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Obesity is a growing public health problem. Although convenient, the notion that obesity is simply a problem of will power is increasingly
antiquated. It is becoming clear that complex interactions of environment, neurohormonal systems, and transgenerational effects
directly contribute to obesity. This review highlights data presented at the Society for Neuroscience Annual Meeting in San Diego,
California in 2013; and although not meant as an exhaustive review of the area, this reivew will explore seemingly disparate areas of
research that, when taken as a whole, illuminate the complex topography of the causes and consequences of obesity. We discuss how
disruption of the biological clock, a consequence of modern society, can lead to changes in the brain and periphery that lead to obesity. We
explore how obesity can actually cause pathological changes within the hypothalamus of the brain (a key regulator of food intake and
metabolic homeostasis). How reward circuitry, particularly the ventral tegmental area, responds to insulin and how these effects mod-
ulate feeding and the salience of feeding cues are mechanistically described. We also investigate how nutrition may cross generational
boundaries to affect the development and function of offspring, underscoring the long reach of metabolic effects. Finally, the role of the
endocannabinoid system is emphasized as a critical node in the transduction of many of these effects. Together, this review should
provide perspective into the neural causes and consequences of obesity, and hopefully lead to new areas of interdisciplinary research to
tackle this important public health epidemic.

Introduction
Obesity is a significant public health problem, resulting in a
heightened risk of diabetes, heart disease, cancer, and other
chronic illnesses. Currently, 68% of United States adults have a
body mass index � 25 kg/m 2 (definition of overweight) and
collectively account for an estimated 10% of annual health care
costs (�$147 billion in 2008). This phenomenon is not restricted
to the United States or the developed world, and obesity is on the
rise in several developing countries, making it a worldwide epi-
demic. With the acceleration of obesity rates and few effective
obesity treatment options, new strategies are urgently needed.
However, gaps in our understanding of body weight control con-
tinue to limit progress toward this goal. Although the general
public does not usually consider obesity as a “brain disorder,” it is
important to emphasize that the brain has a central role in the

development of obesity while also being affected by obesity. As
such, the brain and body are part of the “two-way street” of
obesity, and exploring the brain mechanisms that contribute to
obesity, as well as the effects of obesity on central processes, could
offer transformative knowledge and novel solutions to this
epidemic.

This review is based upon presentations in the “Food for
Thought” minisymposium at the Society for Neuroscience An-
nual Meeting in San Diego in 2013. The goal of that symposium
was to explore the bidirectional relationship between the brain
and periphery, and the role of the environment in the develop-
ment of obesity. Although increased caloric intake (as well as the
source of those calories, such as from fat, protein, or carbohy-
drates) and an increasingly sedentary lifestyle play a central role
in metabolic dysregulation, the focus of the present review is on
novel interactions between the brain and periphery that may
cause or exacerbate the development of obesity. We will explore
environmental, experiential, and transgenerational effects, and
we outline how these disparate mechanisms can affect brain–
body interactions that lead to this rising epidemic.

Circadian influences on obesity
Environmental modulators of obesity have been an area of inter-
est, spanning from environmental stressors to social factors.
However, recent work has suggested that circadian (daily)
rhythms, and disruption of these rhythms by light, could also be

Received Aug. 12, 2013; revised Sept. 17, 2013; accepted Sept. 19, 2013.
Author contributions: I.N.K., J.P.T., S.L.B., F.A.C., Y.L.H., and M.N.H. wrote the paper.
We thank all those working in the respective laboratories that led to the data discussed in this review, the many

funding agencies that have contributed to the development of many of these different lines of research, and the
Society for Neuroscience for inviting us to present our work at the Annual Meeting, and for the opportunity to
contribute this review.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Ilia N. Karatsoreos, Department of Integrative Physiology and

Neuroscience, Washington State University, 1815 Ferdinand’s Lane, Pullman, WA 99164. E-mail:
iliak@vetmed.wsu.edu.

