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The dietary pattern in industrialized countries has changed substantially over the past century due to technological advances in agriculture, food processing, storage, marketing, and distribution practices. The availability of highly palatable, calorically dense foods that are shelf-stable has facilitated a food environment where overconsumption of foods that have a high percentage of calories derived from fat (particularly saturated fat) and sugar is extremely common in modern Westernized societies. In addition to being a predictor of obesity and metabolic dysfunction, consumption of a Western diet (WD) is related to poorer cognitive performance across the lifespan. In particular, WD consumption during critical early life stages of development has negative consequences on various cognitive abilities later in adulthood. This review highlights rodent model research identifying dietary, metabolic, and neurobiological mechanisms linking consumption of a WD during early life periods of development (gestation, lactation, juvenile and adolescence) with behavioral impairments in multiple cognitive domains, including anxiety-like behavior, learning and memory function, reward-motivated behavior, and social behavior. The literature supports a model in which early life WD consumption leads to long-lasting neurocognitive impairments that are largely dissociable from WD effects on obesity and metabolic dysfunction.

Keywords: obesity, high fat diet, adolescent, anxiety, cognition, memory


INTRODUCTION

Children in the United States are exposed to a dietary environment where there is an overabundance of highly palatable foods that are easily affordable and readily accessible. Observations from earlier National Health and Nutrition Examination Surveys (2003–2004, 2005–2006) report that the highest sources of energy for 2- to 18-year-olds were grain desserts, pizza, and soda, which are low in beneficial nutrients, but high in solid fats and/or added sugars (Reedy and Krebs-Smith, 2010). More recent data indicates that consumption of saturated fat and sugar in children continues to exceed the recommended limit of fewer than 10% of total calories for anyone 2-years-old or older, as boys and girls (age 1–18) obtain a range of about 11–12% of their total calories on average from saturated fat and a range of about 11–17% of their total calories on average from added sugar (health.gov, 2015). This type of dietary environment, along with a shift towards larger food portions, has undoubtedly contributed to the alarming increased prevalence of childhood obesity, which is now approximately 18% in children aged 2–19 years (CDC, 2019). In addition, the majority of children with obesity remain obese, both as adolescents and as adults (Simmonds et al., 2016). Emerging evidence reveals that both childhood and adult obesity are associated with impaired performance in various cognitive tasks (Morris et al., 2015; Wang et al., 2016; Dye et al., 2017). However, given that obesity is strongly associated with consumption of a Western Diet (WD; specified in more detail below), a standing question arises as to whether the WD per se may impart neurocognitive dysfunction independent of obesity and/or its associated metabolic impairments. Indeed, evidence from both humans and preclinical rodent models described herein indicates that habitual consumption of a WD during early life developmental periods can lead to long-lasting neurocognitive dysfunction even independent of obesity and severe metabolic dysfunction (Francis and Stevenson, 2013; Noble and Kanoski, 2016). Thus, in order to better inform policies relating to dietary recommendations, it is imperative to understand the dietary and neurobiological mechanisms linking perinatal and childhood WD consumption with impaired cognitive abilities throughout the lifespan.

To study the link between WD patterns during early life periods and neurocognitive development, rodent models are often used to target discrete periods of development during which dietary components can be administered with rigorous control and with objective quantification of the amount of calories consumed. The perinatal period in rodents, lasting from gestation to weaning (weaning at ∼postnatal day [PN] 21–24), is a time during which maternal exposures can have lasting effects on cognitive processes. Indeed, the perinatal developmental stage is a critical period for neuronal programming of regions involved in learning and memory, such as the medial prefrontal cortex (mPFC) and the hippocampus (HPC) (Reynolds et al., 2017; Sharp and Lawlor, 2019). Although the exact timing varies slightly by strain, in rats PN 22–27 is considered the approximate juvenile stage of development, PN 28–42 equivalent to the early-mid adolescent period (∼12–17 years in humans), and PN 43–55 comparable to the late adolescence/emerging adulthood period in humans (∼18–25 years) (Spear, 2016). The juvenile and adolescent phases of development are critical periods through which complex cognitive abilities such as working memory, sociability, and inhibitory control develop (Semple et al., 2013).

In laboratory rodents, several different dietary manipulations have been used to model aspects of the WD. A rodent “high fat diet” model typically involves increasing the amount of fat (as a % of total kcal, e.g., 45% or 60% kcal from fat) while reducing the amount of carbohydrates compared to low fat and high carbohydrate standard rodent control diets. However, the carbohydrate content of a common rodent high fat diet is predominantly comprised of simple sugars, vs. the complex polysaccharide-based carbohydrate content of a typical rodent control diet (with the exception of some low-fat control diets that are high in sucrose). Another common rodent WD model is a cafeteria diet, which is a free-choice diet with combination of highly palatable, energy dense foods (e.g., high saturated fat, high sugar) that are commonly consumed by humans. Modeling the obesogenic environment omnipresent in modern Westernized cultures, these diets are provided in the home cages and are therefore easily accessible to the animals. Relative to a control group on a healthy diet, rodents exposed to these WD models may, but do not always, display one or more of the following outcomes associated with metabolic syndrome and obesity: increased caloric intake, body weight gain, increased adiposity, hyperinsulinemia, hyperglycemia, glucose intolerance, and inflammation contributing to hepatosteatosis (Sampey et al., 2011).

While commonly referred to as “diet-induced obesity” (DIO) models in the literature, rodent WD models lead to differential metabolic and body weight outcomes based on species (e.g., rats vs. mice), strain, sex, and/or age and duration of dietary consumption. For example, the same dietary manipulation may lead to obesity and metabolic dysfunction in adult male rats, but not in adolescent female rats. Thus, in this review we will refer to these dietary models as “WDs” and not DIO, and we further define a WD as a rodent model with access to either a diet high in fat (greater than 30% of total kcal from fat), a diet with carbohydrate consumption coming predominantly from monosaccharides (glucose, fructose) or disaccharides (sucrose), or more commonly, a combination of the two (as in the examples described in the previous paragraph).

Herein we review insights from carefully controlled rodent studies that inform on the impact of WD consumed during early life developmental stages on various cognitive domains, including anxiety-like behavior, learning and memory function, reward-motivated behavior, and social behavior (Supplementary Table 1). A second overarching goal of the review is to describe potential underlying neurobiological mechanisms linking dietary models with cognitive outcomes, and thus we focus exclusively on preclinical rodent models as these models offer a distinct advantage in this regard. Perinatal exposure will refer to maternal WD consumption during gestation, lactation, or both, with additional focus on prenatal exposure in Section 5. Given that the overwhelming majority of rodent model studies do not distinguish between the juvenile and adolescent stages, we use the term “adolescence” to refer to the developmental period from weaning until early adulthood, which in rodents is approximately postnatal (PN) days 21–60. We also describe neurocognitive results (behavioral, molecular) with regards to whether or not these outcomes were accompanied by obesity, thus leading to a concluding framework in which early life WD effects on cognition are largely dissociable from effects on body weight and metabolism.



ANXIETY-LIKE BEHAVIOR


Behavioral Models and Neural Substrates

While anxiety can be an adaptive emotional response to stressful situations, excessive and/or chronic anxiety can have detrimental health effects in humans and manifest as a clinical anxiety disorder (Fox and Kalin, 2014; Sharp et al., 2015; Juruena et al., 2020). In humans, a number of lifestyle factors are associated with anxiety, including diet. For instance, consumption of added sugars and saturated fat is associated with higher anxiety levels (Masana et al., 2019; Fatemi et al., 2020), and evidence from carefully controlled rodent experiments suggests a causal relationship between diet and anxiety-like behavior. In rodents, anxiety-like behavior is assessed via measurable behavioral changes, including measures of exploration, hypoactivity, suppressed consumption of novel foods (neophagia), and fear-associated freezing behavior. One common assessment of anxiety-like behavior is the open field (OF) test, where increased thigmotaxis, or time spent by the walls of an enclosed apparatus, is indicative of increased anxiety-like behavior. Other common anxiety-like behavioral tests are the elevated plus maze (EPM) procedure, and the conceptually similar elevated zero maze (EZM). Each test is rooted in the positive drive for rodents to explore novel environments, as well as the drive to avoid exposed areas without walls or enclosures. Spending more time in the enclosed arms while making relatively few and infrequent crossings to the open arms of the EPM or EZM is indicative of anxiety-like behavior. Other common assessments of anxiety-like behavior include the novelty suppressed feeding (NSF) task, which measures a rodent’s aversion to eating in a novel environment, the social interaction test, where decreased time spent engaging in social behavior is indicative of anxiety-like behavior, and the light-dark transition task, where a decrease in the willingness to explore the illuminated, unprotected area of the apparatus is suggestive of anxiety-like behavior (Bailey and Crawley, 2009). Finally, measuring corticosterone plasma levels following a stressor (e.g., restraint stress) provides a read-out of hypothalamic-pituitary-adrenal (HPA) axis reactivity, which tends to be heightened in anxiety (Packard et al., 2016).

A dietary influence on anxiety may be indicative of lasting changes to brain structures involved in anxiety-like behavior. Briefly, anxiety-like behavior is mediated by a network of brain regions (Adhikari, 2014; Calhoon and Tye, 2015) that is still incompletely understood, but includes the basolateral amygdala (BLA) (Singewald et al., 2003; Hale et al., 2008), the ventral HPC (Nascimento Häckl and Carobrez, 2007; Lowry and Hale, 2010), and the mPFC (infralimbic and prelimbic areas) (Kim et al., 2011; Jiao et al., 2015; Liu et al., 2020). In particular, BLA inputs to the ventral HPC is associated with anxiolytic behavior (Pi et al., 2020) whereas inputs from the ventral HPC to the lateral hypothalamic area (LHA) has been shown to mediate anxiogenic behavior (Jimenez et al., 2018). Additionally, excitation of the BLA terminals in the central amygdala (CeA) is associated with anxiolytic behavior (Tye et al., 2011) whereas CeA projections to the bed nucleus of the stria terminalis are associated with anxiogenic behavior (Ahrens et al., 2018). Finally, brainstem regions are also involved in the control of anxiety-like behavior, with the locus coeruleus being associated with anxiogenic behavior (Itoi and Sugimoto, 2010; McCall et al., 2017). The following sections describe several rodent studies that investigate both the impact of WD on anxiety-like behavior and putative underlying neurobiological mechanisms. Interestingly, several studies discussed below reveal that WD consumption affects similar brain regions in rodents as previously described to be associated with anxiety in humans (Bas-Hoogendam et al., 2017; Besteher et al., 2017, 2020).



Perinatal WD Exposure

Studies on the effects of perinatal exposure to WD suggest increased anxiety-like behavior in offspring (Bilbo and Tsang, 2010; Peleg-Raibstein et al., 2012; Sasaki et al., 2013; Glendining et al., 2018; Guedine et al., 2018; Winther et al., 2018). For example, when rodent dams are fed a high dietary fat composition (60% kcals fat) before mating until weaning of the offspring, the male (Bilbo and Tsang, 2010; Peleg-Raibstein et al., 2012; Sasaki et al., 2013; Winther et al., 2018) and female (Peleg-Raibstein et al., 2012; Sasaki et al., 2013; Winther et al., 2018) progeny as adults display increased anxiety-like behavior in the EPM apparatus and in a food neophobia task (Peleg-Raibstein et al., 2012) relative to progeny born to dams that received a low-fat diet. In mice, perinatal exposure to diet with a lower fat content (45% kcals fat) also resulted in greater anxiety-like behavior in the EPM at adulthood, especially in females (Glendining et al., 2018). Similarly, male and female offspring from dams consuming a 60% fructose diet presented an anxiety phenotype in the EZM when tested during early adolescence (PN 26–34) (Bukhari et al., 2018). Interestingly, these findings can occur independent of the potential obesogenic effects of the maternal diet on the offspring, as weight gain was not observed in adulthood in one study that found increased anxiety-like behavior in the OF and EPM tasks in adult male and female offspring after perinatal exposure to a 60% kcals fat diet (Sasaki et al., 2013).

While an obesogenic phenotype is not necessary for the development of anxiety-like behavior, the duration of the maternal diet may be an important factor. For instance, if a cafeteria diet is provided to rat dams strictly during lactation only (PN 1–21), the male offspring do not display anxiety-like behavior in the EPM during adulthood (Guedine et al., 2018). This occurs despite hyperphagia and significant weight gain and greater adiposity in the offspring, thus further supporting the notion that while obesity is not a requirement for effects of perinatal WD on anxiety-like behavior, the diet duration from gestation to lactation is critical. In some cases, maternal consumption of a cafeteria diet only during lactation has an anxiolytic impact (decreasing anxiety) on male and female offspring behavior at weaning (Speight et al., 2017) or 10 weeks of age (Wright et al., 2011). The anxiolytic effects associated with maternal cafeteria diet during lactation only may be based on maternal behavior, as Speight and colleagues (Speight et al., 2017) observed enhanced licking and grooming of pups by WD-fed dams.

In addition to the effect of perinatal WD exposure on anxiety-like behavior, studies suggest that maternal WD consumption throughout gestation and lactation may impact the HPC and amygdala, brain regions that are strongly linked with anxiety. For example, WD-associated anxiety-like behavior is accompanied by increased expression of 5HT-r1a and GABAa alpha2 receptor subunit in the ventral HPC (Bannerman et al., 2004), as well as elevated brain-derived neurotrophic factor (BDNF) expression in the dorsal HPC (Peleg-Raibstein et al., 2012), a region where BDNF levels correlate with the magnitude of anxiety-like behavior in the EPM task in wildtype mice (Yee et al., 2007). Exploration of the open arm of the EPM apparatus (decreased by WD) also correlates negatively with HPC gene expression for inflammatory markers TNFa and MCP-1 (Winther et al., 2018). Pups perinatally exposed to WD have elevated hippocampal microglial activation at birth, as demonstrated by increased expression of CD11b, a microglial activation marker, and TLR4, an endogenous pattern recognition receptor involved in metabolic-inflammatory signaling (Bilbo and Tsang, 2010). Additionally, pups exposed to a perinatal WD also show increased circulating peripheral cytokine expression (IL-1β in the liver and serum IL-6) during adulthood (Bilbo and Tsang, 2010). In the amygdala, perinatal WD elevates mineralocorticoid and glucocorticoid receptors during adulthood in rats, possibly due to an overall heightened HPA axis response to stress supported by the elevated basal corticosterone levels also seen in the adult rats (Sasaki et al., 2013). Taken together these findings suggest that perinatal exposure to a WD promotes inflammatory processes and alters stress responsivity markers. Indeed, others have found that maternal obesity is associated with increased inflammatory signaling during pregnancy that likely impacts the development and health of the offspring (Segovia et al., 2017), and that the HPA axis during development is vulnerable to maternal nutrition and/or metabolic status (Long et al., 2012; Balsevich et al., 2016). Collectively, these findings suggest that maternal WD consumption impacts the brain in a multitude of ways that may impact anxiety-like behavior, including increasing inflammatory signaling pathways, modification of the serotonergic, GABAergic, and neurotrophin signaling systems, and elevating the HPA axis responsiveness. Further research is necessary to determine the extent to which these neurobiological changes are causally related to the impact of perinatal WD exposure on anxiety-like behavior.

While the majority of the studies described above found anxiogenic effects (increased anxiety) as a consequence of perinatal WD exposure, some have reported mixed results in various anxiety measures (Sasaki et al., 2014; Zieba et al., 2019). For example, perinatal exposure to a 60% fat diet reduced anxiety-like behavior in the light-dark box while having anxiogenic effects in the EPM and OF tasks (Sasaki et al., 2014). Similarly, although anxiety measures in the OF and NSF tests were unchanged by maternal consumption of a WD, a trend for increased open arm time in the EPM was observed at adulthood (Zieba et al., 2019). Such findings raise the question as whether certain behavioral assays are more sensitive to the anxiogenic impact of perinatal WD consumption.

In contrast to the anxiogenic effects associated with perinatal WD exposure described above, maternal exposure to a WD may be anxiolytic (decreasing anxiety) for the offspring in the presence of perinatal stress. For example, rat offspring that underwent maternal separation, which normally induces anxiety, did not display increased anxiety-like behavior in the OF test if the dams consumed a WD (40% kcals fat) from gestation to postpartum day 21 (Rincel et al., 2016). These results were accompanied by a WD-associated prevention of maternal separation-associated changes in the expression of several genes in the PFC that are linked with abnormal anxiety-like behavior in adulthood, including BDNF and 5HT-r1a (Rincel et al., 2016). Moreover, the maternal separation-induced upregulation of Rest4 in the PFC, whose expression is associated with anxiety in adulthood (Uchida et al., 2010), was reversed with perinatal WD (Rincel et al., 2016). These data suggest a potential relationship between perinatal WD and stress on anxiety-like behavior later in life.



Adolescent WD Consumption

Similar to perinatal exposure, adolescent consumption of WD can lead to increased anxiety-like behavior. For example, adolescent male rats that consumed a cafeteria diet consisting of 45% fat, a 15% weight by volume (w/v) sucrose solution, and standard chow during adolescence displayed increased anxiety-like behavior in the EPM during adulthood (Ferreira et al., 2018). Similarly, consumption of a 45% fat diet combined with a 10% w/v sucrose solution for 8 weeks promoted anxiety-like behavior in adulthood (Gancheva et al., 2017). In male mice, 7 weeks of exposure to a 60% fat diet enhanced anxiety-like behavior in both the EPM and the OFT (Yang et al., 2020). Male, but not female, adolescent rats given free access to chocolate cookies (high in both fat and sugar) presented an elevated anxiety phenotype in the EPM as well as greater plasma corticosterone levels following restraint stress (Kim et al., 2018). Similarly, enhanced HPA axis reactivity was also observed in male rats fed a lard-based high fat diet (60% kcals fat) from adolescence through adulthood, although no diet effects were reported in the OF task (Abildgaard et al., 2014). In addition, ad lib access to a 5% w/v sucrose solution in adolescent male rats from PN 30–46 was sufficient to induce an anxiety phenotype in the NSF task months later when tested during adulthood (PN 204) (Gueye et al., 2018), and male rats that consumed a 10% w/v sucrose solution from PN 25–50 also displayed anxiety-like behavior in the OF test in adulthood (PN 75) (Kruse et al., 2019). However, the aforementioned study also showed that the long-term effect of increased anxiety-like behavior was not seen in adult male rats that received the 10% w/v sucrose drink from PN 75–100, highlighting early life as a critical time period during which Western dietary patterns influence anxiety-like behavior (Kruse et al., 2019). Together, these studies support that, similar to perinatal WD consumption, exposure to WD factors during early adolescence generally promotes anxiety-like behavior in adulthood.

Similar to effects associated with perinatal WD, anxiety-like phenotypes are observed independent of weight gain and obesity outcomes caused by adolescent WD consumption. For example, rats that consumed a cafeteria diet consisting of 45% fat, a 15% w/v sucrose solution, and standard chow during adolescence had significantly increased caloric intake and body weight (Ferreira et al., 2018), but consumption of a marginally high fat diet (21.1% from fat) from 1 to 5 months old in male mice did not result in differences in body weight relative to controls (Vinuesa et al., 2016). However, both studies found that these rodents developed anxiety-like behavior in adulthood after consuming the WD. In addition, the increased anxiety-like behavior discussed above in adolescent male rats consuming a lard-based high fat diet (45% kcals fat) with a 10% w/v sucrose solution for 8 weeks was associated with features of the metabolic syndrome such as reduced insulin sensitivity, hypercholesterolemia, hypertriglyceridemia and greater visceral adiposity (Gancheva et al., 2017) despite no differences in body weight, thus implying a potential role for metabolic impairments rather than increased body mass per se.

While weight gain may be less relevant to the development of anxiety-like behavior associated with adolescent WD consumption, WD may be contributing to anxiety-like behavior by affecting neurobiological processes in the HPC, the nucleus accumbens (ACB) and the mPFC. For example, Ferreira and colleagues (Ferreira et al., 2018) found that anxiety-like behavior induced by adolescent WD consumption is associated with reduced neurogenesis in the subgranular region of the dentate gyrus. In accordance, cell proliferation was diminished in the dentate gyrus of adult rats exposed to a sucrose solution during adolescence (Gueye et al., 2018). Kim and colleagues (Kim et al., 2018) observed anxiogenic phenotype associated with chocolate cookies consumption that coincided with increased BDNF expression in the ACB, a feature reminiscent of rodent stress-induced depression models (Eisch et al., 2003). Male rats fed a 60% fat diet for 7 weeks displayed greater senescence-related gene expression in the mPFC, especially in astrocytes and microglia (Yang et al., 2020). Furthermore, Kruse and colleagues (Kruse et al., 2019) found that anxiety-like behavior seen in male rats that consumed a 10% w/v sucrose solution during adolescence may be explained, in part, by increased mPFC, but not ventral HPC, expression of calretinin, an important developmental calcium-binding protein that is increased after stressful situations such as maternal separation (Xu et al., 2011) and whose protein expression is usually reduced in adulthood (Caballero et al., 2014). Importantly, differences in calretinin expression were not observed in males that consumed the high sucrose diet during adulthood, suggesting that excessive sucrose consumption during adolescence impacted normal calretinin development. Despite these findings, more research is needed to identify the physiological relevance of each of these candidate pathways to early life WD-induced effects on anxiety-like behavior.

