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Chapter 1: Introduction 

Overview 

The prevalence of obesity in the United States has skyrocketed in the last 60 years from 

13% of the population in 1960 to almost 40% in 2016, currently affecting over 93 million US 

adults (Center for Disease Control). Excessive palatable food intake consumption is a significant 

contributor to the development of obesity in otherwise healthy individuals. Thus, understanding 

the central mechanisms that govern hedonic food intake is essential in developing novel 

hypotheses that lead to treatments for this disorder.  

Hunger exists as one of the most primitive and powerful urges that we experience, 

governed by a multitude of interconnected pathways within the brain and by connections 

between the brain and periphery. The hypothalamus in particular sits in a position to receive 

signals from the gut to centrally regulate homeostatic hunger and satiety perception. However, 

in higher mammals, food intake is not exclusively homeostatically driven, but is instead 

governed by higher cognitive regions through hedonics and emotion. Indeed, rats sated on a 

normal chow diet will continue to eat when presented with palatable food (reviewed in Cowin et 

al., 2011), and cues that predict food can stimulate food intake independent of physiological 

hunger (Reppucci and Petrovich, 2012). Together, these studies help illustrate the complexities 

of food intake regulation; peripheral and hypothalamic signaling drive physiological food intake, 

while food intake driven by psychological factors is mainly controlled by various cortical nuclei. 

Homeostatic and hedonic pathways must be centrally integrated to ultimately drive the decision 

to eat. The prefrontal cortex (PFC) is critical to this integration, coordinating information through 

long-range connections to many different brain regions to drive goal-directed behavioral output, 

such as food intake (reviewed in Mannella et al., 2013). This dissertation will briefly summarize 

our current scientific understanding of the PFC with respect to its role in the regulation of food 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3132131/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3446245/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3805952/
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intake as well as other complex behaviors, in addition to how our laboratory has made progress 

within this field to better our understanding of specific neuronal mechanisms that drive PFC-

mediated food intake and other behaviors that affect ingestion. 

1.0 PFC Structure 

The last cortical area to arise in evolutionary history, the PFC comprises the outer layer 

of the most rostral portion of the frontal lobe (i.e. the prefrontal lobe) and is exclusive to the 

mammalian brain (Teffer and Semendeferi, 2012). There appears to be correlation between 

PFC size and cognitive complexity across species; the human PFC occupies a much larger 

region of the cerebral cortex than other mammalian counterparts, but shares similar 

organization to those of other primate species (Miller et al., 2002). With respect to 

cytoarchitectonics in humans, the PFC is composed of Brodmann areas 9, 10, 11, 12, 46, and 

47 (Teffer and Semendeferi, 2012). Despite that extensive research aimed at elucidating PFC 

function utilizes rodents as animal models, functional mapping of the primate PFC directly onto 

rodent cortical areas has proven challenging. Morphological differences between the brains of 

these two organisms result in no one area in rodents fulfilling the gross anatomical position 

occupied by the primate PFC, yet the medial wall of the rat cortex subserves behavioral 

functions homologous to those regulated by the PFC in primates (reviewed Brown and 

Bowman, 2002). Thus, elucidating behavioral function in this cortical region in rats can provide 

translational insight into cognitive processing in primates.   

In the rodent, the PFC encompasses several cortical areas and can be further 

subdivided based on structural and functional data: the anterior cingulate- (ACC), prelimbic- 

(PL), infralimbic- (IL), and dorsal peduncular cortices comprise the medial prefrontal cortex 

(mPFC), while the orbital frontal cortex (OFC) contains the dorsolateral, lateral, medial, and 

ventral orbital cortices (Logue et al., 2014). The presence of cortical granular layer IV also 

delineates the PFC from surrounding cortical areas in primates, though this layer is absent in 
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non-primate species (Uylings et al., 2003). Thus, identifying the specific cortical boundaries of 

the PFC across species has been challenging due to the lack of a single functional or 

anatomical definition of this area. 

1.01 Afferent and Efferent PFC Projections 

The PFC was defined in 1948 as the cortical projection area to the mediodorsal thalamic 

nucleus (Rose and Woolsey, 1948), but it has since been demonstrated that PFC projects and 

receives projections from a multitude of nuclei and that attempting to classify the area by single 

criterion is inadequate. Indeed, while striking morphological differences within the PFC exist 

between the rat and human, they do share many common projections and functional roles.  

The PFC receives no direct input from the periphery and thus sensory information is 

relayed through afferents spanning from the brainstem to other cortical areas. In addition to the 

bidirectional connections that exist between the PFC and the medial thalamic nucleus (MD), the 

visual- (V1), auditory- (Au1), somatosensory- (S1), granular insular- (GI), and olfactory cortices 

(OC) all relay information to various PFC subregions (Barbas, 1992). Specifically, the lateral 

portions of the mPFC predominately receive visual, auditory, and somatosensory information 

while gustatory and olfactory afferents target the more rostral OFC (Barbas, 2000). The PFC 

sends direct projections to the lateral septum (LS, Johnson et al., 1968) and also projects to- 

and receives afferents from the amygdala (AMG), which forms three main loops of interaction 

targeting:  

1) the agranular insular cortex (AIC, defined as PFC dorsal to the rhinal sulcus),  

2) the IL, and the PL in rodents, and  

3) an additional 2 loops including the OFC and ACC in primates (Mannella et al., 2013).  

The ventral mPFC forms a striato-cortical loop with the nucleus accumbens (Acb, reviewed in 

Manella et al. 2013, Del Arco and Mora, 2008). Not all of these mPFC-Acb projections are 

glutamatergic; Lee et al. in 2014 found that fast-spiking PV cells in the mPFC project to the Acb. 
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In the diencephalon, the lateral hypothalamus (LH) receives PFC afferents (Petrovich et al., 

2005), while the entorhinal cortex (Ent) receives afferents from both the PFC and the 

hippocampus (HIP) and thus serves a communicative relay between the two. The ventral 

tegmental area (VTA) in the midbrain also shares reciprocate projections with the PFC. The 

PFC receives norepinephrine (NE) inputs from the locus coeruleus (LC), serotonergic (5HT) 

inputs from the dorsal raphe nucleus (DR), and cholinergic inputs from the nucleus basalis of 

Meynert (NBM) in the basal forebrain (Logue and Gould, 2014). Figure 2 provides a schematic 

of these mPFC projections. 

1.02 Neurons of the PFC 

Many distinct neuronal subtypes comprise the complex PFC neural network. As in other 

neocortical areas, neurons of the PFC are arranged in six layers (I-VI, Markram et al., 2004). 

Approximately 70-80% of neocortical neurons are glutamatergic pyramidal (PYR) neurons, 

which function as the primary excitatory cells of the PFC (Garcia-Lopez et al., 2006). They 

reside predominantly in layers III and V and are morphologically distinguishable from other cell 

types, as their name implies, by their triangular-shaped somas (Markram et al., 2004, Garcia 

Lopez et al., 2006). Other hallmark features include a single axon, one large apical dendrite, 

multiple basal dendrites, and the presence of dendritic spines, which facilitate the ability of PYR 

neurons to integrate information from massive quantities of neighboring cells. Indeed, the 

average human PYR neuron can receive over 30,000 regulatory inputs; many of which target 

the apical dendrite, which can have upwards of 6000 dendritic spines (Megias et al., 2001, 

Laberge and Kasevich, 2007).  

The remaining 20-30% of neocortical neurons are comprised of many diverse subclasses of 

interneurons (INs), the majority of which are GABAergic, which through complex synergies with 

each other and PYR neurons govern PYR excitatory output (Markram et al., 2004). Sometimes 

referred to as ‘local circuit neurons,’ their axons tend to project laterally across cortical columns 
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but not into white matter to synapse in other brain regions, thus restricting their innervations to 

neurons within the neocortex. Marked differences exist between IN subclasses with respect to 

their morphologies and their physiological functions. Within the PFC, at least four of these 

subclasses exist (Markram et al., 2004, Marin, 2012): 

• Basket cells, so named because of their basket-like appearance around PYR neuron 

somata, comprise approximately 50% of INs. These cells are fast-spiking (FS, 

Kawaguchi and Kondo, 2003) and can be further subdivided into large, small, and nest 

basket cells. 

o  Large basket cells are widely distributed through cortical layers and can express 

calbindin (CB), neuropeptide Y (NPY), cholecystokinin (CCK), calretinin (CR), 

parvalbumin (PV), and somatostatin (SOM), but do not express vasoactive 

intestinal peptide (VIP). 

o Small basket cells also distribute through layers I-VI and have particularly 

densely arborized axons that, in contrast to other IN subtypes, seldom cross 

cortical layers. They can be identified by their expression of VIP. 

o Nest basket cells are less understood than other basket cell subtypes, only being 

identified as a separate subclass of basket cells in 2002 (Wang et al.). They have 

less axonal branching than other basket cells and express all of the 

aforementioned chemical markers expressed by other basket cell subtypes, with 

the exception of CR and VIP. 

• Bipolar cells, spanning layers II-VI, are so named because of their distinct morphology; a 

majority of these cells express both VIP and GABA (Kubota et al., 1994). 

• Martinotti cells are non-FS and characterized by their long axons projecting to layer I 

from layers II through VI, as well as their elaborate dendritic trees. They express SOM 

but not PV nor VIP. 
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• Chandelier cells have characteristic axon boutons resembling elegant light fixtures and 

span cortical layers II-VI. They express either one or both PV and CB and are non-FS 

(Kawaguchi and Kondo, 2003).  

1.03 Local PFC Neuron Connectivity  

A popular research strategy in recent years is to selectively isolate and target INs by 

their molecular definitions, which is advantageous for two main reasons: 

1. Three major subpopulations of INs that comprise nearly 85% of all cortical 

neurons are uniquely defined by the markers they express: SOM, PV, or VIP 

(Rudy et al., 2011). 

2. Experimentally targeting neurons by these markers is both reliable and 

replicable. 

Within these three main IN subpopulations, interconnectivities and physiological functions can 

be mapped through a synthesis of recent data from different research groups (Figure 1): 

• PV-expressing GABAergic large basket- and chandelier cells tightly couple to PYR 

somata and proximal dendrites to synchronize their integrated synaptic output 

(Kawaguchi and Kondo, 2003, Cardin et al., 2009, Somogyi et al., 1983). 

• SOM-expressing Martinotti cells function as disinhibitors- through projections to VIP and 

PV neurons and as inhibitors of PYR neurons through direct projections to their 

dendrites (Kawaguchi and Kondo, 2003). 

• The majority of VIP-expressing GABAergic bipolar cells, through projections to SOM-, 

CB-, and PV-expressing neurons but not PYR neurons, exhibit disinhibitory action with 

respect to PYR output; that is to say, VIP neuron activation through inhibition of PV 

neurons increases PYR output (Hioki et al., 2013, reviewed in Pfeffer 2014). A smaller 

subpopulation of these cells that co-express choline acetyltransferase (ChAT) project 
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directly to L2-3 PYR cells and thus function as inhibitors of PYR output (Obermayer et 

al., 2018). This suggests that mPFC VIP output is diverse and that VIP cells function 

beyond disinhibition; indeed their circuitries appear to be much more complex. 

Much of our knowledge of cortical IN circuitries has been gained from work in areas of the 

mouse neocortex outside of the PFC. Because their circuitries are arranged similarly, we can 

therefore gain insight into mPFC circuitry through examining other cortical areas. For example, 

In the visual cortex, Karnani et al. (2016) demonstrated that VIP and SOM INs typically fire in 

large groups. Firing of a small group of these INs recruits firing of a larger population, 

accomplished via several mechanisms:  

• SOM cells lack within-population inhibition, while this is scarce but not absent in VIP 

cells.  

• In VIP cells:  

o One (GABAergic) subpopulation facilitates population disinhibition through 

inhibition. 

o Another (cholinergic) subpopulation excites other local VIP cells via acetylcholine 

(ACh) release.  

These data reveal that further subpopulations exist within IN subpopulations defined by VIP, 

PV, and SOM markers. Metrics used to readily classify these subpopulations remain 

undefined, making studying them via selective manipulations more difficult. 

While mapping these IN connectivities has only recently begun and is thus likely 

oversimplified as described above, it is important to note the unique disinhibitory role of 

some VIP cells that likely govern net PFC output through disinhibition of excitatory PYR cell 

output (Pfeffer, 2014), as these neurons are the focus of much of our experiments described 

below in the following chapters. 
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1.2 PFC Function 

Some of the earliest studies probing PFC functions utilized brain lesioning in animals, a 

technique that offers a relatively simple way to examine the necessity of normal PFC function in 

various behaviors. Perhaps the most classical lesioning example occurred accidentally in 1848 

when railroad worker Phineas Gage suffered destruction of a large portion of his left frontal lobe, 

resulting in stark changes in his social behavior for the remainder of his life (O’Driscoll and 

Leach, 1998).  

Indeed, the PFC has a broad range of functions pertaining to higher cognitive 

processing, functions that have implications in planning and decision making, moderating social 

behavior, and orchestrating thoughts and actions in accordance with internal goals (Miller et al., 

2002, Yang and Raine, 2009). Among other high-order association areas, the PFC is unique in 

its dense direct projections to motor control systems, which put it at a position to directly initiate 

execution of selected goals. These ‘goal-making’ decisions involve integration of sensory 

information, as well as memory and emotion as it relates to the choice at hand, based on 

information received from the visual cortex, AMG, HIP, ACC, and LH (Petrovich et al., 2005). 

Mannella in 2013 proposed a new model based on review of then-current literature illustrating 

how the PFC interacts with these other brain regions to drive behavior: 

1. The motivational value of a stimulus is encoded by the AMG and HIP. 

2. Acb integrates homeostatic signaling from the hypothalamus with motivational 

value from the AMG and HIP. 

3. The PFC communicates with the Acb to select a behavioral outcome.  

The PFC’s targeting of both excitatory and inhibitory neurons in these same regions illustrates 

the region’s involvement in selection of relevant signals while simultaneously suppressing those 

irrelevant to the goal being pursued. This concept has been illustrated directly in human 

subjects, as individuals with lateral PFC damage due to stroke were shown to be unable to 
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follow conversations in a noisy room due to their inability to ignore irrelevant auditory stimuli 

(Barbas, 2010).  

Summarily, PFC projections are as diverse and far spanning as are the functions of this 

brain region. The majority of the work presented in this dissertation focuses on how one specific 

mPFC neuronal subtype, VIP-expressing neurons, affect both food intake and novelty valuation. 

Thus, our current understanding of PFC involvement in these specific processes will be 

reviewed further below. 

1.21 The PFC and Salience 

 The brain is constantly bombarded with external stimuli. The ability to detect the salience 

of a stimulus, i.e. its quality of being particularly noticeable or important, is essential to an 

organism’s ability to sort relevant information from noise. In order to survive, the brain must be 

able to focus limited cognitive bandwidth on the most pertinent stimuli at any given moment 

(Uddin 2014): a mouse must be able to identify viable food sources within its environment as 

well as detect and be able to react fast enough to evade an attack from a predator. The PFC is 

an important component of this ‘salience network.’ An important concept to note is the 

difference between salience and value: while value is associated with a positive stimulus, i.e. 

something the animal finds pleasurable or rewarding, salience as an index of the importance of 

stimulus, be it positive or negative. While increasing value can increase salience, increasing 

salience does not necessarily increase value. 

 Noradrenergic projections from the PFC to the Acb are necessary in motivational 

salience, a process that regulates the strength of goal-seeking behavior, i.e. how much risk is 

the animal willing to take and how much energy is it willing to exert in the pursuit of a reward 

(reviewed in Puglisi-Allegra and Ventura, 2012). Depleting prefrontal cortical NE in rats impaired 

amphetamine-induced DA outflow in the Acb and abolished drug-induced conditioned place 

preference (CPP) (Ventura et al., 2003), while this same NE depletion also abolished 
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conditioned place avoidance (CPA) to a pharmacological aversive stimulus, lithium chloride, in 

mice (Ventura et al., 2007). Together, these data demonstrate NE release in the PFC is critical 

for attribution of motivational salience to both appetitive and aversive stimuli.  

 Similar findings were observed when using highly salient non-pharmacological stimuli. 

Selective mPFC NE depletion impaired both CPP associated with white chocolate and CPA 

associated with intermittent pulsating light (Ventura et al., 2008). Interestingly, in this same 

study Ventura et al. found that NE release in the mPFC was proportionate to the salience of the 

stimulus and that mPFC NE depletion impaired CPP to highly- but not mildly salient stimuli. 

They also demonstrated that perceived salience of a stimulus can change depending on 

context, which in turn can change how the PFC responds to the same stimulus under different 

conditions: food restriction resulted in increased concentrations of mPFC NE, comparable to 

what was observed when fed mice consumed highly palatable white chocolate. This increase 

was not simply due to increased palatability associated with fasting; food restriction also 

elevated the mPFC NE response to a mildly salient stressor to similar levels of non-fasted mice 

exposed to a highly salient stressor. Taken together, these results demonstrate that the mPFC 

NE response to a stimulus in an index of the motivational salience of the stimulus, which is 

dependent on the internal state of the organism. Broadly, there is greater involvement of the 

mPFC in the pursuit of food reward if the food is palatable, i.e. more rewarding and thus more 

salient. The same is true of other stimuli unrelated to food intake; the more salient a stimulus, 

whether it be appetitive or aversive, the more active PFC-Acb circuitries become.  

1.22 Novelty Affects Salience 

Novelty can strongly modulate motivation in addition to salience. Midbrain dopamine 

(DA) neurons and their downstream targets that influence motivation to initiate behavior also 

respond to a novel stimulus with increased firing; these neurons habituate when novel stimuli 

become familiar (Schultz 1998). Manipulating the DA system in both rodents and primates has 
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resulted in changes in novelty-seeking behaviors; pharmacologically blocking DA reuptake 

enhanced novelty-seeking in primates (Costa et al., 2014), while DA D4 receptor KO mice 

exhibited reduced exploration of novel stimuli, compared to control counterparts (Dulawa et al., 

1999).  Animals inherently show a novelty bias, a preference for novel over familiar items. 

Novelty itself can have reward value: rats were observed to lever press for a novel flashing light 

stimulus that had no otherwise beneficial value (Reed et al., 1996). Additionally, novelty can 

also enhance DA signaling that predicts reward potential without itself being rewarding (Krebs et 

al., 2009, reviewed in Duzel et al., 2010). The HIP is thought to play a key role in the detection 

of salience based on novelty, through a loop with VTA DA neurons (Lisman and Grace, 2005).  

1.23 Calculating Salience – How is the PFC Involved? 

 As briefly mentioned in section 1.2, Manella et al. (2013) compiled data from many 

studies to formulate a working hypothesis explaining how the brain calculates salience and 

executes goal-directed behavior. The AMG is primarily responsible for coding the appetitive or 

aversive value of an unconditioned stimulus. Novelty value of this same stimulus is represented 

within the HIP. The Acb synergizes these values in addition to information about homeostatic 

state from the LH and the ARC, while the PFC communicates to the Acb internal 

representations of attainable outcome based on the stimulus. Integration then occurs at the Acb 

based on information from all of these sources, which forms a stimulus’ current salience. The 

process as a whole is supported by VTA DA inputs to various components of the network. The 

Acb is then thought to communicate with the PFC to select the outcome with the highest 

salience. 

1.24 Manipulating Salience via the PFC 

 The dopaminergic regulation of glutamatergic output from the PFC to the Acb drives 

motivational salience broadly and regulates drug seeking behavior (Sanchez et al., 2003). 

Brenhouse et al. in 2008 revealed that adolescent rats, which are inherently more sensitive to 
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cocaine CPP than both younger and older counterparts, have higher relative levels of D1 

receptor expression in the PFC. Authors could block cocaine-induced CPP with PFC 

microinjection of a D1 antagonist in these animals, while dose-dependently increasing 

preferences for cocaine-associated environments with D1 agonist microinjections into the PFC. 

While these data associate increased sensitivity to addictive behaviors during adolescence with 

changes in PFC D1 receptor expression, they more broadly demonstrate that manipulating PFC 

circuitry can regulate attribution of salience. 

 While they did not experimentally manipulate salience directly, Ahn and Philips (1999) 

observed how context could change the salience of food in rats, and how these changes were 

associated with changes in PFC DA concentrations. Briefly, they examined mPFC and Acb DA 

levels through microdialysis while rats underwent a sensory-specific satiety protocol. DA levels 

in the mPFC and Acb increased when hungry rats consumed a palatable food (diet 1), and 

these levels decreased as rats approached satiety. When presented again with diet 1, the now 

sated rats consumed far less and mPFC DA levels remained low, but when presented with a 

novel palatable diet (diet 2), these animals ate significantly more of the diet and mPFC DA 

levels increased once more. These results suggest that as food is consumed, its salience 

decreases proportionate to an increase in satiety, which was associated with decreased mPFC 

and Acb DA levels. Sated rats consumed diet 2 due to enhanced novelty-associated salience 

(relative to diet 1); rise in mPFC DA was also observed during diet 2 consumption. These data 

again illustrate that perceived salience is context-dependent and is associated with changes in 

PFC activity. 

