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ABSTRACT
Glucose administration is associated with memohaaoement in healthy young individuals
under conditions of divided attention at encodM#ile the specific neurocognitive
mechanisms underlying this ‘glucose memory fadibraeffect’ (GMFE) are currently
uncertain, it is thought that individual differesda glucoregulatory efficiency may alter an
individual’'s sensitivity to the GMFE. In the presatudy, we sought to investigate whether
basal hypothalamic-pituitary-adrenal (HPA) axisduion (itself a modulator of
glucoregulatory efficiency), baseline self-reporsdass and trait anxiety influence the
GMFE. Adolescent males (age range = 14-17 years) a@ministered glucose and placebo
prior to completing a verbal episodic memory taskwo separate testing days in a counter-
balanced, within subjects design. Glucose ingestigoroved verbal episodic memory
performance when memory recall was tested a) wahihour of glucose ingestion and
encoding and b) one week subsequent to glucosstiogend encoding. Basal HPA axis
function did not appear to influence the GMFE, hegreglucose ingestion only improved
memory in participants reporting relatively highiit anxiety. These findings suggest that

the GMFE may be mediated by biological mechanissss@ated with trait anxiety.

Keywords. episodic memory, glucose, glucoregulation, HPA ax&t anxiety, adolescents



Glucose enhancement of memory 3

INTRODUCTION

The ingestion of oral glucose is associated witta@ced performance in a range of
cognitive domains, including verbal episodic mem@fgster et al., 1998), working memory
(Martin and Benton, 1999), executive functioningp(idhoe and Benton, 1999), reaction time
(Owens and Benton, 1994), serial subtraction (Kdpraand Scholey, 2000; Scholey et al.,
2001) and attention (Benton et al., 1994). Gludwseonly been observed to reliably improve
verbal episodic memory performance in healthy yoamhgits when encoding of memory
materials takes place under conditions of dividieindion (Foster et al., 1998; Stinram-Lea et
al., 2001, 2002b). Recent studies from our laboystaggest that this ‘glucose memory
facilitation effect’ (GMFE) can be extended to hgladolescent participants (Smith and
Foster, 2008a; Smith and Foster, 2008b; Smith. eingbress). It is of interest to further
investigate the role of glucose in the mediatiocainitive performance in this age group,
given that the basal cerebral metabolic rate diodm and adolescents is typically higher
than adults (Chiron et al., 1992).

Previous research findings have suggested thatichdil differences in
glucoregulatory efficiency may modulate this enhageffect of glucose on memory (for
reviews see Messier, 2004; Riby and Riby, 2006s@1ih 2007). However, the direction of
the relationship between glucoregulatory efficieaag glucose facilitation of memory
remains uncertain, with some studies reportingahaemory benefit is more likely in
individuals with poorer glucoregulatory efficiensybsequent to glucose ingestion (Hall et
al., 1989; Craft et al., 1994; Messier et al., 1308plan et al., 2000; Messier et al., 2003),
while other studies have reported that individedsibiting relatively better glucoregulatory
efficiency are more amenable to the GMFE (Cra#tletl994; Messier et al., 1997; Meikle et

al., 2004; Riby et al., 2004; Smith and Foster,80)0While age is believed to influence the
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relationship between glucoregulatory efficiency #mel GMFE (Craft et al., 1994; Smith and
Foster, 2008a), the specific mechanisms underlyirsgrelationship are not well understood.
Altered glucoregulatory efficiency has been assed with symptoms of
hypothalamic-pituitary-adrenal (HPA) axis dysfuncti(Plat et al., 1996; Reynolds et al.,
2001; Andrews et al., 2002; Gibson, 2007). HPAvatibn in response to acute stress leads
to the release of cortisol, the primary glucocaitichormone in humans. Increased cortisol
secretion from the adrenal gland is associated avitelevation in circulating blood glucose
concentration (Newton, 2000). Likewise, adrenaliglease in response to acute stress, which
is subserved by the sympathetic-adrenal medullBAM) axis, enables the rapid liberation
of glucose in to the bloodstream (Gold, 1995). Eyehmus (e.g. Cahill et al., 2003; Smeets et
al., 2006; Duncko et al., 2007; Nater et al., 20@8)well as exogenous (e.g. Buchanan and
Lovallo, 2001; Lupien et al., 2002; Abercrombieakt 2003; Kuhlmann and Wolf, 2006)
increases in cortisol have been demonstrated tidtdée memory performance, but many
factors are known to modulate this relationshipluding a) whether the stressor is related to
the to-be-remembered stimulus (Joels et al., 2@)&yhether cortisol levels are increased
prior to encoding or retrieval (Roozendaal, 20@&Id et al., 2006), c) the emotionality of the
to-be-remembered stimulus (Buchanan and Lovall6120elicic et al., 2004; Payne et al.,
2007), and d) the time of day (Het et al., 2009 AHaxis mediation of glucose regulation
likely evolved to enable a rapid supply of energgessary for coping with an acute stressor
(Peters et al., 2004). However, HPA axis functian become compromised due to
gene/environment interactions involving the presewicglucocorticoid or mineralocorticoid
receptor polymorphisms and frequent or prolonggabswre to life stress (de Kloet et al.,
2005; DeRijk and de Kloet, 2008). Normal HPA axiadtioning is crucial in terms of its role
in regulating blood glucose (Peters et al., 20@¥)dering individuals predisposed to HPA