While many studies show that WD consumption during adolescence generally promotes anxiety-like behavior, it should be noted that there are instances where an elevated anxiety phenotype did not develop after consumption of WD. For example, brief exposure (11 days) to a 41% fat diet initiated at adolescence (PN31) had no impact on anxiety-like behavior in the EPM (Vega-Torres et al., 2020). In male mice, prolonged consumption of a 45% fat diet failed to induce behavioral changes in the OF test and the EPM, when testing occurred after 8 and 10 weeks of diet, respectively (Del Rio et al., 2016). Similarly, intake of a 55% fructose diet initiated at adolescence did not alter anxiety measures in the OF and EPM tests, although basal corticosterone plasma levels were increased after 10 weeks on the diet in male rats (Harrell et al., 2015). One study showed that a cafeteria diet resulted in anxiolytic behavior in adulthood in the OF and EPM test in male and female rats when fed from weaning until early adulthood (3–11 weeks old) (Lalanza et al., 2014). Results revealed that the cafeteria diet increased adiposity and metabolic disturbances, such as hypertriglyceridemia, hyperglycemia and insulin resistance, in both males and females. However, a 1-week removal of the cafeteria diet during adulthood led to increased anxiety in the OF test, suggesting that cafeteria diet withdrawal, but not the cafeteria diet itself, can prompt anxiety-like behavior (Lalanza et al., 2014). However, additional studies are needed given that anxiety-like behavior can still be seen in animals that still consume a WD into adulthood (Vinuesa et al., 2016). Other studies have shown that excessive sugar consumption (11% w/v sucrose or high fructose corn syrup solution) during adolescence has no impact on anxiety-like behavior during adulthood in male rats in the EZM (Hsu et al., 2015; Noble et al., 2019). Whether or not anxiety-like behavior is developed after chronic sugar access may depend on the time of testing following sugar removal. For instance, Kruse et al. (2019) found anxiety-like behavior in male rats following 25 days of 10% w/v sucrose removal, whereas Noble et al. (2019) did not find any differences in anxiety-like behavior almost 4 months after removal of an 11% w/v high fructose corn syrup solution. Interestingly, using a similar experimental design to Noble et al., Hsu et al. saw no differences in anxiety like behavior in rats fed either 11% sucrose solution or 11% HFCS solution when testing occurred with no delay following sugar consumption (Hsu et al., 2015). Altogether, these studies suggest that withdrawal from WD may in part explain the increased anxiety-like behavior seen in rodents, although this effect may depend on the type of WD (sugar, high-fat, or combination of the two) and the anxiety-like phenotype may be alleviated given significant time consuming a healthy control diet.

Similar to effects associated with perinatal WD, consumption of WD during adolescence in rodents may reduce anxiety in circumstances associated with early life stress (ELS), fostered by either maternal separation, restraint, social isolation, or a disrupted nest anywhere from PN 2–28. For instance, in male rats, consumption of a high sucrose WD during social isolation from PN 21–28 resulted in reduced anxiety-like behavior in the OF and EPM tests at PN 28 relative to animals that received standard chow and animals that received stress without the WD (Marcolin et al., 2012). Similarly, social anxiety was attenuated in male rats maintained on a WD (45% kcal from fat) after weaning after having previously undergone a 3-day ELS test from PN 27–29 where on each day they were subjected to either forced swim, elevated platform stress, or restraint adulthood (Ali et al., 2018). In male rats subjected to limited nesting from PN 2–9, free access to a high fat/high sucrose diet (43% kcals fat, 17% kcals protein and 40% kcals from sucrose) initiated at weaning also prevented the expression of an anxiety phenotype at adulthood (Maniam et al., 2016). Similarly, female rats subjected to ELS from PN 2–14 also display reduced anxiety, as assessed by EPM in adulthood, following consumption of a continuous cafeteria-style WD (32% kcals from fat) (Maniam and Morris, 2010). Thus, similar to what occurs with perinatal WD, these findings suggest that the relationship between dietary factors and anxiety in adolescents interacts with the effects of ELS. However, this is not always the case, and may be stressor- or age-dependent. For example, exposure to predator stress during adulthood in male rats fed a WD since weaning exacerbated anxiety behaviors in the EPM and OF tests (Kalyan-Masih et al., 2016).

While the underlying mechanisms for the anxiolytic effects of WD consumption in cases of ELS are incompletely understood, WD consumption, either during or following ELS, resulted in rats consuming more food (Marcolin et al., 2012; Maniam et al., 2016), gaining more weight (Maniam and Morris, 2010; Marcolin et al., 2012; Maniam et al., 2016), having increased adipose tissue (Maniam and Morris, 2010; Ali et al., 2018), higher plasma glucose levels (Marcolin et al., 2012), and elevated plasma leptin and insulin (Maniam and Morris, 2010). Normally ELS will result in an elevated corticosterone response, however, consumption of WD following ELS reduces the corticosterone response in adulthood (Maniam and Morris, 2010; Ali et al., 2018). The reduced corticosterone response may be related to the normalized hypothalamic corticosterone releasing hormone mRNA and reduced hippocampal glucocorticoid receptor gene expression seen in adulthood following consumption of a WD in females (Maniam and Morris, 2010), although hippocampal glucocorticoid receptor protein expression was increased in males (Maniam et al., 2016). Moreover, WD may prevent an imbalance of antioxidant enzymes in the PFC (Marcolin et al., 2012) or lead to increased D1R and D2R mRNA expression in the ACB, suggesting that dopamine signaling may also have a role in protecting against stress-induced anxiety-like behavior (Ali et al., 2018). Importantly, these studies suggest that ELS in combination with a WD prevents anxiety-like behavior despite leading to a compromised metabolic phenotype, as demonstrated by weight gain, adiposity, and elevated plasma insulin, leptin, and glucose levels. Collectively, these studies reveal that WD consumption may function as a reaction to stress that can relieve anxiety-like behavior associated with ELS.



Summary

The development of anxiogenic or anxiolytic behavior in association with early life WD exposure is likely dependent on whether or not the WD is accompanied by ELS (Figure 1). More specifically, evidence suggests that exposure to WD, either perinatally or during adolescence, is associated with increased anxiety-like behavior during adulthood unless the rodents undergo a period of ELS, in which case the diet may reduce anxiety like behavior. Therefore, WD consumption may be a coping mechanism in response to ELS. Notably, while obesity is often not observed following early life WD consumption, in the cases of ELS, obesity and metabolic dysfunction are often present in those consuming WD factors, thus further highlighting that WD influences on anxiety are not directly tied to the presence vs. absence of obesity and associated comorbidities. Further research is needed to determine the precise mechanisms through which early life WD factors, either with or without ELS, impact the brain and responsivity to stress during adulthood.
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FIGURE 1. Summary of the effects of early life Western diet consumption on anxiety-like behavior.





LEARNING AND MEMORY


Behavioral Tests

The process of learning and remembering information is perhaps as well-studied as it is persistently mysterious. In rodent models, memory is typically assessed based on an observable behavioral change that is attributable to prior experience, and a variety of behavioral tasks are commonly implemented depending on the type of memory being studied. Common tests of recognition memory that involve passive reinforcement (not inherently appetitive/rewarding, or aversive/punishing) are the Novel Object Recognition (NOR), Novel Place Recognition (NPR), or Novel Object in Context (NOIC). The latter two of these tasks, which involve contextual-based associations, relies on the function of the HPC and interactions with the perirhinal and prefrontal cortices, whereas object recognition memory relies on the function of the perirhinal cortex, and is independent of the HPC when conducted without a temporal or contextual component (Barker and Warburton, 2011).

Spatial memory, or memory based on the location of visuospatial cues in the environment, is commonly assessed via the Y-Maze Spontaneous Alternation task, Morris Water Maze (MWM), the radial arm maze, and the Barnes Maze. These tasks require allocentric navigation, are hippocampal-dependent, and involve either escape from aversive reinforcement (MWM, Barnes Maze), appetitive reinforcement (e.g., food; radial arm maze), or passive reinforcement (Y-Maze Spontaneous Alternation task) (Broadbent et al., 2004; Ofen, 2012; Quillfeldt, 2016). Other memory tests discussed in this section include fear conditioning and avoidance learning (typically based on brief foot shock or predator odor) and Pavlovian stimulus-reinforcement learning. These latter learning and memory tasks are mediated by complex network of forebrain structures that include the amygdala, striatum, insula, HPC, and mPFC among other regions (Kong et al., 2014; Quillfeldt, 2016). WD consumption has been shown to impact the neural substrates associated with the behavioral tasks described above, and early life stages of development are particularly sensitive to these effects in both human and rodent models (Noble and Kanoski, 2016). Moreover, the HPC is a canary in the coal mine in the sense that, at least in some cases, WD factors have a negative influence on hippocampal-dependent memory processes following very short periods of consumption, prior to the effects of the diet on body weight, metabolic function, and integrity in other brain regions (Kanoski and Davidson, 2011). In this section, we discuss the neural substrates and potential mechanisms through which early life WD factors impart learning and memory dysfunction while highlighting some critical gaps in current knowledge.



Perinatal WD Consumption

Exposure to western dietary factors through maternal nutrition has long-term consequences for learning and memory function, even when the animals are maintained on standard, low-fat chow after weaning (Tozuka et al., 2010; Peleg-Raibstein et al., 2012; Kuang et al., 2014; Page et al., 2014; Lépinay et al., 2015; Bengoetxea et al., 2017; Janthakhin et al., 2017; Vuong et al., 2017; Rincel et al., 2018; Cordner et al., 2019). For example, conditioned odor aversion in which an animal avoids an odor that was previously paired with an aversive memory, is impaired in adult male rats that received perinatal exposure to a WD containing 45% kcal from fat (Janthakhin et al., 2017). Moreover, the ability to extinguish an avoidance response to a previously paired odor is impaired in rats that receive the same perinatal WD exposure for the same duration (Rincel et al., 2018). Similarly, memory in the NOR task is also impaired in both adolescent male and female rats (Moreton et al., 2019) and adult male rats (Teixeira et al., 2020) when their dams consumed a cafeteria diet throughout lactation. Male offspring from dams fed a 45% kcal fat diet during both gestation and lactation failed to discriminate a novel object in NOR at 14 weeks of age as well (Vuong et al., 2017). Interestingly, male progeny from dams fed a 45% kcal fat diet (GD14 – PN21) demonstrated impairments in the NOR task at PN19–20 but not 1–2 months of age in both sexes (Bengoetxea et al., 2017). Together, these studies suggest that object-based episodic memory and the ability to learn and extinguish conditioned odor aversion is weakened with perinatal WD exposure.

In contrast to conditioned odor aversion and NOR, other types of memory may not be as vulnerable to perinatal WD consumption. Spatial memory retention in the MWM task, for example, is actually enhanced in male rats after perinatal exposure to a 60% kcals high-saturated-fat or high-trans-fat diet (Bilbo and Tsang, 2010). In support of this, another study has shown that MWM spatial memory retention was only impaired in adulthood when obese male rats were reintroduced to a WD (60% kcals from fat) later in life at 8 weeks old, despite having received perinatal exposure to the same WD during gestation and lactation (White et al., 2009). Furthermore, while spatial learning in the Barnes Maze was impaired in adolescent male offspring of mouse dams that received a 57% kcals fat WD from 6 weeks prior to mating up to lactation day 16, there were no differences in spatial memory/retention (Tozuka et al., 2010). In addition, perinatal WD feeding (45% kcals fat) had no effect on MWM spatial memory retention in male and female offspring tested at an older age (20 months), but did appear to rescue the memory deficits in the MWM task induced by unpredictable prenatal stress (a combination of restraint, swimming, wet bedding, noise, food restriction, and lights on overnight) (Bengoetxea et al., 2017). Pavlovian fear conditioning in adult male and female offspring was also not affected by a 60% kcals fat WD during the perinatal period (Peleg-Raibstein et al., 2012). Similarly, maternal consumption of a 43% kcals fat diet had no impact on both contextual and cued fear conditioning in 9.5 months old male offspring (Zieba et al., 2019). While the aforementioned studies suggest that perinatal exposure to diets that are 57–60% kcal fat do not have an effect on spatial memory, one study found that a 60% kcal HFD, given to dams during pregnancy and lactation, resulted in impaired cognitive performance in the NOR task and the Barnes Maze in adult male rats even after being provided a standard diet at PN 21 (Cordner et al., 2019). Overall, these studies provide mixed evidence that perinatal exposure to a WD impairs hippocampal-dependent spatial memory in offspring, highlighting a need for further investigation to identify critical mediating variables.

In addition to the type of learning and memory being evaluated, one major difference between the aforementioned studies that found effects of perinatal WD on various types of memory vs. those that did not is the ratio of fat and sugar content of the WDs. Those that found no effect of perinatal WD exposure on hippocampal-dependent memory utilized diets that were extremely high in fat (around 60% kcal from fat), whereas those that found impaired odor-based avoidance memory utilized a more moderate WD with regard to fat calorie % (45% kcals fat, respectively). In order to have higher fat content in rodent diets, normally this is achieved by reducing the carbohydrate content, which in a WD is typically predominantly sugar. For instance, a 45% kcals fat WD would have higher sugar content (∼17% kcals sucrose) than a 60% kcals fat WD containing ∼7% kcal sucrose. In fact, studies investigating the effects of perinatal WD on spatial learning and memory that used a more moderate WD with regards to fat content (39% kcal from fat) showed that male rats had impaired spatial memory retention in the MWM task, but this was only the case when the animals were maintained on the WD into adulthood as opposed to animals that had their WD replaced with standard chow after lactation (Lépinay et al., 2015). In another study where perinatal exposure to a 45% kcals fat WD was initiated 1 month before mating and continued throughout gestation and lactation, male rat offspring had impaired spatial memory retention in the MWM as adults regardless of whether they were weaned onto standard chow or maintained on the WD (Page et al., 2014). Interestingly, a perinatal diet high in sucrose (20% w/v sucrose solution), but not fat, given to the rat dams from gestational day 1–21 was not sufficient to promote spatial memory impairment in the MWM in either adolescent or adult male offspring (Kuang et al., 2014). Thus, the fat/sugar ratio may have a significant role in determining if learning and memory is impacted, with perinatal exposure to a 45% kcals fat, 17.5% kcals sucrose during the entire perinatal period being particularly detrimental to learning and memory in adulthood.

The ratio of sugar and fat in the diet is also a critical variable for WD effects on metabolism and neuronal outcomes. For instance, odor memory impairment induced by perinatal exposure to a 45% kcals fat WD is associated with dendritic atrophy in the BLA and the CA1 region of the HPC during adulthood (Janthakhin et al., 2017) as well as a reduction in dendritic spines and dendritic length in the mPFC at weaning (Rincel et al., 2018) in male rats. While the ratio of sugar to fat was not specified, mPFC dopamine metabolism was reduced and serotonin metabolism in the mPFC was increased in male and female rats that were exposed to a cafeteria diet perinatally during lactation (Moreton et al., 2019). These results are independent of the obesogenic effects of the diet, as the time on the diet was insufficient to promote obesity in the dams or the offspring who were being tested in a few of aforementioned studies (Janthakhin et al., 2017; Rincel et al., 2018). However, the offspring of rat dams on a 45% kcals fat WD showed reduced hippocampal protein expression of an array of genes that are associated with synaptic plasticity and spatial memory, including BDNF, activity-regulated cytoskeletal-associated protein (Arc), nerve growth factor, synaptophysin, and the NR2B subunit of the glutamate NMDA receptor in adulthood (Page et al., 2014). Cordner et al. found that a 60% kcal perinatal HFD resulted in rats having increased body weights throughout their lifetime as well as having decreased expression of the leptin and insulin receptor in the dentate gyrus and CA3 region of the dorsal hippocampus of offspring at PN 21, which persisted at PN 150, long after the HFD was removed (Cordner et al., 2019). Together, these studies highlight neurobiological mechanisms through which perinatal WD consumption may impact the BLA, mPFC, and HPC to contribute to impaired learning and memory, outcomes that may or may not coincide with poor metabolic outcomes.

In studies that found that learning and memory processes were not impaired following exposure to a perinatal WD, in some cases there were still long-term effects on metabolism and on the brain. For example, despite showing better spatial memory retention, male rat offspring of obese dams on a 60% kcals fat WD exhibited increased neuroinflammation and microglial activation in the HPC (Bilbo and Tsang, 2010). Lack of impairments in fear conditioning in male progeny from dams fed a 43% kcals fat diet was also associated with increased body weight at adulthood (Zieba et al., 2019). In the ventral HPC, male mice subjected to a perinatal 60% kcals fat WD had increased mRNA expression of 5-HT1AR and GABAa alpha2 receptor, suggesting differences in the GABAergic and serotonergic systems despite there not being a group effect on Pavlovian fear conditioning (Peleg-Raibstein et al., 2012). While a perinatal high sucrose diet (20% w/v solution) did not impact spatial memory, exposure to the diet led to increased plasma levels of glucose in the dams, increased body weight in the offspring, and increased apoptosis and activated caspase-3 in the HPC (Kuang et al., 2014). In addition, although maternal consumption of a 60% kcals fat diet did not alter progeny’s cognitive performance in the NOR and Y-maze tasks, these animals still presented greater anxiety-like behaviors and hippocampal inflammation (Winther et al., 2018). Thus, in some cases where perinatal WD exposure is not associated with learning and memory impairments, perinatal exposure to a high fat or high sucrose WD nevertheless leads to metabolic impairments and neurobiological alterations in the HPC, the consequences of which may influence learning and memory at time points later in life that were not investigated in these studies. Regardless, these studies support a framework in which the effects of perinatal WD exposure on learning and memory are largely dissociable from the effects of WD on obesity and associated metabolic dysfunction.

In some cases, the detrimental aspects of the perinatal WD exposure on brain and behavioral outcomes are reversed during adulthood after dietary intervention. For example, the oxidative stress, lipid peroxidation, and decreased BDNF protein levels in the HPC observed following perinatal 57% kcals fat WD exposure were normalized in adulthood when animals were weaned on healthy chow (Tozuka et al., 2010), corresponding to improvements in Barnes Maze memory performance. Together, data highlighted in this section suggest that WD exposure during the perinatal period may negatively impact learning and memory function and HPC neurobiological signaling pathways during adulthood, particularly when the diet contains high percentages of fat and sugar, and even in the absence of obesity. Furthermore, the mixed evidence on learning and memory outcomes after perinatal HFD exposure may depend on the impact maternal HFD exposure has on programming the neural correlates underlying learning and memory and whether or not the maternal programming persists in adulthood. The conditions required for reversal of these long-term disturbances requires further investigation.



Adolescent WD Consumption

Evidence from multiple studies suggests that adolescent consumption of a WD containing a high % kcal from fat impairs hippocampal-dependent learning and memory in rodents, and that these effects even occur following acute exposure. For example, short-term feeding (1 week, from PN 21–28) of a WD containing 60% kcals from fat in male mice impaired spatial memory in the Y-maze alteration task and object recognition memory impairment in the NOR task during adolescence (Kaczmarczyk et al., 2013). Similarly, impaired object location memory and impaired hippocampal long-term potentiation was reported in adolescent male rats with a similar dietary exposure (Khazen et al., 2019). Finally, impaired extinction of cued fear conditioning is observed in male rats after only 1 week of exposure (PN31–38) to a 41% kcals saturated fat diet in male rats (Vega-Torres et al., 2020). Together, these reports suggest that short-term exposure to high-fat WDs post-weaning impairs spatial and episodic memory during adolescence.

While the aforementioned short-term WD exposure studies suggest that the diet significantly impacted memory, these impairments were likely independent of metabolic effects, as the short duration on the diet was insufficient to promote weight gain (Kaczmarczyk et al., 2013; Khazen et al., 2019; Vega-Torres et al., 2020) or aberrant glucose metabolism (Kaczmarczyk et al., 2013; Vega-Torres et al., 2020). Kaczmarczyk and colleagues reported impaired performance in the NOR task in adolescent mice after both 1 and 3 weeks of exposure to a 60% kcals fat WD, which could be improved by switching animals to a healthy low-fat diet for 1 week. On the other hand, spatial memory deficits in the Y-maze task were present after 1 week, but this effect could no longer be observed after 3 weeks of WD exposure. The 3 weeks of WD timepoint coincides with elevated activity of monoamine oxidase A and B, the enzymes that metabolize dopamine, in the HPC and hypothalamus. In combination with decreased levels of hypothalamic dopamine and increased levels of its metabolic homovanilic acid in the HPC at the 1 week timepoint only, these results suggest spatial memory deficits may be consequent to reduced dopamine signaling after 1 week of WD exposure, whereas dopamine levels are restored after 3 weeks with increased activity of dopamine metabolizing enzymes (Kaczmarczyk et al., 2013). Another possible mechanism for memory impairment following short-term WD feeding involves glucocorticoid receptors. Khazen and colleagues found that intraperitoneal treatment with a glucocorticoid receptor antagonist was able to reverse impaired long. term potentiation and memory deficits, suggesting that glucocorticoid signaling may mediate the effects of WD on hippocampal dysfunction. Similarly, Vega-Torres and colleagues reported dampened neuronal activity in the amygdala following foot shock delivery, as well as increased gene expression for the corticotropin release hormone receptor-1 within the mPFC. In sum, short-term exposure to a WD post-weaning can impair memory independent of the obesogenic effects of the diet, and these memory deficits are associated with changes in dopamine, glucocorticoid signaling, and long-term potentiation in the HPC and mPFC.