Because appetite regulation involves both physiological and psychological components 

and an organism’s decision to pursue and consume food requires synthesis of hedonic and 

homeostatic signaling spanning the entire brain, it is thus not surprising that the PFC plays an 

important role in appetite regulation. 
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1.25 Food Intake 

In one of the earliest studies probing appetitive function of the PFC, Ursin et al in 1969 

demonstrated that rhesus monkeys with dorsolateral frontal lesions maintained a preference for 

a familiar laboratory diet instead of novel, palatable food sources. These findings were largely 

confirmed in rats in 1975, when Kolb and Nonneman demonstrated that lesions in different parts 

of the PFC result in varying changes in feeding behavior. Specifically, OFC lesions decreased 

basal food and water intake, while mPFC lesions increased “finickiness,” i.e. aversion to novel 

food sources, sparing familiar food intake. The valuation of food is a critical component that 

affects the decision to eat. Taken together, the results from these early studies demonstrate a 

regulatory role for the PFC in feeding across the valuation spectrum of the food source in 

question; food can be considered of lower value when the food is familiar and presented in a 

home cage environment to non-fasted animals, and this value can increase as either palatability 

or novelty increases.  

1.25.1 Food Valuation 

The role for the PFC in the concept of food valuation has been more extensively probed 

in recent years as research technology has advanced. As reviewed by Manella et al. (2013), 

both the OFC and mPFC present expected value of different behavioral options at the time of 

decision-making, which serve as inputs into the decision-making process that then allow the 

animal to choose an outcome to maximize expected gains (Padoa-Schioppa and Assad, 2006). 

Brain activity in these regions has been mapped using fMRI data in humans after food 

presentation; researchers demonstrated that food value is represented by different patterns of 

OFC activity (Suzuki et al., 2017). Stimulating the right side of the dorsolateral PFC in humans 

during a food valuation task resulted in a decrease in value assigned to the food stimulus 

(Camus et al., 2009). In rats, Feenstra and Botterblom (1996) demonstrated using microdialysis 

a 130-150% increase in extracellular DA concentration in the mPFC following exposure to a 
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novel environment and during food consumption after fasting, demonstrating a role for the PFC 

in situations where an external stimulus is highly valued. These data also illustrate how the 

relative value of a stimulus changes in the PFC depending on the homeostatic state of the 

animal; the inherently low value of a familiar chow can increase dramatically as hunger 

increases.  

1.25.2 Food Foraging 

The PFC has also been implemented in food foraging behavior. In rats, ACC lesions 

caused impaired memory-based foraging (Seamans et al., 1995) and decreased amount of food 

collected in food foraging tests (Li et al., 2012). Caracheo in 2013 investigated this concept 

further, demonstrating abrupt changes in ACC firing patterns and complexity when rats switched 

from foraging in a novel environment to exploiting food reward.  A separate study used 

neurotoxic lesions in the mPFC to demonstrate its necessity in learned enhancement of food 

consumption (Petrovich, 2007), a behavior that could be comparable in humans to food craving. 

Effort-based decision making also involves the PFC: ACC lesions in rats reduced their 

willingness to expend effort to obtain a highly valued reward when a smaller reward was 

attainable with less effort (Rudebeck et al., 2006). While aforementioned OFC and mPFC 

lesioning studies revealed roles for the PFC in both novel and familiar food intake, these studies 

summarily demonstrate roles for the PFC in acquiring food and in making decisions to expend 

considerable effort in the pursuit of food reward.  

1.25.3 Appetitive Learning 

The mPFC is critical in appetitive learning, i.e. performing tasks that result in food 

reward. When rats experienced conditioned stimulus learning (learning to pair an auditory tone 

with food reward), increased c-Fos immunoreactivity was observed in PL; this was also 

apparent in AMG to PL projections, indicating a role for the AMG-PL pathway in appetitive 

learning (Keefer and Petrovich, 2017). This type of learning also requires both D1 and NMDA 
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receptors in the mPFC; antagonizing either of these receptor subtypes in rats impaired 

acquisition of lever press behavior for food reward (Baldwin et al., 2002). Several groups have 

investigated the opioid system within the mPFC with respect to motivation to obtain food reward. 

Stimulating mPFC μ-opioid receptors increased breakpoint on a progressive ratio (PR) operant 

schedule (Mena et al., 2013), while chemical antagonism of these receptors via microinjection of 

naloxone (a high-affinity μ-opioid receptor antagonist) reduced operant responding for a 

palatable food reward (Blasio et al., 2014). Interestingly, this effect was selective for palatable 

food; when repeated with normal chow, no change in operant responding was observed. This 

study was the first to suggest that mPFC circuitry specific to hedonic feeding may exist.  

1.25.4 Context-Driven Food Consumption 

 Feeding can be regulated by cues other than metabolic factors; hungry rats trained to 

associate a cue with food consumption will then eat more of the same food in a sated condition 

when presented with the same cue. The mPFC regulates this learned behavior; rats having 

undergone neurotoxic mPFC lesions decreased context-driven food consumption in a 

behavioral arena in which they were acclimated to perform this task, while the lesion did not 

affect free feeding in the animal’s home cage environment or body weight (Petrovich et al., 

2007). These data support that the mPFC functions in regulating psychological- instead of 

homeostatic feeding behavior. Recalling that mPFC-AMG communication is required in 

appetitive learning, it is likely that the lesioning procedure used in this study disrupted these 

communicative pathways which could suggest that deficits in recalling cue-associated behavior 

may underlie observed changes in cue-associated feeding. 

1.25.5 Unconditioned Feeding 

Both D1 and μ-opioid receptors within the mPFC also appear to regulate unconditioned 

free feeding. Pharmacological stimulation of mPFC μ-opioid receptors increased free-feeding on 

chow in both fasted and sated rats, in addition to selectively increasing carbohydrate 
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preference, even in animals with a pre-established fat preference (Mena et al., 2011). 

Optogenetic stimulation of D1 mPFC neurons increased free-feeding on chow, while 

optogenetic inhibition of these cells had the opposite effect (Land et al., 2014). While these data 

summarily implicate mPFC opioid- and DA receptor signaling in food intake, interpretation at a 

local circuit level is complicated in that both local GABAergic INs as well as glutamatergic PYR 

cells that project to other regions express μ-opioid and DA receptors (Anastasiades et al. 2018, 

Steketee, 2003). 

1.26 Differential Roles for the IL and PL in Behavior 

Because the majority of my thesis focuses on how the behavioral functions of one 

specific subset of mPFC neurons differ between the IL and the PL cortices, a brief review of our 

current understanding of these two mPFC subdivisions will be first be presented. 

 The IL and PL share some commonality but also differ greatly with respect to their 

efferent anatomical projections (summarized in Figure 3). In 2004, Robert Vertes used 

anterograde anatomical tracing to elucidate differential projections of the IL and the PL in the 

rat. Vertes argued that the differential projection patterns of the IL and PL agree with their 

differential roles in behavior: the IL is heavily involved in visceromotor functions such as the 

regulation of heart rate and blood pressure (Burns and Wyss, 1985, Verberne et al., 1987). 

Many of IL targets in the forebrain subsequently project to regions in the brainstem that regulate 

the autonomic nervous system, further implicating the IL in autonomic function. Conversely, the 

PL has roles in regulation of the limbic system and cognition. The PL is critical to working 

memory: bilateral PL lesions impaired performance in a delayed-foraging task in rats (Seamans 

et al., 1995). 

1.26.1 “Stop/Go” Signaling Hypothesis: IL vs. PL Dichotomy 

 Dichotomous behavioral roles for the IL and PL have been demonstrated with respect to 

fear expression and both drug- and natural reward-seeking behaviors.  
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• Fear Expression: By independently manipulating both regions within the same study, Vidal-

Gonzalez et al. in 2006 demonstrated that IL activation via microstimulation reduced a 

conditioned fear response in rats, while PL activation enhanced this response. Authors 

reasoned that this could be explained by differential projections between these two regions 

that subsequently interacted with the AMG in different ways: PL neurons projected directly 

to the basal AMG, which subsequently excites the medial division central nucleus of the 

AMG (CeM) to enhance fear behavior. Oppositely, IL neurons project to INs in the lateral 

division of the central nucleus of the AMG (CeL), which in turn directly inhibits the CeM, 

decreasing fear behavior. 

• Drug-Seeking Behavior: Pharmacological PL lesions were associated with both decreased 

cocaine-seeking behavior in rats (Di Pietro et al., 2006), and decreased cocaine 

reinstatement after periods of drug abstinence (Pelloux et al., 2013). Optogenetically 

inhibiting PL-Acb projections decreased cocaine reinstatement behavior, suggesting the PL 

influences reinstatement behavior through interactions with the Acb (Stefanik et al., 2013). 

Activation of the IL with microinjection of glutamate agonist, AMPA, inhibited reinstatement 

of cocaine seeking after extinction in rats (Peters et al., 2008). Together, these data indicate 

opposing roles for the PL and IL in this behavior: the PL drives-, while the IL suppresses 

cocaine seeking. 

• Pursuit of Natural Reward: In rats trained to lever-press for sucrose reward on cue, 

bilateral PL inactivation via microinjection of GABA agonists decreased cue-induced 

neuronal activity in the Acb and subsequently decreased lever-press behavior (Isihikawa et 

al, 2008). Pharmacological inactivation of the IL increased incorrect responding (increased 

pressing of a lever not associated with sucrose reward (Ghazizadeh et al., 2012)), while a 

separate study demonstrated that IL lesions increased premature responding for food 

reward in a five-choice serial reaction time task (5CSRTT)  (Chudasama et al., 2003). These 

data suggest separate mechanisms through which the IL and PL govern reward-seeking 
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behavior; the PL drives reward-seeking behavior while the IL prevents negative behavior, 

i.e. behavior that reduces the receipt of a reward. It is thus likely that continuous synergism 

between these two regions ultimately determine behavioral outcome. 

1.26.2 Behavioral Heterogeneity: Distinct Populations Drive Diverse Behavioral Functions   

The data above collectively support a “Stop/Go” model for behavioral roles of the IL and 

PL: the PL is the “green light” enhancing behavioral execution, while the IL is the “stop sign” 

driving behavioral inhibition. However, numerous other studies have produced conflicting results 

that provide evidence for an imperfect behavioral mapping of these regions to concrete 

“Stop/Go” signaling (reviewed extensively by Moorman et al., 2015). 

While Muir et al. demonstrated that IL lesions increased motor impulsivity in the 

5CSRTT, non-selective optogenetic inhibition in the same area had the opposite effect, reducing 

impulsivity (Hardung et al., 2017). In the same study, non-selective optogenetic inhibition of the 

PL increased operant responding, while other work suggests that probable increased PL 

excitation (through increased DA-receptor expression) produces the same effect (Sonntag et al., 

2014). Together, these data suggest that regulation of complex behavior involves multiple 

subpopulations of neurons that differentially regulate “Stop/Go” functions within both the PL and 

IL. The specific subpopulations targeted differed widely across these studies, and little work yet 

exists investigating how defined subpopulations of PL and IL neurons effect behavior. Thus, 

performance of cell-specific neuronal manipulations, in studies such as ours discussed below, 

will help to further elucidate the mechanisms driving complexities in the IL vs. PL regulation of 

behavior. 

1.3 Behavioral Specificity of mPFC Interneurons 

 The local network of PFC INs shape PYR output to ultimately drive behaviors reviewed 

above in section 1.2. As described in 1.03, three major subpopulations of INs exist that 

comprise nearly 85% of all cortical neurons: SOM, PV, and VIP cells (Rudy et al., 2011). To 
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elucidate specific behavioral roles for these subpopulations, researchers have microinjected 

Cre-dependent adeno-associated viruses (AAVs) into genetic mouse strains that selectively 

express Cre recombinase in any one particular cell type. This allows for virus expression with 

both site- (depending upon injection coordinates) and cell (depending on genetic strain) 

specificity. Additionally packaged into these viral vectors are often cellular machineries that 

when transcribed allow for artificial manipulation of the cell populations of interest, through the 

use of light (optogenetics) or chemicals (chemogenetics). This section reviews current 

knowledge of the behavioral specificities of these three major molecularly-defined subclasses of 

PFC INs. 

1.31 PV Cells, Gamma Oscillations, and Attention Processing  

 Functional MRI studies in humans have revealed that gamma oscillations in the PFC 

and other regions of the cortex increase linearly under working memory load (Howard et al., 

2003). Behaviors correlated with changes in gamma power have been examined in mice: 

driving mPFC-lateral septum projections at gamma frequencies (40-80Hz) in a free-feeding 

model facilitated food approach behavior and shortened the time it took mice to reach a food 

zone without changing actual food consumption; thus, mPFC gamma oscillations were 

associated with increased performance in a food-related learning task (Carus-Cadavieco et al., 

2017). PV cells have key roles in generating these gamma oscillations (Buzsaki and Wang, 

2012) and optogenetically silencing mPFC PV cells was sufficient to disrupt mPFC gamma 

oscillations and decrease attentional processing (Kim et al., 2016). Specifically, Kim et al. found 

that mPFC PV neurons showed increased and sustained firing when a mouse was engaged in 

an operant task that required attention to a cue and a correct response to obtain a food reward, 

i.e. a situation requiring goal-driven attentional processing. They further demonstrated that 

cognition (measured by performance of goal-directed behavior) could be shifted either 

negatively (through optogenetic inhibition of mPFC PV cells) or positively (by optogenetically 
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driving this same subpopulation at gamma frequencies). Together, these data demonstrate both 

a prominent role for PV cells in synchronization of mPFC output, and the ability of this 

subpopulation to affect attention and goal-directed behavior. 

1.32 mPFC INs in Working Memory 

Oscillatory synchrony in both gamma (40-80Hz) and theta (4-12Hz) frequencies between 

the mPFC and HIP are enhanced during working memory tasks in rats (Hallock et al., 2016, 

Jones and Wilson, 2005). Abbas et al. in 2018 examined this circuitry in more detail to discover 

potential roles for mPFC PV and SOM cells in generation of these neuronal rhythms and 

subsequent behaviors. They demonstrated that optogenetically silencing SOM but not PV cells 

decreased performance during a working memory task in mice, and that this inhibition disrupted 

mPFC-HIP synchrony previously demonstrated to be critical for working memory. Authors 

hypothesized that the ability of SOM- but not PV cells to modulate this behavior may be 

attributed to differences in their local projection profiles: PV cells target PYR soma primarily 

(Kvitsiani et al., 2013); while SOM cells target PYR distal dendrites to gate PYR cell inputs 

(Gentet et al., 2012, reviewed in section 1.01). Thus, SOM cells regulate long-range inputs from 

the lateral septum to the mPFC. Taken together with section 1.31, these data demonstrate roles 

for both PV and SOM cells in specific behaviors and further illustrate that these neurons sit 

upstream of- and are responsible for shaping the activity of mPFC PYR cells, ultimately 

affecting behavior. 

 In addition to their roles in driving the “action” stages of working memory-related tasks, 

INs are also critical during the delay period in these tasks; indeed, working memory involves a 

brief period of memory retention, during which mPFC activity is greatly increased (Liu et al., 

2014), but temporal roles for IN subclasses greatly differ. Kim et al. examined mPFC PV and 

SOM cells during a spatial working memory task that involved a delay period before the test 

mouse was allowed to freely pursue a food reward (Kim et al., 2016b). They found PV cells 
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were only weakly activated in a target-dependent manner during this delay period and were 

strongly inhibited by reward, while SOM cells were strongly activated in a target-dependent 

manner during the delay period and only a portion were inhibited by reward (The test mouse 

either correctly or incorrectly pursued the reward. Target-dependent manner = increased 

activation correlated to choice accuracy). Integrating these data with what we know about SOM 

cell morphology suggests that these cells play an important role in maintaining the context of 

working memory; as they mainly target distal PYR dendrites, they are well positioned to 

selectively modulate information processed by PYR cells. Meanwhile, PYR soma-targeting PV 

cells are better positioned to function as a gain control for PYR cells: while PV cells were more 

uniformly active through the delay period and did not show the same specificity for choice 

accuracy as did SOM cells, selective PV optogenetic stimulation (and thus downstream PYR 

inhibition) trended to suppress behavioral performance. These two subclasses also responded 

differently to reward: PV but not SOM cells significantly reduced their firing rates following 

reward delivery. Authors reasoned that suppression of inhibition occurring through decreased 

PV activity, a situation favorable for synaptic plasticity, was likely a mechanism through which 

mPFC-driven learning occurred. 

 In monkeys, bilateral mPFC lesions impaired performance in a task that involved a delay 

between a visual cue and subsequent response, while performance in a visually guided task 

was unaffected. These data suggest that the mPFC is important for memory maintenance 

(Funahashi et al., 1993). Further data from Kamigaki and Dan (2017) showed that optogenetic 

activation of either SOM or PV cells (causing PYR cell suppression) greatly decreased-, while 

VIP activation (causing PYR activation) increased working memory performance. These data 

suggest that VIP neurons, positioned directly upstream of- and sending inhibitory projections to 

SOM and PV cells, are well positioned to govern working memory behavior.  
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1.33 PV and SOM Cells Shape Social Behaviors 

 In 2011, researchers in the Deisseroth lab developed a new kind of optogenetic tool, the 

stabilized step-function opsin (SSFO), which allowed for prolonged (30 min) optogenetic 

activation that was not specific to one particular firing frequency, as was previously the case 

with traditional channelrhodopsins. They used this tool to selectively excite and inhibit PYR cells 

and PV cells and examined effects on social behavior in mice (Yizhar et al., 2011). Exciting 

mPFC PYR cells virtually abolished social investigation of a novel mouse and a conditioned fear 

response, while having no effect on novel object exploration or exploration of a novel open field. 

Interestingly, while reducing mPFC output through PV stimulation did not affect these behaviors, 

combinatorial excitation of PYR and PV cells resulted in social investigatory behavior 

significantly reduced from that of controls, but not to the magnitude of mice who underwent PYR 

cell excitation exclusively. These data demonstrate that excitatory/inhibitory balance can be 

restored through elevation of inhibitory tone, which in turn affects behavior. More broadly, these 

data demonstrate the complexities of PFC regulation of behavior: stimulating PFC neurons via 

Yizhar’s SSFO paradigm affected only a specific subset of social behaviors. While exclusive PV 

cell stimulation did not affect behavior, stimulating these cells and thus increasing inhibitory tone 

did significantly shape PYR-driven changes in social interaction.  

 Just recently, members of the same group used designer receptors exclusively activated 

by designer drugs (DREADDs) to pharmacogenetically inactivate either SOM or PV cells in the 

mPFC and observe effects on social avoidance behavior (Xu et al., 2019). Inactivation of SOM 

cells decreased social avoidance behavior (researchers observed increased social interaction 

with a previously aversive novel mouse). Recalling our current understanding of mPFC local 

network connectivity (Figure 1), SOM cells project to and directly inhibit PV cells. Indeed, 

authors in this study demonstrated that SOM excitation inhibited PV cells and thus increased 

PYR excitation. These data also align with previous work, in that increased mPFC excitation is 

associated with decreased social investigatory behavior. This output is modulated by both PV 
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and SOM cells; selectively manipulating these specific neuronal subtypes shape PYR output 

and effect social behavior. However, roles for VIP INs in social behavior, prior to our work, had 

to our knowledge not been investigated. 

 1.34 VIP Cells Are Key Players in Sensory Processing 

In 2013, Pi et al. combined optogenetic stimulation with single-cell recording techniques 

to probe VIP function in the auditory cortex during an auditory discrimination task, which 

required that mice differentiate between two different auditory stimuli that were paired to either 

reward or punishment. They found that both positive and negative reinforcement signals 

strongly activated VIP cells, which subsequently activated behaviorally relevant subpopulations 

of PYR cells (Pi et al., 2013). These results were recapitulated in the mPFC using real-time 

calcium imaging to characterize the differential activities of the three major molecularly-defined 

subclasses of inhibitory INs in the mPFC, SOM-, PV-, and VIP-expressing cells, in real time 

during a similar task (Pinto and Dan, 2015). SOM neurons were primarily active during motor 

action, i.e. licking for water reward, PV neurons responded equally to sensory cues, motor 

action, and trial outcome, and VIP neurons responded most robustly to action outcome, whether 

it was rewarding or aversive. Authors reasoned that mPFC VIP neurons function as both pre-

synaptic drivers of- and post-synaptic responders to goal-directed behavior: 

• Pre-synaptically, VIP cells function as the main disinhibitory regulators of PYR 

output. 

• Post-synaptically, VIP cells respond following action outcome, functioning to 

relay feedback signals to update outcome value in real time. 

