on LTM tests will be enhanced in SU@&gared with ASP studies
as previously described. We anticipate that thishvei mirrored by differences in
fMRI activation patterns in brain areas includinge thippocampus. Group
analysis may also allow us to identify areas ofrbextivation associated with
glucose ingestion (hypothalamus and perhaps bram)s

Sample size: Assuming CV of 25% and glucose medlidiféerence in recall of
25% (from Sunram-Lea 2002) then n of 12 gives 9@%vegy to detect similar

difference with alpha of 0.05.

Study 2: Effects of recurrent hypoglycemia on cogtive performance and

brain activation.

Background/ Rationale: The cumulative effects olireent severe hypoglycemia
in T1 DM on brain function including memory remaiantroversial. We aim to
examine whether T1DM patients with a history of esev hypoglycemia
demonstrate altered performance on memory testirgtlzer low and/or high
blood glucose levels.

Methods: We will study three groups of 12 subjects:

a) [SH-DM] T1DM patients with a lifetime history ahore than 5 severe
hypoglycemic episodes (requiring third party re3cadlD currently suffering
from hypoglycemia unawareness (assessed by starglastionnaire asking

about frequency of hypos and symptoms experienc&te rationale for
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recruiting subjects with both a history of seveypdyglycemia and with current
hypoglycemia unawareness is detailed later in gpi@ation but in short might
allow to examine whether any changes in this gierepreversible or not.
b) [DM] T1DM patients with no episodes of severepbglycemia and good
awareness of hypoglycemia (assessed as above)
c) [CON] Non-diabetic age- and gender-matched odstr
In addition to the above characterization, TIDMjeats will also have 2 further
baseline measurements performed to document syrafitbawareness:

1. Prospective home glucose diary for 3 weeks recgrdlood glucose and

episodes and related symptoms of hypoglycemia.
2. Subjects will also wear a CGMS subcutaneous glusessor to identify
episodes of (asymptomatic) hypoglycemia.

Clamp Studies: Diabetic subjects will attend fast@dy days, being tested under
conditions of hypoglycemia (Lo) and hyperglycent#) (respectively. Healthy
volunteers (CON) will attend on a single occasioydo examine effects of
clamped hypoglycemia as described below. Our @ao perform CON studies
first to allow comparison with study 1 (see discosdelow) but then to perform
studies in T1DM groups in random order. Studiesdividual subjects will be
performed in random order separated by at leastekywvith subjects blinded as
to the order and study conditions on each occasitudies will be performed in
the morning after an overnight fast. TAIDM subjeati be admitted to the
clinical research facility overnight prior to studyorning(s) with blood glucose
being controlled carefully overnight by continuougsravenous infusion of
insulin with regular monitoring of plasma glucosearder to avoid fluctuations

in blood glucose in the few hours prior to studyiigparticular hypoglycemia.
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On the study morning(s), two cannulae will be itesgrinto non-dominant arm,
one in antecubital fossa for infusion and one i@skretrogradely into a distal
hand vein for sampling. After at least 60 mins faquilibration, a primed
continuous infusion of 1.5 muU/kg/min regular insuli(actrapid) in 2%
autologous blood/ saline will be started, togethigh a variable infusion of 20%
dextrose. The latter will be adjusted accordingrégular measurements of
plasma glucose by the bedside. Using this glucdaeg technique, plasma
glucose will be maintained at 5 mmol/l for 60 miSsibjects will then be moved
into the scanner and an anatomical scan obtainégsion pumps will remain in
an adjacent room but will be connected to the sltfgough a dividing wall so
that magnetic material does not enter the scamoioig). Previous experience has
shown that this can be performed safely and witldsrupting by increasing the
dextrose infusion rate for a few seconds prioraogfer. Following stabilisation,
in LO studies, plasma glucose will be allowed tth fapidly down over 10-15
mins to 2.5 mmol/l as previously described [Lo] §8nthal, et al., 2001). Once
the glucose nadir is achieved in LO studies (prbpbabout 15 mins), cognitive
testing and fMRI scanning will be performed as désd above. Following
cognitive testing and scanning, delayed LTM reualll be tested as above with
subjects maintained at the same glucose level.