Given that short-term feeding of WD impacts memory function, it is not surprising that long-term WD feeding also impairs memory. For example, while binging on a WD (45% kcals from fat) for 2 hrs daily throughout adolescence did not result in spatial memory deficits (Blanco-Gandía et al., 2019), ad libitum access (for 1+ month) to this diet after weaning promotes deficits in spatial learning in the MWM task (Boitard et al., 2014), the NOL task (Del Rio et al., 2016), the radial arm maze task (Boitard et al., 2012), and the Hebb Williams Maze (Blanco-Gandía et al., 2019) in adult male rodents. Impairments are also seen in reversal learning in the MWM (Boitard et al., 2014) and enhanced aversive and auditory fear memory (Boitard et al., 2015), as assessed by COA and auditory fear conditioning, respectively. Although 2 h daily access to high fat and high sugar pellets for 28 days during adolescence did not affect odor recognition, rats under this diet regimen failed to demonstrate novelty preference in the NOR task (Reichelt et al., 2020). Adolescent (PN28–56) consumption of a 63% kcal fat diet in male mice impaired discrimination in the Y-maze, reversal learning in the MWM, and cued fear extinction (Labouesse et al., 2017). Alterations in fear extinction were also reported in male rats fed a 41% kcal fat diet for 82 days (PN28–110) (Vega-Torres et al., 2018). Interestingly, adolescent exposure to a lard-enriched WD for 13 weeks (well into adulthood) showed memory deficits in the radial arm maze and the NOL task, despite animals undergoing a 70% caloric restriction over the last 5 weeks of the diet period (Valladolid-Acebes et al., 2011, 2013). Importantly, in some cases switching from a 45% fat diet to a standard rodent diet for 2 weeks can reverse the spatial memory deficits (Blanco-Gandía et al., 2019). Similarly, chronic consumption of a WD initiated during adolescence and consisting of powdered chow, lard, and dextrose (with 41.7% of the calories were derived from fat) is also associated with episodic memory impairments in adulthood (Marwitz et al., 2015). Switching the rats to a control diet for 5 months after an initial 3 months of exposure to a lard-enriched 45% fat WD initiated at weaning, normalized memory impairments in the MWM and COA task (Boitard et al., 2016). These data suggest that male rats develop impairments in spatial memory, reversal learning, and aversive and auditory fear memory in adulthood in response to long-term high-fat, high-sugar consumption starting during adolescence, and moreover, that these effects may be reversible in some cases with dietary intervention. Importantly, learning and memory deficits in male rodents were not observed when WD consumption for a similar duration was confined to adulthood, despite similar diet-induced elevations in body weight and metabolic disruption (Boitard et al., 2012, 2014, 2015; Valladolid-Acebes et al., 2013; Labouesse et al., 2017). These findings corroborate that adolescence is a developmental period of particular vulnerability for WD effects on learning and memory function.

In addition to memory impairment, long-term feeding of a WD also leads to significant disruptions in metabolism and neurobiological systems associated with memory control. While short-term feeding of a WD during adolescence does not promote weight gain, long-term feeding from adolescence to adulthood typically promotes weight gain in male rodents (Valladolid-Acebes et al., 2011, 2013; Boitard et al., 2012, 2014, 2015; Marwitz et al., 2015; Labouesse et al., 2017; Vega-Torres et al., 2018; Blanco-Gandía et al., 2019). Additionally, prolonged intake (3+ months) of a WD started during adolescence and maintained well into adulthood in male rodents imparts metabolic alterations in adulthood such as increased circulating leptin (Valladolid-Acebes et al., 2011, 2013; Boitard et al., 2012), corticosterone, cholesterol, and insulin (Boitard et al., 2012) as well as hyperglycemia (Valladolid-Acebes et al., 2013; Vinuesa et al., 2016) and insulin resistance (Marwitz et al., 2015; Vinuesa et al., 2016). Memory deficits following adolescent WD exposure are also found in the absence of significant weight gain, such as impaired NOR in male rats with intermittent access (2 hrs daily) to high fat and high sugar pellets (Reichelt et al., 2020). Long-term consumption of a WD, initiated during adolescence, resulted in molecular alterations in the HPC, amygdala and mPFC that accompanied memory impairments at adulthood. For example, reduced neurogenesis (Boitard et al., 2012, 2016; Vinuesa et al., 2016), increased microglial activation (Vinuesa et al., 2016) and diminished gene expression of monoamine oxidase A (Reichelt et al., 2020) can be observed in the HPC of rodents fed a WD since adolescence and displaying spatial memory deficits. Alterations in aversive and auditory fear memory in adult male rats fed a WD since adolescence are attenuated by glucocorticoid receptor antagonism in the amygdala (Boitard et al., 2015). Rodents with impaired extinction and reversal learning, but also spatial memory and NOR, due to WD exposure during adolescence, presented with downregulation of the synaptic modulator reelin and altered long term depression (Labouesse et al., 2017) and reduced BDNF and monoamine oxidase A gene expression (Reichelt et al., 2020) in the mPFC. Altogether, these results demonstrate weight gain and metabolic impairments often accompany but are not conditional for WD initiated during adolescence to induce learning and memory deficits. These data further suggest neurogenesis, microglial activation, glucocorticoid signaling, as well as synaptic transmission and neural plasticity in the HPC, amygdala and mPFC as potential mechanisms.

Given that rodent WDs high in fat are often also high in sugar, it is important to investigate the contribution of dietary sugars to the effects on learning and memory. Common obesity-promoting diet compositions from Research Diets consist of the 45% kcal HFD, which contains 17.5% of kcal from sucrose, the 58% kcal HFD, which contains about 13% of kcal from sucrose, and the 60% kcal HFD, which contains about 7.5% of kcal from sucrose. Interestingly, the effects of sugar alone have been shown to impact learning and memory independent of weight gain when given during the adolescent period (Hsu et al., 2015; Reichelt et al., 2015; Abbott et al., 2016; Alten et al., 2018; Buyukata et al., 2018; Noble et al., 2019). Furthermore, the effects of adolescent dietary sugar on learning and memory function persist into adulthood. For example, male rats given free access to an 11% w/v high fructose corn syrup drink for at least 30 days during adolescence had episodic and spatial memory impairments, assessed by the NOIC, Barnes Maze, and Morris Water Maze tasks (Hsu et al., 2015; Alten et al., 2018; Noble et al., 2019). Furthermore, NOIC memory impairments persisted even when animals were tested after several months without access to sugar solutions (Noble et al., 2019). Notably, adult rats fed sugar solutions for a similar length of time did not show memory deficits (Hsu et al., 2015). Rats consuming a high in sugar, but low in fat diet (26.7% sucrose/lactose, 6.5% fat) starting at weaning impaired episodic and spatial memory in the object recognition and Y-Maze tasks and impaired learning in the contextual fear conditioning task in adulthood (Altermann Torre et al., 2020). Overall, these studies suggest that WDs high in sugar (independent of elevated fat content vs. a control diet) have adverse effects on learning and memory that last into adulthood and are not easily reversible by removal of the diet.

While the studies described above typically involve ad libitum access to the experimental diet, some studies have examined the effects of intermittent access to a sugar solution during adolescence on learning and memory function. Results of these studies suggest that intermittent sugar access similarly conferred lasting impairments in learning and memory function later in life (Reichelt et al., 2015; Abbott et al., 2016; Buyukata et al., 2018; Noble et al., 2019). For example, male rats given intermittent access (2 hrs daily) to a 10% w/v sucrose drink during adolescence were impaired in both the place recognition (Abbott et al., 2016) and object-in-place recognition tasks (Reichelt et al., 2015; Abbott et al., 2016) and were unable to use contextual information to discriminate between the context-appropriate and context-inappropriate levers in a context devaluation task, which requires communication between the mPFC and HPC (Reichelt et al., 2015). Similarly, male rats with intermittent access to a 10% sucrose solution for 28 days (PN28–55) presented impairments in both learning and memory in the MWM task at adulthood (Kendig et al., 2013). Despite conferring impairments in learning and memory, male rats that had free access to an 11% w/v sugar solution have normal body weights throughout the dietary exposure period (Hsu et al., 2015; Noble et al., 2019), with one study finding that consumption of a high fructose corn syrup solution actually led to a decrease in body weight despite the rats showing glucose intolerance and increased adiposity (Alten et al., 2018). Intermittent access to an 10–11% w/v sugar solution also did not promote weight gain during the 30 days of access in either males (Kendig et al., 2013; Abbott et al., 2016; Noble et al., 2019) or females (Abbott et al., 2016), yet one study has found that significant weight gain occurred in male rats after the intermittent access period to a 10% sucrose solution (Reichelt et al., 2015). Collectively, these studies show that intermittent access to a sugar solution during adolescence can impart long-lasting memory deficits, and that these effects can occur independent of body weight gain.

The influence of sex with regards to adolescent WD exposure effects on memory function is poorly understood. Males, but not females, on a chronic 45% kcals fat WD have reduced freezing behavior compared with chow fed controls in a contextual fear conditioning task in adulthood (Hwang et al., 2010). However, given that WD consumption can be anxiolytic, it is difficult to determine whether the reduced freezing behavior was due to improved memory function per se, or was a function of reduced anxiety. Moreover, Buyukata et al. found that both male and female rats on an intermittent sucrose access schedule showed impaired NOR memory during adolescence when the objects shared multiple similar features. However, when the objects were arranged with either small or large spatial separations (spontaneous location recognition task), males that consumed sugar performed worse in tasks with small spatial separations, whereas females performed worse in tasks with large spatial separations (Buyukata et al., 2018). In another study, both male and female rats previously on a chronic 58% kcals fat WD during adolescence displayed impaired memory in a spatial object recognition task in adulthood (Underwood and Thompson, 2016). In addition, female mice fed for 12 weeks of a 60% kcals fat WD showed altered reversal but not initial learning in the MWM task (Klein et al., 2016). While these studies suggest that the effects of adolescent WD exposure are sexually dimorphic depending on the task and type of memory being tested, further research is clearly needed in this area.

Estrogen may be a critical factor mediating sex differences in vulnerability to adolescent WD-induced memory impairments. For example, in female rats intermittent dietary sucrose access during adolescence (10% w/v sucrose solution, 2 hrs daily) did not impact NPR performance, however the rats were only able to perform place recognition correctly during the proestrus phase of the estrous cycle, a stage that contains higher levels of circulating estrogens (Abbott et al., 2016). Taken together, similar to males, female rats given intermittent sugar access display impairments in episodic memory. However, the episodic memory deficits may be determined by the stage of the estrous cycle.

Metabolically, female mice exhibit similar deficits to males in response to a 45% kcal from fat WD from adolescence to adulthood, having significant weight gain relative to controls despite comparable caloric intake (Hwang et al., 2010). However, WD-fed males are distinguished from females by having higher glucose levels relative to controls fed a healthy low fat diet (Hwang et al., 2010). Unlike male rats, female rats did not gain significant weight or display glucose intolerance after chronic WD exposure (58% kcal fat), suggesting that female rats may develop a less severe metabolic phenotype under these conditions compared to males (Underwood and Thompson, 2016). However, female mice fed a 60% kcal fat WD for 12 weeks did develop hyperphagia and greater body weight gain relative to animals receiving the control diet, and alterations in reversal learning in the MWM task were prevented by wheel running (Klein et al., 2016). As for a potential mechanism as to how male and female rodents differ in regard to contextual fear conditioning, Hwang et al. (Hwang et al., 2010) found that WD-fed males, but not females, had reduced long term potentiation but were also lacking a normal long term depression response. Together, these studies suggest that chronic exposure to WD starting in adolescence may alter learning and memory processes in female rodents, although the specific types of memory involved may be sex-dependent, and like males, memory function is dissociable from metabolic impairments.

With regard to underlying neurobiological mechanisms for how high sugar diets during adolescence impact memory function, memory deficits induced by free access to the 11% w/v sugar solution in adolescence are associated with increased plasma insulin and pro-inflammatory cytokines such as interleukin 6 and interleukin 1β in the dorsal HPC (Hsu et al., 2015). Moreover, another study found systemic inflammation after adolescent consumption of a 11% w/v sugar solution. Using in-vivo electrophysiology, the authors revealed that concurrent with systemic inflammation, high fructose corn syrup consumption induced hyperexcitability in hippocampal CA3-CA1 synapses (Alten et al., 2018). Furthermore, the effect of a diet high in sugar on plasticity depended on the developmental stage, such that during adolescence, 1 week of consumption reduced synaptophysin, BDNF, protein kinase B (AKT), and phosphorylated AKT in the HPC. However, when access to the simple sugar-enriched WD is maintained into adulthood, there is increased synaptophysin, spinophilin/neurabin-II, and decreased BDNF and neuronal nitric oxide synthase, suggesting that plasticity markers change depending on stage of development (Torre et al., 2020). As opposed to free access to sugar, the memory deficits associated with intermittent access to sugar in adolescent males were accompanied by deficits in parvalbumin-immunoreactive cell density in the HPC and mPFC in adulthood (Reichelt et al., 2015). Altogether, these findings suggest that the HPC is a region that is particularly sensitive to perturbations by adolescent dietary sugar consumption, with plasticity and inflammatory signaling pathways implicated as putative mechanistic links between diet and memory dysfunction.

Cafeteria diets are often obesogenic when consumed by rodents during adulthood, however, whether or not adolescent consumption of cafeteria diets in rodents promotes cognitive impairment is still controversial. For example, adolescent male rats on a cafeteria diet consisting of a variety of high fat and high sugar palatable food options, standard chow, and a 15% (w/v) sucrose solution weighed more and had greater adiposity compared with rats maintained on chow and water alone. The cafeteria diet-fed rats also exhibited impairments in hippocampal-dependent spatial learning and memory in the MWM, but not object novelty detection or fear acquisition, during adulthood (Ferreira et al., 2018). In contrast, a similar study, using very similar dietary parameters of highly palatable human foods along with standard chow and a 12% w/v sucrose solution, found no effect of adolescent consumption of a cafeteria diet on spatial memory in adulthood using the Barnes Maze (Gomez-Smith et al., 2016). Despite intact spatial learning, the cafeteria diet rats displayed an obesogenic phenotype as indicated by increased body weights, visceral adiposity, hyperinsulinemia, glucose intolerance, and dyslipidemia with elevated serum triglyceride levels and reduced HDL cholesterol, and greater hippocampal neuroinflammation in adulthood. Moreover, replacing the cafeteria diet with a standard rodent diet appeared to reverse all of the metabolic deficits mentioned before as well as the neuroinflammation (Gomez-Smith et al., 2016). These studies reveal that the effects of an adolescent cafeteria diet on memory are variable and highlight that more work is needed to identify critical mediating variables. However, given that in some cases obesogenic effects have been observed in the absence of memory impairments (and vice versa), these findings further highlight a framework in which the effects of early life WD consumption on cognition and metabolism are dissociable.



Summary

Adolescent exposure to WD factors contributes to memory impairments, even in the absence of weight gain (Figure 2). While our focus here is on rodent models, studies have identified a deleterious impact of early life WD consumption on memory function in humans as well (Baym et al., 2014; Haapala et al., 2015; Khan et al., 2015; Cohen et al., 2018). Given that the rodent and human HPC have similar development patterns during the adolescent period, the insights garnered from rodent studies may provide insight into how WD factors might impact human adolescent brain development. The studies discussed in this section further highlight that rodent models have elucidated potential mechanisms for the effects of WD on learning and memory impairments, and these relate to region-specific changes in Ca2+ dysregulation (long term potentiation), glucocorticoid receptors, dopamine metabolism, neuroinflammation, microglial activity, and other factors that affect plasticity and ultimately alter the network dynamics of neural ensembles that support cognition, with the HPC, mPFC, and amygdala being particularly affected. In conclusion, several studies have identified adolescence as a period of high vulnerability for deleterious effects of WD consumption on memory and neural processes associated with memory control. More research is needed to fully understand the extent that sex and sex hormones are critical variables, as well as the effectiveness of various interventions (dietary, etc.) to reverse the long-lasting memory impairment associated with early life WD consumption.
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FIGURE 2. Summary of the effects of early life Western diet consumption on learning and memory.





REWARD-MOTIVATED BEHAVIOR


Behavioral Models and Neural Substrates

Consumption of palatable food such as a rodent WD engages hedonic- and reward-associated neural systems, and therefore it is not surprising that early-life WD consumption can have lasting impacts on these systems and associated behaviors (Corsica and Hood, 2011; Tompkins et al., 2017; Lowe et al., 2020). Alterations in reward-associated neural systems affect susceptibility to binge eating (Ames et al., 2014; Bodell et al., 2018), obesity (Matton et al., 2013), and addiction to substances of abuse (De Cock et al., 2016). In rodent studies, many behavioral tasks are commonly utilized to investigate these neural reward systems. Those discussed in this section include: sensitization, defined as an increase in locomotion following repeated administrations of drugs that upregulate dopamine signaling; conditioned place preference (CPP), which measures the strength of an association between a rewarding stimulus (e.g., palatable food consumption) and a context; the operant runway task, which measures the time it takes for the animal to reach the goal area and obtain a food reward (Kuhn et al., 2019); visual discrimination reversal learning and attentional set shifting, which are tests of behavioral flexibility (Heisler et al., 2015); operant responding on a progressive ratio reinforcement schedule, which tests for motivation to work for a reinforcer (Killeen et al., 2009); Pavlovian Conditioned Approach where animals show appetitive responses to cues that predict a food reward (Fitzpatrick and Morrow, 2016); outcome devaluation, which tests, among other things, whether or not the animal is exhibiting habitual behavior (Rossi and Yin, 2012); taste reactivity, which indicates an animal’s hedonic evaluation of the taste of a food based on their orofacial reactions; macronutrient preference testing (e.g., carbohydrates vs. fat) (Grill and Norgren, 1978) and monitoring intake during chronic access to palatable food. Some additional behavioral tasks discussed in this section measure impulsive behavior, including: the delay-discounting task, which assesses preference for smaller more immediate over larger more delayed food reinforcers; the 5-Choice Serial Reaction Time Test, which discerns impulsivity (via incorrect trials and premature trials) from inattention (via omitted trials) (Dent and Isles, 2014).

Dopaminergic projections from the ventral tegmental area (VTA) to the ACB are involved in motivated behavior, especially Pavlovian cue-reward associative learning (Saunders et al., 2018). On the other hand, opioid signaling in the ACB, within the ventral striatum, is identified to play a role in linking sweet tastants to hedonic orofacial ‘liking’ reactions (Smith and Berridge, 2007; Berridge, 2009). There is also evidence to suggest in addition to the striatum, the amygdala is critical for reinforcement learning (Averbeck and Costa, 2017). In a broader context, regions activated by palatable foods are nodes within a larger neural network that encompass connections to other regions such as the hypothalamus, mPFC and HPC that modulate behavior related to reward learning, food intake, impulse control, and novelty (Kelley et al., 2005). In this section, we discuss potential mechanisms for how early life obesogenic diets influence reward-motivated behavior, in part through changes in the dopamine and/or opioid systems.



Perinatal WD Exposure

Perinatal exposure to a WD can dysregulate reward-motivated behavior, even when offspring are reared on a standard chow diet (Naef et al., 2008, 2011; Ong and Muhlhausler, 2011; Morganstern et al., 2013; Wu et al., 2013; Grissom et al., 2015; Peleg-Raibstein et al., 2016; Roversi et al., 2016; Paradis et al., 2017; Sarker et al., 2019; Gawliński et al., 2020). For example, when dams were exposed to a WD (60% kcals from fat) pre-conception there were no differences in sensitivity to amphetamine, as indicated by amphetamine-induced locomotor activity, or preference for alcohol in offspring. However, maternal exposure to a WD diet during late gestation (gestational days (GD) 12–21) increased alcohol preference and amphetamine sensitivity in male and female mice offspring when tested in adulthood (Sarker et al., 2019). These effects likely involve epigenetic mechanisms as behavioral effects carried on into the 3rd generation where females, but not males, still showed elevated addictive-like behaviors if the WD was provided from preconception to weaning (Sarker et al., 2018). However, another study using a WD (30% kcals fat) found the opposite, where a longer exposure from GD 13 to PN 21 resulted in the offspring being less sensitized, as seen by reduced locomotor activity, to both an initial low-dose exposure to amphetamine and with repeated exposure to amphetamine in adulthood (Naef et al., 2008). Subsequent work with similar dietary conditions demonstrated that male offspring from WD-fed dams display blunted ACB dopamine release following amphetamine administration (Naef et al., 2011). This was accompanied by altered D2 receptor function and signaling, as well as increased motivation for fat rewards. Together these studies show that perinatal WD exposure during late gestation can lead to lasting alterations in reward-motivated behavior in the offspring in adulthood, and that the % kcals fat in the WD may be a critical factor.

WD consumption by dams through an extended perinatal period that includes several weeks of pre-conception, gestation, and lactation yields long-lasting effects on reward-motivated behavior. For example, male and female rats born to dams that received hydrogenated vegetable fat (3 g/kg), a trans-fat, by oral gavage during the extended perinatal period preferred a morphine-associated context in CPP during late adolescence (PN 41+) to a larger degree than control female offspring (Roversi et al., 2016). Similarly, male and female offspring from dams consuming a 60% kcals fat WD initiated prior to conception demonstrated enhanced CPP acquisition for cocaine, as well as greater cocaine and amphetamine sensitization (Peleg-Raibstein et al., 2016). In addition, these animals also display a stronger preference for fat, sugar, and ethanol relative to control offspring. Also, when dams are exposed to a WD where 60% of calories are derived from fat throughout the extended perinatal period, male rat offspring were impaired in behavioral flexibility for sucrose reinforcement in the visual discrimination reversal learning and attentional set shifting tasks (Wu et al., 2013). Additionally, a 60% kcals fat WD during gestation and lactation resulted in both male and female mouse offspring displaying decreased motivation to earn a liquid food reward in operant responding under a progressive ratio schedule of reinforcement, as well as increased impulsivity in the 5-Choice Serial Reaction Time task as measured by incorrect and impulsive premature responses. These effects were observed despite the offspring being food restricted to 80–95% of their free-feeding body weights (Grissom et al., 2015). Finally, if a cafeteria diet was provided during the extended perinatal period, male and female rat offspring responded to a junk food challenge later in adolescence and adulthood by increasing their caloric consumption relative to controls (Ong and Muhlhausler, 2011, 2014), suggesting that WD exposure during the extended perinatal exposure leads to increased consumption of palatable food by the offspring later in life.