axis dysfunction at risk for glucoregulatory abnatities.
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On a related note, a number of studies have regpartnemory enhancement effect
for negative emotionally arousing stimuli (HamaR@01). Given that adrenaline cannot
cross the blood-brain barrier (Wenk, 1989; Gold®3)9it has been suggested that stress
hormones (including adrenaline and cortisol) mayliate this emotional enhancement
effect, at least in part by increasing circulatilgod glucose concentration (Brandt et al.,
2006). Accordingly, an association has been refddrétween exposure to emotionally
arousing stimuli and elevations in blood glucosecemtration (Parent et al., 1999; Blake et
al., 2001; Scholey et al., 2006). However, thetiaship between blood glucose
concentration and emotional memory is complex, mivat some studies have reported a)
blood glucose increases induced by emotional atevigsout memory enhancement
(Scholey et al., 2006), and b) superior memoryefaotionally laden material independent of
blood glucose changes (Gore et al., 2006). Sonentetudies have attempted to integrate
the findings related to emotional memory and theREMby investigating glucose modulation
of memory for emotionally arousing stimuli, withtart findings indicating that glucose does
not further facilitate memory for such items (Fetdl., 2002; Brandt et al., 2006). This may
be due to a ‘stress hormone threshold’ effect, elmethe level of HPA and/or SAM axis
excitation in response to acute stress is too tugthe exogenous supply of glucose to be
beneficial in terms of neurocognitive enhancemBnargdt et al., 2006). It is therefore of
interest to further investigate the neurohormonatianisms which may subserve the
GMFE, especially in situations where the activatbphysiological mechanisms related to
stress is too great for additional glucose avditglio induce observable influences on
memory performance.

Given that a relationship has been demonstratekeleae glucoregulatory efficiency
and HPA axis function, it is postulated here thegdd HPA axis function may be one

potential mechanism by which glucoregulatory effity exerts an influence on the GMFE.
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It is therefore of interest to consider experimiéyntahether individual differences in basal
HPA axis function may mediate the GMFE in healtbyryg individuals. On this basis, the
present study aimed to investigate the influenag giicoregulatory efficiency, ii) basal
HPA axis function and iii) self-ratings of subjeaistress and trait anxiety (as subjective
indicators of basal stress) on the GMFE. Predicatepgrevious observations from our
laboratory that glucose improves memory only inlesleents exhibiting relatively better
glucoregulatory efficiency (Smith and Foster, 200&avas hypothesised that verbal
episodic memory would be enhanced subsequent itglacse ingestion only for those
participants exhibiting relatively better glucorégory efficiency and ‘normal’ basal HPA
axis function. Further, it was expected that thossticipants reporting lower levels of stress
and trait anxiety would be more amenable to the GMF addition, previous studies have
suggested that the GMFE persists when recall isde®} hours after treatment and encoding
(Manning et al., 1992; Manning et al., 1998b; Simizea et al., 2002a). A supplementary
aim of the present study was to extend these pus\findings by investigating whether oral
glucose ingestion enhances memory when recall fslkes one week post-treatment and

encoding.
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MATERIALSAND METHODS

Participants

A total of 58 healthy adolescent males, rangingge between 14 and 17 yedvkde
= 15.5,SDyge= 1.0) participated in the present study. Pardietp were recruited from
secondary schools in Perth, Australia. Three pp#rds reported non-compliance with the
fasting instructions of the study. These partictpamere removed from the data set for all
glucose and memory related analyses to avoid atenpal confounds from a ‘second meal
effect’. An additional 15 participants attendedyoohe testing session, and thus were not
included in any of the analyses reported here.réfbee, a total of 40 participants were
included in the final analyses.

Ethics approval for the present study was obtafr@d the Human Research Ethics

Committee of the University of Western Australia.

Treatment and Design

A within subjects design was employed for the blghatose analysis, with two
within-subjects factors (treatment, time). A witlsabjects design was also employed for the
primary memory analyses, with a single within-satgdactor (treatment). A subsequent
mixed model design also incorporated a single betvwsebjects factor (glucoregulatory
efficiency). Similarly, mixed model designs were@mkmployed to investigate i) baseline
self-reported adolescent stress, and ii) traitetgxwith the former incorporating a single
between-subjects factor (stress) and the latteriatorporating a single between-subjects
factor (trait anxiety). A further mixed model desiglso comprised a single between subjects
factor (basal cortisol). A between-subjects desigh a single between subjects factor
(treatment) was used to compare one-week delayadl fergetting indices between the two

treatment conditions.
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The glucose treatment consisted of 25 g ‘Glucd@dincose Powder (Boots
Healthcare Australia Pty Ltd) dissolved in 300 nalter. The placebo treatment comprised
five ‘Equal’ tablets (10% Aspartame, The Merisaohgpany) dissolved in 300 ml water. It
has been reported that this quantity of aspartameatched in terms of subjective
‘sweetness’ ratings with 25 g glucose powder whesalved in 300 ml water (Sinram-Lea
et al., 2008). Participants attended two test sassiThey were administered one treatment
(i.e. glucose or placebo) in the first session iwedcomplementary treatment in the second
session. Treatment order was initially counterbadanwith 29 of the original 58 participants
assigned to each treatment order. However, of Ghgadticipants included in the final
analyses, 22 participants consumed the glucosertesd in the first testing session and 18

participants consumed the placebo in the firstrigstession.

