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Abstract 

Smell, or olfaction, is a crucial element in the flavor perception of food. One often experi-

ences altered flavor perception and appetite when our olfactory system is not fully func-

tional (e.g. having a stuffy nose or loss of smell due to COVID-19 infection). However, 

little is known about how food odor is represented in the olfactory system during food 

intake. Additionally, increased eating speed, also known as binge eating, commonly leads 

to overeating, despite the exact underlying mechanism also being unclear. In this thesis, 

I studied how food flavor is represented in the mouse anterior olfactory (piriform) cortex 

(aPC) using a miniaturized microscope (miniscope) to perform in vivo Ca2+ imaging in 

freely moving mice during food intake. With collaborative efforts, we established a liquid 

food delivery system to deliver food to mice with different feeding rates. During slow feed-

ing, a clear food-activated neuronal ensemble is observed. Surprisingly, once the mice 

switched from slow feeding to binge feeding, the aPC neurons were globally suppressed, 

even for the food-activated aPC neurons during slow feeding. This binge feeding-induced 

suppression is not observed in the gustatory cortex (GC) and the olfactory bulb (OB), 

suggesting the binge feeding-induced suppression is mostly limited to the aPC and is not 

inherited from the input or modulated by the gustatory system. I further verified that the 

binge-induced suppression is not mediated by the local GABAergic aPC neurons or by 

long-range serotonergic or dopaminergic modulation. Food consumption can be pre-

dicted by the magnitude of aPC suppression during binge feeding but not for slow feeding. 

Such appetite-correlated neuronal modulation is not preserved under anosmia or fasting, 

suggesting that it is perceptual- and metabolic-state-dependent. I further confirmed that 

binge feeding-induced aPC suppression is functional- suppressing aPC with closed-loop 

optogenetics experiments increases appetite. In summary, the aPC representation of 

food constitutes a negative feedback control to orexigenic circuits and is blunted by binge 

feeding to reduce satiation, which promotes overeating. My results demonstrate a novel 

cortical mechanism of appetite control in a rapid time scale, adding new insights into the 

understanding of the feeding and satiety circuits. 
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Zusammenfassung 

Der Geruchssinn ist ein entscheidend für die Geschmackswahrnehmung von 

Lebensmitteln. Wenn unser Geruchssystem nicht voll funktionsfähig ist (z. B. bei 

verstopfter Nase oder Geruchsverlust aufgrund einer COVID-19-Infektion), sind 

Geschmackswahrnehmung und Appetit oft beeinträchtigt. Es ist jedoch unklar, wie der 

Geruch von Lebensmitteln während der Nahrungsaufnahme im Geruchssystem 

repräsentiert wird. Außerdem führt eine erhöhte Essgeschwindigkeit, auch bekannt als 

Binge Eating, häufig zu übermäßigem Essen, obwohl der zugrunde liegende 

Mechanismusunklar ist. In dieser Arbeit untersuchte ich, wie der Geschmack von 

Nahrungsmitteln im anterioren olfaktorischen (piriformen) Kortex (aPC) der Maus 

repräsentiert wird, indem ich ein miniaturisiertes Mikroskop (Miniskop) benutzte, um in 

vivo Ca2+-Bildgebung bei frei beweglichen Mäusen während der Nahrungsaufnahme 

durchzuführen. Wir haben ein System zur Verabreichung von Flüssignahrung entwickelt, 

um die Fressgeschwindigkeit der Mäuse steuern zu können. Während der langsamen 

Fressgeschwindigkeit beobachten wir ein spezifisches nahrungsaktiviertes neuronales 

Ensemble. obald die Mäuse jedoch von der langsamen zur schnellen 

Fressgeschwindigkeit übergehen, beobachten wir eine globale Hemmung der Neurone 

im aPC. Diese Hemmung schließt auch die Neurone mit ein, die vorher bei langsamer 

Fressgeschwindigkeit aktiviert wurden. Diese globale neuronale Hemmung durch die 

hohe Fressgeschwindigkeit wird im gustatorischen Kortex (GC) und im Riechkolben (OB) 

nicht beobachtet. Somit wird die durch hohe Fressgeschwindigkeit hervorgerufene 

globale Hemmung der neuronalen Aktivität im aPC weder von vorgelagerten 

sensorischen Eingängen aus dem olfakto Darüber hinaus konnte ich nachweisen, dass 

die durch hohe Fressgeschwindigkeit hervorgerufene globale Hemmung der neuronalen 

Aktivität weder durch lokale inhibitorische GABAerge Schaltkreise noch durch 

serotonerge oder dopaminerge Modulation vermittelt wird. Die Menge der 

Nahrungsaufnahme korreliert mit der durch hohe Fressgeschwindigkeit hervorgerufenen 

globalen Hemmung der neuronalen Aktivität im aPC. Eine solche appetitkorrelierte 

neuronale Modulation bleibt bei Anosmie oder Fasten nicht erhalten, was darauf 

hindeutet, dass sie wahrnehmungs- und stoffwechselabhängig ist. Darüber hinaus konnte 

ich bestätigen, dass die durch hohe Fressgeschwindigkeit ausgelöste Hemmung des 

aPC funktionell relevant ist; optogenetische Hemmung des aPC während der 
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Nahrungsaufnahme führt zu erhöhter Einfuhr. Zusammenfassend lässt sich sagen, dass 

die aPC-Repräsentation von Nahrung eine negative Rückkopplung auf orexigene 

Schaltkreise vermittelt, die durch schnelle Nahrungsaufnahme unterdrückt wird. Der so 

durch sensorische Hemmung unterdrückte Sättigungsprozess induziert übermäßiges 

Essen. Meine Ergebnisse zeigen einen neuartigen kortikalen Mechanismus der 

Appetitkontrolle auf einer schnellen Zeitskala, der neue Einblicke in die 

Nahrungsaufnahme- und Sättigungsschaltkreise ermöglicht. 
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1. Introduction 

Sensory inputs are crucial for organisms to receive information from the environment. 

Understanding how our brains interpret these signals is the key to decoding the outside 

world (Lange et al., 2023). Smell, or olfaction, is one of the most important sensations for 

living organisms to interact with the external world, and is evolutionarily conserved due to 

its significance for survival. Underlying foraging, flavor, mating, and predator avoidance, 

olfaction is essential in many aspects of life. The importance of olfaction can also be 

observed in many strong innate preferences for certain smells, e.g. preferring the smell 

associated with palatable food and avoiding the smell of rotten food. Some innate 

olfaction-driven behaviors also aid in avoiding predator encounters - for instance, the 

innate fear responses in rodents when exposed to the smell of fox urine (Rosen et al., 

2015) and the courtship vocalizations of adult male mice when the female mice's odors 

are presented (Egnor and Seagraves, 2016).  

 

Olfaction is also important for flavor perception, combining taste, temperature, tactility, 

sound, and vision; these senses constitute the full experience of food flavors, which 

contributes to our appetite for food items (Shepherd, 2006). While it is known from our 

daily experiences that alterations in the ability to smell (e.g. having a cold or COVID-

induced anosmia (Hannum et al., 2020; Lechien et al., 2020; Parma et al., 2020)) greatly 

affect how we perceive food flavors and our appetites, our understanding of olfaction in 

flavor perception during food consumption is very limited.  

 

Senses do not arise from only passively receiving external stimuli; in fact, senses are 

mostly accompanied by a movement, given that smell can be accompanied by a deep 

inhale or a fluffy tactile sensation from petting a dog. In the past 4 years, several important 

studies have shed light on the fact that the neuronal activities in most sensory brain 

regions are heavily influenced by the corresponding behaviors (Musall et al., 2019; 

Steinmetz et al., 2019; Stringer et al., 2019), but there was a contrary study where this 

was not observed in the monkey visual cortex (Talluri et al., 2023)), while the sensory 

neuroscience field has mostly observed sensory responses in the brain passively without 

acknowledging the behavioral output related effects on sensations (Hubel and Wiesel, 

1962; Illig and Haberly, 2003; Poo and Isaacson, 2009; Poo and Isaacson, 2011; 
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Rennaker et al., 2007; Stettler and Axel, 2009; Stiebler et al., 1997; Vestergaard et al., 

2023; Yamamoto et al., 1985). New perspectives in the system neuroscience field have 

emphasized that neuronal dynamics only make sense when we consider the behaviors 

in the equation (Buzsáki, 2019).  

 

In this thesis, I aimed to focus on discovering the neuronal dynamics of olfactory flavor 

representation in the olfactory cortex during food intake and how the speed of eating 

affects flavor perception. In the following sections, I will introduce the current knowledge 

of the olfactory system and neuronal circuits of feeding. Furthermore, I will elaborate on 

the interactions between the olfactory system, feeding behaviors, and metabolism.  
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1.1. Olfactory system 
 

Olfaction is a chemical sensation that requires a physical interaction between chemicals 

(odor molecules) and chemical receptors (odorant receptors). The olfactory system is the 

neuronal system that supports, computes, and processes this physical interaction (Figure 

1). In this section, I will introduce the olfactory system in rodents, emphasizing the piriform 

cortex. 

 

 
Figure 1. The olfactory system. Illustration of how odor molecules are sensed by olfactory sensory neurons in the 

nostril and odor information is transferred to the olfactory bulb and then transferred to the olfactory cortex. Figure 

adapted from (Kandel, 2013).  
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1.1.1. From the Nose to the Brain: An Anatomical Overview 
 

From an anatomical perspective, the olfactory sensory pathway is distinct from other 

senses. Most sensory systems receive physical inputs from peripheral receptors 

expressing neurons (e.g. photoreceptor-expressing cone cells in the retina, mechanical 

sensor-expressing hair cells in the cochlea, chemical receptor-expressing taste receptor 

cells in the taste buds, etc.). These sensory signals travel through pathways including the 

cranial nerves and brainstem circuits, which arrive at the different subregions of the 

thalamus, and then relay to other cortical (e.g. primary sensory cortices, etc.) and 

subcortical areas (e.g. amygdala, hypothalamus, etc.) for higher-order processing. In the 

case of olfaction, the odorant receptor-expressing olfactory sensory neurons (OSNs) in 

the periphery (the nostril epithelium) transmit the sensory signals to the olfactory bulb, 

and then the sensory cues are directly delivered to primary olfactory cortical regions (e.g. 

the piriform cortex [PC], the anterior olfactory nucleus [AON], etc.) without traveling 

through thalamic nuclei (Blazing and Franks, 2020; Kay and Sherman, 2007), making the 

olfactory pathway distinct from other senses (Figure 1). 

 

Odor molecules, odorant receptors, and olfactory sensory neurons 
 

Olfaction starts in the nose, where odor molecules bind to the odorant receptors and 

transmit the interaction to the nervous system. Odor molecules are chemical compounds 

that have a smell, usually containing distinct functional groups that interact with the 

odorant receptors. The odorant receptors are chemoreceptors expressed in the cell 

membrane of the olfactory sensory neurons (OSNs) in the nostril. The OSNs are 

specialized epithelium cells that express odorant receptors on their processes (cilia) 

facing the nostril cavity. In each OSN, only one type of odorant receptor is expressed, 

allowing an early combinatorial source separation of mixed scents. However, the binding 

between odor molecules and odorant receptors is not exclusive, meaning a single odorant 

receptor can bind with different odor molecules with different affinities, and a single odor 

molecule can also bind with several odorant receptors, creating a complex image for 

individual odors (Murthy, 2011). Odor molecules do not function alone; in fact, almost all 

scents we experience in daily life are mixtures of many odor molecules with varied 

concentrations and properties. This complexity enriches the odor features that can be 
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carried by the odor mixtures and requires a flexible computational capacity for the brain 

to perceive the odors. Importantly, the olfactory senses produced by OSNs are not static. 

OSNs adapt their odorant receptor expression levels after short exposure (~2 hours) to a 

novel odor environment (Tsukahara et al., 2021), making olfaction an adaptive dynamic 

sensory system. 

 

Notably, the interaction between odor molecules and odorant receptors is not as a 1-to-1 

matching pair; a single odorant receptor can bind to different odor molecules, and a single 

odor molecule can bind to different odor receptors, which indicates that even with simple 

odors, olfactory information consists of a combination of activated odorant 

receptors/OSNs. The binding affinity between odor molecules and odorant receptors also 

differs, making the transmission of odor information not limited to just the odor identity but 

also the chemical affinity. 

 

The basis of odor sensation lies in the chemical structures of odor molecules, such as 

functional groups and chemical bonds; however, mapping the odor molecular structure to 

the odor perception has been a key challenge in the olfactory field. Recently, researchers 

utilized graph neural networks to generate a principal odor map that captures the 

perceptual relationships and molecular properties (Lee et al., 2023). The network 

generates odor profiles that are closely matched with human perceptions and enable odor 

quality prediction for uncharacterized odor molecules, allowing the possibility of digitizing 

odors for future research with advanced computational power. 

 

Since the odor sensation is based on the interaction between odor molecules and odorant 

receptors, it is intuitive to assume that olfactory performance (odor discrimination and 

detection) is tightly linked to the number of odorant receptors; the more receptors one 

has, the more capability to detect and distinguish different odors. For instance, rodents 

have around 1200 odorant receptor genes which are around 5% of the encoding genes 

in their genome, contributing to their extraordinary olfactory ability. In comparison, human 

beings only have around 400 genes encoding odorant receptors. This has led to the 

canonical conclusion that humans mostly rely on perceptions in other sensory domains 

(e.g. vision and hearing) (Buck and Axel, 1991; Godfrey et al., 2004; Niimura, 2009). 

However, a recent study has estimated that human beings are capable of perceiving more 

than 1 trillion odor stimuli (Bushdid et al., 2014). This result suggests that flexible higher-
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order computations in the human olfactory system beyond the genetic variety of odor 

receptors support the ability to discriminate a wide range of odors (McGann, 2017). 

 

 
Figure 2. Odor representation along the olfactory pathway. Each color represents the same olfactory receptor 

expressed by the olfactory sensory neurons. The spatial organization of olfactory receptors in the olfactory bulb is 

scrambled and distributed in the piriform cortex. Figure adapted from (Bekkers and Suzuki, 2013). 

 

Olfactory Bulb 
 

The OSNs project to the olfactory bulb (OB), the first brain region in the olfactory system, 

via the first cranial nerve. The axons from the same odorant receptor-expressing OSNs 

converge into one (or two when counting both hemispheres) glomeruli (a small ball-

shaped structure of neuropil) in the OB glomerular layer, forming the odotopic map 

(Mombaerts et al., 1996), meaning that the chemical similarities of odor molecules are 

spatial localized in the OB (Burton et al., 2022) (Figure 2). When an odor is presented to 

the nose, a few glomeruli are activated to encode this odor with different temporal 

dynamics (Burton et al., 2022). The sequential temporal dynamics of OB glomeruli 

activation are crucial for odor perception; when jittering the temporal dynamics of the 

same sets of OB glomeruli, mice tend to perceive the altered patterns as a distinct odor 

(Chong et al., 2020). Additionally, concentrations of odor stimuli also affect the activated 

OB glomeruli, in both their identities and their temporal dynamics (Burton et al., 2022). A 

recent study also suggested that when the odor concentration became too intense, a 

strong distortion of OB glomeruli activation occurred due to the transmission failure from 

OSN axons to the OB (Conway et al., 2023). Activation of OB glomeruli is sufficient to 

introduce olfactory sensation in the mice, even with novel spatial and temporal dynamics 
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of OB glomeruli that have not been experienced, or are even theoretically non-existent 

(Chong et al., 2020), suggesting a generalizable sensory capacity of the olfactory system. 

The glomeruli are not only structured in an odorant receptor-specific manner, but also 

their spatial arrangement is stereotyped and mirrored on both hemispheres. The 

glomeruli that are activated by a given odor are likely to be located on roughly the same 

anterior-posterior and medial-lateral axis across different mice and mirrored across the 

midline (Burton et al., 2022) (Figure 3), suggesting that OSN axons are guided and 

pruned during development in an odorant receptor-specific manner consistent with 

genetically determined hardwiring (Cho et al., 2009). 

 

 
Figure 3. Topographic mapping of odors in the olfactory bulb. Chemically similar odors are clustered in closer 

spatial locations in the olfactory bulb. Figure adapted and modified from (Burton et al., 2022). 

 

After the odor signals converge in the glomeruli via OSN axon projections, the axons form 

glomerular synapses that subsequently activate the two OB output neurons, the mitral 

cells, and the tufted cells. These two neuron types differentially carry the odor information 

to the higher-order olfactory systems, including the olfactory cortex. The mitral cells 

project more densely to the anterior and posterior piriform cortex (aPC, pPC). In contrast, 

the tufted cells project more to the anterior olfactory nucleus (AON) and the olfactory 

tubercle (OT) (Chen et al., 2022) (Figure 4). Despite a clear separation of the odotopic 

map in the OB, the spatial organization of odors is not preserved in the PC, rather, a 

distributed representation of odors is formed (see the following paragraphs on the coding 

principle of the piriform cortex). Acute odor adaptation also appears at the OB level; on 

repeated exposure to the same odor 3-4 times, both OB mitral cells and tufted cells show 

only ~70% of the evoked responses compared to the first exposure, while the OSN axons 

in the OB glomeruli respond to the odor similarly (Storace and Cohen, 2021). This 

indicates a different temporal structure of odor adaptation at the level of OSN and the OB 

output neurons, where the former takes place hours after the odor exposure, and the 
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latter adapts within tens of seconds, allowing a flexible input-output logic for odor 

processing at early stages. 

 

 
Figure 4. OB mitral and tufted cells projection to higher olfactory regions. Mitral cells project mostly to the pi-

riform cortex, while the tufted cells preferentially project to the anterior olfactory nucleus and olfactory tubercle. Figure 

adapted and modified from (Chen et al., 2022). 

 

Piriform cortex 
 

Structure and cell types 

 

The mitral and tufted cell axons form the lateral olfactory tract (LOT), which transmits odor 

information processed in the olfactory bulb next to the olfactory cortex. Among other 

structures, the piriform cortex (PC) is the largest cortical region that directly receives 

synaptic inputs from the OB output neurons. This is also a unique feature of the olfactory 

system. Unlike other sensory systems, olfactory processing does not involve a thalamic 

relay, positioning the olfactory cortex, or PC, only two synapses away from the external 

world, the shortest route to a sensory cortex from the peripheral sensory organs. This 
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early cortex-reaching structure is conserved throughout species, suggesting that this 

feature may arise from the evolutionary importance of computing odor or chemical 

signals.  

 

The PC is a paleocortex, an ancient brain structure similar to the archicortex (consisting 

of the hippocampus and the dentate gyrus), with a simple 3-layer structure along the 

dorsal-ventral axis. This structure is different from the typical neocortex structure, which 

is commonly known as a 6-layer structure with column-specific neuronal projection 

principles (Kandel, 2013).  

 

In all sensory cortices but the piriform cortex, sensory inputs relayed from the thalamus 

arrive mainly at layer 4 stellate neurons, and to a lesser degree at layer 5 pyramidal 

neurons. The processed signals from layer 4 neurons are then transmitted vertically 

upwards to layer 2/3 pyramidal neurons within the same cortical column, which in turn 

project downwardly to layer 5 pyramidal neurons as a form of sensory gain control. The 

layer 5 pyramidal neurons are the main output neurons that project broadly outside the 

cortical column, including other cortical and non-cortical areas (Moberg and Takahashi, 

2022). 

 

  

https://www.zotero.org/google-docs/?X0kaI8
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Figure 5. Two distinct cell types in the anterior piriform cortex across postnatal development. Layer 2A neu-

rons are the semilunar neurons, exhibiting early branching and lack of basal dendrites. Layer 2B neurons are the py-

ramidal neurons, showing a long apical dendrite stem from the soma. Figure adapted and modified from (Moreno-

Velasquez et al., 2020). 

 

In the PC, we observe a completely different schema. Most excitatory neurons are located 

in layer 2, transitioning into a lower density in layer 3, with almost no excitatory neurons 

in layer 1. The excitatory neurons in layer 2 can further be distinguished into 2 types - the 

semilunar neurons occupying the upper one-third of layer 2 and the superficial pyramidal 

neurons in the lower two-thirds of layer 2 (Moreno-Velasquez et al., 2020). Structurally, 

the semilunar and pyramidal neurons are quite distinctive; the semilunar neurons’ apical 

dendrites split right after exiting the cell body, whereas the pyramidal neurons show a 

long apical dendritic stem before branching out (Figure 5). In layer 3, deep pyramidal 

neurons can be found, sharing similar pyramidal morphology. These 3 types of excitatory 

PC neurons all extend their dendrites in layer 1 of the PC, where the distal portion (layer 

1a) receives direct sensory (afferent) inputs from the OB axon bundles (the lateral 

olfactory tract, LOT), and the more proximal portion (layer 1b) mostly receive recurrent 

(associational) inputs from the excitatory aPC neurons. The layer 2 semilunar neurons 

mostly receive sensory inputs from the OB, and the layer 2 and 3 pyramidal neurons 
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receive both sensory inputs and recurrent inputs (Suzuki and Bekkers, 2011; Wiegand et 

al., 2011). Along with other research groups, my colleagues and I have shown that these 

structural differences already arise during development and affect their computational 

properties, whereby NMDA (N-methyl-D-aspartate) receptor-mediated supralinear 

dendritic spikes are only found in the pyramidal neurons and not in the semilunar neurons 

(Kumar et al., 2021; Kumar et al., 2018; Moreno-Velasquez et al., 2020) (Figure 6). 

 

 
Figure 6. Dendritic properties of two types of aPC excitatory neurons. Dendritic/NMDA spike is only observed in 

the layer 2b (pyramidal) neurons and not in layer 2a (semilunar) neurons in the anterior piriform cortex. Figure 

adapted from (Moreno-Velasquez et al., 2020), contributed by the author. 

 

The projecting neurons in PC also have different downstream targets, roughly based on 

their anatomical location (Diodato et al., 2016) (Figure 7). The centrifugal OB-projecting 

PC neurons are marked with molecular marker Cux1 and are mostly located in layer 2b 

and layer 3, suggesting they are the superficial and deep pyramidal PC neurons. A 
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spatially overlapping population of pyramidal PC neurons in layer 2b and layer 3 are 

projecting to the medial prefrontal cortex (mPFC), sharing gene expression of Cux1 and 

Ctip2. The cortical amygdaloid nucleus (CoA)- and lateral entorhinal cortex (lEnt)-

projecting PC neurons can be labeled with Reelin and Fezf2, and are located in layer 2a, 

suggesting most of these neurons are semilunar PC neurons. 

 

 
Figure 7. Molecular signatures of neural connectivity in the piriform cortex. The PC neurons projecting to the 

OB express Cux1 and those projecting to the CoA and lEnt express Reelin. Figure adapted from (Diodato et al., 

2016).  
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The PC is not only organized along the DV axis but can also be divided into the anterior 

and posterior parts. The anterior PC (aPC) receives more olfactory inputs and the 

posterior PC (pPC) is more connected with other brain regions including the hippocampus, 

the lateral entorhinal cortex, and the basolateral amygdala, indicating a potential mixed 

functionality along the AP axis (Wang et al., 2020b). The aPC projects to pPC extensively, 

while projection in the opposite direction from pPC to aPC is negligible (Hagiwara et al., 

2012). While both parts of the PC respond to odors, the pPC neurons are more 

associative, meaning that they are capable of changing their responses to the odor cues 

after learning (Calu et al., 2007).  

 

The odor representation in the PC, unlike the odotopic map in the OB, is not organized 

chemotopically - the receptive fields from individual glomeruli overlap and are broadly 

distributed in the aPC in rodents (Illig and Haberly, 2003; Rennaker et al., 2007; Roland 

et al., 2017; Sosulski et al., 2011; Stettler and Axel, 2009). While some projection 

principles from the OB to the PC along the anterior-posterior axis have been reported 

(Chen et al., 2022), the overall topographic map of odor representation in the OB is nearly 

completely reformatted, or in other words, scrambled, in the entire PC; meaning there is 

no clear spatial separation based on the chemical properties of odor molecules for 

rodents (Illig and Haberly, 2003; Rennaker et al., 2007; Roland et al., 2017; Stettler and 

Axel, 2009) and humans (Howard et al., 2009; Sagar et al., 2023). Furthermore, in vivo 

electrophysiology recordings in rodent PC neurons also support the same notion, i.e., that 

individual PC neurons respond broadly to many different, often chemically distinct, odors 

(Miura et al., 2012; Poo and Isaacson, 2009; Poo and Isaacson, 2011; Zhan and Luo, 

2010), indicating that PC neurons are not tuned for the chemical properties of odors. 

Instead, the evidence supports PC neurons as encoding perceptually similar odors more 

similarly (generalization or categorization of similar odors, e.g. the smell of orange and 

lemon both belong to the citrus category), regardless of their chemical relationships 

(Pashkovski et al., 2020), implicating the role of the PC in odor perception. 

 

The distribution coding of odor representation and the strong recurrent network in the PC 

provide flexible computing power and functionalities. In the next section, I will introduce 

several known functions of PCs, including odor discrimination, concentration coding, and 

many other functional roles of PCs beyond just odor processing.  
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1.1.2. Multifaceted functionality of piriform cortex 
 

Odor processing: discrimination, concentration coding, and representational drift 
 

Odor coding can be divided into two parts: identity and intensity (molecular concentration). 

In the following paragraphs, I will introduce how odors are identified and how odor 

intensity is encoded in the olfactory system. 

 

Identification of odors starts in the nostrils; as mentioned above, different odorants are 

captured by different sets of odorant receptors on the cilia or dendrites of OSN neurons 

(Buck and Axel, 1991). The OSN neurons transfer the odor-evoked signals to OB 

glomeruli in an odorant receptor-specific manner (Mombaerts et al., 1996), allowing the 

separation of different odors at the first olfactory brain region (Murthy, 2011). Odor-

evoked responses in the OB output neurons, the mitral and tufted cells, are then relayed 

to the olfactory cortices, the largest of which is the PC, in addition to the anterior olfactory 

nucleus, the olfactory tubercle, the cortical nucleus of the amygdala, and the lateral 

entorhinal cortex (Miyamichi et al., 2011; Sosulski et al., 2011). These OB mitral and 

tufted cells’ projections to PC neurons are diffuse and overlapping, permitting individual 

PC neurons to integrate different combinations of glomeruli inputs, meaning that each PC 

neuron is not specifically tailored to one given odor. Cortical neuronal representations of 

odors in the PC are not sparse (Bolding and Franks, 2017; Miura et al., 2012; Poo and 

Isaacson, 2009; Poo and Isaacson, 2011; Rennaker et al., 2007; Stettler and Axel, 2009; 

Tantirigama et al., 2017; Zhan and Luo, 2010), and each odor presentation activates ~5-

20% of PC neurons. PC representations for different odorants overlap, regardless of the 

chemical similarities between odor molecules. When presenting a mixture of 2 odors, the 

odor representation of this odor mixture is not simply the combination of the odor 

representation of these odors, but rather a subset of those neurons is activated, with 

additional neurons participating in the ensemble (Bolding and Franks, 2017), and each 

odor or odor mixture is represented in a unique PC neuron population code (Stettler and 

Axel, 2009).  