Even when WD exposure is initiated at the beginning of gestation, reward functions can be disturbed in the offspring. For example, when dams are fed a WD from gestational day 1 until end of lactation, male pups show a transient enhanced fat preference at PN25 that normalizes by PN95 (Paradis et al., 2017). Female offspring of dams fed a high sugar diet (44% kcals from sucrose) were more responsive to cue and cocaine-induced reinstatement of lever pressing (Gawliński et al., 2020). Finally, maternal consumption of a high fat/high sucrose diet from gestation day 5 until end of lactation increased operant responding for nicotine infusion in the male offspring (Morganstern et al., 2013). Altogether, these studies demonstrate that perinatal WD exposure starting as early as before pregnancy and terminating around the time of weaning increases drive for rewards (increased preference for a place associated with reward, impaired behavioral flexibility, increased impulsivity, and increased consumption of palatable if made freely available), with the exception of one study that observed reduced motivation to work for liquid food reward and no differences in Pavlovian conditioned approach behavior (Grissom et al., 2015).

Similar to the effects described in the earlier sections on anxiety, learning, and memory, an obesogenic phenotype is not required for there to be differences in reward-motivated behavior associated with perinatal WD consumption. While some studies observed that a perinatal WD increases body weight and adiposity and promotes disturbances in metabolism (e.g., insulin insensitivity) in offspring at weaning (Naef et al., 2008; Ong and Muhlhausler, 2011; Morganstern et al., 2013; Peleg-Raibstein et al., 2016; Paradis et al., 2017; Song et al., 2020) and as adults (Naef et al., 2011; Ong and Muhlhausler, 2011; Morganstern et al., 2013; Peleg-Raibstein et al., 2016; Paradis et al., 2017; Sarker et al., 2019; Song et al., 2020), other studies found no such differences (Wu et al., 2013; Ong and Muhlhausler, 2014; Grissom et al., 2015; Roversi et al., 2016; Gawliński et al., 2020), even when the dams were heavier as a result of the obesogenic diet (Wu et al., 2013; Ong and Muhlhausler, 2014). Again, these differences could be reflective of the type of WD being used, with those higher in fat leading to more severe metabolic consequences, and/or also the different rodent strains being used. Regardless, all of the aforementioned studies found differences in reward-motivated behavior, with the exception of 2 studies that found no effects in reward-motivated behavior when dams were fed a 60% kcals fat WD (Sarker et al., 2019; Song et al., 2020). Despite fat preference being only affected in offspring from WD dams who had access to a running wheel, juveniles from the WD-sedentary group still displayed changes in dopamine and opioid-related gene expression in the mPFC, ACB and VTA, with some of these changes lasting throughout adulthood (Song et al., 2020). Sarker and colleagues (Sarker et al., 2019) observed no impact of perinatal WD on high fat diet, sucrose and alcohol preference as well as locomotor response to amphetamine in offspring when maternal WD access was confined to lactation. While lactation may be too short of an exposure period to induce behavioral deficits, WD exposure still resulted in weight gain, a higher fat mass ratio, a higher lipid profile, and high insulin insensitivity relative to controls (Sarker et al., 2019), thus further highlighting that the effects of perinatal WD consumption diets on reward-motivated behavior and obesity can be dissociated.

Effects on reward-mediated behavioral outcomes associated with perinatal WD exposure may be driven, in part, by altered striatal dopamine signaling. Studies have shown that the ventral striatum, which contains the ACB, is important for encoding food-related reward value and that dopamine is released in response to food-associated cues (Wyvell and Berridge, 2001; Ostlund et al., 2014; Alonso-Alonso et al., 2015; Kosheleff et al., 2018) whereas the dorsal striatum is related to food craving and consumption (Small et al., 2003; DiFeliceantonio et al., 2012; Contreras-Rodríguez et al., 2017). In the striatal regions of rodents, increased sensitization to amphetamine after gestational WD (gestational day 12 to 21) exposure was accompanied by a hypodopaminergic state where both male and female offspring had reduced dopamine levels in both the ventral and dorsal striatum relative to controls. These outcomes were accompanied by higher levels of dopamine and its metabolites in the VTA, which was suggested to be compensating for the reduced dopamine levels in the striatum (Sarker et al., 2019). In contrast, when reduced sensitization to amphetamine was observed after WD exposure from gestational day 13 to PN 21, male offspring had increased levels of dopamine in both the ventral striatum and VTA (Naef et al., 2008). Together, these findings suggest that WD exposure restricted to the gestational period reduces levels of dopamine in the ventral striatum and increases sensitization, whereas longer-term exposure that includes the gestational period increases levels of dopamine in the ventral striatum and decreases sensitization to amphetamine.

When perinatal WD feeding is extended from 3 weeks prior to conception until end of lactation, hyper-responsiveness to cocaine and amphetamine occurs in a context of reduced basal striatal and VTA dopamine levels, but enhanced ACB deltaFosB expression following cocaine exposure relative to control offspring (Peleg-Raibstein et al., 2016). In addition to highlighting a dissociation between basal content and reactivity, these neurochemical observations were associated with lower content of dopamine metabolites, suggesting molecular adaptations to maintain dopamine signaling. In addition to altered locomotor response to amphetamine, impairments in the visual discrimination reversal learning task after an extended perinatal WD exposure may also be due to reduced dopamine uptake in the dorsal striatum in male offspring, suggesting abnormal dopamine clearance being involved in reversal learning impairment (Wu et al., 2013). Another study found that expression of D1R was lower in the ACB, but higher in the VTA after an extended perinatal cafeteria diet, which may be related to male and female rat susceptibility for increased caloric consumption of junk food in adulthood (Ong and Muhlhausler, 2014). Transient increased fat preference coincides with greater D2R gene expression in the ACB, while normalization of fat preference occurs when VTA and ACB tyrosine hydroxylase expression is downregulated (Paradis et al., 2017). Despite offspring showing enhanced preference for junk food at both time points, ACB gene expression for mu opioid receptor is increased and dopamine transporter is decreased during adolescence, while changes occur in the opposite direction at adulthood (Ong and Muhlhausler, 2011). In addition to facilitating cocaine-induced reinstatement, maternal exposure to a high sucrose diet is associated with higher striatal levels of melanocortin 4 receptor in the adult offspring (Gawliński et al., 2020). Grissom and colleagues found that attention and impulsivity deficits observed after perinatal WD exposure during gestation and lactation were linked with overexpression of DNMT1 in the mPFC, which is involved in DNA methylation, catechol-o-methyltransferase, which is an enzyme that degrades catecholamines like dopamine, δ-opioid receptor, whose activation can lead to increased extracellular dopamine (Burns et al., 2019), and cannabinoid receptor 1, which regulates the expression of D2R (Blume et al., 2013; Grissom et al., 2015). In rat offspring, heightened operant responding for nicotine infusions induced by maternal WD was accompanied by dampened acetylcholinesterase activity in the striatum, VTA and hypothalamus, as well as increased nicotinic acetylcholine receptor binding in the VTA (Morganstern et al., 2013). Finally, oxidative stress in the VTA was seen in male and female rats that showed stronger preference for the morphine-associated side in CPP when they were born to dams that received extended perinatal exposure to trans-fat, even in the animals that received trans-fat exposure without any morphine exposure (Roversi et al., 2016). While not evaluated in the aforementioned study, oxidative stress can lead to the degeneration of dopaminergic neurons and dopamine metabolism (Dias et al., 2013), warranting further research on the association between perinatal WD, oxidative stress, and altered dopaminergic signaling. Altogether, there are several mechanisms that could be involved in the development of reward-motivated deficits associated with perinatal WD exposure, with dopaminergic signaling being a prime suspect.



Adolescent WD Exposure

Similar to perinatal exposure, adolescent consumption of WDs also impacts reward-motivated behavioral outcomes. For example, adolescent access to a WD, where 40–45% of total kcals are derived from fat, alters diet preference for fat and carbohydrates (Teegarden et al., 2009; Steele et al., 2019) and increases impulsivity (Steele et al., 2019). Specifically, after only 1 week of exposure to a WD (44.9% kcals from fat) at 3 weeks old, WD mice consumed significantly more calories from relative to controls when given a macronutrient choice test, which included options for a high fat diet, a high carbohydrate diet, or high protein diet in adulthood for 10 days. However, this preference did not lead to overconsumption of a WD (44.9% kcals fat) when provided with chronic access (15 weeks) in adulthood (Teegarden et al., 2009). Food preference shifts can also occur without increased hedonic orofacial liking responses in the taste reactivity test, as adolescent male rats exposed to a chronic WD (40% of calories from hydrogenated vegetable fat) for 8 weeks after weaning did not display differences in taste reactivity for fat or sugar, yet still preferred fat over sugar in a preference test in adulthood compared to age-matched rats that received a high sugar diet (40% of the calories from a powdered sugar and water mixture) or a healthy low fat diet, both of which preferred sugar over fat (Steele et al., 2019). Importantly, these animals were habituated to both the sugar and the fat a day before preference testing, so the results were not confounded by the novelty of the foods. In addition to alterations in food preference, both the high fat and high sugar groups were also more impulsive in an impulsive-choice test, where the reward was grain pellets, as indicated by increased delay sensitivity/delay discounting. In addition to having an increased discounting rate for delayed rewards, the high fat diet-fed rats were also more impulsive relative to the high-sugar group and the control group when the magnitude of the reward was manipulated (Steele et al., 2019). On the other hand, 8 weeks of daily access to a cafeteria diet did not impact delay discounting for grain-based pellets, however these animals were more sensitive to the preference for smaller, immediate rewards induced by D2R antagonism (Robertson and Rasmussen, 2017). Another study found that male and female mice exposed to an even higher fat diet (60% kcals fat) for 12 weeks beginning at weaning preferred water over a 4% w/v sucrose solution in adulthood, suggesting possible anhedonia and a hypo-reward response. However this effect dissipated after switching to a healthy low fat diet for 4 weeks (Carlin et al., 2016). Accordingly, exposure to a WD reduced sucrose and saccharin preference during adolescence, a phenotype that was no longer observed at adulthood (Rabasa et al., 2016). These studies indicate that adolescent consumption of a WD increases impulsivity for food and dietary preference in adulthood, with adolescent exposure to a high fat leading to increased preference for a high fat diet in adulthood. Additional studies where chronic access is reintroduced in adulthood to determine whether or not these preferences influence long-term dietary choices would be intriguing.

In addition to increasing impulsivity and altering food choice, consuming a WD during adolescence affects motivation for food rewards (Tantot et al., 2017) and increases drug-seeking behavior (Blanco-Gandía et al., 2017; Naneix et al., 2017). For example, long-term exposure to a WD (45% kcal fat) from weaning and continuing into adulthood in male rats alters appetitive instrumental behavior such that WD-exposed rats show reduced motivation for food rewards (grain or sucrose) when under mild deprivation (90% of their ad libitum feeding body weight) in a progressive ratio test, where reinforcement during training was based on a random interval, but not random ratio, schedule (Tantot et al., 2017). Tantot and colleagues also found that training on a random interval schedule led WD-exposed rats to develop habitual food-seeking behavior faster than control rats, based on results from an outcome devaluation task (Tantot et al., 2017). However, both of these effects are reversed by subsequent training on a random ratio schedule. Furthermore, consuming a WD higher in fat (60% kcals fat) during adolescence impaired CPP for a food reward high in fat, despite consuming more of the reward during training, which was taken into consideration since the rats did not finish consuming the food in any given trial (Privitera et al., 2011). Importantly, the authors found that adult rats subjected to a 60% kcals WD in adulthood displayed normal CPP for the high fat reward, highlighting that CPP was only impaired when the high fat WD was consumed during adolescence. In the case of drug rewards, however, others have found that mice maintained on a WD (45% kcals fat) where access was given for 2 h/day thrice weekly since adolescence (PN 29) increased sensitivity to the reinforcing effects of a subthreshold dose of cocaine in the CPP task in adulthood (Blanco-Gandía et al., 2017). However, rats maintained on an ad libitum 40% kcals fat WD since adolescence (PN 21) had no impact on CPP acquisition for cocaine in adulthood, although this result may have been confounded by the rats being placed on significant water restriction (20 min access per day) during behavioral training and testing (Clasen et al., 2020). Further, when given the opportunity for intravenous self-administration of cocaine, WD-fed male mice elevated levels of self-administration. Ad libitum WD (45% kcals fat) exposure from weaning to adulthood can also lead to heightened amphetamine sensitization at adulthood in male rats relative to rats fed a control diet (Naneix et al., 2017). Taken together, these results suggest that chronic experience with consuming a WD with at least 45% of energy provided by fat starting at adolescence can lead to impaired goal-directed actions for food rewards and increased sensitivity to psychostimulant drugs in adulthood.

As WDs high in fat often contain a higher kcal percentage of sugar compared to control diets, it is important to consider the specific role of sugar in WD-associated effects on reward-motivated behavior. Indeed, there are studies suggesting that sugar affects reward-motivated behavior independent of elevated fat content in the diet (Frazier et al., 2008; Vendruscolo et al., 2010; Kendig et al., 2013; Naneix et al., 2016, 2018; Gueye et al., 2018; Steele et al., 2019). For instance, male rats on a 5% w/v sucrose solution during adolescence (PN 30–46) showed reduced motivation to obtain the low-calorie sweetener saccharin (sweet reinforcer) and maltodextrin (non-sweet carbohydrate reinforcer), but not cocaine in adulthood, as assessed by performance on fixed- and progressive-ratio schedules of reinforcement (Vendruscolo et al., 2010). These findings are supported by another study reporting diminished operant responding for saccharin under a progressive ratio schedule of reinforcement, as well as blunted sucrose preference in adults who had access to a 5% sucrose solution for 16 days during adolescence (Gueye et al., 2018). Adolescent exposure to 5% sucrose solution in male rats also resulted, at adulthood, in reduced intake of either saccharin or sucrose compared to water during two-bottle choice tests, as well as a decrease in positive ‘liking’ orofacial reactions to sucrose or saccharin relative to controls (Naneix et al., 2016). While there was no effect of brief adolescent access to a 5% sucrose solution, adults rats previously exposed to the sucrose during adolescence showed blunted sensitivity to D1R and D2R pharmacological manipulations on operant responding for 0.13% w/v saccharin solution at adulthood (Naneix et al., 2018). Furthermore, chronic access to ad libitum sucrose pellets in male and female mice starting at weaning for 4–7 weeks before being maintained on standard chow reduced motivation for sucrose under a progressive ratio schedule, but there were no differences in sucrose preference over water, nor differences in the amount of food consumed with a 3-week high-sugar, high-fat dietary challenge relative to controls (Frazier et al., 2008). This contrasts with findings in male rats, where a chronic high-sugar diet (∼40% kcals consumed from liquid sugar solution, ∼60% kcals consumed from standard chow for 8 weeks starting at PN 21), promoted a choice consumption bias for sugar over fat without differences in taste reactivity for sugar or fat (Steele et al., 2019). On the other hand, intermittent access to a 10% w/v sucrose or 0.1% w/v saccharin solution during adolescence failed to alter operant responding and delay discounting for food rewards, however, unlike the previous studies, reward pellets were sugar-enriched grain-based rather than pure sucrose (Kendig et al., 2013). The aforementioned studies show that adolescent WDs high in sugar reduce motivation for sweet taste in adulthood and lead to differences in preference for sweet taste, with some rodents also displaying decreased positive orofacial reactions to sweet taste. However, this may be dependent on the food choices available given that when sugar was provided during adolescence as a sweet taste preference was altered relative to control animals fed a healthy diet when sugar was offered as a beverage but not as a solid food.

While there are clear impacts of WD consumption during adolescence on reward-motivated behavior in rodents, obesity (or even increased body weight) is not required for these effects to occur. For instance, rodents displaying altered reward-motivated behavior following adolescent access to sugar either with a 5% w/v sucrose solution, sucrose pellets, or with a 40% kcals sugar diet had similar body weights relative to controls (Frazier et al., 2008; Vendruscolo et al., 2010; Naneix et al., 2016, 2018; Gueye et al., 2018; Steele et al., 2019). These outcomes are mirrored by comparable total energy intake, as the rats in these studies compensate for sugar calories by reducing chow intake (Vendruscolo et al., 2010; Naneix et al., 2016, 2018). However, after a high fat, high sugar WD challenge in adulthood, rats previously exposed to ad libitum sucrose pellets during adolescence gained more weight relative to controls (Frazier et al., 2008). Animals on a WD during adolescence or from adolescence to adulthood who showed reward impairments, either gained substantial weight relative to controls ((Privitera et al., 2011; Carlin et al., 2016; Rabasa et al., 2016; Naneix et al., 2017; Robertson and Rasmussen, 2017; Tantot et al., 2017) or did not (Teegarden et al., 2009; Blanco-Gandía et al., 2017), with less exposure (i.e., thrice weekly binge model or a 1 week exposure) likely contributing to normal weight gain in the latter studies. In addition to weight gain and reward deficits, rats fed a WD (45% kcals fat) through adolescence and early adulthood showed increased levels of leptin, insulin, and cholesterol, but not triglycerides (Naneix et al., 2017; Tantot et al., 2017) with one study finding increased adiposity (Carlin et al., 2016). Even though intermittent WD access (2 hrs daily, thrice weekly) during adolescence and early adulthood did not increase body weight, alterations in cocaine CPP in these male mice was still accompanied by greater plasma ghrelin levels (Blanco-Gandía et al., 2017). Altogether, these studies show that an obesogenic phenotype is not required for adolescent onset high sugar or high fat WD exposure to have an effect on reward-mediated behavior in rodents, yet alterations in reward processes may drive WD consumption and weight gain and metabolic alterations later in life.

Similar to perinatal WD exposure, adolescent WD consumption influences reward-motivated behaviors, in part, via alterations mesolimbic dopamine, cannabinoid and opioid signaling. For example, WD-exposed rodents that showed increased locomotor sensitization to amphetamine displayed a concomitant sensitized mesolimbic dopamine response as reflected by increased bursting activity of dopaminergic neurons in the VTA and increased ACB c-FOS expression (indicative of increased neural activation) in response to amphetamine administration. The WD-fed rats also showed increased dopamine release and tyrosine hydroxylase and D2R expression in the ACB (Naneix et al., 2017). On the other hand, similar exposure to sucrose during adolescence reduced D1R and D2R protein expression in the ACB under basal conditions (Naneix et al., 2018). Similarly, male mice that binged on a 45% kcals WD for 2 h a day from adolescence to adulthood were more sensitive to the reinforcing effects of another dopamine-enhancing drug, cocaine, as assessed by CPP and drug self-administration (Blanco-Gandía et al., 2017). These mice had reduced cannabinoid receptor 1 and mu opioid receptor in the ACB, but greater ghrelin receptor expression in the VTA. Mice that received 1 week exposure to a WD (approximately 45% kcal fat) at 3 weeks of age displayed a preference for fat over sugar in a macronutrient choice test, which was related to changes in dopamine-associated signaling pathways in the ventral striatum, including increased ΔFosB, cyclin-dependent kinase 5 (CDK5), and phospho-DARPP-32 Thr-75 (Teegarden et al., 2009). In another study, adolescent access to a 5% w/v sucrose solution led to sucrose anhedonia during adulthood, accompanied by reduced neurogenesis in the HPC, both of which were reversed by chronic antidepressant treatment (Gueye et al., 2018). In rats exposed to a high fat and high sucrose WD during early adolescence, blunted preference for sucrose and saccharin to coincide with reduced catechol-o-methyltransferase, an enzyme that can degrade dopamine, gene expression in the mPFC, a molecular feature which was absent when preference was restored at adulthood (Rabasa et al., 2016). Finally, female mice that had an anhedonic response to sucrose after having been exposed to a 60% kcals WD during adolescence exhibited increased dopamine transporter and reduced tyrosine hydroxylase expression in the VTA, reduced D1R and D2R expression in the ACB, and reduced D1R and D2R in the mPFC, all of which suggest reduced dopamine availability in these regions. However, a chronic 60% kcals fat WD during adolescence led to sucrose anhedonia and increased dopamine protein levels in the mPFC, which was later reversed after switching to a chow diet for 4 weeks (Carlin et al., 2016). Overall, it is clear that WD influences reward-mediated behavior in part by inducing long-lasting changes in dopamine signaling in the ACB, VTA, and PFC.