• These cells subsequently activate specific downstream subpopulations of PYR 

cells, which allows for goal-directed behavioral change as the stimulus value is 

updated. 
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It’s important to consider this concept within Mannella’s broader goal-directed behavior 

hypothesis (outlined in 1.2 and 1.23): the mPFC uses information from the Acb, HIP, and AMG 

to update the salience value of a stimulus in real-time. As they receive a diverse array of 

extracortical inputs, mPFC VIP cells are likely first-order synthesizers of this information, which 

subsequently modulate PFC output, through disinhibition, based on the ever-changing value of 

external stimuli. 

Similar to trends observed by Kamigaki and Dan in the mPFC (reviewed in section 1.32), 

optogenetically stimulating VIP cells had opposing effects compared to both PV- and SOM 

stimulation in the visual cortex; VIP stimulation improved- while both PV and SOM stimulation 

decreased visual contrast perception in mice (Cone et al., 2019). These data suggest that VIP 

INs may be essential in visual perception, a hypothesis further validated by work by Batista-Brito 

et al. in 2017: mice that underwent VIP cell-specific early postnatal disruption of 2 genes critical 

for IN maturation (Neuregulin 1 and its IN-specific receptor, ERBB4) exhibited reduced sensory 

responses in cortical PYR neurons that compromised both sensory processing and visual 

learning. A separate study revealed that locomotion activated VIP cells (via nicotinic projections 

from the basal forebrain) while suppressing SOM cells in the visual cortex (Stryker, 2014); the 

observation of direct SOM inhibition by VIP cells was confirmatory of earlier work by Pffefer et 

al. in 2013. Lee et al. (2013) demonstrated how VIP cells work within the circuitry linking the 

primary vibrissal motor cortex (vM1) to the primary somatosensory cortex (S1); PYR cells 

projecting from S1 to vM1 primarily target VIP cells in S1, which through inhibition of vM1 SOM 

cells, process and relay excitatory information critical to sensory processing. These data 

summarily demonstrate critical roles for VIP INs in auditory and visual processing and support 

the overarching cortical circuit hierarchy presented in Figure 1; VIP cells function as disinhibitory 

regulators of excitatory output. 
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1.35 mPFC Neuronal Activity During Foraging vs. Consumption 

Our laboratory was the first to probe appetitive functionality of specific mPFC cell 

subtypes in an effort to better understand mPFC-driven food intake regulation at a circuit level. 

We first sought to examine how different mPFC neuronal subpopulations were differentially 

engaged during both the pursuit of food reward and food consumption (Gaykema et al., 2014). 

We found that free-feeding of a highly-palatable diet was associated with a two-fold increase in 

mPFC PYR cell activation in the ACC, PL, and IL, while foraging for- but not consuming this 

same diet resulted in a quadruple-fold increase in activation of these cells, relative to control 

counterparts. We also looked at activity changes in three major IN subclasses during these 

feeding challenges: PV, SOM, and VIP cells. The greatest changes in IN activity were observed 

in VIP cells, the activity of which increased during both foraging for- and free access to palatable 

food. These results suggest a role for VIP neurons in appetitive behavior and support earlier 

work referenced above by Caracheo et al. (2013) that revealed differential firing patterns in the 

ACC when foraging vs feeding. The changes observed in this study could perhaps be attributed 

to changes in ACC VIP activity. 

1.36 Pharmacologically Increasing mPFC Excitatory Output Affects Food Motivation 

We next sought to manipulate specific neuron subpopulations directly; using DREADDs, 

we investigated how increasing net mPFC output through mPFC PYR cell stimulation affected 

appetitive behaviors (Warthen et al., 2016). Stimulating mPFC PYR cells enhanced both 

operant responding for palatable food reward and reinstatement of food-seeking behavior, but 

did not affect free-feeding on either standard chow or a calorically-dense, highly palatable diet. 

We also found that stimulating these cells reduced impulsive behavior during operant 

responding for food reward. These data were unique in that they highlighted a role for the mPFC 

in feeding situations that involved high levels of cognitive demand, while we observed no effect 

on feeding when animals did not have to work for food. These data are also copacetic with 
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findings by Kamigaki and Dan (reviewed in 1.32). PYR activation by optogenetically activating 

VIP cells in V1 increased performance in a delayed-response operant task, while our DREADD 

stimulation of mPFC PYR cells also improved performance in a task-specific manner: treated 

animals both increased operant responding for food reward and decreased impulsive 

responding that resulted in withholding of food reward. 

1.37 Interpreting Our Findings: VIP Cells Likely Govern mPFC Food Intake Regulation  

Our data concerning mPFC PYR cells contrast other earlier work demonstrating that the 

mPFC could indeed regulate free feeding through stimulation of either mPFC DA- or μ-opioid 

receptors. However, these discrepancies can be reconciled by examining the localization of DA- 

and μ-opioid receptors within the mPFC. A characterization of rat cortical μ-opioid receptor 

expression revealed that they were restricted to GABAergic INs in layers II-IV of most of the 

outer cortical layer, including the PFC. Double-staining for characteristic IN markers revealed 

that 92% of μ-opioid receptor-expressing INs co-expressed VIP (Taki et al., 2000); thus, VIP 

neurons may be responsible for the decreases in binge-like feeding after mPFC mu-opioid 

receptor antagonization (Blasio et al., 2014) in addition to the changes in free-feeding observed 

after optogenetic stimulation (Mena et al., 2011). Interestingly, a considerable population of 

mPFC VIP cells also expresses D1 receptors (Anastasiades et al., 2018), further suggesting 

that VIP cells also play an important role in mPFC food intake regulation. These data, coupled 

with the increased mPFC VIP neuronal activation we observed during both palatable food 

consumption and food foraging behavior, strongly infer roles for VIP cells in regulating various 

aspects of feeding behavior.  

1.38 Further Elucidation of PFC Feeding Circuitry 

In this dissertation, my primary objective was to test the hypothesis that mPFC VIP cells 

had the potential to regulate food intake. Specifically, I sought to examine how VIP 

subpopulations within the IL versus the PL could affect food intake differentially (Chapters 2 and 
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3). Given that communication between the PFC and Acb is critical in motivational salience 

(reviewed in 1.21), it is thus likely that engagement of this particular pathway may be ultimately 

responsible for the behavioral changes that we observed when driving PYR cells directly 

(section 1.36). Thus, I also examined the necessity of this direct projection in the regulation of 

novel social- and object-driven exploratory behavior, as well as palatable food intake (Chapter 

4). Much of my work focused on how various PFC manipulations regulated acute, binge-like 

consumption of highly-palatable food. While several other studies have highlighted specific 

genes capable of regulating binge-like eating, considerably less is known about how natural 

genetic variation can shape this behavior. Thus, I lastly examined differences in palatable food 

consumption across multiple strains of genetic inbred mice traditionally used in preclinical 

research (Chapter 5). 
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1.9 Figures 

 

 

 

 

 

 

Figure 1. Schematic representation of PFC interneuron connectivities. Based on data from 

Pfeffer et al. 2013, Hioki et al. 2013, Kepecs et al. 2013, Deisseroth et al. 2009,, Obermayer et 

al., 2018, , Karnani et al., 2016. All projections are inhibitory unless denoted by (+). 
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Figure 2. Schematic overview of the main afferents and efferents of the PFC, displayed 

over a sagittal section of the mouse brain. All nuclei are in their approximate rostral-caudal 

locations. Arrows denote efferent projections, color coordinated to the nuclei from which they 

project. Based on data from Barbas 1992, Barbas 2000, Johnson et al., 1968, Mannella et al., 

2013, Del Arco and Mora, 2008, Lee et al., 2014, Logue and Gould, 2013.  
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Figure 3. Differential projections of the IL vs PL. Adapted from Moorman et al., 2015. 
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Chapter 2: VIPergic neurons of the infralimbic and prelimbic cortices 

control palatable food intake through separate cognitive pathways. 

This chapter is a re-print of the JCI Insights article (Newmyer et al., 2019). 

2.1 Abstract 

The prefrontal cortex controls food reward seeking and ingestion, playing important roles 

in directing attention, regulating motivation toward reward pursuit, and assigning reward 

salience and value. The cell types that mediate these behavioral functions, however, are not 

well described. We report here that optogenetic activation of vasoactive intestinal peptide–

expressing (VIP-expressing) interneurons in both the infralimbic (IL) and prelimbic (PL) divisions 

of the medial prefrontal cortex in mice is sufficient to reduce acute, binge-like intake of high-

calorie palatable food in the absence of any effect on low-calorie rodent chow intake in the 

sated animal. In addition, we discovered that the behavioral mechanisms associated with these 

changes in feeding differed between animals that underwent either IL or PL VIPergic 

stimulation. Although IL VIP neurons showed the ability to reduce palatable food intake, this 

effect was dependent upon the novelty and relative value of the food source. In addition, IL VIP 

neuron activation significantly reduced novel object and novel social investigative behavior. 

Activation of PL VIP neurons, however, produced a reduction in high-calorie palatable food 

intake that was independent of food novelty. Neither IL nor PL VIP excitation changed 

motivation to obtain food reward. Our data show how neurochemically defined populations of 

cortical interneurons can regulate specific aspects of food reward–driven behavior, resulting in a 

selective reduction in intake of highly valued food. 

2.2 Introduction 

Excessive palatable food consumption is a significant contributor to the development of 

obesity. Although the ability of neuronal mechanisms to override the homeostatic control of food 
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intake during periods of energy abundance can lead to overeating (Johnson and Kenny, 2010, 

Volkow et al., 2017), the identities of specific cortical cell types that can promote changes in 

feeding behavior are not well described. 

The medial prefrontal cortex (mPFC), encompassing the anterior cingulate, infralimbic 

(IL), and prelimbic (PL) cortices, has been implicated in the control of a myriad of functions, 

including the attribution of salience (Liang et al., 2018), the regulation of binge food intake 

(Corwin et al., 2016, Richard and Berridge, 2013), reward prediction error signaling (Matsumoto 

et al., 2007, Pi et al., 2013), and the drive to expend effort to obtain reward (Seo et al., 2016, 

Ventura et al., 2007, Warthen et al., 2007). Prior studies within this region have shown how 

dopamine (Land  et al., 2014) and opioid (Mena et al., 2013, Mena et al., 2011, Blasio et al., 

2014) action can regulate feeding on both rodent chow and palatable, energy-dense food. 

However, little is known of how specific neurochemically defined frontal cortical neuronal 

populations respond to these and other signals to produce a change in either the consumption 

of or motivation to obtain food. Furthermore, although prior studies have shown how the IL and 

PL cortices play complementary roles in the regulation of behavioral expression (Moorman and 

Aston Jones, 2015, Peters et al., 2008, Martin-Garcia et al., 2014), the importance of defined 

subtypes of neurons in either the IL or PL cortex in the control of food intake has yet to be 

investigated. 

In both the IL and PL subdivisions of the mPFC, GABAergic/vasoactive intestinal 

peptide–expressing (VIPergic) interneurons are well positioned to regulate feeding behavior. 

Serving as a convergence point for extracortical glutamatergic (Wall et al., 2016), serotonergic 

(Rudy et al., 2011), and cholinergic (Rudy et al., 2011, Bourgeois et al., 2012, Alitto and Dan, 

2012) inputs that have previously been implicated in the control of food intake, VIP cells become 

active following reward presentation (Pinto and Dan, 2015), which suggests they act as a 

feedback signal that conveys a reward prediction error (Pi et al., 2013). 
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To investigate the sufficiency of VIPergic interneurons in the regulation of food intake, 

we used a stabilized step-function opsin (SSFO) (Yizhar et al., 2011) to produce VIPergic 

depolarization and subsequent neuronal activation in either the IL or PL subdivisions of the 

mouse mPFC. Below, we describe how VIPergic neuronal stimulation in either the IL or PL of 

sated animals can selectively reduce consumption of palatable food in the absence of any effect 

on rodent chow consumption or on the drive to work to obtain a palatable food reward. 

Surprisingly, we also discovered that the ability of IL VIPergic neurons to suppress food intake 

was likely dependent upon the novelty and relative value of the food source. PL VIPergic 

neurons, however, modulate feeding behavior of both novel palatable food and familiar food 

with high perceived value. Thus, our work describes for the first time to our knowledge a 

neuronal cell type in the cortex capable of selectively reducing the consumption of palatable 

food while sparing normal chow consumption in sated animals, through the engagement of 2 

behavioral mechanisms. 

2.3 Results 

2.3.1 Selective activation of the IL and PL cortices by SSFO expression in VIPergic neurons.  

Because VIP neurons show both burst firing and regular firing properties in response to 

depolarization (Kawaguchi and Kubota, 1996), we reasoned that to stimulate VIP cells at a 

specific firing frequency might not reproduce the most physiologically relevant activation of this 

cell type. Thus, we chose to use an SSFO to produce neuronal depolarization in VIP neurons 

without dictating a specific firing frequency. After injecting a Cre recombinase–dependent SSFO 

into either the IL (IL SSFO, Figure 1A) or PL (PL SSFO, Figure 1B) of heterozygous mice 

expressing Cre recombinase from the VIP locus, optical fibers were unilaterally inserted to allow 

for light-driven neuronal activation. Following a 5-second light pulse, in IL SSFO mice we 

observed significant neuronal activation by c-Fos immunohistochemistry in the IL (65.5 ± 7.6 c-

Fos+ cells in controls, 108.3 ± 13.8 in IL SSFO mice, P < 0.05, quantified in Figure 2A, 
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visualized in Figure 2, B and C for IL controls and SSFO mice, respectively) but not in the PL 

(126.2 ± 17.7 c-Fos+ cells in controls, 146 ± 23 in IL SSFO mice, P = 0.51, quantified in Figure 

2D, visualized in Figure 2, E and F for IL controls and SSFO mice, respectively). Similarly, 

following a 5-second light pulse in PL SSFO mice, we observed significant neuronal activation 

by c-Fos immunohistochemistry in the PL (131 ± 7 c-Fos+ cells in controls, 181.6 ± 14.5 in PL 

SSFO mice, P < 0.05, Figure 3D, visualized in Figure 3, B and C for controls and PL SSFO 

mice, respectively) but not the IL (98.9 ± 7.7 c-Fos+ cells in controls, 78.6 ± 7 in PL SSFO mice, 

P = 0.08, Figure 3A, visualized in Figure 3, E and F for controls and PL SSFO mice, 

respectively). 

Although we did not directly test whether VIPergic neurons showed activation following 

light exposure, prior studies have validated both the Cre-dependent expression of the SSFO 

vector (Yizhar et al., 2011) and the selective expression of Cre recombinase in VIPergic 

neurons of the VIP-IRES-Cre mouse line (Pi et al., 2013). Thus, we subsequently used 

enhanced yellow fluorescent protein (EYFP) expression from the SSFO vector as a proxy for 

VIP expression in our work. 

Importantly, when we stimulated with SSFO in the IL, the degree of presumptive VIP 

neuron activation was significantly greater in the IL than when SSFO stimulation occurred in the 

PL brain region (after light stimulation, 81.8% ± 3.9% total EYFP+ cells also c-Fos+ in the IL of 

IL SSFO mice, 35.7% ± 6.6% in the IL of PL SSFO mice, P < 0.001, Figure 4, A–C). Results 

were similar when we targeted the PL, with lower activation of presumptive VIPergic neurons in 

the neighboring IL brain region being observed (after light stimulation, 78.5% ± 4% total EYFP+ 

cells also c-Fos+ in the PL of PL SSFO mice, 51.4% ± 4.6% in the PL of IL SSFO mice, P < 

0.001, Figure 4, D–F). 
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These data demonstrate both our ability to selectively target either the IL or PL as well 

as how VIP neuron stimulation in either brain region can produce spatially localized neuronal 

excitation. Our data also agree with prior work that showed an increase in c-Fos expression 

following VIPergic activation in the cortex (Pi et al., 2013) and suggest that the result of VIPergic 

excitation is indeed neuronal disinhibition. In addition to investigating the actions of SSFO in 

vivo, we performed slice electrophysiology on brain sections expressing SSFO and a yellow 

fluorescent protein (YFP) reporter in VIPergic neurons. Following a 5-second light pulse, VIP 

neurons showed a significant increase in resting membrane potential in the current clamp, 

confirming the excitatory actions of SSFO in this cell type (Figure 4G, representative trace. 

Mean change in depolarization 4.467 ± 1.500 mV, n = 3 neurons). 

2.3.2 Activation of both IL and PL VIP subpopulations decreases intake of highly valued food 

but has no effect on motivation to obtain palatable food. 

To elucidate roles for IL and PL VIP neurons in the binge-like, acute overconsumption of food, 

we stimulated IL or PL VIPergic neurons with a 5-second light pulse train, then, in 2 

experiments, allowed mice free access to either standard chow or to a highly palatable high-

calorie diet (HCD1). Although neither IL nor PL VIPergic stimulation affected standard chow 

intake at the start of the animal’s light cycle, circadian time 0 (CT0, Figure 5A), both IL and PL 

VIPergic stimulation were sufficient to reduce intake of the energy-dense HCD1 at 30 minutes 

after stimulation (3.02 ± 0.3 kcal for IL SSFO controls, 1.9 ± 0.26 kcal for IL SSFO, P < 0.01; 4.3 

± 0.16 kcal for PL SSFO controls, 3.3 ± 0.34 kcal for PL SSFO, P < 0.05, Figure 5C) relative to 

sham-stimulated littermate controls. We hypothesized that the low value of standard chow in 

sated mice at CT0 (Warthen et al., 2016) may have masked the ability of VIPergic stimulation to 

reduce feeding. Thus, we subsequently repeated our chow intake study at the onset of 

subjective night (CT12), when mice show an enhanced drive to feed, and again at CT0 following 

an 18-hour overnight fast. Although we found that control mice consumed more food at CT12 
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than CT0, again neither IL nor PL VIP stimulation affected standard rodent chow intake (Figure 

5B). However, following a fast to further increase the relative value of chow, stimulation of both 

PL and IL VIPergic neurons reduced chow intake (2.199 ± 0.11 kcal for IL SSFO controls, 1.80 

± 0.091 kcal for IL SSFO, P < 0.05; 2.129 ± 0.068 kcal for PL SSFO controls, 1.64 ± 0.145 kcal 

for PL SSFO, P < 0.05, Figure 5D), suggesting that this cell type can regulate feeding when the 

value of the food source changes. 

In addition to the regulation of food intake, the frontal cortex has also been shown to regulate 

the motivation to obtain food reward (Seo et al., 2016, Warthen et al., 2016, Richard and 

Berridge, 2013). Thus, we investigated whether VIPergic stimulation could also affect the drive 

to work for food reward using a progressive-ratio operant conditioning paradigm. Unlike the 

observed effect on palatable food intake, no changes in progressive-ratio operant breakpoint or 

time to completion of the initial fixed ratios (FRs) in the progressive-ratio paradigm were 

observed following either PL or IL VIPergic stimulation (Figure 5, E–G). For PL (in seconds): 

FR5 control 46.57 ± 12.31, FR5 SSFO 114 ± 23.3, P = 0.54; FR10 control 45.85 ± 10.21, FR10 

SSFO 55.66 ± 11.69, P = 0.92; FR20 control 179.71 ± 69.01, FR20 SSFO 82 ± 15.58, P = 0.35; 

FR30 control 192.43 ± 82.75, FR30 SSFO 334 ± 114, P = 0.56. For IL (in seconds): FR5 control 

47.6 ± 16.82, FR5 SSFO 168 ± 63.34, P = 0.159; FR10 control 59.33 ± 15.2, FR10 SSFO 58.16 

± 8.0, P = 0.94; FR20 control 53.5 ± 11.59, FR20 SSFO 74.83 ± 10.6, P = 0.22; FR30 control 

76.5 ± 11, FR30 SSFO 114.7 ± 37.86, P = 0.39. 

Taken together, these results demonstrate that both IL and PL VIPergic neurons are sufficient to 

drive a reduction in high-value food intake while sparing effects on the motivation to obtain food 

reward. 
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2.3.3 The ability of IL but not PL VIP neuron activation to reduce palatable food intake depends 

on food novelty. 