Hyperglycemic studies (Hi) will be identical fronthe subject’s
perspective, but using a lower dose insulin infagj0.3 mU/k/min) in T1DM
subjects. After equilibration in the scanner, desér will be infused to elevate
plasma glucose to 10 mM. The differences in insulfasion from Lo studies are

because the higher dose insulin infusion necestarpwer rapidly plasma
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glucose during Lo studies would prevent plasma agacfrom being elevated
rapidly in Hi studies.
In addition to glucose sampling, extra samples balldrawn at baseline

and during studies for measurement for later mes

seint of counterregulatory
hormones (epinephrine, glucagon, cortisol, growtbrnfone and insulin).
Symptoms of hypoglycemia will be assessed by adsta@hquestionnaire at
baseline (outside the scanner) and then again atidGte intervals throughout
the clamp studies. On completion of LTM recall itegt subjects will be
removed from the scanner, plasma glucose leveld ba& restored to
normoglycemia (if necessary), the insulin infusiafil be stopped and the
participant will be given a meal and plasma glucosmitored carefully until
stable at euglycemia.

Data Analysis:

As reviewed above, similar effects are seen wittaiperitoneal (rat studies) and
oral (human studies) glucose administration sugggsthat the route of
administration of glucose is not key to the meckanof action. We therefore
anticipate that intravenous glucose (Hi) will hagesimilar effect to boost
declarative LTM in T1DM as that seen with oral gilse administration in study
1. We also anticipate that hypoglycemia will resalimpairment in both LTM,
working memory and reaction time tasks. Functidigll testing will allow us to
examine the patterns of brain activation associatéa these tasks at different
glycemic levels and allow comparison with Con aredween diabetic groups
below. We anticipate that we will see changes airbactivation associated with
cognitive tasks during hypoglycemia similar to thoseen with different

cognitive tests by Rosenthal et al (Rosenthall.e2@01).
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Similar comparisons will be performed in diabetimygps and allow us to
determine whether declarative LTM is improved byoglse administration in
T1DM analogous to the patterns seen in non-diabstigjects. In addition
comparison of DM and SH-DM will allow us to examiméhether there are
changes in cognitive performance during hypoglyeemduced by antecedent
hypoglycemia. For example, one possibility is tlaalogous to the pattern seen
in rat studies of McNay (McNay & Sherwin, 2004), - will perform better
than DM on memory testing at euglycemia but perfomorse during
hypoglycemia. Alternatively, exposure to antecedsypoglycemia in SH-DM
patients may have resulted in an adaptation so rtte&nory performance is
protected against hypoglycemia, analogous to clargmorted in some studies
for other cognitive function tests. Differencesvibe¢n diabetic groups SH-DM
vs DM on cognitive function testing may be mirroreyg differences in brain
activation. It is also possible that differencesbiain activation may be seen
without changes in cognitive performance- for exBEm@a compensatory
recruitment of other areas. Finally it may be palgsio identify changes in brain
activation during hypoglycemic studies in otheragr@f brain associated with
hypoglycemia-sensing such as the hypothalamus eaid $tem, and to compare
this pattern of activation in DM and SH-DM groupsidientify possible changes

associated with hypoglycemia unawareness.

Possible Future Direction:

Are effects of recurrent hypoglycemia on cognitigerformance and brain

activation reversible?
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If we find in study 2 that memory performance asdagiated brain activation is
different in SH-DM subjects when compared with DiMe plan to examine
whether these effects are a reversible change flactrarreversible structural
alterations in brain circuitry as a consequendeypbglycemia. As an analogy, it
has been suggested that the hypothalamic glucostge mechanisms that
detect hypoglycemia and initiate counterregulatimay adapt dynamically
depending on prior glycemic experience. Antecedigpboglycemia results in an
adaptation of the brain’s “hypoglycemia sensor’tlsat it becomes less sensitive
to subsequent hypoglycemic challenges, with anttdetyperglycemia doing
the reverse. Various suggested mechanisms inclhd@ges in local brain
glucose transport (Kumagai, Kang, Boado, & Pardrjd995), blood flow
(Boyle, et al., 1994) and/ or expression of keyaoellular mediators of glucose
metabolism in response to altered glycemic expeeieit is possible that such
mechanisms may also underpin changes in areasanf involved in cognitive
processes including memory domains following ardeoé hypoglycemia.
Indeed an upregulation of blood-brain glucose artsin the hippocampus is
supported by McNay'’s rat microdialysis studies sxussed above (McNay &
Sherwin, 2004). If we identify changes in brainfpenance and activation in the
recurrent hypoglycemic group in study 2, we wouldnpto examine whether
these changes are reversible following a perioawafidance of hypoglycemia
(similar to the adaptation believed to occur incglse-sensing areas of brain) (1.
Cranston, Lomas, Amiel, Maran, & Macdonald, 1994trékou, et al., 1993).
As discussed in study 2, this is the rationalerémruiting T1DM patients with
both a history of recurrent hypoglycemia andrent hypoglycemia unawareness