 

Intensity coding of odor concentrations also begins in the nostril; odorant receptors on 

the OSNs bind odorant molecules at different affinities, which limits the detection 
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threshold of given odors (Araneda et al., 2000; Hallem et al., 2004; Malnic et al., 1999; 

Saito et al., 2009). The increment of odor concentrations within the OB can be 

represented in three forms, 1) enhanced neuronal activities within glomeruli, including the 

mitral and tufted cells (Arneodo et al., 2018; Junek et al., 2010; Margrie and Schaefer, 

2003; Spors and Grinvald, 2002), 2) faster recruitment of glomeruli (Arneodo et al., 2018; 

Junek et al., 2010; Spors and Grinvald, 2002), and 3) recruitment of additional OB 

glomeruli (Arneodo et al., 2018; Burton et al., 2022; Spors and Grinvald, 2002), except 

for when the increased concentration breaks perceptual constancy (Conway et al., 2023). 

This underlies rate coding (encoding with neuronal firing rates) and time coding (encoding 

with neuronal firing time) encoding concentrations through different neuronal firing rates 

in the OB output neurons. However, PC appears to be odor concentration invariant 

(Blazing and Franks, 2020; Bolding and Franks, 2018; Bolding and Franks, 2017; Stettler 

and Axel, 2009), meaning that PC neurons do not exhibit obvious higher activity when 

experiencing higher odor concentrations (Bolding and Franks, 2018). This invariance of 

concentration coding in PC is mediated by the local feedback inhibitory circuit (Bolding 

and Franks, 2018). The percentage of activated PC neurons is also stable across 

concentrations, despite the inhibited PC neurons increasing slightly in percentage 

(Bolding and Franks, 2017). While rate coding is unlikely to contribute to concentration 

coding in the PC neurons, time coding of different concentrations seems a more probable 

mechanism in PC neurons; when exposed to higher concentrations of odors, PC neurons 

fire closer in time, meaning they are more synchronized, followed by a strong inhibition. 

This is also supported by the upstream inputs. OB mitral and tufted cells also exhibit 

shorter spiking latency when the odor concentration increases (Arneodo et al., 2018; 

Junek et al., 2010; Margrie and Schaefer, 2003; Spors and Grinvald, 2002). However, 

odor concentration coding by temporal filtering in PC tends to result in a lower accuracy 

compared to odor identity coding (Bolding and Franks, 2017). In summary, these results 

suggest the PC encodes odor identity in different ensembles, and encodes odor intensity, 

despite being less accurate, in ensemble latency and synchrony. In other olfactory 

cortices, functionalities in odor concentration appear to be more prominent. For instance, 

the lateral entorhinal cortex (lENT) also encodes odor concentration with a temporal 

coding (Bitzenhofer et al., 2022), suggesting the concentration coding of odors may 

mostly occur outside PC. 
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Identification of a given odor relies on the reactivation of a majority of certain PC 

representations. This motivates the thinking that stable cortical representations are a 

prerequisite for optimal neuronal processing for odor identification. However, while the 

representation of PC odor coding is stable at a short-term time scale (~ 4 days) (Wang et 

al., 2020c), the odor representation of a given odor is unstable at a longer time scale (~ 

1 month), with only ~6% of odor responding PC neurons still responding to the same odor 

(Schoonover et al., 2021). Changes in the neuronal representation of external variables, 

also called representational drift, are reported in other brain regions including the 

hippocampus CA1 (Kentros et al., 2004; Lee et al., 2020b; Mankin et al., 2012; Rubin et 

al., 2015; Ziv et al., 2013), the motor cortex (Rokni et al., 2007), and posterior parietal 

cortex (Driscoll et al., 2017), and have been proposed to aid continual learning for 

separating and relating memories across times (Driscoll et al., 2022). Representations of 

basic senses are very robust and stable in most sensory cortices, meaning there is little 

difference in the neuronal ensembles for sensory stimuli across time (Clark et al., 1988; 

Gilbert and Wiesel, 1992; Kato et al., 2015; Margolis et al., 2012; Mayrhofer et al., 2015; 

Rose et al., 2016; Weinberger et al., 1993), however, a recent study reported that the 

naturalistic visual representation in the primary visual cortex also drifts (Marks and Goard, 

2021). The gradual and rather fast drifting in the PC of representations of basic odors 

illustrates that the drifting is a special feature, which may contribute to its function as both 

a primary sensory area and an associative area for learning and memories (Calu et al., 

2007; Chapuis and Wilson, 2012; Li et al., 2008; Roesch et al., 2007; Shakhawat et al., 

2014). Repeated exposure to a given odor slows down the representational drift, while 

on discontinuing the exposure, the drift rate increases again, and the PC ensembles are 

not stabilized by pairing an odor with foot shock, despite animal behaviors demonstrating 

that the memory of conditioned odor is stable (Schoonover et al., 2021). The exact 

mechanism of the representational drift in the PC remains unclear, while the synaptic 

plasticity of OB mitral and tufted cells’ axonal terminals as well as local synaptic and circuit 

plasticity in the PC recurrent network may explain the highly malleable PC representation. 

In a different study, the authors suggest that the encoding of task-relevant odors may be 

more stable across time in the PC (Berners-Lee et al., 2023). They showed that in the 

pPC, task-relevant odors are represented differently from the non-target odors. After 

(over-) training, pPC neurons encode task-relevant odors more selectively and improve 

performance on difficult trials. This data suggests that pPC is a robust system to optimize 

task performance even when the performance demands are not high. This result 
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illustrates the selectivity of representational drift, in that when the animals need to actively 

distinguish a given odor, the odor representation of this odor may be more stable across 

time, meaning less drifting. However, in these two studies, the respective recordings were 

performed in the aPC (Schoonover et al., 2021) and the pPC (Berners-Lee et al., 2023), 

which may indicate different representation coding mechanisms in different parts of the 

PC. The latter study also does not record from the same pPC neurons across days, so 

the neuronal selectivity of task-relevant odors may be contributed to by different neurons 

over time. 

 

Odor adaptation and temporal filter 
 

Detecting odors from the surrounding environment is not trivial; when new odors are 

mixed into the current odor environment, how does the olfactory system detect new odors 

from the already existent odors (e.g. appearance of a predator smell in a familiar 

environment)? One way to solve this figure-ground separation problem is through odor 

adaptation, also known as olfactory fatigue, which decreases the odor sensitivity to 

already-existing odors and allows new odors to be perceived without a masking effect 

from the old odors. Odor adaptation has been reported at many levels of the olfactory 

pathway. In the OSNs, odor adaptation takes place via 2 distinct pathways: 1) a fast 

adapting, cAMP and Ca2+-activating negative feedback within seconds (Kurahashi and 

Menini, 1997; Lowe and Gold, 1993; Reisert and Matthews, 1999) and 2) a slow 

adaptation to environmental smells by altering expressions of odorant receptors in hours 

(Tsukahara et al., 2021). In the OB, a few repeated odor stimuli also lead to a reduction 

of odor-evoked responses of mitral and tufted cells (Storace and Cohen, 2021). Repeated 

odor presentation also leads to reduced odor-evoked responses in the PC, likely via 

metabotropic glutamate receptor-mediated pre-synaptic depression at the afferent fibers 

from the OB (Best and Wilson, 2004; Wilson, 1998). An additional filtering mechanism is 

presented in the aPC, in that odor-evoked responses in PC are rapidly suppressed after 

the initial responses by feedback inhibition via recurrent cortical circuits (Bolding and 

Franks, 2018; Wilson, 1998). This means that only the earliest OB inputs are captured by 

the aPC, which represent the most odorant-specific and concentration-invariant features 

of the odor.  

 

https://www.zotero.org/google-docs/?l6vpoA
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Additional feedback from the olfactory cortices back to the OB inhibitory granular cells 

also introduces a secondary filtering mechanism for increasing the signal-to-noise ratio 

of more prominent odors in the environment (Boyd et al., 2012; Davis and Macrides, 1981; 

Markopoulos et al., 2012). These mechanisms of odor adaptation provide the capability 

of the olfactory system to robustly detect novel odors in odor environments.  

 

Pattern completion, separation, and associative learning 
 

While odors can be separated from the background by a mechanism like the 

abovementioned adaptation, sometimes the opposite is necessary, namely the 

recognition of an odor based on a degraded input. PC representations of odor mixtures 

are flexible and robust, meaning they can reactivate a complete neuronal representation 

with similar odor mixtures or the same but with degraded odor inputs. Recent research 

has found that despite the bulbar odor inputs being degraded by mild anesthesia, 

neuronal representation of odors in the PC remains robust, meaning that with less 

informative odor input, the complete odor image can still be recapitulated in the PC 

pyramidal neurons (Bolding et al., 2019). When blocking the recurrent circuits in the PC 

with tetanus toxin (TeLC) expression in the excitatory PC neurons, the cross-state (wake 

vs. anesthetized) odor representations drop to a similar level as the odor representation 

of OB neurons, suggesting the recurrent circuits are required to stabilize PC odor 

representations.  

 

Another study suggested that the PC odor representation matches well with the 

perceptions of the odors (Chapuis and Wilson, 2012). Rats are trained to learn an odor-

reward association task, where an odor mixture of 10 odors is used as the cue (referred 

to as 10c in the following). After learning, the olfactory cue is changed in 2 ways: 1) 

keeping the same odors but taking out one odor (10c-1); 2) the same as 1), but the 

removed odor is replaced by a new odor (10cR1). The neuronal responses for 10c and 

10c-1 are mostly similar in the PC, whereas the response similarity drops quite a lot 

comparing 10c to 10cR1, suggesting that 10cR1 is likely to be perceived as a different 

odor. Notably, the odor representations for 10c-1 in the OB are fairly different from 10c, 

suggesting that the PC receives the reduced odor input (10c-1) and completes the 

neuronal pattern that is close to the full odor image (10c). This response similarity 

matches well with the rats behaviors. When switching the olfactory cue from 10c to 10c-
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1, rats still consider this odor to be associated with reward. Conversely, rats do not 

perform as well when the 10cR1 is presented, which matches with the PC odor 

representations.  

 

Interestingly, while natively PC odor representation promotes pattern completion, the PC 

odor representation is also plastic and can support pattern separation. Via learning, both 

the separation of similar odors and the completion (“grouping”) of distinct odors can be 

achieved (Chapuis and Wilson, 2012). When rats are trained to discriminate similar odors, 

like the previously mentioned 10c and 10c-1, the rats can learn to differentiate these 2 

odors in a few days and the corresponding PC odor representations diverge. Conversely, 

when rats learn to group the rather distinct odors 10c and 10cR1 into one category and 

distinguish them from a completely different odor, the odor representations in PC for 10c 

and 10cR1 also become similar.  

 

The PC drives learning not just under artificial conditioning experimental settings, but also 

in ethologically relevant behaviors, for instance, the social transmission of food 

preference (STFP) (Galef and Wigmore, 1983; Kogan et al., 1997; Strupp and Levitsky, 

1984). An observer mouse exposed to a demonstrator mouse fed with scented food (e.g. 

cumin-flavored food) will learn to prefer the exposed food odor over the innate preference 

for food odors (e.g. thyme-flavored food). When blocking the prefrontal-projecting PC 

neurons with chemogenetics during social interaction or food preference tests, the 

observer mice no longer prefer the learned odor (Loureiro et al., 2019), suggesting that 

the odor representation in the PC is necessary for identifying the learned odor in this food 

preference learning. The synaptic potentiation induced by STFP is also essential for 

STFP expression; after optogenetically depressing the synaptic transmission of the PC-

to-prefrontal cortex circuit right before the food preference test, the mice no longer prefer 

the learned odor. These studies reveal a robust and flexible network in the PC that 

performs pattern completion, pattern separation, and social interaction-based odor 

learning.  

 

Spatial encoding 
 

Olfaction is an important sense for animals during certain behaviors, including foraging 

and navigation, especially in a given environment associated with a certain smell. While 
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spatial encoding ability is mostly attributed to the hippocampal formation circuits including 

the place cells in the hippocampus CA1 (O'Keefe et al., 1978) and grid cells in the medial 

entorhinal cortex (Hafting et al., 2005), recent studies have also revealed that PC has 

roles in spatial coding. Electrophysiological (Poo et al., 2021) and optical recordings 

(Mena et al., 2023) in the PC reported that PC neurons also encode the spatial location 

of the animals, and surprisingly, more PC neurons encode for location (~40%) over odor 

identity (~29%) (Poo et al., 2021). Decoding accuracy for odor and location in the PC are 

both robust, where the location decoding is at a similar level as hippocampus CA1 

neurons. PC neurons encode the location of the animal regardless of the heading 

direction, contrasting with the lateral entorhinal cortex (lENT) neurons that encode 

direction-specific positions (Mena et al., 2023), which indicate differential encoding of 

spatial information.  

 

In summary, the PC is mostly involved in odor discrimination and is capable of flexibly 

categorizing odors into the same or distinct groups via associative learning. Odor 

representation in the PC matches with one’s perceptual experience of given odors as 

distinct (pattern separation) or similar (pattern completion). Temporal filtering of odor 

representations results in concentration-invariant coding of odor intensity in the PC. 

Additionally, spatial information is also encoded in the PC, indicating its role in odor-space 

association and guiding olfactory-cued spatial navigation. Despite the close relationship 

between olfaction and flavor perception during feeding, the role of the PC in representing 

flavors currently remains unclear. In the next sections, I will introduce the neurocircuits 

involved in food intake and the reciprocal interaction between olfaction and metabolism.  
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1.2. Neurocircuits of food intake and metabolism 
 

Eating, or feeding behavior, is the main way for organisms to obtain energy and nutrients 

to reach homeostasis, the steady state of energy balance (Andermann and Lowell, 2017). 

Eating can also take place beyond homeostatic needs, which is known as non-

homeostatic eating or hedonic eating, meaning the drive for eating is not aiming for 

reaching homeostasis but the pleasantness of eating the food (Andermann and Lowell, 

2017; De Araujo et al., 2020; Liu and Kanoski, 2018). In the following sections, I will focus 

on the brain regions, specific neuronal types, and neurotransmitters and receptors 

involved in homeostatic eating, which is controlled by the hunger and satiation states. 

 

 
Figure 8. Feeding behavior is regulated by the different neurons in the ARC. Figure adapted from (Brüning and 

Fenselau, 2023).  

 

1.2.1. Hunger and satiation circuits in the arcuate nucleus of the hypothalamus 
 

The arcuate nucleus of the hypothalamus (ARC) has an important role in controlling 

feeding behaviors (Brüning and Fenselau, 2023) (Figure 8). Two main neuronal types 

within the ARC are the agouti-related peptide (AgRP) neurons and the pro-
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opiomelanocortin (POMC) neurons, which respond to hunger and satiety states, 

respectively.  

 

Hunger drives AgRP neurons’ activity through the hunger hormone Ghelin, which is 

produced by the enteroendocrine cells of the gastrointestinal tract. The role of AgRP 

neurons is tightly linked to promoting feeding as ablation of AgRP neurons causes 

starvation (Luquet et al., 2005; Tan et al., 2014; Wu et al., 2008a; Wu et al., 2008b), but 

the contrary finding has also been presented recently (Cai et al., 2023). When bypassing 

the Ghrelin stimulation with direct optogenetic stimulation, AgRP neurons can introduce 

a hunger-like state in mice which rapidly promotes food intake (in minutes to hours) 

(Aponte et al., 2011; Krashes et al., 2011; Krashes et al., 2013). The hunger-like state 

driven by AgRP neurons signals negative valence in mice, suggesting that the hunger 

state is unpleasant for individuals, encouraging them to do something (e.g. foraging and 

feeding) to counter the unpleasantness (Betley et al., 2015). The fast-acting function of 

the AgRP neurons is mostly through the release of inhibitory neurotransmitters (γ-Amino-

butyric acid (GABA)) and neuropeptides (Neuropeptide Y (NPY)), instead of the slow-

acting AgRP peptide, an antagonist for the melanocortin 4 receptor (MC4R) that 

suppresses feeding (Atasoy et al., 2012; Garfield et al., 2015; Krashes et al., 2013). 

 

Conversely, the POMC neurons are activated by the satiety hormone Leptin, a peptide 

hormone released from adipose tissue, which also inhibits AgRP neurons (Beutler et al., 

2017; Cowley et al., 2001; Williams et al., 2010). The main function of POMC neurons 

was proposed to be terminating meals, since POMC deficiency or ablation of POMC 

neurons leads to overeating and obesity in humans and mice (Krude et al., 1998; Xu et 

al., 2005; Yaswen et al., 1999; Zhan et al., 2013). The tight link between the opposite 

neuronal activities of AgRP and POMC neurons motivates a robust model of feeding 

control (Sternson and Eiselt, 2017). The main effector of the POMC neurons is caused 

by releasing POMC-derived peptide α-Melanotropin (α-Melanocyte-Stimulating Hormone, 

or α-MSH) to the MC4R-expressing paraventricular nucleus of the hypothalamus (PVH) 

neurons, which is the main satiety center antagonized by the AgRP peptide (Loos and 

Yeo, 2022). Yet, acute optogenetic activation of POMC neurons has limited effects on 

reducing food intake and body weight. This only occurs under long-term activation, for 

example, more than 4-hour stimulation of GLP-1R-expressing POMC neurons (Biglari et 

al., 2021), 24-hour ChR2 stimulation of generic POMC neurons (Aponte et al., 2011), and 
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days of chemogenetics activation of POMC neurons (Zhan et al., 2013), suggesting that 

the satiety effects from POMC neurons function on a slower time scale than AgRP 

neurons’ GABAergic- and NPY-ergic-mediated fast feeding promotion (Atasoy et al., 

2012; Garfield et al., 2015; Krashes et al., 2013). So far, and only under energy deficit 

conditions, optogenetically stimulating POMC neurons in fasted mice can reduce feeding 

in a 30-minute feeding window (Wei et al., 2018). Acute chemogenetic activation of 

POMC neurons, unexpectedly, promotes cannabinoid-induced feeding via activating the 

cannabinoid receptor 1 (CB1R) on a subset of POMC neurons and selectively increases 

the release of orexigenic β-endorphin (Koch et al., 2015).  

 

Interestingly, while the AgRP neurons strongly inhibit the POMC neurons through 

GABAergic synaptic transmission within the ARC (Cone, 2005), AgRP to POMC inhibition 

is not required for food intake. On shutting down POMC neurons alone with 

chemogenetics, mice did not eat more food. Simultaneously activating both AgRP and 

POMC neurons with optogenetics still promotes feeding, indicating that the feeding 

promotion led by AgRP neuronal activity mostly acts outside the ARC and that POMC 

neurons are not the direct functional downstream targets of the AgRP neuron-driven rapid 

feeding behavior (Atasoy et al., 2012). Several downstream brain regions of AgRP 

neurons outside the ARC have functions in the regulation of feeding behaviors (Betley et 

al., 2013), among these regions, the PVH is the most prominent region. The inhibitory 

long-range projection from AgRP to the PVH is sufficient and necessary for promoting 

feeding (Atasoy et al., 2012; Betley et al., 2013). Directly inhibiting PVH through 

chemogenetics can recapitulate the AgRP-mediated feeding promotion. When co-

activating AgRP and PVHSIM neurons, the feeding behavior is successfully blocked, 

demonstrating a causal link to this AgRP -| PVH circuitry being the backbone of the 

feeding promotion (Atasoy et al., 2012).  

 

Subsequently, fast-acting satiating neurons in the ARC were discovered; a different 

subpopulation of Oxytocin receptor (Oxtr)-expressing ARC glutamatergic neurons form 

excitatory connections to the MC4R-expressing PVH, suppressing feeding more rapidly 

(in 1-2 hours) (Fenselau et al., 2017). These Oxtr-expressing ARC neurons’ axons 

converge onto mostly the same MC4R-expressing PVH neurons that are targeted by the 

AgRP neurons. In addition, the POMC-releasing α-MSH postsynaptically potentiates the 
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excitatory synapses from the Oxtr-expressing ARC to the MC4R-expressing PVH 

neurons, strengthening the satiety effects of the ARC-PVH melanocortin circuit.  

 

Here, I have summarized that neurons in the ARC nucleus have important roles in 

regulating food intake upon different metabolic states (sated and hunger) as well as their 

functional roles in regulating feeding behaviors in rapid (minutes) and long-term (hours) 

conditions. 

 

1.2.2. Circuit dynamics during feeding 
 

In the last section, I described the ARC AgRP and POMC neurons' function in regulating 

feeding via modulating PVH activity. While bodily hormones representing the hunger and 

satiety states (Ghrelin and Leptin) modulate AgRP and POMC neurons’ activities 

reflecting the energy homeostasis, the neuronal dynamics of AgRP and POMC neurons 

during feeding and after ingestion were not demonstrated until the last few years. The 

technical advances for neuronal recordings (both electrophysiological and optical) in deep 

brain regions with molecule-specificity targeted cell types have gradually matured in the 

last decade (Chen et al., 2013; Cohen et al., 2012; Cui et al., 2013; Gunaydin et al., 2014; 

Ziv et al., 2013), allowing researchers to investigate specific neuronal dynamics 

throughout feeding bouts.  

 

While one would expect a gradual change in the ARC AgRP and POMC neurons’ 

activities throughout a meal mediated by hormones like Ghrelin and Leptin, surprising 

findings have been reported of extremely rapid modulations of both AgRP and POMC 

neurons upon feeding or even just the sensory detection of food items (Betley et al., 2015; 

Chen et al., 2015; Mandelblat-Cerf et al., 2015). The AgRP neurons are rapidly 

suppressed even before feeding onsets (Betley et al., 2015; Chen et al., 2015; 

Mandelblat-Cerf et al., 2015). The suppression magnitudes are gradually decreased 

across feeding bouts (Betley et al., 2015) and are correlated with food palatability (peanut 

butter vs. regular mouse chow or fasted vs. fed) and the accessibility of food (freely 

accessed vs. caged vs. hidden food) (Chen et al., 2015). The AgRP suppression also 

depends on learning; when a cue is paired with a food reward, the cue is sufficient to 

suppress AgRP neurons’ activities (Betley et al., 2015), suggesting that the anticipatory 
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aspect of feeding is sufficient to drive this rapid modulation. The POMC neurons are also 

rapidly activated by sensory detection of food items, at a similar timescale as the AgRP 

neurons (Chen et al., 2015; Mandelblat-Cerf et al., 2015). The magnitude of activation of 

POMC neurons is also scaled with food palatability and food accessibility (Chen et al., 

2015). These 3 studies all support the new role of ARC AgRP and POMC neurons in 

foraging control (driving food discovery via negative valence), instead of the putative 

model of feeding controls under hunger and satiety (Andermann and Lowell, 2017; Chen 

and Knight, 2016). 

 

 
Figure 9. ARC AgRP and POMC neurons are rapidly modulated by feeding or the sensory detection of food. 
(A) Fiber photometry recording of AgRP neurons shows reduced activity upon food presentation. (B) Fiber photome-

try recording of POMC neurons shows increased activity upon food presentation. (C) Neuronal activities of AgRP and 

POMC neurons are modulated before the first bite, suggesting sensory detection of food items is sufficient to modu-

late these two types of ARC neurons. Figure adapted and modified from (Chen et al., 2015). 

 

The food cue-driven rapid suppression in AgRP neurons is mediated by the lateral 

hypothalamic glutamatergic (LHVglut2) neurons (Berrios et al., 2021) onto the ventral 

compartment of the dorsomedial nucleus of the hypothalamus leptin receptor-expressing 

(vDMHLepR) GABAergic neurons (Garfield et al., 2016), then targeting the ARC AgRP 

neurons. Both LHVglut2 neurons and vDMHLepR neurons respond similarly to food cues as 

the rapid suppression in AgRP neurons and acute inhibition of either LHVglut2 neurons or 

vDMHLepR neurons are sufficient, but not necessary, to inhibit the homeostatic feeding 

(Berrios et al., 2021; Garfield et al., 2016) at a similar level as inhibiting AgRP neurons 

directly (Stachniak et al., 2014; Vardy et al., 2015). While this circuit provides a clear 

inhibitory mechanism of AgRP modulation upon food cues, it is still unclear how sensory 

information (e.g. visual and olfactory inputs of food) is integrated into the hypothalamic 

circuits.  
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In addition to the rapid food cue modulation of AgRP and POMC neurons, there are also 

slower and long-lasting modulations from the nutrient responses in the gut and the 

restoration of energy balance (satiety) (Beutler et al., 2017; Su et al., 2017). The AgRP 

neuronal activity suppression upon feeding is suggested to promote learned associations 

between food flavors and nutrient contents postprandially (Betley et al., 2015); however, 

blunting AgRP suppression does not prevent, but rather potentiates, flavor-nutrient 

learning in a sex-dependent manner (Nyema et al., 2023). Other studies have suggested 

brain regions and the nervous system outside the brain are involved in flavor-nutrient 

learning, including the sugar-sensing cholecystokinin-expressing epithelial 

enteroendocrine cells (CCK-expressing EECs) in the small intestine (Bai et al., 2022; 

Buchanan et al., 2022), the vagal nerve nodose ganglia (Han et al., 2018; Tan et al., 2020) 

and the cNTS (Han et al., 2018; Tan et al., 2020; Williams et al., 2016) for food reward 

preference (De Araujo et al., 2020; Holman, 1975; Sclafani, 2001). Conversely, the 

serotonin- and substance P-expressing EECs in the small intestine (Bai et al., 2022), the 

insular cortex (Wu et al., 2020), and the amygdala (Zimmerman et al., 2023) are 

suggested for learning aversive food avoidance (Carter et al., 2015; Garb and Stunkard, 

1974; Garcia et al., 1955; Garcia and Koelling, 1966; Revusky and Bedarf, 1967; Xie et 

al., 2022; Zhang et al., 2021a). Given the limited direct connectivity (Wang et al., 2020b), 

the question of whether the learning signal from AgRP neurons is directly linked to the 

abovementioned vesical feedback from the gut to the brain still requires more validation. 
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1.3. Interactions between olfaction and metabolism 
 

Due to the close relationship between odor, food, nutrient contents, and physiological 

needs, olfaction and metabolic states are tightly connected. While the olfactory system 

also affects physiology via pheromones, I will exclusively focus on the olfaction of regular 

volatile odors and their relationship with energy metabolism (Jovanovic and Riera, 2022).  