DOI:10.1523/JNEUROSCI.3452-13.2013
Copyright © 2013 the authors 0270-6474/13/3317610-07$15.00/0

17610 • The Journal of Neuroscience, November 6, 2013 • 33(45):17610 –17616



a major contributor to the susceptibility of an individual to de-
velop obesity. Circadian rhythms in physiology and behavior are
both phylogenetically ancient and incredibly well conserved be-
tween species. A master clock in the suprachiasmatic nucleus
(SCN) of the hypothalamus generates circadian rhythms in
mammals and is also responsible for synchronizing these
rhythms to the external light– dark cycle. In addition, “peripheral
oscillators” throughout the brain and body are responsible for
setting “local time” in various organs and tissues and are synchro-
nized by numerous inputs, including rhythms of circulating glu-
cocorticoids (Balsalobre et al., 2000; Balsalobre, 2002), feeding
(Mendoza et al., 2005), and body temperature (Saini et al., 2012).

At the molecular level, a significant body of evidence supports
a role for circadian “clock genes” in metabolic function. Work by
Turek et al. (2005) has shown that mice carrying the CLOCK
mutation, which alters the functioning of the central pacemaker
and peripheral oscillators, become obese compared with their
wild-type (WT) littermate controls. Moreover, when exposed to
a high-fat diet (HFD), these mice become obese more rapidly and
to a greater extent than normal chow-fed mice (Turek et al.,
2005). More recently, elegant work exploring the role of circadian
clock genes at the tissue level has uncovered an important role in
the development of obesity and diabetes. Mice with a conditional
BMal1 locus mutation only in the islet cells of the pancreas de-
velop both obesity and Type 2 diabetes several weeks after gene
deletion (Marcheva et al., 2010). This clearly demonstrates an
important role for the circadian clock, at both the tissue and
whole organism levels, in processes that contribute to obesity.

Since the advent of electric lighting and modern industry,
humans have broken the once-tight connection between the
external solar day and our daily activities. These changes have
happened rapidly over the past 100 years and thus represent an
incredibly fast environmental change when viewed in the context
of the evolution of the circadian clock. There is a growing body of
work that links changes in circadian light– dark cycles to physio-
logical and psychological disorders, and more work is necessary
to explore the mechanisms by which these altered cycles affect
metabolic function. Investigating how environmental mediators
affect the development and trajectory of dysregulated metabolic
function and obesity is an important compliment to the molec-
ular and genetic work, as specific genetic mutations are less likely
to be direct mediators of obesity in human populations, whereas
environmental mediators are more pertinent contributing fac-
tors. Karatsoreos et al. (2011) have demonstrated that housing
WT C57BL/6 mice in a 20 h light– dark cycle (10 h light: 10 h
dark) leads to weight gain, metabolic dysregulation as measured
by leptin and insulin levels, and an altered relationship between
plasma insulin and glucose, suggesting a prediabetic or diabetic
state. More recently, this group has further demonstrated that the
obese phenotype is associated with a blunting of the rhythm of
“clock gene” expression (e.g., Period1, Period2, Cryptochrome1,
and Cryptochrome2) in the liver and white adipose tissue, as well
as a flattening of the rhythm in plasma corticosterone (I. N. Kar-
atsoreos, unpublished observation). How disruption of central
and peripheral clock function (as measured by hormone and
clock gene rhythms) contributes to the development of the met-
abolic phenotype remains unknown. Probing the mechanisms by
which altered glucocorticoid rhythms could affect metabolic
function both in the periphery and in the brain should yield
important insights. Recent work from this group has also dem-
onstrated a potential role of the endocannabinoid (eCB) system
in this process, as cannabinoid receptor 1 (CB1r) deficient mice
are protected against the effects of circadian dysregulation on

obesity and metabolic parameters; the nature of how eCBs impact
these processes has yet to be determined, but these data do high-
light the potential contribution the eCB system.

