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Abstract

Women are disproportionately affected by obesity, and obesity increases women’s risk of
developing dementia more so than men. Remarkably little is known about how females make
decisions about when and how much to eat. Research in animal models with males supports a
framework in which previous experiences with external food cues and internal physiological
energy states, and the ability to retrieve memories of the consequences of eating, determines
subsequent food intake. Additional evidence indicates that consumption of a high-fat, high-sugar
diet interferes with hippocampal-dependent mnemonic processes that operate to suppress eating,
such as in situations of satiety. Recent findings also indicate that weakening this form of
hippocampal-dependent inhibitory control may also extend to other forms of learning and
memory, perpetuating a vicious cycle of increased Western diet intake, hippocampal dysfunction,
and further impairments in the suppression of appetitive behavior that may ultimately disrupt other
types of memorial interference resolution. How these basic learning and memory processes
operate in females to guide food intake has received little attention. Ovarian hormones appear to
protect females from obesity and metabolic impairments, as well as modulate learning and
memory processes, but little is known about how these hormones modulate learned appetitive
behavior. Even less is known about how a sex-specific environmental factor — widespread
hormonal contraceptive use — affects associative learning and the regulation of food intake.
Extending learned models of food intake to females will require considerably investigation at
many levels (e.g., reproductive status, hormonal compound, parity). This work could yield critical
insights into the etiology of obesity, and its concomitant cognitive impairment, for both sexes.
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1. Introduction

The regulation of food intake and body weight depends critically on the ability of the brain
to detect, monitor, and integrate metabolic, hormonal, and neural signals from the periphery
that provide information about the body’s energy needs and the status of its energy stores
[147,151]. In addition, it is now widely recognized that the decision to eat or refrain from
eating also depends on information about the availability of food, the type of food that is
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available (e.g., is it low fat, gluten-free, Kosher), the effort needed to acquire it, and
knowledge about the likely consequences of eating (e.g., will it satisfy me, will it make me
fat). The information comes from our past experiences with food and eating, our evaluations
of those experiences, and our expectancies about the likely outcomes of food-seeking (i.e.,
appetitive) and eating behaviors [62,144]. In addition, we can attempt to suppress appetitive
and eating behaviors, even when the urge to eat is strong, by actively inhibiting thoughts
[33,54,111] or by avoiding or shifting our attention away from cues in the environment that
remind us about food and the pleasures of eating [63]. In other words, in addition to
metabolic and hormonal mechanisms, energy regulation depends on the operation of
cognitive processes involved in remembering and retrieving past experiences with food and
eating, with the development of expectations about the likely outcomes eating and appetitive
behaviors, and on the ability to control and inhibit those behaviors.

Moreover, disorders of both energy regulation and cognitive functioning appear to be
intertwined. Much evidence from human and nonhuman animal models has accumulated
indicating that intake of obesity-promoting diets that are high in saturated fats and sugar
(i.e., Western diet) can lead to learning and memory impairments and signs of
pathophysiology in brain substrates underlying cognition [5,10,45]. Conversely, a number of
findings suggest that excess energy intake and weight gain may be a consequence of
interference with the cognitive controls of eating (for review see Yeomans [148]). This
pattern of findings is consistent with what has been termed a vicious-cycle of obesity and
cognitive decline [33, 58]. According to this hypothesis based on rat models, eating a
Western diet high in saturated fats and sugars gives rise to disturbances in learning and
memory processes that contribute to the inhibitory control of eating. A consequence of this
reduced inhibitory control is increasing intake (i.e., overeating) of Western diet and further
deterioration of inhibitory cognitive functioning. The hippocampus, a brain structure long
implicated as a crucial substrate for learning and memory (e.g., Squire [128]), has received
increasing research attention for its role in the control of eating and appetitive behavior
[73,130,132]. However, this work has largely been conducted with male rodents. The role of
the hippocampus and learning and memory processes in the control of energy intake and
body weight in females has received little attention.

There are many reasons why it is important to fill this gap in knowledge. Women have a
greater incidence of obesity [103], and are at greater risk for developing Alzheimer’s disease
and other forms of dementia, two disorders that are known to harm the hippocampus. Recent
reviews have detailed links among sex, the developmentof Alzheimer’s disease [84], and
obesity [101]. Furthermore, estrogens are potent regulators of food intake, metabolic
homeostasis, and adipose tissue distribution ([105]; also see Clegg et al., this issue). Animal
models are clear that estrogens have anorexigenic and anti-obesogenic actions. Yet, despite
the protection that estradiol should be affording, premenopausal women are as susceptible to
obesity as men [103]. In addition, the cluster of risk factors that define the metabolic
syndrome (i.e., abdominal obesity, hypertension, elevated fasting plasma glucose, high
serum triglycerides, low high-density lipoprotein (HDL) levels) has reportedly increased
most in young women in the 20-39 age range (NHANES from 1988-1994 to 1999-2006;
[161]). Another sex-specific variable that has largely been neglected are the short-and
longer-term effects of hormonal contraceptives on female energy regulation and cognitive
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functioning. It is possible that these contraceptives, which the majority of women in the
United States use or have used [21], may diminish the protections normally afforded to the
brain by estrogens.

The purpose of this paper is to consider the influence of sex on the cognitive controls of
energy regulation. This review will be guided by our previously developed model of the
learned controls of intake. We will begin by summarizing the associative relationships
described by the model. We then examine what is known about sex differences in the
learning and memory processes relevant to the model and in the brain substrates of those
processes with emphasis on the hippocampus. The paper will conclude with a discussion of
how differences in sex hormones may impact both body weight regulation and cognitive
functioning. As part of this discussion, we will present a case that research on energy
regulation, cognitive functioning, and their interrelationships should consider the effects of
widely-used hormonal contraceptives to increase the generality of their findings with respect
to human females.