Materials
Saliva Sampling Equipment and Free Cortisol Analy®aliva samples were
collected using Salivette tubes (Sarstedt AustrM@avson Lakes, South Australia). Samples
were centrifuged at 3,000 rpm for 10 minutes, dncesl at -80 degrees Celsius. Awakening
salivary free cortisol levels were subsequentlyngifiad in duplicate by a commercially
available radioimmunoassay (RIA) kit (DiaSorin,ll8tater, Minnesota, USA) according to
the manufacturer’s instructions. All saliva samplese analysed in the same assay to
eliminate inter-assay variation. The intra-assagffatent of variation was 4.63%.
Adolescent Stress Questionnaire (ASIe ASQ (Byrne et al., 2007) was developed
with Australian adolescents and incorporates 58stéom 10 subscales reflecting various
dimensions of adolescent stress. Each item liptgential stressor, and participants are
required to respond on a five-point Likert scalesadre of 1 is indicative of that particular

event being perceived as ‘not at all stressful'if@levant), whereas a score of 5 is indicative
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of that particular event being perceived as ‘vérgssful’ during the past year. A total score
is calculated by summing together the scores foln e&the items.

State-Trait Anxiety Inventory (STAThe STAI (Spielberger, 1983) incorporates two
20-item subscales, measuring a) state anxiety ptrdibanxiety. For the purposes of the
present study, only the trait anxiety items of 8¥16Al were administered. The trait anxiety
subscale of the STAI requires participants to hate they ‘generally feel’ with respect to 20
statements on a four-point scale (‘almost nevegmetimes’, ‘often’, ‘almost always’). A
score of 4 represents the highest level of anXa@tyhat item. A total score is calculated by
summing together the scores for each of the items.

Modified California Verbal Learning Test-1l (CVLT)l The CVLT-II (Delis et al.,
2000) is a test of immediate, short delay and ldelgy episodic memory for a 16-item
supraspan word list. The test comprises a starfdardand an alternate form, which can be
used for a repeat testing session. The relialofithe alternate form has been demonstrated,
with reliability coefficients for immediate, shahd long delayed free recall ranging between
0.72 and 0.79 across the different recall phaséseofest (Delis et al., 2000; Strauss et al.,
2006). In the present study, participants were atht@red one form in the first session, and
the complementary form in the second sessioncwuaterbalanced order. The order of
CVLT-II administration was additionally counterbated with treatment order. The modified
version of the CVLT-Il employed in the present stuehs extended to a list length of 20
items. The lists comprise five items from eachafrfsemantic categories. The word list was
recorded on audiocassette and played five tim#getparticipants, with an immediate free
recall trial following each presentation of thistl{List A). Immediately subsequent to the
fifth immediate free recall trial, an interferencs (List B) was played on audiocassette to
the participants, followed by an immediate freeatktial for List B items. The CVLT-II

additionally comprises free recall phases and ceeall phases (in which participants are
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provided with the semantic categories from whiahitems are drawn, as recall cues) at a
short and long delay. A further modification to tB€LT-II that was employed in the present
study involved the addition of a one-week delayee fand cued recall phase, in which recall
was assessed one-week post-encoding. Detailsmpagao the timing of the modified
CVLT-Il recall phases are included in the Procedigetion, below (see also Table 1).

In line with our previous work, participants weesuired to perform a secondary
motor task simultaneously with encoding of the miediCVLT-1l word lists in order to
increase the difficulty of the memory task by diagl attention across the two tasks (see
Sunram-Lea et al., 2002b). Participants were todd performance on the word recall task
and hand movement task was equally important, laaicthey should aim to perform equally
well on both tasks. Participants were also told their hand movements were being
recorded by a camcorder, so that the researcheld assess their performance at a later
time. The camcorder was used to induce complianitetask instructions to perform both
tasks equally well, although no such recording @bttuook place. Two different motor
sequences were performed synchronously with batds$iaParticipants were required to
perform a ‘fist’ — ‘chop’ — ‘slap’ motor sequenaethe 2.5 s interval between each of the first
five items of the modified CVLT-II. Between eachtbe next five items of the modified
CVLT-II (i.e. items six to ten), participants wemrxuired to perform a ‘back-slap’ — ‘chop’ —
‘fist’ motor sequence. Participants were then resguto revert back to the first ‘fist’ — ‘chop’
— ‘slap’ sequence between items 11 and 15, andithekto the second ‘back-slap’ — ‘chop’
— fist’ sequence for items 16 to 20. Participantse not informed when to switch from one
sequence to the other. They therefore had to kaek 6f when to switch from one sequence
to the next themselves.

Bond-Lader Questionnaird.he modified Bond-Lader scale used here (Bond and

Lader, 1974) has also been employed in other ftudvestigating nutrition, mood and
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cognitive functioning (Wesnes et al., 2003; Smitld &oster, 2008a). This instrument
requires participants to rate their level of ‘atets’, ‘contentedness’, ‘calmness’ and ‘satiety’
on 19 bipolar scales. This version of the Bond-ladale has been modified from the
original via the inclusion of three additional iterqpertaining to satiety (the original version
comprised only alertness, contentedness and catnfaet®rs). The ratings were made by
placing a mark at the relevant point on a 100 nma, lwith the end of each line reflecting the
relevant extremes of the dimension being rated (@eyt’ versus ‘drowsy’). A higher score
indicates a higher level of the relevant dimension.