Summary

Both perinatal and adolescent WD exposure in rodents has lasting effects on reward-motivated behavior in adulthood (Figure 3). Perinatal WD exposure has been shown to increase preference for drugs of abuse (Roversi et al., 2016; Sarker et al., 2019) and increase (Sarker et al., 2019) or decrease (Naef et al., 2008) sensitivity to drugs of abuse later in adulthood depending on the duration of perinatal WD exposure. Perinatal WD exposure is also associated with increased impulsivity (Grissom et al., 2015) and a decrease in behavioral flexibility (Wu et al., 2013). Furthermore, perinatal WD exposure in rats can lead to increased consumption of a WD later in life (Ong and Muhlhausler, 2014). Similar outcomes are associated with adolescent WD exposure in rodents. For example, sensitivity to the reinforcing effects of drugs of abuse is increased after WD exposure during adolescence and early adulthood (Blanco-Gandía et al., 2017) as well as locomotor sensitization to amphetamine (Naneix et al., 2017). WD consumption in adolescent rodents can alter macronutrient preference (e.g., carbohydrates vs. fat) depending on the type of macronutrient predominantly consumed during adolescence (Teegarden et al., 2009; Steele et al., 2019). However, increased preference does not necessarily lead to overconsumption as was seen in mice offered chronic WD access in adulthood (Teegarden et al., 2009). Findings from some studies also suggest that WD exposure from adolescence to adulthood can lead to anhedonia (Carlin et al., 2016; Naneix et al., 2016; Rabasa et al., 2016; Gueye et al., 2018). Additionally, adolescent WD consumption may reduce motivation for food rewards (Frazier et al., 2008; Vendruscolo et al., 2010; Privitera et al., 2011; Tantot et al., 2017; Gueye et al., 2018) and promote habitual as opposed to goal-directed behavior (Tantot et al., 2017). Finally, even in the absence of behavioral phenotype under basal conditions, adolescent consumption of a WD or sucrose solution during adolescence is linked to altered sensitivity to the effects of DA pharmacological agents on operant responding for food (Robertson and Rasmussen, 2017; Naneix et al., 2018) but not locomotor activity (Rabasa et al., 2016).
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FIGURE 3. Summary of the effects of early life Western diet consumption on reward-motivated behavior.


While perinatal and adolescent WD exposure can impact reward-motivated behavior, an obesogenic phenotype, as indicated by increased body weight and a perturbed metabolism, is not required for these effects to occur in rodents. Neural connections involving dopamine, opioid, and other neuropeptide systems between the VTA, mPFC, ACB, and various structures embedded within the brain reward circuitry regulate motivated behavior (Antonopoulos et al., 2002). Depending on the behavior observed, perinatal and adolescent WD exposure has been shown to either increase or decrease dopamine neurotransmission across regions of the reward circuitry by regulating dopamine uptake and metabolism, as well as the expression of dopaminergic, but also opioid and cannabinoid receptors. In summary, the altered reward-motivated behavioral effects seen with adolescent onset WD exposure is associated with various changes in DA transmission in reward circuitry, and can occur independent of WD effects on obesity and metabolic derangement.




SOCIAL BEHAVIOR


Behavioral Tests and Neural Substrates

In both humans and rodents, it is well known that dietary choices are influenced by social factors (Wouters et al., 2010; Salvy et al., 2012; Hsu et al., 2018; Pompili and Laghi, 2019). One mechanism by which social behavior can impact feeding behavior is by affecting reward systems. For example, in the case of “peer pressure,” being surrounded by peers has been shown to reduce inhibitory control by increasing reward sensitivity (Thiel et al., 2009; Logue et al., 2014). In addition, social isolation during adolescence can either increase or decrease sucrose drinking in rats during adulthood, suggesting that early life social isolation can change the incentive value of sucrose rewards (Van den Berg et al., 1999; Hong et al., 2012). However, while social behavior impacts dietary patterns and reward, the question as to whether dietary patterns impact social behavior remains largely underexplored. Given that the reward centers of the brain, such as the ACB, VTA, dorsal raphe nucleus, the lateral habenula, and mPFC are known to be activated by social reward (Chen and Hong, 2018) as well as food rewards (Kelley et al., 2005), it is reasonable to suspect that diet can impact social behavior and that this may be mediated by differences in oxytocin signaling, which modulates the neurons in the VTA and NAc to promote social reward (Dölen et al., 2013; Hung et al., 2017). In this section, we review the currently known effects of an obesogenic diet on social behavior, focusing on studies that examine rodent play behavior (three-chamber social interaction and social reciprocal interaction test), social memory (social-novelty preference test), and social avoidance (social defeat paradigm). We also discuss how diet may impact social behavior through the reward centers of the brain that are known to mediate the preference or reinforcement of social interactions.



Prenatal/Perinatal WD Exposure

Prenatal and perinatal exposure to a WD has been shown to reduce social play behavior in rodents. For example, mouse dams maintained on a 60% kcal from fat WD diet had male and female offspring that displayed decreased sociability in the three-chamber social interaction test during young adulthood (Kang et al., 2014). Similarly, male rats born to dams that received a cafeteria diet of standard chow, milk chocolate, peanuts, and sweet biscuits during lactation spent less time socializing and had fewer social interactions in adulthood (Teixeira et al., 2020). Maternal consumption of a 60% kcal fat WD diet, initiated 8 weeks prior to conception, also reduced sociability and impaired social memory, deficits that were rescued by housing WD offspring with those from dams consuming a regular diet (Buffington et al., 2016). On the other hand, perinatal exposure to a 43% fat kcal WD diet had no impact on social behaviors during adulthood (Zieba et al., 2019), suggesting the % kcal from fat may be a key variable. Interestingly, WD exposure on the paternal side (pre-conception) also influences the social behavior of the offspring, as there were fewer play attack behaviors at PN 24–29 in both sexes and more defensive play behaviors in male rats if the rats were sired by males on a WD (60% kcals fat) for 60 days before mating (Korgan et al., 2018). In contrast, male and female rats that received a high-fat, high-sugar WD (60% kcals fat from solid diet, plus access to a 20% w/v sucrose solution) in utero up until PN 40 had increased play behavior (number of play attacks initiated) during adolescence (PN 37) compared to rats that received a control diet for the same duration (Hehar et al., 2016). One major difference between these studies is that the exposure to the diet was maintained in this study through the time of testing. Lastly, maternal WD feeding prevented the negative effect of early-life stress on social interactions in offspring (Rincel et al., 2016). Taken together, these studies suggest that prenatal/perinatal exposure to WDs may lead to reduced social behavior, though perhaps only when exposure to the diets are removed prior to testing, when diet fat content is high (∼60% kcal), and in the absence of early-life stress.

In each of the aforementioned studies, maternal/paternal obesity is a confounding factor, and thus it is difficult to determine whether observed effects are a result of the diet per se. For example, in the studies that found reduced social interactions as a result of a pre/perinatal WD, body weights (Kang et al., 2014; Korgan et al., 2018; Teixeira et al., 2020) and fat pads (Korgan et al., 2018; Teixeira et al., 2020) were increased in the offspring relative to controls. However, body weights and fat pads were also increased in the males that were provided the paternal WD and sired the offspring (Korgan et al., 2018), and increased weight was also seen in the dams provided with a maternal WD (Kang et al., 2014). Additionally, early life milk overnutrition starting at PN 2, induced by a reduction in litter size, results in overweight offspring and the males have a lower frequency of social play behavior (pouncing and pinning) without any differences in social behaviors unrelated to play (sniffing and grooming) (Carvalho et al., 2016). Such findings support the notion that weight gain alone may be sufficient to impact social behavior in male, but not female, rats. However, Buffington and colleagues (Buffington et al., 2016) observed profound social deficits in the absence of weight or adiposity differences in male offspring, even though WD fed dams had greater body weight. Taken together, these studies suggest that pre/perinatal exposure to WDs negatively impacts social behavior, and these effects are likely dependent on the duration of dietary exposure (whether the offspring are still on the diet at the time of testing) and the dietary fat content. Further studies are needed to determine the degree to which the effects of WD on social behavior are dependent on the development of obesity in either the parent or offspring.

The neural mechanisms by which pre/perinatal exposure to a WD impacts social behavior are thus far poorly understood. Among the reward system-related brain structures, the developing mPFC is a candidate mechanistic link as it is known to be involved in understanding social cues in rodent play behavior (Bicks et al., 2015). The HPC, which is known to be involved in social recognition (Uekita and Okanoya, 2011), may also be a neurobiological link between perinatal WD and altered social behavior. Supporting these notions, after a perinatal cafeteria diet, which reduced social interactions in adult offspring, levels of glutathione transferases, which are involved in cellular detoxification and oxidative stress, were greater in the mPFC (Teixeira et al., 2020). In the same study, levels of oxidative stress markers such as malondialdehyde (MDA) and superoxide dismutase (SOD) were higher in the HPC. Other potential mechanisms for reduced social behavior include increased whole brain neuroinflammation induced by IL-1β, TNFα and microglial activation, which was observed following ad libitum WD exposure 6 weeks prior to mating, during gestation, and during lactation (Kang et al., 2014). Importantly, both the reduced social behavior and elevated inflammatory marker expression across the brain normalized by switching to a healthy chow diet during lactation (Kang et al., 2014). Interestingly, social deficits in offspring of dams fed a WD were accompanied by dampened VTA LTP in DA neurons upon presentation of a novel mouse, as well as reduced oxytocin cell count in the hypothalamus and intestinal dysbiosis (Buffington et al., 2016). All of these impairments were restored by treatment with Lactobacillus reuteri, highlighting a role for gut flora on VTA function and associated social behaviors. Overall, while further research is required, these data suggest that early life WD exposure may impact neural processing in the mPFC, HPC, and VTA, and that a role for gut microbiota composition is an area for future investigation.



Adolescent WD Exposure

Similar to perinatal exposure, consuming an obesogenic diet during adolescence impairs social memory and influences social interaction. More specifically, in adolescent male rats, either brief exposure to a WD (60% kcals fat) for 7–8 days starting at PN 27–28 or prolonged intermittent access to a WD (20% kcals fat, 39.6% kcals sucrose) diet for 2 h daily from PN 28–56 promoted deficits in social recognition memory, measured by the time spent exploring a novel rat vs. a familiar rat (Reichelt et al., 2019, 2020; Yaseen et al., 2019). Moreover, rats on an intermittent WD diet (2 hrs daily from PN 28–56) showed a reduction in the total duration of social contact when they were tested in a social interaction test with a novel rat (Reichelt et al., 2020). These findings were specific to conditions where the animal was allowed to interact with the rat prior to the WD feeding period on the day of the test. When tested after WD access, social investigation (sniffing, licking, grooming) was increased in rats fed WD. These data support that social interactions can be mediated by adolescent WD exposure, but it is important to note that only some social variables are affected, as the frequencies of social play behavior (pinning, pouncing) and of aggressive-like behavior (biting, boxing, overt physical harm) were not affected by the dietary exposure (Reichelt et al., 2020). Additional work revealed that intermittent access to a WD during adolescence impaired both social interaction and social memory, but had no impact on social odor preference as all rats preferred bedding soiled by a conspecific (Reichelt et al., 2020). Adolescent consumption of a 45% fat diet, but not 38% fat and 20% fructose diet, also reduced social interaction during adulthood (Gancheva et al., 2017), suggesting a predominant role for dietary lipids. Consistent with this framework, free access to a 5% sucrose solution during adolescence had no effect on social behaviors during adulthood (Gueye et al., 2018), while consuming a 60% fat diet for 7 weeks reduced social interactions in both the 3-chambers test and the social reciprocal interactions test, in addition to reducing ultrasonic vocalization upon female encounter (Yang et al., 2020). Conversely, male mice on a WD (45% kcal from fat) or cafeteria diet from PN 28–49 before switching to standard chow did not display differences in social behavior in the three-chamber social interaction test in adulthood at PN 73+ relative to controls (Fülling et al., 2020), suggesting that it is possible for deficits in social behavior to be reversed by a dietary intervention. Thus, additional studies to determine the duration of exposure to WDs necessary to impact social behavior, as well as whether or not the effects are reversible with dietary intervention are warranted.

Although adolescent WDs lead to impaired social memory and differences in social interactions, WDs can also protect against social defeat stress. For example, male rats that received 4-h daily access to a 45% kcals fat WD daily for 9 weeks after weaning were more resilient to social defeat stress in adulthood (PN 63), as measured by resident-intruder interactions (spending less time in submissive postures and having a longer latency to submit to the resident) (MacKay et al., 2017). Resiliency to social defeat stress was also demonstrated by another study that found that consuming a 45% kcals fat WD ad libitum from weaning onwards in male mice did not result in social avoidance behavior in adulthood when tested using a social interaction test after social defeat stress (Finger et al., 2011). Together, these studies show a protective effect of adolescent WD on social defeat stress such that a WD can be anxiolytic under stressful circumstances, a notion supported by the fact that the rodents in both of the aforementioned studies displayed reduced anxiety with WD exposure after social defeat stress as measured by open field (MacKay et al., 2017) and the light-dark box test (Finger et al., 2011).

While some of the animals that showed deficits in social recognition memory after having consumed a WD during adolescence did not show differences in body weight (Reichelt et al., 2019, 2020; Yaseen et al., 2019), fasting glucose, or cholesterol (Yaseen et al., 2019), those that were impaired in social memory did have higher energy intake and fat mass (Gancheva et al., 2017; Reichelt et al., 2019, 2020; Yang et al., 2020) and increased systemic levels of leptin (Yaseen et al., 2019). However, the rodents resilient to social defeat stress after WD exposure either showed increased weight gain with increased plasma leptin and insulin levels (Finger et al., 2011) or no differences in body weights, body fat, glucose tolerance, caloric intake, or basal corticosterone levels compared to controls (MacKay et al., 2017). In cases where no differences in social interactions were found, mice fed a 45% kcals fat WD but not cafeteria diet had increased body weight and energy intake relative to controls (Fülling et al., 2020), suggesting that obesogenic phenotypes after adolescent WD exposure likely do not influence social behavior.

Similar to the consequences of perinatal WDs on social behavior, adolescent WDs may affect social behavior by impacting the PFC. For instance, social memory deficits were associated with impaired long-term potentiation in the mPFC and reduced protein levels of oxytocin in mPFC tissue. These deficits were reversed by administration of oxytocin systemically or the selective oxytocin receptor agonist, [Thr4,Gly7]-oxytocin in the mPFC (Yaseen et al., 2019), which supports the idea that intact oxytocin signaling is necessary for rodents to recognize a familiar conspecific animal (Ferguson et al., 2000). Furthermore, the effects on social behavior and memory were associated with reduced expression of monoamine oxydase and COMT genes in the mPFC (Reichelt et al., 2020), suggesting that monoamine activity possibly related to dopamine was altered by WDs. In another study, the same group reported similar molecular outcomes in the mPFC, as well as reduced hippocampal monoamine oxydase and changes in gut microbiota (Reichelt et al., 2020). Impairments in social memory were further determined to be associated with reduced parvalbumin interneurons in the mPFC and increased co-expression of perineuronal nets on parvalbumin interneurons, both of which are involved in neuroplasticity (Reichelt et al., 2019). Male mice showing alterations in social behaviors also displayed blunted neuronal activity in the mPFC upon presentation of a social stimulus, and mPFC expression of senescence-related genes was upregulated, especially in astrocytes and microglia (Yang et al., 2020). Finally, given increased serum levels of both triglycerides and reactive species, it has been hypothesized that altered lipid peroxidation mediates the social impairments associated to adolescent WD feeding (Gancheva et al., 2017). Overall, these findings suggest that adolescent WD exposure may impact social behavior through oxytocin signaling, monoamine enzymes, and changes in mPFC neuroplasticity.



Summary

The studies reviewed here suggest that consumption of a WD during early life periods of development impair social-based memory and alters play behavior (e.g., reduces play attacks), but also that these same diet exposures may be protective against social defeat stress (Figure 4). These effects are likely independent of an obesogenic phenotype and may include a mechanism involving mPFC dopaminergic and oxytocinergic pathways as well as changes in neuroplasticity, neuroinflammation, and oxidative stress. Given that the majority of these studies in this section only observed male rodents, further research investigating how early life WD consumption impacts social behavior in females is necessary in the future.


[image: image]

FIGURE 4. Summary of the effects of early life Western diet consumption on social behavior.





CONCLUSION

In this review, we present behavioral and neurobiological evidence from preclinical rodent models highlighting that consumption of (or perinatal exposure to) a WD during critical periods of development can lead to neurocognitive dysfunction later in adulthood. In particular, we highlight the detrimental effects of WDs high in fat (particularly saturated), sugar, or a combination of the two on the following cognitive domains: anxiety-like behavior, learning and memory function, reward-motivated behavior, and social behavior (Supplementary Table 1).

During the perinatal period, exposure to WDs results in impairments in each of these cognitive domains in rodents when tested during adolescence and/or adulthood. For example, increased anxiety-like behavior is associated with prenatal/perinatal WD exposure unless the rodents were also subjected to early life stress, where prenatal/perinatal WDs ameliorates anxiety-like behavior. Additionally, WD exposure during the perinatal period impairs episodic memory and conditioned odor aversion learning and extinction but has no effect on contextual or cued fear conditioning. Furthermore, effects on reward-motivated behavior are also common after prenatal/perinatal WD exposure, including addictive-like behaviors to drugs of abuse, increased impulsivity, reduced behavioral flexibility, and reduced motivation to work for food reward despite increased consumption when the rewarding food is made freely available. Finally, prenatal/perinatal WD exposure reduces social memory and prosocial behavior in rodents. Importantly, these effects are often seen despite the progeny being maintained on a standard, low-fat chow after weaning. Further research is necessary to evaluate whether behavioral effects are specific to a certain stage within the prenatal/perinatal period, as some studies found certain effects were specific to late gestation or lactation.

Long-term access to WDs during adolescence increases anxiety-like behavior in adulthood, although this effect may not be long-lasting given that anxiety-like behavior is not seen in rodents that had the WD removed for an extended period of time. Similar to what occurs after prenatal/perinatal WD exposure, adolescent WD exposure is protective against the development of anxiety-like behavior when consumed during periods of early life stress. Both acute and chronic consumption of WDs has deleterious effects on learning and memory processes, including impaired spatial and episodic memory, cued fear learning and extinction, aversive memory, and reversal learning. With regards to reward-motivated behavior, WD exposure during adolescence shifts dietary preferences in adulthood towards a diet similar to what the animal was exposed to during adolescence. Additionally, adolescent WD exposure increases impulsive responding for food rewards, reduces motivation for food rewards, and increases drug-seeking behavior. WD consumption during adolescence also impairs social memory and affects social interaction behavior in adulthood, yet reduces stress induced by social defeat. Altogether, the literature indicates that adolescent exposure to WDs promotes enduring cognitive impairments but may also mitigate stress responses. More research is necessary to determine whether similar effects are observed in female rodents, and whether sex hormones are a critical variable.

In many instances, behavioral deficits associated with early life WD exposure occurred independent of obesity-associated outcomes such as increased body weights, adiposity measures, hyperphagia, or negative metabolic outcomes. Further, in many cases the neural substrates associated with each cognitive domain are impacted by WD exposure during development, such as increased oxidative stress, inflammation and microglial activation, as well as altered neurotransmission, neurotrophic signaling, synaptic plasticity, and reduced neurogenesis. What remains to be understood is whether or not these cognitive deficits can be reversed given some type of intervention (e.g., dietary, exercise, microbiome) and whether or not these cognitive consequences have transgenerational effects.

Evidence reviewed herein establishes that WD exposure in rodents during the perinatal and/or adolescent period promotes long-term deficits in anxiety-like behavior, learning and memory, reward-mediated behavior. While this review focused on rodent studies, similar changes in behavior in humans have been reported, where healthier diets are positively associated with better cognitive outcomes (Baym et al., 2014; Zahedi et al., 2014; Tandon et al., 2016; Borge et al., 2017; Cohen et al., 2018). The rodent literature reviewed here adds important insight into the mechanisms underlying poor cognitive outcomes following early life WD consumption and may help guide translational research and dietary recommendations in humans.



AUTHOR CONTRIBUTIONS

All authors contributed to the idea for the manuscript. LT and LD-S wrote and edited the manuscript. SK and EN edited the manuscript, provided vital input to shape the manuscript, and contributed to the writing. All authors approved the final manuscript. The figures were created using BioRender.com by LT, and reviewed by all authors.