2. An integrative model of the physiological and cognitive controls of
energy intake

Food-related environmental cues gain the power to evoke appetitive behaviors that anticipate
the occurrence of rewarding postingestive outcomes [70]. This anticipatory response
evocation can be accomplished to the extent that such environmental stimuli excite or
retrieve the memories of their associated rewarding postingestive outcomes [16]. The
stronger is the excitement of those memories, the greater the strength of the appetitive
response. However, it has been increasingly recognized that the strength of memory retrieval
is also subject to inhibitory learning processes that antagonize or weaken the ability of
environmental cues to excite reward memories. This type of inhibitory learning occurs when
the memory of a reward is retrieved but the actual reward does not occur [139]. For example,
with respect to eating and appetitive behavior, environmental food cues are typically
followed by rewarding postingestive stimulation at the outset of a meal, whereas those same
cues may be followed by nonrewarding or even aversive postingestive consequences if
eating continues after the need for food has been met. Based on longstanding principles of
Pavlovian conditioning, inhibitory associations are formed when environmental cues retrieve
the memory of postingestive rewards under conditions in which those rewarding
postingestive outcomes are not forthcoming [113]. As a result the ability of an
environmental cue to excite the memory of rewarding postingestive stimulation will be
countered to the extent that those cues are embedded concurrently in inhibitory associations
that antagonize the excitement of reward memories (Bouton [14]).

Within this framework, the decision to eat or refrain from eating is determined by the degree
to which the inhibitory association can block or weaken the retrieval of reward memories.
When the inhibitory association is strongly activated, the ability of food cues to excite
reward memories will be reduced and feeding behavior will be suppressed. When the
inhibitory association is weak, food cues will more strongly excite the memories of
rewarding postingestive stimulation which will, in turn, evoke appetitive and eating behavior
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more strongly. From this perspective, a key question is what determines the degree to which
the inhibitory association is activated. We have proposed previously that interoceptive
physiological satiety states suppress appetitive and eating behavior by signaling that food
cues will not be followed postingestive reward. In other words, this energy state information
activates the inhibitory association to suppress feeding [35] (see Fig. 1).

According to this model, three fundamental learning and memaory processes are involved
with the regulation of energy intake: (1) the formation of excitatory associations between
environmental food cues and rewarding postingestive outcomes; (2) the formation of
inhibitory associations between environmental food cues and rewarding postingestive
outcomes; (3) the modulation of the strength of the inhibitory associations by satiety signals.
The next section of this paper will briefly review relevant findings about sex differences in
each of these processes as a means of understanding differences in energy and body weight
regulation.

3. Sex differences in learning and memory

3.1. Simple cue-reward excitatory learning

In simple learning situations, an excitatory association is formed between two events when
one event (a conditioned stimulus (CS) or a response) predicts the occurrence of another
event (an unconditioned stimulus (US)). A typical demonstration of simple Pavlovian
learning in the laboratory might involve training rodents with a brief auditory or visual CS
which signals the subsequent availability of a biologically relevant US such as food or drugs.
As a consequence of exposure to this predictive relationship, the CS comes to elicit a
behavior change or conditioned response (e.g., salivation, approaching the place where food
is delivered) in anticipation of the presentation of the US. This type of behavior change is
one example of simple cue-reward learning (see [113]). Evidence from rodent models
indicates that the excitatory CS—US associations formed during simple-cue-reward learning
may be stronger and more persistent in females than males. This phenomenon is most
established with research on drugs of abuse, in which female rodents learn to self-administer
psychostimulants more rapidly than males [88]. While less work has been conducted with
food cues, female rats have been reported to learn that a CS signals an appetitive US more
rapidly than males [55,109]. Sex differences in performance have also been observed in
another simple form of learning, termed extinction. In extinction, the presentation of the CS
is no longer followed by the US. The result appears to be learning of a new, inhibitory
association, which reduces the ability of the CS to elicit the previously learned response
(e.9., [153]). Females have been reported to extinguish conditioned responding to cues for
shock (i.e., conditioned fear; [159]) and drugs (e.g., [157]) more slowly than males. It is
unclear whether this slower “extinction” of responding occurs due to weaker inhibition,
differences in the strength of the original excitatory learning, or performance factors related
to the particular unconditioned stimulus (e.g., greater psychomotor sensitization to
amphetamines by females [8]. In addition to differences in the speed and magnitude of
discrimination, the way in which females associate cues with reward (i.e., associative
structure) may differ from males. One response tendency is “sign-tracking”, in which the
animal engages with (e.g., manipulates, licks) the signal for reward (CS) more than the
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location of the reward (US). A reward-processing framework proposes that this sign-tracking
behavior results from rats ascribing the CS with “incentive salience”, or assigns the CS value
beyond that of predicting the occurrence of the US [115].

Characterizing these response profiles, and how they differ by sex, may help in predicting
later behavioral outcomes and targeting more effective behavioral intervention therapies.
The propensity to sign-track when associations are formed during training has been found to
predict poorer extinction outcomes and resistance to some forms of outcome devaluation
[99]. Outcome devaluation typically diminishes responding to the CS by pairing the US with
an aversive (e.g., illness-inducing) stimulus or through unlimited access to reach US-specific
satiety. Examining the influence of sex on updating predictions about reward, Hammerslag
and Gulley [55] found that female rats were less sensitive to reward devaluation through
reinforcer-specific satiety of liquid sucrose compared to males. They suggest that females
exhibit greater stimulus-directed behavior to exogenous environmental cues, as opposed to
“goal-directed” behavior based on endogenous information, compared to males. According
to work with male rats, this impaired ability to use interoceptive information (e.g., satiety
signals; illness) to update predictions about CS associated with reward is considered a
component of what has been termed an addiction-like behavioral profile, in which the
animal persists in responding despite the loss of reinforcement [43,116]. Collectively, these
findings suggest the possibility that a female bias towards food-and drug-related behavioral
excess might involve differences in the ways in which they associate cues with rewarding
postingestive outcomes.