in study 2 above.
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Suggested Methods: Following study 2 above, SH-Dilepts will undergo a
period of intensive diabetes education with the afrtrying to achieve a period
of 3 weeks free of hypoglycemia as previously dbescr (I. Cranston, et al.,
1994). It is important to point out that this prssewill occur in these patients
whether they continue to be involved in the studynot in accordance with
normal clinical practice. Following a period of 3&ks without hypoglycemia
(assessed by home blood glucose monitoring andembessible supported by
repeat CGMS) subjects will attend for one furthgpdglycemic clamp study
with assessment of cognitive and brain activatiattgons as described above.
We would anticipate seeing a partial recovery opamed counterregulatory
hormonal responses and symptomatic awareness, stamtsiwith previous
reversibility studies (. Cranston, et al., 199Ay discussed above, changes/
recovery in memory performance and or brain agowatvhen compared with
first studies would indicate whether changes wevernsible or not.

This follow-on study would clearly be an importaadendum to our main body
of work as clearly T1DM patients and their familiearers and physicians would
wish to know whether changes in brain occurringaaonsequence of insulin-

induced hypoglycemia are reversible or not.
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Appendix 2 Sweetness match

(Unpublished work by Sandra Stiram-Lea)

The possibility that memory enhancement by glucosey be due to some
strengthened association through reinforcement deaerally been dismissed
since saccharin solutions that have been foundetcedually preferred and
pleasurable to glucose solutions have not been rshtowproduced the same
memory-improving effects (Messier and White, 19&4)ithermore injections of
glucose which do not produce taste stimulationgravide the same amount of
glucose as drinking sucrose solutions produced meimnagrovement (Messier
and White, 1987). One experiment demonstratedvigdance (but not memory)
was improved when people were told that they wengkohg glucose (whether
or not they were receiving glucose), suggestindg tha placebo effect could
contribute to the improvement in cognition observ&teen et al.,, 2001).
However, most of the human studies that examinedefifect of glucose on
memory used placebo solutions that were not readigtifiable by the subjects.
One study compared the effect of drinking wateccharin and glucose solutions
and found that saccharin did not enhance memoryaozd to water (Messier et
al., 1998), again suggesting that the placebo &fiiegresent, has limited impact
when subjects are blind to the type of solutiory tthenk.

Clearly it is necessary that participants are unabldistinguish between placebo
and active drink solutions, therefore the presditdt study seeks to derive

placebo solution of equal sweetness to an actigegfcose solution.
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Method and Results

Aspartame was favoured as a placebo as it has et saste without the bitter
chemical or metallic aftertaste reported in othw#ificial sweeteners. Aspartame
is an artificial sweetener that is 180 times swedl@an sugar in typical

concentrations, without the high energy value ajasu It has a caloric value
similar to sugar (4 kcal/g), but the amounts usedsmall enough to consider
aspartame essentially free of calories. Analogoysrévious research the drinks
were also flavoured with lemon juice to improvegtability (Fosteret al., 1998,

Sunram-Leaet al.,2001; 2002a; 2002b; 2004 & Green et al., 2001)

Seven independent judges (4 males, 3 females) prereded with six 300mi
drinks (labelled 1-6) containing five dosages oh@=rel aspartame tablets and
one drink containing 25g of dextrose glucose. hagstivas carried out with
uniform containers (disposable plastic cups) tausnshat participants will not
be influenced by colour or other characteristicsthed receptacle. The ratings
were carried out in a laboratory setting and drimkexe refrigerated for 30
minutes and then taken out of the fridge 10 minbfere the experiment. The
experimenter and those participating in the swesstmeatching test were blind to
the drink contents. All drinks were flavoured widmon juice Participants were
first asked to taste and experimental liquid and &l drinks for how sweet they
were on a five point scale (1 being the least s\aeét5 being the most sweet)
and then match it to another liquid of perceivediieglent sweetness The
Canderel dosage which was rated as most similawietness to the solution

containing 25g of glucose was 5 aspartame talfets {able 1).
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Table 1; Sweetness Rating of Glucose and Asparfaveured Drinks.

Drink Judgel Judge?2 Judge3d Judge4 Judge5 Sudgdudge7 Total
Glucose 3 4 3 5 3 3 3 24
259

Aspartame 2 1 3 2 1 2 3 14
3 tablets

Aspartame 3 4 3 5 4 3 3 25
5 tablets

Aspartame 5 3 5 4 4 5 5 31
7 tablets

Aspartame 5 5 4 5 5 4 33
9 tablets

Aspartame 4 4 5 5 5 5 4 32
11 tablets

In terms of comparable sweetness, 1 tablet of Geahde formulated to be as
sweet as 5g sucrose, therefore 5 tables would beagnt of 25g of common
table sugar. While sucrose is considered sweeter tfucose, the addition of
lemon juice most likely impacted on the sweetnesgels of the drinks.
Aspartame has previously been observed to reatt etiter food flavours and

reaction to food flavours may be altered by cigroad (Chi & Ho, 1088)

