
Physiology & Behavior xxx (2011) xxx–xxx

PHB-09293; No of Pages 10

Contents lists available at ScienceDirect

Physiology & Behavior

j ourna l homepage: www.e lsev ie r.com/ locate /phb
Western diet consumption and cognitive impairment: Links to hippocampal
dysfunction and obesity

Scott E. Kanoski a, Terry L. Davidson b,⁎
a University of Pennsylvania, Department of Psychology, Philadelphia, PA, United States
b Purdue University, Department of Psychological Sciences, West Lafayette, IN, United States
⁎ Corresponding author.
E-mail address: davidson@psych.purdue.edu (T.L. Da

0031-9384/$ – see front matter © 2010 Elsevier Inc. Al
doi:10.1016/j.physbeh.2010.12.003

Please cite this article as: Kanoski SE, David
and obesity, Physiol Behav (2011), doi:10.1
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 September 2010
Received in revised form 5 November 2010
Accepted 4 December 2010
Available online xxxx

Keywords:
Ingestive behavior
Pavlovian
Dementia
Alzheimer's Disease
Hippocampus
Intake of saturated fats and simple carbohydrates, two of the primary components of a modern Western diet,
is linked with the development of obesity and Alzheimer's Disease. The present paper summarizes research
showing that Western diet intake is associated with cognitive impairment, with a specific emphasis on
learning and memory functions that are dependent on the integrity of the hippocampus. The paper then
considers evidence that saturated fat and simple carbohydrate intake is correlated with neurobiological
changes in the hippocampus that may be related to the ability of these dietary components to impair cognitive
function. Finally, a model is described proposing that Western diet consumption contributes to the
development of excessive food intake and obesity, in part, by interfering with a type of hippocampal-
dependent memory inhibition that is critical in the ability of animals to refrain from responding to
environmental cues associated with food, and ultimately from consuming energy intake in excess of that
driven solely by caloric need.
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1. Introduction

Obesity and Alzheimer's Disease (AD) are two of the most serious
and costly health challenges facing Western cultures. Since 1980, the
prevalence of obesity in the United States has increased by 75%, with
fully one third of men and women now classified as obese [1]. Obesity
is a main component of what is termed the “metabolic syndrome,”
which also includes glucose intolerance, insulin resistance, high
triglyceride levels, low levels of high density lipoprotein (HDL)
density, and hypertension as primary characteristics [2]. There is
currently little agreement about the causes of the continuing rise in
obesity, and treatments that can stem or reverse this trend have not
yet been developed. Similarly, the incidence of AD in the global
population is projected to increase four-fold over the next 40 years
[3], afflicting as many as 14 million people in the United States alone
by 2050 [4]. AD is characterized by a severe, age-related decline in
memory and cognitive functioning. At present, there is no cure for AD
and its root causes remain elusive. In addition to the high cost in terms
of quality of life, the estimated annual U.S. healthcare costs for the
victims of obesity and AD presently exceeds $140 billion [5] and
$170 billion [6], respectively. Thus, identifying risk factors and
strategies for preventing or delaying the onset and progression of
both of these disorders is of paramount importance.
Traditionally, investigators have viewed the problems of obesity
and related metabolic disorders on one hand (e.g., Type II Diabetes
Mellitus, hypertension) and AD and cognitive dementias on the other,
as involving distinct etiologies, which target different underlying
behavioral and biological functions that rely on largely separate brain
structures and circuits. For example, it is abundantly clear that
manipulations of the hypothalamus (e.g., surgical, genetic, hormonal)
can have profound effects on eating and body weight gain for
experimental animals and that increases in energy intake and body
weight regulation in humans are accompanied by marked changes in
hypothalamic neurohormonal signaling pathways [7]. In contrast, the
hippocampus is the site of structural abnormalities associated with
early stages of AD and other cognitive dementias [8,9]. In fact, the
hippocampus is preferentially susceptible compared to other brain
regions to a variety of insults (e.g., environmental toxicants, car-
diovascular and metabolic perturbations) that have cognitive dys-
function as their signature symptoms [10]. In addition, findings that
selective removal of the hippocampus is accompanied by specific
types of learning and memory impairment have also focused much
research attention on the hippocampus as a substrate for amnesias
and other forms of cognitive decline [11].

In spite of these differences, evidence is beginning to accumulate
for important commonalities in the etiologies of both energy dysreg-
ulation and cognitive impairment. Specifically, saturated fats and
refined carbohydrates are the principal components of a “Western
diet” that are believed to promote excess energy intake and body
weight gain [12]. Several recent studies have also linked elevated
intake of saturated fat and simple sugars to increased incidence of AD
ive impairment: Links to hippocampal dysfunction
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[13–15] and milder forms of cognitive dysfunction (e.g., [16–19]).
In addition, several recent reports indicate that selective hippocampal
damage in rodents and pathologies that are largely confined to
the hippocampus in humans are associated with increased energy
intake [20,21] and meal frequency (e.g., [22]). Thus, there is evidence
suggesting that dietary factors are associated with the emergence of
hippocampal pathology and that hippocampal pathology is associated
with the emergence of increased food intake and body weight gain.