3.2. Sex differences in inhibiting conditioned responses and role of context modulation of

retrieval

The recall of previous experiences to determine that reward is not forthcoming is important
for the regulation of food intake. This ability to form and retrieve inhibitory associations,
like those that antagonize conditioned appetitive responding to food cues in our model, is
another component process by which females’ learned control of food intake might differ
from males. When a previously conditioned food cue (CS +) is presented in the absence of
reward (CS-), this second-learned inhibitory association is particularly sensitive to
contextual changes [15]. In other words, alterations in the temporal, environmental, or
interoceptive stimulus context in which the inhibitory association was formed weakens its
capacity to oppose excitatory conditioned responding. This contextual dependence of
inhibitory learning corresponds to the associative structure outlined in our model of energy
regulation, in which satiety states contextualize the absence of reward to previously
rewarded food cues.

The crucial role of context in guiding behavior is demonstrated by the renewal phenomenon
[17], in which conditioned responding is reinstated when the extinction context (B) is
replaced by return to the original conditioning context (A; in ABA designs) or with a new
context (C; in ABC designs). Previous studies have reported sex differences mediated by
gonadal hormones in the ability to use contexts to retrieve inhibitory fear memories [26, 36].
However, barely any work has examined the contextual dependence of retrieving inhibitory
associations with food, which signal the absence of forthcoming reward to a previously
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reinforced cue or response. In one such study, Todd et al. [134] trained sated female rats to
lever press for food in a distinctive exteroceptive context (A), and extinguished responding
in a different context (B). When returned to the original conditioning context (A), females
showed renewal of food-seeking behavior compared to the extinction context (i.e., ABA
renewal). These findings indicate that the inhibition of previously learned appetitive
responses in females is context-specific. In a Pavlovian preparation directly examining sex
as a variable, Anderson and Petrovich [2] found sex effects in the contextual renewal of
conditioned responding to a discrete food cue under food deprivation conditions. Estradiol-
replaced females showed renewal of food cue responding, similarly to males, while intact
(estrous cycle stage unspecified) and OV X females did not show renewal to the original
learning context. Differences across these studies with respect to inclusion of males,
deprivation conditions, and Pavlovian versus instrumental conditioning make interpretation
difficult, but the proposition that estradiol is involved in the contextual recall of food-related
memories and withholding responding for food warrants further study. More research is
needed to understand the influence of sex and sex hormones on the ability to use contexts to
disambiguate the predicted outcomes of food-related cues in the environment.

3.3. Deprivation state contexts

Interoceptive energy states produced by food deprivation or satiation are widely recognized
as contexts (e.g., [66,137]). In a similar manner to exteroceptive contexts, interoceptive
hunger or satiety states can serve as contexts that determine the outcome of the competition
between excitatory and inhibitory associations of food cues with their postingestive
consequences. Work from our lab established that varying intensities of food deprivation
could enter into associations like any other conditioned stimulus or context (e.g., [155]).
According to this view, the ability to withhold responding to previously rewarded food cues
depends on the utilization of contextual cues produced by food satiety [35,58]. In other
words, satiety states function as contexts to facilitate the retrieval of the inhibitory food cue
—reward memory association to counter excitatory response evocation by these food cues.

However, this work has predominantly used only male rodents. Differences in the capacity
of deprivation state contextual cues to facilitate memory inhibition and antagonize excitatory
responding to food cues might be expected to contribute to a sex bias in overeating. To begin
an investigation of these associative processes in females, we [118] assessed sex differences
in the ability to use varying levels of food deprivation alone or in conjunction with external
food cues to predict appetitive outcomes. Male and free-cycling female rats received training
on a compound deprivation discrimination paradigm, in which both 24 h food deprivation
(i.e., rats had no access to food for the preceding 24 h to produce a low metabolic fuel state)
and an external visual or auditory cue inside the conditioning chamber (e.g., tone) preceded
the delivery of sucrose into the food cup, whereas 0 h deprivation (i.e., 24+ hours of ad lib
food to produce satiety) and an alternate external cue (e.g., white noise) did not signal
reward (see [118] for detailed methods). As we have shown previously with males, females
approached the food cup, presumably in anticipation of sucrose reward delivery, according
to their previous deprivation state training experience. This discriminative appetitive
responding to the level of food deprivation occurred both alongside competing external food
cues and following the removal of external cues from the conditioning apparatus. An
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additional group for which external cues predicted sucrose reward but deprivation states
varied noncontingently (i.e., random) with reward established that the pattern of appetitive
responding (i.e., food cup approach) was based on associative learning rather than
motivational properties associated with food deprivation.

To extend the ecological validity of these findings and further parallel previous work in male
rats, an additional experiment trained lower level 4 h food deprivation states that
approximate those encountered under free-feeding conditions in compound with external
cues. In addition to the contingency rewarded under food deprivation (Group Dep+), another
group of rats of each sex was trained to associate satiation (i.e., 24 h free access to food)
with reward delivery and 4 h food deprivation with no reward (Group Sat+). Following
training with the compound deprivation state and external cues (e.g., sucrose dispensed to 4
h deprived rat after a tone plays in the conditioning chamber), subsequent removal of the
external cues from the conditioning chamber revealed better performance by females in
discriminating between 0 and 4 h deprivation states (see Dep Cue Test 1 and 2 in Fig. 2).
Females in the deprivation rewarded contingency (Group Dep+) learned about deprivation
states more readily than males, but this difference did not persist with additional training
(Dep Cue 2). In the opposite contingency, in which rats received sucrose under the satiated
deprivation level (Group Sat+), females outperformed male rats, who never significantly
discriminated between 4 h deprivation and satiated states in order to predict the occurrence
of sucrose reward. Corresponding to previous work in males [119,120], these findings
provided the first evidence in females that interoceptive deprivation states can gain stimulus
control over appetitive responding, in the presence or absence of external cues. In other
words, this work suggests females form and use associations between their energy states and
appetitive reinforcement. The female rats used for this set of experiments were free cycling,
and we did not attempt to synchronize estrous cycle stage with multi-week behavioral
training and testing. The modest female benefit revealed with the lower intensity deprivation
discrimination introduces the possibility that intact females may be better at forming
associative relationships with interoceptive energy contexts, particularly satiety states, than
males. While extending the validity of our model of food intake regulation to free cycling
females, this work raises questions about potential sex specific vulnerabilities of these
associative mechanisms to environmental perturbations.