Novelty and salience are both important factors driving pursuit of both natural and drug rewards 

(Beckmann et al., 2011, Hansson et al., 2012, Panaro and Cone, 2013). In fact, the availability 

of a wide variety of energy-dense foods has been suggested to play an important role in driving 

overeating, preventing the development of sensory-specific satiety (Rolls et al., 1986, Reichelt 

et al., 2014). To examine whether the observed ability of mPFC VIPergic neurons to reduce 

food intake was dependent upon the novelty of the food stimulus, we performed an experiment 

in which mice that underwent our initial food intake evaluation (Figure 5C) were retested using 

the same diet (HCD1) after either IL or PL VIP stimulation (Figure 6, A and C, for IL and PL, 

respectively). Interestingly, while IL VIP stimulation failed to affect palatable food intake 

following the animal’s second exposure to the food (2-way repeated measures ANOVA, F1,9 = 

9.434, P = 0.0133, 2.84 ± 0.3 kcal for IL SSFO control during second exposure, 2.42 ± 0.6 kcal 

for IL SSFO second exposure; P = 0.19). PL VIP stimulation significantly reduced HCD1 

consumption during both the initial and second exposures (2-way repeated measures ANOVA, 

F1,14 = 8.785, P = 0.0103, 4.08 ± 0.23 kcal for PL SSFO control during second exposure, 3.25 

± 0.26 kcal for PL SSFO second exposure; P < 0.05) (Figure 6C). We reasoned that we should 

be able to rescue the ability of IL VIPergic neurons to reduce food intake if animals were 

subsequently given a novel palatable diet that was different in nutrient composition and texture 

(HCD2) from the initial diet (HCD1) used in testing. As predicted, IL VIPergic stimulation 

produced a reduction in palatable food intake following the first but not the second exposure to 

HCD2 (2-way repeated measures ANOVA, F1,11 = 6.8, P = 0.0244. First HCD2 exposure: 2.34 

± 0.19 kcal for IL SSFO control, 1.73 ± 0.12 kcal for IL SSFO, P < 0.05. Second HCD2 

exposure: 2.46 ± 0.1 kcal for IL SSFO control, 2 ± 0.2 kcal for IL SSFO, P = 0.125) (Figure 6B). 

PL VIPergic stimulation produced a reduction in palatable food intake during the first exposure, 

an effect that was also maintained during the second exposure (2-way repeated measures 
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ANOVA, F1,12 = 20.11, P = 0.0007. First HCD2 exposure: 4 ± 0.24 kcal for PL SSFO control, 

3.05 ± 0.29 kcal for PL SSFO, P < 0.05. Second HCD2 exposure: 3.56 ± 0.2 kcal for PL SSFO 

control, 2.52 ± 0.33 kcal for PL SSFO, P < 0.05) (Figure 6D). 

Although these experiments demonstrate the role of food valuation in driving food intake, 

our studies using HCD1 and HCD2 also demonstrate how the initial stimulation paradigm and 

food intake experiment conducted with HCD1 did not simply produce an irreversible change in 

neuron function that blunted the ability of IL VIPergic stimulation to affect food intake during the 

second exposure to HCD1. Furthermore, our experiments examining chow food intake in fasted 

animals suggests that the effect of VIPergic neuron stimulation was not dependent upon 

disruption of sensory processing; our stimulation affected chow intake only when the perceived 

value of this food was high. 

We next investigated whether our observations could be extended beyond the 30-minute 

testing period and conducted a chronic palatable food intake experiment (using HCD2) that 

lasted for 24 hours. Based on our acute food intake data, we hypothesized that chronic PL 

VIPergic stimulation would produce a substantial, prolonged reduction in food intake, while IL 

VIPergic stimulation would be expected to produce minimal effect because animals had been 

previously exposed to the diet. Indeed, cumulative 24-hour consumption of HCD2 was 

significantly reduced following continuous PL but not IL VIPergic stimulation, measured at 30-

minute intervals (13.9 ± 0.75 kcal for PL SSFO controls, 10.81 ± 1 kcal for PL SSFO, P < 0.05, 

Figure 6G). Interestingly, we determined that the rate of food intake over the 24-hour period was 

significantly different between SSFO- and control-treated animals following either IL VIPergic 

stimulation (CT0–12, average difference 0.482 kcal/h with P = 0.0112; CT13–24, average 

difference 0.755 kcal/h with P = 0.0308, Figure 6E) or PL VIPergic stimulation (CT0–12, 

average difference 1.048 kcal/h with P = 5.74e-09; CT13–24 average difference 2.527 kcal/h 

with P = 5.12e-14, Figure 6F). However, because only PL stimulation produced a statistically 
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significant reduction in cumulative 24-hour food consumption, this suggests that chronic IL VIP 

stimulation could produce a small change in food intake that might be measurable at some time 

point beyond our 24-hour test period. Summarily, these data suggest that IL and PL VIP 

neurons affect palatable food intake through behaviorally separate pathways. 

2.3.4 Activation of IL but not PL VIP neurons suppresses interest in other natural novel stimuli 

not associated with food intake. 

The selective effect of IL VIPergic neuron stimulation on the intake of a highly valued, novel 

food suggested that IL VIPergic neurons might also control novel social– and novel object–

driven investigatory behavior. Thus, we tested whether interaction with a novel object or novel 

mouse was altered following VIPergic activation. In agreement with our observations on food 

intake, mice that underwent VIPergic stimulation in the IL exhibited decreased time spent 

investigating a novel object in an open field with respect to nonstimulated control counterparts. 

For IL SSFO controls: 115.1 ± 13.7 seconds spent in center with no object, 207.7 ± 21.9 

seconds spent in center with novel object present, P < 0.001. For IL SSFO: 150 ± 16 seconds 

spent in center with no object, 158.5 ± 32.8 seconds spent in center with novel object present, P 

= 0.82 (Figure 7A). PL VIPergic stimulation had no effect on novel object investigation. For PL 

SSFO controls: 115.7 ± 10.7 seconds spent in center with no object, 221 ± 25.7 seconds spent 

in center with novel object present, P < 0.01. For PL SSFO: 126.7 ± 13.3 seconds spent in 

center with no object, 230.8 ± 51.4 seconds time in center with novel object present, P < 0.05 

(Figure 7B). Similarly, IL VIPergic stimulation decreased interest in investigating a novel mouse 

in an open field (43.46 ± 6.6 seconds for IL SSFO control, 8.35 ± 4 seconds for IL SSFO, P < 

0.001, Figure 7C) while PL VIPergic stimulation was not associated with any changes in social 

interaction (63.98 ± 6.09 seconds for PL SSFO control, 50.51 ± 11.41 seconds for PL SSFO, 

Figure 7C). Taken together, these results suggest that IL VIP stimulation may act to decrease 

the salience or value of both novel food and other natural stimuli. 
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2.3.5 Neither IL nor PL VIP activation induces anxiety-like behavior. 

Although we observed that mPFC VIPergic activation reduced the value of food and 

other rewarding stimuli, it is also possible that the observed effects may have resulted from a 

confounding change in other behaviors that the frontal cortex regulates. Although the lack of 

effect of either VIPergic IL or PL manipulation on motivation (Figure 5D) suggests that no 

increase in a depression-like or high-stress state occurred (Hershenberg et al., 2016, Bryce and 

Floresco, 2016, Bergammi et al., 2016), it is possible, based on prior work conducted in the 

rodent mPFC (Vialou et al., 2014, Bi et al., 2013), that anxiety-like behavior may have been 

increased following our stimulation paradigm. To test this possibility, mice expressing SSFO in 

either IL or PL VIPergic neurons were both subjected to an open field assay and tested using an 

elevated plus maze to elucidate changes in anxiety-like behavior. No effect of either stimulation 

on time spent in the center of an open field (Figure 8A) or time spent in open arms of an 

elevated plus maze (Figure 8C) was observed, suggesting that mPFC VIP stimulation does not 

alter anxiety behavior. Interestingly, both IL and PL VIP stimulation decreased total distance 

traveled in an open field (5430 ± 431 cm for IL SSFO controls, 4208 ± 336 cm for IL SSFO, P < 

0.05; 5393 ± 300 cm for PL SSFO controls, 4087 ± 509 cm for PL SSFO, P < 0.05, Figure 8B), 

a result that demonstrates the complexity of VIPergic regulation of IL and PL function. Although 

VIP neurons act through different mechanisms to reduce food intake in the IL and PL, they 

appear to act in both areas of the mPFC to reduce exploratory behavior in a novel environment. 

2.3.6 IL and PL VIPergic activation produces distinct changes in subcortical neuronal activation. 

Because our data indicate that VIP neurons of the IL and PL can produce a reduction in 

palatable food intake that is differentially sensitive to the novelty of the food source, we 

examined how VIP stimulation altered neuron activation in subcortical brain areas, 

hypothesizing that the c-Fos expression patterns from IL or PL VIP-stimulated neurons would 

differ significantly. Indeed, only the dorsomedial hypothalamic nucleus (DM) was shown to 
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exhibit a change in c-Fos expression that was similar between the IL and PL stimulation 

paradigms; both stimulations significantly increased c-Fos expression in this area (Table 1, P < 

0.01 for IL; P < 0.05 for PL). Although IL VIPergic activation significantly increased c-Fos 

expression in the core of the AcbC and the CeM, no changes in c-Fos expression in these brain 

structures were observed following PL VIPergic activation. Interestingly, PL activation produced 

a significant increase in the expression of c-Fos in the PVN while decreasing c-Fos expression 

in the ARC. Again, IL VIPergic stimulation did not change c-Fos expression in either of these 

structures. These data demonstrate how manipulations of IL and PL VIPergic neurons produce 

distinctive changes in subcortical neuronal activation that likely explain observed differences in 

behavior. 

2.4 Discussion 

Our data represent the first description to our knowledge of an interneuronal cell type in 

the cortex that is capable of regulating food intake. To our knowledge, this is also the first 

description of a cellular pathway capable of selectively modulating palatable food intake while 

having no effect on standard chow consumption in sated animals. Although prior published 

reports have described the role of the frontal cortex in controlling feeding, no studies to our 

knowledge in humans or in animal models have shown how activation of a defined cortical 

interneuron cell type could alter ingestive behavior. Our studies provide an explanation at the 

cellular level of how aspects of reward behavior can be regulated by a defined neuronal cell 

type; mPFC VIPergic neuron stimulation can selectively reduce the intake of a highly valued 

food while having no effect on the motivation to work for food reward. 

Prior studies have shown how VIPergic neuronal activity in both the frontal and auditory 

cortices is elevated following receipt of either reward or punishment (Pi et al., 2013, Pinto and 

Dan, 2015); these neurons respond following action outcome, suggesting that they act to relay a 

feedback signal. In this way, VIPergic activation would be expected to modulate the positive 
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reward prediction signal associated with the presentation of a novel food or other stimulus, 

updating the perceived value of the stimulus. Furthermore, this action as a reward prediction 

error signal would not be expected to affect motivation because any such signal would likely 

become attenuated over multiple cycles of reward consumption. Indeed, our data partly agree 

with this hypothesis: VIP neurons in the IL likely regulate high-value food intake through 

mediating the strength of a reward prediction signal error that would likely result from the 

consumption of a novel food or a food that undergoes an alteration in perceived value, while 

having no effect on the motivation to obtain food reward. In the absence of the generation of this 

hypothetical reward prediction error signal, for example when the same diet is presented 

multiple times, VIP depolarization in the IL would be expected to exert little effect on feeding. 

This interpretation of the function of IL VIP neurons is also in agreement with our 

observation that these cells, when activated, can also reduce the intake of chow in a fasted 

animal. In this case, the effect of VIP neuron stimulation can be seen only when chow value is 

increased through fasting, potentially altering the predicted value of this food, while in the fed 

state, IL VIP stimulation has no effect on food intake. It has yet to be determined, however, 

whether IL VIP neuron stimulation amplifies a hypothetical error prediction signal that might 

result from the elevation in value of chow food that is ingested in the fasted state. 

Meanwhile, the reduced palatable food intake we examined after PL VIPergic activation 

(Figure 5C and Figure 6, C and D) is consistent with the action of these neurons to reduce food 

intake through modulation of the salience of, value of, or attention to the food source. Although 

further studies are required to determine which of these processes engaged by reward 

presentation are altered by changes in PL VIPergic neuron activity, we can conclude from our 

data that PL VIPergic reduction in palatable food intake is not novelty dependent. This suggests 

that our stimulation in the PL does not modulate a reward prediction error signal. Interestingly, 

although the novelty value of palatable food does not appear to be the principal driver of a 
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reduction in intake by the PL VIP neurons, these cells can act to reduce exploratory locomotion 

in a novel environment, as we have also observed with IL VIPergic stimulation. Thus, our data 

demonstrate how mPFC VIP cells can regulate the response to select novel stimuli, an effect 

that is likely dependent upon the behavioral selectivity of the IL and PL brain regions. 

Our c-Fos expression data provide an explanation of how manipulations of IL and PL 

VIPergic neurons produce differential effects on food intake and novelty-driven behaviors. PL 

VIPergic stimulation was shown to reduce c-Fos expression in the ARC, while PVN c-Fos 

expression was increased, with both areas having been implicated in the control of food intake 

(Elmquist et al., 2005, Krashes et al., 2011, Liu et al., 2017). Although direct activation of these 

target sites is unlikely, an indirect projection such as that from the PFC to the bed nucleus of the 

stria terminalis (BNST) (Radley et al., 2009) and subsequently from the BNST to the PVN could 

mediate the observed increase in c-Fos expression. IL VIPergic activation resulted in significant 

increases in c-Fos expression in the CeM and AcbC, areas that have been implicated in the 

regulation of reward valuation and novelty-driven behavior (Murugan et al., 2017, Mannella et 

al., 2013, Munuera et al., 2018), in addition to food intake (Land et al., 2014, Mena et al., 2013, 

Maldonado-Irizarry et al., 1995). Although a systematic investigation of PL and IL projections 

has not been attempted in the mouse, prior work in rats has shown how these brain regions 

differentially innervate, either directly or indirectly, subcortical structures that include the 

amygdala and nucleus accumbens (Vertes 2004, Gabbott et al., 2005), observations that could 

explain our described differences in c-Fos expression and animal behavior. The activation of the 

DM following stimulation of either IL or PL VIPergic neurons might also contribute significantly to 

the control of food intake because prior studies have shown how activation of select DM 

neurons can regulate autonomic outflow (Zhang et al., 2011) and food intake (Jeong et al., 

2017) in addition to affecting reward-seeking behavior (Marchant et al., 2010). Neither IL nor PL 

stimulation produced a change in LH c-Fos levels, which was unexpected given the described 
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importance of mPFC projections to the LH in the control of feeding behavior (Mena et al., 2013). 

This result may be due to a lack of activation of this projection or may instead be due to a 

technical issue. Because mPFC VIPergic activation may be acting to suppress LH activity 

(Mena et al., 2013), this effect would be difficult to observe in neurons that, under resting 

conditions, are quiescent. 

Finally, although our studies have focused on describing the role of VIPergic neurons in 

the control of food intake, it is likely that the activity of other interneuronal cell types can also 

influence aspects of reward valuation or motivation to obtain food. Because one of the main 

targets of the VIPergic neurons are other GABAergic interneurons that co-express somatostatin 

(SST) (Walker et al., 2016, Karnani et al., 2016), it is quite likely that activation of this cell type 

would produce an opposite effect on feeding behavior, enhancing intake. However, because 

VIPergic neurons also innervate pyramidal neurons directly (Zhou et al., 2017), producing a 

complex effect on circuit activity, SST activation may not produce a reciprocal change in 

behavior. Indeed, our observations regarding VIPergic function contrast with those data 

describing the role of another VIPergic neuronal target, the parvalbumin-expressing (PV) 

interneurons, suggesting that some of the behavioral consequences of VIPergic activation may 

be unique to this cell type. Although effects on food intake have yet to be investigated, activation 

of PV interneurons in the PFC enhances attentional performance (Kim et al., 2016) while 

manipulation of this cell type in isolation shows no effect on social interaction (Yizhar et al., 

2011). These differences between the actions of PV neurons of the frontal cortex and our 

reported data concerning mPFC VIPergic neurons suggest that our manipulations have 

revealed an unappreciated behavioral selectivity of this cell type. This selectivity also suggests 

that our manipulation is not producing a nonspecific effect on network activity but instead 

produces a specific, behaviorally relevant effect on pyramidal cell output. 
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When considering potential caveats within the interpretation of our data, it is possible 

that our manipulation of VIP neuron activity producing a change in behavior did so through a 

synergy with isoflurane, which was administered in all animals before laser coupling to the 

ferrule. Although we were careful to begin behavioral testing only 5 minutes following recovery 

from and washout of isoflurane, it is possible that this induction of anesthesia may have affected 

behavior. It is also possible that other environmental effects in addition to isoflurane affected the 

outcome of our feeding experiments in particular, because our control populations appeared to 

show differences in consumption when tested sequentially. When we subsequently tested 

another group of PL and IL controls concurrently, however, we were unable to recapitulate the 

differences in food intake seen between the 2 control populations reported in manuscript (data 

not shown). Thus, it is quite likely that the observed differences in food intake between PL and 

IL control groups may have been due to environmental differences present upon testing and 

likely not due to the surgical manipulation or other aspects of the paradigm. 

In conclusion, our studies have identified a potentially unique role for IL and PL VIPergic 

neurons in the control of palatable food intake. Our work is the first, we believe, to describe the 

ability of a cortical neuron subtype to selectively reduce intake of highly valued food in the 

absence of an effect on nonfasted chow intake. In addition, these data demonstrate how 

novelty-dependent and -independent mechanisms are likely involved in the frontocortical control 

of feeding behavior. 

2.5 Methods 

Experimental animals. We purchased 12-week-old adult male VIP-IRES-Cre–transgenic mice 

(stock 010908) from The Jackson Laboratory and housed them in the Pinn Hall vivarium at the 

University of Virginia on a 12-hour light/12-hour dark cycle (lights off at 2100 hours) with ad 

libitum access to food and standard chow (Teklad 2013, 4% fat, 17% protein, 48% 

carbohydrate, no sucrose, 2.9 kcal/g) unless otherwise noted. The Cre-expressing line was 
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backcrossed to C57BL/6J animals (Jackson Laboratory) for at least 7 generations. 

Heterozygous males were used for all described experiments and were generated by crossing 

VIP Cre–expressing males to C57BL/6J females. Animals were genotyped using the following 

primer pairs: mutant forward: 5′-CCCCCTGAACCTGAAACATA-3′; common: 5′-

GGACACAGTAAGGGCACACA-3′; WT forward: 5′-TCCTTGGAACATTCCTCAGC-3′. We used 

6–9 mice per treatment group for each experiment that we conducted. 

Adeno-associated viral vector and stereotaxic viral injections. VIP neurons were stimulated 

using a Cre-dependent SSFO virus, AAV5-EF1a-DIO-ChR2 (C128S/D156A)-EYFP (23), 

sourced from the University of North Carolina Gene Therapy Core Facility. We injected 100 nl of 

virus bilaterally into either the PL or IL of 8-week-old male VIP-Cre mice using coordinates 

based on Frankin and Paxinos (Vogt and Paxinos, 2014, Xiong et al., 2017) (PL: +1.8 mm from 

bregma, ±0.4 mm lateral of midline, and 1.4 mm ventral of the dura; IL: +1.8 mm from bregma, 

±0.4 mm lateral of midline, and 1.8 mm ventral of the dura). We next installed a fiber optic 

ferrule (FT200EMT, Thor Labs) at the dorsal boundary of the PL (+1.3 mm ventral of the dura) 

or IL (+1.7 mm ventral of the dura) following viral injection. The ferrule was attached to the skull 

and held in place using dental adhesive. Animals were allotted 6 weeks to recover from surgery 

before behavioral experiments were conducted. 

SSFO stimulation protocol. Before each experiment, mice were briefly anesthetized with 

isoflurane, then fiber optically coupled to a diode-pumped, 473-nm blue laser (CrystaLaser 

model BC-473-060-M) controlled by a function generator (Grass Instruments), which delivered 

one 5-second train of 20-Hz pulses, 5-ms pulse width, with power output of 10 mW. Following 

stimulation, the laser was uncoupled, and after a period of 5 minutes to recover from handling, 

mice underwent all experimentation in the absence of tethering. To control for stress associated 

with handling, mice were acclimated to this stimulation procedure in the absence of actual 
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stimulation once daily for 1 week before any experimentation. Control animals were subjected to 

this tethering procedure for each experiment, minus laser stimulation. 

Free feeding assays. All behavioral testing for palatable chow and standard chow feeding 

assays occurred in the home cage in the home room, except the 24-hour feeding assay 

(described below). For the 30-minute free feeding on standard chow, mice had their food 

removed at lights on and were tethered to the laser as described above; then laser stimulation 

was either applied or withheld depending on treatment condition. After 5 minutes, mice received 

a novel piece of preweighed standard chow, and food intake was quantified at 30 minutes, after 

which food was removed and mice resumed ad lib chow feeding. For feeding during the dark 

cycle, procedures were identical, except the experiment began at CT12 as opposed to CT0.  

Measurement of palatable food intake was performed as previously described (Gaykema 

et al., 2014). On the night before testing, mice received a small (<0.1 g) sample of the HCD of 

interest (HCD1: Teklad TD.88137, 21% fat, 17.3% protein, 48.5% carbohydrates, 4.5 kcal/g; 

HCD2: Research Diets Inc., D12331, 58% fat, 17% protein, 25% carbohydrates, 5.56 kcal/g) to 

reduce aversion. At CT0 all food was removed, and mice were tethered to the laser; then laser 

stimulation was either applied or withheld depending on treatment condition. After 5 minutes, 

mice were challenged with approximately 3 g of preweighed HCD and allowed to consume. 