Neurohormonal regulation of feeding and obesity
The hypothalamus has been a major focus of research on obesity,
as this brain area contains numerous interacting systems that
regulate feeding, satiety, and other motivational states. It is also
the region containing the SCN master circadian clock, and the
paraventricular nucleus, a central node in the hypothalamic-
pituitary-adrenal axis that regulates glucocorticoid secretion. In
addition, the hypothalamus contains key neurons that oversee
the regulation of energy homeostasis (i.e., the precise matching of
caloric intake with energy expended that normally keeps body
weight stable over many years). Numerous molecules have effects
on metabolic function and energy balance, with some 100 unique
molecules having been identified to date (Wilding, 2002; Fick and
Belsham, 2010). It is beyond the scope of this review to cover even
a fraction of these compounds, but glucose, insulin, ghrelin, and
leptin will be our focus. Glucose is obviously an important met-
abolic signal, and glucose sensing at the level of the CNS has clear
effects on peripheral function through the autonomic nervous
system. Glucose sensing neurons are found in many hypotha-
lamic areas, including the arcuate nucleus (ARC), dorsomedial
hypothalamus, paraventricular nucleus, ventromedial hypothal-
amus, and the lateral hypothalamic area, regions that are clearly
involved with feeding and energy homeostasis (for review, see
Williams et al., 2001). Insulin, a central hormone in the regula-
tion of glucose homeostasis, also gains access to neural metabolic
systems through the hypothalamus, particularly the ARC, which
is rich in insulin receptors. Insulin activity in the CNS is impor-
tant in the regulation of body weight in rats and can accentuate
the effects of cholecystokinin on feeding (Chavez et al., 1995;
Figlewicz et al., 1995). Several studies also indicate the impor-
tance of insulin signaling in the ARC in the integration of several
peripheral metabolic signals (for review, see Kohno and Yada,
2012; Williams and Elmquist, 2012). One such peripheral signal
is ghrelin, a gut peptide that has come to be considered as a
“hunger hormone” (Williams and Elmquist, 2012). This peptide
can activate NPY neurons in the ARC while also inhibiting pro-
opiomelanocortin ARC neurons (Horvath et al., 2001). Impor-
tantly, ghrelin increases food intake and adiposity through a
putative hypothalamic route (Williams and Elmquist, 2012) and
may counteract the effects of insulin and leptin signaling in the
hypothalamus (Horvath et al., 2001; Zigman and Elmquist,
2003).

One focus of this review is the hypothalamic action of the
hormone leptin, a peptide hormone secreted from adipose tissue
that can act in the hypothalamus to affect feeding. Ordinarily,
leptin levels increase in proportion with adiposity and provide a
negative feedback signal to neurons of the hypothalamus that
regulate energy balance (Myers et al., 2008). This allows lean
individuals to resist changes to their body weight despite access to
highly palatable, high-calorie foods. In contrast, obese individu-
als overeat despite elevated leptin levels, suggesting that hypotha-
lamic leptin resistance plays a central role in their susceptibility to
weight gain (Myers et al., 2008). A prevailing model forwarded to
explain this difference (i.e., the mechanism underlying obesity)
involves resistance to the body weight-maintaining action of the
hormone leptin. However, selective leptin resistance in the pe-
riphery and the CNS adds a level of complexity to this model
(Correia et al., 2002; Mark et al., 2002) and can occur at different
levels of the leptin signaling cascade (for review, see Könner and
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Brüning, 2012). Thus, determining the underlying causes of lep-
tin resistance and developing therapies to reverse it are active
areas of research.

Recent work has provided a potential mechanism that con-
tributes to the development of leptin resistance and obesity
(Thaler and Schwartz, 2010; Thaler et al., 2012). As rats overeat
during the first few days of HFD, they manifest increased
hypothalamic-pituitary-adrenal and inflammatory responses.
With sustained consumption of HFD, 25% of the critical weight-
reducing (proopiomelanocortin) neuronal population is lost
(Thaler et al., 2012), leading to reduced responsiveness to leptin
and presumably increased susceptibility to obesity. As with other
conditions involving brain injury, such as stroke, multiple scle-
rosis, and Alzheimer’s disease, this neuronal damage triggers a
CNS-specific wound healing response involving neighboring as-
trocytes and microglia. This “reactive gliosis” is observable spe-
cifically within the hypothalamus, and is not a brain-wide
response. Remarkably, gliosis is also seen on MRI scans taken
from obese mice and humans (Thaler et al., 2012), suggesting that
this damage process may be a common mechanism underlying
obesity. Thus, overconsumption of a fat-rich diet may elicit po-
tentially permanent changes in the hypothalamus that promote
obesity. More optimistically, these findings provide a new direc-
tion for obesity drug design, shifting away from the current em-
phasis on improving leptin sensitivity toward targeting the
structural changes of obesity, including neuronal damage and
reactive gliosis. Currently, tools are being developed to modify
glial cell function both to harness the neuroprotective capacity of
these cells as a potential obesity treatment and to clarify the role of
glia in energy homeostasis more generally.