This paper has two main objectives: our primary aim is to review
evidence thatWestern diets impair cognitive functioning, with special
emphasis on the functions of the hippocampus. To achieve this objec-
tive, we will consider findings from studies that link consumption
of saturated fats and simple carbohydrates to the development of
cognitive dementias, including AD and mild cognitive impairment
(MCI), a diagnosis given to individuals that exhibit deficits inmemory,
language, or other mental functions that exceed what is expected as
part of normal aging, but that do not interfere significantly with their
daily activities [23]. We will also assess the nature of learning and
memory processes that may be altered by these diets and we will
consider the possibility that such alterations are based on interference
with the function of the hippocampus. Our second goal is to consider
the hypothesis that the disruptive effects of Western diets on learning
and memory function also contribute to the ability of these diets to
promote excess food intake and bodyweight gain. Although diets high
in saturated fats and sugars tend to be energy dense, this fact in itself
does not explain why animals overeat them. That is, given that energy
regulation depends on matching energy intake with energy expen-
diture, intake of Western diets in excess of energy needs reflects a
failure of energy regulation. We will consider the possibility that this
failure is based, in part, on disruption of hippocampal-dependent
learning and memory processes that underlie control of appetitive
behavior.

2. Components of Western diets associated with
cognitive dysfunction

Although Western diets contain various combinations and con-
centrations of different sources of macro- and micronutrients,
research has focused primarily on cognitive impairment produced
by consumption of two of the primary components of that diet,
namely saturated fats and simple sugars.

2.1. Saturated fats

Fatty acids are categorized into saturated fatty acids (SFA) and
unsaturated fatty acids, including mono (MUFA) and polyunsaturated
(PUFA) fatty acids. While intake of PUFAs, particularly Omega-3 fatty
acids, is considered to be protective against cognitive decline (see [24]
for review), intake of SFA appears to have the opposite effect.
For example, data from cross-sectional (e.g., [25]) and longitudinal
population-based studies (e.g., [26]) have shown that intake of SFA is
correlated with impaired cognitive function. Morris and colleagues
have evaluated the relationship between intake of dietary fats and the
development of cognitive decline and dementia in humans in a series
of population-based prospective studies that focused on age-related
cognitive change. They reported that, for subjects aged 65 years and
older, high intakes of SFA, but not total fat, over four- and six-year
periods led to a greater risk for the development of AD and MCI
[27,28]. In a more recent longitudinal prospective study, Eskelinen
et al. [17] examined the relationship between SFA intake by humans
and the development of clinical MCI 21 years later. The authors found
that abundant dietary SFA was associated with an increased risk of
developing MCI. However, cognitive impairment was not global, but
tended to be more pronounced in specific types of learning and
memory tasks. More specifically, SFA was associated with impaired
performance in a test of prospectivememory, which involvesmemory
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based on performing an intended action at some future time [29]. On
the other hand, performance in other mnemonic domains, such as
immediate verbal memory and semantic memory, was not linked
with SFA intake.

One limitation in the studies described above is that differences
in body mass index (BMI) or adiposity were not accounted for, thus
making it difficult to dissociate the effects of SFAs on cognitive
function from their effects on the development of body weight gain
and obesity. However, relationships between SFA intake and cognitive
decline have been found after adjusting for measures of hypertension
(blood pressure, etc.) and the presence of adult-onset (i.e., Type II)
diabetes [17,19], both of which are strongly correlated with BMI in
humans [30].

Evidence from studies employing rodent models is also consistent
with the hypothesis that SFA intake can lead to cognitive impairment.
Greenwood and Winocur have shown that consumption of a high
SFA diet with a complex carbohydrate source can impair learning
and memory performance in rats (e.g.,[31,32]). One study [33] eval-
uated the effects of 3 months exposure to a diets high in either SFA,
polyunsaturated fatty acids (PUFAs), or monounsaturated fatty
acids (MUFAs) on the ability of rats to learn an appetitive operant
conditioning task. They found that the rats receiving the SFA diet were
impaired in learning the task, whereas intake of PUFAs or MUFAs had
little impact on performance relative to a low fat control diet. Thus,
diets high in SFA appear to have a larger disruptive effect on cognitive
function in rodents relative to diets high in unsaturated fats or low
in total fat.

2.2. Simple carbohydrates

Simple carbohydrates (mono and disaccharides, e.g., glucose,
sucrose) are considered a major part of Western diets [34]. They can
be differentiated from complex carbohydrates (polysaccharides,
starch) based on a higher glycemic index, which is a measure of the
effect that ingested substances have on postprandial blood glucose
levels. Evidence shows that consumption of a meal containing simple
carbohydrates can impair postprandial memory function relative
to intake of complex carbohydrates. For instance, the effects of
consuming ameal with a high or a low glycemic index on postprandial
memory performance was examined in adult subjects with well
controlled Type II DiabetesMellitus (T2DM) [35]. It was found that the
high glycemic meal led to poorer performance in memory tests that
were given between 1 and 2 h after eating. Similarly, other studies
have found that a higher relative to a lower glycemic load for a meal
(i.e., higher glycemic index) can lead to poorer memory performance
in nondiabetic subjects, including children [16] and normal weight
undergraduate female subjects ([36], but see [37]). These studies
suggest that consumption of simple relative to complex carbohy-
drates can impair postprandial memory performance in humans.
Epidemiological and experimental research is needed to examine
the possibility that longer-term intake of simple carbohydrates can
also have a detrimental impact on cognitive function in human
populations.