Blood Glucose EquipmerBlood glucose concentration was measured using a
MediSense Optium Blood Glucose Meter, MediSenséeu@pPoint-of Care Disposable
Blood Glucose Test Strips and a MediSense Auto-lbgndevice with thin lancets (Abbott
Diagnostics Division, Doncaster, Victoria, Austegli One drop of capillary blood was
obtained from the fingertip of each participant éach measurement of blood glucose using
the lancing device. The inter-assay variation fitg sampling procedure ranges by no more
than 2.9% to 5.1% (according to manufacturer’s gséte). The validity of this procedure
has also been demonstrated by the manufactured.@6= 0.98 between this method and the

laboratory reference method).

Procedure

Approximately one week prior to the first testirggsion, written informed consent
was obtained from participants and their parentshi&s time, participants were provided
with three Salivette tubes, and were asked to plaaialiva sample, 10 minutes post-
awakening on three separate mornings before tsietdisting session by chewing on the
Salivette cotton roll for three minutes. Particifsawere told not to consume any food or

drinks prior to collecting the samples. They wdsm asked to take the samples only on days
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at which they woke up at their typical time of awalng (i.e. to avoid collecting the samples
on days when they woke considerably earlier or ldi@n the time that they would normally
wake up on a typical school day). Participants weqglired to record the time at which each
sample was taken. Samples collected outside @&-B& minute post-awakening window
were excluded from that participant’s basal coltss@rage. Further, participants were also
given a copy of the STAI and ASQ at this time,dompletion prior to the first testing
session.

Participants subsequently attended two testingaesslhey were instructed not to
consume any food or drink, other than water, fréh8Q@ pm on the evening prior to each of
these testing sessions. All test sessions begarebet7:30 and 9:00 am. Participants first
completed the modified Bond-Lader questionnairé, lzaseline blood glucose concentrations
were measured. Immediately following the measurémeblood glucose concentrations,
participants consumed one of the two treatmentsicilnts were blind as to the contents of
the drinks, and were told only that they compriaédweet tasting liquid”. Participants were
allowed 10 minutes to consume their designatednyeat. Ten minutes following the
completion of treatment consumption, blood glucosacentrations were measured and
participants were administered the modified Bonddraguestionnaire for the second time.
Participants then completed the immediate freelrgcas of the modified CVLT-I1I (List A,
trials 1-5), followed by the modified CVLT-II intearence word list (List B). Motor
sequences were performed during encoding of eadiT&dMist. Participants were
subsequently administered the third modified Boadier questionnaire, and a third
measurement of blood glucose concentration wasr@ataFollowing this, participants
completed the short delay recall phases of the GWLFollowing a short break (10

minutes), the final measurements of blood glucaseentrations were recorded, and the
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final administration of the modified Bond-Lader gtiennaire was given. The long delay
recall phases of the CVLT-IlI were then completed.

A second testing session was conducted exactlyvee& after the first testing
session. The second testing session was idertitiagtfirst testing session, except that the
testing procedure was preceded by a free recalbangbd recall test of the memory items
from the first testing session. This one-week datanecall phase was a between-subjects
comparison, with the treatment administered irfitisé testing session (glucose or placebo)
determining whether participants were assignetieéaytucose or placebo treatment groups
for the purposes of statistical analysis. On tle®sd testing occasion, participants were also
administered the complementary treatment (glucogdacebo) and the complementary
version of the modified CVLT-II (standard form dteainate form) to that administered in the
first testing session. For details of the predisengs of each of the events within the study

protocol, see Table 1.

INSERT TABLE 1 ABOUT HERE

Statistical Analysis

Pearson correlation analyses were employed taigate the relationship between
mean awakening salivary free cortisol level, ASQres and trait anxiety scores.

A treatment (glucose, placebo) x time (-10, 1Q,60) repeated measures analysis of
variance (ANOVA) was used to analyse blood gluatesta. Likewise, Bond-Lader scores
were also investigated with a treatment (glucokegbo) x time (-10, 10, 40, 60) repeated
measures ANOVA.

In terms of the memory analyses, a treatment ¢gleicplacebo) x trial (1, 2, 3, 4, 5)

repeated measures ANOVA was employed to analysientinediate free recall data. Delayed



Glucose enhancement of memory 14

recall analyses (short delay free recall, shoryleued recall, long delay free recall, long
delay cued recall) were conducted using repeatesunes ANOVAs with treatment
(glucose, placebo) as a single repeated measutes. fa

Further, one-week delayed recall forgetting indiese calculated by subtracting the
number of items recalled in the one-week delayee fecall phase from the long delay free
recall phase in the first testing session (frealie@nd by subtracting the number of items
recalled in the one-week delayed cued recall pfrasethe long delay cued recall phase in
the first testing session (cued recall). Theseutalions yielded scores that reflect the total
number of items ‘forgotten’ in the one week-intdrvatween the first and second testing
session for each individual. One-week delayed fémajetting indices were analysed for
both free and cued recall with a one-way ANOVA hiatiteatment (glucose, placebo) as a
single between subjects factor.