FUNDING

This work was supported by grant numbers DK116942 (Awarded to SK) and DK118000 (Awarded to EN) from the National Institute of Diabetes and Digestive and Kidney Diseases and also by the National Science Foundation Graduate Research Fellowship DGE-1842487 (Awarded to LT).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.632312/full#supplementary-material



REFERENCES

Abbott, K. N., Morris, M. J., Westbrook, R. F., and Reichelt, A. C. (2016). Sex-specific effects of daily exposure to sucrose on spatial memory performance in male and female rats, and implications for estrous cycle stage. Physiol. Behav. 162, 52–60. doi: 10.1016/j.physbeh.2016.01.036

Abildgaard, A., Lund, S., and Hougaard, K. S. (2014). Chronic high-fat diet increases acute neuroendocrine stress response independently of prenatal dexamethasone treatment in male rats. Acta Neuropsychiatr. 26, 8–18. doi: 10.1017/neu.2013.28

Adhikari, A. (2014). Distributed circuits underlying anxiety. Front. Behav. Neurosci. 8:112. doi: 10.3389/fnbeh.2014.00112

Ahrens, S., Wu, M. V., Furlan, A., Hwang, G.-R., Paik, R., Li, H., et al. (2018). A central extended amygdala circuit that modulates anxiety. J. Neurosci. 38, 5567–5583. doi: 10.1523/JNEUROSCI.0705-18.2018

Ali, E. F., MacKay, J. C., Graitson, S., James, J. S., Cayer, C., Audet, M.-C., et al. (2018). Palatable food dampens the long-term behavioral and endocrine effects of juvenile stressor exposure but may also provoke metabolic syndrome in rats. Front. Behav. Neurosci. 12:216. doi: 10.3389/fnbeh.2018.00216

Alonso-Alonso, M., Woods, S. C., Pelchat, M., Grigson, P. S., Stice, E., Farooqi, S., et al. (2015). Food reward system: current perspectives and future research needs. Nutr. Rev. 73, 296–307. doi: 10.1093/nutrit/nuv002

Alten, B., Yesiltepe, M., Bayraktar, E., Tas, S. T., Gocmen, A. Y., Kursungoz, C., et al. (2018). High-fructose corn syrup consumption in adolescent rats causes bipolar-like behavioural phenotype with hyperexcitability in hippocampal CA3-CA1 synapses. Br. J. Pharmacol. 175, 4450–4463. doi: 10.1111/bph.14500

Altermann Torre, V., Machado, A. G., de Sá Couto-Pereira, N., Mar Arcego, D., Dos Santos, Vieira, A., et al. (2020). Consumption of a palatable diet rich in simple sugars during development impairs memory of different degrees of emotionality and changes hippocampal plasticity according to the age of the rats. Int. J. Dev. Neurosci. [Epub ahead of print] doi: 10.1002/jdn.10032

Ames, S. L., Kisbu-Sakarya, Y., Reynolds, K. D., Boyle, S., Cappelli, C., Cox, M. G., et al. (2014). Inhibitory control effects in adolescent binge eating and consumption of sugar-sweetened beverages and snacks. Appetite 81, 180–192. doi: 10.1016/j.appet.2014.06.013

Antonopoulos, J., Dori, I., Dinopoulos, A., Chiotelli, M., and Parnavelas, J. G. (2002). Postnatal development of the dopaminergic system of the striatum in the rat. Neuroscience 110, 245–256. doi: 10.1016/s0306-4522(01)00575-9

Averbeck, B. B., and Costa, V. D. (2017). Motivational neural circuits underlying reinforcement learning. Nat. Neurosci. 20, 505–512. doi: 10.1038/nn.4506

Bailey, K. R., and Crawley, J. N. (2009). “Anxiety-related behaviors in mice,” in Methods of Behavior Analysis in Neuroscience, ed. J. J. Buccafusco (Boca Raton, FL: CRC Press).

Balsevich, G., Baumann, V., Uribe, A., Chen, A., and Schmidt, M. V. (2016). Prenatal exposure to maternal obesity alters anxiety and stress coping behaviors in aged mice. NEN 103, 354–368. doi: 10.1159/000439087

Bannerman, D. M., Rawlins, J. N. P., McHugh, S. B., Deacon, R. M. J., Yee, B. K., Bast, T., et al. (2004). Regional dissociations within the hippocampus—memory and anxiety. Neurosci. Biobehav. Rev. 28, 273–283. doi: 10.1016/j.neubiorev.2004.03.004

Barker, G. R. I., and Warburton, E. C. (2011). When is the hippocampus involved in recognition memory? J. Neurosci. 31, 10721–10731. doi: 10.1523/JNEUROSCI.6413-10.2011

Bas-Hoogendam, J. M., van Steenbergen, H., Nienke Pannekoek, J., Fouche, J.-P., Lochner, C., Hattingh, C. J., et al. (2017). Voxel-based morphometry multi-center mega-analysis of brain structure in social anxiety disorder. NeuroImage Clin. 16, 678–688. doi: 10.1016/j.nicl.2017.08.001

Baym, C. L., Khan, N. A., Monti, J. M., Raine, L. B., Drollette, E. S., Moore, R. D., et al. (2014). Dietary lipids are differentially associated with hippocampal-dependent relational memory in prepubescent children. Am. J. Clin. Nutr. 99, 1026–1032. doi: 10.3945/ajcn.113.079624

Bengoetxea, X., Paternain, L., Martisova, E., Milagro, F. I., Martínez, J. A., Campión, J., et al. (2017). Effects of perinatal diet and prenatal stress on the behavioural profile of aged male and female rats. J. Psychopharmacol. 31, 356–364. doi: 10.1177/0269881116686881

Berridge, K. C. (2009). “Liking” and “wanting” food rewards: brain substrates and roles in eating disorders. Physiol. Behav. 97, 537–550. doi: 10.1016/j.physbeh.2009.02.044

Besteher, B., Gaser, C., Langbein, K., Dietzek, M., Sauer, H., and Nenadiæ, I. (2017). Effects of subclinical depression, anxiety and somatization on brain structure in healthy subjects. J. Affect. Disord. 215, 111–117. doi: 10.1016/j.jad.2017.03.039

Besteher, B., Gaser, C., and Nenadiæ, I. (2020). Brain structure and subclinical symptoms: a dimensional perspective of psychopathology in the depression and anxiety spectrum. NPS 79, 270–283. doi: 10.1159/000501024

Bicks, L. K., Koike, H., Akbarian, S., and Morishita, H. (2015). Prefrontal cortex and social cognition in mouse and man. Front. Psychol. 6:1805. doi: 10.3389/fpsyg.2015.01805

Bilbo, S. D., and Tsang, V. (2010). Enduring consequences of maternal obesity for brain inflammation and behavior of offspring. Faseb J. 24, 2104–2115. doi: 10.1096/fj.09-144014

Blanco-Gandía, M. C., Cantacorps, L., Aracil-Fernández, A., Montagud-Romero, S., Aguilar, M. A., Manzanares, J., et al. (2017). Effects of bingeing on fat during adolescence on the reinforcing effects of cocaine in adult male mice. Neuropharmacology 113, 31–44. doi: 10.1016/j.neuropharm.2016.09.020

Blanco-Gandía, M. C., Miñarro, J., and Rodríguez-Arias, M. (2019). Behavioral profile of intermittent vs continuous access to a high fat diet during adolescence. Behav. Brain Res. 368, 111891. doi: 10.1016/j.bbr.2019.04.005

Blume, L. C., Bass, C. E., Childers, S. R., Dalton, G. D., Roberts, D. C. S., Richardson, J. M., et al. (2013). Striatal CB1 and D2 receptors regulate expression of each other, CRIP1A and delta opioid systems. J. Neurochem. 124, 808–820. doi: 10.1111/jnc.12139

Bodell, L. P., Wildes, J. E., Goldschmidt, A. B., Lepage, R., Keenan, K. E., Guyer, A. E., et al. (2018). Associations between neural reward processing and binge eating among adolescent girls. J. Adolesc. Health 62, 107–113. doi: 10.1016/j.jadohealth.2017.08.006

Boitard, C., Cavaroc, A., Sauvant, J., Aubert, A., Castanon, N., Layé, S., et al. (2014). Impairment of hippocampal-dependent memory induced by juvenile high-fat diet intake is associated with enhanced hippocampal inflammation in rats. Brain Behav. Immun. 40, 9–17. doi: 10.1016/j.bbi.2014.03.005

Boitard, C., Etchamendy, N., Sauvant, J., Aubert, A., Tronel, S., Marighetto, A., et al. (2012). Juvenile, but not adult exposure to high-fat diet impairs relational memory and hippocampal neurogenesis in mice. Hippocampus 22, 2095–2100. doi: 10.1002/hipo.22032

Boitard, C., Maroun, M., Tantot, F., Cavaroc, A., Sauvant, J., Marchand, A., et al. (2015). Juvenile obesity enhances emotional memory and amygdala plasticity through glucocorticoids. J. Neurosci. 35, 4092–4103. doi: 10.1523/JNEUROSCI.3122-14.2015

Boitard, C., Parkes, S. L., Cavaroc, A., Tantot, F., Castanon, N., Layé, S., et al. (2016). Switching adolescent high-fat diet to adult control diet restores neurocognitive alterations. Front. Behav. Neurosci. 10:225. doi: 10.3389/fnbeh.2016.00225

Borge, T. C., Aase, H., Brantsæter, A. L., and Biele, G. (2017). The importance of maternal diet quality during pregnancy on cognitive and behavioural outcomes in children: a systematic review and meta-analysis. BMJ Open 7:e016777. doi: 10.1136/bmjopen-2017-016777

Broadbent, N. J., Squire, L. R., and Clark, R. E. (2004). Spatial memory, recognition memory, and the hippocampus. PNAS 101, 14515–14520. doi: 10.1073/pnas.0406344101

Buffington, S. A., Di Prisco, G. V., Auchtung, T. A., Ajami, N. J., Petrosino, J. F., and Costa-Mattioli, M. (2016). Microbial reconstitution reverses maternal diet-induced social and synaptic deficits in offspring. Cell 165, 1762–1775. doi: 10.1016/j.cell.2016.06.001

Bukhari, S. H. F., Clark, O. E., and Williamson, L. L. (2018). Maternal high fructose diet and neonatal immune challenge alter offspring anxiety-like behavior and inflammation across the lifespan. Life Sci. 197, 114–121. doi: 10.1016/j.lfs.2018.02.010

Burns, J. A., Kroll, D. S., Feldman, D. E., Kure Liu, C., Manza, P., Wiers, C. E., et al. (2019). Molecular imaging of opioid and dopamine systems: insights into the pharmacogenetics of opioid use disorders. Front. Psychiatry 10:626. doi: 10.3389/fpsyt.2019.00626

Buyukata, C., Vukalo, M., Xu, T. J., Khore, M. A., and Reichelt, A. C. (2018). Impact of high sucrose diets on the discrimination of spatial and object memories with overlapping features. Physiol. Behav. 192, 127–133. doi: 10.1016/j.physbeh.2018.02.027

Caballero, A., Flores-Barrera, E., Cass, D. K., and Tseng, K. Y. (2014). Differential regulation of parvalbumin and calretinin interneurons in the prefrontal cortex during adolescence. Brain Struct. Funct. 219, 395–406. doi: 10.1007/s00429-013-0508-8

Calhoon, G. G., and Tye, K. M. (2015). Resolving the neural circuits of anxiety. Nat. Neurosci. 18, 1394–1404. doi: 10.1038/nn.4101

Carlin, J. L., McKee, S. E., Hill-Smith, T., Grissom, N. M., George, R., Lucki, I., et al. (2016). Removal of high fat diet after chronic exposure drives binge behavior and dopaminergic dysregulation in female mice. Neuroscience 326, 170–179. doi: 10.1016/j.neuroscience.2016.04.002

Carvalho, A. L. O., Ferri, B. G., de Sousa, F. A. L., Vilela, F. C., and Giusti-Paiva, A. (2016). Early life overnutrition induced by litter size manipulation decreases social play behavior in adolescent male rats. Int. J. Dev. Neurosci. 53, 75–82. doi: 10.1016/j.ijdevneu.2016.07.005

CDC (2019). Childhood Obesity Facts | Overweight & Obesity. Available online at: https://www.cdc.gov/obesity/data/childhood.html (accessed on 4 January 2020)

Chen, P., and Hong, W. (2018). Neural circuit mechanisms of social behavior. Neuron 98, 16–30. doi: 10.1016/j.neuron.2018.02.026

Clasen, M. M., Sanon, T. V., Kearns, D. N., Davidson, T. L., and Riley, A. L. (2020). Ad libitum high fat diet consumption during adolescence and adulthood fails to impact the affective properties of cocaine in male Sprague-Dawley rats. Exp. Clin. Psychopharmacol. 28, 438–448. doi: 10.1037/pha0000328

Cohen, J. F. W., Rifas-Shiman, S. L., Young, J., and Oken, E. (2018). Associations of prenatal and child sugar intake with child cognition. Am. J. Prev. Med. 54, 727–735. doi: 10.1016/j.amepre.2018.02.020

Contreras-Rodríguez, O., Martín-Pérez, C., Vilar-López, R., and Verdejo-Garcia, A. (2017). Ventral and dorsal striatum networks in obesity: link to food craving and weight gain. Biol. Psychiatry 81, 789–796. doi: 10.1016/j.biopsych.2015.11.020

Cordner, Z. A., Khambadkone, S. G., Boersma, G. J., Song, L., Summers, T. N., Moran, T. H., et al. (2019). Maternal high-fat diet results in cognitive impairment and hippocampal gene expression changes in rat offspring. Exp. Neurol. 318, 92–100. doi: 10.1016/j.expneurol.2019.04.018

Corsica, J. A., and Hood, M. M. (2011). Eating disorders in an obesogenic environment. J. Am. Dietet. Assoc. 111, 996–1000. doi: 10.1016/j.jada.2011.04.011

De Cock, N., Van Lippevelde, W., Vervoort, L., Vangeel, J., Maes, L., Eggermont, S., et al. (2016). Sensitivity to reward is associated with snack and sugar-sweetened beverage consumption in adolescents. Eur. J. Nutr. 55, 1623–1632. doi: 10.1007/s00394-015-0981-3

Del Rio, D., Morales, L., Ruiz-Gayo, M., and Del Olmo, N. (2016). Effect of high-fat diets on mood and learning performance in adolescent mice. Behav. Brain Res. 311, 167–172. doi: 10.1016/j.bbr.2016.04.052

Dent, C. L., and Isles, A. R. (2014). An overview of measuring impulsive behavior in mice. Curr. Protoc. Mouse Biol. 4, 35–45. doi: 10.1002/9780470942390.mo140015

Dias, V., Junn, E., and Mouradian, M. M. (2013). The role of oxidative stress in Parkinson’s disease. J. Parkinsons Dis. 3, 461–491. doi: 10.3233/JPD-130230

DiFeliceantonio, A. G., Mabrouk, O. S., Kennedy, R. T., and Berridge, K. C. (2012). Enkephalin surges in dorsal neostriatum as a signal to eat. Curr. Biol. 22, 1918–1924. doi: 10.1016/j.cub.2012.08.014

Dölen, G., Darvishzadeh, A., Huang, K. W., and Malenka, R. C. (2013). Social reward requires coordinated activity of nucleus accumbens oxytocin and serotonin. Nature 501, 179–184. doi: 10.1038/nature12518

Dye, L., Boyle, N. B., Champ, C., and Lawton, C. (2017). The relationship between obesity and cognitive health and decline. Proc. Nutr. Soc. 76, 443–454. doi: 10.1017/S0029665117002014

Eisch, A. J., Bolaños, C. A., De Wit, J., Simonak, R. D., Pudiak, C. M., Barrot, M., et al. (2003). Brain-derived neurotrophic factor in the ventral midbrain-nucleus accumbens pathway: a role in depression. Biol. Psychiatry 54, 994–1005. doi: 10.1016/j.biopsych.2003.08.003

Fatemi, F., Siassi, F., Qorbani, M., and Sotoudeh, G. (2020). Higher dietary fat quality is associated with lower anxiety score in women: a cross-sectional study. Ann. Gen. Psychiatry 19:14. doi: 10.1186/s12991-020-00264-9

Ferguson, J. N., Young, L. J., Hearn, E. F., Matzuk, M. M., Insel, T. R., and Winslow, J. T. (2000). Social amnesia in mice lacking the oxytocin gene. Nat. Genet. 25, 284–288. doi: 10.1038/77040

Ferreira, A., Castro, J. P., Andrade, J. P., Dulce Madeira, M., and Cardoso, A. (2018). Cafeteria-diet effects on cognitive functions, anxiety, fear response and neurogenesis in the juvenile rat. Neurobiol. Learn. Mem. 155, 197–207. doi: 10.1016/j.nlm.2018.07.014

Finger, B. C., Dinan, T. G., and Cryan, J. F. (2011). High-fat diet selectively protects against the effects of chronic social stress in the mouse. Neuroscience 192, 351–360. doi: 10.1016/j.neuroscience.2011.06.072

Fitzpatrick, C. J., and Morrow, J. D. (2016). Pavlovian conditioned approach training in rats. J. Vis. Exp. e53580. doi: 10.3791/53580

Fox, A. S., and Kalin, N. H. (2014). A translational neuroscience approach to understanding the development of social anxiety disorder and its pathophysiology. Am. J. Psychiatry 171, 1162–1173. doi: 10.1176/appi.ajp.2014.14040449

Francis, H., and Stevenson, R. (2013). The longer-term impacts of Western diet on human cognition and the brain. Appetite 63, 119–128. doi: 10.1016/j.appet.2012.12.018

Frazier, C. R. M., Mason, P., Zhuang, X., and Beeler, J. A. (2008). Sucrose exposure in early life alters adult motivation and weight gain. PLoS One 3:e3221. doi: 10.1371/journal.pone.0003221

Fülling, C., Lach, G., Bastiaanssen, T. F. S., Fouhy, F., O’Donovan, A. N., Ventura-Silva, A.-P., et al. (2020). Adolescent dietary manipulations differentially affect gut microbiota composition and amygdala neuroimmune gene expression in male mice in adulthood. Brain Behav. Immun. 87, 666–678. doi: 10.1016/j.bbi.2020.02.013

Gancheva, S., Galunska, B., and Zhelyazkova-Savova, M. (2017). Diets rich in saturated fat and fructose induce anxiety and depression-like behaviours in the rat: is there a role for lipid peroxidation? Int. J. Exp. Pathol. 98, 296–306. doi: 10.1111/iep.12254

Gawliński, D., Gawlińska, K., Frankowska, M., and Filip, M. (2020). Maternal diet influences the reinstatement of cocaine-seeking behavior and the expression of melanocortin-4 receptors in female offspring of rats. Nutrients 12:1462. doi: 10.3390/nu12051462

Glendining, K. A., Fisher, L. C., and Jasoni, C. L. (2018). Maternal high fat diet alters offspring epigenetic regulators, amygdala glutamatergic profile and anxiety. Psychoneuroendocrinology 96, 132–141. doi: 10.1016/j.psyneuen.2018.06.015

Gomez-Smith, M., Karthikeyan, S., Jeffers, M. S., Janik, R., Thomason, L. A., Stefanovic, B., et al. (2016). A physiological characterization of the Cafeteria diet model of metabolic syndrome in the rat. Physiol. Behav. 167, 382–391. doi: 10.1016/j.physbeh.2016.09.029

Grill, H. J., and Norgren, R. (1978). The taste reactivity test. II. Mimetic responses to gustatory stimuli in chronic thalamic and chronic decerebrate rats. Brain Res. 143, 281–297. doi: 10.1016/0006-8993(78)90569-3

Grissom, N. M., Herdt, C. T., Desilets, J., Lidsky-Everson, J., and Reyes, T. M. (2015). Dissociable deficits of executive function caused by gestational adversity are linked to specific transcriptional changes in the prefrontal cortex. Neuropsychopharmacology 40, 1353–1363. doi: 10.1038/npp.2014.313

Guedine, C. R. C., Pordeus, L. C. M., Riul, T. R., Jordão, A. A., and Almeida, S. S. (2018). Cafeteria diet during lactation and/or post-lactation altered lipid profile/lipid peroxidation and increased anxiety-like behavior in male rat offspring. Nutr. Neurosci. 23, 526–536. doi: 10.1080/1028415X.2018.1529283

Gueye, A. B., Vendruscolo, L. F., de Ávila, C., Le Moine, C., Darnaudéry, M., and Cador, M. (2018). Unlimited sucrose consumption during adolescence generates a depressive-like phenotype in adulthood. Neuropsychopharmacology 43, 2627–2635. doi: 10.1038/s41386-018-0025-9

Haapala, E. A., Eloranta, A.-M., Venäläinen, T., Schwab, U., Lindi, V., and Lakka, T. A. (2015). Associations of diet quality with cognition in children – the physical activity and nutrition in children study. Br. J. Nutr. 114, 1080–1087. doi: 10.1017/S0007114515001634

Hale, M. W., Hay-Schmidt, A., Mikkelsen, J. D., Poulsen, B., Shekhar, A., and Lowry, C. A. (2008). Exposure to an open-field arena increases c-Fos expression in a distributed anxiety-related system projecting to the basolateral amygdaloid complex. Neuroscience 155, 659–672. doi: 10.1016/j.neuroscience.2008.05.054

Harrell, C. S., Burgado, J., Kelly, S. D., Johnson, Z. P., and Neigh, G. N. (2015). High-fructose diet during periadolescent development increases depressive-like behavior and remodels the hypothalamic transcriptome in male rats. Psychoneuroendocrinology 62, 252–264. doi: 10.1016/j.psyneuen.2015.08.025

health.gov (2015). 2015-2020 Dietary Guidelines. Available online at: https://health.gov/our-work/food-nutrition/2015-2020-dietary-guidelines/guidelines/ (accessed on 29 July 2020).