Perhaps more compelling evidence for a role of simple carbohy-
drate intake in cognitive impairment comes from a recent study that
examined the effects of sucrose intake on performance in a novel
object recognition task in rats [38]. This task is based on the tendency
of rats to prefer the exploration of novel compared to familiar objects.
Rats are familiarized with an object in a first phase, and are then
presented with the familiar and a novel object in a second phase.
Failure to explore the novel object more than the familiar object in
the second phase can be interpreted as a memory deficit [18,38].
Rats given chronic daily access to a sucrose solution (32% sucrose
solution) in addition to standard chow were impaired in learning and
memory performance compared to rats that only received chow
access, whereas performance was not affected in rats given chow
ption and cognitive impairment: Links to hippocampal dysfunction
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supplemented with access to Crisco (≈25% SFA, 75% MUFA/PUFA).
Importantly, body weights were not significantly different between
the sucrose and Crisco-fed groups, although both groups were heavier
than the control group. These results suggest that dietary sucrose
may be affecting cognitive function independent of its effects on the
development of obesity, as the two diets had differential effects on
learning performance but not on body weight gain.

Other evidence also suggests that glycemic index may be one
important factor mediating the effects of simple carbohydrates on
learning and memory function [39]. Rats were given one of three
diets: high in fat and sucrose (HFS), high in fat and glucose (HFG), or a
standard chow control diet. While body weight gain did not differ
between rats maintained on the HFG or HFS diets, rats receiving the
HFG diet were impaired in learning a Pavlovian conditioning task
relative to the control group, whereas the HFS-fed rats were not
impaired. This observed learning impairment following HFG but not
HFS exposure is potentially based on the higher glycemic load of the
HFG relative to the HFS diet, given that glucose is a more potent
stimulator of insulin secretion than sucrose [40].

It also appears that the effects of consuming simple compared to
complex carbohydrates on cognitive function may differ depending
on factors such as the type of learning or memory assessment that is
used. For example, intake of simple relative to complex carbohydrate
in adult subjects with well-controlled T2DM is associated with
impairments in several measures of delayed verbal memory (e.g.,
paragraph and word list recalls), whereas only marginal impairments
are found in a digit span working memory task [35]. Contrary to these
findings, however, a study using healthy children as subjects
demonstrated impaired immediate, but not delayed verbal memory
following intake of simple relative to complex carbohydrates [16].
These studies suggest that simple carbohydrates can impair post-
prandial memory performance for both immediate and delayed
information, and that the effects of simple carbohydrates on memory
performance may depend upon the age and/or diabetic status of the
subjects. However, variations in task measures and experimental
designs limit direct comparison across these studies.
3. Western diets and hippocampal-dependent learning
and memory

Impaired learning and memory for spatial relations among objects
in the environment has long been considered the benchmark test for
hippocampal dysfunction in animals. A widely-used task for assessing
spatial learning and memory in rodents is the Morris Water
Maze (MWM). In this task, a rodent is placed into a circular pool of
water where they learn to swim to an escape platform hidden a few
millimeters below the surface. Visual cues are placed outside of the
pool to serve as spatial landmarks. Subjects are given trials that differ
with respect to the spatial starting location at the edge of the pool. The
animals learn to find the escape platform with increasing efficiency
across trials, presumably by using spatial reference cues located
outside of the maze. Rats with damage confined to the hippocampus
are severely impaired in learning and remembering the location of the
platform in the MWM task (see [41] for review).

Several studies have shown that consuming components of a
Western diet can also disrupt learning and memory performance in
the MWM task. Rodents receiving several months of ad libitum
exposure to diets with high levels of both SFA and sucrose [42–45],
diets that contain high levels of SFA with more complex carbohy-
drates [46,47], as well as diets that contain high levels of sucrose
without elevated levels of fat [18] are impaired in learning the
location of the hidden platform relative to control animals receiving a
low-fat, complex carbohydrate-based diet. Furthermore, intake of a
diet high in SFA and sucrose produces disruptions in memory
retention tests [48], in which the platform is removed and the
Please cite this article as: Kanoski SE, Davidson TL, Western diet consum
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percentage of time spent in the correct quadrant of the maze is
recorded.

Intake of Western diets is also associated with impairments in
other spatial memory paradigms, such as a stone T-maze task [49] and
a water radial maze [50,51], that like the MWM, require animals to
learn to swim to the location of a hidden escape platform. Diet-
induced impairments have also been reported in paradigms that
involve learning the spatial location of aversive reinforcement, such
as a foot shock [47].

A number of studies have used the eight-arm radial maze to assess
the effects of diets high in SFA and simple sugars on hippocampal-
dependent spatial learning and memory function based on appetitive
reinforcers (i.e., food or sucrose pellets; [31,52,53]). The radial maze
task can be structured so that across trials a certain number of the
arms of the maze are always baited with a food pellet and other
arms are never baited. The ability of the rats to enter only the baited
arms and to refrain from entering the unbaited arms is considered to
be an index of reference memory, and entering an arm on a given trial
that is never baited would be recorded as a reference memory error.
The radial arm maze can also be used to assess working memory,
which involves remembering which arms have already been visited
on a given trial and which have not. Working memory errors occur
when rats return to an arm (previously baited or nonbaited) that
they have already visited on the current trial. Both reference
memory and working memory with spatial cues are impaired as a
consequence of selective damage to the hippocampus [54]. Similarly,
deficits in both spatial reference and spatial working memory have
been reported in rats that have been maintained on a Western diet
(e.g., [50,55]).

