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Abstract
Obesity has become an international health crisis. There is accumulating evidence that
excess bodyweight is associated with changes to the structure and function of the

brain and with a number of cognitive deficits. In particular, research suggests th

obesity is associated with hippocampal and frontal lobe dysfunction, whigh »@e

predicted to impact memory. However evidence for such memory impa@

currently limited. We hypothesised that higher BMI would be zis%@vith reduced

performance on a test of episodic memory that assesses not o ent, but also

context and feature integration. 50 participants aged Q BMIs ranging from

h% pisodic memory test: The

n of object, location, and temporal

18 to 51, were tested on a novel what-wher

“Treasure-Hunt Task”. This test requir
order information within the same paradignipas well as testing the ability to integrate
these features into a single ev ction. Higher BMI was associated with
significantly lower perfo& the What-Where-When memory task and all
individual elements; O 1dentification, location memory, and temporal order
memory. Afi @ing for age, sex and years in education, the effect of BMI on
the indifidu. at, where and when tasks remained, while the WWW dropped below

si e. This finding of episodic memory deficits in obesity is of concern given

the etherging evidence for a role for episodic cognition in appetite regulation.

Keywords: Obesity, Memory, Appetite Regulation, Episodic Memory, What-Where-
When

Running Title: Episodic Memory Deficits in Obesity
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Introduction

Obesity has become one the of most significant health concerns facing the western
world. In the United Kingdom, around 65% of adults are overweight, and 25% are
obese (World Health Organization, 2010). Obesity is a major risk factor for premature

mortality (Kopelman, 2000) and carries an enormous financial burden for \

governments and health care providers worldwide . As such, research intg

understanding how this problem perpetuates is of high priority. K\

While the physical health impacts of obesity are increasin@ derstood, recent
ical el

research indicates that there may be a significant psycho ement to the obese

syndrome, with proposals that cognitive de its% r both as a result of obesity,

and potentially as a causal factor in its c

Accumulating evidence sugg esity-related health issues (such as diabetes
@s

and hypertension) along N

impact on the strucg unction of the brain both in rodent models (e.g. Erion et

ity (excess body weight) itself have a significant

al., 2014; K sel, Mullins, & Davidson, 2007; Molteni, Barnard, Ying,
Roberts z-Pinilla, 2002) and humans (Bruehl, Sweat, Tirsi, Shah, & Convit,
2 st, Harvey, Mungas, & Haan, 2005; Mueller et al., 2012; Raji et al., 2010;

Smith et al., 2015; Ursache, Wedin, Tirsi, & Convit, 2012). These neurological
changes are accompanied by evidence of cognitive deficits (e.g. Barkin, 2013).
Because of the central role of behaviour in the advancement of the obese syndrome
through high consumption and low energy expenditure, evidence for obesity-related

cognitive change has inspired a number of addiction (see Smith & Robbins, 2013) and
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‘vicious cycle’ (Kanoski & Davidson, 2011; Sellbom & Gunstad, 2012) models of
obesity that describe a circular pattern of obesity, behavioural change and

consumption.

Episodic memory is the ability to store, maintain and retrieve contextually rich
representations of events from one’s own life (Tulving & Donaldson, 1972). Th%
increasing evidence to suggest that this type of memory may play a majog r

allowing us to regulate consumption. Manipulations of memory for rec% s Rave
considerable impact on the long-term satiating effect of those n% .2 Brunstrom et

al., 2012; Higgs & Donohoe, 2011; Higgs, Williamson, & @ 008; Oldham-
1

Cooper, Hardman, Nicoll, Rogers, & Brunstrom, 201 mnesic patients who

are unable to remember recent consumptio s eat several consecutive

meals without reporting satiety or disc en, Corkin, Eichenbaum, &
Shedlack, 1985; Higgs, Williamso otsht¢in, & Humphreys, 2008; Rozin, Dow,
Moscovitch, & Rajaram, 199 models suggest that neurotoxic lesions to the
hippocampus analogous & en in episodic amnesia result in animals that will
work harder for fo Qlifton, Vickers, & Somerville, 1998) and are more likely

to become o Davidson et al., 2009) than sham-lesioned controls. While

studies @ umans and animals with severe brain lesions are difficult to

»to the general population, this cumulative evidence suggests that episodic
ory plays a significant role in the regulation of consumption, and that damage to
brain areas associated with memory such as the hippocampus may result in
overconsumption and, at least in rodent models, obesity. However, homeostasis is a
complex process and it is clear that other cognitive factors such as executive functions

and Pavlovian learning (Davidson, Tracy, Schier, & Swithers, 2014) are highly
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involved in the control of food intake, and may also be disrupted by temporal lobe
lesions (Davidson et al., 2010). To date there is no research investigating the impact
of minor memory deficits on consumption. However, the findings of Higgs and
colleagues suggest that small individual differences in memory accuracy or vividness
may be capable of having a considerable influence. It is therefore important to

establish whether obesity is associated with episodic memory deficits.