 

1.3.1. Effects of metabolic states on olfaction 
 

It is a common heuristic experience of people that when hungry, one becomes very aware 

of food smells around them. Studies also support this, in that after fasting or Ghrelin 

injection, there is increased olfactory performance in terms of detection threshold, and 

discrimination in both rodents (Aimé et al., 2007; Aimé et al., 2012; Freeman, 1960; 

Julliard et al., 2007; Prud'homme et al., 2009; Soria-Gómez et al., 2014; Tong et al., 2011) 

and humans (Albrecht et al., 2009; Cameron et al., 2012; Iravani et al., 2024). In rodents, 

the AgRP -| PVT circuit mediates the hunger-driven olfactory enhancement, specifically 

with the NPY-NPY5R receptor signaling pathway (Horio and Liberles, 2021).  

 

Food items themselves, especially ones with high nutrient contents, can also have a direct 

impact on the olfactory system. A high-fat diet (HFD) is a commonly used food regimen 

for inducing overeating and obesity in laboratory rodents for hyperlipidemia and 

hyperglycemia studies. Consuming an HFD affects olfactory performance in rodents 

(Thiebaud et al., 2014), even in the absence of obesity (Takase et al., 2016). 

 

Under disruption of energy intake and expenditure, such as obesity, olfactory function is 

also affected. Poor olfactory function is associated with increased body weight 

(Fernández-Aranda et al., 2016; Han et al., 2021; Peng et al., 2019; Richardson et al., 

2004) and visceral fat (Fernandez-Garcia et al., 2017). Interestingly, despite a generally 

poorer olfactory function in obese patients, they are more sensitive to food-related smells 

(Han et al., 2021; Stafford and Whittle, 2015) and there is a greater food odor-evoked 

brain activation in reward-processing areas (Han et al., 2021). This olfactory alteration 

may be caused by altered bodily hormones in obesity, due to the expression of receptors 

of Ghrelin, Leptin, IGF-1, and Insulin in the olfactory system (Baskin et al., 1983; Elmquist 
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et al., 1998; Gupta et al., 1992; Hill et al., 1986; Russo et al., 2018; Tong et al., 2011). 

However, currently, there is no clear consensus in the field on the olfactory modulatory 

effects of leptin (Fernández-Aranda et al., 2016; Fernandez-Garcia et al., 2017; Poessel 

et al., 2020a; Sun et al., 2019; Uygun et al., 2019) or insulin (Edwin Thanarajah et al., 

2019; Poessel et al., 2020b). 

 

1.3.2. Effects of olfactory experience and alterations on metabolism and 

physiology 
 

The interaction between metabolic states and olfaction is not one-directional - olfaction 

also has direct impacts on metabolism. Smelling food odors can increase appetite tailored 

to the specific nutrient content in humans (Zoon et al., 2016), which is hypothesized to 

prepare the body for digesting the upcoming nutrients. Briefly experiencing certain non-

aversive non-food odors (e.g. Osmanthus fragrans (fragrant tea olive)) can decrease 

appetite by decreasing the expression of orexigenic hormones and increasing the 

anorexigenic hormones in rodents (Yamamoto et al., 2013), while some food-odors (e.g. 

milk) can increase expression of orexigenic hormones and decrease anorexigenic 

hormones. Food odors can also affect metabolism; smelling familiar food odors is 

sufficient to increase lipolysis in the adipose tissues and elevate serum-free fatty acids 

(Tsuneki et al., 2022). Notably, a recent counter study in rodents suggested that the food 

smell of an HFD does not promote appetite for normal food items, nor is it required for 

HFD-induced obesity (Boone et al., 2021), indicating that the relationship between food 

odors and appetite is more indirect.  

 

Aversive odors can have negative effects on appetite, even though this is not simply due 

to feeding suppression. One example is the fear-inducing 2,4,5-trimethyl thiazole (TMT, 

red fox urine odor), a predator odor for rodents, which increases metabolic rate and 

reduces diet-induced obesity with minimal alteration of food intake and locomotion 

(Genné-Bacon et al., 2016). The mechanism is contributed to by elevated neuronal 

circuits of the dorsomedial hypothalamus (DMH) -> ARC POMC neurons (Genné-Bacon 

et al., 2016; Lee et al., 2020a) and increased release of corticotropin-releasing hormone 

neurons, indicating a state of chronic stress. Interestingly, this odor-induced chronic 

stress can also be blocked by combining different odors like the smell of rose (2-phenyl 



Introduction  32 

ethanol, 2PE) and fish (trimethylamine, TMA), activating the inhibitory neurons in the 

ventromedial nucleus (VMH) (Lee et al., 2022). These studies reveal that certain odors 

(and odor mixtures) have impacts on feeding behaviors and metabolism, regardless of 

the nutrient contents and valence values of these odors. 

 

Modulations of odor perception also affect metabolism (Jovanovic and Riera, 2022); 

chronically decreased olfactory perception by ablation of OSN reduces body weight in 

mice and protects against high-fat diet-induced obesity, and conversely, increased 

olfactory sensitivity by Insulin-like growth factor 1 receptor (IGF-1R) knockout leads to 

obesity, accompanied with an elevated level of insulin resistance and more visceral fat 

(Riera et al., 2017). Different studies showed that super-smeller mice (voltage-gated 

potassium ion channel 1.3, Kv1.3, knockout) (Fadool et al., 2004) are resistant to diet-

induced obesity and this resistance depends on olfactory perception (Thiebaud et al., 

2014; Tucker et al., 2012), suggesting that the directionality between olfactory perception 

and metabolism is not solely linear. While these studies provided insights into the effects 

of chronic olfactory alterations on metabolism, the acute olfactory sensation during 

feeding remains poorly understood.  
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1.4. Effects of eating speed on metabolism 
 

Feeding behavior is the main approach for organisms to obtain energy to reach 

homeostasis, and the feeding behavior itself is surprisingly complicated. One aspect of 

feeding is how fast the food is consumed, i.e., the eating speed. Eating rapidly in a short 

time, commonly known as binge eating, can reduce satiation (the process that leads to 

satiety, the satisfied feeling of being full after eating) and lead to overeating (Andrade et 

al., 2008; Bolhuis et al., 2013; Teo et al., 2020; Teo et al., 2021; Zeng et al., 2018).  

 

People with an inherently higher eating speed are more likely to develop overweight and 

obesity (Hurst and Fukuda, 2018). In the same direction, reducing eating speed by 

smaller sip size or longer oral residence duration (Bolhuis et al., 2014b), or increased 

food hardness (Bolhuis et al., 2014a) is an effective measure for reducing food 

consumption and promoting weight loss.  

 

One example of the relationship between eating speed and satiation is the “soup paradox”. 

Drinking energy-dense liquids, like apple juice, provides less long-term satiety compared 

to isocaloric solid counterparts, such as apples. However, interestingly, when eating the 

same food item in soup form (apple soup), the food intake rate is slowed down with spoon 

feeding, and the satiety effect is comparable to the solid food again and influences a 

stronger satiety effect in 24 hours (Mattes, 2005). The canonical explanation for reduced 

satiation by binge eating is suggested by the delayed negative visceral feedback from the 

gastrointestinal tract to the brain (Grove et al., 2022; Samakidou et al., 2023; Slyper, 

2021). While visceral satiation from ingestion and absorption is uncontested, some 

studies have revealed that the satiation signals can also be mediated solely by flavor 

perception (Betley et al., 2015; Cecil et al., 1999; Chen et al., 2015; Mandelblat-Cerf et 

al., 2015).  

 

The abovementioned studies demonstrated that oral exposure time is positively 

associated with satiety, suggesting that eating speed affects the flavor perception of food, 

which may in turn influence satiation. Till now, however, no study has investigated 

whether altering flavor perception during feeding is sufficient to reduce sensory satiation.  
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1.5. Aims of the study 
 

Olfactory perception of food is crucial for feeding, and metabolic states can affect olfaction 

drastically. However, there is to date no knowledge of the neuronal dynamics of the 

olfactory system are during food intake, and how feeding speed modulates the olfactory 

system. In this thesis, I aimed to answer these questions: 

 

1) What are the neuronal dynamics of the olfactory cortex during food intake? 

2) How do different feeding rates affect the cortical flavor representation, and what are 

the potential mechanisms of the modulation? 

3) How does the cortical flavor representation interact under sensory deprivation and 

metabolic needs? 

4) Is the olfactory representation of food is functionally linked to feeding behaviors?  

 

To probe these questions, I combined mouse genetics, stereotactic viral injections, and 

an in vivo optical recording technology (miniaturized microscope or “miniscope”) in freely 

moving mice to measure specific neuronal activity in real-time during feeding. 

Immunostaining and imaging were performed to verify cell types, viral expression efficacy, 

and optical implant locations. With collaborators, we built a liquid food delivery system 

that controled the food flavors and feeding rates. To manipulate specific neuronal 

populations during feeding, a closed-loop optogenetics system was employed to trigger 

light stimulation during feeding. I also measured neuromodulator dynamics in vivo during 

feeding by using specific neuromodulator sensors. Temporal anosmia and overnight 

fasting were used to alter sensory perception and metabolic states. With support from 

colleagues, additional in vitro slice electrophysiological recordings were used to verify 

molecular constructs and neuromodulators’ effects. To analyze neuronal activities and 

feeding behaviors, custom-made scripts in Python, MATLAB, and R were written to assist 

in data visualization and to perform statistical testing. 
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2. Methods 

2.1. Animals 
 

All experimental mice were housed at the animal facility (Forschungseinrichtungen für 

experimentelle Medizin, FEM) of the Charité. The mice were kept under a regular 12/12 

hour light-dark cycle. All animal experiments were approved by the ethics committee and 

by the local authorities (Landesamt für Gesundheit und Soziales, LaGeSo Berlin, license 

numbers G0313/16, G0278/16, and G0156/20).  

 

 
Figure 10. Effects of Doxycycline suppression of GCaMP6f expression. When doxycycline is fed to the mice, no 

GCaMP6f expression is observed in the Ai93D; CaMK2-Cre; Rosa-tTA mice. After removing doxycycline-containing 

food, GCaMP6f expression can be observed in a few weeks. 

 

To perform Ca2+ imaging in the excitatory neurons in the aPC, I cross-bred Ai93D (TITL-

GCaMP6f) mice, CaMK2-Cre mice, and Rosa-tTA mice to specifically express the Ca2+ 

indicator (GCaMP6f) in the excitatory neurons. Early expression of GCaMP during 

development can lead to aberrant neuronal activities such as epileptic-like events in the 

mouse brain (Steinmetz et al., 2017). To prevent such events, I fed the breeding pairs 

and the offspring with doxycycline-containing food to suppress the expression of 

GCaMP6f until at least 3 weeks old (Figure 10). The abovementioned transgenic mice 

are suitable for Ca2+ imaging in the aPC, but the GCaMP6f expressions in the insular 
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areas including the gustatory cortex (GC) are suboptimal (Figure 11). Instead, the AAV 

virus carrying hSyn-Cre was injected in the GC of Ai148D (TIT2L-GC6f-ICL-tTA2) mice 

to express GCaMP6f in the GC. To record from aPC GABAergic neurons, I virally injected 

the Cre-dependent Ca2+ indicator (hSyn-floxed-GCaMP6f) in the PV-Cre or SST-Cre mice. 

To image dopamine and serotonin dynamics in the aPC, I injected the dLight1.3b 

(Patriarchi et al., 2018) and iSeroSnFR (Unger et al., 2020) in the aPC in C57BL/6N 

(wildtype) mice. To monitor breathing, we attached the head bar on two C57BL/6N mice 

and monitored the breathing with a piezo sensor on the chest or a video track of the 

movement of the chest via DeepLabCut tracking (Mathis et al., 2018). For optogenetic 

suppression experiments, a Cre-dependent eOPN3 virus or a Cre-dependent tdTomato 

expressing virus was injected in the aPC in CaMK2-Cre mice. All behavioral experiments 

were performed between 9 a.m. and 6 p.m., including Ca2+ imaging and optogenetics, 

under regular light conditions. 
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Figure 11. Expression of GCaMP6f in the Ai93D; CaMK2-Cre; Rosa-tTA mice. Clear GCaMP6f expression can be 

found in the aPC, but a limited expression is observed in the GC. For each row, the upper ones are the raw images 

acquired with Brainsaw, and the lower ones are the same images registered to the Allen Institute Mouse Brain Atlas 

by BrainReg (Tyson et al., 2022). 
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2.2. Liquid food delivery system 
 

To ameliorate stress, all behavioral experiments were performed inside the mice’s home 

cages. I modified the cages to allow the lick spout to protrude into the cage (product from 

Phenosys, Berlin, Germany). Each behavioral protocol started with a 5-minute baseline, 

and after the baseline period, the motorized lick spouts were inserted in the home cage 

and scheduled for liquid food or water delivery for 2 min, with intervals (1 minute) between 

each lick spout presentation. During intervals, the lick spouts were retracted. To isolate 

potential odor contaminations before feeding onsets, the lick spout was located inside a 

glass tube, which contains an opening for mice to reach the lick spout. An air suction was 

connected to the glass tube, so I could limit olfactory responses before the mice interacted 

with the lick spout. To monitor licking behavior, the lick spouts were equipped with piezo 

sensors. Each lick event triggered an activation of electrical peristaltic pumps (~400 ms 

for each delivery event), which resulted in pumping ~1.8 µL of liquid food (Ensure, an 

energy-dense artificial milkshake, made by Abbott Laboratories. In this study, both 

strawberry and chocolate-flavored Ensure were used) or water. After each pump delivery, 

a refractory delay period is introduced (for slow feeding: 4 sec, for binge feeding: 400 ms). 

For slow feeding rounds, Ensure and water were delivered at a ratio of 7 to 3, and the 

ordering was pseudorandomized. In each behavioral protocol, three binge feeding rounds 

and four slow feeding rounds were pseudorandomly swapped (Figure 12). All mice were 

fed ad libitum (or food presentation was withheld for up to four hours), except that once 

per week the mice were overnight fasted to measure neuronal responses under homeo-

static deficiency.  

 

 
Figure 12. Illustration of the behavioral protocol. The duration of each round of lick spout presentation is 2 mins, 

and the interval between each lick spout presentation is 1 min. Except for the first and the last rounds of presentation 

being always in slow feeding mode, the other 5 presentation blocks can be slow feeding or binge feeding mode. The 

sequence of the feeding mode is different in every recording session, with 3 presentations are for binge feeding 

mode. 
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2.3. Surgery procedures 
 

2.3.1. Stereotactic injection 
 

For anesthesia, mice were anesthetized with isoflurane via inhalation (for induction: 4-

5%, then tuned to ~1-2%. Air flow was driven by oxygen gas, with a flow rate between 

0.5 to 1 L/min). Local anesthesia (1-2% Lidocaine) was injected subcutaneously. A 

craniotomy was operated over the stereotactically targeted regions (Table 1) using a 

Neurostar stereotactic apparatus (Neurostar, Tübingen, Germany). I used a 10 µL-

Hamilton syringe to inject viruses (typically 0.4 to 1 µL). Operative pain was alleviated by 

a subcutaneous injection of Carprofen (5 mg/Kg) before the operation. Additionally, 

Carprofen was injected in the following 3 days after surgeries. The mice were left to 

recover for at least two weeks after the surgery. In some experiments, the viral injection 

was performed right before the implantation of the prism-attached GRIN lens or the optic 

fiber. For in vivo Ca2+ imaging experiments, AAVs containing floxed-GCaMP or Cre re-

combinase were injected into the desired brain regions (Table 3). For in vivo neuromod-

ulator imaging (serotonin and dopamine), the sensors for serotonin (iSeroSnFR) or do-

pamine (dLight) were injected in the aPC (Table 3). For in vivo closed-loop optogenetics, 

AAVs containing eOPN3 or mCherry were bilaterally injected in the aPC (Table 3).  

 
Table 1. Coordinates for viral injection and GRIN lens and prism implantation. 

Brain 

regions 

Coordinates (AP/ML/DV) 

(mm) 

Notes 

aPC 0.32/-3.5/5.5 

 

0.32/-3.0/5.5 
 

For viral injection 

 

For implantation, the bottom right corner of the prism as the 

reference 

GC 0.26/-3.6/4.0 

 

0.26/-3.0/4.1 

For viral injection 

 

For implantation, the bottom right corner of the prism as the 

reference 

OB 4.3 - 4.6 / ±0.6 / 0.3 For viral injection 

 

2.3.2. GRIN lens and optical fiber implantation 
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The anesthesia procedure was the same as described above in the stereotactic injection 

(Methods 2.3.1). For craniotomy, a square of ~1.2 mm side length was used to fit the 

prism GRIN lens (1 mm diameter) (coordinates are listed in Table 1). Some brain tissues 

were removed by aspiration to pave the insertion tract until ~1 mm above the image site 

of the microscope. I used a sharp needle to perform the aspiration (23G), which was 

connected to a vacuum. The aspiration procedure was performed twice to ensure a 

sufficient removal of brain tissues. The microendoscopic GRIN lens attached with a prism 

(~9.1 or ~4.3 mm long based on the imaging site, 1 mm diameter, Inscopix) was inserted 

into the desired image plane at a rate of 100 µm/min with 10˙ angles in coronal axis (the 

top of the implant was tilted to the medial part and the bottom of the implant was tilted to 

the lateral part of the brain). I used adjusted implantation coordinates that aligned with 

the bottom right corner of the prism; the exact coordinates are listed in Table 1. The 

microendoscopic lenses attached with the baseplates (Inscopix) were fixed to the skull 

with an adhesive (VetBond, 3M or TRUGLUE, TRUSETAL) and dental cement (Super-

Bond C&B, SUNMEDICAL). The optical surface was protected from contamination by a 

plastic cap (Inscopix baseplate cover). For optical fiber implants, a similar procedure was 

performed with a few modifications: 1) two optical fibers were implanted bilaterally with a 

vertical angle (no tilting), 2) the insertion speed was set to 1 mm/min, 3) one fiber (usually 

the left ones) was inserted first and fixed with minimal dental cement and then a second 

optical fiber was inserted, 4) an additional headpost was attached to the back of the skull 

surface with dental cement for more accessible handling of the animals, and 5) the optical 

fibers were protected with a plastic cap which also blocked potential pre-experimental 

activation of optogenetic constructs. To deal with post-surgery pain, I injected Carprofen 

(5 mg/Kg) subcutaneously right before the surgery, along with additional daily Carprofen 

injections in the three days after the surgical procedure. In some mice, the 

microendoscopic lenses were not pre-fixed with the baseplates (materials compatible with 

the early version of the Inscopix miniscope). The optical surfaces of the microendoscopic 

lenses were secured with a silicone cap. A follow-up surgery attaching the baseplate for 

the miniscope was performed in 3-4 weeks after the GRIN lens/prism implantation.  
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2.3.3. Cranial window for olfactory bulb imaging 
 

This part of the surgical procedure was performed collaboratively with the Larkum lab 

(Humboldt-Universität zu Berlin) and Judkewitz lab (Charité – Universitätsmedizin Berlin). 

We anesthetized wild-type mice (C57BL/6, <P40) with inhalation isoflurane (4-5% for 

induction, 1-2% for maintenance with oxygen gas, flow rate 0.5-1 l/min). We injected sub-

cutaneously 1-2% Lidocaine for local anesthesia. We first removed the scalp and 

periosteum and created a 3 mm craniotomy on top of the two olfactory bulb hemispheres. 

We used an injection micropipette (tip diameter ~10–20 μm) for viral injection, which was 

filled with AAVs containing the construct of the non-Cre-dependent Ca2+ indicator 

GCaMP7s (Table 3). We injected 100 nL of virus in each bulb hemisphere with a 50 

nL/min rate (Table 1). We then placed a semi-circular <3 mm stack of two glass coverslips 

(these two coverslips were glued using optical adhesive) into the craniotomy. The crani-

otomy was then sealed with dental cement. We further attached a headpost to the skull 

with adhesives (light-curing RelyX, 3M) for head-fixed 3-photon imaging. We injected sub-

cutaneously Buprenorphine (0.1 mg/Kg) mixed with Carprofen (5 mg/Kg) right before 

surgery to manage surgical pain. Additional Carprofen (5 mg/Kg) injections were per-

formed daily for three days after the surgery. We started habituation of the head fixation 

three weeks after the surgery.  

 

2.4. in vivo Ca2+ imaging 
 

2.4.1. Habituation 
 

For freely moving recordings, I habituated the mice in their home cage with licking from 

the lick spout with 10% sucrose solution before the actual imaging sessions. In each ha-

bituation protocol, mice were exposed to a slow feeding mode paradigm where the lick 

spout was presented to the mice for 40 minutes after the 5-minute baseline. In the second 

week of habituation, I placed the glass tube (which was connected to an air suction device) 

around the lick spout. In the third week, I mounted the dummy scope on the mice so they 

could get used to the weight of the miniscope and handling before the imaging sessions.  
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For head-fixed recordings (in collaboration with the Larkum lab at Humboldt-Universität 

zu Berlin) and Judkewitz lab at Charité – Universitätsmedizin Berlin), we habituated mice 

for head-fixation five days before the imaging sessions. We gradually increased the head-

fixation duration from five minutes to one hour from the first day to the last day before the 

imaging session. We also presented Ensure in a lick spout to the mice in the later habit-

uation days so that the mice had already learned how to use the lick spout before the 

imaging sessions.  

 

2.4.2. In vivo miniscope imaging 
 

I mounted the miniaturized microscope (nVista 2 or nVista 3 miniscope, Inscopix, CA, 

USA) to the implanted mice without anesthesia. Mice could rest in the home cage for a 

few minutes before the recording session started. The recording session started with a 

baseline period in which the lick spout was not presented to the mice (5 min), and then 

the lick spout was inserted into the home cage to present the slow feeding and binge 

feeding paradigms (Figure 12). For individual mice, the Ca2+ or neuromodulator imaging 

settings (including LED intensity, imaging gain, focus of the imaging panels, field of views, 

etc.) were separately tuned to aim for a common level of brightness of the imaged 

fluorescence (around 50-60 A.U. for the mean values in the fluorescence histogram panel 

in the Inscopix acquisition software). For all recordings, the sampling rate was kept at 20 

Hz with a single focal plane, regardless of whether the recordings were for Ca2+ imaging 

or neuromodulator imaging. To save storage space, around 90% of the imaging sessions 

were spatially down-sampled (4x) online during data acquisition, which still provided good 

imaging quality for further extraction of the region of interest (ROIs were for both individual 

cells or areas with neuromodulator sensor expression). I coupled the behavioral system 

(Phenosys, Berlin) to the Inscopix imaging system by synchronizing the pump delivery 

TTL pulses. I imaged each mouse for up to twenty-five sessions across five weeks. I 

performed overnight fasting (~20 hours) once per week for the implanted mice to measure 

neuronal dynamics under metabolic needs.  

 

2.4.3. In vivo 3-Photon imaging 
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This part of the experimental procedure was performed collaboratively with the Larkum 

lab (Humboldt-Universität zu Berlin) and Judkewitz lab (Charité – Universitätsmedizin 

Berlin). Mice were head-fixed in a home-built 3-photon microscope to perform Ca2+ 

imaging in the olfactory bulb. Light pulses (wavelength at 1300 nm) were delivered from 

a laser (Opera-F, pumped by Monaco, Coherent). We used a repetition rate at 1MHz for 

excitation of the Ca2+ indicator jGCaMP7s. The laser output passed a four-pass prism 

pulse compressor for dispersion compensation. We adjusted the laser power via a 

motorized half-wave plate and a polarizing beam splitter. The output power from the ob-

jective (Nikon 25x/1.1) was lower than 20 mW. We used dual linear galvanometers to 

acquire images at a ~10 Hz frame rate. We synchronized the image acquisition with the 

laser pulses and controlled the acquisition with LSMAQ 

(https://github.com/danionella/lsmaq). Image stacks (time-series movies, 200 x 200 pixel 

size) were recorded at depths of ~ 200-300 μm below pia, to aim for the olfactory bulb 

mitral cell layer. 

 

2.5. Triton X-100 application 
 

It was previously reported that nasal lavage with 0.5% Triton X-100 solution (in 0.1M PBS) 

can induce temporal anosmia in rodents for up to 3 weeks (Cummings et al., 2000). Here, 

with support from Dr. Friedrich Johenning and Anke Schönherr, we perform the nasal 

lavage procedure to temporally block olfactory sensation in mice. Mice were anesthetized 

with an intraperitoneal injection of Ketamine (100 mg/Kg), Xylazine (20 mg/Kg), and 

Acepromazine (3 mg/Kg). Additional analgesia is delivered by subcutaneous injection of 

Caprofen (5mg/Kg) right before the nasal lavage and the day after. We performed two 

groups of experiments with different solutions - the Triton X-100 (experimental group) or 

PBS (control group) applications. We injected ~40 µL of 0.5% Triton X-100 solution to 

each nostril, via a gel loading pipette tip, which was protruded 2-3 mm into the nostril. We 

slowly applied the Triton X-100 solution with a micropump (Narishige, Japan), and the 

overall procedure took several minutes for each nostril. Between applications on each 

nostril, we allowed a 5-minute interval. We indicated whether a procedure was successful 

by observing foams building up at the nostril opening. Mice were kept on an inclined plane 

throughout the operation and until they woke up so that their nostrils were below their 
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trachea and lungs to prevent excessive solution from entering the air track. All procedures 

were performed in a heated chamber to maintain body temperature.  

 

2.6. Buried food test 
 

To verify whether the Triton X-100 application in the nostril indeed induced anosmia, Dr. 