Recent studies have also examined the effects of very short-term
periods of Western-diet maintenance on learning and memory
function. For instance, Murray et al. [53] demonstrated that rats
fed a high fat diet for only 9 days showed significantly more spatial
working memory errors in an appetitive radial arm maze paradigm
compared to controls receiving a low fat diet. In addition, in a
variation of the radial maze task that allowed assessment of learning
and memory with nonspatial and well as spatial cues, Kanoski and
Davidson [52] found that after only 72-hr consumption of a Western-
diet (aka “High Energy,” or “HE” diet), rats made significantly more
working and reference memory errors than did chow-fed controls
when the task required learning about spatial cues, but were not
different from controls when performance was based on nonspatial
cues. Deficits in reference and working memory performance based
on nonspatial cues emerged only after 60 days on the Western diet
(see Fig. 1). Because rats with the hippocampus removed are not
reported to show deficits in nonspatial reference memory, the results
suggest that longer-term exposure to a Western diet may interfere
with hippocampal-independent as well as hippocampal-dependent
memory processes. Furthermore, both Kanoski and Davidson and
Murray et al. reported that spatial reference and working memory
deficits occurred prior to the emergence of significantly greater body
weight gain by rats fed the Western diet compared to chow-fed
controls. This suggests that the short-term detrimental cognitive
effects of consuming a Western diet can occur in the absence of
differences in body weight.

There are also examples of hippocampal-dependent nonspatial
learning and memory problems that are sensitive to disruption
induced by intake ofWestern diets. In general, these problems require
rats to resolve what Morris [56] described as “predictable ambiguity,”
which can involve learning when to respond or to refrain from
responding to a nonspatial cue (e.g., an auditory or visual CS) that
signals reinforcement under some conditions, but is not reinforced at
other times. Both hippocampal damage (see [57] for review) and
consumption of diets high in SFA and processed sugars (e.g., [39,58])
or diets high in SFA with complex carbohydrates (e.g., [33]) have
been reported to disrupt performance on these types of problems by
ption and cognitive impairment: Links to hippocampal dysfunction
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Fig. 1. Rats maintained on a high energy diet (HE diet) were impaired relative to controls receiving a standard chow diet (C diet) in reference and working memory problems based
on spatial cues after 3 days of consumption, whereas reference and working memory based on nonspatial cues were impaired only after 60 days of Western diet maintenance (from
[52]). Note that the ranges of the Y-axes differ for mean # of working and reference memory errors.
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reducing the ability to learn to inhibit responding on nonreinforced
trials.

4. Diet-induced neurophysiological changes and
hippocampal dysfunction

Excessive consumption of Western diets can produce a number of
neurophysiological changes that can directly or indirectly impact
the hippocampus. These changes include impaired glucoregulation,
reduced levels of neurotrophins, neuroinflammation, and alterations
in the structural integrity of the blood–brain barrier. The results of a
number of studies link these changes to impairments in several
types of hippocampal-dependent learning and memory operations.

4.1. Glucoregulation

Intake of saturated fat and refined carbohydrates can contribute
to the development of metabolic syndrome [12], which includes
insulin resistance and glucose intolerance as primary characteristics.
Several recent studies point to peripheral insulin resistance as an
important contributor to the decline in cognitive function that occurs
in individuals with metabolic syndrome. Insulin resistance is found in
approximately 80% of obese individuals, and is characterized by poor
glycemic control resulting from persistent extreme elevations in,
and decreased activity of, peripheral insulin [59]. High dietary levels
Please cite this article as: Kanoski SE, Davidson TL, Western diet consum
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of simple carbohydrates and saturated fat are thought to contribute
strongly to the development of insulin resistance in humans [60]. In
otherwise healthy elderly subjects who do not have T2DM, declining
insulin sensitivity is associated with impaired cognitive performance
[61–63], whereas cognitive function is improved for T2DM subjects
following treatments that improve glucose regulation [64,65].

The most consistently reported cognitive deficits associated with
insulin resistance and poor glycemic control in humans are found in
memory tests that are also impaired in individuals with damage to
the hippocampus, such as tests of delayed verbal memory [66,67].
This suggests that hippocampal function may be related to glycemic
regulation. Consistent with this idea, Gold et al. [68] recently dem-
onstrated in middle-aged subjects with well-controlled T2DM that
tests of delayed verbal memory (paragraph recall) were impaired,
whereas performance on tasks that are not considered to be sensi-
tive to hippocampal damage (e.g., immediate recall, attention) was
not different from age-matched controls. Interestingly, MRI scans
revealed that subjects who were impaired in the memory task
demonstrated a reduction in brain volume that was specific to the
hippocampal region. Thus, poor glycemic control contributed to both
the memory impairment and hippocampal atrophy. On the other
hand, other variables commonly associated with T2DM andmetabolic
syndrome, including elevated BMI, hypertension, and dyslipidemia,
did not contribute independently to either the memory impairment
or the hippocampal atrophy.
ption and cognitive impairment: Links to hippocampal dysfunction
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Evidence from rodents also suggests that insulin resistance may be
a key player in the relationship between Western diets and at least
some types of hippocampal-dependent memory disruption. In a
recent study, rats were fed either a high fat (HF) diet or a standard
chow diet for 1 month [69]. One week prior to behavioral testing in a
Morris water maze, half of the rats from each dietary treatment were
given daily administration of a vehicle control or of rosiglitazone, an
insulin sensitizer that increases the effectiveness of peripheral insulin
signaling. The rats given the HF-diet were impaired in the spatial
Morris water maze task when receiving control injections; however,
the HF-diet group receiving the insulin sensitizer performed at a level
similar to control rats fed a standard diet. In addition to improving
spatial learning performance, rosiglitazone also lowered plasma
glucose, triglycerides, cholesterol, and insulin relative to HF-rats
receiving vehicle. These findings are consistent with the results of a
study that reported improved cognitive performance and insulin
sensitivity in human T2DM subjects that received rosiglitazone
treatment for 6 weeks [65]. Thus, it appears that for both humans
and rodents, ameliorating peripheral insulin resistance can reduce
the effects of Western diets on some types of cognitive performance.