There is accumulating evidence that obesity and obesity-related health Xﬂ a

be a contributing factor to changes to areas within the “core reco twork” of
the brain (Rugg & Vilberg, 2013), and in particular to hlpﬁéructure and
function. Rodent models have produced extensive ev¢ changes in
hippocampal structure and function in obesgganiia loetal, 2011; Li et al.,

2002; Molteni et al., 2002), suggesting jetary and congenital obesity lead to

abnormalities in the hippocampal ation®Recent studies are beginning to show a
similar pattern of neural chan ns (Gustafson, Lissner, Bengtsson,
Bjorkelund, & Skoog, 20 @[ al., 2010; Ursache et al., 2012).

There have %ber of mechanisms proposed as potential drivers of the

hippocagnpa ges seen in obesity. Given the association between obesity and type

ellitus (Bonadonna et al., 1990), insulin-resistance has been suggested as

a key'mechanism in hippocampal dysfunction in obesity (Chabot, Massicotte, Milot,
Trudeau, & Gagne, 1997; Lamport, Lawton, Mansfield, Moulin, & Dye, 2014; Li et
al., 2002; Molteni et al., 2002; Zhao, Chen, Quon, & Alkon, 2004). Indeed, obese
individuals with diabetes show hippocampal volumetric reductions (Bruehl et al.,

2011; Ursache et al., 2012) and impaired source memory performance (Lamport et al.,
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2014) compared to their non-diabetic obese peers. However, given the evidence for
hippocampal volume reductions in obesity in the absence of diabetes (Jagust et al.,
2005; Raji et al., 2010) it is likely that the effect of insulin resistance is additive rather
than explanatory. Indeed, adiposity itself is associated with neuroinflammation (Erion
et al., 2014) suggesting that being overweight may be sufficient to cause alterations to
brain function, independent of how obesity was achieved and what comorbid he
problems may exist. Nonetheless, given the high levels of comorbidity ofo X
health issues that, like diabetes, have been associated with cognitive deﬁ
hypertension (Kilander, Nyman, Boberg, Hansson, & Lithell, 1998)%nd sleep apnea
(Décary, Rouleau, & Montplaisir, 2000)), it may be construc %dress cognitive

deficits in the obese “syndrome”, considering not jus@ but the combination

of disorders that often accompany it.

Hippocampal abnormalities seen itgodent mipdels of obesity are associated with

robust evidence for memory

Lichtenstein, & Kanarek&

Gispen, 2001; Vali; ebes et al., 2011; Winocur et al., 2005). However, the

cognition deficits in these animals (Jurdak,

Iteni et al., 2002; Popovic, Biessels, Isaacson, &

association esity and memory in humans is much less clear. Obese adults
have be r&pi to perform poorly on measures of verbal learning such as delayed
re ecognition (Cournot et al., 2006; Elias, Elias, Sullivan, Wolf, &
D'Agostino, 2003; Gunstad, Paul, Cohen, Tate, & Gordon, 2006), an effect that is
independent from, but interacts with, the effects of normal aging (Gunstad, Lhotsky,
Wendell, Ferrucci, & Zonderman, 2010). However, other studies have failed to find
evidence for obesity-related memory impairments (Conforto & Gershman, 1985;

Holloway et al., 2011; Nilsson & Nilsson, 2009).
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This inconsistent picture may be due to methodological issues. So far, memory in
obese subjects has only been investigated in the context of verbal recall of word lists,
a task that may have little in common with the contextually rich multidimensional
episodic recollection that has been linked with consumption. The current study aimed
to investigate whether overweight individuals are impaired in memory for comp\
temporal-spatial events. That is, whether they are less able to recall the wja @ 2,
and when (WWW) elements of an episode. Such features are considere&&
definitive of episodic memory (Tulving & Donaldson, 1972) an beén
extensively used to assess episodic memory behaviourally infgn an animals (e.g.
Babb & Crystal, 2006; Clayton & Dickinson, 1998). Reec dies in healthy human

participants have shown that WWW memorjgs bly reported as “remembered”

rather than “known” (Easton, Webster, 012; Holland & Smulders, 2011),

memories have been shown t

complaints in older adult,&

where and when el:g r free recall performance (Plancher, Gyselinck, Nicolas,

ed in normal aging, and related to memory
ater degree than retrieval of the individual what,
& Piolino, 2040): performance has been shown to be correlated with, but
distinct ffo recall performance (Cheke & Clayton, 2013, 2015) motivating the
c t while both are tests of episodic memory, they may be assessing different
aspee€ts of this ability. Evidence from rodent models (sometimes using variants in
which the “When” element is replaced with “Which Context”) suggest that WWW
memories rely on the integrity of the hippocampus (DeVito & Eichenbaum, 2010;
Ergorul & Eichenbaum, 2004). Crucially, it appears that integrated WWW memories

are dependent on hippocampal function, whereas the component elements (What,
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What-Where, When/Which context) are preserved despite hippocampal lesions
(Langston & Wood, 2010). WWW memory and spatial memory (but not object
memory alone) are also shown to be sensitive to normal aging and Alzheimer’s-like
pathology in mice (Davis, Eacott, Easton, & Gigg, 2013). Thus it appears to be the
spatial component, and in particular the requirement for integration of multiple types
of information, that depends on intact hippocampal function. While most of this
N

research has concentrated on the hippocampus, it is likely that WWW tests reg

healthy function of a range of areas within the “core recollection netwo@u i

the prefrontal and parietal cortices (Rugg & Vilberg, 2013).