Hehar, H., Ma, I., and Mychasiuk, R. (2016). Effects of metabolic programming on juvenile play behavior and gene expression in the prefrontal cortex of rats. DNE 38, 96–104. doi: 10.1159/000444015

Heisler, J. M., Morales, J., Donegan, J. J., Jett, J. D., Redus, L., and O’Connor, J. C. (2015). The attentional set shifting task: a measure of cognitive flexibility in mice. J. Vis. Exp. 51944. doi: 10.3791/51944

Hong, S., Flashner, B., Chiu, M., Hoeve, E., ver, Luz, S., et al. (2012). Social isolation in adolescence alters behaviors in the forced swim and sucrose preference tests in female but not in male rats. Physiol. Behav. 105, 269–275. doi: 10.1016/j.physbeh.2011.08.036

Hsu, T. M., Konanur, V. R., Taing, L., Usui, R., Kayser, B. D., Goran, M. I., et al. (2015). Effects of sucrose and high fructose corn syrup consumption on spatial memory function and hippocampal neuroinflammation in adolescent rats. Hippocampus 25, 227–239. doi: 10.1002/hipo.22368

Hsu, T. M., Noble, E. E., Reiner, D. J., Liu, C. M., Suarez, A. N., Konanur, V. R., et al. (2018). Hippocampus ghrelin receptor signaling promotes socially-mediated learned food preference. Neuropharmacology 131, 487–496. doi: 10.1016/j.neuropharm.2017.11.039

Hung, L. W., Neuner, S., Polepalli, J. S., Beier, K. T., Wright, M., Walsh, J. J., et al. (2017). Gating of social reward by oxytocin in the ventral tegmental area. Science 357, 1406–1411. doi: 10.1126/science.aan4994

Hwang, L.-L., Wang, C.-H., Li, T.-L., Chang, S.-D., Lin, L.-C., Chen, C.-P., et al. (2010). Sex differences in high-fat diet-induced obesity, metabolic alterations and learning, and synaptic plasticity deficits in mice. Obesity 18, 463–469. doi: 10.1038/oby.2009.273

Itoi, K., and Sugimoto, N. (2010). The brainstem noradrenergic systems in stress, anxiety and depression. J. Neuroendocrinol. 22, 355–361. doi: 10.1111/j.1365-2826.2010.01988.x

Janthakhin, Y., Rincel, M., Costa, A.-M., Darnaudéry, M., and Ferreira, G. (2017). Maternal high-fat diet leads to hippocampal and amygdala dendritic remodeling in adult male offspring. Psychoneuroendocrinology 83, 49–57. doi: 10.1016/j.psyneuen.2017.05.003

Jiao, X., Beck, K. D., Myers, C. E., Servatius, R. J., and Pang, K. C. H. (2015). Altered activity of the medial prefrontal cortex and amygdala during acquisition and extinction of an active avoidance task. Front. Behav. Neurosci. 9:249. doi: 10.3389/fnbeh.2015.00249

Jimenez, J. C., Su, K., Goldberg, A. R., Luna, V. M., Biane, J. S., Ordek, G., et al. (2018). Anxiety cells in a hippocampal-hypothalamic circuit. Neuron 97, 670.e6–683.e6. doi: 10.1016/j.neuron.2018.01.016

Juruena, M. F., Eror, F., Cleare, A. J., and Young, A. H. (2020). The role of early life stress in HPA axis and anxiety. Adv. Exp. Med. Biol. 1191, 141–153. doi: 10.1007/978-981-32-9705-0_9

Kaczmarczyk, M. M., Machaj, A. S., Chiu, G. S., Lawson, M. A., Gainey, S. J., York, J. M., et al. (2013). Methylphenidate prevents high-fat diet (HFD)-induced learning/memory impairment in juvenile mice. Psychoneuroendocrinology 38, 1553–1564. doi: 10.1016/j.psyneuen.2013.01.004

Kalyan-Masih, P., Vega-Torres, J. D., Miles, C., Haddad, E., Rainsbury, S., Baghchechi, M., et al. (2016). Western high-fat diet consumption during adolescence increases susceptibility to traumatic stress while selectively disrupting hippocampal and ventricular volumes. eNeuro 3, 125–141. doi: 10.1523/ENEURO.0125-16.2016

Kang, S. S., Kurti, A., Fair, D. A., and Fryer, J. D. (2014). Dietary intervention rescues maternal obesity induced behavior deficits and neuroinflammation in offspring. J. Neuroinflamm. 11:156. doi: 10.1186/s12974-014-0156-9

Kanoski, S. E., and Davidson, T. L. (2011). Western diet consumption and cognitive impairment: links to hippocampal dysfunction and obesity. Physiol. Behav. 103, 59–68. doi: 10.1016/j.physbeh.2010.12.003

Kelley, A. E., Baldo, B. A., Pratt, W. E., and Will, M. J. (2005). Corticostriatal-hypothalamic circuitry and food motivation: integration of energy, action and reward. Physiol. Behav. 86, 773–795. doi: 10.1016/j.physbeh.2005.08.066

Kendig, M. D., Boakes, R. A., Rooney, K. B., and Corbit, L. H. (2013). Chronic restricted access to 10% sucrose solution in adolescent and young adult rats impairs spatial memory and alters sensitivity to outcome devaluation. Physiol. Behav. 120, 164–172. doi: 10.1016/j.physbeh.2013.08.012

Khan, N. A., Raine, L. B., Drollette, E. S., Scudder, M. R., and Hillman, C. H. (2015). The relation of saturated fats and dietary cholesterol to childhood cognitive flexibility. Appetite 93, 51–56. doi: 10.1016/j.appet.2015.04.012

Khazen, T., Hatoum, O. A., Ferreira, G., and Maroun, M. (2019). Acute exposure to a high-fat diet in juvenile male rats disrupts hippocampal-dependent memory and plasticity through glucocorticoids. Sci. Rep. 9:12270. doi: 10.1038/s41598-019-48800-2

Killeen, P. R., Posadas-Sanchez, D., Johansen, E. B., and Thrailkill, E. A. (2009). Progressive ratio schedules of reinforcement. J. Exp. Psychol. Anim. Behav. Process. 35, 35–50. doi: 10.1037/a0012497

Kim, J. Y., Kim, D., Park, K., Lee, J. H., and Jahng, J. W. (2018). Highly palatable food access during adolescence increased anxiety-/depression-like behaviors in male, but not in female, rats. Nutr. Neurosci. 21, 502–510. doi: 10.1080/1028415X.2017.1313583

Kim, M. J., Gee, D. G., Loucks, R. A., Davis, F. C., and Whalen, P. J. (2011). Anxiety dissociates dorsal and ventral medial prefrontal cortex functional connectivity with the amygdala at rest. Cereb. Cortex 21, 1667–1673. doi: 10.1093/cercor/bhq237

Klein, C., Jonas, W., Iggena, D., Empl, L., Rivalan, M., Wiedmer, P., et al. (2016). Exercise prevents high-fat diet-induced impairment of flexible memory expression in the water maze and modulates adult hippocampal neurogenesis in mice. Neurobiol. Learn. Mem. 131, 26–35. doi: 10.1016/j.nlm.2016.03.002

Kong, E., Monje, F. J., Hirsch, J., and Pollak, D. D. (2014). Learning not to fear: neural correlates of learned safety. Neuropsychopharmacology 39, 515–527. doi: 10.1038/npp.2013.191

Korgan, A. C., O’Leary, E., King, J. L., Weaver, I. C. G., and Perrot, T. S. (2018). Effects of paternal high-fat diet and rearing environment on maternal investment and development of defensive responses in the offspring. Psychoneuroendocrinology 91, 20–30. doi: 10.1016/j.psyneuen.2018.02.010

Kosheleff, A. R., Araki, J., Tsan, L., Chen, G., Murphy, N. P., Maidment, N. T., et al. (2018). Junk food exposure disrupts selection of food-seeking actions in rats. Front. Psychiatry 9:350. doi: 10.3389/fpsyt.2018.00350

Kruse, M. S., Vadillo, M. J., Miguelez Fernández, A. M. M., Rey, M., Zanutto, B. S., and Coirini, H. (2019). Sucrose exposure in juvenile rats produces long-term changes in fear memory and anxiety-like behavior. Psychoneuroendocrinology 104, 300–307. doi: 10.1016/j.psyneuen.2019.03.016

Kuang, H., Sun, M., Lv, J., Li, J., Wu, C., Chen, N., et al. (2014). Hippocampal apoptosis involved in learning deficits in the offspring exposed to maternal high sucrose diets. J. Nutr. Biochem. 25, 985–990. doi: 10.1016/j.jnutbio.2014.04.012

Kuhn, B. N., Kalivas, P. W., and Bobadilla, A.-C. (2019). Understanding addiction using animal models. Front. Behav. Neurosci. 13:262. doi: 10.3389/fnbeh.2019.00262

Labouesse, M. A., Lassalle, O., Richetto, J., Iafrati, J., Weber-Stadlbauer, U., Notter, T., et al. (2017). Hypervulnerability of the adolescent prefrontal cortex to nutritional stress via reelin deficiency. Mol. Psychiatry 22, 961–971. doi: 10.1038/mp.2016.193

Lalanza, J. F., Caimari, A., del Bas, J. M., Torregrosa, D., Cigarroa, I., Pallàs, M., et al. (2014). Effects of a post-weaning cafeteria diet in young rats: metabolic syndrome, reduced activity and low anxiety-like behaviour. PLoS One 9:e85049. doi: 10.1371/journal.pone.0085049

Lépinay, A. L., Larrieu, T., Joffre, C., Acar, N., Gárate, I., Castanon, N., et al. (2015). Perinatal high-fat diet increases hippocampal vulnerability to the adverse effects of subsequent high-fat feeding. Psychoneuroendocrinology 53, 82–93. doi: 10.1016/j.psyneuen.2014.12.008

Liu, W.-Z., Zhang, W.-H., Zheng, Z.-H., Zou, J.-X., Liu, X.-X., Huang, S.-H., et al. (2020). Identification of a prefrontal cortex-to-amygdala pathway for chronic stress-induced anxiety. Nat. Commun. 11:2221. doi: 10.1038/s41467-020-15920-7

Logue, S., Chein, J., Gould, T., Holliday, E., and Steinberg, L. (2014). Adolescent mice, unlike adults, consume more alcohol in the presence of peers than alone. Dev. Sci. 17, 79–85. doi: 10.1111/desc.12101

Long, N. M., Nathanielsz, P. W., and Ford, S. P. (2012). The impact of maternal overnutrition and obesity on hypothalamic-pituitary-adrenal axis, response of offspring to stress. Domest. Anim. Endocrinol. 42, 195–202. doi: 10.1016/j.domaniend.2011.12.002

Lowe, C. J., Morton, J. B., and Reichelt, A. C. (2020). Adolescent obesity and dietary decision making—a brain-health perspective. Lancet Child Adolesc. Health 4, 388–396. doi: 10.1016/S2352-4642(19)30404-3

Lowry, C. A., and Hale, M. W. (2010). “CHAPTER 3.6 - Serotonin and the neurobiology of anxious states,” in Handbook of Behavioral Neuroscience Handbook of the Behavioral Neurobiology of Serotonin, eds C. P. Müller and B. L. Jacobs (Amsterdam: Elsevier), 379–397. doi: 10.1016/S1569-7339(10)70091-6

MacKay, J. C., Kent, P., James, J. S., Cayer, C., and Merali, Z. (2017). Ability of palatable food consumption to buffer against the short- and long-term behavioral consequences of social defeat exposure during juvenility in rats. Physiol. Behav. 177, 113–121. doi: 10.1016/j.physbeh.2017.04.002

Maniam, J., Antoniadis, C. P., Le, V., and Morris, M. J. (2016). A diet high in fat and sugar reverses anxiety-like behaviour induced by limited nesting in male rats: impacts on hippocampal markers. Psychoneuroendocrinology 68, 202–209. doi: 10.1016/j.psyneuen.2016.03.007

Maniam, J., and Morris, M. J. (2010). Palatable cafeteria diet ameliorates anxiety and depression-like symptoms following an adverse early environment. Psychoneuroendocrinology 35, 717–728. doi: 10.1016/j.psyneuen.2009.10.013

Marcolin, M. L., Benitz, A. N. D., Arcego, D. M., Noschang, C., Krolow, R., and Dalmaz, C. (2012). Effects of early life interventions and palatable diet on anxiety and on oxidative stress in young rats. Physiol. Behav. 106, 491–498. doi: 10.1016/j.physbeh.2012.03.025

Marwitz, S. E., Woodie, L. N., and Blythe, S. N. (2015). Western-style diet induces insulin insensitivity and hyperactivity in adolescent male rats. Physiol. Behav. 151, 147–154. doi: 10.1016/j.physbeh.2015.07.023

Masana, M. F., Tyrovolas, S., Kolia, N., Chrysohoou, C., Skoumas, J., Haro, J. M., et al. (2019). Dietary patterns and their association with anxiety symptoms among older adults: the ATTICA study. Nutrients 11:1250. doi: 10.3390/nu11061250

Matton, A., Goossens, L., Braet, C., and Vervaet, M. (2013). Punishment and reward sensitivity: are naturally occurring clusters in these traits related to eating and weight problems in adolescents? Eur. Eat. Disord. Rev. 21, 184–194. doi: 10.1002/erv.2226

McCall, J. G., Siuda, E. R., Bhatti, D. L., Lawson, L. A., McElligott, Z. A., Stuber, G. D., et al. (2017). Locus coeruleus to basolateral amygdala noradrenergic projections promote anxiety-like behavior. eLife 6:e18247. doi: 10.7554/eLife.18247

Moreton, E., Baron, P., Tiplady, S., McCall, S., Clifford, B., Langley-Evans, S. C., et al. (2019). Impact of early exposure to a cafeteria diet on prefrontal cortex monoamines and novel object recognition in adolescent rats. Behav. Brain Res. 363, 191–198. doi: 10.1016/j.bbr.2019.02.003

Morganstern, I., Lukatskaya, O., Moon, S. H., Guo, W. R., Shaji, J., Karatayev, O., et al. (2013). Stimulation of nicotine reward and central cholinergic activity in Sprague-Dawley rats exposed perinatally to a fat-rich diet. Psychopharmacology 230, 509–524. doi: 10.1007/s00213-013-3178-6

Morris, M. J., Beilharz, J. E., Maniam, J., Reichelt, A. C., and Westbrook, R. F. (2015). Why is obesity such a problem in the 21st century? The intersection of palatable food, cues and reward pathways, stress, and cognition. Neurosci. Biobehav. Rev. 58, 36–45. doi: 10.1016/j.neubiorev.2014.12.002

Naef, L., Moquin, L., Dal, Bo, G., Giros, B., Gratton, A., et al. (2011). Maternal high-fat intake alters presynaptic regulation of dopamine in the nucleus accumbens and increases motivation for fat rewards in the offspring. Neuroscience 176, 225–236. doi: 10.1016/j.neuroscience.2010.12.037

Naef, L., Srivastava, L., Gratton, A., Hendrickson, H., Owens, S. M., and Walker, C.-D. (2008). Maternal high fat diet during the perinatal period alters mesocorticolimbic dopamine in the adult rat offspring: reduction in the behavioral responses to repeated amphetamine administration. Psychopharmacology 197, 83–94. doi: 10.1007/s00213-007-1008-4

Naneix, F., Darlot, F., Coutureau, E., and Cador, M. (2016). Long-lasting deficits in hedonic and nucleus accumbens reactivity to sweet rewards by sugar overconsumption during adolescence. Eur. J. Neurosci. 43, 671–680. doi: 10.1111/ejn.13149

Naneix, F., Darlot, F., De Smedt-Peyrusse, V., Pape, J. R., Coutureau, E., and Cador, M. (2018). Protracted motivational dopamine-related deficits following adolescence sugar overconsumption. Neuropharmacology 129, 16–25. doi: 10.1016/j.neuropharm.2017.11.021

Naneix, F., Tantot, F., Glangetas, C., Kaufling, J., Janthakhin, Y., Boitard, C., et al. (2017). Impact of early consumption of high-fat diet on the mesolimbic dopaminergic system. eNeuro 4:ENEURO.0120–17.2017. doi: 10.1523/ENEURO.0120-17.2017

Nascimento Häckl, L. P., and Carobrez, A. P. (2007). Distinct ventral and dorsal hippocampus AP5 anxiolytic effects revealed in the elevated plus-maze task in rats. Neurobiol. Learn. Mem. 88, 177–185. doi: 10.1016/j.nlm.2007.04.007

Noble, E. E., Hsu, T. M., Liang, J., and Kanoski, S. E. (2019). Early-life sugar consumption has long-term negative effects on memory function in male rats. Nutr. Neurosci. 22, 273–283. doi: 10.1080/1028415X.2017.1378851

Noble, E. E., and Kanoski, S. E. (2016). Early life exposure to obesogenic diets and learning and memory dysfunction. Curr. Opin. Behav. Sci. 9, 7–14. doi: 10.1016/j.cobeha.2015.11.014

Ofen, N. (2012). The development of neural correlates for memory formation. Neurosci. Biobehav. Rev. 36, 1708–1717. doi: 10.1016/j.neubiorev.2012.02.016

Ong, Z. Y., and Muhlhausler, B. S. (2011). Maternal “junk-food” feeding of rat dams alters food choices and development of the mesolimbic reward pathway in the offspring. Faseb J. 25, 2167–2179. doi: 10.1096/fj.10-178392

Ong, Z. Y., and Muhlhausler, B. S. (2014). Consuming a low-fat diet from weaning to adulthood reverses the programming of food preferences in male, but not in female, offspring of ‘junk food’-fed rat dams. Acta Physiol. 210, 127–141. doi: 10.1111/apha.12132

Ostlund, S. B., LeBlanc, K. H., Kosheleff, A. R., Wassum, K. M., and Maidment, N. T. (2014). Phasic mesolimbic dopamine signaling encodes the facilitation of incentive motivation produced by repeated cocaine exposure. Neuropsychopharmacology 39, 2441–2449. doi: 10.1038/npp.2014.96

Packard, A. E. B., Egan, A. E., and Ulrich-Lai, Y. M. (2016). HPA axis interactions with behavioral systems. Compreh. Physiol. 6, 1897–1934. doi: 10.1002/cphy.c150042

Page, K. C., Jones, E. K., and Anday, E. K. (2014). Maternal and postweaning high-fat diets disturb hippocampal gene expression, learning, and memory function. Am. J. Physiol. Regul. Integr. Comp. Physiol. 306, R527–R537. doi: 10.1152/ajpregu.00319.2013

Paradis, J., Boureau, P., Moyon, T., Nicklaus, S., Parnet, P., and Paillé, V. (2017). Perinatal western diet consumption leads to profound plasticity and GABAergic phenotype changes within hypothalamus and reward pathway from birth to sexual maturity in rat. Front. Endocrinol. 8:216. doi: 10.3389/fendo.2017.00216

Peleg-Raibstein, D., Luca, E., and Wolfrum, C. (2012). Maternal high-fat diet in mice programs emotional behavior in adulthood. Behav. Brain Res. 233, 398–404. doi: 10.1016/j.bbr.2012.05.027

Peleg-Raibstein, D., Sarker, G., Litwan, K., Krämer, S. D., Ametamey, S. M., Schibli, R., et al. (2016). Enhanced sensitivity to drugs of abuse and palatable foods following maternal overnutrition. Transl. Psychiatry 6:e911. doi: 10.1038/tp.2016.176

Pi, G., Gao, D., Wu, D., Wang, Y., Lei, H., Zeng, W., et al. (2020). Posterior basolateral amygdala to ventral hippocampal CA1 drives approach behaviour to exert an anxiolytic effect. Nat. Commun. 11:183. doi: 10.1038/s41467-019-13919-3

Pompili, S., and Laghi, F. (2019). Binge eating and binge drinking among adolescents: the role of drinking and eating motives. J. Health Psychol. 24, 1505–1516. doi: 10.1177/1359105317713359

Privitera, G. J., Zavala, A. R., Sanabria, F., and Sotak, K. L. (2011). High fat diet intake during pre and periadolescence impairs learning of a conditioned place preference in adulthood. Behav. Brain Funct. 7:21. doi: 10.1186/1744-9081-7-21

Quillfeldt, J. A. (2016). “Behavioral methods to study learning and memory in rats,” in Rodent Model as Tools in Ethical Biomedical Research, eds L. M. Andersen and S. Tufik (Cham: Springer International Publishing), 271–311.