Peripheral insulin regulation may affect memory function by
influencing insulin signaling in the hippocampus directly. Insulin and
its receptor (IR) are abundant in the hippocampus, and administration
of insulin has been shown to enhance memory at optimal doses
in both rodents (intracerebroventricular administration [70]) and
humans (administered intranasally [71]). Evidence suggests that
levels of CNS insulin depend upon transport of peripheral insulin into
the brain, as little or no insulin is produced in the CNS (see [72]). A
potential link between these results and dietary fat intake was
provided byWoods et al. [73], who showed that high fat diet-induced
obesity in dogs resulted in reduced insulin transport into the CNS
relative to normal weight dogs.

The possibility that diet-induced peripheral insulin resistance is
related to impaired CNS insulin signaling is supported by the results of
a recent study [74]. Mice that were given a diet high in SFA and
sucrose for 1 year were impaired in learning an appetitive operant
conditioning task. The authors measured insulin-mediated signaling
in the hippocampus by assessing the ability of insulin to stimulate
phosphorylation of its downstream signaling kinase Akt/PKB. The
results showed that relative to chow-fed controls, mice given the
Western diet exhibited peripheral insulin resistance, as well as
reduced insulin signaling in the hippocampus. Another study further
supports the hypothesis that diets high in SFA can disrupt insulin
signaling in the hippocampus [75]. Rats given a high SFA diet for
several months were impaired relative to chow-fed controls in a
spatial working memory task. Performance in the memory task was
enhanced in control rats following direct hippocampal administration
of insulin, whereas hippocampal insulin-induced enhancement was
not observed in rats maintained on the high SFA diet. Collectively,
these studies suggest that dietary SFA may have detrimental
consequences on both peripheral and hippocampal insulin signaling.
An interesting question is whether or not maintenance on a Western
diet can impair central insulin signaling prior to the development of
peripheral insulin resistance.
4.2. Brain-derived neurotrophic factor (BDNF)

BDNF is a neurotrophin that plays an important role in the survival,
maintenance, and growth of many types of neurons [76]. BDNF is
abundantly expressed in the hippocampus, hypothalamus, and
cerebral cortex [77]. Interference with BDNF or its receptor can
reduce synaptic plasticity [78] and neurogenesis [79] in the
hippocampus. Both synaptic plasticity and neurogenesis have been
postulated to be neuronal processes that underlie hippocampal-
dependent learning and memory [80].
Please cite this article as: Kanoski SE, Davidson TL, Western diet consum
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Diets high in SFA and simple sugars have been shown to reduce
BDNF levels and to interfere with both synaptic plasticity and
neurogenesis in the hippocampus of rodents [42]. In addition, diet-
induced reductions in levels of hippocampal BDNF levels are accom-
panied by performance deficits in several hippocampal-dependent
learning and memory problems. For example, Molteni et al. [48]
reported that rats that had been maintained for 90 days on a diet high
in SFA and sucrose exhibited both decreased hippocampal BDNF and
impaired performance in the water maze. In addition, Molteni et al.
[43] showed that both of these effects could be prevented by giving
rats access to a running wheel during the period when the Western
diet was available. That is, the detrimental effects of aWestern diet on
spatial learning and memory was abolished by a manipulation that
also blocked the ability of that diet to reduce hippocampal BDNF.

Kanoski et al. [39] assessed the effects of consuming a diet high in
SFA and glucose on BDNF levels in the dorsal and ventral regions of
the hippocampus and in the medial prefrontal cortex (mPFC). Rats
maintained on this diet for 90+ days exhibited reduced BDNF in the
mPFC and ventral hippocampus, but not in the dorsal hippocampus.
Anatomical studies have shown that the ventral hippocampal CA1
cell fields project directly to the mPFC [81]. Thus, the ventral
hippocampal/medial prefrontocortical circuit may be more sensitive
to diet-induced effects on BDNF than the dorsal area of the hippo-
campus. The dorsal hippocampus has been reported to have a more
prominent role in learning and retaining spatial relations compared
to the ventral hippocampus, which has been linked more closely to
nonspatial processes (see [82] for review). One implication of these
results is that because this diet had little effect on BDNF levels in the
dorsal hippocampus, dietary influences on spatial learning and
memory may not depend critically on levels of hippocampal BDNF.

On the other hand, the above findings also imply that intake of
Western diets should impair performance on nonspatial learning and
memory tasks to the extent that performance on those problems
depends upon levels of BDNF in the ventral hippocampus or mPFC.
Consistent with this hypothesis, Kanoski et al. [39] also found that rats
that exhibited reduced levels of BDNF in the ventral hippocampus and
the mPFC were also impaired in a Pavlovian discrimination-reversal
task. That is, rats maintained on a diet high in SFA and glucose were
not impaired in learning a simple discrimination problem in which
the brief presentation of one stimulus (e.g., a light) was followed by
delivery of sucrose pellets and the brief presentation of another
cue (e.g., a tone) was not followed by sucrose. However, when the
discriminative contingency was reversed (i.e., the tone was followed
by sucrose pellets and the light was not) the rats maintained on this
diet were slower than chow-fed controls at learning to respond
appropriately. This pattern of results is like that shown by animals
with hippocampal damage or with mPFC lesions in that the
performance of these animals is not different from controls during
the acquisition of a simple discrimination, but is impaired after the
original discriminative contingency has been reversed [83,84]. Also
noteworthy, Kanoski et al. [39] found neither discrimination reversal
performance nor reduced BDNF levels in the hippocampus or mPFC
for rats that had been maintained on a Western diet that was high in
saturated fat and sucrose. Thus, as with learning andmemory function,
the ability of Western diets to influence levels of BDNF in the brain
may depend upon the glycemic nature of the carbohydrate source in
the diet.