Here we introduce the “Treasure-Hunt Task”. This ta@ memory for object
information (““What”), location information £ "WHhe and temporal order

s well as testing the ability to

event recollection. In this way, this task

is able to identify the not just ut the pattern of performance deficits that

may characterise dlffere

@Q

6 pants between 18 and 35 years were recruited through posters, online

Methods

advertisements and word of mouth. A high proportion of the first participants to be
recruited indicated on a demographic questionnaire that they had a history of
mental illness, on the basis of which the data of these individuals (n=10) were
excluded prior to analysis. Later recruitment screened participants for a history of

mental illness before arrival. This left 50 participants (72% female, mean age 24.62
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(range 18-35), mean BMI 25.7 (range 18-51.7)). Of these, 26 were lean (BMI< 25),
and 24 were overweight (n=16, BMI =25-30) or obese (n=8, BMI>30). Recruitment
across the BMI range was balanced for recruitment population (e.g. university/non-

university) and age. All participants indicated that they had never received a diagnosis

N

of diabetes.

Ethics Statement *

This study was approved by the Cambridge Human Biology Research %&

Committee. All participants gave written informed consent to ta% .

Participants were invited to attend a testing session i epartment of Psychology
in the centre of Cambridge. Here they completedia ographic information form and

a training task. They then undertook si the computerised memory task

created using PsychoPy (Peirce, 2 . The'temory task contained 5 sections:
Encoding, WWW, Where, W en (see Figure 3). These were presented in a

fixed order. During the e& eriod, participants were instructed to move a

number of fooditeEQd a complex scene (for example, a desert with palm trees;

see Supple"Q rial for examples of scenes and items) using the arrow keys,
and to “Hide”, in the scene by pressing enter. Participants were specifically
in o use the “scene, not the screen” and not to hide in the corners of the

screoh. Each item was hidden within a given scene twice, across two hiding periods
labelled “day 1” and “day 2 which occurred consecutively. Within each encoding
period, participants hid objects in two different scenes consecutively (such that the
order was: Scene 1, Day 1; Scene 1, Day 2; Scene 2, Day 1; Scene 2, Day 2). The

WWW retrieval period occurred immediately after encoding, however because

10
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memory for scene 1 was always assessed first, the encoding of Scene 2 occurred
during the retention interval for Scene 1 and retrieval of Scene 1 occurred during the
retention interval for Scene 2, meaning that the retention interval was around 5
minutes. During the WWW retrieval period, participants were instructed to move each
of the food-items around the screen just as they had during encoding, but this time in
order to indicate where they hid that item in that scene in on each “day” (“place K
item in the same place you hid it on day 17). This was followed by the “Yhg Q
retrieval period during which participants observed a series of “X”’s in a&

13

locations within the scenes for 5 seconds. After each, they were

something in that location?”. Half of the “X”s were in a loca re the participant
had hidden an item, half were in locations in which t@ nt had not hidden
anything. The participants were then showna sefie d-items, half of which they

had hidden and half of which were ne

d you hide

asked “Did you hide this item”

(“What” retrieval period). Finally, Subjects Were shown two items and asked “which

of these did you hide first?” (*; rieval period). This allowed participants to be
%

tested on the order of ap&

facilitating a greatiz rapge Of questions. As such, the last item from scene 1 would be

items within as well as between scenes,

considered t eared before the first item of scene 2, but after the first item of
scene 1 i ch item appeared on both “day 1” and “day 2” in each scene, the

p were asked to consider when they first hid that item. There were 6
diffefent sessions of these tasks, divided into two “Easy” sessions (with 4 items, and
therefore 8 hiding events since each was hidden twice), two “Medium” sessions (with
8 items, and therefore 16 hiding events) and two “Hard” sessions (with 12 items and

24 hiding events). Thus each retrieval task had 8 items in the easy sessions, 16 in the

medium sessions and 24 in the hard sessions, with the exception of the easy “when”

11
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tasks which had only 6 items because that is the maximum number of permutations
for 4 items. Participants undertook these 6 sessions in a random order,

counterbalanced across individuals.

INSERT FIGURE 1 HERE

Accuracy on the “WWW? task was calculated as proportion of items in yghi \

participant indicated the correct location. Responses on this task were a@ r

the types of errors made. “Imprecision” errors were defined as t nses that
were within one key-press of the correct location, but did is location
completely. This type of error suggests that the corre ere-when combination
has been retrieved, but imprecisely reporte ors were defined as those

failure causes such errors as they could result

It is difficult to know ex&

either from total bi: ures or total failures at spatial memory.

Accuragy on Where” and “What” tasks was computed by calculating d’ from

p of correctly identified “old” items/locations against false alarms (new
item§'identified as old). Accuracy for the “When” task was computed by calculating
d’ from proportion of correct answers against proportion of incorrect items. Formulas
for d’ calculation were taken from Macmillan & Creelman (Macmillan & Creelman,
1990). Analysis was conducted using repeated measures ANOVA with difficulty as a

between subjects factor and BMI as a covariate, and stepwise linear regression.