4. Hippocampal contributions to learned control of energy intake

4.1. Studies with male rats

As referenced earlier, the hippocampus is receiving increasing attention as a critical
substrate in the mnemonic processes involved in regulating energy intake. For example, as
illustrated in the model above, the control of appetitive behavior depends on the ability to
predict the likely consequences of intake. This requires animals to resolve the conflict
produced by the existence of conflicting inhibitory and excitatory associations between food
cues and the rewarding and nonrewarding postingestive outcomes that compete to control
behavior. Recent research shows that the ability to inhibit one of two or more competing or
conflicting response tendencies depends on the hippocampus. For example, male rats with
hippocampal lesions are less able to refrain from making a previously rewarded approach

Physiol Behav. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sample and Davidson

Page 8

response in the presence of stimuli that signal aversive or nonrewarded outcomes [67,124].
Additional evidence indicates that the ability of rats to learn not to make a previously
rewarded response is impaired following hippocampal lesions [141]. Consistent with our
model, White and Naeem interpreted this finding by suggesting that the association
underlying learning not to respond competes with excitatory associations that promote
conditioned appetitive responding. Evidence from rat models of learning are clear that
hippocampal damage increases conditioned responding by interfering with the utilization of
the inhibitory association to suppress responding.

There is strong evidence that the hippocampus is an important substrate for the inhibitory
control of feeding behavior. Male rats with selective neurotoxic hippocampal lesions initiate
a greater number of eating episodes [25], make more frequent contacts with food in the
home cage, and show increased instrumental responding for sucrose rewards [29,79,123].
Direct evidence for hippocampal involvement in the inhibition of feeding behavior was also
provided by Parent and colleagues, who reported that temporary inactivation of either dorsal
[60] or ventral hippocampus [56] reduced the duration of time between meals for male rats.
There are similar findings from human amnesic patients with hippocampal damage such as
Henry G. Moliason (better known as HM), who underwent a bilateral medial temporal
lobectomy to treat his epileptic seizures. Not only could HM not recall previous eating
episodes, but he also failed to rate his internal state as satiated even after consuming multiple
consecutive meals in a single session [59]. This case study is consistent with our associative
model, as satiety signals would no longer modulate the inhibitory association between food
cues and their postingestive consequences. In other words, the memory of the rewarding
postingestive outcomes of food would no longer be suppressed in situations where those
outcomes were not forthcoming.

Other studies with male rats showed that lesions confined to the hippocampus impaired the
ability to use cues produced by different levels of food deprivation as discriminative signals
for shock [31, 65] or sucrose rewards [32]. As noted above, different deprivation states can
be seen as contexts that serve to retrieve or inhibit retrieval of associations between external
cues and the US. More direct evidence for such a hippocampal-dependent contextual
retrieval function was provided by [80], who showed that without the hippocampus rats were
unable to use hunger and thirst cues to retrieve the memory of the locations of food and
water (also see Hirsh et al. [64]). Furthermore, following recovery from surgery, rats with
hippocampal lesions gain more weight than sham-lesioned controls [29,119].

4.2. Sex differences in the hippocampal-dependent learned control of intake

Although a number of studies have investigated the effects of sex differences in
hippocampal-dependent learning tasks (for review, see [82]), few have focused explicitly on
the control of eating and appetitive behavior. For example, males typically outperform
females in hippocampal-dependent spatial tasks, though findings are transient and
inconsistent depending on task parameters. Males tend to exhibit shorter latencies to learn
the location of the hidden platform in the Morris water maze [107]; however, females show
greater thigmotaxis, swimming along the walls of the pool, and pre-training to the apparatus
attenuates or abolishes females’ performance decrement [71, 107]. There is also evidence for
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sex differences in hippocampal-dependent nonspatial learning and memory problems. For
example, in studies of fear conditioning, the ability of a discrete stimulus that has been
associated with a shock to elicit fear responses depends on the context in which that cue is
presented. This type of contextual control of the cue — shock association is hippocampal-
dependent [68, 91]. Previous studies have reported sex differences in contextual fear
conditioning with males exhibiting an advantage relative to females. Corresponding to these
sex differences in the expression of contextual fear, researchers have identified differences in
molecular mechanisms critical for learning and memory formation, including long-term
potentiation [90] and activation of the extracellular signal-related kinase (ERK) pathway
[51].

Other investigations have found differences in learning strategy as a function of circulating
ovarian hormones. Indeed, the degree to which females attend to various environmental cues
to guide responding can depend on circulating levels of estradiol over the 4-day estrous
cycle, with greater estradiol being associated with attention to a wider range of stimuli and
contexts (e.g., Sava and Markus [122]). As discussed in detail by Korol (this issue), females
in the high estrogen phase (proestrus) favor a spatial, allocentric “place” strategy in learning
the Y-maze, while those in the low estrogen (estrous) phase tend to use an egocentric
“response” strategy. This body of work demonstrates that circulating estradiol dynamically
modulates stimulus salience and learning strategy in hippocampal-sensitive tasks.

Unfortunately, the relevance of findings from studies of spatial learning and fear
conditioning to the role of sex in the learned control of appetitive behavior is unclear. Little
research has examined if hippocampal functioning influences the learned control of energy
and body weight regulation differently for males and females. One exception is a recent
study by Anderson & Petrovich [3] following up work cited earlier in this review [2]
reporting sex differences in context dependent renewal of extinguished Pavlovian
conditioned responding to food cues. Like their earlier report, [3] found that male rats
showed renewal of responding when returned to a previously rewarded context, whereas
female rats did not. In addition, these researchers showed that these behavioral differences
varied with the differential recruitment of a medial prefrontal cortex-hippocampal-thalamic
circuit, as indicated by Fos induction, during context dependent appetitive renewal. These
results suggest that this brain circuit may be an important site for sex differences in
appetitive behavior. One implication of these findings for understanding the hippocampal-
dependent control of eating and appetitive behavior is that while the suppression of feeding
behavior in male rats may involve the hippocampal-dependent activation of inhibitory
associations by contextual satiety cues, suppression of intake for females could involve
another, perhaps hippocampal-independent, mechanism. Additional research is needed to
further evaluate this possibility.