In summary, the possibility that central BDNF reduction mediates,
in part, the effects of Western diet consumption on cognitive function
is supported by the fact that dietary-induced alterations in BDNF
occur in areas of the brain, namely the hippocampus and mPFC, that
are functionally compromised by the same type of dietary manipula-
tion. Furthermore, a Western diet can interfere with neural processes
that are mediated by BDNF and considered to be related to learning
and memory function, including synaptic plasticity and neurogenesis.
Research that has demonstrated diet-induced alterations in BDNF
ption and cognitive impairment: Links to hippocampal dysfunction
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Fig. 2. Maintenance on an HE diet for over 4 months impaired blood–brain barrier
integrity relative to rats maintained on standard chow (C) by reducing mRNA
expression of tight junction proteins (a) and by increasing blood-to-brain permeability
of the tracer sodium fluorescein (NaFl) in the hippocampus (HIPP), but not in the
prefrontal cortex (PFC) and striatum (STR) (b; from [58]).
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employed dietary manipulations that included high levels of both
SFA and simple sugars. More research would be useful in evaluating
the relative contributions of each of these dietary components to
alterations in BDNF levels in the brain.

4.3. Neuroinflammation

Inflammation in the brain is linked with cognitive dysfunction
and AD (see [85] for review) and increased levels of inflammatory
cytokines (e.g., IL-1β, IL-6) can disrupt hippocampal synaptic
plasticity [86]. Recent studies show that rodents maintained on
diets high in SFA have elevatedmarkers of brain inflammation relative
to standard diet-fed controls. In one study [49] mice were fed a high
SFA diet for 16 weeks prior to being tested in spatial memory task.
Consistent with previous studies, SFA intake was associated with
impaired spatial memory and reduced BDNF. The authors also showed
that intake of the SFA-based diet was linkedwith elevations in various
markers of neuroinflammation, including increased expression of
TNF-α, IL-6, and the chemokine MCP-1.

Other studies suggest a contribution of maternal diet to the
neuroinflammation caused by SFA intake. It was recently found
that SFA-induced impairment in spatial memory in the MWM and
elevations in neuroinflammatory markers (e.g., IL-6) were exacerbat-
ed in rats born to dams fed a high SFA diet relative to those born
to chow-fed dams [87]. Another study examined the effects of a
maternal SFA intake on neuroinflammation in rats that were given a
standard chow diet at weaning [88]. They demonstrated that adult
rats from SFA-fed dams had elevated levels of the inflammatory
marker IL-1β in the hippocampus relative to rats from chow-fed
dams, despite being maintained on standard chow postweaning.
Collectively, these studies suggest that onemechanism throughwhich
SFA intake can potentially alter cognitive function is by elevating brain
inflammation, particularly when high levels of SFA are present in both
the maternal and progeny diet.

4.4. Blood–brain barrier integrity

The blood–brain barrier (BBB) is a specialized system comprising a
microvascular endothelium that limits the entry of many blood
components into the brain [89]. Damage to the BBB in humans has
been shown to be strongly correlated with the development of MCI
[90] and AD [91], and in some cases has been shown to precede the
development clinical symptoms in both human AD patients [92] and
transgenic mouse models of AD [93]. A number of recent findings
suggest that dietary andmetabolic factors are related to disrupted BBB
integrity. For example, a recent longitudinal study found that
adiposity in midlife female subjects was strongly linked with BBB
integrity 24 years later, which was measured from the CSF/serum
albumin ratio [94]. Dietary and metabolic factors have also been
linked with BBB disruption in rodents as well. Banks and colleagues
have shown that diet-induced obesity in rodents can interfere with
the active transport mechanisms of various energy balance-relevant
hormones across the BBB, including leptin [95] and ghrelin [96]. In
addition, increased BBB permeability has been demonstrated in the
cholesterol-fed New Zealand white rabbit, which is used an animal
model for AD. Several studies have shown that when these rabbits are
fed a diet enriched with cholesterol (1–2%) for several weeks,
increases in BBB permeability to normally excluded Evans Blue dye
develops, primarily in the hippocampal region and the frontal cortex
(see [97]).

Kanoski et al. [58] recently assessed the effects of Western diet
(i.e., HE diet) consumption on the integrity of the BBB and the choroid
plexus, which comprises the primary structure of the blood–csf
barrier (BcsfB) in rats. BBB and BcsfB integrity was examined by
measuring: 1) mRNA expression of proteins that comprise the tight
junctions of the BBB and BcsfB, including occludin, claudin 5, claudin
Please cite this article as: Kanoski SE, Davidson TL, Western diet consum
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12, Zo-1, and Zo-1, and 2) permeability to sodium fluorescein (NaFl), a
tracer that is normally precluded across an intact BBB [98]. The results
showed that Western diet maintenance reduced expression of
the tight junction proteins occludin, claudin 5, and claudin 12 (see
Fig. 2a), which are considered important in permeability restriction
[99]. Furthermore, maintenance on the Western diet was accompa-
nied by increased NaFl permeability in the hippocampus. In contrast,
no permeability differences based on diet were found in the striatum
and the prefrontal cortex (see Fig. 2b). These findings point to
disruption of BBB integrity as a novel mechanism that may underlie
the detrimental effects of Western diet consumption on cognitive
function, and they further highlight the vulnerability of the hippo-
campus to dietary and metabolic factors.