12
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Internal consistency for all tests was very high (Cronbach’s Alpha, WWW: a =0.898;

“What”:a =0.896), “Where”: (o =0.74) and “When”: (a. =0.719)).
Results
There were no differences between men and women on any of the memory mea&

(“WWW?”: 1(48)=1.405, p=0.166; “What”: t(48)=0.237, p=0.814; “Wherg:

t(48)=1.438, p=0.157; “When”: t(48)=0.079, p=0.937). The data from b@s ere
pooled for all subsequent analyses. E
There was a significant negative effect of increased Qrmance on all tasks

: H(1 =9.696, p=0.003, “What” :F(1,

“WWW”: F(1, 48)=4.567, p=0.038, “Whe
27). When controlling for BMI,
performance did not significantly increasing difficulty levels on the

99,

WWW or What tasks (“WW

p=0.911) but did on the ‘%

(F(2,47)=3.789, péé no task was there an interaction between BMI and

=3.082, p=0.055; “What”: F(2,47)=0.093,

(2,47)=4.648, p=0.014) and “When” tasks

difficulty levgln¢* (2,47)=0.242, p=0.786; “What”: F(2,47)=1.057, p=0.355;
“Where} (QO.SB, p=0.596;“When F(2,47)=0.462, p=0.633). These results

sul t with increasing BMI, individuals struggled with all aspects of the
TreaSure-Hunt Task, but did not become more impaired as the difficulty increased

(Figure 2).

In our sample, BMI was significantly related to years in education (r(50)=-0.374,

p=0.008), and gender (t(48)=2.779, p=0.008) but not age (r(50)=212, p=0.139). It is

13
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therefore important to establish the additional variance in memory score explained by
BMI beyond that explained by years in education and gender. When entered into a
stepwise regression analysis with age, gender and years in education, BMI explained
an additional 6.1% of variance in WWW score, which was not a significant change
from the variance explained by age, gender and years in education alone (p=0.085).
However, BMI did account for significant additional variance in performance on&
“What” (r-square change=0.094, p=0.035), “Where” (r-square change=023

p<0.001) and “When” (r-square change=0.096, p=0.03) tasks. On their% ,

years in education and gender predicted very little variance in m formance,
%

and in no test did the influence of these factors differ sign%

r-square=0.06, p=0.414; “Where”: r-square=0.059, p@ en”’: r-square=0.044,

p=0.558; “What”: r-square=0.010, p=0.923 %

m zero (WWW:

The effect of BMI on memory per ance Was not reflected in reaction times. There
was no relationship between action times on any task (“WWW”: F(1,
48)=0.071, p=0.970; “What’: B@f48)=0.101, p=0.752; “Where”: F(1)=0.094,

p=0.760; “When”: 0.338, p=0.564). There was also no relationship between

BMI and ti L at’encoding, suggesting that overweight participants were not

simply 1€ss ¢ 1 when committing events to memory (F(1, 114)=0.30, p=0.586).

Given the particular demand on spatial recall in the WWW task, it is possible that
poor performance on the WWW task was driven solely by a problem with spatial
memory. This was investigated by analysing the types of errors made in the WWW
task. People with higher BMI made more errors in total, however, there was no

relationship between BMI and number of “Imprecision” (F(1,48)=0.107, p=0.446) or

14
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“total inaccuracy” (F(1,48)=0.811, p=0.372) errors. Instead, there was a significant
relationship between BMI and number of “binding” errors (F(1,48)=5.278, p=0.026).
This suggests that the type of error driving the poorer performance in those with
higher BMI was incomplete binding or integration of elements, rather than spatial

inaccuracy per se.

Discussion *

\\

The present results indicate that with increased BMI, young, oth Ithy

individuals show significant reduced capacity in episodic me assessed by the
e

Treasure-Hunt Task. Those with higher BMI showe rformance on

th@ o bind these elements

‘Wihat-Where-When” memory). BMI

spatial, temporal and item memory, as well

together into a single coherent represe

explained significant additional varfance in femory score for the individual “What”,

“Where” and “When” tasks, b, ‘WWW?” task when variance due to age,
)

gender and years in educ ontrolled for.

S

Our findings gest that the structural and function neural changes that have
been defhon d in those with elevated BMI may be accompanied by significantly
re ility to form and/or retrieve episodic memories. Importantly, this effect is

preseht in young, nondiabetic individuals. This adds to the growing data suggesting

that the cognitive impairments that accompany obesity are present early in adult life
and are not driven by diabetes. However, it should be noted that the sample assessed
in this study were not screened for the many other conditions that are comorbid with

obesity (such as hypertension and sleep apnea) and also associated with cognitive

15
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deficits (Décary et al., 2000; Kilander et al., 1998). Furthermore, while the
participants had never received a diagnosis of diabetes, this does not rule out the
possibility that they had undiagnosed problems with insulin resistance. As such it is
possible that the memory effects reported here may be driven by conditions comorbid

with obesity rather than adiposity itself.