Friedrich Johenning, Anke Schönherr, and I examined the ability of anosmic mice to find 

a buried food pellet (sucrose pellet, TestDiet, 181125, 5TUT) located 1 cm underneath 

the bedding materials in the cage. To motivate mice to search for the hidden food pellet, 

mice were overnight food-deprived and habituated to the experimental cage (~5 minutes) 

before the experiment started. Mice were removed from the experimental cage, and we 

then buried the food pellet in the experimental cage. Mice were then transferred back into 

the experimental cage. The latency to find the pellet was measured by an experimenter 

with a stopwatch. The mice were allowed to find the food pellet for up to 15 minutes; if 

they failed to find it, the session was stopped. The same task was applied to the control 

mice that underwent the same nasal lavage procedure with 0.1M PBS. We repeated the 

buried food tests weekly to monitor the mice’s olfactory capability and ensure that the 

mice remained anosmic throughout the imaging sessions.  

 

2.7. Respiration monitoring 
 

To monitor the respiration of mice during feeding, I built a head-fixed setup where mice 

could drink from a lick spout. A camera facing the mice monitors on the side and a piezo 

sensor is attached to the mice’s chest. The mice are habituated with the head fixation and 

lick spout for 5 days before the recording. The movie is then processed with DeepLabCut 

(Mathis et al., 2018) to mark body parts including eye, nose, chest_1, chest_2, chest_3, 

chest_4, and back. The movement from the chest is used as a proxy for respiration. The 

extracted pixel movement is filtered with Hilbert-Huang transform (PyHHT, Python) to 

remove the general movement from the mice’s body position.  

 

2.8. Closed-loop optogenetics 
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Like the Ca2+ imaging experiments, I habituated the implanted mice to the lick spout that 

delivers 10% sucrose solution for 4-5 days before starting the closed-loop optogenetics 

experiments using Ensure. Mice were habituated firstly without mounting the optical fibers 

for one day and then on the following days with mounting fibers. They needed to reach 

the criteria that they could successfully trigger sham closed-loop triggers (at least 3 pump 

events with a maximum of 1.5 seconds inter-delivery interval) in one habituation session 

(~15-20 minutes) so that I would considered that they had learned how to use the lick 

spout. Before the optogenetics experiment, I mounted a splitter patchcord (200 µm 

diameter, NA 0.57, Doric) to the optical fiber cannulas on the implanted mice. The patch-

cord was connected to a mono fiber optic patchcord (480 µm diameter, NA 0.63, Doric). 

Mice were then returned to their home cage and allowed to explore for a few minutes. 

The light was emitted from a light source (Ce:YAG, Doric), with an intensity of ~8 mW at 

the tip of the fibers. Mice had free access to the lick spout throughout the 1-hour experi-

ments (except for the first five minutes of baseline). When a binge feeding bout was de-

tected (defined here as 3 pump deliveries with a maximum of a 1.5 s inter-delivery 

interval), a light stimulation was activated (one pulse of 500 ms light, white light) on the 

“LED on” days (even sessions). After the light stimulus was delivered, I introduced a 

refractory period (10 seconds) to halt binge bout detection and subsequent LED activation. 

Binge bout detection was back online after the refractory period. The overall procedures 

were the same on “LED off” days (odd sessions), except that the light source was decou-

pled with the binge feeding bout detection so that no light was triggered. The LED off and 

on days were repeated for 6 sessions for each condition (12 days total). 

 

2.9. Imaging processing 
 

I temporally down-sampled the Ca2+ videos obtained from the in vivo miniscope 

recordings to 10 Hz (recommended for the CNMFe detection algorithm). A quick ∆F/F 

movie was generated and I produced a maximum-projected image of the movie to obtain 

a rough spatial distribution of the active cells. The image was used to outline the field of 

view (FoV) where the active Ca2+ transients were visible. The rest of the image outside 

this FoV was then cropped out to save computing time for the following movie processing 

steps. The same cropping parameters were used for the same mice on different experi-

mental dates to obtain consistent FoV in processed outputs. Before cell detection, videos 
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were first spatially bandpassed (low cutoff = 0.005, high cutoff = 0.500, computed in 

Inscopix IDPS) and then motion corrected (the first frame of the video or the mean image 

of the video was used as a reference frame for alignment, max_translation = 20, com-

puted in Inscopix IDPS). I then used CNMFe (Giovannucci et al., 2019; Zhou et al., 2018) 

to detect active neurons in the FoV. The parameters were fed into the algorithm (Cell 

diameter=10 px, PNR=10 for excitatory cells and 20 for GABAergic cells, Corr=0.8) and 

this algorithm is implemented in the Inscopix IDPS. Ca2+ traces from individual extracted 

neurons were then manually curated with the predefined selection criteria (i.e., the peak 

amplitude of trace >80 A.U., drifting in trace baseline was no larger than 20% of peak 

values, clear shapes, position in distance to nearby blood vessels, minimal motion 

artifacts of the given cells). For neuromodulator imaging (iSeroSnFR and dLight 1.3b), 

the raw images were also downsampled to 10 Hz. Importantly, the spatial filter was not 

applied, as due to the slow kinetics of neuromodulators and the corresponding sensors, 

the filter would have removed the actual dynamics. Motion correction and calculation of 

the difference in fluorescence signals (∆F/F) were performed, and an ROI was drawn to 

capture the FoV where the patch has the strongest fluorescence. Additional detrending 

of the extract fluorescence traces was applied to remove the potential bleaching (Python, 

BaselineRemoval package).  

 

Movies acquired from the head-fixed 3P imaging were processed with Suite2P (Pachitariu 

et al., 2016) for the following actions; motion correction, segmentation of region-of-

interests (ROIs), and extraction of Ca2+ traces. The following processed images were 

used to aid the manual curation of the putative OB mitral cells; the ‘mean img’, the 

‘correlation map’, and the ‘max projection’ views of the given movie in Suite2P. I analyzed 

the extracted Ca2+ traces in Python. I removed neuropil signals to reduce background 

contamination from other neurons. If a certain frame had higher motion artifacts (based 

on the post-registration x and y shifts at individual frames), I excluded those time points 

and interpolated the missing value from the nearest time points. An additional filtering 

criterion was when the phase correlation was below 50% of the maximum phase correla-

tion between the reference frame and individual frames. The processed Ca2+ traces were 

used to calculate ∆F/F and the z-scored time series (see processing scripts in the GitHub 

repository for details). 

 



Methods  47 

2.10. Data analysis, statistical analysis, and data point illustration 
 

I wrote customized scripts to analyze and perform statistical analysis on the acquired data; 

the scripts were mostly in Python (Numpy, Scipy, Dabest, etc.), with additional ones in R 

(Lmer, Emmeans) and MATLAB (image registration). A table of all statistical tests per-

formed in individual figure panels can be found in the statistical summary (Table 6), with 

sample size (e.g. number of cells, number of sessions, number of animals, etc.) and sta-

tistical results (e.g. correlation coefficient and P values of Pearson’s r, linear mixed mod-

els, effect sizes…etc.). I plotted most figures in Python (matplotlib, seaborn) and some in 

R (ggplot). The figures were then imported into Illustrator (Adobe) to adjust their appear-

ance (including text font, size, legend alignment, etc). To increase the accessibility for 

common forms of color blindness, I chose the Okabe-Ito color palette (Ichihara et al., 

2008) for visualizing categorical data.  

 

2.10.1. Data synchronization 
 

I coupled the miniscope system with the behavioral rig and with the BNC cables so that I 

could synchronize these two systems by aligning the time stamps of TTL pulses gener-

ated by each pump activation. An additional camera was synchronized via miniscope 

triggers so that the overall behaviors were recorded at 20 Hz, synchronized with the Ca2+ 

data.  

 

2.10.2. Identification of binge feeding bout detection and slow feeding 
processing 
 

I defined a binge feeding bout with the following parameters: the inter-pump interval was 

shorter than three seconds, and each bout contained at least three pump activations. If 

the above two criteria were not met, the feeding events were discarded.  

 

To ensure that the neuronal responses I measured were linked to the feeding behaviors, 

each pump event in the slow feeding paradigm was excluded if no further lick event 

following the pump delivery, meaning no active licking after the food was delivered. I did 

not perform additional exclusion on binge feeding bouts, since due to the nature of the 
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behavior, binge feeding bouts were guaranteed to have active feeding/licking events dur-

ing the feeding bouts. Initial motor artifacts in the lick events caused by the physical lick 

spout movements were excluded from the lick events.  

 

2.10.3. Area Under the Receiver Operating Characteristics Curve (auROC) 
 

I employed the auROC analysis to cluster neurons based on their responses to food and 

water deliveries. For individual neurons, I compared the distribution of Ca2+ fluorescence 

values during baseline activity (-1 to 0 seconds before food delivery) to the distribution of 

Ca2+ fluorescence values in each time bin (100 ms) across all trials (from -1 to 5 seconds). 

For each time bin, a ROC curve was calculated by a moving threshold from the pooled 

minimal to the maximal Ca2+ fluorescence values from both the baseline distribution and 

the distribution from a given time bin. The probability of Ca2+ fluorescence values larger 

than the threshold from the given time bin (p(time_bin)>threshold) was plotted against the 

baseline probability (p(baseline)>threshold), which produced the ROC curve for this time 

bin. The area under the ROC curve was measured and produced an auROC value (range 

from 0 to 1, and the midpoint 0.5 means no specific response on this time bin). The same 

process was applied for all the time bins to generate an auROC trace for each neuron. 

To classify neurons that have positive responses to food, auROC values from the first 2 

seconds after delivery onset were compared with the baseline auROC values, and if at 

least four consecutive time bin values were greater than mean plus 2 S.D. of baseline 

values, this neuron was considered a food/water activated neuron.  

 

2.10.4. Effect size calculation 
 

For the effect size of feeding-induced modulation, I utilized bootstrap-based estimation 

statistics (DABEST, Python). The mean difference between binge feeding and slow feed-

ing was bootstrapped (resampled with replacement, meaning the same data points can 

be resampled again) 5000 times so that I could generate a distribution of the mean differ-

ence of these two conditions (illustrated as a violin plot in the figures). To present values 

in units of Cohen’s d, the distribution was divided by the pooled S.D. of both conditions 

(Dabest.cohens_d, Python). To calculate P values, I used the permutation test 

(Dabest.PermutationTest, Python) 
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2.10.5. Q value calculation 
 

To compare two neuronal time series data across the temporal axis, I used the Q values 

to represent the significantly different time bins. The Q values were calculated from the P 

values obtained from the Student’s t-test (scipy.stats.ttest_ind, Python) and then adjusted 

with the false discovery rate (statsmodels.stats.multitest.fdrcorrection, Python). For visu-

alization, different Q values were plotted with different thicknesses on top of each time 

series data (thin, Q<0.05, medium, Q<0.01, thick, Q<0.001).  

 

2.10.6. Linear Mixed Models 
 

My neuronal and behavioral data were highly nested (multiple cells/sessions from one 

mouse), so treating each observation as independent units might have largely overesti-

mated the statistical power of the data. To consider the internal difference in each mouse 

(e.g. the magnitude of modulation on different feeding trials, sex, body weight, the general 

preference for liquid food etc.), I employed the linear mixed model (also called mixed 

effect model, lmer, R) to estimate the true contribution of a given factor among other 

factors while adjusting different intercepts and slopes for individual mice. A full model [1] 

was fitted including all potential factors (and the appropriate interaction between them), 

and a reduced model [2] lacking a given factor (e.g. the interaction of virus types 

(tdTomato vs. eOPN3) and LED states (with vs. without light stimulation)) was also fitted 

in the same way. I then compared these two models to estimate the contribution of the 

given factor (the interaction of virus types and LED states) to the whole model, where I 

could measure the P values of the given predictor. A contrast comparison was also per-

formed to compare the differences between groups using marginal means/contrasts with 

multi-testing corrections (Emmeans, R). Representative fitted models were structured as 

follows: 

 

Full model 

 𝐹𝑜𝑜𝑑. 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	~	1 + 𝐵𝑜𝑑𝑦.𝑤𝑒𝑖𝑔ℎ𝑡 + 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒. 𝑡𝑖𝑚𝑒 + 𝑆𝑒𝑥

+ 𝑂𝑝𝑡𝑜𝑔𝑒𝑛𝑒𝑡𝑖𝑐. 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟	 + 𝐿𝐸𝐷. 𝑠𝑡𝑎𝑡𝑒

+ 𝑂𝑝𝑡𝑜𝑔𝑒𝑛𝑒𝑡𝑖𝑐. 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 × 𝐿𝐸𝐷. 𝑠𝑡𝑎𝑡𝑒 + (1	|	𝑀𝑜𝑢𝑠𝑒. 𝑖𝑑) 

[1] 



Methods  50 

 

Reduced model (without the interaction) 

 𝐹𝑜𝑜𝑑. 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	~	1 + 𝐵𝑜𝑑𝑦.𝑤𝑒𝑖𝑔ℎ𝑡 + 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒. 𝑡𝑖𝑚𝑒 + 𝑆𝑒𝑥

+ 𝑂𝑝𝑡𝑜𝑔𝑒𝑛𝑒𝑡𝑖𝑐. 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 + 𝐿𝐸𝐷. 𝑠𝑡𝑎𝑡𝑒 + (1	|	𝑀𝑜𝑢𝑠𝑒. 𝑖𝑑) 

[2] 

 

2.10.7. Statistical analysis 
 

To report statistical measurements, the mean and standard error of the mean (s.e.m.) 

and the 95% confidence interval, unless indicated otherwise, were used in the thesis. For 

the box plot, the center line indicates the median of the data, the box itself represents the 

1st and 3rd quartiles of the data, the whiskers show the 1.5x interquartile range from 1st 

and 3rd quartiles, and the individual points outside the whiskers represent the outliers. 

Applied statistical tests and the sample size for each statistical analysis are listed in the 

statistical summary table (Table 6). For null hypothesis testing, I used a significance level 

of P < 0.05 to reject the null hypothesis. Sample sizes were not predetermined. Blinding 

was not applied, since all experiments (viral injection, implant surgeries, animal behaviors. 

Etc.) were performed by myself. Therefore, it was challenging to blind myself from the 

mice I had already worked on (with the presence of visible earmarks). I performed statis-

tical analysis in both Python (linear model, t-test, permutation test, etc.) and R (linear 

mixed model, marginal means, etc.). All analysis scripts and source data for figures and 

tests can be found in my GitHub repository (https://github.com/hung-

lo/BingeFeeding_2023).  

 

2.11. Slice preparation for in vitro electrophysiology 
 

Acute mouse brain slices were prepared from C57BL/6N mice for dopamine modulation 

experiments, and from CaMK2-Cre mice for the in vitro validation of viral injected flox-

eOPN3. Both sexes of mice were used, and for the dopamine modulation experiments 

the mice were around P28-35, while for the optogenetics experiments the mice were 

around 2-3 months old by the time of experiments, which is 3-4 weeks after the viral 

injection. Brains were sliced in coronal orientation, with a slight angle to preserve dendritic 

structures (Moreno-Velasquez et al., 2020). Brains were harvested in ice-cold artificial 

CSF containing sucrose (sucrose ACSF; pH 7.4). Brains were sliced coronally at 300-µm 

https://github.com/hung-lo/BingeFeeding_2023
https://github.com/hung-lo/BingeFeeding_2023


Methods  51 

thickness and incubated at 34˙C for 30 minutes. The brain slices were then transferred to 

the standard ACSF solution at room temperature. After another 30 minutes of incubation, 

the slices were ready for electrophysiological recordings.  
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Sucrose ACSF  

Reagents Concentration (mM) 

NaCl 87 

NaHCO3 26 

glucose 10 

KCl 2.5 

MgCl2 3 

NaH2PO4 1.25 
CaCl2 0.5 

sucrose 50 

 
Standard ACSF  

Reagents Concentration (mM) 

NaCl 119 

NaHCO3 26 

glucose 10 

KCl 2.5 

MgCl2 1.3 

NaH2PO4 1 
CaCl2 2.5 

 

2.12. In vitro electrophysiology 
 

All experiments, including whole-cell current and voltage clamp, were conducted at 32–

34°C. An Axon Multiclamp 700B amplifier (Molecular Devices) was used for the electro-

physiological recordings. I filtered the signals with at 2 kHz and digitized the signal at a 

20 kHz sampling rate (BNC-2090, National Instruments Corporation). I filled the glass 

pipettes (resistance 3–6 MΩ) with an intracellular solution. I did not correct for liquid 

junction potential. In the current clamp, I compensated the bridge balance. If a cell had a 

resting membrane potential above -60 mV or if the series resistance was larger than 30 

MΩ, the cell was discarded. No holding current was applied for the dopamine modulation 

experiments, and cells for the eOPN3 experiment were held at -60 mV, with a maximal 

200 pA injected current. For both experiments, layer 2b (superficial pyramidal) aPC 

neurons, except for 1 interneuron, were patched based on their morphology and location 

in the aPC. For the dopamine experiments, 10 µM of dopamine was applied in the bath 

and incubated for 5 minutes before starting recording. For current inject protocols, the 

injected current was tuned in the range of 80-150 pA to aim for triggering ~3-5 action 
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potentials for baseline conditions, and each current stimulation was repeated 6 times 

under both baseline and dopamine wash-in conditions. For the voltage clamp 

experiments, the strength of layer 1b recurrent fiber stimuli was tuned to aim for robust 

EPSC (~200-600 pA) being able to observed. A paired-pulse protocol with a 40 ms inter-

pulse interval is used. For optogenetics light stimulation, a single flash of 550/580 nm 

LED light for 500 ms is shined onto the brain slice with ~10 mW/mm2 intensity.  

 
Intracellular solution 

Reagents Concentration (mM) 

K-gluconate 135 

KCl 6 

HEPES 10 

EGTA 0.2 
MgCl2 2 

Na-ATP 2 

Na-GTP 0.5 

phosphocreatine Na 

(pH 7.3) 

5 

biocytine 0.2% 

 

2.13. Histology, immunostaining, and imaging 
 

Before perfusion, mice were anesthetized with intraperitoneal injection of Ketamine (100 

mg/Kg) and Xylazine (15 mg/Kg) and perfused in the heart with 0.1 M PBS (pH 7.4) 

followed by 4% paraformaldehyde (PFA). Brains were harvested and stored in 4% PFA 

at 4˙C overnight and transferred to 0.1M PBS for long-term storage. For implanted mice, 

the brains were kept in the skull in PFA at 4˙C overnight and then for at least 1 day in 

0.1M PBS at 4˙C before removing from the skull. This prevents damaging the brain before 

fixation takes place. For immunostaining, brains were embedded in 4% agar-agar and 

sliced coronally or sagittally at 100-150 µm thickness with a vibrating microtome (Leica 

Microsystems, VT 1200S). Brain sections were washed with 0.1M PBS for 5 minutes, 

repeated 3 times, and incubated with a blocking solution containing 5% NGS (Biozol), 1% 

Triton-X100 (Sigma-Aldrich), and PBS for 1-2 hours at room temperature with gentle 

shaking. I diluted the primary antibodies (all antibodies are listed in Table 2) in a similar 
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blocking solution (2.5% NGS, 1% Triton-X100, PBS). The incubation time for primary an-

tibodies was around 48-72 hours at 4˙C with gentle shaking. Before applying the 

secondary antibodies, sections were washed 2-3 times, for 10-20 minutes each in 0.1 M 

PBS at room temperature with gentle shaking. The secondary antibodies were diluted in 

the 0.5% Triton PBS solution (dilution factors are listed in Table 2) and sections were 

incubated in the solution at room temperature for 2-3 hours with gentle shaking. Brain 

sections were then washed with PBS 3 times, for 10 minutes in 0.1 M PBS at room 

temperature with gentle shaking. Finally, the brain sections were mounted on the glass 

slides in the mounting medium without or with DAPI staining (Mowiol or NucBlue, 

Molecular Probes).  

 

Mounted sections were imaged by with an upright epifluorescence microscope (Leica 

DMi8) or an upright confocal microscope (confocal microscope, Leica SP5). The following 

laser lines were used to illuminate fluorescent samples through a 20x or 40x immersion 

objective (0.7 NA; Leica Microsystems): 405 nm (diode), 488 nm (Argon laser), 568 nm 

(solid state), and 633 nm (Helium, Neon). For cell counting, 25 µm stacks were taken with 

a 0.64 µm z step size. For each mouse, at least 3 brain sections were imaged with at 

least 2 field-of-views. The acquired image stack was then maximum projected at the z-

axis. The acquired images were then manually aligned to the mouse brain atlas (Paxinos 

and Keith B. J. Franklin, 2007) for registering the implant path of the GRIN lens/prism or 

the fiber optic cannula.  
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Table 2. Antibodies used in this thesis. 

1˚ Antibodies Species Dilution Supplier, catalog 

GFP Chicken polyclonal 1:1000 Abcam, ab13970 

Tbr1 Chicken polyclonal 1:100 Millipore, AB2261 

    

2˚ Antibodies Species Dilution Supplier, catalog 
Alexa 488 Goat anti chicken 1:1000 Invitrogen 

Alexa 647 Goat anti chicken 1:500 Invitrogen 

 

2.14. Serial 2-Photon tomography (Brainsaw) 
 

Some fixed mice brains were simultaneously sliced and imaged by serial 2P tomography, 

which can image the whole brain structures with cellular resolutions (Ragan et al., 2012). 

A custom-made 2P microscope (COSYS, UK) was controlled with the BakingTray 

software built in our laboratory (ScanImage & BakingTray, MATLAB, 

https://bakingtray.mouse.vision/). For each imaging round, an automatic vibratome cut off 

a 40 µm thick brain section, and a tile of images was acquired with the 2P microscope at 

5-8 optical depths. The acquired images were stitched into one tiff file for each optical 

section (StitchIt, MATLAB). I then aligned the image stacks to the Allen mouse brain atlas 

CCFv3 with 10 to 25 µm resolution (BrainReg, Python), detected fluorescent protein-ex-

pressing (e.g. GFP, GCaMP…etc) cells (Cellfinder, Python), and visualized them with 

napari (Python). 

 

2.15. Fluorescence image processing: cell counting 
 

To count cells that are positively stained with given antibodies or genetically expressed 

fluorescent proteins, I imported the z-projected images into CellPose (Stringer et al., 2021) 

and trained the software to identify positive neurons. After successfully identifying cells, 

an output cell mask image would be generated. To load the output cell mask into 

ImageJ/FIJI, I used the LabelToRois tools, a plug-in tool in the ImageJ/FIJI, which ena-

bled me to convert the mask image into ROIs and import them into the ROI manager in 

ImageJ/FIJI for identifying the overlapping cells (script adapted from (Waisman et al., 

2021)). To better visualize the outcome, auto coloring and boundary drawing were 



Methods  56 

performed with the “Label to RGB” function and the “Label to boundary” function in the 

MorphoLabJ toolset (Legland et al., 2016). 

 
2.16. Materials/reagents/software/packages 
 

2.16.1. Virus and construct 
Table 3. Virus and DNA constructs used in this thesis. 

Reagent or resource Source Identifier (RRID) 

AAV1 

pAAV.Syn.Flex.GCaMP6f.WPRE.SV40 

Virus: Addgene 100833-AAV1 

RRID:Addgene_100833 

AAV8 

pAAV-Syn-iCre-RFP-WPRE 

Plasmid: Charité viral 
core 

Virus: Charité viral core 

ID: BA-48c 

AAV1 

pGP-AAV-syn-jGCaMP7s-WPRE 

Virus: Addgene 104487-AAV1 

RRID:Addgene_104487 

AAVrg 

pGP-AAV-syn-FLEX-jGCaMP7f-WPRE 

Virus: Addgene 104492-AAVrg 

RRID:Addgene_104492 

AAVrg 

pAAV-Syn-iCre-RFP-WPRE 

Plasmid: Charité viral 

core 
Virus: Charité viral core 

ID: BA-48i 

Rabies virus 

Switch-Cre 

Plasmid: Charité viral 

core 

Virus: Charité viral core 

Charité viral core id: BRV-14a 

Rabies virus 

Switch-Flpo 

Plasmid: Charité viral 

core 

Virus: Charité viral core 

Charité viral core id: BRV-29 

HSV 

hEF1α-LS1L-GCaMP6f 

Virus: Massachusetts 

General Hospital, Gene 

delivery technology core 

MGH core id: RN-506  

AAVrg 

pAAV-Syn-ChR2(H134R)-GFP 

Virus: Addgene 

(courtesy of AG Larkum) 

58880-AAVrg 

RRID:Addgene_58880 

AAV9 

pAAV-hSyn-Flex-OPN3-mScarlet-

minWPRE 

Plasmid: Charité viral 

core 

Virus: Charité viral core 

Charité viral core id: BA-575b 

AAV9 

hSyn-flox-tdTomato 

Plasmid: Charité viral 

core 

Virus: Charité viral core 

Charité viral core id: BA-234a 

AAV9 Plasmid: Addgene RRID:Addgene_128485 
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pAAV-CAG-iSeroSnFR-Nlgn Virus: Charité viral core BA677a 

AAV9 

pAAV-CAG.FLEx.iSeroSnFR-PDGFR 

Plasmid: Addgene 

Virus: Charité viral core 

RRID:Addgene_128486 

BA678a 

AAV9 

pAAV-CAG-dLight1.3b 

Plasmid: Addgene 

Virus: Addgene 

(courtesy of AG Larkum) 

RRID:RRID:Addgene_125560 

Addgene viral prep # 125560-

AAV9 
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2.16.2. Mouse line 
 
Table 4. Mouse lines used in this thesis. 

Reagent or resource Source Identifier (RRID) 

C57BL/6N Charité Central Animal Facility N/A 

Ai93D 

Ai93(TITL-GCaMP6f)-D 

JAX RRID:IMSR_JAX:024103 

Rosa-tTA JAX RRID:IMSR_JAX:011008 

Ai148D 

Ai148(TIT2L-GC6f-ICL-tTA2)-D 
 

JAX RRID:IMSR_JAX:030328 

Ai210  

Ai210(TITL-GC7f-ICF-IRES-tTA2) 

JAX RRID:IMSR_JAX:037378 

CaMKII-CreT29 JAX RRID:IMSR_JAX:005359 

PV-Cre JAX RRID:IMSR_JAX:008069 

SST-Cre JAX RRID:IMSR_JAX:013044 
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2.16.3. Software 
 
Table 5. Software used in this thesis. 