5. Western diet interferes with learned control of intake regulation and

hippocampal functioning

Much recent evidence shows that impaired hippocampal-dependent learning and memory
functioning is also a consequence of consuming a high-fat, high-sugar Western diet. Rats
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that are maintained on Western diet show impaired performance relative to standard chow-
fed controls, in the water maze [12, 98], Y-maze [57], radial-arm maze, [72], and conditional
discrimination problems [34]. With the exception of Molteni et al. [98], who used only
female rats in the water maze, these studies were conducted with male rats. Additionally, the
rats fed Western diet in each of these studies were unimpaired on hippocampal-independent
tasks. The finding of performance deficits in hippocampal-dependent, but not hippocampal-
independent, problems makes it unlikely that the disruptive effects of Western diet were
produced by changes in reward, motivation, arousal, general behavioral competency, or other
global deficits. These types of changes would also be expected to disrupt performance on
hippocampal-independent problems. Rather, the results indicate that Western diet intake
resulted in a selective impairment in hippocampal function. Moreover, just as hippocampal
damage has been shown to increase food intake and body weight, promote appetitive
responding to external food cues, and impair discrimination of internal states, we have also
found these effects to be consequences of Western diet consumption in rodents [30,120].
Converging evidence from humans who consume diets high in fat and sugar [5, 19,44, 102]
support this animal model linking Western diet, hippocampal function, and food intake
regulation.

Interference with cognition and energy intake regulation may be related to the emergence of
Western diet- or obesity-induced hippocampal pathophysiology. For example, Beilharz et al.
[9] reported that hippocampal inflammation occurred after male rats were maintained for
one month on a high-fat cafeteria or standard chow diet when each were supplemented with
a 10% sucrose solution. Degree of inflammation was associated with spatial memory deficit
in a hippocampal-dependent place task. Western diet intake also interferes with the
hippocampal expression of brain-derived neurotrophic factor (BDNF) which has an
important role in the survival, maintenance, and growth of many types of neurons [6, 98].
Interference with hippocampal BDNF has been shown to disrupt several processes, such as
synaptic plasticity and neurogenesis, that are thought to contribute to hippocampal-
dependent memory processes [83]. A number of neuroendocrine signals that contribute to
the regulation of energy intake and body weight, including insulin (e.g., [27,106], leptin
(e.g., [46,125], and ghrelin (e.g., [38, 74] also act on specific receptors in the hippocampus.
Recent research in male rats shows that hippocampal -dependent learning and memory
functions are influenced by these signals, that Western diet intake can interfere with each of
these signaling systems, and that this interference is correlated with impairments in
hippocampal-dependent cognitive functions (see [75,76,129].

There is a dearth of studies investigating the impact of dietary challenges on cognitive
function in female rodents. Underwood and Thompson [136] reported that, while intact
female rats were protected from diet-induced metabolic alterations relative to males, rats of
both sexes showed impaired spatial memory following 12 weeks of high-fat diet exposure.
Barron et al. [7] reported a similar pattern of results in a transgenic mouse model of
Alzheimer’s disease, in which high-fat diet fed females were spared from peripheral
metabolic impairments, yet showed behavioral deficits and increased amyloid B
accumulation in hippocampus like males. In an investigation of another type of dietary
exposure, Abbott et al. [1] asserted that estradiol can counteract sucrose solution-induced
deficits in hippocampal functioning. They found that females in the high estrogen phase
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(proestrus) were spared from deficits observed in females in the low estrogen phase
(metestrus) and males on a hippocampal-dependent spatial task. More work is needed in
females to understand the effects of western-style diet intake and potential interactions with
sex steroids on indices of learning and memory.

5.1. The effects of Western diet on the blood-brain barrier

The mechanisms by which Western diet disrupts hippocampus functioning are poorly
understood, but some or all of these effects may be secondary to disturbances in the blood-
brain barrier (BBB). The BBB is a semipermeable network of cerebral endothelial cells that
maintains the internal chemical milieu of the brain by regulating the transport of nutrients
and other required substances and denying access to potentially toxic substances carried in
the blood (Zheng et al. [152].). The structural integrity of the BBB depends on the
maintenance of tight junctions between adjacent endothelial cells. The efficacy of these tight
junctions depends on the expression of a number of proteins (viz. tight junction proteins)
that are linked to the cytoskeleton to form a seal that can be rapidly modulated to maintain
homeostasis in the brain microenvironment [150]. One form of BBB dysfunction is
increased BBB permeability, which allows leakage of circulating neurotoxic substances into
the brain and with disruption of transporter functions which result in reduced nutrient supply
(Zheng et al. [152]). These pathologies are often most pronounced in the hippocampal
formation [57], which is believed to be especially vulnerable to insult as a result of its high
nutrient demands and pronounced cellular plasticity [145].

The integrity of the hippocampal BBB is compromised for obese rats maintained on Western
diet [45]. Using animal models, our lab has demonstrated links between Western diet intake,
hippocampal BBB permeability, and performance on hippocampal-dependent tasks,
including modulating the inhibition of learned responding in males (i.e., serial feature
negative tasks) [30,77]). Maintenance on Western diet is also accompanied by reductions in
the expression of tight junction proteins in BBB [77]. Similar results have also been reported
in rat models of Type 2 diabetes [149]. Moreover, increased BBB permeability was not
observed in the striatum and prefrontal cortex of rats fed Western diet, indicating
hippocampal-specific vulnerability to BBB disruption produced by dietary challenges.
Recent work manipulating BBB permeability in obese male mice supports a causal role for
BBB leakiness and resultant macrophage infiltration in hippocampal dysfunction [131].