A group of relatively ‘better glucoregulators’ aadjroup of relatively ‘poorer
glucoregulators’ was established by calculatingdiea under the glucose response curve
(AUC) for each participant on the glucose testiag (for the formula used in this calculation
see Smith and Foster, 2008a; see also Sunram-lata 2008), and performing a median
split on these values (with a higher score indingapoorer glucoregulatory efficiency; better
< 60, poorer 60.5). The combined influence of treatment and@legulatory efficiency on
the memory outcomes was analysed using a treafiglecbse, placebo) x glucoregulatory
efficiency (better, poorer) mixed model ANOVA, witbpeated measures on the treatment
factor.

In order to investigate the influence of basal Higds function on the memory
outcomes, participants were stratified into thremigs on the basis of mean awakening
salivary free cortisol (low, normal, high). Thesewgps were formed by comparing

awakening free cortisol values against those eference sample of 723 adolescents aged
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between 16.0 and 18.4 yeak4<17.1 years) enrolled in the Western AustraliargRaacy
Cohort (Raine) Study (for details of this cohor $éewnham et al., 1993; Newnham et al.,
2004; Robinson et al., 2008). It is considered appate to compare the cortisol values of the
present study against this reference sample, ghadrthe reference sample live in the same
area, are similar in age to the present study saanpd have their awakening salivary free
cortisol values quantified using the same methagloéd approach. Participants exhibiting a
mean awakening free cortisol value between tieat@ 68" percentile when compared to
this reference group (mean awakening salivarydog@isol range = 0.80-0.9@/dl) were
considered to exhibit awakening free cortisol valughin the normal range. Individuals
exhibiting values lower or higher than this ranggrevconsidered to fall into the ‘low’ or
‘high’ awakening free cortisol groups respectivélgsigning participants to three groups in
this manner is more appropriate than using megéts sas the method used in the present
study enables the consideration of individuals iwithe normal range of awakening salivary
free cortisol levels, as well as those individual® fall either side of the normal range to be
considered independently. The combined influendeeattment and basal HPA axis function
on the memory outcomes was analysed using a trea{glacose, placebo) x awakening free
cortisol (low, normal, high) mixed model ANOVA, wirepeated measures on the treatment
factor.

A group of individuals reporting relatively loweaeline stress and a group of
individuals reporting relatively higher baselineests were established for analysis by
performing a median split on the total ASQ scoltew € 126; high> 129). Likewise, a
group of adolescents reporting relatively loweit aaxiety and a group with relatively
higher trait anxiety was established by performangedian split on the trait anxiety scores
(low < 19; high> 20). The combined influence of treatment and laseitress on the

memory outcomes was analysed using a treatmerto@gt placebo) x stress (low, high)
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mixed model ANOVA, with repeated measures on teatment factor. Similarly, a treatment
(glucose, placebo) x trait anxiety (low, high) mixemodel ANOVA with repeated measures
on the treatment factor, was employed to invesitfa¢ influence of treatment and trait

anxiety on the memory outcomes.
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RESULTS

Basal HPA Axis Function

The mean of the awakening salivary cortisol valas calculated for each
participant as a measure of basal HPA axis funchiegan awakening free cortisol values
ranged between 0.4/ dl and 2.68.g/ dl within the present study sample. Correlation
analyses between the mean awakening cortisol Isgklreported stress and trait anxiety
revealed a significant positive relationship betwself-reported stress and trait anxiety (-
0.58,p = <.001). The negative relationship between arakiety and awakening cortisol
approached significance € -0.26,p = .06). Awakening cortisol and baseline stressewt

significantly correlated.

INSERT TABLE 1 ABOUT HERE

Blood Glucose Concentration

A significant treatment x time interaction effecasvobserved;(3, 37) = 29.13p <
.001, with a large effect size (partigl= .70). Planned comparisons revealed that, as
anticipated, blood glucose concentrations wereifstgntly higher for the glucose condition,
relative to the placebo condition, 10 minut§39) = 4.76p < .001, 40 minutest(39) = 8.98,
p <.001, and 60 minuteg§39) = 4.48p < .001, post-treatment delivery. Blood glucose
concentrations between the glucose and placebatmmsldid not differ at baseling39) =

0.59,n.s (see Figure 1).

INSERT FIGURE 1 ABOUT HERE
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Bond-Lader Scale

Time x treatment interactions failed to reach gigance on the alertness,
contentedness, calmness and satiety subscales Bbtid-Lader questionnaire.
Modified CVLT-II

In order to interpret data in a meaningful manparticipants who performed at
ceiling (i.e. recalled 100% of the to-be remembeteas) in either the glucose or placebo
treatment condition on any given recall phase efGVLT-II were excluded from the
analyses for that recall phase.

Immediate Free RecalA significant treatment x trial interaction effegas observed
F(4, 28) = 3.09p < .05, with a moderate effect size (parijiak .31). Planned comparisons
revealed that a significantly greater number ahgaevas recalled subsequent to glucose
ingestion, relative to placebo ingestion, on theatto trial, t(31) = 2.29p < .05, and fifth trial,

t(31) = 2.80p < .01, of the immediate free recall phase (searEig@).