Software Source Identifier (RRID) 

FIJI/ImageJ 

(Schindelin et 

al., 2012; 

Schneider et 

al., 2012) 

RRID:SCR_002285 

Version: 2.14.0/1.54f 

Python 

Python 
Software 

Foundation 

(van Rossum 

and de Boer, 

1991) 

RRID:SCR_008394 

Version: 3.9 

Numpy 
(Harris et al., 

2020) 

NumPy, RRID:SCR_008633 

Version: 1.21.5 

Matplotlib 
(Hunter, 
2007) 

MatPlotLib, RRID:SCR_008624 
Version: 3.5.1 

Seaborn 
(Waskom, 

2021) 

seaborn, RRID:SCR_018132 

0.12.2 

Scikit-learn 
(Pedregosa 

et al.) 

scikit-learn, RRID:SCR_002577 

Version: 1.1.1 

Statsmodels 

(Seabold and 

Perktold, 
2010) 

statsmodel, RRID:SCR_016074 

Version: 0.13.5 

Scipy 
(Virtanen et 

al., 2020) 

SciPy, RRID:SCR_008058 

Version: 1.8.0 

Dabest 
(Ho et al., 

2019) 
Version: 0.3.1 

CNMFe/CaImAn 

(Giovannucci 

et al., 2019; 

Zhou et al., 
2018) 

Calcium Imaging data Analysis, RRID:SCR_021533 

Git forked version: 

https://github.com/flatironinstitute/CaImAn.git 
@7dc5b42ab06c6a6b86ff1520dfc5b2334f335a78 

Inscopix CNMFe 

wrapper 
 https://github.com/inscopix/isx-cnmfe-wrapper@v1.2 

Inscopix CNMFe Inscopix https://github.com/inscopix/inscopix-cnmfe 

Inscopix python API Inscopix  
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Software Source Identifier (RRID) 

Inscopix Data 

Processing Software 

v1.31, v1.6.0, v1.8.0 

Inscopix  

Inscopix Data 

Acquisition System  
Inscopix Version: 1.3.1 

Bonsai 
(Lopes et al., 

2015) 

Bonsai, RRID:SCR_021512 

Version: 2.4.0 

FlyCapture2  Version: 2.11.3.425 

Pyanpple 
(Viejo et al., 

2023) 
Version: 0.3.1 

LSMAQ  https://github.com/danionella/lsmaq  

Suite2P 
(Pachitariu et 

al., 2016) 

https://github.com/MouseLand/suite2p  

RRID:SCR_016434 

StichIt  https://github.com/SainsburyWellcomeCentre/StitchIt 

BrainReg 
(Tyson et al., 
2022) 

https://github.com/brainglobe/brainreg 

Cellfinder 
(Tyson et al., 

2021) 
https://github.com/brainglobe/cellfinder 

BackingTray  https://github.com/SainsburyWellcomeCentre/BakingTray 

R (Team, 2022) 
Version: 4.2.2 

RRID:SCR_001905 

Rstudio (Team, 2020) 
Version: 2022.12.0+353 

RRID:SCR_000432 

lme4 
(Bates et al., 

2015) 

Version: 1.1.31 

RRID:SCR_015654 

Illustrator Adobe 
v27.4.1, 2023 

RRID:SCR_010279 

Cellpose 
(Stringer et 

al., 2021) 
https://www.nature.com/articles/s41592-020-01018-x 

LabelsToRois 
(Waisman et 
al., 2021) 

https://www.nature.com/articles/s41598-021-91191-6 

MorphoLibJ 
(Legland et 

al., 2016) 
https://imagej.net/plugins/morpholibj 

Deeplabcut 
(Mathis et al., 

2018) 
RRID:SCR_021391 

HHT-EMD  https://pyhht.readthedocs.io/en/latest/index.html 

Baseline removal  https://github.com/StatguyUser/BaselineRemoval 
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2.16.4. Statistical summary 
 
Table 6. Statistical summary for all figures 

Figure 
Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

13D 

Cumulative 

pump/food 

deliveries 

Slow feeding 

Binge feeding 

trials: 

481 

241 8 Independent t-test 

t=4.0411 

P=5.8911e-05 

13H 

Cumulative lick 

events 

Slow feeding 
Binge feeding 

trials: 

481 
241 8 Independent t-test 

t=46.3075 
P=4.4030e-218 

22E (left 

column) 

aPC binge-slow 

all neuron 

food neuron 

non-selective 

neuron 

water neuron 
other neuron 

cell:  

2975 

312 

61 

410 
2192 8 

non-parametric 

two-sided 

approximate 
permutation t-test 

P values: 

P<0.0001 

P<0.0001 

P=0.0132 

P=0.0596 
P<0.0001 

22E 

(right 

column) 

GC binge-slow 

all neuron 

food neuron 

non-selective 

neuron 

water neuron 

other neuron 

cell:  

1203 

137 

51 

156 

859 3 

non-parametric 

two-sided 

approximate 

permutation t-test 

P values: 

P=0.4214 

P=0.5394 

P=0.34 

P=0.7688 

P=0.2564 

22F (left 

column) 
aPC food neuron 

correlation 

cell: 

312 8 

Pearson's 

correlation 

coefficient 

r=-0.0647 

P=0.2538 

22F 

(right 

column) 

GC food neuron 

correlation 

cell: 

137 3 

Pearson's 

correlation 

coefficient 

r=0.4332 

P=1.2354e-07 

22G 

Cumulative 

distribution of 
∆zs-∆F/F of aPC 

and GC Food 

neurons 

cell: 

312/137 8/3 

Kolmogorov-

Smirnov test 

KS_stats=0.1879 

P=0.0020 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

24A 

aPC CaMK2 all 

neuron 

correlation 

cell: 

2975 8 

Pearson's 

correlation 

coefficient 

r=0.1220 

P=2.4028e-11 

24A 

aPC CaMK2 

non-selective 
neuron 

correlation 

cell: 

61 8 

Pearson's 
correlation 

coefficient 

r=0.2600 

P=0.0429 

24A 

aPC CaMK2 

water neuron 

correlation 

cell: 

410 8 

Pearson's 

correlation 

coefficient 

r=0.1292 

P=0.0087 

24A 

aPC CaMK2 

other neuron 

correlation 

cell: 

2192 8 

Pearson's 

correlation 

coefficient 

r=0.1522 

P=7.7431e-13 

24A GC all neuron 

correlation 

cell: 

1203 3 

Pearson's 

correlation 

coefficient 

r=0.2811 

P=2.7104e-23 

24A 

GC non-

selective neuron 

correlation 

cell: 

51 3 

Pearson's 

correlation 

coefficient 

r=-0.0757 

P=0.5972 

24A 

GC water 

neuron 
correlation 

cell: 
156 3 

Pearson's 

correlation 
coefficient 

r=0.1966 
P=0.0138 

24A GC other neuron 

correlation 

cell: 

859 3 

Pearson's 

correlation 

coefficient 

r=0.2634 

P=4.1829e-15 

24B 

∆∆F/F 

distribution 

between aPC 
CaMK2 and GC 

all neuron 

cells: 
aPC=2975 

GC=1203 

aPC=8 

GC=3 

Kolmogorov-

Smirnov test 

KS_stats=0.0701 

P=0.0004 

24B 

∆∆F/F 

distribution 

between aPC 

CaMK2 and GC 

non-selective 

neuron 

cells: 

aPC=61 

GC=51 

aPC=8 

GC=3 

Kolmogorov-

Smirnov test 

KS_stats=0.1295 

P=0.6757 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

24B 

∆∆F/F 

distribution 

between aPC 

CaMK2 and GC 

water neuron 

cells: 

aPC=410 

GC=156 

aPC=8 

GC=3 

Kolmogorov-

Smirnov test 

KS_stats=0.0748 

P=0.5212 

24B 

∆∆F/F 

distribution 

between aPC 

CaMK2 and GC 

other neuron 

cells: 

aPC=2192 

GC=859 

aPC=8 

GC=3 

Kolmogorov-

Smirnov test 

KS_stats=0.0756 

P=0.0016 

27B OB all neuron 

correlation 

cells: 

752 4 

Pearson's 

correlation 

coefficient 

r=0.6411 

P=2.7096e-88 

29A 

cell types: 

aPC CaMK2 

aPC PV 

aPC SST 

GC 

OB 

cell: 

2975 

684 

675 

1203 

752 

 

8 

3 

3 

3 

4 

non-parametric 

two-sided 

approximate 

permutation t-test 

P values: 

P<0.0001 

P<0.0001 

P<0.0001 

P=0.4214 

P=0.1646 

31A (left 

column) 

aPC PV binge-

slow 
all neuron 

Ensure neuron 

non-selective 

neuron 

water neuron 

other neuron 

cell:  

716 

67 

36 

144 

469 3 

non-parametric 

two-sided 

approximate 

permutation t-test 

P values: 

P<0.0001 

P=0.0002 

P=0.0006 

P<0.0001 

P<0.0001 

31A 

(right 

column) 

aPC SST binge-
slow 

all neuron 

Ensure neuron 

non-selective 

neuron 

water neuron 

other neuron 

cell:  

683 

89 

21 

87 

486 3 

non-parametric 

two-sided 

approximate 

permutation t-test 

P values: 

P<0.0001 

P<0.0001 

P=0.0274 

P=0.1504 

P<0.0001 

31B 

aPC PV all 
neuron 

correlation 

cell: 

716 3 

Pearson's 
correlation 

coefficient 

r=0.3784 

P=8.4564e-26 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

31B 

aPC PV food 

neuron 

correlation 

cell: 

67 3 

Pearson's 

correlation 

coefficient 

r=0.4517 

P=0.0001 

31B 

aPC PV non-

selective neuron 
correlation 

cell: 
36 3 

Pearson's 

correlation 
coefficient 

r=0.3460 
P=0.0387 

31B 

aPC PV water 

neuron 

correlation 

cell: 

144 3 

Pearson's 

correlation 

coefficient 

r=0.1959 

P=0.0185 

31B 

aPC PV other 

neuron 

correlation 

cell: 

469 3 

Pearson's 

correlation 

coefficient 

r=0.4023 

P=1.1198e-19 

31B 

aPC SST all 
neuron 

correlation 

cell: 

683 3 

Pearson's 
correlation 

coefficient 

r=0.2693 

P=8.1516e-13 

31B 

aPC SST food 

neuron 

correlation 

cell: 

89 3 

Pearson's 

correlation 

coefficient 

r=0.2259 

P=0.0332 

31B 

aPC SST non-

selective neuron 

correlation 

cell: 

21 3 

Pearson's 

correlation 

coefficient 

r=0.0944 

P=0.6838 

31B 

aPC SST water 

neuron 

correlation 

cell: 

87 3 

Pearson's 

correlation 

coefficient 

r=0.4534 

P=1.0313e-05 

31B 

aPC SST other 

neuron 

correlation 

cell: 

486 3 

Pearson's 

correlation 

coefficient 

r=0.2705 

P=1.3375e-09 

31C 

∆∆F/F 
distribution 

between aPC 

PV and aPC 

SST 

all neuron 

cell: 

aPC_PV=716 

aPC_SST=683 

aPC_PV=3 

aPC_SST=

3 

Kolmogorov-

Smirnov test 

KS_stats=0.1763 

P=5.5506e-10 

31C 

∆∆F/F 

distribution 

between aPC 
PV and aPC 

cell: 

aPC_PV=67 
aPC_SST=89 

aPC_PV=3 

aPC_SST=
3 

Kolmogorov-
Smirnov test 

KS_stats=0.1549 
P=0.2804 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

SST 

food neuron 

31C 

∆∆F/F 

distribution 

between aPC 
PV and aPC 

SST 

non-selective 

neuron 

cell: 

aPC_PV=36 

aPC_SST=21 

aPC_PV=3 

aPC_SST=

3 

Kolmogorov-

Smirnov test 

KS_stats=0.2460 

P=0.3364 

31C 

∆∆F/F 

distribution 

between aPC 

PV and aPC 
SST 

water neuron 

cell: 
aPC_PV=144 

aPC_SST=87 

aPC_PV=3 
aPC_SST=

3 

Kolmogorov-

Smirnov test 

KS_stats=0.2224 

P=0.0075 

31C 

∆∆F/F 

distribution 

between aPC 

PV and aPC 

SST 

other neuron 

cell: 

aPC_PV=469 

aPC_SST=486 

aPC_PV=3 

aPC_SST=

3 

Kolmogorov-

Smirnov test 

KS_stats=0.1950 

P=1.9739e-08 

34B 
DA effects on 

aPC neurons 

cell: 

15 3 Permutation test P = 0.0158 

36 

Food 

consumption in 

different 

recording 

sessions 

sessions: 

all sessions=244 

all mice = 

19 

Pearson's 

correlation 

coefficient 

r=0.2094 

P=0.0009 

37B 

aPC CaMK2 

slow feeding vs 
Ensure 

consumption 

sessions: 

103 8 

Linear Mixed 

Model: 

contribution of 

Cohen's d on 

Ensure 

consumption 

 

Linear Mixed 
Model: 

Fixed effects:  

χ2(1) = 2.0315 

P=0.1541 

 

βinteraction = -
36.306 ± 25.239 

(standard errors) 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

intercept, 

recording session, 

Cohen's d 

 

Random effects: 
Mouse ID 

 

Testing for 

contribution of 

Cohen's d on 

Ensure intake 

37B 

aPC CaMK2 

binge feeding vs 

Ensure 

consumption 

sessions: 

84 8 

Linear Mixed 

Model: 
contribution of 

Cohen's d on 

Ensure 

consumption 

 

Linear Mixed 

Model: 

Fixed effects:  
intercept, 

recording session, 

Cohen's d 

 

Random effects: 

Mouse ID 

 
Testing for 

contribution of 

Cohen's d on 

Ensure intake 

χ2(1) = 11.546 

P=0.0006791 
 

βinteraction = -

116.462 ± 32.730 

(standard errors) 

38B 

Neuron numbers 

after anosmia 

Pre-OP 

Anosmia 

sessions: 

21 

15 

 

3 

3 Independent t-test 

t = 5.0681 

P=4.3876e-06 

39A 
Buried food test 

Treatment: 

 

 

 

 Independent t-test 

t=-5.1403 

P=0.0003 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

PBS 

Triton 

10 

3 

10 

3 

39B (left 

column) 

aPC CaMK2 

Pre-OP Cohen's 

d vs food 
consumption 

sessions: 
21 

3 (same 
mice) 

Pearson's 

correlation 
coefficient 

r=-0.504 
P=0.02 

39B 

(right 

column) 

aPC CaMK2 

Anosmic 

Cohen's d vs 

food 

consumption 

sessions: 

15 

3 (same 

mice) 

Pearson's 

correlation 

coefficient 

r=-0.210 

P=0.45 

39C 

aPC CaMK2 

Cohen's d in 
Pre-Op and 

Anosmic 

sessions: 

21/15 

3 (same 

mice) Independent t-test 

T = 0.4990 

P=0.6209 

40B 

aPC CaMK2 

Ad libitum 

Cohen's d vs 

food 

consumption 

sessions: 

84 8 

Pearson's 

correlation 

coefficient 

r=-0.4345 

P=3.6201e-05 

40B aPC CaMK2 

Fasted Cohen's 

d vs food 

consumption 

sessions: 

18 

5  
(in 3 mice 

fasting 

protocol 

was not 

implemente

d) 

Pearson's 

correlation 

coefficient 

r=0.1178 

P=0.6414 

40C 

aPC CaMK2 
Cohen's d in Ad 

libitum and 

Fasted 

sessions: 

84/18 8/5 Independent t-test 

T=2.7569 

P=0.0069 

40C 

GC 

Cohen's d in Ad 

libitum and 

Fasted 

sessions: 

32/11 3/3 Independent t-test 

T=2.8284 

P=0.0072 

41 (top 

left) 
Binge feeding 

responses of cell 

sessions: 

32 3 

Pearson's 
correlation 

coefficient 

r=-0.1938 

P=0.2878 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

types in ad 

libitum in GC 

41 (top 

middle) 

Binge feeding 

responses of cell 

types in ad 
libitum in aPC 

PV 

sessions: 

54 3 

Pearson's 
correlation 

coefficient 

r=-0.3884 

P=0.0037 

41 (top 

right) 

Binge feeding 

responses of cell 

types in ad 

libitum in aPC 

SST 

sessions: 

40 3 

Pearson's 

correlation 

coefficient 

r=0.0005 

P=0.9971 

41 

(bottom 

left) 

Binge feeding 
responses of cell 

types in fasted in 

GC 

sessions: 

11 3 

Pearson's 

correlation 

coefficient 

r=-0.2369 

P=0.4828 

41 

(bottom 

middle) 

Binge feeding 

responses of cell 

types in fasted in 

aPC PV 

sessions: 

5 3 

Pearson's 

correlation 

coefficient 

r=-0.0895 

P=0.8860 

41 

(bottom 

right) 

Binge feeding 
responses of cell 

types in fasted in 

aPC SST 

sessions: 

10 3 

Pearson's 

correlation 

coefficient 

r=0.4095 

P=0.2398 

46C 

aPC optogenetic 

suppression vs 

food intake 
tdTomato 

eOPN3 

sessions: 

24(LED 

off)/24(LED on) 

24(LED 

off)/24(LED on) 
6/6 sessions for 

each mouse 

 
4 

4 

Linear Mixed 

Model: 

Fixed effects:  

intercept, 
recording session, 

body weight, 

baseline feeding 

time, sex, virus 

type, LED state, 

virus type*LED 

state 

 
Random effects: 

Mouse ID 

 

χ2(1) = 11.631 

P=0.0006488 

 

βinteraction = 

70.7777 ± 
20.0774 

(standard errors) 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

 

Testing for 

contribution of 

interaction of virus 

type and light 
stimulation on 

Ensure intake 

46D 

aPC optogenetic 

suppression vs 

Feeding 

duration 

tdTomato 

eOPN3 

sessions: 

24(LED 

off)/24(LED on) 

24(LED 

off)/24(LED on) 

6/6 sessions for 

each mouse 

 

4 

4 

Linear Mixed 

Model: 

Fixed effects:  

intercept, 

recording session, 

body weight, 
baseline feeding 

time, sex, virus 

type, LED state, 

virus type*LED 

state 

 

Random effects: 

Mouse ID 
 

Testing for 

contribution of 

interaction of virus 

type and light 

stimulation on 

Feeding duraiton 

 
χ2(1) = 5.1898 

P=0.02272 

 

βinteraction = 

47.23888 ± 

20.43307 

(standard errors) 

46E 
aPC optogenetic 

suppression vs 

feeding bout 

duration 
tdTomato 

eOPN3 

sessions: 

24(LED 

off)/24(LED on) 

24(LED 

off)/24(LED on) 
6/6 sessions for 

each mouse 

 
4 

4 

Linear Mixed 

Model: 

Fixed effects:  

intercept, 

recording session, 

body weight, 

baseline feeding 

time, sex, virus 
type, LED state, 

virus type*LED 

χ2(1) = 10.882 

P=0.0009711 

 

βinteraction = 
4.112 ± 1.245  

(standard errors) 
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Figure 

Panel 

description Sample size 

cell/trial/session 

mouse statistical test statical values 

state 

 

Random effects: 

Mouse ID 

 
Testing for 

contribution of the 

interaction of virus 

type and light 

stimulation on 

duration of 

individual feeding 

bout 

46F 

aPC optogenetic 

suppression vs 

number of 

feeding bout 

tdTomato 

eOPN3 

sessions: 

24(LED 

off)/24(LED on) 

24(LED 

off)/24(LED on) 

6/6 sessions for 

each mouse 

 

4 

4 

Linear Mixed 

Model: 

Fixed effects:  

intercept, 

recording session, 

body weight, 

baseline feeding 

time, sex, virus 
type, LED state, 

virus type*LED 

state 

 

Random effects: 

Mouse ID 

 
Testing for 

contribution of 

interaction of virus 

type and light 

stimulation on 

numbers of 

feeding bouts 

χ2(1) = 0.0495 

P=0.824 

 

βinteraction = -

0.4337 ± 1.9494  

(standard errors) 

 

2.17. Data and code availability 
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Source data and code generated and used in this thesis can be found in the GitHub 

repository (https://github.com/hung-lo/BingeFeeding_2023), including the source data for 

plotting individual figure panels and the code for plotting individual panels. Processed 

data and raw data are stored in the Schmitz lab data server (BCCN server, 

smb://alzheimerfs.home.bccn-berlin.de/alzheimer/hung/inscopix_data) with daily backup. 

All code for data processing and analysis will be deposited to the same GitHub repository 

upon acceptance of the accompanying manuscript (Lo et al., 2023). 

 

 

https://github.com/hung-lo/BingeFeeding_2023
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3. Results 

3.1. Establishment of a liquid food delivery system and feeding paradigm 
 

To precisely control the feeding rates of mice, I and collaborators built a liquid food 

delivery system so that mice can voluntarily trigger the lick spout by licking, getting a 

droplet (~1.8 µL) of food (Ensure, an artificial energy-dense flavored nutrient solution) or 

water as rewards. The food delivery system allows me to implement different refractory 

periods for the delivery pump, i.e., 0.4 seconds for the binge feeding mode and 4 seconds 

for the slow feeding mode. Therefore, mice can consume more food during binge feeding 

mode whereas mice have to wait for longer to receive the reward in the slow feeding 

mode. A typical recording session is set to 30 minutes and the mice have access to the 

lick spout for a total duration of 14 minutes, with a pseudorandom order of 2 minutes long 

slow and binge feeding modes. In general, mice consumed more food and more lick 

events were presented during binge feeding compared to slow feeding (Figure 13), 

indicating a clear separation of slow feeding and binge feeding behaviors. Notably, the 

difference in food deliveries was much larger than the lick rate difference (Figure 13), 

suggesting a similarity in the licking aspect of the feeding behavior.  
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Figure 13. Characterization of behavioral signatures across different feeding rates. (A) Food or water delivery 

events (activation of the pump) for slow feeding and binge feeding from an example mouse. (B) Cumulative food or 

water delivery events for slow feeding and binge feeding from the same example mouse (same as in A). (C) Cumula-

tive food or water delivery events for all aPC CaMK2+ mice that I recorded (n= 481 for slow feeding trials and 241 for 

binge feeding trials in 8 mice). (D) Quantification of cumulative food or water delivery events, from feeding bout onset 

to fifteen seconds after. Unpaired Student’s t-test was used for testing the difference between two groups (n is the 

same as in C). (E) Lick events for slow feeding and binge feeding from an example mouse (same as in A). (F) 

Cumulative lick events for slow feeding and binge feeding from the same example mouse (same as in E). (G) Cumu-

lative lick events for all aPC CaMK2+ mice that I took recordings from (n is the same as in C). (H) Quantification of 

cumulative lick events in 4 s after the onset of feeding bouts. Unpaired Student’s t-test was used for testing the differ-

ence between two groups (n is the same as in C).  
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3.2. In vivo Ca2+ imaging in the anterior piriform cortex 
 

To record neuronal activity in the aPC during feeding behavior, I employed an 

endomicroscopic method for Ca2+ imaging and combined it with a head-mounted 

miniscope to enable the mouse to move around the experimental arena freely and access 

the food source of its own volition (Figure 14). My colleague and I established a prism-

GRIN lens implantation surgical procedure to stably record aPC neuronal activity 

throughout the 5 weeks of behavioral experiments (Figure 15D, average = 140 ± 72.19 

neurons). Implant coordinates were verified with post hoc histology (Figure 15A-C). To 

image a specific population of neurons in the aPC, I crossed the Ai93D mice with CaMK2-

Cre mice and Rosa-tTA mice to obtain triple transgenic mice which only express 

GCaMP6f, a genetic encoded Ca2+ indicator, in the excitatory neurons (both the semilunar 

cells and pyramidal cells) in the aPC (Figure 16). 

 

 
Figure 14. Illustration of experimental design and methods. (A) Top: Schematics of in vivo Ca2+ imaging with a 

miniscope recording in the aPC and the behavioral setup for delivery of food and water. Bottom: Schematics of be-

havioral protocol for slow feeding (70% of deliveries are food, the remaining 30% are water) and binge feeding (all 

deliveries are food). (B) Top: Schematics of miniscope implants (GRIN lens attached with a prism, colored in blue in 

the aPC (green structure)). Bottom: Field-of-view of miniscope Ca2+ imaging recordings and the extracted cell identi-

fied by the constrained non-negative matrix factorization (CNMFe). 
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Figure 15. Implant coordinates and detected active neurons across experimental dates. (A) Schematic of 

implant coordination in the aPC. (B) Path of GRIN lens attached with prism and GCaMP6f expression in the excita-

tory neurons in the aPC from an example mouse. (C) Reconstructed imaging panel of the prism surface in different 

neuronal types in the aPC (Results 3.3, 3.7) and the GC (Results 3.4). (D) Numbers of detected active aPC CaMK2+ 

neurons extracted with CNMFe algorithm on different recording sessions (n=8 mice).  
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Figure 16. Cell type verification. (A) Post-hoc immunostaining of GcaMP6f (GFP) and Tbr1+ in the aPC. (B) 

Quantification of cell types of aPC neurons across 4 different experimental mice. For (B) data are shown as mean ± 

s.e.m. 

 

I also presented two flavors of Ensure to the mice and could successfully identify different 

neuronal populations activated during slow feeding; ~10% of aPC excitatory neurons 

were activated by strawberry-flavored Ensure and another ~10% were activated by 

chocolate-flavored Ensure, with ~2% of aPC neurons non-selectively activated by either 

flavor of Ensure (Figure 17). The flavor-activated aPC neuron population matches with 

the reported numbers from other research groups studying odor-evoked aPC responses 

(Bolding and Franks, 2017; Miura et al., 2012; Poo and Isaacson, 2009; Poo and Isaacson, 

2011; Rennaker et al., 2007; Roland et al., 2017; Stettler and Axel, 2009; Tantirigama et 

al., 2017; Zhan and Luo, 2010). Similar results are found when comparing Ensure to su-

crose solution (Figure 18). Interestingly, water consumption also elicited ~10% of distinct 

aPC excitatory neurons’ activation (Figure 20E), suggesting that aPC neurons may also 

respond to other sensory and motor components (e.g. somatosensory and motor 

responses, etc.). 
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Figure 17. aPC neurons show distinct neuronal responses to different flavors of food. Two flavors of Ensure 

were tested here in the same experimental session. The upper row is sorted by responses to strawberry-flavored En-

sure, while the lower row is sorted by responses to chocolate-flavored Ensure (n = 440 neurons from 3 mice). 