To date, the association between obesity and memory has yet to be convmm@
demonstrated in humans. Given the current findings, it may be that the

previous research in humans to reliably replicate the rodent findi 51ty -related
memory deficits may have been attributable to the use of wo %radigms. The
study presented here used a non-verbal memory para, equired the integration

into % oherent representation and

episodic memory as it is used and

of item, spatial location and temporal order

in this way gets closer to the context-ri
experienced in everyday life. This Study had% small sample size, and thus we must be

cautious with interpretation, z 1ven the fact that variance explained by BMI

dropped below signiﬁca&
suggests the effect E Q be robust against variation due to extraneous factors.

emographic factors were accounted for, which

While there ificant relationships between memory and these demographic
factors, filu s should be treated with caution when degrees of freedom are
li WEurther research is necessary to establish whether the results of this study can

be geéneralised to overweight individuals in general, and to episodic memory in
everyday life. However, the possibility that there may be episodic memory deficits in
overweight individuals is of major concern, especially given the growing evidence
that episodic memory may have a considerable influence on feeding behaviour and

appetite regulation (Robinson et al., 2013).

16
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The idea that impaired cognitive performance in obesity may affect the regulation of
consumption has been put forward by Gunstad and Sellbom (Sellbom & Gunstad,
2012) and Davidson and colleagues (Davidson, Kanoski, Walls, & Jarrard, 2005;
Kanoski & Davidson, 2011). Both groups propose “vicious cycle” models of obesity
and cognitive decline, in which cognitive impairments associated with obesity rr\

impact learning which in turn impacts ability to regulate weight. Davidsqp

colleagues (Davidson et al., 2014) hypothesize that the reason that me Xr nt
r~

PN

meals affects later consumption is that it acts as a negative feature stimulus that is
- -
informative about the likely post-ingestive sensory conse(tnces of intake; that is, the

presence of the memory is a predictive stimulus as to the phelsiological consequences

A
of further consumption. Within their framework, memories have no special

associative properties per se and therefore oeerate in the same way as conventional

external stimuli when they are embedded in the set of associative relationships. If

M\

associative learning is disrupted, therefore, then the ability to form associations

AL 1
between memories and physiological outcomes is also disrupted. Given the present

al

results, it is possible that obesity may also be related to problems with explicit

)
episodic memory itself. These accounts are not mutually exclusive; it is likely that

U

changes to hippocampal function would result in problems with both episodic
S

memory and negative-pattern associative learning, making the resulting problems

even more likely to cause issues with consumption regulation. Of course, such an

account requires further empirical confirmation, and it is not clear to what degree the

present findings can be applied to consumption memories.

Caveats and Provisos

17
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This is the first study to use the Treasure-Hunt task, and as such there are as yet no
established norms for this task and its validity for assessing episodic memory across
diverse populations is yet to be established. For this reason, further research is needed
before we can conclude with confidence that the associations between BMI and
memory seen in this small, cross-sectional study are generalizable to the general\
population in everyday life. In the present study the WWW, what, wherg,a

elements differed not only in the information assessed but also in the rE@u rt

provided. Some tests required only recognition, whereas others @ewer
é

retrieval cues. It is therefore possible that different performa ss these tasks

were due in some degree to differences in the require@ trieval support rather
t

than the ability to remember particular typesgof ifif n. Furthermore, it is

difficult to identify whether there is a it in memory integration, given the

impairments on the individual elem@nts of the memory. Future studies should control
for retrieval support across theedi tests, and should assess integration
independently of spatial & oreover, it is possible that the fixed order of the

task presentation mpacted performance on different tests unevenly. As

such, future G uld present these tests in a counterbalanced order.

Fi Jthis study has concentrated on the impact of excess weight on episodic
memory. However, as reviewed in the introduction, obesity is associated with
impairments in a range of cognitive functions, and it is likely that any impairment
would not be specific to memory. Conversely, cognitive impairments have been
indicated in a number of conditions comorbid with obesity (such as hypertension and

sleep apnea), ones which were not assessed in this study. As such, future research
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should investigate memory impairments in the context of other obesity-related

conditions and cognitive abilities.

In summary, the current findings suggest that individuals with higher BMI may

exhibit a deficit in episodic memory relative to lean controls. This study focussed on

a small cross-section of individuals. However, if generalizable, this finding is \
concerning, especially given evidence that memory may be an importantfac e

regulation of consumption. Further research should investigate Whether&

individuals are less able to encode and/or retrieve meal memorie @ether this
impacts later consumption. 06

\@
C)@Q
O
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References

Babb, S. J., & Crystal, J. D. (2006). Episodic-like memory in the rat. Current Biology,
16(13), 1317-1321.

Barkin, S. L. (2013). The relationship between executive function and obesity i
children and adolescents: a systematic literature review. Journal of obe. "\
2013.

Bonadonna, R. C., Leif, G., Kraemer, N., Ferrannini, E., Prato, S. D., & 5 R.
A. (1990). Obesity and insulin resistance in humans: a dose-res &.\
Metabolism, 39(5), 452-459.