In addition to increased permeability, there is evidence that consuming a Western-style diet
disrupts glucose transport across the BBB into the brain. Glucose is the primary energy
source used by the brain. Glucose uptake in the brain occurs primarily via a family of
specific glucose transporters. Glucose transporter 1 (GLUT1) is the predominant glucose
transporter across the BBB [133]. Reductions in the expression of GLUT1 in the BBB can
therefore reduce glucose uptake by the hippocampus and other brain structures. Jais et al.
[69] observed significant, although transient, reductions in GLUT-1 expression at the BBB
and significant reductions in glucose uptake by the brain in mice that were fed a high-fat diet
for just 3—7 days. GLUT-1 expression at the hippocampal BBB was also observed by
Hargrave et al. [58] in male rats that had been maintained on Western diet for 10 days. In
this study, reductions in GLUT-1 occurred in conjunction with impairments on a
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hippocampal spatial memory task. While the reduction in GLUT-1 expression appeared to
greatest at the 10-day time point, smaller but significant reductions, compared to chow
controls, were also observed at 40 and 90 days after initiation of Western diet. In sum, there
is ample evidence that Western diet maintenance compromises the integrity of the
hippocampal BBB and selectively impairs hippocampal-dependent cognitive functioning.

While the impact of dietary challenges on female BBB has not been investigated, previous
work indicates sex differences in BBB changes in response to various stressors [39,89, 104].
It has been suggested that endogenous estradiol and estrogen replacement therapy protect
against neurodegenerative diseases by preserving the blood-brain barrier [127]. Indeed, BBB
endothelial cells express all three major estrogen receptor forms - ERa, ER B, and GPER.
Estrogen does appear to protect BBB following ischemic and immune challenges. In
response to a peripheral lipolysaccharide (LPS), estradiol treatment prevents inflammation-
induced damage to BBB [89]. Notably, this BBB protection appears to be mediated by
estrogenic regulation of Annexin A1 (ANXAL), an anti-inflammatory protein that is
implicated in amyloid B clearance [94]. An investigation into the impact of Western diet
exposure and hormonal status on female BBB permeability would be expected to yield
important insights.

6. Sex steroids in energy regulation and cognition

Sexual dimorphisms in energy homeostasis and consummatory behavior underscore the need
to consider sex effects in investigations of learned appetitive responding. Prior to the
transition to menopause or estropause, ovarian hormones exert antiobesogenic effects.
Estradiol tonically inhibits food intake from puberty to reproductive senescence, with
ovariectomy increasing basal levels of food intake. Fluctuations in estradiol across the
estrous cycle phasically suppress meal size (e.g., female rats consume 25% less following
the pre-ovulatory estradiol surge) ([11]; see [4, 41, 47] for reviews). Likewise, exogenous
estradiol administration potently inhibits meal size. Estradiol both enhances the potency of
anorectic satiety signals (e.g., leptin, [23]) and weakens the potency of orexigenic feeding
signals (e.g., ghrelin, [24]) (see [4, 92] for reviews). For instance, estradiol augments the
intake suppressing effects of CCK, a short-term satiety signal released when food enters the
gut [40,48]. In addition to influencing food intake, research has demonstrated that estrogen
protects against body weight gain and obesity by influencing energy expenditure (e.g.,
[117]). While this review focuses on food intake behavior, metabolic fuel pathways and
physical activity such as nonexercise activity thermogenesis (i.e., NEAT) are additional
important regulators of body weight and adiposity [158] that differ by sex (see [85] for
review).

Estrogen confers additional protection against the negative metabolic consequences of
obesity. Estrogens regulate adipose tissue distribution, a determining factor in dementia risk
for women [142]. Premenopausal women exhibit a gluteal-femoral distribution of adipose
tissue, while men and post-menopausal women accrue fat in the visceral depot. Adipose
tissue distribution is important in regulating metabolic homeostasis, wherein abdominal fat
is associated with the buildup of free fatty acids and eventually increased inflammation
[105], precursors to the metabolic syndrome. Peripheral and central estrogenic action,
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particularly by ERa, has been shown to regulate these phenotypic differences (see Hevener
et al. [61] for review). For example, estrogen increases the brain’s sensitivity to short- (e.g.,
CCK, insulin) and long-term (e.g., leptin) satiety signals [23]. Further, novel
pharmacotherapies that target estradiol delivery to tissues expressing the short-term satiety
signal GLP-1 have been shown to reverse the metabolic syndrome in mice [42].

When challenged with a diet high in saturated fat, intact females show improved metabolic
outcomes. Underwood and Thompson [136] found sex-dependent effects of long-term high-
fat diet maintenance on metabolic markers of Type 2 diabetes. Unlike males, female rats did
not show impaired glucose homeostasis or obesity following 12 weeks of high-fat diet
maintenance. Some evidence suggests females are protected from the Western diet-induced
inflammatory response. For example, Morselli et al. [100] found that ERa protected female
mice from high-fat diet-induced increases fatty acid levels and associated inflammation in
hypothalamus exhibited by males. These findings indicate that estrogenic action, particularly
through ERa, confers sex-specific protection against obesity, inflammation, and the
metabolic syndrome.

Later in life, these metabolic benefits are lost with the rapid onset of estrogen deprivation in
menopause [22,28, 93]. In addition to abdominal adiposity, nonhuman animal models and
epidemiological studies indicate that estrogen deprivation is further associated with
inflammation and increased risk for Alzheimer’s disease (for review, [101]). While beyond
the scope of this review, evidence from rodent models [28,81,154] and observational studies
in women (e.g., 143)indicate that certain hormone replacement therapies may restore some
of this protection, leading to better metabolic and cognitive outcomes when intervention is
made prior to estrogen deprivation.