 

 
Figure 18. Distinct aPC neuronal responses to Ensure and sucrose solution. Left, aPC neuronal responses to 

sucrose and to strawberry-flavored Ensure. Right, aPC neuronal responses to sucrose and to chocolate-flavored En-

sure. The upper row is sorted by responses to sucrose solution, while the lower row is sorted by responses to En-

sure. (n = 260 and 435 neurons from 3 mice). 
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3.3. The feeding rate modulates flavor representation in the aPC 
 

My Ca2+ imaging results showed distinct activity patterns upon slow feeding and binge 

feeding, whereby clear excitatory responses can be observed during slow feeding but 

there was a robust suppression of the aPC excitatory neurons upon binge feeding (Figure 

19, A-C). Since slow feeding mode provides a larger number of clearly separated 

individual trials and I observed a lack of neuronal activity during binge feeding, I classified 

aPC neurons based on their responses during slow feeding. To distinguish neuronal 

responses to food flavors and non-specific neuronal responses generated by the feeding 

behavior, I interspersed brief water deliveries in the slow feeding mode. This setting 

allowed me to classify aPC excitatory neurons into four categories: food-activated 

neurons (10.5%), water-activated neurons (13.8%), non-selective feeding neurons (2.0%, 

responding to both food and water deliveries), and other neurons (73.7%, including non-

responding and suppressed responding neurons to food or water deliveries) based on 

auROC analysis of individual neuronal responses (Figure 20A, see Methods 2.10.3 for 

auROC calculation). Based on this classification, I showed that binge feeding-induced 

suppression is presented in not only the food-activated neurons but also in water-

activated and non-responding neurons, except for the non-selective feeding neurons (Fig-

ure 20F, G), indicating that the majority of aPC excitatory neurons are suppressed during 

binge feeding. This result suggests that the odor representation of food is suppressed 

when binge feeding, with only feeding-related neuronal activity remaining intact.  

 

 
Figure 19. Distinct aPC neuronal responses to different feeding rates. Example Ca2+ traces of recorded excita-

tory aPC neurons from one mouse in one experimental session. Left, neuronal activities during slow feeding. Right, 

neuronal activities during binge feeding from the same neurons.  
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Figure 20. Effects of feeding rate on flavor representations in the aPC. (A) Four responding classes of aPC neu-

rons; aPC neurons are activated during slow feeding by food, water, or non-selective consumption and non-

responding neurons. (n=2975 cells, 481 slow feeding trials, and 241 binge feeding trials in 8 mice). (B) Single-trial 

and trial-average responses of example aPC neurons. Left to right columns; food-activated, water-activated, and non-

selective aPC neurons upon slow feeding. (C) Trial-averaged responses to food deliveries during slow feeding and 

binge feeding of individual aPC CaMK2+ food-activated neurons (n=312 cells in 8 mice). (D) Trial-average responses 

to slow feeding and binge feeding of population and subclasses of aPC CaMK2+ neurons (n is the same as in A). The 

dotted vertical line represents the onset of food deliveries. The shaded line on top of the average traces indicates the 

Q-values (adjusted P values) of individual time points. The different line widths represent different Q-values (from thin 

width to thick width: Q <0.05, <0.01, <0.001).  

 

Odor responses in the PC are through a distributed population code for both odor identity 

and concentration (Bolding and Franks, 2017; Miura et al., 2012; Rennaker et al., 2007; 

Stettler and Axel, 2009; Wilson and Sullivan, 2011). Odor information is then further 

transmitted to the downstream targets, e.g. ENT, HPC, AMY, OFC, etc. Slow feeding-

activated aPC excitatory neurons are at a similar percentage as odor-evoked aPC neuron 

activation (Bolding and Franks, 2017; Miura et al., 2012; Poo and Isaacson, 2009; Poo 

and Isaacson, 2011; Rennaker et al., 2007; Roland et al., 2017; Stettler and Axel, 2009; 

Tantirigama et al., 2017; Zhan and Luo, 2010). aPC represents odors in a concentration-

invariant manner (Bolding and Franks, 2018), meaning that when odors are presented at 

different concentrations, the distributed population code and neuronal firing rates remain 

stable. Based on these findings, despite the higher volume of food consumed during the 

binge feeding bouts causing a higher intensity/concentration of food flavor, we did not 

expect changes in the percentage of flavor-activated aPC neurons. Therefore, my data 
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point to a novel feeding rate-dependent modulation of flavor representation in the aPC 

excitatory neurons that radically alters the flavor-specific population code. 
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Figure 21. aPC CaMK2+ neuronal responses during. (A) Slow feeding responses of aPC CaMK2+ neurons using 

the Area Under the Receiver Operating Characteristics (auROC) curve (see Methods 2.10.3, n is 2975 cells from 8 

mice). (B) Average traces of four responding classes of aPC CaMK2+ neurons for food and water deliveries (n=312 

food neurons, 61 non-selective neurons, 410 water neurons, 2192 other neurons from 8 mice). The shaded line on 

top of the average traces indicates the Q-values (adjusted P values) of individual time points. The different line widths 

represent different Q-values (from thin width to thick width: Q <0.05, <0.01, <0.001). (C-F) Responses of individual 

aPC CaMK2+ neurons in different subclasses during slow feeding and binge feeding. (G) Neuronal traces of example 

aPC CaMK2+ neurons from a recording session from one mouse. 
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3.4. Flavor representation in the GC is stable across feeding rates 
 

Behaviors have profound effects on brain activities, and the sensory cortices are no 

exception (Musall et al., 2019; Steinmetz et al., 2019; Stringer et al., 2019). To verify 

whether the binge feeding-induced aPC suppression is an area-specific phenotype or is 

a general cortical phenomenon and to directly compare the cortical olfactory flavor 

representation with another cortical flavor center, I recorded the neuronal activity in the 

gustatory cortex (GC, the dysgranular insular cortex, and the granular insular cortex) 

during feeding, since smell and taste are the two main sensory modalities that contribute 

to the perception of food flavors. Due to the lack of expression of GCaMP6f in the GC of 

CaMK2-Cre; Rosa-tTA; Ai93D triple transgenic mice (Figure 11), I switched to a different 

viral construct and transgenic mice line; I injected the hSyn-Cre virus in the GC in the 

Ai148 mice to express GCaMP6f in the GC and implanted prism-GRIN lenses in the GC 

for Ca2+ imaging with a miniscope to track taste representation during slow and binge 

feeding (Figure 22A, B). 

 

I found that the gustatory flavor representation in the GC is robust in both feeding types, 

and the population means are similar during slow feeding and binge feeding (Figure 22C). 

Classification of GC neurons based on their response types during slow feeding resulted 

in similar activation percentages of the 4 classes as I observed in the aPC excitatory 

neurons: food-activated neurons (11.4%), water-activated neurons (13.0%), non-

selective feeding neurons (4.2%) and other non-responding or suppressed neurons 

(71.4%) (Figure 22D, Figure 23). Stratifying neurons based on this classification, I found 

no difference between the area-under-curve (AUC) of neuronal responses upon slow 

feeding and binge feeding in the GC neurons, regardless of their individual responding 

types. This finding is opposite to the aPC results, where I observed a robust non-specific 

general suppression during binge feeding bouts, indicating that the binge feeding-induced 

suppression is mostly limited to the aPC and is not a general suppression mechanism in 

the flavor system caused by binge feeding (Figure 22E).  
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Figure 22. Flavor representation in the GC is independent of feeding rates. (A) Schematics of miniscope implant 

in the GC. (B) Detected active neurons in the GC by CNMFe. (C) Trial-averaged responses of individual GC food-

activated neurons upon slow feeding and binge feeding (n=137 from 3 mice). (D) Trial-averaged responses during 

slow feeding and binge feeding of all GC neurons and for subclasses of GC neurons (n=1203 cells from 3 mice). The 

shaded line on top of the average traces indicates the Q-values (adjusted P values) of individual time points. The 

different line widths represent different Q-values (from thin width to thick width: Q <0.05, <0.01, <0.001). (E) Cohen’s 

d (estimated effect size) of binge feeding-induced modulation in individual subclasses. Left, aPC CaMK2+ neurons. 

Right, GC neurons. P values are calculated with the permutation test with bootstrapping (resampled 5000 times) (n is 

the same as in D), and data are shown as means of bootstrapped effect sizes (Cohen’s d) ± 95% confidence interval. 

(F) Comparison of individual neuron responses upon slow feeding and binge feeding in food-activated neurons. Left, 

aPC CaMK2+ food-activated neurons. Right, GC food-activated neurons (n is the same as in Figure 20F and C), r 

(correlation coefficient), and P values are calculated with Pearson’s r. (G) Cumulative distribution of the difference 

(binge feeding vs. slow feeding) of z-scored ∆F/F (∆∆F/F(z)) in food-activated aPC CaMK2+ and GC neurons (n is the 

same as in F, the P-value is calculated with the Kolmogorov-Smirnov test). (H) Illustration of neuronal responses in 

the aPC and the GC during slow feeding and binge feeding.  
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To further analyze these two distinct behavioral modes of flavor representation across 

the two sensory cortices, I directly compared cell-wise correlations of neuronal activities 

in both slow feeding and binge feeding. In the food-activated neurons, a clear positive 

linear correlation of activity changes between slow feeding and binge feeding was found 

in the GC, suggesting that those food-activated neurons respond strongly to the food 

items during slow feeding and are still strongly responding to food upon binge feeding 

onsets (Figure 22F). In the aPC, however, I found no correlation between responses of 

food-activated neurons during slow feeding and binge feeding, which indicates that these 

food neurons lose their specificity for representing flavors during binge feeding (Figure 

22F). When looking at the cumulative distribution of the difference in neuronal responses 

during slow feeding and binge feeding of food-activated neurons in both the aPC and GC, 

the net reduction is more prominent in the aPC food neurons with a much smaller 

proportion of positive net binge feeding-positive neurons compared to the GC food 

neurons (Figure 22G). Such differential distribution of the net reduction of neuronal 

responses was also observed in the non-responding other neurons (Figure 23G, Figure 

24B). With this, I concluded that by switching from slow feeding to binge feeding, a non-

specific cortical suppression occurs in the aPC but there is a stable flavor representation 

in the GC, implying that this behavior-induced modulation is not just a global flavor system 

event induced by an efference copy of binge feeding behavior (Figure 22H).  
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Figure 23. GC neuronal responses during feeding upon slow feeding and binge feeding. (A) Slow feeding re-

sponses of GC neurons using the Area Under the Receiver Operating Characteristics (auROC) curve (see Methods 

2.10.3). (B) Four responding classes of GC neurons; GC neurons are activated during slow feeding by food, water, or 

non-selective consumption and non-responding neurons. (n=1203 all neurons, 137 food-activated neurons, 51 non-

selective neurons, 156 water-activated neurons, and 859 other neurons from 3 mice). (C) Neuronal responses of 

subclasses of GC neurons for food and water deliveries during slow feeding (n is the same as in B). The shaded line 

on top of the average traces indicates the Q-values (adjusted P values) of individual time points. The different line 

widths represent different Q-values (from thin width to thick width: Q <0.05, <0.01, <0.001). (D-G) Responses of 

individual GC neurons in different subclasses during slow feeding and binge feeding.  
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Figure 24. Comparison of binge feeding-induced modulation in individual aPC excitatory neurons and GC. (A) 

Comparison of individual neuronal responses in aPC excitatory neurons and GC neurons upon slow feeding and 

binge feeding (For aPC CaMK2+ neurons, n=2975 for all neurons, 61 for non-selective neurons, 410 for water 

neurons, 2192 for other neurons from 8 mice. For GC neurons, n=1203 for all neurons, 51 for non-selective neurons, 

156 for water neurons, and 859 for other neurons from 3 mice); correlation coefficient and P-value are calculated with 

Pearson’s r. (B) The cumulative distribution of the binge feeding modulated activity for each cell (binge feeding - slow 

feeding, ∆∆ F/F(z), n is the same as in A. 
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3.5. Alteration of respiration during binge feeding is limited 
 

To examine the potential mechanism of binge feeding-induced aPC suppression, I tested 

the following four hypotheses: 1) alteration of respiration cycles by fast feeding, 2) 

degradation of odor inputs from the nostrils or the olfactory bulb (OB), 3) recruitment of 

local inhibitory (GABAergic) neurons in the aPC, and 4) neuromodulation. In the following 

sections, I will describe the experiments I designed to test each of these hypotheses.  

 

Respiration is a strong modulator of brain oscillations (Karalis and Sirota, 2022), including 

the PC (Bolding and Franks, 2017). Odors can be detected by the olfactory sensory 

neurons (OSN) in the nasal cavity from the nostrils during inhalation (orthonasal route) 

and from the oral cavity during exhalation (retronasal route). Retronasal olfaction is 

usually combined with taste stimuli to form a synthetic orosensory flavor percept. Recent 

evidence also suggests that rodents perceive these 2 types of olfactory pathways 

differently (Blankenship et al., 2019), indicating the usage of these 2 modes of olfaction 

in different behavioral contexts. In my experimental setting, while orthonasal olfaction is 

limited by the airflow generated around the lick spout, the exact olfactory pathways are 

not distinguishable due to the lack of respiration monitoring as well as the limitations of 

the Ca2+ indicator kinetics and imaging setting for the fast oscillatory nature of respiration 

(~4 Hz for general breathing and up to 12 Hz for sniffing). I therefore tested the effect of 

binge feeding on respiration independent of the neuronal recordings by directly 

monitoring respiration with a head-fixed setup. 

 

If respiration is disrupted during binge feeding, orthonasal, and retronasal olfaction will 

be equally affected, influencing olfactory coding in downstream brain regions. Usually, 

nasal airflow is measured using heat-sensitive thermistor probes. While the commonly 

used heat sensors for airflow measurements can provide a highly precise measure of 

respiration, these probes do not fit the geometry of my food delivery system. The main 

obstacle is the position of the lick spout. With support from a colleague, I decided to use 

a mechanical piezo sensor and visual camera monitoring instead to provide unrestricted 

access to the lick spout. In this setting, mice can drink from the lick spout with both a 

piezo sensor attached to the lateral part of their abdomen and a frontal camera on their 

chest. I found that a clear 4 Hz signal can be found during binge feeding bouts (Figure 
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25), suggesting that respiration is not disrupted during binge feeding, thus the altered 

respiratory pattern is not likely to be the key factor in binge feeding-induced modulation.  

 

 
Figure 25. Respiration cycle during binge feeding. (A) Left: Example image of DeepLabCut tracing of body parts 

of the mouse. Right: Extracted body parts over the time course. (B) Movement of the chest as a proxy for respiration. 

Upper panel: pixel values of the chest (raw and filtered traces). Bottom: Frequency time series of pixel movement 

using the Hilbert-Huang transform, the 4 Hz band is the respiration frequency. (C) Zoomed in on (B) to focus on two 

binge feeding bouts. The bottom panel represents the mechanical piezo sensor traces which are attached to the 

other side of the chest. (n = 2 mice). 
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3.6. Binge feeding-induced aPC suppression is not inherited from the OB 
 

Though that the respiration is intact during binge feeding, the exact olfactory sensation 

can still be altered in the OSNs or the OB. While aPC is capable of inferring odor identity 

by degraded odor inputs via pattern completion by recurrent networks (Bolding et al., 

2019), binge feeding may already affect the odor transmission from the OSNs to the OB 

glomeruli. I therefore tested if the olfactory flavor representation can still be observed in 

the OB mitral cells during binge feeding. Mitral cells are the main output neuron type in 

the OB projecting to the aPC. Due to the anatomical location of the OB, an 

endomicroscopic implant combined with a miniscope is not a feasible option. I therefore 

decided to switch to a head-fixed setup with a 3-Photon (3P) microscope (Figure 26A). 

With support from colleagues, I measured the neuronal activities in the OB mitral cells by 

imaging the Ca2+ indicator GCaMP7s in the OB (Figure 27A). A preceding surgical 

procedure of viral injection of hSyn-GCaMP7s in the OB and a cranial window surgery 

was performed 3 weeks before the imaging session. The identification of OB mitral cells 

is based on the imaging panel at a depth (~200-300 µm) to reach the mitral cell layer 

underneath the OB glomeruli layer and the morphology of the mitral cells (large cell body 

size with a distinct shape of neurites, being generally larger than other cell types in the 

neighboring area) (Figure 26B). The Ca2+ imaging results show that OB mitral cell activity 

remains at a similar level of activity in both slow feeding and binge feeding behaviors, 

with no distinguishable population activity and single neuron level (Figure 26C, D, Figure 

27). This net excitatory OB output to the aPC during both feeding types suggests a clear 

olfactory input signal to the aPC, despite an absence of activity in the aPC during binge 

feeding. I thus ruled out the hypothesis that degradation of upstream sensory input 

explains the suppression of aPC activity during binge feeding. 
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Figure 26. OB neuronal responses during feeding. (A) Schematics of head-fixed 3P-Ca2+ imaging in OB mitral 

cells. (B) Example image of OB mitral cells in the OB. (C) Trial-average of individual OB mitral cells during feeding. 

Left, slow feeding. Right, binge feeding. (n=752 cells from 4 mice). (D) Trial-average of all OB mitral cells responses 

during slow and binge feeding (n is the same as in C). The shaded line on top of the average traces indicates the Q-

values (adjusted P values) of individual time points. The different line widths represent different Q-values (from thin 

width to thick width: Q <0.05, <0.01, <0.001).  

 

 
Figure 27. Example OB mitral cell trace and comparison of individual OB neurons. (A) Ca2+ trace from an exam-

ple OB mitral cell during slow feeding and binge feeding. (B) Comparison of individual OB mitral neuronal responses 

during slow feeding and binge feeding (n=752 cells from 4 mice). The correlation coefficient and P-value are calcu-

lated from Pearson’s r.  
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3.7. Binge feeding-induced aPC suppression extends to the major classes 

of local GABAergic neurons 
 

From the abovementioned experimental results, I concluded that the excitatory sensory 

drive onto the aPC is unaffected by feeding rates, excluding upstream olfactory input 

alterations as the main cause of binge feeding-induced aPC suppression. This leaves me 

with two remaining hypotheses to examine. One of them is the straightforward hypothesis 

that the binge feeding behavior recruits local GABAergic neurons, which inhibit aPC 

neurons. Local inhibitory neurons in the aPC can be classified into two classes; 

feedforward inhibitory neurons that are activated by the OB mitral cell inputs and feedback 

inhibitory neurons that are activated by the recurrent excitatory aPC activity. A recent 

study has shown that the inhibitory effect from the feedforward neurons in the aPC scales 

with LOT stimulation strengths and these neurons do not perform supralinear sensory 

integration (Large et al., 2016a), meaning it is unlikely to constitute the global shutdown 

in the aPC. A different in vivo study also suggested that under in vivo awake recording in 

aPC, the inhibitory modulation is mostly contributed by the feedback inhibitory neurons 

instead of the feedforward inhibitory neurons (Bolding and Franks, 2018). Therefore, I 

focussed on the feedback inhibitory neurons in the aPC. Of the common three types of 

feedback-inhibitory GABAergic neurons in the aPC, I centered the study on PV+ and SST+ 

neurons in the aPC since they constitute most network suppression in the aPC. In 

contrast, the VIP+ neurons usually suppress PV and SST neurons and trigger a 

disinhibitory effect on the aPC network. By injecting Cre-dependent GCaMP6f viruses in 

the aPC of PV-Cre or SST-Cre mouse lines, I could image Ca2+ dynamics in the desired 

aPC population with a miniscope (Figure 28A, B, E, F). Surprisingly, I found both PV+ and 

SST+ neurons showed strong suppression during binge feeding, while clear excitatory 

responses of both cell types are presented during slow feeding (Figure 28C, D, G, H, 

Figure 30, Figure 31). These results suggest that changes in the excitation-to-inhibition 

ratio of sensory afferent and local recurrent aPC circuits do not seem to mediate the binge 

feeding-induced non-specific global suppression of aPC activity. On the contrary, 

excitatory and inhibitory neurons in the aPC are suppressed during binge feeding, 

suggesting that binge feeding globally affects aPC circuits via a long-range modulatory 

mechanism (Figure 29). 
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Figure 28. Effects of feeding rate in GABAergic aPC neurons. (A) Schematics of miniscope Ca2+ imaging in aPC 

PV+ neurons. (B) Detected active PV+ neurons in the aPC, extracted by CNMFe. (C) Trial-average of neuronal re-

sponses during feeding of individual aPC PV+ neurons. Left, slow feeding. Right, binge feeding. (n=684 cells from 3 

mice). (D) Trial-average of all aPC PV+ neurons during feeding (n is the same as in C). (E) Schematics of miniscope 

Ca2+ imaging in aPC SST+ neurons. (F) Detected active SST+ neurons in the aPC, extracted by CNMFe. (G) Trial-

average of neuronal responses during feeding of individual aPC SST+ neurons. Left, slow feeding. Right, binge feed-

ing (n=675 cells from 3 mice). (H) Trial-average of all aPC SST+ neurons during feeding (n is the same as in G). The 

shaded line on top of the average traces indicates the Q-values (adjusted P values) of individual time points. The 

different line widths represent different Q-values (from thin width to thick width: Q <0.05, <0.01, <0.001). 

 

 
Figure 29. Binge feeding-induced modulation in aPC, GC, and OB. (A) Binge-induced modulation in aPC 

CaMK2+, aPC PV+, aPC SST+, GC, and OB mitral cells, units in Cohen’s d (estimated effect sizes). (B) Cumulative 

distribution of binge-induced modulation. Units in difference in ∆F/F(z) (∆∆F/F(z)) in aPC CaMK2+, aPC PV+, aPC 

SST+, GC, and OB mitral cells. (C) The proportion of excited and inhibited modulation induced by binge feeding in 

aPC CaMK2+, aPC PV+, aPC SST+, GC, and OB mitral cells.  
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Figure 30. GABAergic aPC neuronal responses during feeding. (A) Four subclasses of aPC PV+ neurons (n=67 

cells for food neurons, 36 cells for non-selective neurons, 144 cells for water neurons, and 469 cells for other neurons 

from 3 mice). (B) Subclasses’ responses during slow feeding for food and water deliveries (n is the same as in A, 

except n=716 cells for all neurons). (C) Neuronal responses for aPC PV+ neurons and each subclass during feeding 

(n is the same as in B). (D) Same as in (A) but for aPC SST+ neurons (n=89 cells for food neurons, 21 cells for non-

selective neurons, 87 cells for water neurons, and 486 cells for other neurons from 3 mice). (E) Same as in (B) but for 

aPC SST+ neurons (n is the same as in D). (F) Same as in (C) but for aPC SST+ neurons (n is the same as in (E) 

except n=683 cells in all neurons). The shaded line on top of the average traces indicates the Q-values (adjusted P 

values) of individual time points. The different line widths represent different Q-values (from thin width to thick width: 

Q <0.05, <0.01, <0.001). 
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Figure 31. Additional analysis on GABAergic aPC neurons during feeding. (A) Binge feeding-induced 

suppression in aPC PV+ and aPC SST+ subclasses, units in Cohen’s d (estimated effect size) (For aPC PV+ neurons, 

n=716 cells for all neurons, 67 cells for food neurons, 36 cells for non-selective neurons, 144 cells for water neurons, 

469 cells for other neurons from 3 mice. For aPC SST+ neurons, n=683 cells for all neurons, n=89 cells for food 

neurons, 21 cells for non-selective neurons, 87 cells for water neurons, and 486 cells for other neurons from 3 mice). 

(B) Comparison of individual GABAergic neurons during slow feeding and binge feeding in individual subclasses (n is 

the same as in A). (C) Cumulative distribution of the modulation induced by binge feeding (binge feeding - slow 

feeding, ∆∆ F/F(z)) in aPC PV+ and aPC SST+ subclasses (n is the same as in A).  
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3.8. Serotonergic and dopaminergic neuromodulations are not coupled with 

the binge feeding-induced anterior piriform cortex suppression 
 

Besides input degradation and local GABAergic modulations, neuromodulation could be 

another reason for binge feeding-induced aPC suppression. Two neuromodulators, 

serotonin (5HT) and dopamine (DA) are most likely to contribute to this suppression 

based on the projection, the receptor types, and their neurophysiological dynamics upon 

feeding.  

 

One neuromodulatory mechanism that can suppress aPC activity is serotonergic 

modulation. Serotonergic neurons from the dorsal raphe nucleus produce and release 

serotonin to downstream areas, including the aPC. Serotonin binds to serotonergic 

receptors (5-HT receptors), including six families of GPCR receptors that activate an 

intracellular second messenger cascade to produce an excitatory or inhibitory response 

based on different G-protein subunits and one family (5-HT3 receptor) of ligand-gated ion 

channels, which depolarizes cells via Na+ and/or K+ ions. In the aPC excitatory neurons, 

the expressing 5-HT receptors are 5-HT1A (Piszár and Lőrincz, 2022) and 5-HT2C 

(Sheldon and Aghajanian, 1991; Wang et al., 2020a), which have inhibitory effects via Gq 

protein pathways that ultimately increase the phospholipase C and calcium-activated 

potassium (BK) channel activity (Wang et al., 2020a). Conversely, the 5-HT2A receptor is 

most expressed in the inhibitory neurons in the aPC (Marek and Aghajanian, 1994; 

Sheldon and Aghajanian, 1991), which activates neurons in the presence of 5-HT. These 

expression patterns of 5-HT receptors provide a general inhibitory effect in the aPC in the 

presence of 5-HT release. This is supported by the reduced aPC neuronal activity upon 

optogenetically stimulating 5HT neurons (Lottem et al., 2016). Serotonergic neurons in 

the dorsal raphe nucleus also actively respond to reward presentation and reward 

prediction errors, suggesting that serotonin is released upon positive valence experiences, 

including ingestion of hedonic food (Li et al., 2016; Paquelet et al., 2022; Ren et al., 2018). 

 

To examine whether net inhibitory serotonin release can be the potential suppression 

mechanism of binge feeding-induced aPC suppression, I used a serotonin sensor (iSe-

roSnFR (Unger et al., 2020)), to track the dynamics of serotonin concentration in the aPC 

upon feeding behaviors. With support from Friedrich Johenning, I validated the sensor via 
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imaging the green fluorescence under the spinning disc confocal microscope with 

electrical stimulation of potential serotonergic fibers or bath wash-in of serotonin in vitro 

(Figure 32). 