Bruehl, H., Sweat, V., Tirsi, A., Shah, B., & Convit, A. (2011). QbeSe Adolescents
with Type 2 Diabetes Mellitus Have Hippocampal and obe Volume
Reductions. Neurosci Med, 2(1), 34-42. doi: 10.4236/fm. 21005

Brunstrom, J. M., Burn, J. F., Sell, N. R., Collingwood, J.' M., ers, P. J.,
Wilkinson, L. L., . . . Ferriday, D. (2012). Epi ory and appetite
regulation in humans. PLoS One, 7(12), €5 dot?
10.1371/journal.pone.0050707

Chabot, C., Massicotte, G., Milot, M., Trud . agne, J. (1997). Impaired
modulation of AMPA receptor -dependent processes in
streptozotocin-induced diabetic r in Res, 768(1-2), 249-256.

Cheke, L. G., & Clayton, N. S. (2098). Do different tests of episodic memory produce
consistent results in humar ? Learning & Memory, 20(9), 491-498. doi:

10.1101/lm.030502.1
Cheke, L. G., & ClaytonyN. @5). The six blind men and the elephant: Are
episodic memory of different things or different tests of the same
mental Child Psychology.
, A. (1998). Episodic-like memory during cache recovery
e, 395(6699), 272-274. doi: 10.1038/26216
., & Somerville, E. M. (1998). Little and often: ingestive

nce, 112(3), 502-511.
., & Gershman, L. (1985). Cognitive processing differences between
se and nonobese subjects. Addictive Behaviors, 10(1), 83-85.

Coutnot, M., Marquie, J. C., Ansiau, D., Martinaud, C., Fonds, H., Ferrieres, J., &
Ruidavets, J. B. (2006). Relation between body mass index and cognitive
function in healthy middle-aged men and women. Neurology, 67(7), 1208-
1214. doi: 10.1212/01.wnl.0000238082.13860.50

Davidson, T. L., Chan, K., Jarrard, L. E., Kanoski, S. E., Clegg, D. J., & Benoit, S. C.
(2009). Contributions of the hippocampus and medial prefrontal cortex to
energy and body weight regulation. Hippocampus, 19(3), 235-252. doi:
10.1002/hipo.20499

Davidson, T. L., Kanoski, S. E., Chan, K., Clegg, D. J., Benoit, S. C., & Jarrard, L. E.
(2010). Hippocampal lesions impair retention of discriminative responding

20



Downloaded by [University of Cambridge] at 02:39 24 November 2015

based on energy state cues. Behavioral Neuroscience, 124(1), 97-105. doi:
2010-01915-020 [pii]

10.1037/a0018402

Davidson, T. L., Kanoski, S. E., Walls, E. K., & Jarrard, L. E. (2005). Memory
inhibition and energy regulation. Physiology & Behavior, 86(5), 731-746. doi:
S0031-9384(05)00401-4 [pii]

10.1016/j.physbeh.2005.09.004

Davidson, T. L., Tracy, A. L., Schier, L. A., & Swithers, S. E. (2014). A view of
obesity as a learning and memory disorder. J Exp Psychol Anim Learn Cogn,
40(3), 261-279. doi: 10.1037/xan0000029

Davis, K. E., Eacott, M. J., Easton, A., & Gigg, J. (2013). Episodic-like memoryAd
sensitive to both Alzheimer's-like pathological accumulation and norma
ageing processes in mice. Behav Brain Res. doi: 10.1016/j.bbr.2043.Q

Décary, A., Rouleau, 1., & Montplaisir, J. (2000). Cognitive deficits assoct
sleep apnea syndrome: a proposed neuropsychological test battefi. S.

Journal of Sleep Research & Sleep Medicine.
DeVito, L. M., & Eichenbaum, H. (2010). Distinct contributions pocampus
and medial prefrontal cortex to the "what-where-when" nents of

episodic-like memory in mice. Behavioural Brain Resegr 15(2), 318-325.
doi: DOI 10.1016/j.bbr.2009.09.014

Easton, A., Webster, L. A., & Eacott, M. J. (2012). T i ¢ nature of episodic-
like memories. Learn Mem, 19(4), 146-15 10.1101/Im.025676.112

Elias, M. F., Elias, P. K., Sullivan, L. M., Waelf, P. 'Agostino, R. B. (2003).
Lower cognitive function in the pres esity and hypertension: the
Framingham heart study. /nt J etab Disord, 27(2), 260-268. doi:
10.1038/sj.1j0.802225

802225 [pii]

Ergorul, C., & Eichenbaum, H. (
"where," and "when".

he hippocampus and memory for "what,"

, 11(4), 397-405. doi: 10.1101/lm.73304

Erion, J. R., Wosiski-Kuhn , A., Hao, S., Davis, C. L., Pollock, N. K., &
Stranahan, A. M.& esity Elicits Interleukin 1-Mediated Deficits in
Hippocampal tiePlasticity. The Journal of Neuroscience, 34(7), 2618-
2631.