INSERT FIGURE 2 ABOUT HERE

Delayed RecallA significantly greater number of items was resdlsubsequent to
glucose ingestion, relative to placebo ingestionhenshort delay free recal(1, 33) = 5.23,

p < .05, long delay free recalf(1, 31) = 5.85p < .05, and long delay cued rec&(1, 32) =
5.40,p < .05, phases of the CVLT-Il (see Table 2).

In terms of the one-week delayed recall data, @pents who performed at ceiling in
either recall phase used to determine the forggitidices (long delay free recall or one-
week delayed recall) were removed from the forggtindex analyses, analogously to the
aforementioned CVLT analyses. This yielded a samigke of 35 for the one-week free recall

analyses (19 in the glucose group, 16 in the plagebup) and a sample size of 34 for the
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one-week cued recall analyses (18 in the glucosepgrl6 in the placebo group). A between-
subjects comparison revealed a trend toward sagmifly greater forgetting in the placebo
treatment group relative to the glucose treatmemtgon one-week delayed free rech(ll,

33) = 3.86p = .06, but not for cued recall (see Figure 3).

INSERT TABLE 2 AND INSERT FIGURE 3 ABOUT HERE

Glucose Regulationhe treatment x glucoregulatory efficiency intei@c was
nonsignificant for all recall phases of the CVLT-II

Basal HPA Axis FunctionTreatment x awakening free cortisol interactioese
nonsignificant for all recall phases of the modifeVLT-Il.

ASQ and Trait Anxietyl he treatment x stress interaction was nonsigti¢or all
recall phases of the CVLT. However, a significagatment x trait anxiety interaction effect
was observed on short delay free reddll,, 32) = 4.16p = .05, and on long delay cued
recall,F(1, 31) = 4.37p < .05. Post hoc Bonferroni adjusted pairwise tstesvealed that for
short delay free recall, memory performance wasifsogntly better in the glucose condition
relative to the placebo condition only for thosetisgpants with relatively higher self-
reported trait anxiety,(17) = 3.19p < .05. Likewise, for long delay cued recall, pbet
Bonferroni adjusted pairwise t-tests revealed thatory performance was significantly
better in the glucose condition relative to thecplzo condition only for those participants

with relatively higher self-reported trait anxiety(17) = 3.41p = .01 (see Table 3).

INSERT TABLE 3 ABOUT HERE
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DISCUSSION

The present study aimed to replicate previous Virark our laboratory which
suggests that the ingestion of oral glucose fatdg verbal episodic memory in healthy
adolescents under conditions of divided attentioenaoding (Smith and Foster, 2008a).
Further, the hypothesis that individual differencebasal HPA axis function, self-reported
stress and trait anxiety modulates the GMFE wasstigated in the present study. Healthy
adolescent males completed self-report measuradabéscent stress and trait anxiety.
Awakening salivary free cortisol was also measunedp to three different mornings prior to
memory testing. Participants presented for memesiirtg on two different occasions
subsequent to an overnight fast. Encoding of mertestymaterials took place
simultaneously with a secondary motor task, whiels wreceded by ingestion of either a
glucose or placebo control solution. As anticipat#dod glucose concentration was
significantly elevated subsequent to glucose ingedor the glucose condition, relative to
the placebo condition.

In accordance with previous findings concerning ®MFE, participants exhibited
superior performance on the short delay free reloaily delay free recall and long delay cued
recall phases of the modified version of the CVILBubsequent to ingestion of the glucose
treatment relative to placebo. The rate of learmiag also shown to be faster in the glucose
condition relative to placebo, with participantsrastrating significantly enhanced
performance on the fourth and fifth trials of themediate free recall phase of the modified
CVLT-Il subsequent to glucose ingestion. Furthiee, present study findings suggest that the
facilitatory influence of glucose on memory encapdaoan be observed one week post-
encoding, on the basis of the one-week free réeslllin which more items were forgotten
when the placebo had been administered prior tod#ng, relative to glucose. Scores on the

Bond-Lader scale did not differ significantly beemethe two treatment conditions, implying
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that the observed treatment effects on memory wetrenfluenced by fluctuations in mood
or satiety across the testing sessions. This it@es recent finding by Scholey and
colleagues (Scholey et al., 2009) which reportetharease in self ratings of hunger
subsequent to ingestion of a placebo drink relabve glucose treatment. However, in this
previous study, ingestion of the placebo drink wssociated with increased hunger only
under single-, but not dual-task conditions (Scheteal., 2009).

The finding that glucose ingestion prior to encgdenhanced memory when retrieval
took place one week later is in line with previoeports that glucose improves memory
when glucose administration and encoding take [#ddeours prior to retrieval (Manning et
al., 1992; Manning et al., 1998b; Stiinram-Lea e&l02a). Such findings support the notion
that glucose enhances memory encoding and/ or bdatson, rather than retrieval, as under
these conditions glucose would have been cleaoad fine bloodstream by the time of
memory retrieval. The one week delayed recall figdhf the present study extends these
previous study results (Manning et al., 1992; Magret al., 1998b; Stinram-Lea et al.,
2002a) by a) suggesting that the effect of glu@seemory encoding lasts at least one
week, and b) demonstrating that the effect of gteaon ‘extra-long’ delayed recall can be
generalised to healthy adolescents. It is of furthierest that the observed trend towards
significantly reduced forgetting in the glucose divion, relative to the placebo condition
was evident only for free recall and did not extemdued recall. It can perhaps be inferred,
on the basis of this finding, that the recall cpesvided to the participants during the one
week cued recall phase triggered a memory bemmefitdould not be further facilitated by
pre-encoding glucose administration. This findingynalso be related to the notion that the
GFME is associated with more effortful cognitivepessing, as free recall was likely to have