Another mechanism linking leptin signaling within the hypo-
thalamus and the regulation of weight and feeding is the eCB
system, which has already been mentioned above as an important
regulator of feeding and metabolism (Silvestri and Di Marzo,
2013). Di Marzo et al. (2001) demonstrated a very clear inverse
relationship between leptin and eCB activity in the regulation of
feeding. Specifically, administration of leptin reduces eCB con-
tent in the hypothalamus in tandem with reductions in feeding
(Di Marzo et al., 2001). Further, food deprivation results in a
reduction in leptin and a concomitant increase in eCB levels in
the hypothalamus (Di Marzo et al., 2001). This release of eCB
signaling by a reduction in leptin contributed to the hyperphagic
response to food deprivation as blockade of CB1r signaling sup-
pressed the rebound feeding that occurred after food deprivation
(Di Marzo et al., 2001). Continuing this line of investigation, Hill
and colleagues (unpublished observations) have found that one
of the mechanisms by which leptin regulates eCB signaling is
through an induction of eCB hydrolysis. Specifically, the enzyme
fatty acid amide hydrolase (FAAH) is responsible for the hydro-
lysis of the eCB anandamide (AEA) (Cravatt et al., 2001). In
response to leptin administration, Hill et al. (manuscript in prep-
aration) found a rapid increase in the hydrolytic activity of FAAH
within the hypothalamus that was met by a reduction in the tissue
levels of AEA. Consistent with this finding, leptin-deficient ani-
mals exhibited reductions in the constitutive levels of FAAH-
mediated AEA hydrolysis and a basal increase in AEA content in
the hypothalamus (Hill et al., manuscript in preparation). The
relevance of this relationship between leptin and FAAH was dem-
onstrated by an additional study, which found that the ability of
leptin to suppress feeding and weight gain after a period of food
deprivation was completely blocked by preadministration of a
FAAH inhibitor (Hill et al., manuscript in preparation), indicat-
ing that one of primary mechanisms driving the anorectic actions

of leptin is an activation of FAAH and a suppression of AEA
signaling. This is consistent with previous reports demonstrating
that local AEA administration into the hypothalamus can induce
feeding, even in presated animals (Jamshidi and Taylor, 2001). As
the association between leptin and FAAH is important for the
regulation of feeding, it is not surprising that the induction of
FAAH by leptin also develops resistance after high fat feeding.
Specifically, 19 week exposure to an HFD diet resulted in a
basal increase in AEA levels in the hypothalamus and a com-
plete loss of the ability of leptin to induce FAAH activity (Hill
et al., in manuscript preparation). As such, there appear to be
multiple mechanisms by which leptin resistance within the
hypothalamus occurs, and both inflammation and eCB signal-
ing, as well as possible interactions between these systems, may
be important in these domains.

Although hypothalamic systems clearly contribute to the
development of obesity and can be the target of factors of
obesity, other brain areas are clearly involved. As previously
mentioned, normal feeding is regulated by circulating pep-
tides (e.g., insulin and leptin) that transmit satiety signals to
the brain. Insulin gains access to the brain by active transport
across the blood– brain barrier (Woods et al., 2003) and its
effects are mediated by signaling through insulin receptors
expressed throughout the brain, including the ventral tegmen-
tal area (VTA), a critical site for reinforcement of reward seek-
ing. Behavioral evidence suggests that insulin may act in the
VTA to suppress aspects of feeding. Insulin administered di-
rectly into the VTA inhibits opioid-induced feeding (Sipols et
al., 2002) as well as palatable food eating after satiation (Mebel
et al., 2012).