After 30 minutes, food was removed and weighed; then mice were returned to ad lib chow 

feeding. Mice were assigned randomly to the treatment or control conditions. Mice were given 4 

days to recover from the binge before subsequent HCD exposure. For mice to serve as their 

own controls when comparing HCD consumption across multiple exposures, animal treatments 

remained consistent across days. 

Measurement of 24-hour food intake. Mice were stimulated with one 5-second train of 20-Hz 

pulses, 5-ms pulse width, with power output of 10 mW, once every 30 minutes throughout the 
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23-hour duration of this study. To minimize disturbing the mice during stimulation, mice 

remained tethered to the laser via a fiber optic cable coupled to an optical commutator for the 

duration of the study. Mice were placed in cages modified for this setup in a separate room used 

for behavioral studies for this study, and they were acclimated to the cages 24 hours before 

testing. At lights on, mice were tethered to commutators, then given free access to the HFD of 

interest after 1 hour. Laser stimulation occurred at the onset of diet presentation, then every 

subsequent 30 minutes for 23 hours. Food intake was quantified every hour, and body weight 

was quantified every 6 hours; mice remained tethered during body weight quantification. 

Operant responding for palatable food reward. Behavioral testing for the operant conditioning 

assay occurred in a dedicated behavior room, separate from the home room, conducted as we 

described previously (Warthen et al., 2016). Unlike testing during the other described behavioral 

experiments, mice remained tethered for the duration of the training sessions and the 

experiment, receiving laser stimulation during the latter at 15-minute intervals. Testing was 

performed in sound-attenuated boxes (Med-Associates). Each box was equipped with 3 nose 

poke holes arranged in a line on one side of the chamber and a food magazine on the opposite 

side. Each nose poke hole, as well as the magazine, was equipped with an infrared beam break 

detector. Three days before training, mice were placed on food restriction, with access to 

regular chow for 3 h/day, such that they were maintained at 80% original body weight. Mice 

were trained for 1 h/day, every day. Before any training, mice initially underwent extinction 

training to extinguish any innate preferences for any of the nose poke holes. In this phase, a 

nose poke did not result in any reward delivery. After passing extinction (fewer than 10 pokes in 

any hole in a given session), mice were passed on to FR training. FR training proceeded in 3 

stages: FR1, FR3, and FR5. In FR1, a single nose poke in the center hole resulted in delivery of 

a palatable food reward (Bio-Serv, F05301, 5.6% fat, 18.7% protein, 59.1% carbohydrates, 3.6 

kcal/g) to the magazine. In FR3, 3 nose pokes were required for a reward, and in FR5 5 nose 
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pokes were required. A mouse was considered to have passed a stage when it attained 30 

rewards in a single session. Mice were moved from FR1 to FR3 after passing FR1 1 time, 

moved from FR3 to FR5 after passing FR3 twice, and moved from FR5 to progressive ratio (PR) 

testing after passing FR5 3 times. In PR testing, the number of nose pokes required for a 

reward increased progressively during a session, on the following schedule: 5 pokes for the first 

reward, then 10, 20, 30, 50, 70, 100, 130, 170, 210, 260, 310, and finally 370. PR testing lasted 

for a maximum of 2 hours and could terminate early if the mouse did not complete any given 

stage in 30 minutes or less. Total nose pokes recorded until this point were reported as 

“breakpoint.” Mice underwent 2 days of PR testing on food restriction alternating laser/control 

treatment, with half receiving the laser stimulation on the first day and half receiving no 

stimulation, such that each animal underwent PR testing on each treatment. The chambers 

were cleaned between each trial with Minncare disinfectant to remove residual odors. 

Open field. The open field assay was conducted as previously described (Warthen et al., 2016). 

The lights in the behavioral room were turned down, and mice were allowed to acclimate for at 

least 1 hour before testing. Five minutes after laser stimulation, mice were placed into the open 

field chamber and allowed to explore for 15 minutes while movement was recorded using 

EthoVision XT tracking software (Noldus). The open field chamber was cleaned between each 

mouse with Minncare disinfectant to remove residual odors. During testing, the lights in the 

room remained turned down, providing a dim light environment. All mice underwent this 

experiment before any other experiments in this open field arena so that arena novelty did not 

exist as a confounding variable during social interaction and novel object assays. 

Social interaction. The social interaction task was performed in our open field chamber, as 

previously described (Golden et al., 2011). Before the social interaction test, all mice were 

brought to the behavior room and allowed to acclimate for at least 1 hour. Mice received laser 

stimulation 5 minutes before testing. In brief, the chamber was prepared with an empty 
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restrainer in the interaction zone, against the wall. The test mouse was placed in the chamber 

adjacent to the wall opposite the restrainer (as in the open field assay) and allowed to explore 

for 150 seconds. The test mouse was then removed to the home cage for 30 seconds, while the 

empty restrainer was replaced with a new, clean restrainer. A novel mouse (129/SJL, Jackson 

Laboratory) was placed in the new restrainer, and the test mouse was returned to the chamber 

and allowed to explore for 150 seconds. Behavior and motion were recorded using EthoVision. 

The chamber was cleaned between each mouse with Minncare disinfectant to remove residual 

odors. 

Novel object interaction. The novel object interaction assay was also performed in our open field 

chamber, described above. Before the novel object test, all mice were brought to the behavior 

room and allowed to acclimate for at least 1 hour. Mice received laser stimulation 5 minutes 

before testing. In brief, following an initial 15 minutes of exposure to the chamber, mice were 

reintroduced to the chamber that then contained a novel piece of copper piping. Exploration of 

the piping, placed in the center of the arena, was recorded using EthoVision. 

Elevated plus maze. Anxiety-like behavior was measured using an elevated plus maze 

apparatus according to our prior published procedure (Scott et al., 2011). The 12 cm × 50 cm 

maze was elevated 55 cm from the floor in a low-light environment. Time in the open arm was 

measured during a 5-minute period. Scoring was done automatically using EthoVision. 

Brain tissue preparation and immunohistochemistry. Immunohistochemistry was performed as 

previously described (Gaykema et al., 2014). Mice received either laser stimulation or nothing 

(controls) in the absence of food 90 minutes before sacrifice by transcardial perfusion fixation. 

After receiving anesthesia, mice were briefly flushed with buffered saline, followed by perfusion 

with 4% paraformaldehyde in 0.1-M phosphate buffer. Brains were dissected and sectioned at 

40-μm thickness on a vibratome (Leica Biosystems). Immunoperoxidase staining was used to 
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visualize c-Fos expression. All primary and secondary antibody solutions were made in 0.01 M 

PBS containing 0.5% Triton X-100, 1% normal goat serum, and 0.1% sodium azide with the 

following dilutions: rabbit anti-Fos (Ab-5, 1:5000, MilliporeSigma, PC38), goat anti–rabbit IgG 

(1:1000, Jackson ImmunoResearch Laboratories Inc.). After 48 hours of incubation in primary 

antibody, sections were washed in PBS and incubated in goat anti–rabbit IgG secondary 

antibody overnight at 4° C. Following a subsequent series of washes in PBS, sections were 

incubated for 3 hours in avidin-biotin-peroxidasa complex diluted in PBS with 0.1% Triton x-100 

(ABC Elite kit, 1:1000, Vector Labs). After a final series of washes, sections were visualized with 

nickel-enhanced DAB tablets (SIGMAFAST, Sigma-Aldrich) to yield a black color. For 

fluorescent immunohistochemistry, sections were incubated in a mix of chicken anti-GFP (Aves 

Labs catalog GFP-1020, 1:2000) and rabbit anti-Fos (Ab-5, 1:5000, MilliporeSigma, catalog 

PC38) polyclonal antibodies for 24 hours, followed by Alexa Fluor 488–conjugated goat anti-

chicken and Cy3-conjugated goat anti–rabbit IgG (Jackson ImmunoResearch Laboratories Inc.; 

1:1000) overnight in a light-protected container. Sections from each were then mounted in 

sequential order, air-dried, dehydrated, cleared, and coverslipped in Vectashield hard-set 

mounting medium (Vector Laboratories). During the entire process the slides were protected 

from light exposure. 

Quantitative analysis of c-Fos immunoreactivity. In the series stained for only c-Fos, numbers of 

stained cell nuclei in the mPFC were counted using the ImageJ (NIH). The mPFC area analyzed 

corresponded closely with the coronal diagram at 1.78 mm anterior to the bregma (Karnani et 

al., 2016). Quantitation was done in the NIH’s ImageJ, where images were equalized in 

brightness (background subtraction), the threshold was set for binary conversion, and the 

number of particles (corresponded to labeled nuclei) was counted and recorded. Similarly, c-Fos 

expression was assessed in the AcbC (bregma +1.34 mm), PVN and LH (bregma –0.58 mm), 
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BLA and CeM (bregma –1.22 mm), DM and ARC (bregma –1.58 mm), and VTA (bregma –3.08 

mm). 

Quantitative analysis of fluorescent double-labeled cells. The series of sections fluorescently 

double-labeled for c-Fos and YFP reporter immunofluorescence was evaluated using 

Neurolucida 2017 (MBF Bioscience) by capturing pairs of images with a ×20 objective with the 

excitation/emission filters alternating between Cy4 and Alexa 488 fluorophores. Then the 

sections were quantified for double-labeling manually by a blinded technician. 

Electrophysiology. In vitro slice preparation and intracellular recordings were performed as 

described previously (Klein et al., 2018) with some modifications. Briefly, VIP-Cre mice were 

stereotactically injected with AAV5-EF1a-DIO-ChR2 (C128S/D156A)-EYFP into the mPFC. 

Animals were allowed to recover for 2 weeks and were then injected with pentobarbital and 

transcardially perfused with an ice-cold solution of (in mM) 92 NMDG, 26 NaHCO3, 25 glucose, 

20 HEPES, 10 MgSO4, 5 sodium ascorbate, 3 sodium pyruvate, 2.5 KCl, 2 thiourea, 1.25 

NaH2PO4, and 0.5 CaCl2 titrated to pH 7.4. Coronal sections were obtained using a VT1200 

vibratome (Leica Biosystems), incubated in aCSF (in mM: 126 NaCl, 26 NaHCO3, 10 glucose, 

2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, and 1 MgSO4), held at room temperature, and equilibrated 

with 95% O2/5% CO2. Intracellular recordings were obtained from tissue slices submerged in a 

chamber perfused with 31°C to 33°C aCSF. VIPergic neurons expressing the SSFO were 

identified first by green fluorescent reporter expression and DIC optics using a Zeiss Axio 

Examiner.A1 microscope and scientific CMOS camera (ORCA-Flash 4.0, Hamamatsu). 

Recording pipettes were made from borosilicate pipettes pulled using a Sutter P1000 puller. The 

internal solution was composed of (in mM) 130 KCl, 1 MgCl2, 0.07 CaCl2, 10 HEPES, and 0.1 

EGTA, pH 7.3, osmolarity 300 mOsm. Pipettes used tip resistances of 3–4 M. Neurons were 

stimulated using a diode-pumped, 473-nm blue laser (CrystaLaser model BC-473-060-M), with 

light delivered through the camera port, controlled by a function generator (Grass Instruments), 
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which delivered one 5-second train of 20-Hz pulses, 5-ms pulse width, with power output of 10 

mW. Data were acquired using pClamp software (Molecular Devices) using a Multiclamp 700B 

amplifier. Data were low-pass filtered at 2 kHz and digitized at 10 kHz using a Digidata 1440A 

(Molecular Devices). Analysis of the effect of laser stimulation on membrane potential was 

performed using a custom MATLAB script (MathWorks). 

Statistics. All data were subjected to statistical analysis in GraphPad Prism version 7. IL and PL 

groups were separate cohorts, and thus controls were not pooled; IL controls were compared to 

IL SSFO, while PL controls were compared to PL SSFO. When SSFO-stimulated VIP mice were 

compared to nonstimulated controls, 2-tailed, unpaired t tests were performed (Figures 1–4). 

For multiple HFD exposure assays, mice received the same treatments across multiple 

exposures, and data were analyzed with 2-way repeated measures ANOVA and Tukey’s post 

hoc comparisons with treatment and time points as independent variables (Figure 5, A–D). Mice 

served as their own controls in the operant responding experiment, and thus a 2-way repeated 

measures ANOVA was used (Figure 4D). For the 24-hour HCD2 consumption study, linear 

regression models were created with time and treatment group as fixed effects to determine 

whether differences between control and experimental animals were statistically significant. 

Separate models were created for light hours (0–12) and dark hours (13–24) (Figure 6, E and 

F). Data from once-performed behavioral tests (open field, elevated plus maze, novel object, 

social interaction) were analyzed with unpaired, 2-tailed t tests (Figure 7 and Figure 8). All Data 

are expressed as mean ±SEM. Statistical significance was considered when P values were less 

than 0.05. For the comparison between FR completion times, we used multiple t tests with 

correction for multiple testing, using the Holm-Šídák method with α = 5%. For the c-Fos 

analysis, cell numbers and percentages of double-labeled cells were analyzed using 2-tailed, 

unpaired t tests. In all bar graphs and tables, all grouped values are expressed as means and 

SEM. 
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Study approval. All experimental procedures were conducted in accordance with NIH guidelines 

and approved by the University of Virginia’s Animal Care and Usage Committee (Charlottesville, 

Virginia, USA). 
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2.6 Figures and Tables 
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Figure 1. SSFO Expression in the PL and IL. AAV-driven expression of SSFO was selective 

for the IL (A) and PL (B). Arrowheads indicate SSFO-expressing neurons in representative 

images of animals with AAV injections targeted to either the IL or PL cortex. Expression of 

SSFO was observed in all study animals between +1.7 mm and +1.98 mm rostral of the 

bregma, corresponding to panels 17 to 19 in Paxinos and Franklin (2004). Relative position of 

cortical layers I → VI indicates orientation of the coronal slice. Scale bar: 500 μm. 
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Figure 2. SSFO stimulation of IL VIPergic neurons produces a selective increase in c-Fos 

expression throughout the IL. IL SSFO stimulation results in an increase in c-Fos expression 

(C) when compared with controls (B) quantified in (A). IL SSFO stimulation does not result in an 

increase in c-Fos expression in the PL, when stimulated animals (F) are compared with controls 

(E) quantified in (D). Scale bar: 200 μm. Fmi, forceps minor corpus callosum. *P < 0.05, 

unpaired 2-tailed t test. 6 IL control and 6 IL SSFO mice (A and D) were used for analysis. 
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Figure 3. SSFO stimulation of PL VIPergic neurons produces a selective increase in c-

Fos expression throughout the PL. PL SSFO stimulation results in an increase in c-Fos 

expression (F) when compared with controls (E) quantified in (D). PL SSFO stimulation does not 

result in an increase in c-Fos expression in the IL, when stimulated animals (C) are compared 

with controls (B) quantified in (A). Scale bar: 200 μm. Fmi, forceps minor corpus callosum. *P < 

0.055, unpaired t test. 10 PL control and 7 PL SSFO mice (A and D) were used for analysis. 
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Figure 4. Selective stimulation of IL and PL VIPergic neurons of the mPFC. Activation of an 

SSFO-YFP driven by 473-nm laser in the IL significantly enhances c-Fos expression in VIPergic 

neurons of the IL (A) when compared with when SSFO stimulation occurs in the PL (B) as 

quantified in (C). Similarly, activation of the SSFO in the PL significantly increases VIPergic c-

Fos expression in the PL (E) compared with when SSFO stimulation occurs in the IL (D) as 

quantified in (F). Green arrows denote YFP+ cells, magenta arrows denote c-Fos+ cells, and 

white arrows denote double-labeled cells. Scale bar: 200 μm. (G) Representative trace showing 

SSFO-driven VIP neuronal depolarization. ***P < 0.0015, by unpaired t test. 7 IL SSFO and 7 

PL SSFO mice (A and D) were used for analysis. 
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Figure 5. VIPergic stimulation in the IL and PL reduces HCD intake while having no effect 

on low-calorie rodent chow consumption or on the motivation to obtain food reward. 

Intake of low-calorie rodent chow at either CT0 (A) or CT12 (B) was unaffected by either IL or 

PL VIPergic stimulation. Both IL and PL VIPergic stimulation reduced the intake of HCD1 over a 

period of 30 minutes at CT0 when compared with control-stimulated mice (C). Similarly, both IL 

and PL VIP stimulation reduced chow intake following an 18-hour fast (D). Progressive ratio 

responding for chocolate-flavored pellets was unchanged following either IL or PL VIPergic 

stimulation, as measured by ratio breakpoint (E) or as time to ratio completion (F and G). *P < 

0.05; **P < 0.015, by 2-way repeated-measures ANOVA with Tukey’s post hoc comparison, with 

treatment and time points as independent variables. 6-9 IL control, 6-9 IL SSFO, 7 PL control, 

and 7-9 PL SSFO mice were used for analysis. 
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Figure 6. IL but not PL VIPergic stimulation-driven reduction in HCD intake is dependent 

upon food novelty while showing little effect on 24-hour food intake. Although stimulation 

of IL VIPergic neurons produced a reduction in food intake of HCD1 during initial testing, these 

neurons produced no change in feeding when retested using the same diet (A). The effect of IL 

VIPergic stimulation to reduce food intake can be rescued, however, when animals are 

subsequently tested using a novel HCD (HCD2) (B, left). Again, when animals were retested 

using this same diet, IL VIPergic stimulation had no effect on food intake (B, right). PL VIPergic 

stimulation produced a reduction in HCD intake regardless of whether the diet was novel, when 

tested using either HCD1 (C) or HCD2 (D). IL VIPergic stimulation for 24 hours exerted a 

minimal effect on food intake (E and G, left) while PL VIPergic stimulation produced a significant 

reduction in consumption (F and G, right). *P < 0.05; **P < 0.01; #P < 10–8; ##P < 10–13 by 2-

way repeated-measures ANOVA with Tukey’s post hoc comparison, with treatment and time 

points as independent variables (A–D), linear regression models were created with time and 

treatment group as fixed effects (separate models were created for light hours [0–12] and dark 

hours [13–24]) (E and F), or unpaired 2-tailed t test (G). 7 IL control, 7 IL SSFO, 8 PL control, 

and 7 PL SSFO mice were available for analysis. 
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Figure 7. IL but not PL VIPergic stimulation reduces novel object and novel social 

investigatory behavior. SSFO-driven stimulation of IL VIPergic neurons reduced novel object 

investigation when compared with controls (A). PL VIPergic stimulation had no effect on novel 

object investigatory behavior (B). IL VIPergic stimulation reduced time spent investigating a 

novel conspecific animal while PL VIPergic stimulation exhibited no effect (C). *P < 0.05; **P < 

0.01; ***P < 0.0015 by unpaired 2-tailed t test. 9 IL control, 6 IL SSFO, 8 PL control, and 9 PL 

SSFO mice were available for analysis. 
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Figure 8. Neither IL nor PL VIPergic stimulation affects the expression of anxiety-like 

behavior. No effect of IL or PL VIPergic stimulation was seen on time spent in the center of an 

open field arena (A) or in time spent in the open arms of an elevated plus maze (C). However, 

both IL and PL VIPergic activation reduced novel environment–driven exploratory behavior in 

the open field arena (B). *P < 0.05 by unpaired 2-tailed t test. 6 IL control, 7 IL SSFO, 8 PL 

control, and 9 PL SSFO mice were available for analysis. 
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Table 1. Distinct patterns of c-Fos expression are observed throughout the brain 
following SSFO-driven stimulation of IL and PL VIPergic neurons. 
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Chapter 3: Deletion of mPFC VIP neurons in both the IL and PL 

increases palatable food- while sparing normal chow intake 

In order to further strengthen our data demonstrating behavioral roles for mPFC VIP 

neurons, we have recently begun to investigate whether deletion of these cells in both the IL 

and the PL could be necessary as well as sufficient (as previously demonstrated in our SSFO 

studies) for the regulation of appetitive and select non-appetitive behaviors.  

3.1 Methods 

Experimental Animals 

 We purchased 12-week-old adult male VIP-IRES-Cre–transgenic mice (stock 010908) from 

The Jackson Laboratory and housed them in the Pinn Hall vivarium at the University of Virginia 

on a 12-hour light/12-hour dark cycle (lights off at 2100 hours) with ad libitum access to food 

and standard chow (Teklad 2013, 4% fat, 17% protein, 48% carbohydrate, no sucrose, 2.9 

kcal/g) unless otherwise noted. The Cre-expressing line was backcrossed to C57BL/6J animals 

(Jackson Laboratory) for at least 7 generations. Heterozygous males were used for all 

described experiments and were generated by crossing VIP Cre–expressing males to C57BL/6J 

females. Animals were genotyped using the following primer pairs: mutant forward: 5’-

CCCCCTGAACCTGAAACATA-3’; common: 5’-GGACACAGTAAGGGCACACA-3’; WT forward: 

5’-TCCTTGGAACATTCCTCAGC-3’. We used 6–9 mice per treatment group for each 

experiment that we conducted.  