 

 
Figure 32. In vitro verification of a serotonin sensor, iSeroSnFR, in acute brain slices. (A) iSeroSnFR expres-

sion in the acute aPC brain slice with bath-application of serotonin wash-in. Top row, 4x magnification image. Bottom 

row, 20x magnification image. (B) Top row, raw trace of fluorescence intensity from the FoV (highlighted in the bot-

tom row image). Bottom row, normalized fluorescence trace from the top row. (C) iSeroSnFR expression in the acute 

aPC brain slice with electrical stimulation of putative serotonergic fibers in the aPC. Top row, 4x magnification image. 

Bottom row, 20x magnification image. (D) Fluorescence intensity traces from the FoV (highlighted in the (C) bottom 

row image) with and without electrical stimulations. The shaded area represents the s.e.m. of the data. 

 

Using a similar imaging technique for in vivo Ca2+ recording with a miniscope, I imaged 

the fluorescence of iSeroSnFR in the aPC to measure 5-HT concentrations during feeding. 

Surprisingly, I found that the serotonin concentration drops upon feeding, regardless of 

slow or binge feeding (Figure 33). This result, showing decreased serotonin release in 

the aPC, contradicted my expected outcome and the potential inhibitory mechanism via 

serotonergic modulation. This phenomenon can be explained by the heterogeneous 

projections and response patterns of serotonergic neurons (Paquelet et al., 2022; Ren et 

al., 2018; Seo et al., 2019), or by the decoupling of serotonergic neuron somata activity 

and the serotonergic fibers via presynaptic GABAergic disinhibition circuits (Yu et al., 

2022). However, this does not support the hypothesis of binge feeding-induced aPC 

suppression via serotonergic modulation. 
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Figure 33. Serotonin release is decreased during feeding regardless of feeding rates. (A) Schematics of seroto-

nin imaging in the aPC. (B) Example trace of iSeroSnFR imaging during feeding bouts. (C) Heatmaps of individual 

feeding trials of different feeding types. Left, slow feeding. Right, binge feeding (n=230 trials for slow feeding, n=105 

trials for binge feeding, from 3 mice). (D) Trial-average of serotonin traces during different feeding types The shaded 

line on top of the average traces indicates the Q-values (adjusted P values) of individual time points. The different 

line widths represent different Q-values (from thin width to thick width: Q <0.05, <0.01, <0.001) 

 

The other neuromodulatory mechanism in the aPC under investigation here is Dopamine. 

Dopamine (DA) is known to be tightly coupled with positive valences such as rewards 

and associated computations like reward prediction errors (Schultz, 2016; Schultz et al., 

1997). A recent study has also suggested that dopaminergic neurons respond to the 

ingestion of water and osmolarity changes after ingesting water, providing a parallel circuit 

mechanism of homeostasis in regulating water consumption (Grove et al., 2022). While 

there are direct projections from VTA to aPC (Aransay et al., 2015), the projections are 

not as strong as VTA to NAcc or VTA to olfactory tubercle. Dopaminergic receptors in the 

aPC are also non-canonical. While most dopaminergic receptors expressed in the 

striatum regions are the mutually exclusive Drd1 and Drd2 (Cox and Witten, 2019; Fang 

and Creed, 2024), there are solely Drd3 receptors in the aPC (Zhang et al., 2021b). Drd3 

receptors are GPCRs that activate the Gi/o pathway and suppress the adenylyl cyclase 

when binding with DA (Ahlgren-Beckendorf and Levant, 2004; Robinson and Caron, 

1997), but their function in the aPC has yet to be reported. I tested this by with bath 

applying DA on the acute aPC slices. I found reduced excitability in 60% of patched 

neurons (n=9/15 inhibited, n=4/15 [26.7%] not modulated, n=2/15 [13.3%] excited, Figure 

34), suggesting that DA/Drd3 has an inhibitory effect in the aPC. 
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Figure 34. DA reduces the excitability of aPC neurons. (A) Example aPC neurons with current injection in baseline 

or with DA wash-in. The number of action potentials (AP) is quantified on the right. (B) Effects of DA wash-in for indi-

vidual aPC neurons (n=15 neurons from 3 mice). (C) The proportion of aPC neurons is modulated by DA. 

 

To track DA dynamics in the aPC during feeding, I injected the DA sensor dLight1.3b in the 

aPC and imaged it with a miniscope. The dLight1.3b trace revealed that, regardless of 

feeding rates, DA concentration had dropped during feeding, similarly to my results on 5-

HT imaging. This finding was again unexpected and contrary to DA's general dynamic 

pattern upon reward presentations. Somata-axon decoupling via local ACh modulation is 

unlikely to explain the drop in DA concentration since the ACh-modulated DA 

concentration only releases more DA, rather than blocking the release of the DA (Liu et 

al., 2022).  
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Figure 35. Dopamine release is decreased during feeding regardless of feeding rates. (A) Schematics of dopa-

mine imaging in the aPC. (B) Example trace of dLight1.3b imaging during feeding bouts. (C) Heatmaps of individual 

feeding trials of different feeding types. Left, slow feeding. Right, binge feeding. (n=189 trials for slow feeding, n=137 

for binge feeding, from 3 mice). (D) Trial-average of dopamine traces during different feeding types. The shaded line 

on top of the average traces indicates the Q-values (adjusted P values) of individual time points. The different line 

widths represent different Q-values (from thin width to thick width: Q <0.05, <0.01, <0.001) 

 

I therefore concluded that neither long-range serotonergic nor dopaminergic modulations 

are likely to be the circuit mechanism of binge feeding-induced aPC suppression. These 

results may indirectly suggest a different long-range GABAergic modulation onto the 

projecting fibers in the aPC (see Discussion 4.3.1 for long-range GABAergic modulation) 

via GABAA receptors on the projecting fibers (Yu et al., 2022). 

  



Results  100 

3.9. The magnitude of binge feeding-induced aPC suppression correlates 

with appetite 
 

Bypassing flavor perception through an intragastric catheter reduces satiation. This 

causes the acceleration of gastric emptying of identical food items, showing that 

experiencing the flavor of food items in the oral cavity (orosensory) contributes to satiation 

(Cecil et al., 1999). The binge feeding-induced aPC suppression may reduce the sensory 

representation of food items. Does the aPC suppression during binge feeding constitute 

a mechanistic link between a sensory neuronal representation in the flavor system and 

decreased satiation? I further hypothesized that the degrees of aPC suppression may 

reflect individual internal needs or the satiation level. Under ad libitum feeding conditions, 

mice consumed varied amounts of food on different experimental days, which can be 

used as a proxy for their level of appetite/satiation on each day. Despite the correlation 

being weak, mice consumed more food in the later behavioral sessions, suggesting that 

binge feeding gradually escalates over five weeks (Figure 36). I then analyzed the level 

of feeding-induced neuronal activity against the corresponding amount of food intake on 

each recording day. Using a linear mixed model, I found a robust time-independent 

correlation between the magnitude of feeding-related aPC neuronal activity reduction and 

subsequent food consumption, whereby stronger reduction correlates with enhanced 

consumption (Figure 37). This consumption-correlated neuronal modulation is only 

observed in binge feeding, thus not in slow feeding. My model contains only the neuronal 

responses upon the onset of the feeding bout as predictors and does not contain 

information about the length of the feeding bout. Therefore, the model quantifies the 

correlation independent of feeding duration. Among other cell types I have recorded, only 

aPC PV+ neurons exhibit similar consumption-correlated neuronal modulation. Other cell 

types like aPC SST+ and GC neurons do not show such correlations between neuronal 

modulation and food intake. These results indicate that the consumption-correlated 

neuronal modulation is mostly restricted to the olfactory domain of flavor perception. 

Since such a correlation is only observed during binge feeding, it may suggest a special 

role of binge feeding in satiation signaling. 
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Figure 36. Food consumption across experimental sessions. Amount of food consumed on different recording 

sessions (n=244 sessions from 19 mice). Orange dots represent recording sessions from aPC CaMK2+ mice (n=84 

sessions from 8 mice). Blue dots represent all other recorded mice (aPC GABAergic and GC mice).  

 

 
Figure 37. Correlation between food consumption and binge feeding-induced aPC modulation. (A) Schematics 

of in vivo miniscope Ca2+ imaging and the feeding paradigm is the same as in Results 3.2. (B) Correlations between 

the total amount of food consumed in one recording session and the feeding-induced modulation in aPC CaMK2+ 

neurons. Left, slow feeding. Right, binge feeding. (n=103 slow feeding sessions and 84 binge feeding sessions from 

8 mice). A linear mixed model was used for calculating the significance level of neuronal responses to food consump-

tion. (C) Neuronal responses from aPC CaMK2+ neurons with tertile clustering, based on food consumption, with 

each tertile represented in one color (corresponding to B). (n=34, 35, 34 sessions for top, middle, and bottom clusters 

in slow feeding from 8 mice, respectively; n=28, 28, 28 sessions for top, middle, and bottom clusters in binge feeding 

from 8 mice, respectively).  
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Table 7. Effects of aPC CaMK2+ neuronal activity during slow feeding on food consumption. 

Fixed effects: Estimate Std. Error df t value Pr(>|t|) 

(Intercept) 28.423 16.154 22.387 1.76 0.0922 . 

session 4.936 1.037 99.704 4.761 6.55e-06 *** 
cohens_d -36.306 25.239 102.971 -1.438 0.1533 

---      

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01‘*’ 0.05‘.’ 0.1 ‘ ’ 1 

 
Table 8. Effects of aPC CaMK2+ neuronal activity during binge feeding on food consumption. 

Fixed effects: Estimate Std. Error df t value Pr(>|t|) 

(Intercept) 25.727 15.402 34.77 1.67 0.103833 
session 4.764 1.016 79.382 4.691 1.12e-05 *** 

cohens_d -116.462 32.73 82.869 -3.558 0.000621 *** 

---      

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01‘*’ 0.05‘.’ 0.1 ‘ ’ 1 
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3.10. Olfactory perception is necessary for the neuronal suppression-appe-

tite correlation but not necessary for binge feeding-induced aPC suppression 
 

Next, I further examined the necessary factors for the consumption-correlated neuronal 

suppression in the aPC during binge feeding. To check whether the olfactory perception 

of food items is necessary for the consumption-correlated suppression of neuronal activity, 

I reduced olfactory sensory inputs. With support from colleagues, I performed nasal 

lavage with 0.5% Triton X-100 solution to induce short-term anosmia in mice (Cummings 

et al., 2000). This treatment was verified with the buried food test, where overnight fasted 

mice must find a hidden food pellet buried in the beddings. Control mice with nasal lavage 

of phosphate-buffered saline (PBS) can successfully find food pellets in tens of seconds. 

In contrast, the Triton X-100 treated mice barely found the food pellets despite being 

highly motivated for food-seeking by fasting. At first, I found less detectable neurons after 

the Triton X-100 treatment. About 30% of the aPC excitatory neurons did not show 

olfaction-related activity after the Triton X-100 treatment (Figure 38), confirming a loss of 

olfactory sensory inputs. The Ca2+ imaging results from the anosmic mice showed that 

binge feeding-induced aPC suppression was still present, with no difference in the 

suppression magnitudes (Figure 39C, D), which may suggest that the binge feeding-

induced suppression originates from outside the olfactory system. Anosmic mice ate 

more than their food intake amount preceding the Triton X-100 treatment, and the level 

of neuronal modulation no longer correlated with the amount of food intake (Figure 39B). 

The loss of neuronal correlates with appetite may come from the general increase in food 

consumption after treatment, so fewer data points are located in the lower range of food 

consumption. Alternatively, due to the loss of odor-responding neurons (presumably the 

30% reduction of detected aPC neurons under anosmia), the neuronal representation I 

observed in the aPC during feeding under anosmia is only a subpopulation rather than 

the original population. This subpopulation may not reflect the general appetite levels, 

hences the loss of neuronal correlates with appetite. Here, I showed that the loss or 

decrease of olfactory perception of food items promotes feeding. Interestingly, olfactory 

perception is not a necessary factor of binge feeding-induced aPC suppression, 

suggesting the suppression mechanism is olfactory independent. 
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Figure 38. Effects of olfactory deprivation on detected cells in the aPC. (A) Schematics of anosmic paradigm. (B) 

Detected active neuron number of aPC CaMK2+ mice before and after anosmia induction (n=21 before sessions and 

15 anosmic sessions from the same 3 mice). (C) Cell maps of extracted aPC neurons by CNMFe before and after 

anosmia induction.  

 

 
Figure 39. Effects of olfactory perception on feeding-induced aPC modulation. (A) Amount of time for mice to 

find a buried food pellet. The buried food test is conducted 48 hrs after treatment (n=10 mice for PBS treated group, 

n=3 for the anosmic group). (B) Correlations of the amount of food consumed in each session and feeding-induced 

aPC CaMK2+ neuron modulation during binge feeding. Left, sessions before anosmia induction. Right, sessions after 

anosmia induction. (n=21 Pre-OP sessions and n=15 Anosmic sessions from the same 3 mice). (C) Binge feeding-

induced neuronal modulation with intact olfaction and under anosmia (n is the same as in B). (D) Neuronal activity of 

aPC CaMK2+ neurons upon binge feeding. The blue line represents intact olfaction and the orange line represents 

anosmic (n is the same as in B).  
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3.11. Effects of metabolic state on binge feeding-induced aPC modulation 
 

Metabolic states like hunger often drastically affect neuronal dynamics to match the 

metabolic needs, especially enhancing the foraging-related sensory systems including 

olfaction (Aimé et al., 2007; Albrecht et al., 2009; Allen et al., 2019; Freeman, 1960; 

Prud'homme et al., 2009; Richman et al., 2023; Soria-Gómez et al., 2014). I have shown 

that the magnitude of binge feeding-induced aPC suppression correlates with general 

appetite in individual sessions. Whether the homeostatic needs modulate this 

consumption-related neuronal suppression is yet to be demonstrated. To test this, 

implanted mice were food-deprived overnight (~20-22 hours) before the recording 

session to ensure the hunger state. Fasted mice consumed more food, confirming the 

hunger state and an enhanced binge feeding-induced aPC suppression compared to ad 

libitum-fed conditions. Under the hunger state, the abovementioned correlation between 

food consumption and aPC neuronal activity suppression no longer exists. In the GC 

neurons, an enhanced suppression was also observed compared to ad libitum-fed con-

ditions, despite no correlations between food consumption and binge feeding-induced 

neuronal modulation in either ad libitum or fasted conditions. This may suggest that the 

neuronal correlates of appetite in the aPC are mostly utilized for modulating hedonic 

feeding (feeding for pleasantness). When switching from hedonic feeding to homeostatic 

feeding (feeding for metabolic needs and pleasantness), the olfactory flavor feedback is 

not used as a fine-tuned feedback to control feeding (Avena, 2015). In the GC, the 

neuronal correlates of appetite only reflect larger homeostatic needs (e.g. overnight 

fasting) instead of a general appetite for food during hedonic feeding. Here, I concluded 

that hunger enhances binge feeding-induced suppression in both the aPC and GC, with 

differential influences of the consumption-related neuronal modulation in these two brain 

regions. 
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Figure 40. Effects of hunger on feeding-induced modulation. (A) Schematics of different metabolic states. (B) 

Correlations between the amount of food consumed on each session and feeding-induced aPC CaMK2+ neurons 

modulation during binge feeding. Colors represent two different metabolic states. Blue, ad libitum. Orange, overnight 

fasted. (n=18 fasted sessions from 5 mice, n for ad libitum conditions is the same as in Figure 37B). (C) Binge feed-

ing-induced neuronal modulation. Left, neuronal modulation in aPC CaMK2+ neurons. Right, neuronal modulation in 

GC neurons. Colors represent two different metabolic states. Blue, ad libitum. Orange, overnight fasted. (n is the 

same as in B). (D) Neuronal responses during feeding. Left, aPC CaMK2+ neurons. Right, GC neurons. Colors repre-

sent two different metabolic states. Blue, ad libitum. Orange, overnight fasted. (n is the same as in B).  

 

 
Figure 41. Effects of fasting on GC and GABAergic aPC neurons. Binge feeding responses in different cell types 

under ad libitum and overnight fasted. Correlations between neuronal responses and the amount of food consump-

tion are shown for each cell type. Upper row, ad libitum condition. Lower row, overnight fasted condition. (For GC, 

n=32 ad libitum sessions and 11 fasted sessions from 3 mice. For aPC PV+, n=54 ad libitum sessions and 11 fasted 

sessions from 3 mice. For aPC SST+, n=40 ad libitum sessions and 10 fasted sessions from 3 mice).  
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3.12. Optogenetically suppressing aPC neurons promotes feeding 
 

So far, I have demonstrated the relationship between feeding rate, olfactory flavor 

representation, and metabolic state. While binge feeding and appetite covary with the 

non-specific global suppression in the aPC, this correlation may reflect the desire for 

hedonic eating on different days or it may have an active role in promoting feeding. I 

hypothesized that either the observed sensory effect is an epiphenomenon (H0), or it 

reciprocally interacts with feeding behavior in a feedback loop (H1) (Figure 42). To 

decipher whether there is a causal relationship between aPC suppression and food intake, 

I employed the optogenetics technique to manipulate aPC activity during feeding. To 

prevent the alternative explanation of sensory hallucination caused by activating sensory 

cortex neurons, which may interrupt feeding behaviors as a neophobic response but not 

due to the increased level of satiation, I decided to pursue the opposite direction, by 

suppressing aPC neurons during feeding and measuring if this can decrease the satiation 

level and promote feeding. To manipulate neuronal activity at the behavioral timescale 

(tens of seconds) of binge feeding bouts while minimizing the illumination period, I chose 

the highly light-sensitive mosquito opsin eOPN3 to provide long-lasting suppression of 

recurrent excitatory fibers in the aPC (Mahn et al., 2021). With support from colleagues 

(Dr. Laura Moreno-Velasquez, Lukas Faiss and Dr. Benjamine Rost), I validated that the 

excitatory post-synaptic current (EPSC) of the recurrent circuits in the aPC was reduced 

by ~25% when a brief green light illumination (500 ms, 550-580 nm) was applied to the 

acute eOPN3-expressing aPC brain slices, and that this suppression could last for around 

5-10 minutes before the EPSC returned to the original amplitude (Figure 43). 
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Figure 42. Illustration of different hypotheses. H0, aPC suppression is modulated by appetite level and binge feed-

ing behavior, and the modulation in the aPC does not feedback to these two factors. H1, aPC suppression is modu-

lated by appetite level and binge feeding behavior, and the modulation in the aPC also regulates appetite level (re-

ducing sensory satiety).  

 
Figure 43. In vitro validation of eOPN3 in acute aPC brain slices. (A) 4x magnification of aPC slice and electrode 

placement. (B) Zoomed-in image of the patching electrode and stimulation electrode. (C) Same as (B) but with a red 

channel showing the expression of eOPN3-mScarlet. (D) Left column, an example average trace of EPSC of patched 

aPC neurons with electrical stimulation of 1b recurrent fibers during baseline (averaged across 5 minutes to right be-

fore the light stimulation). Right column, an example average trace of EPSC of patched aPC neurons with electrical 

stimulation of 1b recurrent fibers after light stimulation (averaged across from right after light stimulation to 5 minutes 

after stimulation). (E) Individual trace (grey lines) and average trace (blue line) of the amplitude of the 1st EPSC 

pulse. (n=7 cells, 7 slices, from 2 mice). 
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I virally injected the flox-eOPN3-mScarlet or flox-tdTomato (for control) in the aPC of 

CaMK2-Cre mice, and after 2-3 weeks of recovery, I implanted the optical fiber cannula 

in the aPC bilaterally (Figure 44, Figure 45). The implanted mice recovered for two weeks 

before starting the liquid food delivery system habituation and optical fiber patchcords 

were mounted. A closed-loop system was built to precisely activate the LED system when 

mice start binge feeding (criterion of 3-pump activations with an inter-activation interval 

of less than 1.5 seconds for verifying it is binge feeding). Under light stimulation to 

suppress aPC during feeding, I found the eOPN3-expressing mice consumed more food, 

and the total feeding duration was longer compared to no illumination days (Figure 46A-

D). In contrast, the control mice consumed very similar amounts of food across 

illumination and no illumination days (Figure 46A-D). Performing a microanalysis of the 

feeding bouts, the total amount of bouts did not change between LED states (Figure 46F), 

but the eOPN3-expressing mice spent more time on individual feeding bouts (Figure 46E). 

My data supports the alternative hypothesis H1 that binge feeding-induced aPC suppres-

sion reciprocally modulates appetite, implying that binge feeding-induced aPC 

suppression is causally linked to feeding behaviors and internal states (Figure 42). 

 

 
Figure 44. Closed-loop optogenetics paradigm. (A) Schematics of closed-loop inhibitory optogenetics upon feed-

ing onset. (B) Illustration of optogenetic viral injection and bilateral optical fiber implants. (C) Optical fiber implant path 

on an implanted brain slice. (D) Illustration of binge feeding bout detection, LED light triggers, and food deliveries.  
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Figure 45. Optical fiber implant coordinates. Implant coordinates of optical fiber cannulas. Blue lines denote the 

tips of optical fibers for eOPN3-expressing mice and orange lines denote the tips of optical fibers for tdTomato-ex-

pressing mice. 
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Figure 46. Effects of optogenetically suppressing aPC neurons. (A) Feeding bout examples from mice express-

ing eOPN3 in the aPC. Left, no light stimulation (LED off) during feeding. Right, light stimulation (LED on) during 

feeding. (B) Time series of feeding events across experimental sessions. Left, feeding events from control mice 

(tdTomato expressed in the aPC, sessions=12 LED off, 12 LED on from 4 mice) with and without light stimulations. 

Right, feeding events from optogenetic suppression mice (eONP3 expressed in the aPC, sessions=12 LED off, 12 

LED on from 4 mice). (C) Total food intake in one hour with or without light stimulation during feeding in control and 

optogenetic suppression mice. (D) Total feeding duration in one hour with or without light stimulation during feeding in 

control and optogenetic suppression mice. (E) Duration of individual feeding bout in one hour with or without light 

stimulation during feeding in control and optogenetic suppression mice. (F) Number of feeding bouts in one hour with 

or without light stimulation during feeding in control and optogenetic suppression mice. For (C-F), grey lines represent 

data obtained from the same mice and thick black lines indicate the mean value from all data. P values are measured 

with linear mixed models by calculating the contribution of the interaction term (virus type * LED states) between full 

and reduced models (see Methods 2.10.6).  
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Table 9. Model comparison: effects of interactions of viral types and light stimulation on food consumption, related to 

Figure 46C. 

Model  

comparison 

npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 

Reduced 

model 

9 1073.2 1096.3 -527.6 1055.2    

Full model  10 1063.6 1089.2 -521.78 1043.6 11.631 1 0.0006488 *** 

---         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Table 10. Contrast analysis: the difference between groups on food consumption, related to Figure 46C. 

contrast estimate SE df t.ratio p.value 

LED off 0_tdTomato - LED off 1_eOPN3 39.4 61.9 16.4 0.637 0.8341 

LED on 0_tdTomato - LED off 1_eOPN3 34.7 61.3 16.1 0.565 0.8687 

LED on 1_eOPN3 - LED off 1_eOPN3 66 14.7 93.1 4.492 0.0001 

Results are averaged over the levels of: sex 

Degrees-of-freedom method: kenward-roger 

P value adjustment: dunnettx method for 3 tests 

 
Table 11. Model comparison: effects of interactions of viral types and light stimulation on feeding duration, related to 

Figure 46D. 

Model  

comparison 

npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 

Reduced 

model 9 1071.1 1094.2 -526.54 1053.1    

Full model  10 1067.9 1093.5 -523.94 1047.9 5.1898 1 0.02272 * 

---         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Table 12. Contrast analysis: the difference between groups on feeding duration, related to Figure 46D. 

Contrast estimate SE df t.ratio p.value 

LED off 0_tdTomato - LED off 1_eOPN3 48.1 66.2 16 0.727 0.7868 

LED on 0_tdTomato - LED off 1_eOPN3 64.9 65.6 15.7 0.989 0.6325 

LED on 1_eOPN3 - LED off 1_eOPN3 64 15 93.2 4.279 0.0001 

Results are averaged over the levels of: sex 

Degrees-of-freedom method: kenward-roger 

P value adjustment: dunnettx method for 3 tests 
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Table 13. Model comparison: effects of interactions of viral types and light stimulation on lick events, related to Figure 

46. 

Model  

comparison 

npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 

Reduced 

model 9 1410.8 1433.8 -696.38 1392.8    

Full model  10 1403.9 1429.5 -691.95 1383.9 8.8472 1 0.002935 ** 

---         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Table 14. Contrast analysis: the difference between groups on lick events, related to Figure 46. 

Contrast estimate SE df t.ratio p.value 

LED off 0_tdTomato - LED off 1_eOPN3 382 289.4 17.8 1.319 0.4339 

LED on 0_tdTomato - LED off 1_eOPN3 261 285.6 17.6 0.915 0.6763 

LED on 1_eOPN3 - LED off 1_eOPN3 249 88.6 92.8 2.816 0.0167 

Results are averaged over the levels of: sex 

Degrees-of-freedom method: kenward-roger 

P value adjustment: dunnettx method for 3 tests 

 
Table 15. Model comparison: effects of interactions of viral types and light stimulation on feeding bout duration, re-

lated to Figure 46E. 

Model  

comparison 

npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 

Reduced 

model 8 16006 16051 -7995 15990    

Full model  9 15997 16047 -7989.6 15979 10.882 1 0.0009711 *** 

---         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Table 16. Contrast analysis: the difference between groups on feeding bout duration, related to Figure 46E. 

Contrast estimate SE df t.ratio p.value 

LED off 0_tdTomato - LED off 1_eOPN3 -2.03 4.104 17.4 -0.495 0.8989 

LED on 0_tdTomato - LED off 1_eOPN3 -1.92 4.069 16.9 -0.472 0.9083 

LED on 1_eOPN3 - LED off 1_eOPN3 4.22 0.947 1983.4 4.46 <.0001 

Results are averaged over the levels of: sex 

Degrees-of-freedom method: kenward-roger 

P value adjustment: dunnettx method for 3 tests 
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Table 17. Model comparison: effects of interactions of viral types and light stimulation on number of feeding bouts, 

related to Figure 46F. 