Interestingly, insulin in the VTA decreases anticipatory activ-
ity as well as conditioned place preference for food. Both of these
tasks involve the learned association between the food and con-
text, but during testing, the measurements are taken in the ab-
sence of food consumption. In contrast, insulin in the VTA did
not alter effort to obtain food as measured by the breakpoint in a
progressive ratio self-administration paradigm, even when the
motivational limit of the reinforcer was enhanced (Labouèbe et
al., 2013). Although these three paradigms overlap in that ani-
mals learn associations between a stimulus (i.e., sight/smell in the
anticipatory activity paradigm; context in the CPP paradigm; le-
ver in the self-administration paradigm) and the food reward, the
progressive ratio task differs such that mice consume the food
during the task and engage in escalating effort to obtain the rein-
forcer. It is unlikely that postconsumatory effects of the food are
counteracting intra-VTA effects on the progressive ratio task be-
cause intra-VTA insulin can reduce palatable food eating in sated
animals (Mebel et al., 2012) and opioid-induced feeding (Sipols
et al., 2002). Thus, insulin action in the VTA may serve to sup-
press processes involved in learned associations between visual
and/or olfactory stimuli and food rather than those mediating
effort required to obtain food.

Synaptic strengthening of dopamine neurons in the VTA and
consequent phasic dopaminergic output is associated with
learned associations of cues with rewards (Stuber et al., 2008).
Consistent with behavioral data demonstrating that intra-VTA
insulin suppresses the salience of food-predicting cues, insulin
reduces excitatory synaptic transmission onto dopamine neu-
rons of the VTA (Labouèbe et al., 2013). This reduction in syn-
aptic efficacy is long lasting and selective to excitatory inputs to
the VTA. Insulin receptor activation leads to a postsynaptic
activation of insulin receptor tyrosine kinase, AKT and mTOR
signaling, which in turn increases synthesis of the eCB 2-
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arachidonyl glycerol, leading to a retrograde inhibition of gluta-
mate release via CB1r activation. Interestingly, 1 h access to
sweetened high fat food occludes insulin induced long-term de-
pression and increases eCB signaling resulting in decreased pre-
synaptic glutamate release. This effect correlates with elevated
plasma insulin levels and reverses an hour after the sweetened
high fat food exposure when insulin levels are returned to base-
line (Labouèbe et al., 2013). Together, insulin action in the VTA
either exogenously applied or endogenously induced by a caloric
meal transiently suppresses excitatory inputs (possibly relay-
ing information about food-related cues) to VTA dopamine
neurons.

In addition to insulin-induced long term depression at
excitatory synapses onto dopamine neurons, leptin also sup-
presses synaptic transmission at these synapses (Thompson and
Borgland, 2013). Although leptin can act postsynaptically on do-
pamine neurons to reduce firing rate (Trinko et al., 2011), leptin
also acts presynaptically to inhibit glutamate release onto dopa-
mine neurons via PI3K and JaK2 tyrosine kinase signaling
(Thompson and Borgland, 2013). Insulin in the VTA reduces
somatodendritic dopamine concentration because of an increase
in the number or function of dopamine transporters resulting in
increased reuptake of dopamine at higher evoked dopamine con-
centrations (Mebel et al., 2012). Mice lacking leptin (Lepob/ob)
have decreased content of somatodendritic vesicular dopamine
(Roseberry et al., 2007) and reduced evoked dopamine release in
the nucleus accumbens (Fulton et al., 2006). Furthermore, in
contrast to insulin, intra-VTA leptin decreases food consump-
tion (Hommel et al., 2006) and leptin receptor b knockdown in
the VTA increases effort to obtain palatable food reinforcers (Da-
vis et al., 2011). Thus, although leptin and insulin can act as
satiety signals within the hypothalamus, these peptides act in
parallel, but through differing mechanisms in the VTA to inhibit
aspects of ingestive behavior.

In addition to insulin-induced suppression of excitatory syn-
aptic transmission, insulin in the VTA reduces both somatoden-
dritic and terminal dopamine output. Insulin reduction in
somatodendritic dopamine is the result of an increase in number
or function of dopamine transporters resulting in increased re-
uptake of dopamine at higher evoked dopamine concentrations
(Mebel et al., 2012). Using fast-scan cyclic voltammetry in anes-
thetized animals, intra-VTA insulin concentration-dependently
reduces evoked dopamine release in the nucleus accumbens
(Borgland et al., unpublished observation). Together, these data
suggest that insulin acts in the VTA to reduce excitatory synaptic
efficacy and dopaminergic output. Furthermore, insulin in the
VTA likely reduces the salience of cues associated with food thus
promoting satiety after a meal.