Cell-specific deletion protocol 

To ablate interneurons of the PL and IL, we performed bilateral injections of an AAV that 

expressed an activated form of caspase 3 in a Cre-dependent manner (Yang et al., 2013). In 

order to silence large areas of the PL or IL, we reasoned that it would not be practical to use 
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laser light, as VIP and SST neurons are present through several cortical layers that would make 

uniform, bilateral silencing difficult. One additional hurdle to using SSFO was the bilateral nature 

of the deletion; SSFO stimulation was performed unilaterally, as positioning two ferrules in the 

proximity required to bilaterally stimulating the mPFC in a 20g mouse is technically difficult. 

Quantifying silencing would also be a problem using such tools such as Archaerhodopsin, unlike 

the use of the caspase approach.  

In the preliminary work presented here, we first investigated whether deleting VIP 

neurons throughout the entire mPFC could affect appetitive behaviors as well as both novel- 

and social interaction. Thus, we injected into VIP-Cre mice a large volume (200nl/side) of AAV 

caspase uniformly throughout the IL and PL (1.4 to 1.8mm ventral of the dura, based on 

coordinates from Paxinos and Franklin, 2004). After surgery, mice were allowed 4 weeks to 

recover from surgery and for sufficient virally-mediated neuronal deletion to occur before 

behavioral experiments were conducted. For control animals, an equivalent volume of sterile 

saline was bilaterally injected into the mPFC. 

Behavioral Experiments 

 Nine control and 10 caspase-treated mice were available for behavioral analyses. We 

performed several of the same behavioral experiments as described in Chapter 2, section 2.5, 

using the same methodologies. Specifically, we conducted: 

• Free feeding assays using both normal chow and HCD1 (page 45) 

• Operant responding for palatable food reward (page 46) 

• Social interaction (page 47) 

• Novel object interaction (page 48) 

• Open field as measure of anxiety (page 47). 



68 

In all experiments, no stimulation protocol was required, as neuronal deletion had already 

occurred. Thus, mice could be tested without any additional manipulation. 

3.2 Results 

3.2.1 Deletion of mPFC VIP neurons 

 To determine the requirement of mPFC VIP neurons in the regulation of behaviors 

detailed above, we bilaterally injected a Cre-dependent AAV that encoded caspase-3 into both 

the IL and PL of VIP Cre mice. To determine the efficiency and specificity of neuron deletion 

using this technique, we use RNAscope to quantify both VIP and SST (a subpopulation that 

should not have been affected by injection) neuron subpopulations in the mPFC after caspase-3 

injection (Figure 1). VIP neurons were selectively deleted (Figure 1 A-C, Control=162±13 cells, 

Caspase=62±14 cells, p<0.0001), while SST neurons were unaffected (Figure 1A-C, 305±28 

cells, 238±30 cells, p=0.1202). As a control for the spread of the viral injection, we also 

quantified VIP and SST cells in the adjacent AAC, an area where no deletion should have 

occurred. Indeed, we found that both VIP and SST subpopulations were unaffected in animals 

injected with caspase-3 in the ACC (Figure 1D, Control= 98±10, Caspase=78±12 cells, p=0.23). 

These data indicate both site- and cell-specific neuronal deletion. 

3.2.2 mPFC VIP ablation increases palatable food intake 

 We demonstrated in Chapter 2 that mPFC VIP neuron stimulation decreased palatable 

food consumption while sparing effects on standard chow consumption in sated mice. To 

determine the necessity of these neurons in this behavior, we allowed caspase-3-injected VIP 

mice and their control counterparts free access to either standard chow or to a highly palatable 

high calorie diet (HCD1). We found that mPFC VIP neuron deletion was associated with 

increased binge-like consumption of HCD1 (Figure 2A, Control=2.87± 0.132g Caspase=3.497± 

0.237g, p=0.0375), while standard chow intake was again unaffected (Figure 2B, 
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Control=0.4785± 0.175g, Caspase=0.493± 0.101, p=0.94g). Similar to results observed using 

SSFOs, we observed that deleting mPFC VIP neurons had no effect on effort to obtain palatable 

food reward, as measured using a progressive-ratio operant conditioning paradigm (Figure 2C, 

Control=471.3± 109.1 nosepokes, Caspase=500± 136.5 nosepokes, p=0.3883). These results 

collectively demonstrate that VIP neurons spanning the entirety of the mPFC (both IL and PL 

subdivisions) are required to regulate palatable food intake consumption, while sparing effects 

on motivation to obtain food reward. 

3.2.3 VIP deletion in the mPFC does not affect anxiety, novel object- or social investigation 

 Although we observed reduction in both novel object- and social investigation behavior 

when stimulating VIP neurons in the IL, we observed no changes in either of these behaviors 

after deleting VIP neurons in both the IL and the PL (Figure 3A and B). Similar to what we 

observed in our SSFO study (Section 2.3.5), we saw no effect on anxiety-like behavior as 

measured by an open field assay (Figure 3C).  

3.3 Discussion / Future Work 

 To our knowledge, these data are the first to demonstrate the necessity of mPFC VIP 

neurons in the regulation of palatable food intake. We demonstrated in Chapter 2 that VIP 

neurons of the IL and PL regulate palatable food intake through different mechanisms; PL VIP 

neuron stimulation significantly decreased consumption of palatable food over multiple 

exposures through a mechanism that likely involves modulating the salience or reward value of 

the food source, while the ability of IL VIP neurons to decrease palatable food intake was 

dependent upon the novelty of the food source. While our caspase data demonstrates the 

necessity of both of these populations combined in the suppression of excess palatable food 

consumption, it is unclear through which mechanism this change in food intake is being 

mediated. Further work will address this concern by targeting either the IL or the PL for VIP 

neuron deletion, in a similar design as our SSFO work.  
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Our preliminary work presented here also agrees with our previous hypothesis that VIP 

neurons modulate food intake only when the perceived value of the food is high, in that only 

palatable food intake was affected by mPFC VIP neuron deletion. Future work can test this 

hypothesis further by increasing the value of standard chow through fasting and observing 

effects of both IL and PL VIP deletion on standard chow intake. Because the ability of IL VIP 

neurons to reduce palatable food intake was dependent upon the novelty of the food (2.3.3), 

testing whether the effect on food intake in VIP-caspase animals across multiple exposures to 

multiple palatable diets is also a logical next step for future work.  

Stimulating IL VIP cells was associated with a decrease in both social- and novel object 

investigatory behavior (Section 2.3.4). However, deleting VIP neurons in both the IL and the PL 

was not associated with any changes in novel object- or social investigation, which was 

consistent with our findings when we stimulated VIP cells in the PL with SSFO. Because we 

saw an opposite effect on palatable food intake when deleting (increased consumption) vs 

stimulating (decreased consumption) VIP cells, one might also expect to observe similar trends 

in novelty-driven investigatory behaviors, had our caspase injection been targeted exclusively to 

the IL. Disrupting circuitries in both the IL and PL simultaneously appears to have overridden 

any changes in interest in natural novel stimuli that may have been modulated by IL VIP 

neurons exclusively. Alternatively, like we observed in our PFC-Acb deletion study, this 

projection may not be important in the regulation of social novelty investigatory behavior, but 

may have an effect on social-spatial coding, as described recently (Murugan et al., 2017).Again, 

performing these experiments in mice with selective IL and PL VIP deletion will clarify these 

results. That our caspase deletion was not indicative of anxiety as indexed by time spent in the 

center of an open field suggests that the effects we observed when manipulating mPFC VIP 

neurons were not secondary to increased stress. 
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3.4 Figures 
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Figure 1. Selective deletion of VIP neurons from the IL and PL, extending from +1.7mm to 

+1.98mm rostral of Bregma  (RNAscope (ACD, California) conducted as per manufacturer’s 

instructions. VIP probe 415961-C2 (red), somatostatin (SST) probe 404631-C3 (blue)). 

Representative images at the injection site demonstrate VIP cell-specific deletion (A). While 

significant loss of VIP neurons was observed (A-C, Control=162±13 cells, Caspase=62±14 

cells, p<0.0001), no significant loss of SST neurons was seen (A-C, 305±28 cells, 238±30 cells, 

p=0.1202). (D) No loss of VIP neurons was observed in adjacent cortical areas, such as the 

more dorsal anterior cingulate cortex (ACC) Control= 98±10, Caspase=78±12 cells, p=0. 
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Figure 2. Selective deletion of mPFC VIP neurons increases palatable food consumption 

while sparing standard chow intake and effort to obtain palatable food reward. (A) 

Deletion of VIP neurons in the PL and IL results in an increase in HCD1 intake over 30 minutes 

(Control=2.87± 0.132g Caspase=3.497± 0.237g, p=0.0375). (B) No change in chow intake was 

observed when animals were retested using the same paradigm (Control=0.4785± 0.175g, 

Caspase=0.493± 0.101, p=0.94g). (C) No change in operant responding for palatable food 

reward, as measured by breakpoint, were detected (Control=471.3± 109.1 nosepokes, 

Caspase=500± 136.5 nosepokes, p=0.3883). 
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Figure 3. Deletion of mPFC VIP neurons did not affect social interaction, novel object 

investigation, or locomotion in an open field. (A) Both controls and mice treated with AAV-

caspase spent significantly more time in an interaction zone in an open field when a novel 

object was present (Control without object=129.8± 19.47 seconds, Control with object= 

308.4±26.93 seconds, p<0.0001, Caspase without object=138.8 ±16.14 seconds, Caspase with 

object=269.3 ±51.54 seconds, p=0.0299). Deletion of mPFC VIP neurons did not affect social 

interaction behavior (B, Control=41.45± 9.057 seconds interacting with novel mouse, 

Caspase=33.21± 7.663 seconds, p=0.4958), or time spent in the center of an open field (C, 

Control=40.79± 8.173 seconds, Caspase=53.53± 7.674 seconds, p=0.2707). 
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Chapter 4: The prefrontal cortical projection to the nucleus 

accumbens is required for novel object and novel environment driven 

investigatory behavior in the mouse 

This chapter is a re-print of the eNeuro article (Newmyer et al., 2019C, in re-submission). 

4.1 Abstract 

 The detection and evaluation of novel stimuli determine the drive to investigate both drug 

and natural reward. While both the prefrontal cortex (PFC) and the nucleus accumbens (Acb) 

have been implicated in controlling novelty-dependent investigatory behavior, the necessity of 

the direct projection between these structures in the regulation of novel social- and object-driven 

investigatory behavior is unknown. Through the genetic lesioning of the PFC-Acb pathway, we 

discovered that loss of this projection produces a large increase in both novel object 

investigatory behavior and locomotion driven by exposure to a novel environment, while no 

change was observed in either social investigatory behavior or binge-like consumption of a 

palatable food source. These data significantly increase our understanding of how PFC-Acb 

projections regulate the drive to investigate a specific subset of novel stimuli. 

Significance Statement 

 Reward novelty influences the pursuit of both drug and food reward and involves both 

the prefrontal cortex (PFC) and nucleus accumbens (Acb), but the necessity of projections 

between these two regions in novelty seeking behavior has not been extensively investigated. In 

this study, we used genetic lesioning in mice to demonstrate that deleting projections from the 

PFC to the Acb increased time spent investigating a novel object or exploring a novel 

environment, while time spent investigating a novel mouse was unaffected. Thus, our results 

demonstrate that PFC-Acb projections are selectively required for some novelty-associated 

exploratory behaviors while sparing others.   
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4.2 Introduction 

The desire to pursue both drug and natural reward is significantly influenced by reward 

novelty. While a high correlation between sensation seeking and cocaine use has been 

previously documented in humans (Ersche et al., 2013), rats with high novelty preference show 

elevated motivation to work for cocaine and are predisposed to developing compulsive cocaine 

intake (Belin et al., 2011). Likewise, alteration in dopamine signaling as a result of 

polymorphisms in Drd4 type dopamine receptors is associated with high levels of novelty 

seeking and alcohol consumption (Laucht et al., 2007). Drd4 null mice show a similar 

phenotype, exhibiting higher alcohol consumption and elevated exploratory behavior in a novel 

environment (Thanos et al., 2015). With respect to natural reward, a similar positive correlation 

between sensation seeking and binge feeding is suggested, as people that have diseases of 

disordered feeding and exhibit binge feeding often show elevations in novelty seeking behavior 

(Rotella et al., 2018).     

 Both the frontal cortex and striatum have been implicated in driving the exploration of 

novel objects while also supporting aspects of novel social investigatory behavior, suggesting 

that projections between these structures may be required for the appropriate regulation of 

novelty seeking behavior. Deletion of neurons from the medial prefrontal cortex (mPFC) in rats 

significantly enhanced novelty driven locomotion (Dalley et al., 1999), while stimulation of the 

mPFC was shown to decrease social investigation in mice (Yizhar et al., 2011, Murugan et al., 

2017) with ensembles of neurons within this brain region being either activated or inhibited as a 

result of social exploration (Liang et al., 2018). Within the ventral striatum, altered dopamine and 

peptidergic neurotransmission has been suggested to lead to a change in novelty seeking 

behavior. In rats, dopamine efflux is increased selectively in the nucleus accumbens (Acb) shell 

in response to the investigation of a novel environment (Rebec et al., 1997), while changes in 
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both prodynorphin expression (Egervari et al., 2016) and oxytocin signaling (Smith et al., 2017) 

within the Acb have also been shown to regulate novelty-driven investigatory behavior.  

 Consequently, it is quite likely that the direct connection between the frontal cortex and 

Acb, two brain areas that exert significant control over novelty seeking behavior, is crucial to 

driving the appropriate pursuit of rewarding stimuli.  Although a recent report demonstrated that 

the projection from the prelimbic subdivision of the prefrontal cortex to the Acb is required for 

spatially-dependent social investigation (Murugan et al., 2017), it is unclear whether novel 

environment- or object driven investigatory behavior requires a functional  projection from the 

mPFC to Acb.  

 To address this question, we genetically lesioned mPFC-Acb projections and 

investigated whether loss of this pathway affected novel social-, novel object-, and novel 

environment-driven investigatory behavior. In agreement with previous data (Yizhar et al., 2011, 

Smith et al., 2017), we found that the deletion had no effect on social investigatory behavior. 

However, we also observed a large increase in novel object investigatory behavior in addition to 

an increase in novel environment-stimulated locomotion.  

4.3 Methods 

Experimental Animals: For all behavioral experiments, nine-week-old male C57BL/6J mice were 

purchased from Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed on a 12h 

light:12h dark cycle (lights off at 21:00) with ad libitum access to food and standard chow 

(Teklad #2013, 4% fat, 17% protein, 48% carbohydrate (no sucrose), 2.9kcal/g). Prior to 

experimentation the animals were separated and subsequently individually housed for at least 

another week. All testing was performed during the light portion of the light:dark cycle. For viral 

targeting validation experiments, nine-week old male Ai14 mice were purchased from Jackson 

Laboratory (Stock 007914). All experiments were performed in accordance with the Association 



78 

for Assessment of Laboratory Animal Care policies and approved by the University Animal Care 

and Use Committee. For all experiments, C57bl/6j animals were randomly assigned to receive 

either control or caspase expressing viral injections.  Seven control and 11 caspase-treated 

animals were used for analysis. Six animals were used for the determination of caspase 

deletion efficiency.  

Adeno-associated Viral Vectors and Stereotaxic Viral Injections: Projections from the mPFC to 

Acb were targeted using a combinatorial strategy where an adeno-associated virus encoding a 

Cre recombinase-dependent caspase 3 protein (AAV5-flex-taCasP3-TEV (Yang et al., 2013)), 

sourced from UNC Gene Therapy Core Facility) was bilaterally injected into the mPFC (from 

Bregma, +2.05 mm anterior, ±0.35 mm lateral, and −1.50 mm ventral of dura, 100nl of virus per 

side) and a canine adenovirus expressing Cre recombinase (CAV2-Cre, synthesis previously 

described in (Carter et al., 2013)) was injected into the Acb (from Bregma, ±1mm anterior, 

1.0mm lateral, -4.0mm ventral of dura, 300 nl of virus per side). Animals were allotted 4 weeks 

to recover from surgery before behavioral experiments were conducted. Control mice were 

injected with Cav-Cre in the Acb and AAV5-CamKII-mCherry into the prefrontal cortex, using the 

same volumes and identical stereotaxic coordinates. 

The behavioral experiments described below are listed in their order of performance:  

Open Field: The Open Field assay was conducted as previously described (Warthen et al., 

2016). The lights in the behavioral room were dimmed and mice were allowed to acclimate for at 

least 1 h prior to testing. Mice were placed into the open field chamber and allowed to explore 

for 5 min while movement was recorded using EthoVision XT tracking Software (Noldus, 

Leesburg, VA, USA). The open field chamber was cleaned between each mouse with Minncare 

disinfectant to remove residual odors. During testing, the lights in the room remained dimmed. 

All mice underwent this experiment prior to any other experiments in this open field arena, so 
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that arena novelty did not exist as a confounding variable during social interaction and novel 

object assays. 

Novel Object Interaction: The novel object interaction assay was also performed in our open 

field chamber, described above. Prior to the novel object test, all mice were brought to the 

behavior room and allowed to acclimate for at least 1 h. In brief, mice were placed in the open 

field area for an initial 10 min period in the absence of a novel object. As this assay was 

performed following open field testing in the same arena, we determined the distance travelled 

during the 10 min period and reported this as measure of locomotor activity in a familiar 

environment. Following this initial 10 min period, a novel piece of copper piping was introduced 

to the arena. Exploration of the piping, placed in the center of the arena, was recorded using 

Ethovision for 10 min. 

Novel Social Interaction: The Social Interaction task was performed in our open field chamber, 

as previously described (Golden et al., 2011). Prior to the social interaction test, all mice were 

brought to the behavior room and allowed to acclimate for at least 1 h. In brief, the chamber was 

prepared with an empty restrainer in the interaction zone (IZ), against the wall. The test mouse 

was placed in the chamber adjacent to the wall opposite the restrainer (as in the open field 

assay), and allowed to explore for 150 s. The test mouse was then removed to the home cage 

for 30 s, while the empty restrainer was replaced with a new, clean restrainer. A novel mouse 

(129/SJL) was placed in the new restrainer, and the test mouse was returned to the chamber 

and allowed to explore for 150 s. Behavior and motion were recorded using Ethovision. The 

chamber was cleaned between each mouse with Minncare disinfectant to remove residual 

odors. 

Binge Feeding Assay: The binge feeding assay was conducted in the home cage and home 

housing room of the mouse. Measurement of palatable food intake was performed as previously 
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described (Gaykema et al., 2014). On the night before testing, mice received a small (<0.1 g) 

sample of HCD (Teklad TD.88137, 21% fat, 17.3% protein, 48.5% carbohydrates, 4.5kcal/g) in 

order to reduce aversion. At CT0 mice were challenged with ~3 g of pre-weighed HCD and 

allowed to consume. Food intake was quantified at 15, 30 and 60 minutes.  

Confirmation of cell- and site-specific deletion: Ai14 mice have a loxP-flanked Neomycin 

encoding cassette preventing transcription of a CAG promotor-driven red fluorescent reporter, 

tdTomato, inserted into the Gt(ROSA)26Sor locus; thus, tdTomato is only expressed in the 

presence of Cre Recombinase. Cav2-Cre was injected bilaterally into the Acb as described 

above. Additionally, into the right hemisphere of the mPFC, AAV5-flex-taCasP3-TEV was 

injected, while Cre-dependent GFP reporter expressing virus AAV5-CAG-Flex-GFPsm_myc-

WPRE-SV40 was injected into the left hemisphere of the mPFC. 

Brain Tissue Preparation and Immunohistochemistry: Immunohistochemistry was performed as 

previously described (Gaykema et al., 2014). Mice were sacrificed by transcardial perfusion. 

After anesthesia, mice were briefly flushed with buffered saline, followed by perfusion with 4% 

paraformaldehyde in 0.1 M phosphate buffer. Brains were dissected and sectioned at 40 μm on 

a Vibratome. For fluorescent immunohistochemistry, sections were incubated in anti-GFP (Aves 

Labs catalog GFP-1020, 1:2000) for 24h, followed by Alexa Fluor 488-conjugated goat anti-

chicken (Jackson ImmunoResearch; 1:1000) overnight in a light-protected container. Sections 

from each were then mounted in sequential order, air-dried, and coverslipped in Vectashield 

hard-set mounting medium with DAPI (Vector Labs). During the entire process, the slides were 

protected from light exposure. 