Despite estrogen’s protection against obesity and against its deleterious metabolic
consequences, premenopausal women have a higher prevalence of obesity than men [103].
We do not know of any epidemiological surveys on the prevalence of obesity or the
metabolic syndrome that segregate data by hormonal contraceptive use. A closer
consideration of hormonal status may help to reconcile this seeming paradox between
estrogen’s metabolic benefits and the current obesity and diabetes trends as well as to
expand the external validity of food intake models for women. The next section discusses
how another environmental factor, the widespread use of hormonal contraceptives, could
potentially influence associative learning and memory processes like those involved in
regulating food intake.

6.1. Hormonal contraceptives

The CDC estimates that 80% of women of reproductive age in the United States have ever
used hormonal contraceptives [21], which have been widely available for the past 50 years.
Age of use increasingly begins in adolescence, when ovarian estrogens are still exerting
organizational changes on the brain. Despite ubiquitous use of hormonal contraceptives,
their immediate and potential later life effects on the brain and cognition have received
remarkably little attention.
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The synthetic steroids that constitute hormonal contraceptives, as well as hormone
replacement therapy regimens, differ from endogenous forms in their pharmacokinetic
profiles and endocrine influence. The most common form of oral hormonal contraception is
the combination of synthetic estrogens and progestins, though some formulations use
progestins only. Compared to endogenous 17-p estradiol, the synthetic estrogen ethinyl
estradiol has a five times greater binding affinity for the ER and cannot be converted to
weaker estrogens (e.g., estrone). While the estrogenic component of hormonal
contraceptives is overwhelmingly ethinyl estradiol, the wide variability in the progestin
compound presents methodological challenges in comparing across formulations. For
example, the effects of hormonal contraceptive use on indices of visuospatial learning and
verbal memory in women have been found to vary depending on the androgenicity of the
progestin component. More androgenic, second-generation progestins have been associated
with improved mental-rotation [140] as well as poorer verbal memory performance [52]
compared to non-users. In contrast, newer fourth-generation progestins (e.g., drospirenone),
which bind more specifically to the progesterone receptor, seem to promote “feminizing”
effects [110] have been associated with worse performance on mental rotation task
compared to nonusers [140].

Variability in the dose, route of administration, and rate of steroid release further complicate
research on hormonal contraception. Transdermal patches and intrauterine devices produce
tonic hormone delivery, while the oral contraceptive “pill” is characterized by phasic
hormone release [37]. In rodent models of these hormonal contraceptive regimens, cyclic
versus tonic hormone administration has been found to produce disparate effects on learning
and memory processes [96], as noted in more detail below. The labyrinthine nature of
endogenous sex steroid synthesis pathways makes discerning the effects of these hormonal
regimens on brain and behavior difficult (see McCarthy [95] for review). Progesterone is a
precursor to androgens and estrogens, and estradiol can be locally synthesized from
androgens in the brain via aromatase. The mechanism of action of synthetic sex steroids and
how they interact with endogenous steroid action has yet to be elucidated. Generally,
combined oral contraceptives inhibit GnRH pulsatility, which in turn prevents LH and FSH
pulsatile secretion, suppressing follicular development and thus reducing estradiol levels,
preventing ovulation [114].

Rodent studies of hormonal contraceptive regimens indicate that synthetic estrogens and
progestins could alter hippocampal-dependent mnemonic processes. Mennenga et al. [96]
found that higher dose of ethinyl estradiol impaired spatial memory performance in
ovariectomized female rats with cyclic or tonic hormone delivery. Santoru et al. [121] orally
administered combination ethinyl estradiol/levonorgestrel (EE/LNG) did not affect Morris
water maze performance in gonadally-intact females. Simone et al. [126] reported biphasic
dose-dependent differences in novel object recognition performance in intact female rats
receiving chronic ethinyl estradiol, levonorgestrel, and combination ethinyl estradiol/
levonorgestrel regimens. Across these few studies, methodological diversity in hormone
combination, dose and administration, and ovarian status make interpretation difficult.

In a cross-species investigation, Graham and Milad [50] reported that levonorgestrel (LNG;
an androgenic progestin)-treated intact female rats and women using hormonal
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contraceptives showed impaired fear extinction recall compared to their free cycling
counterparts. This deficit was rescued in rats with ER agonists or in women by a single
administration of estradiol prior to extinction. Consistent with the critical role of estrogen in
memory consolidation and retrieval, this work suggests that a prolonged reduction in
circulating estradiol, as occurs with hormonal contraceptive regimens, could interfere with
the contextual consolidation and/or retrieval of inhibitory memories. How this extends to
appetitive paradigms remains unknown. To our knowledge, no studies have investigated the
effects of hormonal contraceptive regimens on appetitive learning and memory paradigms.
The cognitive impact of sustained reductions in ovarian hormones, which often enhance
cognitive performance, coupled with the introduction of synthetic estrogen and
progesterone, remains understudied.

The effects of hormonal contraceptives on current and later life cognitive function are
likewise unclear in humans. Many studies have reported differences in affective mnemonic
processing between OC users and non-users [97,108] suggest that, through their reduction in
endogenous sex steroid levels, oral contraceptives modulate the amygdalar regulation of
emotionally-valenced stimuli. Indeed, affective state is considered an interoceptive context
that can modulate learned associations [18], including conditioned appetitive food cue
responding [13]. To our knowledge, the impact of hormonal contraceptive use on appetitive
associative learning and memory inhibition has not been investigated. Considering the
history of hormonal contraceptive experience (e.g., specific formulation, length of use)
within the dynamic nature of brain structural changes in development and adulthood poses
difficulty.

7. Limitations

A complete understanding of the role of sex differences in the control of food intake and
body weight will ultimately require an integrative analysis of the complex interplay of many
processes that can be investigated at many levels of analysis (e.g., molecular, genetic,
structural, physiological, cognitive, behavioral). However, gaps in current knowledge make
the integration of learning and memory processes with other types of regulatory control
mechanisms difficult. Accordingly, this review is limited to identifying those gaps,
describing what is known about the influence of sex on learning and memory processes
involved appetitive and eating behavior, and on bringing attention to the effects of dietary
factors on those processes and the neural substrates that support them.