Transgenerational epigenetic regulation of metabolism and
reward circuitry
Although nutrition during the course of one’s own lifespan will
most certainly have an impact on the development of obesity,
there is increasing evidence that these “nutritional effects” may
have consequences for the health and development of subsequent
generations of offspring. For example, archival data from Sweden
indicate that food availability of grandfathers is associated with
the risk of diabetes and cardiovascular disease as well as mortality
in grandsons (Pembrey et al., 2006; Kaati et al., 2007). It is im-
portant to consider that this effect may be associated with re-
duced birth weight, as evidenced in elegant studies conducted by
the Southampton research group (Phillips et al., 1998, 2000;
Reynolds et al., 2001). Nevertheless, this clearly indicates long-

term effects of nutritional status on physiology. In laboratory
rodents, males exposed to prenatal dietary restriction (through
reductions in caloric intake of their mother during late gestation)
sire offspring with reduced birth weights and impaired glucose
tolerance (Jimenez-Chillaron et al., 2009). Conversely, neonatal
overnutrition of male mice can induce insulin resistance and
glucose intolerance in their male offspring (Pentinat et al., 2010).
In laboratory mice, maternal HFD consumption from precon-
ception to the weaning period leads to increased body length and
reduced insulin sensitivity in offspring and grand-offspring;
transmission of these effects to F3 generation female offspring has
been observed through the patriline (Dunn and Bale, 2009,
2011), although not all of the changes observed in F1 are main-
tained through F3.

Evidence for the paternal transmission of the effects of nutri-
tion, toxin exposure, and social experiences (Curley et al., 2011)
has led to increased speculation regarding the transgenerational
inheritance of epigenetic modifications within the male germline.
Epigenetic mechanisms (i.e., DNA methylation, histone modifi-
cations, microRNAs) have emerged as dynamic pathways
through which environmental experiences can come to be inte-
grated within our biology, leading to variation in neurobiology,
behavior, and health (Jirtle and Skinner, 2007; Champagne,
2010). Thus, in contrast to the historical view that epigenetic
variation is erased at the time of fertilization, there appears to be
transmission of this variation to subsequent generations, which
may account for the paternal nutritional effects evident in off-
spring and grand-offspring.

Champagne et al. have previously shown that males that
experience a lifetime of social enrichment sire offspring with
elevated weaning weights compared with the offspring of
males exposed to a lifetime of social deprivation (Mashoodh et
al., 2012). Although these mates have only a brief contact with
females during mating and no contact with offspring, females
mated with socially enriched males were found to exhibit in-
creased maternal care toward his offspring, a suggestion of a
differential allocation effect, and this change in postnatal ma-
ternal behavior was correlated with indices of anxiety-like be-
havior in the males (Mashoodh et al., 2012). Although this
study does not preclude the potential influence of inherited
epigenetic variation, it does demonstrate the importance of
considering paternal-maternal-offspring interactions when
considering the mechanism linking paternal experience to off-
spring development.

Current work is exploring the impact of paternal nutrition
from both an epigenetic and maternal effects perspective to eval-
uate the pathways through which offspring development is al-
tered. Using a food restriction paradigm, in which adult males
experience a 15–20% reduction in caloric intake for 3 weeks (be-
fore mating), preliminary data suggest that food-restricted males
are more preferred as mates (using a mate preference test) despite
exhibiting indices of increased anxiety-like behavior. Moreover,
females who are mated with food-restricted males experience
increased weight gain during pregnancy and engage in a higher
frequency of nursing behavior toward offspring during the post-
natal period. Using embryo transfer, the role of mate choice/
preference versus direct influence of food-restricted male sperm
is being explored. Previous studies using in vitro fertilization as a
tool for eliminating the possible influence of maternal effects
have found reduced transmission of paternal effects (induced
by male exposure to social stress) to offspring after this ma-
nipulation (Dietz et al., 2011), suggesting the potential for
both epigenetic and maternal factors in the transmission of
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these phenotypes. As such, a similarly complex route of trans-
mission of paternal food restriction is predicted and empha-
sizes the need to think more broadly about the mechanisms of
inheritance. In the context of this review, it is important to
emphasize that paternal effects are emerging as an intriguing
influence on offspring development, and there is increasing
evidence for the relevance of these effects in understanding the
origins of metabolic syndrome and obesity. A real life example
of this association is the finding that, in humans, an early onset
of paternal smoking predicts increased body mass index in
sons (Pembrey et al., 2006).