been more cognitively demanding for the participahtin cued recall.
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In contrast to our previously reported findingttttee GMFE is mediated by
glucoregulatory efficiency in adolescents (Smitd &oster, 2008a), individual differences in
glucoregulatory efficiency were not found to infhee the enhancement effect of glucose on
memory observed here. Further, individual diffeesnim awakening salivary free cortisol
and self-reported stress were not observed toanfle the glucose enhancement effect in the
present study. However, trait anxiety was founthemliate the effect of glucose on short
delay free recall and long delay cued recall penfoice; for these two CVLT recall phases a
glucose enhancement effect was observed only ésetparticipants who reported relatively
higher trait anxiety. While it is unlikely that thfinding was mediated by the HPA axis, it is
nevertheless of interest to discuss further the obkrait anxiety as a possible mediator of the
glucose memory facilitation effect.

To our knowledge, the present study representBriteeport that the GMFE is
influenced by trait anxiety. Given that negativieefive states are associated with memory
impairment (McEwen and Sapolsky, 1995; Sala ek804), this finding may be considered
in line with previous reports that individuals waie not able to perform at their cognitive
peak, such as clinical populations with memorydisfi(Manning et al., 1998a; Pettersen and
Skelton, 2000; Watson and Craft, 2004; Stone amih&ea, 2008) and healthy elderly
individuals (Craft et al., 1994; Riby et al., 20@4% most sensitive to glucose enhancement
of memory. The finding that individuals with relaly higher trait anxiety are most
amenable to the GMFE would appear to have impomayplications for the body of research
which has demonstrated a memory advantage forimeganotionally arousing stimuli (see
Hamann, 2001), especially if endogenous blood gledocreases mediate this effect (Gold,
1995). Although speculative, it may well be thatiudduals reporting high trait anxiety are
relatively more sensitive to emotionally arousitighslli, and therefore exhibit relatively

better memory for such items. This suggestion shbalinvestigated further in future
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studies. Likewise, the possible neurohormonal augons underlying the relationship
between trait anxiety, blood glucose increasesma@chory warrant further investigation.
However, it appears unlikely that resting HPA agsivity is involved in subserving this
relationship given the negative correlation betwaeakening salivary cortisol and trait
anxiety observed in the present study. With resfmetite extant literature, the relationship
between trait anxiety and HPA axis function remaosiewhat uncertain, however it has
been reported that trait anxiety mediates the sartesponse to stress (Schlotz et al., 2006).
Nevertheless, it is likely that the observed taaixiety findings of the present study are
subserved by a physiological mechanism, perhapterkto the SAM axis. It would therefore
be of interest to investigate in future studies tkbebasal SAM function modulates the
GMFE, although it is difficult to obtain robust Innarkers underlying basal SAM axis
function.

As mentioned above, glucoregulatory efficiency wasobserved to mediate the
GMFE in the present study. Other researchers hFepated that healthy young individuals
with relatively poor glucoregulatory efficiency arere amenable to the GMFE (Craft et al.,
1994). This finding (Craft et al., 1994) is in limaéth the aforementioned notion that glucose
enhancement of memory is most reliably observeddividuals who are not performing at
their cognitive peak (given that poor glucoregugtefficiency is associated with relatively
poorer memory, Awad et al., 2002; Lamport et 0D. Nevertheless, as previously noted,
there are some inconsistencies between studiesiregahe direction of the relationship
between glucoregulatory efficiency and glucose anbment of memory. Specifically, it has
been suggested that the influence of glucoreguylaticiency on the GMFE is dependent on
age, with Craft and colleagues (1994) reporting ¢hacose enhances memory in older
individuals with relatively better glucoregulatcefficiency but in younger individuals with

relatively poorer glucoregulatory efficiency. Hovegythis framework is inconsistent with
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the findings of a previous study from our laborgtor which the GMFE was observed only
in adolescents exhibiting relatively better glucpratory efficiency (Smith and Foster,
2008a). This discrepancy may be explained by tbetlfeat the method typically employed to
determine glucoregulatory efficiency is to perfaamedian split on some measure of
glucose response. Due to the relatively small sarsigke of most studies in this area, the
definition of ‘good’ and ‘poor’ glucose regulati@an vary drastically between studies due to
this method of establishing groups on the basgwforegulatory efficiency. We have
suggested previously that given the inverted-U stlajmse-response curve purported to
underlie the GFME (Parsons and Gold, 1992), thepatity between studies in defining
‘good’ versus ‘poor’ glucose regulation may lead/émiation between studies with regard to
whether the blood glucose concentration of the rpoglucoregulators’ or ‘better
glucoregulators’ (as defined by the individual $#&s)lis within the optimal range to induce a
memory improvement (Smith and Foster, 2008a). heaf glucoregulatory efficiency in
mediating the GMFE merits further attention in f@twesearch investigations. This is a
particularly important consideration in the contekbetter understanding the mechanisms
underlying the GMFE, especially in situations inigthproposed mechanisms (such as HPA
axis function in this case) are influenced by ghegulatory efficiency.