Grillo, C. A., Pin Junor, L., Wilson, S. P., Mott, D. D., Wilson, M. A., &
Rea 011). Obesity/hyperleptinemic phenotype impairs structural

ctipnal plasticity in the rat hippocampus. Physiology & Behavior,

8-144. doi: 10.1016/j.physbeh.2011.02.028

otsky, A., Wendell, C. R., Ferrucci, L., & Zonderman, A. B. (2010).

gitudinal examination of obesity and cognitive function: results from the

Baltimore longitudinal study of aging. Neuroepidemiology, 34(4), 222-229.
doi: 000297742 [pii]

10.1159/000297742

Gunstad, J., Paul, R. H., Cohen, R. A., Tate, D. F., & Gordon, E. (2006). Obesity is
associated with memory deficits in young and middle-aged adults. Eat Weight
Disord, 11(1), e15-19. doi: 1921 [pii]

Gustafson, D., Lissner, L., Bengtsson, C., Bjorkelund, C., & Skoog, 1. (2004). A 24-
year follow-up of body mass index and cerebral atrophy. Neurology, 63(10),
1876-1881. doi: 63/10/1876 [pii]

21



Downloaded by [University of Cambridge] at 02:39 24 November 2015

Hebben, N., Corkin, S., Eichenbaum, H., & Shedlack, K. (1985). Diminished ability
to interpret and report internal states after bilateral medial temporal resection:
case H.M. Behavioral Neuroscience, 99(6), 1031-1039.

Higgs, S., & Donohoe, J. E. (2011). Focusing on food during lunch enhances lunch
memory and decreases later snack intake. Appetite, 57(1), 202-206. doi:
10.1016/j.appet.2011.04.016

Higgs, S., Williamson, A. C., & Attwood, A. S. (2008). Recall of recent lunch and its
effect on subsequent snack intake. Physiology & Behavior, 94(3), 454-462.
doi: 10.1016/j.physbeh.2008.02.011

Higgs, S., Williamson, A. C., Rotshtein, P., & Humphreys, G. W. (2008). Sensory-
specific satiety is intact in amnesics who eat multiple meals. Psychologi
Science, 19(7), 623-628. doi: 10.1111/j.1467-9280.2008.02132.x K

Holland, S. M., & Smulders, T. V. (2011). Do humans use episodic memgry.
a What-Where-When memory task? Animal Cognition, 14(1), 9%. C

DOI 10.1007/s10071-010-0346-5
Holloway, C. J., Cochlin, L. E., Emmanuel, Y., Murray, A., Codreagt, 1., Bdwards, L.
M., ... Saxby, B. K. (2011). A high-fat diet impairs cardiac high-€nergy
phosphate metabolism and cognitive function in health)@n subjects. The
American journal of clinical nutrition, 93(4), 748-75
Jagust, W., Harvey, D., Mungas, D., & Haan, M. (2005).
aging brain. Arch Neurol, 62(10), 1545-1548. do1*

10.1001/archneur.62.10.1545

Jurdak, N., Lichtenstein, A. H., & Kanarek, R. . Diet-induced obesity and
osci, 11(2), 48-54. doi:

rn diet consumption and cognitive

spatial cognition in young male rats.
unction and obesity. Physiology &

trabobesity and the

10.1179/147683008X301333
Kanoski, S. E., & Davidson, T. L. (2011)%
impairment: links to hippocampal d

Behavior, 103(1), 59-68. 031-9384(10)00450-6 [pii]
10.1016/j.physbeh.2010.12.0
Kanoski, S. E., Meisel, .@ns, A.J., & Davidson, T. L. (2007). The effects of
energy-rich dietsl& ihination reversal learning and on BDNF in the
hippocampus afidprefdntal cortex of the rat. Behavioural Brain Research,

182(1), 57-66doi: 80166-4328(07)00251-3 [pii]
10.1016/j.bbr.20, ‘

Kilander, L. ., Boberg, M., Hansson, L., & Lithell, H. (1998). Hypertension
is related # cognitive impairment a 20-year follow-up of 999 men.

ion, 31(3), 780-786.

Im G. (2000). Obesity as a medical problem. Nature, 404(6778), 635-643.

L . J., Lawton, C. L., Mansfield, M. W., Moulin, C. A., & Dye, L. (2014).
Type 2 diabetes and impaired glucose tolerance are associated with word
memory source monitoring recollection deficits but not simple recognition
familiarity deficits following water, low glycaemic load, and high glycaemic
load breakfasts. Physiology & Behavior, 124, 54-60.

Langston, R. F., & Wood, E. R. (2010). Associative recognition and the hippocampus:
differential effects of hippocampal lesions on object-place, object-context and
object-place-context memory. Hippocampus, 20(10), 1139-1153. doi:
10.1002/hipo.20714

Li, X. L., Aou, S., Oomura, Y., Hori, N., Fukunaga, K., & Hori, T. (2002).
Impairment of long-term potentiation and spatial memory in leptin receptor-

22



Downloaded by [University of Cambridge] at 02:39 24 November 2015

deficient rodents. Neuroscience, 113(3), 607-615. doi: S0306452202001628
[pii]

Macmillan, N. A., & Creelman, C. D. (1990). Detection theory : a user's guide.
Cambridge: Cambridge University Press.

Molteni, R., Barnard, R. J., Ying, Z., Roberts, C. K., & Gomez-Pinilla, F. (2002). A
high-fat, refined sugar diet reduces hippocampal brain-derived neurotrophic
factor, neuronal plasticity, and learning. Neuroscience, 112(4), 803-814. doi:
S0306452202001239 [pii]

Mueller, K., Sacher, J., Arelin, K., Holiga, S., Kratzsch, J., Villringer, A., &

Schroeter, M. L. (2012). Overweight and obesity are associated with neuronal
injury in the human cerebellum and hippocampus in young adults: a combined
MRI, serum marker and gene expression study. Trans/ Psychiatry, 2, emK
doi: 10.1038/tp.2012.121 .