Expanding on the epigenetic and transgenerational effects
that could impact the feeding behavior and metabolism of the
offspring is research that has examined the effects of drug use on
changes in reward circuitry, which could manifest as behavioral
differences in food seeking behavior or hedonic feeding. Like the
association of paternal smoking with body mass index in male
offspring in humans, another association seems to emerge with
the consumption of cannabis. Cannabis mediates its effects
through engagement of the eCB system, which has already
emerged several times in this review as an important regulator of
feeding and metabolism. Particularly relevant to transgenera-
tional epigenetic transmission is the fact that, in addition to the
regulation of feeding and metabolism (Silvestri and Di Marzo,
2013), the eCB system is well documented to be involved in
gametogenesis where it has been shown to impact DNA re-
modeling in reproductive cells (Chioccarelli et al., 2010). It
now evident that the main psychoactive component of canna-
bis, �9-tetrahydrocannabinol (THC), can have a protracted ef-
fects later in life as a consequence of prenatal and adolescent
exposure (Jutras-Aswad et al., 2009; Chadwick et al., in press).
Emerging evidence from Hurd et al. (Dinieri and Hurd, 2012;
Tomasiewicz et al., 2012) also shows that adolescent THC expo-
sure alters the normal epigenetic landscape in the mesolimbic
reward-related subregion of the striatum in adulthood. The im-
portant contribution of the eCB system in gamete function and
neurodevelopment raises the question as to whether transmis-
sion of a cannabis-induced epigenetic milieu can contribute to
behavioral abnormalities in subsequent generations.

In current studies by Hurd and colleagues, F1 offspring with
parental THC exposure (administered during adolescence and
mated as adults; offspring raised by drug-naive surrogates) were
observed to have impaired reward motivation and a spectrum of
anxiety/compulsive behaviors (Szutoritz et al., in revision).
Moreover, these animals had molecular and functional distur-
bances in the striatum, a region rich in CB1r and central to goal-
directed and habitual behaviors. Striatal impairments were
particularly evident in dysregulation of glutamatergic gene ex-
pression and long-term depression, findings that would be pre-
dictive of impaired synaptic plasticity. The functional relevance
of these changes to feeding and metabolism has yet to be investi-
gated, but intriguingly, F1 offspring without direct exposure to
THC themselves have increased body weight (Szutoritz et al., in
revision), suggesting that parental germline exposure could po-
tentially induce epigenetic inherited metabolic dysregulation,
possibly mediated through alterations in eCB function.

In conclusion, obesity is often viewed in the general public as
a consequence of will power and uncontrolled eating; however, it
is becoming increasingly apparent that many other factors can
influence feeding behavior, metabolism, and energy balance. The
aim of this review was to provide an overview of some of the novel
scientific perspectives on factors that can influence feeding and

metabolism. For more comprehensive reviews on the topics pre-
sented, readers are pointed toward excellent work on circadian
rhythms and metabolism (Buijs and Kalsbeek, 2001; Bass and
Takahashi, 2010; Bass, 2012), hypothalamic mechanisms of obe-
sity (Thaler and Schwartz, 2010; Velloso and Schwartz, 2011), the
interaction between obesity and reward circuits (Kenny, 2011;
Stice et al., 2012), and transgenerational effects of nutrition
and metabolism (Dunn et al., 2011; Youngson and Morris,
2013), as a start.

Variables, such as circadian dysregulation and epigenetic
transmission, demonstrate that some of these contributors to
obesity may be beyond an individual’s immediate control and
can be heavily influenced by their external environment, and
even their parental ancestry. Additionally, cutting edge re-
search examining the functional mechanisms of many neuro-
hormonal signals (e.g., leptin and insulin), which have long
been known to contribute to obesity, are shedding new light
on how dysregulation of these systems can lead to pathological
changes in feeding circuitry in the brain. Ongoing research
will continue to tie all of these seemingly disparate areas of
research together and may someday help us to understand
how our environment and our bodies may influence our
brains to make people prone to obesity. Given the ever-
growing obesity epidemic, and the consequential toll this takes
on the health system, these lines of research should receive
greater attention in the coming years.
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