Rabasa, C., Winsa-Jörnulf, J., Vogel, H., Babaei, C. S., Askevik, K., and Dickson, S. L. (2016). Behavioral consequences of exposure to a high fat diet during the post-weaning period in rats. Horm. Behav. 85, 56–66. doi: 10.1016/j.yhbeh.2016.07.008

Reedy, J., and Krebs-Smith, S. M. (2010). Dietary sources of energy, solid fats, and added sugars among children and adolescents in the United States. J. Am. Dietet. Assoc. 110, 1477–1484. doi: 10.1016/j.jada.2010.07.010

Reichelt, A. C., Gibson, G. D., Abbott, K. N., and Hare, D. J. (2019). A high-fat high-sugar diet in adolescent rats impairs social memory and alters chemical markers characteristic of atypical neuroplasticity and parvalbumin interneuron depletion in the medial prefrontal cortex. Food Funct. 10, 1985–1998. doi: 10.1039/c8fo02118j

Reichelt, A. C., Killcross, S., Hambly, L. D., Morris, M. J., and Westbrook, R. F. (2015). Impact of adolescent sucrose access on cognitive control, recognition memory, and parvalbumin immunoreactivity. Learn. Mem. 22, 215–224. doi: 10.1101/lm.038000.114

Reichelt, A. C., Loughman, A., Bernard, A., Raipuria, M., Abbott, K. N., Dachtler, J., et al. (2020). An intermittent hypercaloric diet alters gut microbiota, prefrontal cortical gene expression and social behaviours in rats. Nutr. Neurosci. 23, 613–627. doi: 10.1080/1028415X.2018.1537169

Reynolds, C. M., Segovia, S. A., and Vickers, M. H. (2017). Experimental models of maternal obesity and neuroendocrine programming of metabolic disorders in offspring. Front. Endocrinol. 8:245. doi: 10.3389/fendo.2017.00245

Rincel, M., Lépinay, A. L., Delage, P., Fioramonti, J., Théodorou, V. S., Layé, S., et al. (2016). Maternal high-fat diet prevents developmental programming by early-life stress. Transl. Psychiatry 6:e966. doi: 10.1038/tp.2016.235

Rincel, M., Lépinay, A. L., Janthakhin, Y., Soudain, G., Yvon, S., Da Silva, S., et al. (2018). Maternal high-fat diet and early life stress differentially modulate spine density and dendritic morphology in the medial prefrontal cortex of juvenile and adult rats. Brain Struct. Funct. 223, 883–895. doi: 10.1007/s00429-017-1526-8

Robertson, S. H., and Rasmussen, E. B. (2017). Effects of a cafeteria diet on delay discounting in adolescent and adult rats: alterations on dopaminergic sensitivity. J. Psychopharmacol. 31, 1419–1429. doi: 10.1177/0269881117735750

Rossi, M. A., and Yin, H. H. (2012). Methods for studying habitual behavior in mice. Curr. Protoc. Neurosci. Chapter 8, Unit 8.29. doi: 10.1002/0471142301.ns0829s60

Roversi, K., Pase, C. S., Roversi, K., Vey, L. T., Dias, V. T., Metz, V. G., et al. (2016). Trans fat intake across gestation and lactation increases morphine preference in females but not in male rats: behavioral and biochemical parameters. Eur. J. Pharmacol. 788, 210–217. doi: 10.1016/j.ejphar.2016.06.031

Salvy, S.-J., de la Haye, K., Bowker, J. C., and Hermans, R. C. J. (2012). Influence of peers and friends on children’s and adolescents’ eating and activity behaviors. Physiol. Behav. 106, 369–378. doi: 10.1016/j.physbeh.2012.03.022

Sampey, B. P., Vanhoose, A. M., Winfield, H. M., Freemerman, A. J., Muehlbauer, M. J., Fueger, P. T., et al. (2011). Cafeteria diet is a robust model of human metabolic syndrome with liver and adipose inflammation: comparison to high-fat diet. Obesity 19, 1109–1117. doi: 10.1038/oby.2011.18

Sarker, G., Berrens, R., von Arx, J., Pelczar, P., Reik, W., Wolfrum, C., et al. (2018). Transgenerational transmission of hedonic behaviors and metabolic phenotypes induced by maternal overnutrition. Transl. Psychiatry 8:195. doi: 10.1038/s41398-018-0243-2

Sarker, G., Litwan, K., Kastli, R., and Peleg-Raibstein, D. (2019). Maternal overnutrition during critical developmental periods leads to different health adversities in the offspring: relevance of obesity, addiction and schizophrenia. Sci. Rep. 9:17322. doi: 10.1038/s41598-019-53652-x

Sasaki, A., de Vega, W., Sivanathan, S., St-Cyr, S., and McGowan, P. (2014). Maternal high-fat diet alters anxiety behavior and glucocorticoid signaling in adolescent offspring. Neuroscience 272, 92–101. doi: 10.1016/j.neuroscience.2014.04.012

Sasaki, A., de Vega, W. C., St-Cyr, S., Pan, P., and McGowan, P. O. (2013). Perinatal high fat diet alters glucocorticoid signaling and anxiety behavior in adulthood. Neuroscience 240, 1–12. doi: 10.1016/j.neuroscience.2013.02.044

Saunders, B. T., Richard, J. M., Margolis, E. B., and Janak, P. H. (2018). Dopamine neurons create Pavlovian conditioned stimuli with circuit-defined motivational properties. Nat. Neurosci. 21, 1072–1083. doi: 10.1038/s41593-018-0191-4

Segovia, S. A., Vickers, M. H., and Reynolds, C. M. (2017). The impact of maternal obesity on inflammatory processes and consequences for later offspring health outcomes. J. Dev. Orig. Health Dis. 8, 529–540. doi: 10.1017/S2040174417000204

Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M., and Noble-Haeusslein, L. J. (2013). Brain development in rodents and humans: identifying benchmarks of maturation and vulnerability to injury across species. Prog. Neurobiol. 106-107, 1–16. doi: 10.1016/j.pneurobio.2013.04.001

Sharp, G. C., and Lawlor, D. A. (2019). Paternal impact on the life course development of obesity and type 2 diabetes in the offspring. Diabetologia 62, 1802–1810. doi: 10.1007/s00125-019-4919-9

Sharp, P. B., Miller, G. A., and Heller, W. (2015). Transdiagnostic dimensions of anxiety: neural mechanisms, executive functions, and new directions. Int. J. Psychophysiol. 98, 365–377. doi: 10.1016/j.ijpsycho.2015.07.001

Simmonds, M., Llewellyn, A., Owen, C. G., and Woolacott, N. (2016). Predicting adult obesity from childhood obesity: a systematic review and meta-analysis. Obes. Rev. 17, 95–107. doi: 10.1111/obr.12334

Singewald, N., Salchner, P., and Sharp, T. (2003). Induction of c-Fos expression in specific areas of the fear circuitry in rat forebrain by anxiogenic drugs. Biol. Psychiatry 53, 275–283. doi: 10.1016/s0006-3223(02)01574-3

Small, D. M., Jones-Gotman, M., and Dagher, A. (2003). Feeding-induced dopamine release in dorsal striatum correlates with meal pleasantness ratings in healthy human volunteers. Neuroimage 19, 1709–1715. doi: 10.1016/s1053-8119(03)00253-2

Smith, K. S., and Berridge, K. C. (2007). Opioid limbic circuit for reward: interaction between hedonic hotspots of nucleus accumbens and ventral pallidum. J. Neurosci. 27, 1594–1605. doi: 10.1523/JNEUROSCI.4205-06.2007

Song, L., Cui, J., Wang, N., Wang, R., Yan, J., and Sun, B. (2020). Maternal exercise during gestation and lactation decreases high-fat diet preference by altering central reward system gene expression in adult female offspring from high-fat fed dams. Behav. Brain Res. 390:112660. doi: 10.1016/j.bbr.2020.112660

Spear, L. P. (2016). Consequences of adolescent use of alcohol and other drugs: studies using rodent models. Neurosci. Biobehav. Rev. 70, 228–243. doi: 10.1016/j.neubiorev.2016.07.026

Speight, A., Davey, W. G., McKenna, E., and Voigt, J. P. W. (2017). Exposure to a maternal cafeteria diet changes open-field behaviour in the developing offspring. Int. J. Dev. Neurosci. 57, 34–40. doi: 10.1016/j.ijdevneu.2016.12.005

Steele, C. C., Pirkle, J. R. A., Davis, I. R., and Kirkpatrick, K. (2019). Dietary effects on the determinants of food choice: impulsive choice, discrimination, incentive motivation, preference, and liking in male rats. Appetite 136, 160–172. doi: 10.1016/j.appet.2019.01.023

Tandon, P. S., Tovar, A., Jayasuriya, A. T., Welker, E., Schober, D. J., Copeland, K., et al. (2016). The relationship between physical activity and diet and young children’s cognitive development: a systematic review. Prev. Med. Rep. 3, 379–390. doi: 10.1016/j.pmedr.2016.04.003

Tantot, F., Parkes, S. L., Marchand, A. R., Boitard, C., Naneix, F., Layé, S., et al. (2017). The effect of high-fat diet consumption on appetitive instrumental behavior in rats. Appetite 108, 203–211. doi: 10.1016/j.appet.2016.10.001

Teegarden, S. L., Scott, A. N., and Bale, T. L. (2009). Early life exposure to a high fat diet promotes long-term changes in dietary preferences and central reward signaling. Neuroscience 162, 924–932. doi: 10.1016/j.neuroscience.2009.05.029

Teixeira, A. E., Rocha-Gomes, A., Pereira, dos Santos, T., Amaral, B. L. S., da Silva, A. A., et al. (2020). Cafeteria diet administered from lactation to adulthood promotes a change in risperidone sensitivity on anxiety, locomotion, memory, and social interaction of Wistar rats. Physiol. Behav. 220, 112874. doi: 10.1016/j.physbeh.2020.112874

Thiel, K. J., Sanabria, F., and Neisewander, J. L. (2009). Synergistic interaction between nicotine and social rewards in adolescent male rats. Psychopharmacology 204, 391–402. doi: 10.1007/s00213-009-1470-2

Tompkins, C. L., Laurent, J., and Brock, D. W. (2017). Food addiction: a barrier for effective weight management for obese adolescents. Childhood Obes. 13, 462–469. doi: 10.1089/chi.2017.0003

Torre, V. A., Machado, A. G., Couto-Pereira, N. S., Arcego, D. M., Vieira, A., dos, S., et al. (2020). Consumption of a palatable diet rich in simple sugars during development impairs memory of different degrees of emotionality and changes hippocampal plasticity according to the age of the rats. Int. J. Dev. Neurosci. [Epub ahead of print] doi: 10.1002/jdn.10032

Tozuka, Y., Kumon, M., Wada, E., Onodera, M., Mochizuki, H., and Wada, K. (2010). Maternal obesity impairs hippocampal BDNF production and spatial learning performance in young mouse offspring. Neurochem. Int. 57, 235–247. doi: 10.1016/j.neuint.2010.05.015

Tye, K. M., Prakash, R., Kim, S.-Y., Fenno, L. E., Grosenick, L., Zarabi, H., et al. (2011). Amygdala circuitry mediating reversible and bidirectional control of anxiety. Nature 471, 358–362. doi: 10.1038/nature09820

Uchida, S., Hara, K., Kobayashi, A., Funato, H., Hobara, T., Otsuki, K., et al. (2010). Early life stress enhances behavioral vulnerability to stress through the activation of REST4-mediated gene transcription in the medial prefrontal cortex of rodents. J. Neurosci. 30, 15007–15018. doi: 10.1523/JNEUROSCI.1436-10.2010

Uekita, T., and Okanoya, K. (2011). Hippocampus lesions induced deficits in social and spatial recognition in Octodon degus. Behav. Brain Res. 219, 302–309. doi: 10.1016/j.bbr.2011.01.042

Underwood, E. L., and Thompson, L. T. (2016). A high-fat diet causes impairment in hippocampal memory and sex-dependent alterations in peripheral metabolism. Neural Plast. 2016:7385314. doi: 10.1155/2016/7385314

Valladolid-Acebes, I., Fole, A., Martín, M., Morales, L., Victoria Cano, M., Ruiz-Gayo, M., et al. (2013). Spatial memory impairment and changes in hippocampal morphology are triggered by high-fat diets in adolescent mice. Is there a role of leptin? Neurobiol. Learn. Mem. 106, 18–25. doi: 10.1016/j.nlm.2013.06.012

Valladolid-Acebes, I., Stucchi, P., Cano, V., Fernández-Alfonso, M. S., Merino, B., Gil-Ortega, M., et al. (2011). High-fat diets impair spatial learning in the radial-arm maze in mice. Neurobiol. Learn. Mem. 95, 80–85. doi: 10.1016/j.nlm.2010.11.007

Van den Berg, C. L., Pijlman, F. T. A., Koning, H. A. M., Diergaarde, L., Van Ree, J. M., and Spruijt, B. M. (1999). Isolation changes the incentive value of sucrose and social behaviour in juvenile and adult rats. Behav. Brain Res. 106, 133–142. doi: 10.1016/S0166-4328(99)00099-6

Vega-Torres, J. D., Azadian, M., Rios-Orsini, R. A., Reyes-Rivera, A. L., Ontiveros-Angel, P., and Figueroa, J. D. (2020). Adolescent vulnerability to heightened emotional reactivity and anxiety after brief exposure to an obesogenic diet. Front. Neurosci. 14:562. doi: 10.3389/fnins.2020.00562

Vega-Torres, J. D., Haddad, E., Lee, J. B., Kalyan-Masih, P., Maldonado George, W. I., López Pérez, L., et al. (2018). Exposure to an obesogenic diet during adolescence leads to abnormal maturation of neural and behavioral substrates underpinning fear and anxiety. Brain Behav. Immun. 70, 96–117. doi: 10.1016/j.bbi.2018.01.011

Vendruscolo, L. F., Gueye, A. B., Darnaudéry, M., Ahmed, S. H., and Cador, M. (2010). Sugar overconsumption during adolescence selectively alters motivation and reward function in adult rats. PLoS One 5:e9296. doi: 10.1371/journal.pone.0009296

Vinuesa, A., Pomilio, C., Menafra, M., Bonaventura, M. M., Garay, L., Mercogliano, M. F., et al. (2016). Juvenile exposure to a high fat diet promotes behavioral and limbic alterations in the absence of obesity. Psychoneuroendocrinology 72, 22–33. doi: 10.1016/j.psyneuen.2016.06.004

Vuong, B., Odero, G., Rozbacher, S., Stevenson, M., Kereliuk, S. M., Pereira, T. J., et al. (2017). Exposure to gestational diabetes mellitus induces neuroinflammation, derangement of hippocampal neurons, and cognitive changes in rat offspring. J. Neuroinflam. 14:80. doi: 10.1186/s12974-017-0859-9

Wang, C., Chan, J. S. Y., Ren, L., and Yan, J. H. (2016). Obesity reduces cognitive and motor functions across the lifespan. Neural. Plast. 2016:2473081. doi: 10.1155/2016/2473081

White, C. L., Pistell, P. J., Purpera, M. N., Gupta, S., Fernandez-Kim, S.-O., Hise, T. L., et al. (2009). Effects of high fat diet on Morris maze performance, oxidative stress, and inflammation in rats: contributions of maternal diet. Neurobiol. Dis. 35, 3–13. doi: 10.1016/j.nbd.2009.04.002

Winther, G., Elfving, B., Müller, H. K., Lund, S., and Wegener, G. (2018). Maternal high-fat diet programs offspring emotional behavior in adulthood. Neuroscience 388, 87–101. doi: 10.1016/j.neuroscience.2018.07.014

Wouters, E. J., Larsen, J. K., Kremers, S. P., Dagnelie, P. C., and Geenen, R. (2010). Peer influence on snacking behavior in adolescence. Appetite 55, 11–17. doi: 10.1016/j.appet.2010.03.002

Wright, T., Langley-Evans, S. C., and Voigt, J. P. (2011). The impact of maternal cafeteria diet on anxiety-related behaviour and exploration in the offspring. Physiol. Behav. 103, 164–172. doi: 10.1016/j.physbeh.2011.01.008

Wu, T., Deng, S., Li, W.-G., Yu, Y., Li, F., and Mao, M. (2013). Maternal obesity caused by overnutrition exposure leads to reversal learning deficits and striatal disturbance in rats. PLoS One 8:e78876. doi: 10.1371/journal.pone.0078876

Wyvell, C. L., and Berridge, K. C. (2001). Incentive sensitization by previous amphetamine exposure: increased cue-triggered “wanting” for sucrose reward. J. Neurosci. 21, 7831–7840.

Xu, H., Hu, W., Zhang, X., Gao, W., Liang, M., Chen, T., et al. (2011). The effect of different maternal deprivation paradigms on the expression of hippocampal glucocorticoid receptors, calretinin and calbindin-D28k in male and female adolescent rats. Neurochem. Int. 59, 847–852. doi: 10.1016/j.neuint.2011.07.010

Yang, Y., Duan, C., Huang, L., Xia, X., Zhong, Z., Wang, B., et al. (2020). Juvenile high–fat diet–induced senescent glial cells in the medial prefrontal cortex drives neuropsychiatric behavioral abnormalities in mice. Behav. Brain Res. 395:112838. doi: 10.1016/j.bbr.2020.112838

Yaseen, A., Shrivastava, K., Zuri, Z., Hatoum, O. A., and Maroun, M. (2019). Prefrontal oxytocin is involved in impairments in prefrontal plasticity and social memory following acute exposure to high fat diet in juvenile animals. Cereb. Cortex 29, 1900–1909. doi: 10.1093/cercor/bhy070

Yee, B. K., Zhu, S.-W., Mohammed, A. H., and Feldon, J. (2007). Levels of neurotrophic factors in the hippocampus and amygdala correlate with anxiety- and fear-related behaviour in C57BL6 mice. J. Neural Transm. 114, 431–444. doi: 10.1007/s00702-006-0548-9

Zahedi, H., Kelishadi, R., Heshmat, R., Motlagh, M. E., Ranjbar, S. H., Ardalan, G., et al. (2014). Association between junk food consumption and mental health in a national sample of Iranian children and adolescents: the CASPIAN-IV study. Nutrition 30, 1391–1397. doi: 10.1016/j.nut.2014.04.014

Zieba, J., Uddin, G. M., Youngson, N. A., Karl, T., and Morris, M. J. (2019). Long-term behavioural effects of maternal obesity in C57BL/6J mice. Physiol. Behav. 199, 306–313. doi: 10.1016/j.physbeh.2018.11.004


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Tsan, Décarie-Spain, Noble and Kanoski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-15-632312-g002.jpg
High fat diet o

Y=

7;,‘5

Enhanced spatial
L" learning and memory
, i

Impaired object
learning & memory

8 Ng
~CA Y

Western diet

e

Impaired learning

&memory  _meee
}Western diet ~
g ( ¢ 7 \,
Developmental stage I | »

Pre/perinatal Adolescence Adulthood

'Learning and Memory

+ Consuming high fat diets during the pre/perinatal period can enhance spatial
memory (A), whereas consuming a Western diet during the pre/perinatal period can
impair object recognition-based learning and memory (B)."

- Adolescent Western diet consumption impairs spatial and episodic memory (C)."
* These outcomes can occur independent of obesity and metabolic impairments

* Underlying neurobiological mechanisms involve altered signaling pathways in the
amygdala, medial prefrontal cortex, and hippocampus, including glucocorticoid
signaling and neuroinflammation

*
. Effects may vary based on behavioral test, sex as a variable, rodent species, strain, diet composition, and diet duration





OPS/images/fnins-15-632312-g001.jpg
Anxiety-like
behavior

Early life stress (e.g.,
maternal separation)

Il

Dam

@« | Western diet

/ - Anxiety-like

@« e '° ﬁbehawor
N )

~ 1

;,— N b (& @
e ———— e ——

Anxiety-like

o~ 3 -\‘. behavior

B A\Western diet H %

Early life stress (e.g.,

maternal separation) <‘° | | ||
, —

4

— e — D

— Anxiety-like

Q}R e behavior

Western diet

Y I
Ll e [T

Developmental stage

| | ] >
| I | »

Prenatal Perinatal Adolescence Adulthood

( inxiety-like behavior
« Early life Western diet consumption increases anxiety-like behavior.”
* However, early life Western diet consumption can also alleviate the effects of early
life stress on anxiety-like behavior.”
* These outcomes can occur independent of obesity and metabolic impairments
+ Underlying neurobiological mechanisms involve altered signaling pathways in the

hippocampus, amygdala, nucleus accumbens, and medial prefrontal cortex.

*
\_Effects may vary based on behavioral test, sex as a variable, rodent species, strain, diet composition, and diet duration /






OPS/images/fnins-15-632312-g004.jpg
High fat diet Impaired social memory &
1 play behavior

. v e

— A e
Impaired social memory &
. . play behavior
High fat diet ) ° &
-t R o
Protects against social
defeat stress
) @ N Western diet
Ny ) g A o
w ( ; S
~— G — ) 8 '°—> o o—
Developmental stage I : >
Pre/perinatal Adolescence Adulthood

“Social behavior
* Early life Western diet consumption impairs social memory and alters play behavior,
but may be protective against social defeat stress in adulthood.”
* These outcomes can occur independent of obesity and metabolic impairments
+ Underlying neurobiological mechanisms involve altered signaling pathways in the
medial prefrontal cortex, including dopaminergic and oxytocinergic pathways,

neuroplasticity, neuroinflammation, and oxidative stress

*
_ Effects may vary based on behavioral test, sex as a variable, rodent species, strain, diet composition, and diet duration )





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Western Diet Consumption During Development: Setting the Stage for Neurocognitive Dysfunction



		INTRODUCTION



		ANXIETY-LIKE BEHAVIOR



		Behavioral Models and Neural Substrates



		Perinatal WD Exposure



		Adolescent WD Consumption



		Summary







		LEARNING AND MEMORY



		Behavioral Tests



		Perinatal WD Consumption



		Adolescent WD Consumption



		Summary







		REWARD-MOTIVATED BEHAVIOR



		Behavioral Models and Neural Substrates



		Perinatal WD Exposure



		Adolescent WD Exposure



		Summary







		SOCIAL BEHAVIOR



		Behavioral Tests and Neural Substrates



		Prenatal/Perinatal WD Exposure



		Adolescent WD Exposure



		Summary







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnins-15-632312-g003.jpg
Small reinforcement Larger reinforcement
(no delay) (with delay)

/

Western diet

%0

A’ = QS ——

ﬁ Impulsivity

Small reinforcement Larger reinforcement

(no delay) (with delay)
/
P¥N o Western diet ﬁ Impulsivity
P !O
- =
Developmental stage | i B
Pre/perinatal Adolescence Adulthood

/Reward-motivated behavior

* Early life Western diet consumption increases impulsive responding for palatable
food.”

* These outcomes can occur independent of obesity and metabolic impairments

+ Underlying neurobiological mechanisms involved altered signaling pathways in the

striatum, ventral tegmental area, and medial prefrontal cortex, including dopamine

and opioid signaling

\ “Effects may vary based on behavioral test, sex as a variable, rodent species, strain, diet composition, and diet duration ;






OPS/images/cover.jpg
, frontiers
In Neuroscience










OPS/images/logo.jpg
' frontiers

in Neuroscience