TheWestern diet-fed rats with impaired BBB integrity in the study
described above were also evaluated for learning performance in
three types of discrimination problems. In the serial feature negative
discrimination problem, a discrete “target” stimulus (A; e.g., a tone) is
followed by food reinforcement when presented alone (A+ trials) but
not when preceded by the presentation of another “feature” stimulus
(X; e.g., a light). In this problem, the feature stimulus can be thought
of as “setting the occasion” for when the target stimulus is not
followed by reinforcement. Thus, in the serial FN task, rats must learn
to refrain from responding to a cue when it is preceded by a feature
stimulus, and not to refrain from responding when that cue is
presented alone. Holland et al. [100] demonstrated that rats with
selective lesions of the hippocampus were impaired in learning a
serial feature negative discrimination, displaying increased appetitive
responding on nonrewarded trials (X➔A− trials) compared to
control rats with an intact hippocampus. Kanoski et al. [58] also
tested the rats on a simple discrimination (B+,C−) problem and on a
serial feature positive discrimination task, where a target stimulus is
reinforced when preceded by a feature stimulus (X➔A+ trials), but
ption and cognitive impairment: Links to hippocampal dysfunction
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not when presented alone (A− trials); both the simple discrimination
and the serial feature positive discrimination tasks are not impaired in
rats with selective hippocampal lesions [100,101]. Rats fed the
Western diet performed like rats with hippocampal lesions in that
they were impaired, relative to chow-fed controls, at solving the serial
feature negative discrimination problem, but were unimpaired at
solving the serial feature positive or the simple discrimination (see
Fig. 3). Furthermore, for rats fed the Western diet, impairment on the
serial feature negative tasks took the form of elevated appetitive
responding on nonrewarded trials relative to controls, the same
response profile that has been observed in rats with hippocampal
lesions [100] (see [84,102] for review).

The pattern of results described above suggests that consuming a
Western diet may alter BBB permeability in manner that produces
selective deficits in learning and memory processes that rely on the
hippocampus, while sparing, at least initially, learning and memory
functions that depend primarily on other brain structures or circuits.
However, precisely how changes in BBB permeability might alter
hippocampal-dependent learning and memory functions is an open
question. It is possible that a leaky BBB allows toxins, metals such as
copper, lead, and iron, and other harmful blood-borne substances to
enter the CNS. Some metals are thought to contribute towards the
development of neurodegenerative diseases via BBB influx (see [103]
for review). It is also possible that BBB disruption contributed to
cognitive impairment by facilitating blood to brain entry of β-amyloid,
the primary constituent of amyloid plaques in AD. Blood-borne β-
amyloid peptides are effectively blocked from access to the brain in
healthy humans and rodents with an intact BBB [104,105]. However,
when the BBB is compromised pharmacologically, peripherally-
derived β-amyloid peptides can enter the CNS in both humans and
rodents [106]. Furthermore, it has recently been shown that
maintenance on a diet high in SFA in mice led to increased Aβ plaque
load in the hippocampal dentate gyrus relative to controls given a low
fat control diet, whereas no diet-based Aβ differences were found in
the cerebral cortex and the ACC [107].

It also remains to be determined whether or not diet-induced
changes in BBB permeability and any alterations in brain structure or
function that these changes produce can be reversed by dietary or
other means. It is conceivable that even if the integrity of the BBB can
be restored, irreversible damage to the hippocampus might be
produced, for example, by the accumulation of heavy metals. On the
other hand, increased BBB permeability could be accompanied by
more or less reversible physiological changes in access to or clearance
of hormones (e.g., insulin), metabolites or their by-products (e.g.,
fatty acids, cholesterol, triglycerides), in levels of BDNF, or in
neuroinflammation. Furthermore, questions about the amount and
Fig. 3. Rats maintained on an HE diet for over 3 months were impaired in learning a
hippocampal-dependent serial feature negative problem (T+, L−NT−), but not a serial
feature positive problem (L−NT+, T−) relative to controls maintained on standard
chow (C) (from [58]).
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duration of exposure to Western diets that induce BBB changes and
hippocampal dysfunction also need to be specified. Similarly, the
possibility that there may be critical periods of development that
differ in terms of sensitivity to the detrimental effects ofWestern diets
is relatively unexplored.

5. Vicious cycle model: linking Western diet consumption to
obesity and cognitive disorders

It may be that the ability of a Western diet to interfere with
hippocampal-dependent learning and memory processes is causally
linked to its capacity to promote excessive energy intake and obesity
[21,57]. Research from our laboratory [55] and elsewhere [53,108] has
shown that Western diet-induced learning and memory impairments
can precede the development of diet-induced obesity. It may be the
case that impairments in hippocampal-dependent processes promote
intake and body weight gain by interfering with learned control of
energy regulation.

As noted previously, Morris [56] proposed that the hippocampus is
critically involved with resolving “predictable ambiguity,” which can
be said to exist when the relationship between a particular stimulus
and an outcome (e.g., food) varies dependent on the presence or
absence of another stimulus or set of stimuli. The serial feature
negative discrimination problem discussed previously involves this
type of relationship because a target stimulus is reinforced in the
absence (on A + trials) and nonreinforced in the presence of the
negative feature stimulus (X). Thus, the negative feature stimulus can
be said to resolve predictable ambiguity by signaling that the target
stimulus will not be reinforced on X➔A− trials when the feature is
present. According to prevailing views of animal learning and
memory, the ability of the target cue to elicit appetitive and eating
responses is directly related to how strongly it can activate the
memorial representation of the reinforcing postingestive conse-
quences of eating [109]. Behavior is suppressed on X➔A− trials
because the presence of the negative feature stimulus inhibits the
excitement of that memory by the target cue.