It was hypothesised prior to the present studiylihaal HPA axis function would
modulate the glucose enhancement effect, preditstéide established relationship between
glucoregulatory efficiency and HPA axis functiongiet al., 1996; Reynolds et al., 2001,
Andrews et al., 2002; Gibson, 2007). However, astrored above, the findings of the
present study indicated that glucoregulatory edficy, measured by calculating the AUC for
each participant, did not influence the GMFE. lis tontext, it is perhaps unsurprising that
awakening salivary free cortisol was not obsereechbdulate the effect of glucose on

memory in the present study. This may in part betdiuthe fact that the adolescent
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participants who took part in the present studyasent a relatively healthy sample of
individuals. In order to comprehensively address gfuestion in future studies, it would be of
interest to include more participants who exhihitcgregulatory and/or HPA axis profiles
outside of the normal range.

In summary, the present study supported previouk wom our laboratory that
glucose can facilitate memory in healthy adoleséBinith and Foster, 2008a; Smith and
Foster, 2008b). Under conditions of divided att@mtiglucose ingestion was observed to
enhance the rate of learning and delayed recallsafpraspan word list. Neither
glucoregulatory efficiency nor basal HPA axis fuactwere found to modulate the GMFE.
However, individual differences in trait anxiety mebserved to influence the enhancement
effect of glucose on memory. These findings oftetHer support to the notion that glucose
facilitation of memory is most reliably observedmadividuals who are not able to perform at
their cognitive peak, and suggest that the bioklgiwechanisms underlying trait anxiety may

modulate the GMFE.
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Table 1
The study procedure (the time in minutes of eackgature prior/subsequent to treatment

delivery is displayed in the left column).

t (mins) Procedure

-15 One-week delayed recall (second testing sessity)
-10 First blood glucose measurement
First modified Bond-Lader scale
0 Treatment administration
10 Second blood glucose measurement
Second modified Bond-Lader scale
20 CVLT-Il Immediate free recall trials with secargl motor task
40 Third blood glucose measurement
Third modified Bond-Lader scale
50 CVLT-II Short delay recall
60 Fourth blood glucose measurement
Fourth modified Bond-Lader scale

70 CVLT-Il Long delay recall
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Table 2

CVLT-Il delayed recall results for the glucose goacebo conditions. Mean values are
displayed, with standard deviations in parenthe®epeated measures ANOVA revealed a
significant difference in the total number of iterasalled between the glucose and placebo

conditions for the short delay free recall, londajefree recall and long delay cued recall

phases.

Modified CVLT-II recall phase Glucose Placebo p N
Short delay free recall 14.0 (3.3) 12.7 (4.6) <.05 34
Short delay cued recall 14.2 (3.0) 13.9 (4.4) 0.65 34
Long delay free recall 14.4 (3.2) 13.3 (4.4) <.05 32

Long delay cued recall 14.8 (3.2) 13.7 (4.4) <.05 33
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Table 3

37

CVLT-Il delayed recall results for the glucose agot@lcebo conditions, arranged by relative trait agtyi Mixed model ANOVAs and Bonferroni

adjusted post-hoc pairwise t-tests revealed a figant difference between the number of items ledah the glucose and placebo treatment

conditions only for those participants reportindatevely higher trait anxiety, at the short delagé recall and long delay cued recall phases.

Low Trait Anxiety High Trait Anxiety
Modified CVLT-II recall phase Glucose Placebo p Glucose Placebo
Short delay free recall* 14.1 (3.6) 14.0 (4.7) n.s. 13.8 (3.2) 11.5 (4.4) <.05
Short delay cued recall 14.1 (3.2) 14.8 (3.9) .213.0) 13.2 (4.7) -
Long delay free recall 15.0 (3.4) 14.6 (4.3) 91(R.2) 12.3 (4.3) -
Long delay cued recall* 15.0 (3.5) 149 (4.2) n.s. 14.6 (3.1) 12.7 (4.4 .01

Treatment x Trait Anxiety Interactionsp¥ 0.05
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Figure Captions
Figure 1
Blood glucose concentrations (mean + SE) for thieage and placebo treatment conditions
at each measurement time poiNt40). Repeated measures ANOVA and planned
comparisons revealed that blood glucose concemtratas higher for the glucose condition,
relative to the placebo condition at the 10 mind@&minute and 60 minute post-treatment

time points.

Figure 2

Total items recalled (mean + SE) on trials 1-5hef Immediate Free Recall phase of the
CVLT-Il. Repeated measures ANOVA and planned coispas revealed that a significantly
greater number of items was recalled subsequegititmse ingestion, relative to placebo

ingestion, on trial 4 and trial NE32).

Figure 3

Total items forgotten (mean + SE) between the LDetay Recall phase in the first testing
session, and the one-week delayed recall pha$e agfeicond testing session for the glucose
and placebo treatment conditions (i.e. the treatraéministered in the first testing session).
One-way ANOVA revealed a trend toward greater ‘&tigg’ in the free recall phase for the

placebo condition, relative to the glucose conditiane-week post-encoding.
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