Aspartame also has a longer lasting sweetnessuflayan glucose (Bahoshy,
1976) so in order to determine whether individuasld discern the aspartame
drink from the glucose drink the same seven paxitis were asked to perform a

second taste test 10 minutes later.
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Using a double-blind procedure, participants wesked to swill their mouths
with water and were then presented with two newkdri(labelled A or B) one
containing 259 glucose the other containing 5 dapw@e tablets. The participants
were told that one drink contained glucose andather contained an artificial
sweetener. Participants were then asked to tastedsmks and identify which
drink contained glucose. They were given a shegtapler on which to make
their response by circling one of three responBeslk A, Drink B or Don't
Know.

Three participants circled a ‘Don’'t Know’ responsd, the remaining four
participants two correctly identified the glucosed and 2 incorrectly believed
that the aspartame drink was glucose. Therefore @f3¥te sample admitted that
they could not tell the difference between the tronks and the remaining

participants identified the drink at chance levels.

Conclusion

Two taste tests were conducted. The first testohstnated that participants
rated a drink containing 5 Canderel tablets mixdth vemon juice as similar in
sweetness level to 25 g glucose mixed with lemacejuThe second taste test
demonstrated that participants were unable tondjgish between a these two

drinks.

Therefore 5 Aspartame tablets dissolved in 300mivafer with lemon juice

appears to be matched in sweetness to 25¢g dextghmese dissolved in 300ml

water with lemon juice.
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Appendix 3  Instructions for cognitive tasks

MEMORY TASK/ ENCODING (1)

* You will see words every few seconds.

e Each word will have an accompanying instructiofjng you what you
should think about for that word.

e If instruction is"Pleasant?” decide if the word has pleasant connotations
or not. If it does, press thmiddle finger for "Yes", if not, press the
index finger for "No" .

* Sometimes, it may feel a bit difficult decidingtife word is pleasant or
not but just remember there is no right or wrongvaers. We are really
using this task to encourage you to pay attentiothé meaning of the
word.

» If the instruction iSEven Syllables?" just decide whether the word has
an even number of syllables. If it does presanidle finger for
"Yes", if not, press thandex finger for "No" .

{Run Practice Task}
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ATTENTION TASK/ CPT (2)

In this task there will be rest periods, precedgthie instructiorRELAX

(in red) and there will be task periods when you should weish your
middle finger whenever you see zero on the screen. These will be
preceded by the instructidkEADY (in green)

Sometimes the screen will be fuzzy, making it a roibre difficult;
sometimes the screen will be clear, making it easie

The task lasts about 8-10 minutes
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WORKING MEMORY (3)

* In this task you will see some letters on the stree

o | would like you to remember the letters by repagthem over in
your head (please don’t say them out loud)

* The next thing you see will be an instruction

o This might be the wortORWARD, in which case | would like
you to remember the letters you have just seeharstime order
as you saw them

o Sometimes the instruction will bALPHABET, in this case |
would like you to rearrange the letters in your deato
alphabetical order

* Next you will see a crogs-) on the screen, | would like you to remember
the letters in the order as per the instruction

* Finally you will be asked a question about theelsttthat you have
remembered

* If the answer to the question MES please press with youight
(middle) finger

e If the answer to the question MO please press with youeft (index)
finger
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PICTURE TASKS (4)

You will be shown a series of pictures, which vk of food and non- food
items. | would like you tgress the second button with your middle finger,

every time you see the picture come up again. §nfalees in the tasks are rest
periods.

No practise session for this task.
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RETRIEVAL (post-scanning)

You will be presented with some words that you sawhe scanner and
some that you didn't.

We would like to find out if you remember seeing tvord and, if so,
whether you remember which task you were askea@uty out on it (i.e.

did you decide if it was pleasant or if it had ae®number of syllables).

You will have 3 options:

- If you don't think that you saw the word press titZ".

- If you remember seeing the word and think that weuve asked to
decide if it wasPleasant’ during scanning press "B”. Press
down longer if you are sure about your answer.

- If you saw the word and were required to decidehfd‘Even
syllables’, press'N" . Press down longer if you are sure about
your answer.

Please use tHeft hand to press ‘Z’ and theight hand to pressB’ &
‘N'.

You do not have to make a new decision of whettemtord is
‘Pleasant’ or has ‘Even syllables’. You merely h&aweemember which
task you carried out and not remember whether ptlaccthe word
pleasant or not or had even syllable or not.
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Appendix 4a Food and non-food images used during/fRl imaging
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Appendix 4b Food and non-food images used during/fRl imaging
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