A similar set of stimulus-event relations may also be part of the
physiological control of energy and body weight regulation (see
Fig. 4). Woods has proposed that bouts of eating are initiated
primarily by environmental cues associated with food [110]. Physi-
ological or “hunger” signals arising from energy deficit normally
playing little, if any, role in initiating intake. Instead, energy balance
regulation depends on the generation of physiological “satiety”
signals that act to terminate meals and to suppress the capacity of
environmental cues to stimulate additional appetitive and eating
behavior. However, this model, and indeed, most models of energy
regulation have little to say about the mechanisms that enable
Fig. 4.Woods (2004) model of energy regulation interpreted as a serial feature negative
discrimination problem.
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physiological satiety signals to exert inhibitory control over appetitive
and consummatory responses. According to our view, this type of
inhibitory control could occur because satiety cues function as
negative feature stimuli. That is, energy regulation depends on the
ability of animals to solve a serial feature negative discrimination
problem in which interoceptive satiety cues (X) signal that environ-
mental food-related target cues (A) will not be followed by an
appetitive postingestive outcome (e.g., X➔A−).

As noted above, animals with hippocampal lesions [100] and
animals maintained on Western diets [58] are impaired in solving
serial feature negative discriminations as well as other appetitive
conditioning problems that involve learning when a given cue will
and will not be followed by food (see [84,102] for reviews). The data
suggest that impaired performance following these surgical and
dietary manipulations occurs because animals have difficulty inhibit-
ing activation of the memory of food reinforcement on X➔A− trials,
rather than, for example, having difficulty exciting the activation of
that memory. Similarly, if energy regulation depends, in part, on using
satiety signals to determine when food-related cues will and will not
be followed by appetitive postingestive reinforcement, manipulations
that compromise hippocampal function should disrupt the regulation
of energy intake by interfering with the ability of animals to solve this
discrimination. As a consequence of this interference, satiety cues
would be less able to suppress the ability of food-related cues to
activate the memory of the reinforcing postingestive consequences of
eating, and thus less able to prevent that memory from exciting
appetitive and consummatory behaviors.

In support of this possibility, rats with selective lesions to the
hippocampus show elevated food-sated appetitive responding (e.g.,
lever pressing, food cup approach) relative to intact controls [111–
113]. Furthermore, Davidson et al. [20] recently showed that selective
lesions to either the complete or the ventral hippocampus produced
an increase in food intake and body weight gain in rats relative to
intact and sham-operated controls. In addition, Davidson et al. [114]
showed that rats without a hippocampus are less able to use their
interoceptive energy state cues to inhibit appetitive conditioned
responding compared to controls with an intact hippocampus. If the
memory impairment produced by consumption of SFA and simple
carbohydrates is like that produced by hippocampal lesions, this could
account, at least in part, for why Western diets promote excessive
intake and body weight gain. Moreover, if the degree of interference
with hippocampal function increases with the duration of exposure or
the amount of Western diet consumed, this could lead to a “vicious
cycle” (see Fig. 5) in which continued eating leads to greater
impairment of hippocampal-dependent memory function which
Fig. 5. “Vicious cycle” model proposing that Western diet intake contributes to obesity
development, in part, by impairing hippocampal-dependent memory inhibition,
thereby interfering with the ability to refrain from appetitive responding to
environmental cues associated with food.
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further weakens the ability to inhibit intake of the Western diet that
promoted hippocampal dysfunction in the first place.
6. Implications

This review shows that evidence is accumulating for the main
components of a “vicious cycle” model that links intake of Western
diets with hippocampal dysfunction. Namely that (a) Western diet
intake interferes with hippocampal functioning; (b) interference with
hippocampal functioning can impair memory inhibition along with
other cognitive functions and; (c) impaired memory inhibition can
promote the elicitation of appetitive behavior by food-related
environmental cues. However, this model also generates many
questions. For example, it is not known whether overweight or
obese people exhibit the type of inhibitory memory impairment that
the model proposes. If these impairments are observed it will also be
important to determine when they first begin to emerge. It is also
unclear whether the impact on the hippocampus of consuming
Western diet is reversible when the intake of the diet is discontinued
or reduced. Furthermore, although evidence has emerged linking
Western diets and obesity in mid-life to AD and other types of
cognitive decline much later (e.g., [115,116]), the mechanisms
underlying this potential connection have not yet been established.
In particular, if hippocampal dysfunction promotes body weight gain,
why does body weight gain often emerge years before serious
cognitive decline? One possibility is that the degree of cognitive
impairment produced by consuming Western diets gradually
increases over time and it may take many years before the diagnostic
criteria for full-blown cognitive pathology is achieved. In this regard,
our working model suggests that it may be possible to identify
impairments in specific types of memory processes, particularly
hippocampal-dependent inhibitory memory, as early markers for
much more serious disorder later on. In rodents and humans, there
also seem to be differences in sensitivity to the capacity of Western
diets to promote excessive caloric intake and weight gain. An
additional question of interest is whether or not these differences in
sensitivity are also correlated with differences in the effects of
Western diets on hippocampal-dependent learning and memory
processes. Given the serious negative health consequences of both
obesity and cognitive decline, providing answers to these and other
questions related to Western diet consumption and hippocampal
function should be an important goal of researchers interested in
disorders of energy regulation and cognition.
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