This review also summarizes a theoretical perspective which relies primarily on principles
derived from studies of associative learning and memory to address the broad questions of
how humans and nonhuman animals regulate their energy intake and body weight and how
disorders of intake and weight regulation might occur. There are many other theoretical
approaches to these questions, most of which focus on processes other than learning and
memory. While an enumeration and critical analysis of these other perspectives is beyond
the scope of the present review, we will note here what have been termed as the “prevailing”
and “alternative” models of obesity in a recent paper by Ludwig and Friedman [86]. The
prevailing model links energy dysregulation leading to obesity to an environment where
increased energy intake results from an abundance of highly palatable, energy-dense food
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and where reduced requirements for physical activity decrease energy expenditure. Ludwig
and Friedman’s alternative model proposes that poor diet quality, combined with genetic and
lifestyle factors, such as stress and inadequate sleep, promote increased fat storage which
causes excess caloric intake and decreased energy expenditure, in part, by reducing access to
circulating metabolic fuels.

Our model advances the “prevailing” view by describing how interference with basic
learning and memory mechanisms could enable environmental cues associated with highly
palatable, energy-dense, food can evoke energy intake in excess of energy needs. Ludwig
and Friedman’s alternative model is distinguished from the prevailing view by the counter-
intuitive suggestion that adiposity may cause overeating, rather than overeating causes
increased adiposity. In a similar twist, our model suggests impairment in hippocampal-
dependent cognitive functioning may cause overeating, in contrast to views which suggest
that overeating causes cognitive dysfunction. In both Ludwig and Friedman’s alternative
view and our learning and memory account, eating a poor-quality diet produces the
pathophysiological changes that are responsible for overeating. A limitation of our current
model is that mechanisms that enable intake of a Western diet to interfere with hippocampal
functioning remain to be specified. An interesting, although speculative, possibility that is
derived from Ludwig and Friedman’s alternative view is that Western diet-induced increases
in fat storage is part of the mechanism that produces the type of hippocampal-dependent
learning and memory impairments that promote excess energy intake and further increases
in fat storage.

Our theoretical model draws support from findings, derived primarily from studies of
rodents, which show that increases in peripheral estrogenic activity are strongly and
negatively correlated with increased energy intake and body weight gain (e.g., [20,41]) and
with improved performance on tasks that rely on hippocampal-dependent learning and
memory processes (e.g., [82,87]). However, this support is tempered by reports that weight
loss associated with administration of estradiol and weight gain associated with ovariectomy
sometimes do not require changes in energy intake (e.g., [11,160] but see [49,53]). It appears
that decreased body weight and adiposity when estrogen levels are elevated, and weight and
adiposity gain in the aftermath ovariectomy can also occur a result of increased and
decreased energy expenditure, respectively (e.g., [138,146]). The learning and memory
model we outline in this review accounts for changes in body weight via alterations in the
ability refrain from eating and appetitive behavior, but requires modification to account for
weight changes are the result of only differences in energy expenditure.

8. Conclusions

In this review, we have interrogated the interactive mnemonic and physiological processes of
food intake regulation in females. Using our previously defined model for the learned
control of food intake regulation as a framework, we have reported what is known about sex
effects in simple excitatory learning, inhibiting learned responses, and the utilization of
exteroceptive contexts and internal deprivation states to guide appetitive responding. Rodent
models indicate accelerated learning about food cues and more exteroceptive stimulus
control over appetitive responding, but the mechanisms underlying this remain unclear. Sex
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effects in the contextual retrieval of inhibitory associations have barely been investigated in
appetitive paradigms. Limited evidence indicates that this contextual retrieval and related
associative processes that depend on hippocampus (e.g., spatial learning) are modulated by
estradiol Counterintuitive to the higher prevalence of obesity in women, rodent models
indicate that females are protected from diet-induced obesity and its deleterious metabolic
consequences. Both sexual dimorphisms in the physiology of eating and sex effects on
hippocampal-dependent learning and memory appear to be mediated by estradiol. We have
called attention to the omission of hormonal contraceptives, which reduce estradiol levels for
prolonged periods in women of reproductive age, from investigations into basic learning and
memory processes and food intake control. Filling in these gaps of how these basic cognitive
processes operate in females, and their susceptibility to environmental challenges, may yield
critical insight into the female bias in obesity prevalence and increased susceptibility to
associated cognitive dementia.
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Figurel.
Mechanisms underlying the learned control of intake by external food cues, memories of

postingestive outcomes, and energy state signals. Adapted from Davidson, Sample, &
Swithers, 2014; Davidson, Tracy, Schier, & Swithers, 2014.
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panel) males (M) and females (F). Experimental learning periods are as follows: terminal
compound cue acquisition, deprivation cues alone Test 1 and 2 (Dep Cue 1 and Dep Cue 2),
and reinstatement of the deprivation state/external cue compound; *indicates p < 0.05 for
post hoc pairwise comparisons. This figure was adapted from [118].

Physiol Behav. Author manuscript; available in PMC 2019 April 01.



	Abstract
	1. Introduction
	2. An integrative model of the physiological and cognitive controls of energy intake
	3. Sex differences in learning and memory
	3.1. Simple cue-reward excitatory learning
	3.2. Sex differences in inhibiting conditioned responses and role of context modulation of retrieval
	3.3. Deprivation state contexts

	4. Hippocampal contributions to learned control of energy intake
	4.1. Studies with male rats
	4.2. Sex differences in the hippocampal-dependent learned control of intake

	5. Western diet interferes with learned control of intake regulation and hippocampal functioning
	5.1. The effects of Western diet on the blood-brain barrier

	6. Sex steroids in energy regulation and cognition
	6.1. Hormonal contraceptives

	7. Limitations
	8. Conclusions
	References
	Figure 1
	Fig. 2