Statistics: All data were graphed and analyzed using Graphpad Prism (ver.6) and are presented 

as Mean+/-SEM. Unpaired t-tests were used to compare groups in Figure 2A -D and F while a 

repeated measures 2-way ANOVA was used to analyze data in Figure 2E.  
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4.4 Results 

4.4.1 Deletion of mPFC-Acb projection neurons 

To determine the requirement of the mPFC-Acb projection in the regulation of novel 

object and novel social interaction, we injected a CAV2 virus expressing Cre recombinase into 

the rostral Acb and a Cre recombinase dependent, caspase-expressing virus into the infralimbic 

and prelimbic cortices, two subdivisions comprising the mPFC. To determine the efficiency of 

neuron deletion using this technique, we examined the percentage of mPFC-Acb projecting 

neurons ablated unilaterally compared to the contralateral, control virus-injected side. We 

determined that greater than 85% of all neurons expressing Cre recombinase and projecting 

from the mPFC to the Nac were deleted (Figure 1A and B, 85.96% ±5.3) when the number of 

tdTomato reporter-expressing neurons were compared between control and caspase-injected 

hemispheres. No significant difference in DAPI expression between hemispheres suggests that 

the deletion was selective for the Cre-expressing population of neurons (Figure 1D). When we 

investigated the location of the neurons within the mPFC that were targeted, cells in both the 

prelimbic and infralimbic cortices (Figure 1C and D) expressed GFP reporter following AAV-

smGFP injection into both of these regions of the mPFC, in addition to Cav-Cre injection into 

both the shell and core of the Acb.    

4.4.2 mPFC-NAc neuronal ablation increases interest in novel objects while sparing changes in 

social novelty behavior 

 To determine the necessity of mPFC-Acb projections in behaviors associated with 

novelty, we observed differences between caspase-injected mice and their control counterparts 

in interaction time spent with a novel object or a novel mouse. We found that selective mPFC-

Acb neuronal ablation was associated with increased time spent investigating a novel object 

(Control 146.7±28.2 s vs Caspase 256.1±9.738 s time spent in center with novel object present, 

p=0.0005, Figure 2A, Table 1A).  In addition, we observed that novel environment-driven 
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exploratory behavior was also increased (Control 4.61±0.3548 m/s vs Caspase 6.029±0.3016 

m/s Figure 2B, Table 1B, p=0.0061). When re-tested in the same environment, control mice and 

mice with the selective loss of mPFC-Acb projections exhibited identical levels of locomotion 

(Control 0.3859±0.287 m/s vs. Caspase 0.4223±0.0313 m/s, p=0.436 Figure 2C, Table 1C).  

To further test the selectivity of the mPFC-Acb pathway in the control of novel object- 

and environmentally-driven exploratory behavior, we investigated whether pathway deletion 

affected novel social-driven interaction. While stimulation of this pathway has been shown to 

affect social interaction behavior (Yizhar et al., 2011, Murugan et al., 2017), neuronal silencing 

of the projection failed to alter interaction time between the test and target novel mouse 

(Murugan et al., 2017).  In agreement with this data, deletion of the mPFC-Acb projection failed 

to affect novelty-driven social investigatory behavior (Control 64.90±9.59 s vs Caspase 

77.32±6.55 s, p=0.282 Figure 2D, Table 1D). Taken together, these data suggest that social- 

and novel object interaction may require signaling through different mPFC projection neurons.  

4.4.3 mPFC-NAc neuronal ablation does not alter binge-like food intake 

 Our data support the premise that mPFC-Acb projections can affect the drive to interact 

with a select subset of rewarding stimuli in the absence of an effect on novelty-driven social 

interaction. We subsequently hypothesized that, given the ability of both the Acb and mPFC to 

regulate food reward seeking and ingestion, that deletion of the mPFC-Acb pathway may affect 

other naturally rewarding behavior, specifically palatable food consumption.  

We allowed sated mice free access to highly palatable high-calorie diet (HCD) and quantified 

food intake at 15, 30 and 60 min. Interestingly, unlike the effect on novel object or environment 

interaction, mPFC-Acb ablation did not affect HCD consumption at any time point (Repeated 

Measures ANOVA, Effect of Treatment F1,9=1.981, p=0.1929, Effect of Time F2,18=75.73, 
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p<0.0.0001, Figure 2E, Table 1E), further demonstrating the selectivity of the projection in 

regulating interaction with rewarding stimuli. 

4.4.4 mPFC-NAc neuronal ablation does not alter anxiety-like behavior 

 Finally, it is possible that the enhanced environment- and object driven investigatory 

behavior may be due to an anxiolytic effect caused by mPFC-Acb pathway deletion (Vialou et 

al., 2014). To examine this possibility, we investigated behavior of mPFC-Acb projection-deleted 

mice in an open field arena. Unlike the effect on novel object exploration, neuron deletion did 

not affect time spent in the center of an open field (Time Spent in Center, Control 28.01±5.04 vs 

Caspase 35.02±3.698, p=0.266, Time Spent in Periphery, Control 271.9±5.04 vs Caspase 

264.8±3.71, p=0.258, Figure 2F, Table 1F,G), suggesting that no change in anxiety levels of the 

animal occurred as a result of our manipulation. 

4.5 Discussion 

In the current report, we describe for the first time how the projection from the mPFC to 

the Acb is selectively required for the expression of appropriate novel object- and novel 

environment-driven exploratory behavior, while being dispensable for driving social interaction. 

Deletion of this projection was associated with an elevation in time spent investigating a novel 

object and distance travelled in a novel environment. No change in familiar environment 

investigatory behavior was observed. Similar to data reported previously, no change in time 

spent investigating a novel mouse was observed, while additionally no change in palatable food 

intake or anxiety-like behavior occurred. Our data therefore suggest that the PFC-Acb pathway 

is required in the mouse to regulate the drive to investigate a subset of rewarding stimuli. 

 Although we did not investigate whether our loss of function manipulation could produce 

an effect on novel object- or novel social investigatory behavior that was dependent upon the 

spatial localization of the rewarding stimuli, our work demonstrates the complexity of the PFC-
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Acb projection with respect to the control of novelty driven investigatory behavior. Indeed, our 

data extends our understanding of how the mPFC-Acb pathway functions to regulate reward 

pursuit and is in agreement with studies published previously in both rats and mice. For 

example, our work suggests that loss of the mPFC-Acb projection could be primarily responsible 

for the observed effect of mPFC lesioning enhancing novelty seeking behavior (Dalley et al., 

1999). Our data also agrees with the observation that either silencing mPFC neurons (Yizhar et 

al., 2011) or more selectively, their projections to the Acb (Liang et al., 2018), does not affect 

social investigatory behavior.  

  Finally, our reported lack of an effect on palatable food intake agrees with prior data 

generated in rats (Mena et al., 2013), further illustrating the selective role of the mPFC-Acb 

projection in the control of the drive to interact with rewarding stimuli.  

While our data suggests that mPFC-Acb projections are required for the regulation of 

investigatory behavior in response to natural rewards, it is also likely that this pathway could 

affect the pursuit of drug reward as well. In addition our studies pave the way for future work 

that focuses on describing whether the projection neurons that mediate the effects on novelty 

described in this report can also encode spatial information during social interaction (Murugan et 

al., 2017). While prior data illustrated the role of the projection of the PL subdivision of the 

mPFC to the Acb in social spatial coding, our manipulations targeted both the PL and IL mPFC 

subdivisions (Figure 1B). Thus, it is possible that different subsets of mPFC projection neurons 

are required for social spatial coding and for controlling novel object and novel environment 

driven exploratory behavior. 

In conclusion, our work expands our knowledge of how specific neuronal pathways are 

involved in the control of reward pursuit and suggests that the mPFC-Acb pathway is required to 
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regulate both spatial coding (based on prior reports (Murugan et al., 2017)) and the drive to 

interact with novel stimuli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 

4.6 Figures 
 

 

 

 

 

 

 

 

 

 

 



87 

Figure 1. Caspase expression in the mPFC produces neuronal deletion. AAV5-flex-

taCasP3-TEV injection into the mPFC in conjunction with CAV2-Cre injection into the Acb 

resulted in an 85% cell loss (A) of cells expressing Cre recombinase and projecting to the Acb.  

B. While significant tdTomato reporter expression is observed in the mPFC in tdtTomato 

reporter animals injected with CAV2-Cre into the Acb and control AAV5-CAG-Flex-

GFPsm_myc-WPRE-SV40 virus into the mPFC, minimal tdTomato expression is observed 

following caspase expression in the opposite hemisphere and CAV2-Cre expression in the Acb. 

C, D. When investigating the location of neurons within the mPFC that were targeted for 

deletion, injection of AAV5-CAG-Flex-GFPsm_myc-WPRE-SV40 into the mPFC and Cav2-Cre 

injection into the Acb showed neurons of both the PL and IL that would likely exhibit caspase 

expression and subsequent ablation. Scale Bar = B=50µm, C=100µm, D=250µm 
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Figure 2. Deletion of mPFC-Acb projections produces a selective increase in novel 

object- and novel environment-driven exploratory behavior. A. Deletion of mPFC-Acb 

projections resulted in a significant increase in novel object-driven investigatory behavior when 

compared to control animals. B. In addition, mPFC-Acb pathway deletion significantly enhanced 

locomotion in a novel environment but failed to affect locomotion in a familiar environment (C). 

No effect of mPFC-Acb pathway deletion was observed on investigatory behavior directed 

towards a novel mouse (D) or on the consumption of a highly-valued high calorie diet (E). No 

change in anxiety-like behavior was observed when measured using an open field assay (F).  
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 Data Structure Type of Test Confidence Interval 

A Normal Distribution Unpaired t-test 55.83 to 163.1 

B Normal Distribution Unpaired t-test -2.384 to -0.454 

C Normal Distribution Unpaired t-test -0.1332 to 0.06021 

D Normal Distribution Unpaired t-test -35.88 to 11.06 

E Normal Distribution Repeated Measures 

2-way ANOVA 

15 min -0.2954 to 0.1776 

30min -0.3649 to 0.1082 

60min -0.4115 to 0.6152 

F Normal Distribution Unpaired t-test -19.79 to 5.769 

G Normal Distribution Unpaired t-test -5.650 to 19.93 

 

 

 

 

 

Table 1. Statistical tests used in analyses, as referenced in Results. 
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Chapter 5: Genetic variation affects binge feeding behavior in female 

inbred mouse strains. 

This chapter is a re-print of the Scientific Reports article (Newmyer et al., 2019B, in 

review). 

5.1 Abstract 

Identifying genetic variants that regulate binge eating (BE) is critical for understanding the 

factors that control this behavior and for the development of pharmacological treatment 

strategies. Although several studies have revealed specific genes capable of affecting BE 

behavior, less is known about how genetic variation modulates BE. Thus, through a paradigm 

that promoted binge-like food intake through intermittent access to HCD, we quantified food-

intake in four inbred mouse strains: C57Bl/6J (B6), NOD/LtJ (NOD), 129S1/SvlmJ (S1), and A/J 

(AJ). We report that genetic variation likely influences the short-term regulation of both food 

intake driven by homeostatic demand and binge-like consumption of a palatable, high calorie 

diet (HCD): AJ mice consumed more of both standard chow and HCD than the other three 

strains tested when both diets were available ad libitum, while S1 mice consumed significantly 

less HCD than other strains during intermittent HCD access. Behavioral differences were also 

associated with differential changes in c-Fos immunohistochemistry in brain regions traditionally 

associated with appetite regulation. Our results identify 129S1/SvlmJ as a strain that exhibits 

low levels of binge feeding behavior and highlights a potential role for this strain in the 

investigation of the influence of genetic variation in the control of binge feeding. 

5.2 Introduction 

Binge eating (BE) is characterized as compulsive and unrestrained consumption of a 

large amount of food, typically highly palatable and calorically dense, within a brief time period 

(Wolfe et al., 2018). While Binge Eating Disorder is recognized as a psychiatric condition in its 
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own right, BE is also often observed in diseases of disordered feeding such as bulimia 

(Donnelly et al., 2018, Rotella et al., 2018) and in subsets of patients with obesity (Lavagnino et 

al., 2016, Hsu et al., 2002). Identifying genetic variants that regulate BE is critical to both 

understanding the mechanisms driving this behavior and for the development of 

pharmacological strategies to combat this condition. 

Several gene deletion studies in mice have elucidated specific genes capable of 

affecting BE behavior: heterozygous cytoplasmic FMR1-interacting protein 2 knockout reduces 

binge eating of palatable food but not chow consumption in C57BL/6NJ mice (Kirkpatrick et al., 

2017), while growth-hormone secretagogue receptor 1A (GHSR) knockout decreased 

intermittent high fat diet intake in CD-1 mice (King et al., 2016). Although these and other 

studies utilizing genetic mouse models have revealed how select factors influence BE, 

considerably less is known pertaining to what extent natural genetic variation can affect BE 

behavior. Even though differences in binge food intake between C57bl/6J and N lines 

(Kirkpatrick et al., 2017), in addition to DBA mice (Babbs et al., 2018), have been described, 

these mouse populations all exhibit high levels of binge food intake. No data describing a 

mouse strain that shows reduced binge feeding, and may therefore possess genetic variants 

that act to reduce binge food intake, has been reported. 

Thus, using a paradigm that involved allowing mice intermittent access to a palatable, 

high-calorie diet (HCD) (Czyzyk et al., 2010), female mice from four inbred lines that form part of 

the Collaborative Cross population (Churchill et al., 2004) (C57Bl/6J (B6), NOD/LtJ (NOD), 

129S1/SvlmJ (S1), and A/J (AJ)) were tested for BE behavior. When given ad libitum access to 

either chow or HCD in two separate experiments, little variation was observed between strains, 

with only AJ mice consuming significantly more of both diets relative to the other strains tested. 

Interestingly, during intermittent access to HCD, the four strains showed significantly more 

variation in binge food intake. NOD, S1, and AJ mice all consumed less HCD than the B6 mice 
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during a 3h HCD binge, while S1 mice ate significantly less HCD than NOD, and AJ mice. In 

addition, significant variation in neuronal activation was observed between strains in select brain 

nuclei shown to modulate feeding behavior, suggesting that gene expression differences within 

circuits involving these neuronal populations may control binge food intake. 

5.3 Methods 

Animals: Female mice that comprise the four founder strains of the Collaborative Cross 

(Churchill et al., 2004) population were obtained from The Jackson Laboratory. 8 week old 

C57Bl/6J (B6), NOD/LtJ (NOD), 129S1/SvlmJ (S1), and A/J (AJ) female mice were acclimated 

(single- housed) for 1 week upon arrival. 6-7 animals were used from each line in the food 

intake experiments and in the cFos analysis. Animal use was in accordance with guidelines 

approved by the University of Virginia Animal Care and Use Committee. 

Measurement of Food Intake and Binge Feeding Behavior: Our food intake paradigm was 

performed as described by Czyzyk et al (2010), avoiding the use of animal stress or food 

restriction to produce the binge like intake of food. Briefly, intake of regular chow (Teklad #2014, 

4% fat, 17% protein and 48% carbohydrate (no sucrose), 2.9 kcal/g) or HCD (Teklad TD.88137, 

21% fat, 48% sucrose, 17% protein 4.5kcal/g) in the continual, ad libitum access groups was 

weighed daily following a 1- week acclimation period, then averaged over a 7 day period to 

obtain daily food intake values. In the intermittent food exposure group, mice initially received 

48-hour continuous access to both chow and HCD. This initial access period was important to 

reduce neophobia and novelty for the HCD; parameters that would affect food intake. After 48hr, 

the HCD was removed for 5 days while the chow diet was still available ad libitum. HCD then 

was reintroduced in addition to chow, starting 2 hours following the onset of the dark cycle. 

Chow and HCD were separated by a divider that was part of the metal rack top of the animal’s 

home cage. Position of the HCD and chow in the metal rack was varied to avoid position effects. 

Intake was monitored for 3 hours and then 24 hours, following initial HCD presentation. Data are 
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presented from the first binge feeding episode. Food intake was normalized to body weight, as 

described by Czyzyk et al (2010). Estrous cycle was not determined during testing. 

c-Fos Immunohistochemistry: Animals that were naïve for intermittent or constant HCD 

exposure were presented with 0.1g of HCD and sacrificed 90 minutes following the onset of 

consumption. Importantly, all mice showed complete consumption of the small sample of HCD 

within 30 minutes of presentation. Mice were anesthetized i.p. with euthanasia solution (0.1 ml 

euthasol) and underwent trans-cardiac perfusion with buffered saline followed by fixative 

solution (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, containing 15% saturated 

picric acid). Each mouse was perfused with 50 ml fixative over a 5 min time period. Following 

perfusion, brains were dissected and post-fixed in the same fixative solution overnight, after 

which they were transferred to 0.1 M phosphate buffer. Brains were blocked coronally into three 

equally sized sections using a mouse brain mold. The brain parts were blotted, dried and 

arranged into standard cryomolds (Tissue Tek, #4557) with brain sections from four to six 

different mice in each cryomold. The molds were then filled with warmed 10% gelatin solution, 

allowed to cool to solidify, and post-fixed in 4% paraformaldehyde solution at 4◦C overnight. The 

blocks were then removed from molds, trimmed, glued on polystyrene dishes, and cut into 

coronal sections (40 μm thick) using a vibratome (Leica). The sections were collected serially in 

six-well tissue culture plates such that each well contained a representative series with every 

6th section present (distance between adjacent sections in each well was therefore 240μm). 

Sections were stored at 4◦C in 0.1 M phosphate buffer containing 0.1% sodium azide as a 

preservative prior to immunohistochemical procedures. Sections were stained for c-Fos 

immunoreactivity using peroxidase staining( Gaykema et al., 2014, Gaykema et al., 2017). 

Phosphate-buffered saline (PBS) was used for all rinses, whereas all antibody solutions were 

made in PBS containing 0.5% Triton X-100, 0.1% sodium azide, and 2% normal goat serum. 

First, sections were pretreated with sodium borohydride (0.1%) in PBS for 20 min followed by 
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immersion into 0.3% hydrogen peroxide and 0.1% sodium azide in PBS (30 min) to quench 

endogenous peroxidase activity. Next, the sections were immersed in blocking solution 

containing 2% normal goat serum and Fab’ fragments of goat anti-mouse IgG (1:1000) for 4 h at 

room temperature. Sections were then incubated in anti-c-Fos (Ab5, EMD Millipore, #PC38, 

1:50,000) for 72 h followed by overnight incubation in biotinylated goat anti-rabbit IgG (Jackson 

ImmunoResearch, 1:1000) with antibodies diluted in PBS containing 0.5% Triton X-100 and 

0.1% sodium azide. Subsequently the sections were immersed in avidin– biotin–peroxidase 

complex diluted in PBS with 0.1% Triton X-100 (ABC Elite kit, Vector; 1:1000, 4 h). Staining was 

completed using nickel-enhanced 3,3’ -diaminobenzidine (DAB, 0.02%, nickelous ammonium 

sulfate 0.15%) in Tris–HCl (0.05 M, pH 7.6) yielding a black reaction product. 

Microscopy: The sections were examined with an Olympus BX51 microscope using 10, 20, and 

40× objectives and digital images were captured using a Magnafire digital camera (Optronics, 

Goleta, CA, USA) and stored images in TIFF format or loaded into NIH Image (version 1.61) for 

counting cell nuclei stained for c-Fos immunoreactivity. 

Counting of Fos+ cells: Quantitation of c-Fos expression was done using NIH Image (v.1.61). 

Images were first processed by equalizing brightness (background subtraction), and were then 

thresholded for binary conversion. The number of particles (which corresponded to labeled 

nuclei) were then counted and recorded. For each brain area investigated, we chose two 

sections that showed well defined nuclei prominently present, and the number of c-Fos-labeled 

cells were counted bilaterally in each section and summated to yield the total number. We 

performed cell counts from nuclei centered on the following stereotaxic coordinates relative to 

mouse Bregma, as determined from the atlas of Paxinos and Franklin (13). Medial (MO), ventral 

(VO) orbitofrontal cortex +3.08mm, prelimbic (PL) and infralimbic (IL) cortex (combined to form 

the PFC cell counts) +1.8mm, granular gustatory (Gran) cortex +1.8mm, rostral accumbens 

(Acb) +1.54mm, lateral hypothalamus (LH), arcuate nucleus (Arc), paraventricular nucleus 
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(PVN) - 0.82mm, central nucleus of the amygdala (CeA) -1.22mm, medial parabrachial nucleus 

(PB) -2.92mm, nucleus of the solitary tract (NTS) -7.2mm. 

Statistical Analysis: The amount of food intake consumed was analyzed using a one-way 

ANOVA with Tukey’s multiple comparisons test in GraphPad Prism (ver.6). Correlations 

between the intake of chow, HCD intake during continual exposure and HCD intake during 

intermittent exposure were performed in Graphpad Prism (ver.6). Analysis of c-Fos expression 

differences between genotypes were analyzed using multiple ANOVAs followed by Benjamini-

Hochberg p-value correction for multiple comparisons, performed in R (ver. 3.5.3). All grouped 

values in the bar graphs are expressed as means and standard error of the mean (SEM). 

Differences with p < 0.05 were considered statistically significant. Graphs were prepared in 

Graphpad Prism (ver.6). 