Nilsson, L.-G., & Nilsson, E. (2009). Overweight and cognition. Scanding%
Jjournal of psychology, 50(6), 660-667.

Oldham-Cooper, R. E., Hardman, C. A., Nicoll, C. E., Rogers, P. J. trom, J.

M. (2011). Playing a computer game during lunch affec%es memory for

lunch, and later snack intake. American Journal of Clin trition, 93(2),
308-313. doi: 10.3945/ajcn.110.004580

Peirce, J. W. (2008). Generating stimuli for neuroscience Using RsychoPy. Frontiers
in neuroinformatics, 2.

Plancher, G., Gyselinck, V., Nicolas, S., & PiolinggP.4R2010). Age effect on
components of episodic memory andefeatirg/Binding: A virtual reality study.
Neuropsychology, 24(3), 379-390. d 0. /a0018680

Popovic, M., Biessels, G. J., [saacson, pen, W. H. (2001). Learning and
memory in streptozotocin-induce ic rats in a novel spatial/object
discrimination task. Behav Bgain Resy 122(2), 201-207.

Raji, C. A., Ho, A. J., Parikshak, ] Becker, J. T., Lopez, O. L., Kuller, L. H., . . .

tructure and obesity. Hum Brain Mapp,
31(3), 353-364. [ /
Robinson, E., Aveyard, 1& A., Jolly, K., Lewis, A., Lycett, D., & Higgs, S.
(2013). Eatinggtténtively: a systematic review and meta-analysis of the effect
% dry and awareness on eating. The American journal of

of food intake
clinical Yajcn. 045245.
Rozin, P., D Moscovitch, M., & Rajaram, S. (1998). What causes humans

to begin afid end a meal? A role for memory for what has been eaten, as
1de by a study of multiple meal eating in amnesic patients.
logical Science, 9(5), 392-396.

R ., & Vilberg, K. L. (2013). Brain networks underlying episodic memory
retrieval. Curr Opin Neurobiol, 23(2), 255-260. doi:
10.1016/j.conb.2012.11.005

Sellbom, K. S., & Gunstad, J. (2012). Cognitive function and decline in obesity.
Journal of Alzheimers Disease, 30(0), S89-95. doi: U21L0511P5381202 [pii]

10.3233/JAD-2011-111073

Smith, D. G., Jones, P. S., Williams, G. B., Bullmore, E. T., Robbins, T. W., &
Ersche, K. D. (2015). Overlapping decline in orbitofrontal gray matter volume
related to cocaine use and body mass index. Addiction biology, 20(1), 194-
196.

23



Downloaded by [University of Cambridge] at 02:39 24 November 2015

Smith, D. G., & Robbins, T. W. (2013). The neurobiological underpinnings of obesity
and binge eating: a rationale for adopting the food addiction model. Biological
Psychiatry, 73(9), 804-810.

Tulving, E., & Donaldson, W. (1972). Organization of memory. New York,:

Academic Press.

Ursache, A., Wedin, W., Tirsi, A., & Convit, A. (2012). Preliminary evidence for
obesity and elevations in fasting insulin mediating associations between
cortisol awakening response and hippocampal volumes and frontal atrophy.
Psychoneuroendocrinology, 37(8), 1270-1276. doi:
10.1016/j.psyneuen.2011.12.020

Valladolid-Acebes, 1., Stucchi, P., Cano, V., Fernandez-Alfonso, M. S., Merino,Bs,
Gil-Ortega, M., . . . Del Olmo, N. (2011). High-fat diets impair spatial -
in the radial-arm maze in mice. Neurobiol Learn Mem, 95(1), 80-85.4 a
10.1016/j.nlm.2010.11.007

Winocur, G., Greenwood, C. E., Piroli, G. G., Grillo, C. A., Reznikov, I&e &
L. P., & McEwen, B. S. (2005). Memory impairment in obes€ Zu rats: an
investigation of cognitive function in an animal model %'n sistance

i: 20

and obesity. Behavioral Neuroscience, 119(5), 1389-13 05-13804-
025 [pii]
10.1037/0735-7044.119.5.1389
World Health Organization. (2010). World Health o@ Global infobase,
4

https://apps.who.int/infobase/Indicators.as
Zhao, W. Q., Chen, H., Quon, M. J., & Alk ). Insulin and the insulin
receptor in experimental models of | ingad memory. Eur J Pharmacol,

490(1-3), 71-81. doi: 10.1016/j: .02.045
S001429990400202X [pii]

Figure Captions @

Figure 1. Schematic o ory test. Participants moved items around and “hid”

them in two sce o “days” (“Encoding”). Participants were then asked to

indicate in t@e manner where they hidden each food on each day (“WWW
ievaly). Fhey were then given the “Where” and “What” recognition tests,

follgwed by “When” order discrimination test.
Figure 2.Association between memory score and BMI in What-Where-when (r=-

0.295; top left) Where (r=-0.346, top right), What (r=-0.228,; bottom left) and When

(r=-0.272; bottom right) tasks.
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