5.4 Results 

We investigated whether four inbred strains of female mice showed differences with 

respect to the ingestion of chow or HCD under constant or intermittent access conditions. While 

the S1, NOD and B6 strains all showed similar levels of chow and HCD consumption, AJ female 

mice showed an elevation in intake of both diets (Fig.1 A,B and D (ANOVA, F3,21=21.54, 

p<0.001, Table 1), E (ANOVA F3,21=35.30, p<0.0001, Table 1) when ad libitum fed. 

Interestingly, when mouse strains had intermittent access to HCD, the resulting binge-like, 

elevated intake of HCD did not occur to the same extent across all strains (Fig.1C). While all 

inbred strains showed an average intake during the 3 hour binge intake that was less than that 

of the B6 strain, the S1 animals consumed less than all other strains, showing a significant 

reduction in binge food intake (Fig.1G, ANOVA, F3,25=25.05, p<0.0001 Table 1). In addition, 

the rank order with respect to the amount of ingested food varied between the 3 hour and 24 

hour measurement periods (Fig. 1F and G). These data suggest that the NOD, AJ and 

particularly the S1 mouse lines show greater restraint with respect to acute binge food intake, 
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when compared to the B6 animals and also suggests that genetic variation between the strains 

significantly affects binge feeding behavior. We then wanted to determine whether the 

regulation of ad libitum food intake in these inbred strains correlated with intermittent food 

intake, as prior studies suggest that the neuronal mechanisms that regulate food intake differ 

between these two behavioral paradigms (Czyzyk et al., 2010). As expected, intake in the ad 

libitum fed chow and HCD groups was highly correlated (Fig. 2A, r =0.97, p=0.0298, suggesting 

that similar neuronal systems may be involved in determining intake based on the caloric 

content of food. However, neither HCD nor chow intake correlated with the food intake of 

intermittent HCD exposed animals, either at 3hr (Fig 2B r =-0.03, p=0.969, Fig. 2C r =0.19, 

p=0.806) or 24hr (Fig 2D r =0.3385, p=0.338, Fig. 2E r=0.235, p=0.235) time points. Thus, our 

work suggests that binge food intake and the regulation of food intake based on caloric value 

may be regulated by separate mechanisms that are affected by the genetic variation observed 

between the S1, NOD, B6 and AJ inbred mouse strains. 

To begin to characterize whether neuronal activation within brain regions shown to 

regulate feeding is dependent upon strain genotype, we examined c-Fos expression following 

the ingestion of a small quantity (0.1g) of HCD in naïve animals. Several brain areas exhibited 

genotype-dependent expression of c-Fos. The lateral hypothalamus (ANOVA, F3,24 =13.55, 

p=1.23x10-4) , medial- (ANOVA, F3,23 =14.46, p=1.23x10-4) and ventral orbitofrontal cortices 

(ANOVA, F3,23 =4.028, p=0.0379), medial prefrontal cortex (ANOVA, F3,25 =11.75, 

p=1.98x10-4), ventral tegmental area (ANOVA, F3,22 =3.992, p=0.0379), and parabrachial 

nucleus (ANOVA, F3,23 =6.856, p=0.00502) all showed significant differences in c-Fos 

expression across genotype (Figure 3). However, several brain areas that have been 

demonstrated to regulate food intake exhibited no differences in c-Fos expression across the 

genotypes tested (Figure 3): the arcuate nucleus (ANOVA, F3,25 =1.017, p=0.468), nucleus 

accumbens (ANOVA, F3,24 =2.978, p=0.07189) central nucleus of the amygdala (ANOVA, 
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F3,25 =2.947, p=0.07189), granular cortex (ANOVA, F3,18 = 0.9769, p=0.468) and caudal 

nucleus of the solitary tract (ANOVA, F3,25 =0.3978, p=0.756). Differences in c-Fos expression 

can be readily observed in images presented from the S1, NOD, AJ and B6 strains, of sections 

from medial orbitofrontal cortex and parabrachial nucleus (Fig. 4 A and B). Little difference in 

expression can be seen across genotype within the arcuate nucleus (Fig 4. C). 

5.5 Discussion 

Our data suggest that genetic variation likely influences the regulation of excessive food 

intake over short periods of time. Minimal variation in food intake (either of chow or palatable 

diet) during constant, ad libitum access was observed between strains, with only the A/J strain 

showing increased consumption relative to other mice. However, the four strains tested showed 

markedly larger differences in levels of binge food intake of HCD, exhibiting a two-fold variation 

in HCD consumption when given intermittent access. Indeed, while chow- and HCD intake 

between mouse strains showed a high level of correlation, no correlation was observed between 

intermittent, binge-like intake and the levels of total food intake during ad libitum access 

conditions. In addition, these data also suggest that the differences in binge intake were not due 

simply to differences in perception of food palatability or nutrient concentration (based on the 

observed correlation between chow and HCD intake) but were a result of the behavioral 

reaction to intermittent feeding. 

The identification of inbred mouse strains that show significant variation in binge food 

intake under an intermittent exposure paradigm will be extremely useful in the investigation of 

genetic variants that influence excessive reward-seeking behavior. While mouse strains such as 

DBA and C57Bl/6J exhibit high levels of binge food intake(8), our data describes how inbred 

lines, most notably the 129S1/SvlmJ line, exhibit significantly reduced binge food intake, relative 

to these other commonly used strains. Consequently, the description of mouse strains that show 
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both excessive and constrained binge feeding could significantly increase our ability to identify 

the genetic networks that drive aberrant food- and possibly drug intake behavior. 

Interestingly, significant variation between 129 substrains and the C57Bl/6j strain have 

been reported in prior work investigating both reward seeking and reward potency. For example, 

food and cocaine reinforcement in addition to place preference for cocaine was reduced in 

129X1/SvJ animals compared to C57bl/6J mice (Thomsen and Caine 2006, 2011). Morphine, 

however, was significantly more potent in producing analgesia in 129 substrains compared to 

C57Bl/6 mice (Mogil and Wilson, 1997). DBA animals, meanwhile, were shown to lack any 

sensitivity towards the rewarding effects of morphine unlike that observed with C57Bl/6j mice 

(Dockstader and van der Kooy, 2001). This variation in response to morphine is especially 

relevant, given that prior work has demonstrated the importance of the μ-opioid receptor in 

driving binge feeding behavior (Blasio et al., 2013, Mena et al., 2013). Our study therefore 

demonstrates that in addition to exhibiting significantly different responses to drugs of abuse, 

these strains also exhibit differences in binge-like consumption of natural rewards. 

The diversity outbred (DO) (Churchill et al., 2012) and collaborative cross (CC) (Churchill 

et al., 2004) populations both include the founder strains investigated here, suggesting that 

these mouse populations should be extremely useful for the study of binge feeding genetics. In 

addition to the inbred strains, the DO and CC also include wild-derived founder animals. 

Although we attempted to investigate whether one of these wild derived strains, the Cast/EiJ 

line (Churchill et al., 2004), exhibits binge food intake, we found it impossible to measure 

consumption of the TD.88137 diet. Whether as a pellet or in a paste formulation, the Cast/J 

mice would disperse the food around their cage in small fragments, making measurement of 

intake imprecise. Future work will focus on investigating how the wild-derived and inbred strains 

tested in the current report differ with respect to binge food intake, using a modified binge food 

intake paradigm. 
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When we examined the brain regions activated following exposure to calorically dense 

food, significant differences in c-Fos expression were observed in several brain regions involved 

in food intake regulation based on palatability (Lindgren et al., 2018, Simon et al., 2016, Avena 

and Bocarsly, 2012). Significantly less of an effect on c-Fos expression was observed in brain 

regions shown to regulate food intake based on the metabolic requirement of the animal, similar 

to data reported previously (Bake et al., 2013). Although it is difficult to conclude that our 

observed c-Fos expression differences reflect changes in the activity of brain areas that drive 

observed strain-dependent differences in binge food intake, our work is highly suggestive of this 

possibility, as the rank order of c-Fos expression in many frontal cortical brain areas reflects a 

similar rank order in levels of HCD intake. 

Both the prefrontal and orbitofrontal cortices, brain areas that showed significant 

differences in c-Fos expression between strains, have previously been shown to play important 

roles in driving binge feeding behavior. In rodents, μ-opioid receptor activation has been shown 

to be both necessary and sufficient (Blasio et al., 2013, Mena et al., 2013) in these brain areas 

to affect binge-like food intake. Optogenetic manipulation of projections from the frontal cortex to 

the amygdala, meanwhile, has revealed this subcortical projection to be both necessary and 

sufficient to regulate feeding behavior (Land et al., 2014). Additionally, changes in brain activity 

in medial prefrontal regions is often observed in fMRI studies in humans with altered food intake 

behavior. For example, reduced blood flow to fronto-striatal circuits is frequently seen in people 

exhibiting eating disorders, suggesting that alterations in these brain regions could drive 

changes in both feeding behavior and impulsive action (Donnelly et al., 2018, Oliva et al., 2019). 

Furthermore, people who show successful weight loss following the development of obesity 

demonstrate alterations in the activation of brain areas that regulate sensory processing, reward 

and impulsivity, when compared to overweight controls (Sweet et al., 2012). 
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In conclusion, our work demonstrates how genetic variation may directly or indirectly 

affect the activity of brain regions shown to regulate feeding behavior. We also suggest that the 

mouse strains tested in the current study could be utilized to map genetic variants that could 

contribute to the development of disordered feeding. 
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5.6 Figures and Tables 
 

 

 

 

 

 

Figure 1. Daily food intake for mouse inbred strains consuming chow (A), HCD (B) and 

receiving intermittent access to HCD (C). Significant differences in Chow (D) and HCD 

(E) intake were observed between the AJ strain and the other mouse populations studied 

(ANOVA P<0.0001). Greater variation between strains was observed following binge feeding, 

observed at 24(F, ANOVA p<0.0001) and 3(G, ANOVA, p<0.0001) hr. Panels H-K are derived 

from panel C, demonstrating the timing of the binge feeding episodes (arrows). 6-7 animals from 

each genotype were used for each treatment 
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Figure 2. (A) Chow food intake and HCD diet intake show high levels of correlation 

across mouse strains (r=0.97, p=0.298) Binge food intake shows little correlation with chow 

intake (B,D) or with HCD intake (C,E). Acute versus chronic feeding in the intermittent exposure 

group also shows little correlation across mouse strains (F). 
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Figure 3. c-Fos expression does not show variation between mouse strains in select 

brain nuclei (A, Acb, B, Arc, C, CeA, D, Gran and G, NTS). C-Fos expression in the LH (E), 

MO (F), PB (H), PFC (I), VO (J), VTA (K) all exhibited genotype dependent differences 

(ANOVA, p<0.05, Benjamini-Hochberg p-value correction for multiple comparisons). 
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Figure 4. Increased cFos expression was observed in the MO (A) and PB (B) across 

mouse lines, while little change in cFos expression was observed in the Arc (C). 
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Table 1. Statistical table describing the multiple comparisons made in Figure 1 panels D-

G 
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Chapter 6: Overview and Conclusions 

 This dissertation has focused on elucidating roles for specific circuitries within the mPFC 

in various appetitive behaviors as well as non-appetitive behaviors associated with higher 

cognitive processing. Our interpretations are based on behavioral experiments in mice following 

specific neural manipulations via microinjections of various viral constructs. Our work has 

demonstrated several behavioral roles for mPFC VIP neurons, in addition to probing the 

necessity of mPFC-Acb projections in the regulation of behaviors that we found to be modulated 

by VIP neurons. Lastly, we demonstrated that genetic variation can influence excessive binge 

eating of palatable food, possibly through alterations in frontal cortical function, while sparing 

normal chow intake.  

6.1 mPFC VIP neurons regulate food intake when perceived food value is high 

 While considerable data exists implicating the mPFC in food intake regulation (reviewed 

in Section 1.25), no prior work focused on probing roles for specific interneuron populations in 

this behavior. This is despite that data from several studies, including some of our own work, 

suggested that mPFC VIP cells are well positioned to regulate feeding (reviewed in Section 

1.37). Indeed, VIP cells are the most active of any mPFC interneuron subtype when mice are 

foraging for palatable food (Gaykema et al., 2014). Additionally, Blasio et al. (2014) 

demonstrated that antagonization of mPFC μ-opioid receptors decreased effort to obtain 

palatable food but not standard chow in rats, while 92% of interneurons that express these 

receptors co-express VIP (Taki et al., 2000). Thus, we first investigated appetitive roles for VIP 

neurons in both the IL and PL subdivisions of the mPFC (Chapter 2). This work revealed several 

novel roles for these neurons in behavior.  

 To our knowledge, our data represents the first description of any cortical interneuronal 

cell type that is capable of regulating food intake. By utilizing both SSFOs to stimulate- and AAV 

caspase-3 (Chapter 3) to delete mPFC VIP neurons, we demonstrated these neurons both 
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sufficient and necessary to regulate palatable food intake while sparing effects on standard 

chow intake in sated animals. In our SSFO studies, we examined this behavior further by 

selectively stimulating VIP neurons in both the IL and PL. We found that by increasing the value 

of standard chow through overnight fasting, we could affect standard chow intake after 

stimulating PL but not IL VIP cells. Additionally, we found that IL SSFO stimulation only 

decreased palatable food intake when the food source was novel. Thus we were able to 

conclude that VIP neurons in the IL and PL regulate food intake through separate cognitive 

pathways: 

• In the IL, VIP neurons likely modulate the positive reward prediction signal associated 

with a novel food source, i.e. stimulating this subpopulation decreases the novelty-

associated value of the food.  

• In the PL, VIP neurons regulate food intake by modulation of the salience, value, or 

attention to food source. Only when the perceived value of the food source was high 

(palatable food, novel food, or standard chow presented after fasting) were PL VIP 

neurons able to modulate food intake. Further studies are required to elucidate which of 

these specific processes are engaged by our stimulation.  

6.2 IL VIP neurons modulate the novelty value of non-appetitive natural stimuli  

 We next demonstrated that SSFO VIP stimulation in the IL but not the PL decreased 

interest in both a novel object and a novel conspecific mouse. These data reinforced our 

hypothesis based on our food intake findings that IL VIP neurons selectively modify interest in 

highly valued, novel stimuli, which can extend beyond food. Changes we observed in c-Fos 

immunohistochemistry in several brain regions support the absence of any observed effects on 

these behaviors after PL VIP stimulation; IL VIPergic activation resulted in significant increases 

in c-Fos expression in several areas implemented in regulation of reward valuation and novelty-
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driven behavior, while PL VIPergic activation increased c-Fos expression in several 

hypothalamic areas associated with food intake regulation.  

6.3 mPFC-Acb projections are required for novel object investigatory behavior 

 The Acb through reciprocal connections with the PFC is integral in goal directed 

behavior (Mannella et al., 2013) and this region has been implicated in the regulation of 

motivational salience broadly (reviewed in Section 1.24) in addition to novel investigatory 

behavior (Smith et al., 2017). While ours and other previous work has illustrated roles for the 

mPFC in these behaviors, it remained unclear as to whether direct functional projections 

between the PFC and Acb are required to modulate novelty-driven behaviors. Thus, through 

genetic lesioning we next investigated whether loss of the PFC-Acb pathway affected novel 

social-, novel object-, and novel environment-driven investigatory behavior (Chapter 4).  

 We found that lesioning this pathway increased interest in both a novel object and 

exploration of a novel environment, while no effect was observed on social investigatory 

behavior. Additionally, we observed no changes in palatable food consumption. With respect to 

novel object investigation, stimulating VIP neurons in the IL was associated with the opposite 

behavioral effect: disinhibition of IL PYR output via SSFO VIP stimulation resulted in decreased 

interest in a novel object (Section 2.3.4) and increased c-Fos immunoreactivity in the Acb 

(Section 2.3.6). While these data suggest increased indirect activation of PFC-Acb projections 

can negatively modulate this behavior, our stimulation paradigm also simultaneously increased 

activation of other mPFC projections to various cortical and subcortical nuclei. Thus, it is unlikely 

that the changes in behavior we observed in our SSFO study can be solely attributed to 

increased activation of one particular projection pathway. Indeed, Vertes (2004) conducted a 

mPFC projection labeling study in the rat and found that there were very few direct projections 

from the IL to the Acb, while projections from the PL to the Acb were dense. Therefore, it is 

more feasible that our IL SSFO stimulation perturbed multiple projection pathways within the 
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mPFC to affect several behaviors. One of these was likely local projections to the PL, which 

caused subsequent Acb activation.  

 This is further supported by data demonstrating that several of the behavioral changes 

observed after IL VIP stimulation were not affected by deleting PFC-Acb projections, including 

social investigatory behavior and palatable food consumption. These discrepancies may also be 

explained by the localization of neuronal deletion that occurred in our studies in Chapter 3; while 

SSFO activation was specifically targeted to either the IL or PL subdivisions of the mPFC, the 

entirety of the mPFC was targeted when genetically deleting PFC-Acb projections. Thus, future 

work will focus on deleting VIP neurons in the IL and PL exclusively and examining subsequent 

effects on these behaviors. 

6.4 Genetic variation affects binge feeding behavior 

 The work presented in Chapters 2 through 4 focused on elucidating specific neuronal 

pathways within the mPFC capable of driving several cognitively complex behaviors, including 

excessive consumption of palatable food in a short period of time, i.e. binge eating. We 

published our SSFO work with the ultimate goal of our preclinical findings guiding 

pharmacological treatment strategies to target various diseases of disordered feeding, such as 

obesity. While researchers have identified several genes that contribute to obese phenotypes by 

utilizing single gene deletion studies in animal models, human obesity is multifaceted and often 

polygenic in nature (Hinney et al., 2010). Identifying an animal model with inherently low levels 

of binge feeding could provide insight into natural genetic variation that influences this complex 

behavior.   

 Thus, we investigated binge feeding behavior in four inbred lines of mice that serve as 

popular models in preclinical research: C57Bl/6J (B6), NOD/LtJ (NOD), 129S1/SvlmJ (S1), and 

A/J (AJ). We found that these lines showed significant variation in binge food intake and 

subsequent neuronal activation after consumption, as indexed by c-Fos expression. We 
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identified S1 mice as a strain that exhibits low levels of binge feeding behavior, highlighting a 

potential role for this strain in the future investigation of the specific mechanisms of genetic 

variation that may be responsible for this behavior. 

6.5 Conclusions and Future Directions 

 VIP neurons in both the IL and the PL regulate hedonistic food intake, the intake of 

highly-valued food, while sparing effects on standard chow consumption driven by homeostatic 

demand. They accomplish this through separate cognitive pathways; IL VIP neurons likely 

modulate positive reward prediction signals through interactions with several brain regions 

associated with reward valuation and novelty exploration, while PL VIP neurons likely modulate 

the reward value or salience of food through interactions with brain regions traditionally 

associated with appetite regulation. 

 Direct communication between the mPFC and the Acb is required to modulate a subset 

of novel investigatory behaviors. It is likely that VIP neurons increase output of a subset of 

mPFC PYR cells that directly innervate the Acb, thus supporting the hypothesis that mPFC VIP 

neurons regulate numerous behaviors associated with motivational salience. 

 As discussed in detail above (Section 3.6, Figure 3), the IL and PL differ greatly with 

respect to the regions to which they project. While our work has illustrated novel behavioral 

roles for mPFC VIP neurons, the specific mPFC PYR projections required to observe changes 

in behavior after VIP stimulation remain to be elucidated. Thus, a logical next step in our work is 

to design studies to address this question. Once we have identified downstream projections 

associated with specific behavioral changes after SSFO stimulation, we can determine the 

necessity of these projections in the behaviors we observed through genetic deletion techniques 

similar to those utilized in Chapter 3. 
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 While we have demonstrated changes in transcriptional activation after mPFC VIP 

stimulation, how selective activation of these neurons shapes neuronal activity in the mPFC, 

including how the magnitude of activation affects PYR firing synchronicity and output, has yet to 

be determined. Other groups have previously demonstrated that optogenetically manipulating 

mPFC interneurons can disrupt PYR cell firing patterns to affect behavior: inhibiting PFC PV 

cells in freely behaving mice disrupted local theta oscillations, thus synchronizing firing patterns 

of mPFC PYR cells projecting to the BLA (Courtin et al., 2014). In the future, our laboratory will 

conduct electrophysiological recordings in awake and behaving animals after SSFO mPFC VIP 

stimulation to investigate these questions further. Together, these approaches will allow for a 

greater expansion of our knowledge of how mPFC interneurons modulate PYR cells to regulate 

complex behaviors.  

 The findings presented in this dissertation collectively contribute to a greater 

understanding of frontocortical regulation of feeding, in addition to further illustrating the 

complexities of central regulation of food intake; a synergism of both homeostatic and hedonistic 

impulses in various brain regions, integrated within the mPFC and Acb, ultimately drive decision 

to eat. Our work additionally reveals details of the central processes that regulate motivational 

salience, a critical component in modulating goal-directed behavior. 
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