Model  

comparison 

npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 

Reduced 

model 8 598.58 619.1 -291.29 582.58    

Full model  9 600.53 623.61 -291.27 582.53 0.0495 1 0.824 

---         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Table 18. Contrast analysis: the difference between groups on the number of feeding bouts, related to Figure 46F. 

Contrast Estimate SE df t.ratio p.value 

LED off 0_tdTomato - LED off 1_eOPN3 4.72 2.97 24.7 1.588 0.2899 

LED on 0_tdTomato - LED off 1_eOPN3 4.1 2.92 24.9 1.404 0.3805 

LED on 1_eOPN3 - LED off 1_eOPN3 -1.05 1.41 91 -0.746 0.7714 

Results are averaged over the levels of: sex 

Degrees-of-freedom method: kenward-roger 

P value adjustment: dunnettx method for 3 tests 
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4. Discussion 

While olfaction is known to be an essential sensory system for flavor representation, the 

role of olfactory flavor representation during feeding behaviors is poorly understood 

(Maier et al., 2015; Shepherd, 2006). Utilizing cell-type specific in vivo Ca2+ imaging and 

closed-loop optogenetics in freely behaving mice, I am providing circuit-level evidence 

that aPC flavor representation is strongly suppressed during binge feeding, and such 

suppression actively promotes food intake. Despite chronically manipulated olfactory 

functions being well established as impacting homeostatic eating and metabolism (Riera 

et al., 2017; Tucker et al., 2012), I am introducing a novel acute function of olfactory flavor 

representation during feeding at the timescale of individual feeding bouts (tens of 

seconds). This study illustrates a new concept of olfactory flavor representation of food 

items. Olfactory flavor representation during feeding serves as a negative feedback signal 

for satiation, and such satiation signals are blocked by an elevated feeding rate (binge 

feeding). 

 

 
Figure 47. Graphic summary of the thesis. In this thesis, I found that flavor representation in the olfactory cortex is 

dependent on feeding rates. When mice are binge feeding, the olfactory flavor representation in the aPC is sup-

pressed (aPC excitatory neurons (Results 3.3) and aPC GABAergic neurons (Results 3.7)). In contrast, different 

feeding rates do not affect the gustatory flavor representation in the GC (Results 3.4). Different feeding rates do not 

affect olfactory inputs from the olfactory bulb, therefore the suppression in the aPC is not inherited from the olfactory 

bulb (Results 3.6). Two long-range neuromodulators, serotonin and dopamine, do not explain the binge feeding-in-

duced aPC suppression (Results 3.8). Additionally, I discovered that the appetite level (measured by food consump-

tion) is predicted by the strength of aPC suppression during binge feeding. This correlation also depends on the 

olfactory perception and the metabolic state (Results 3.9, 3.10, 3.11). I further demonstrated that artificially sup-
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pressesing aPC during binge feeding can promote feeding, suggesting a mechanistic link between aPC flavor repre-

sentation and feeding behavior (Results 3.12). In summary, I discovered a novel behavior-dependent flavor modula-

tion in the olfactory cortex during feeding, which contributes to appetite control of hedonic feeding. 

 

In the following paragraphs, I will discuss how this study is embedded in the current 

knowledge of sensory and metabolism neuroscience, regarding its coherence with other 

findings, and what is unexpected. I will provide some additional ideas on the potential 

mechanisms of binge feeding-induced aPC suppression, what I have tested, and the fu-

ture plans for testing new hypothese of mechanisms. I will also discuss the implications 

in the medical field and the future directions inspired by this work. 
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4.1. Role of the anterior piriform cortex in feeding behaviors 
 

Despite its relevance, real-time assessment of olfactory flavor representation during 

active feeding has not been reported. In part due to the inconvenient anatomy involved, 

recording from the olfactory system, especially the PC, has been a challenging task for 

sensory neuroscientists studying olfaction. When recording from PC neurons in vivo, 

electrophysiological approaches like patch-clamp-, tetrodes-, or silicone probe recordings 

commonly face limited yields of recorded units (Bolding et al., 2019; Bolding and Franks, 

2017; Bolding and Franks, 2018; Poo et al., 2021; Poo and Isaacson, 2009; Poo and 

Isaacson, 2011; Rennaker et al., 2007). Optical methods such as a 2P microscopy for 

population Ca2+ imaging of PC neurons often encounter accessibility issues, in that 

reaching the PC from the bottom of the skull can only be achieved under anesthesia, and 

this procedure is a terminal experiment with no possibility of recovering the recorded mice 

(Pashkovski et al., 2020; Stettler and Axel, 2009; Tantirigama et al., 2017). Technological 

limitations have made the investigation of the PC challenging, leaving the olfactory flavor 

representation question unanswered. 

 

In this study, my colleagues and I successfully established a stable optical recording 

method (an implanted endomicroscopic GRIN lens with a prism combined with a 

miniscope) that allows awake, freely moving, and repeated measurement for up to 2 

months, and is therefore suitable for examining the current flavor representation in the 

aPC and its development over time. For the first time, I showed that flavor-responding 

neurons in the aPC are strongly modulated by feeding rates, regardless of excitatory or 

inhibitory neurons. I further tested the flavor representation in the GC and found no 

difference between feeding rates, demostrating that distinct behavior-dependent neuronal 

dynamics were exhibited in these two main cortical sensory areas in flavor representation. 

 

By showing differential neuronal activity patterns of the same identity of olfactory 

components under different feeding rates, I am proposing a new function of the olfactory 

sensation of food used as an early feedback of the satiation signal in parallel to the 

visceral feedback (De Araujo et al., 2020). While the PC has been known for odor 

discrimination (Bolding and Franks, 2017; Miura et al., 2012; Poo and Isaacson, 2009; 

Poo and Isaacson, 2011; Rennaker et al., 2007; Stettler and Axel, 2009; Tantirigama et 
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al., 2017), associative learning of pairing odors with reward outcomes and flexible 

representation of reward-associated odor mixtures (Chapuis and Wilson, 2012), it has not 

been studied in the context of feeding, a naturalistic behavior. If we treat food as a reward 

signal, then the flavor experience of eating the food item is the conditional cue for 

Pavlovian conditioning. This suggests that during each meal, a positive-reinforcement 

conditioning task takes place and it enhances flavor-value association, strengthening 

what flavors benefit the individual (most likely maximizing the flavors associated with the 

enrichment of fat and sugar contents). The conditioning also goes in the opposite direction, 

whereby food poisoning (experiencing malaise including symptoms like diarrhea or 

vomiting) is a strong negative valence feedback that triggers a robust one-shot learning 

conditioning to avoid the experienced flavor in the future (Zimmerman et al., 2023). A 

recent study focusing on the neural mechanism for learning from delayed post-ingestive 

feedback showed that novel flavors are strongly encoded in the PC, while the amygdala 

mostly contributes to the learning of a 30-minute late malaise. This result complements 

our study on the temporal dynamics of the flavor responses in the sensory systems, 

whereby immediate sensory representations are presented in the primary sensory 

cortices like PC and GC, and the delayed visceral signals are presented in the amygdala 

area. 

 

In summary, my study provides new insights into flavor representation in the primary 

olfactory and gustatory cortices, and its relationship with feeding rates and appetite, which 

is valuable for future works on the intersection of the fields of sensory neuroscience and 

metabolism.  
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4.2. Sensory experience of food items contributes to satiation 
 

Bypassing sensory experiences of food within the oral cavity by direct gastric infusion 

reduces satiety and accelerates gastric emptying compared to regular feeding in humans 

and rodents (Berkun et al., 1952; Cecil et al., 1999; Stratton and Elia, 1999). Several 

human behavioral studies have demonstrated that slowing down feeding rates by 

decreasing bite or sip sizes (Bolhuis et al., 2014b), harder food textures (Bolhuis et al., 

2014a), or spoon-feeding the food (Mattes, 2005) can decrease food intake and increase 

satiety, suggesting oral sensory feedback has profound effects on satiation. These 

studies demonstrated that the orosensory aspect of food items is important for satiety, 

despite lacking the exact physiological mechanistic evidence. 

 

Two recent studies published at the writing stage of this thesis have reported additional 

insights about how the gustatory sensory feedback of food contributes to satiation with 

neurophysiological measures (Aitken et al., 2023; Ly et al., 2023). One study in mice 

brainstem circuits has reported sequential appetite signals by oral sensory and visceral 

sensory feedback control satiation (Ly et al., 2023). The prolactin-releasing hormone 

(PRLH)-expressing neurons in the caudal nucleus of the solitary tract (cNTS) respond 

actively when mice start ingesting food, and the preproglucagon (GCG)-expressing (the 

main source of glucagon release in the brain) cNTS neurons only respond to sensory 

feedback from the GI tract. Both neuronal types trigger satiation, but at very different 

timescales; the “sensory responsive” PRLH cNTS neurons rapidly modulate feeding bout 

size in seconds, whereas the “visceral feedback responsive” GCG cNTS neurons 

modulate long-lasting satiety at a tens of minutes scale by reducing the feeding bout 

number. 

 

A further study looked at the leptin receptor-expressing neurons in the dorsomedial 

hypothalamus (DMHLepR), which respond to sweet or fatty tastes upon feeding (Aitken et 

al., 2023). DMHLepR neurons’ activity pattern mirrors the downstream neuronal activity 

patterns in the AgRP neurons in the hypothalamus, which are rapidly suppressed upon 

initiation of feeding, for which the circuit was previously identified (Berrios et al., 2021; 

Garfield et al., 2016). The authors further reported that blocking the satiation signal from 

DMHLepR neurons by a closed-loop optogenetics stimulation of AgRP neurons further 
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enhanced food intake, indicating a rapid dynamic function of AgRP neurons in appetite 

and satiation. 

 

In this study, I have demonstrated that olfactory sensory representation is modulated by 

feeding rate and reciprocally contributes to satiation using real-time neurophysiological 

data by miniscope recording and closed-loop optogenetics. My study is complementary 

to the abovementioned two studies on the gustatory senses of food, with more insights 

into olfaction, feeding rate, and a novel cortical mechanism of feeding control. 
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4.3. Potential mechanisms of aPC suppression during binge feeding 
 

In this study, I have tested four hypotheses regarding binge feeding-induced aPC 

suppression, which are: 1) disrupted respiration cycles, 2) degradation of odor inputs from 

the nostrils or the OB, 3) recruitment of local inhibitory neurons in the aPC, and 4) 

neuromodulations. Despite extensive efforts, all of the results above did not support these 

hypotheses, leaving the circuit mechanism of this behavior-driven neuronal modulation 

unclear. In the following paragraphs, I will discuss other potential explanations and some 

limitations on testing them with the current technologies. 

 

4.3.1. Long-range GABAergic inputs 
While the local GABAergic interneurons in the aPC do not drive the binge feeding-induced 

suppression, this does not rule out the possibility of long-range GABAergic projections. A 

few brain regions contain long-projecting GABAergic neurons and are involved in feeding-

related behaviors, including the 1) basal forebrain, 2) zona incerta, and 3) mediodorsal 

hypothalamus. Based on the anatomical projections and their neuronal dynamic during 

feeding, I will discuss the probability of their contributions to aPC suppression during 

binge feeding. 

 

Basal forebrain 
 

The basal forebrain consists of glutamatergic, cholinergic, and GABAergic neurons, and 

can be subdivided into different subregions. For example, the medial septum 

glutamatergic (Fuhrmann et al., 2015), cholinergic (Dannenberg et al., 2015; 

Vandecasteele et al., 2014), and GABAergic (Zutshi et al., 2018) neurons have robust 

projections to the hippocampus and strongly modulate the theta rhythm. The horizontal 

limb of the diagonal band (HDB) and magnocellular preoptic nucleus (MCPO) of the basal 

forebrain project to the PC, with a mixture of cholinergic and GABAergic projections. A 

functional inhibitory projection from the GABAergic neurons in MCPO to the PC has 

demonstrated that the inhibitory inputs to the PC are broadly connected to most cell types 

in the PC, including layer 1 interneurons and layer 2/3 pyramidal neurons (personal 

communication, Dr. Ricardo. C. Araneda, Maryland University, 2021 Nov, SfN, online 

conference). 
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The ventral portion of the basal forebrain (including HDB, MCPO, and substantia 

innominata (SI)) is involved in feeding behaviors, including licking and swallowing 

(Harrison et al., 2016), making these brain structures plausible for feeding-induced aPC 

suppression. The dorsal part of the basal forebrain (ventral pallidum, VP) also consists of 

GABAergic neurons. It represents the hedonic values of food items (Tindell et al., 2006), 

suggesting its function in hedonic feeding. In the following paragraphs, I will focus on 

GABAergic modulation; there is further discussion of cholinergic modulation in the section 

below on the potential mechanism by neuromodulations. 

 

Fiber photometry of Ca2+ indicators showed that SST+ (but not PV+), GABAergic neurons 

in the HDB/MCPO activate upon receiving odors or rewards in Pavlovian conditioning 

tasks (Moss et al., 2022), proposing a possible temporal-matched GABAergic input to the 

aPC. GABAergic neurons in the basal forebrain can also actively drive feeding behaviors; 

Activating SST+ GABAergic neurons in the ventral basal forebrain (HDB, MCPO, and SI) 

promotes hedonic feeding, but not regular feeding with standard chow (Zhu et al., 2017). 

Activating the GABAergic neurons in the dorsal part of the basal forebrain VP triggers 

feeding behaviors for both hedonic feeding and also regular feeding. Optogenetic 

activation of the GABAergic ventral basal forebrain fibers in the LH can replicate the same 

effects of promoting hedonic feeding but not for regular feeding. A different study also 

showed similar results, i.e., activating basal forebrain GABAergic neurons can promote 

feeding, reward, and predatory (hunting) behaviors (Roman-Ortiz et al., 2021). Local 

activation of GABAergic basal forebrain neurons’ fibers projecting in the PAG can 

recapitulate the same behavioral alterations as by activation of their somata. Conversely, 

recent research demonstrated that the HDB GABAergic neurons are suppressed during 

feeding bouts mediated by GABAergic inputs from the LH (Cassidy et al., 2019). These 

studies, except for the last one, support the hypothesis that GABAergic neurons in the 

basal forebrain promote feeding behaviors and cause the suppression in the aPC during 

feeding.  

 

To verify these results, I tested several retrograde labeling methods with the aim of 

labeling the aPC-projecting GABAergic neurons in the HDB/MCPO/SI with GCaMP and 

performing Ca2+ imaging in the region during feeding. I mainly utilized retrograde labeling 

viruses to obtain circuit-specific basal forebrain neurons that project to the aPC. 
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Unfortunately, after testing many combinations of viral constructs and transgenic mouse 

lines, the efficacy of the retrograde labeling remained suboptimal, and only 1 out of all 

tested mice showed promising labeling (see Table 19 and Figure 48 to Figure 68 for 

examples), putting the imaging experiment on hold. After a few exchanges with the 

Araneda lab, I now have sufficient technical details (different Cre lines and viruses) for 

further testing. 

 
Table 19. Viral and transgenic mice combinations for retrograde labeling pre-synaptic regions of 
aPC. 

Virus Mouse line Expression in 

basal forebrain 

Expression in 

injection site 

(aPC) 

Expression in other 

brain regions 

Example figure 

AAVrg:: 

syn-flex-

GCaMP6f 

SST-Cre No expression Yes No expression Figure 48 

AAVrg:: 

syn-flex-

jGCaMP7f 

SST-Cre 

1 out of 4 mice 

shows labeling 
(Figure 49, 

Figure 50) 

Yes, but only 
for 44, 45 days, 

not for 57 days 

1 out of 4 mice 

shows expression 

in anterior and 
cortical amygdala. 

Others show no 

expression 

Figure 49, 

Figure 50, 
Figure 51, 

Figure 52, 

Figure 53 

HSV:: 

hEF1a -

LSL-

GCaMP6f 

SST-Cre No expression 

Yes, but only 

for 44 days 

(and is very 

sparse), not for 

80 days 

No expression 

Figure 54, 

Figure 55, 

Figure 56 

AAVrg:: 

syn-iCre-

RFP 

Ai148D (flox-

GCaMP6f) 

Yes, but very 

sparse 
Good 

Good expression in 

neocortex (insular 

cortex, S1/2) 

Figure 57, 

Figure 58, 

Figure 59 

AAVrg:: 

syn-flox-

ChR2-

EYFP 

SST-Cre No expression Barely No expression 
Figure 60, 

Figure 61 

Rabies:: 

Switch-Cre 

Ai148D (flox-

GCaMP6f) 
No expression Yes 

Good expression in 

OB 

Figure 62, 

Figure 63 

Rabies:: 

Switch-

Flpo 

Ai210D (flox-

flp-
No expression No expression No expression 

Figure 64, 

Figure 65, 

Figure 66 
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Virus Mouse line Expression in 

basal forebrain 

Expression in 

injection site 

(aPC) 

Expression in other 

brain regions 

Example figure 

GCaMP7f); 

SST-Cre 

(local injec-

tion in aPC 

and BF for 

testing) 

AAV:: 

hSyn-flpo 

Ai210D (flox-

flp-

GCaMP7f); 

SST-Cre 

No expression 

(meaning 
Ai210D; SST-

Cre combina-

tion is not a 

good strategy 

to capture GA-

BAergic neu-

rons in BF) 

Yes N/A 
Figure 67, 

Figure 68 
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Figure 48. AAVrg::flox-GCaMP6f injected in SST-Cre mice. 
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Figure 49. AAVrg::flox-jGCaMP7f injected in SST-Cre mice, example 1. One out of four injected mice showed 

successful retrograde labeling of basal forebrain SST+ neurons.  
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Figure 50. AAVrg::flox-jGCaMP7f injected in SST-Cre mice, example 1, continued. Left, zoom-in images of retro-

gradely labeled SST+ neurons in the basal forebrain (mostly in diagonal band nucleus) and the anterior/cortical amyg-

dalar areas. Right, same images with cell detection using Cellfinder. Bottom, the quantification of these retrogradely 

labeled neurons in the whole brain, the upper row is the exact cell count, the bottom row is the normalization of the 

brain region volumes (counts/mm3). Each column represents the left hemisphere (injected hemisphere), right hemi-

sphere, and both hemispheres.  
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Figure 51. AAVrg::flox-jGCaMP7f injected in SST-Cre mice, example 2. No expression in presynaptic neurons, 

only expression in aPC neurons. 
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Figure 52. AAVrg::flox-jGCaMP7f injected in SST-Cre mice, example 3. No expression of GCaMP7f in all brain 

regions. 
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Figure 53. AAVrg::flox-jGCaMP7f injected in SST-Cre mice, example 4. No expression of GCaMP7f in all brain 

regions. 
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Figure 54. HSV::flox-GCaMP6f injected in SST-Cre mice. 
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Figure 55. HSV::flox-GCaMP6f injected in SST-Cre mice, example 2. 
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Figure 56. HSV::flox-GCaMP6f injected in SST-Cre mice, example 3. 
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Figure 57. AAVrg::hSyn-Cre injected in Ai148 mice. 
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Figure 58. AAVrg::hSyn-Cre injected in Ai148 mice, example 2. Upper, images of brain sections with retrograde 

labeled neurons. Bottom, quantification of labeled neurons in different brain regions with Cellfinder.  
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Figure 59. AAVrg::hSyn-Cre injected in Ai148 mice, example 3. 
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Figure 60. AAVrg::flox-ChR2 injected in SST-Cre mice. Upper, images of brain sections with retrograde labeled 

neurons. Bottom, quantification of labeled neurons in different brain regions with Cellfinder. 
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Figure 61. AAVrg::flox-ChR2 injected in SST-Cre mice, example 2. 
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Figure 62. Rabies virus::switch-Cre injected in Ai148 mice. 
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Figure 63. Rabies virus::switch-Cre injected in Ai148 mice, example 2. Upper, images of brain sections with retro-

grade labeled neurons. Bottom, quantification of labeled neurons in different brain regions with Cellfinder. 
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Figure 64. Rabies virus::switch-flpo injected in Ai210; SST-Cre mice. 
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Figure 65. Rabies virus::switch-flpo injected in Ai210; SST-Cre mice, example 2. 
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Figure 66. Rabies virus::switch-flpo injected in Ai210; SST-Cre mice, example 3. 
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Figure 67. Local injection of AAV9::Syn-flpo virus in Ai210D; SST-Cre mice. 
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Figure 68. Local injection of AAV9::Syn-flpo virus in Ai210D; SST-Cre mice, example 2. 
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The central nucleus of the amygdala  
 

The central nucleus of the amygdala (CeA) consists of mostly GABAergic neurons and 

most subtypes of these GABAergic neurons have been reported to be involved in 

promoting appetitive behaviors (Kim et al., 2017) or predatory behaviors (Han et al., 2017). 

One exception is the protein kinase Cδ-expressing CeA (CeAPKCδ+) neurons, which inhibit 

most other GABAergic CeA neurons. The CeAPKCδ+ neurons are activated by various 

anorexigenic signals (Cai et al., 2014); these neurons show strong cFos expressions, an 

immediate early gene which was used as a proxy of neuronal activities when mice were 

re-fed after 24 hours fasting, injected with satiation hormones cholecystokinin (CCK), or 

injected with lithium chloride (LiCl) which induces nausea and visceral malaise, or with 

lipopolysaccharide (LPS), which triggers a wide range of inflammatory and sickness 

responses. By manipulating the CeAPKCδ+ neurons, the authors showed that 

optogenetically activating these neurons leads to suppression of feeding regardless of 

whether activating the neurons in closed-loop or open-loop manners, and optogenetically 

or chemogenetically silencing these neurons promotes feeding. Importantly, activating 

the CeAPKCδ+ neurons does not increase anxious behaviors in the mice. CeAPKCδ+ neurons 

mostly form monosynaptic inhibition to the CeAPKCδ- neurons, and photostimulation-

induced feeding suppression by activation of CeAPKCδ+ neurons is blocked by local 

infusion of bicuculline (a GABA receptor blocker), suggesting that the local GABAergic 

signaling in the CEA is required for feeding suppression. Additionally, optogenetically 

suppressing the CeAPKCδ- neurons can reduce the food intake, suggesting that this 

downstream subpopulation of CeA neurons contributes to the feeding suppression. While 

opto-activating these CeAPKCδ- neurons does not necessarily increase food intake, this 

may be explained by the heterogeneity of the CeAPKCδ- neurons. 

 

A different subpopulation of CeAPKCδ- neurons, the serotonin receptor 2a (Htr2a)-

expressing CeA GABAergic (CeAHtr2a) neurons were identified a few years later, and in 

vivo Ca2+ imaging of this subpopulation showed prominent activation during feeding 

(Douglass et al., 2017) and that the responses gradually increase throughout the meal, 

indicating these neurons also track satiation levels. Optogenetically and 

chemogenetically activating these neurons promotes feeding under ad libitum-fed 

conditions and other anorexigenic conditions such as following LiCl or LPS injections, 

suggesting that the CeAHtr2a neurons are the downstream targets of the CeAPKCδ+ neurons 
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and can overwrite the sickness-induced anorexia. Ablation of the CeAHtr2a neurons by 

diphtheria toxin-expressing AAV does not affect daily food intake or body weights, but 

decreases food consumption after fasting, suggesting that they are involved in high-

motivation feeding, but not in long-term energy homeostasis. Optogenetically silencing 

the CeAHtr2a neurons leads to less food consumption, mostly reducing feeding bout size 

but not the number of feeding bouts. A different study also suggests that CeAHtr2a neurons 

inhibit the PBN and promote feeding (Peters et al., 2023). This subpopulation of 

GABAergic CeA neurons may have projections to the aPC (Allen Institute, mouse brain 

connectivity experiment id: 299245589) and suppress the aPC during feeding. 

Connectivity studies are required to decipher the CeA to aPC circuit and whether this is 

the main source of binge feeding-induced aPC suppression. 

 

Another subpopulation of CeA GABAergic neurons, the CeA prepronociceptin-expressing 

neurons (CeAPnoc), also activate during feeding (Hardaway et al., 2019). CeAPnoc neurons 

share few overlaps of gene expression with the CeAPKCδ and CeAHtr2a neurons, with 

slightly more co-expression of SST, indicating that this subpopulation is genetically 

different from other CeA GABAergic neurons. CeAPnoc neurons respond to feeding with a 

higher proportion of activating neurons compared to other CeAPnoc- neurons. Ablation of 

these neurons leads to less HFD consumption and less body weight increases throughout 

one week, while consumption of regular chow is not affected. Ablation of CeAPnoc neurons 

also decreases palatable food (water sweetened by saccharin or sucrose) preference, 

thus inducing this subpopulation signals the palatability of food items. Similarly to the 

ablation experiment, chemogenetically suppressing the CeAPnoc neurons also results in 

increased HFD consumption but not normal chow. Activating CeAPnoc neurons is 

reinforcing motivation (more nose pokes), however activating CeAPnoc neurons or their 

downstream targets does not promote feeding, suggesting that CeAPnoc neurons may 

function on a longer time scale (related to neuronal ablation and chemogenetics 

experiments) instead of only for the short, brief activation with light stimulations. 

 

Taken together, GABAergic CeA neurons may contribute to the binge feeding-induced 

aPC suppression, especially the CeAHtr2a neurons, based on their neuronal dynamics 

during feeding and their anatomical projections. 

 

https://connectivity.brain-map.org/projection/experiment/299245589
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Zona incerta 
 

The zona incerta (ZI) is an elongated brain region within the posterior subthalamus 

consisting of GABAergic (Zhang and van den Pol, 2017) and dopaminergic (Ye et al., 

2023) neurons, and both types of neurons are involved in feeding behaviors by inhibiting 

the downstream projection to the paraventricular nucleus of the thalamus (PVT). Both 

neuron types are activated upon retrieving food pellets and then decrease their activities 

for around 10 seconds. ZI-DA neurons exhibit a stronger activation upon pellet retrieval 

and ZI-GABA neurons show a stronger and longer suppression when consuming the food 

pellets. Neuron ablation in the ZI reduces meal size and chemogenetically activating ZI 

neurons promotes feeding (de Git et al., 2021). 

 

While the neuronal dynamics of ZI neurons fit with the temporal profile of binge feeding-

induced aPC suppression, there is minimal projection from the ZI to the aPC (Allen Insti-

tute, mouse brain connectivity experiment id: 175018829), despite robust ZI projections 

in the layer 1 neocortex. The anatomical separation prohibits the ZI circuits, making it an 

unlikely mechanism for binge feeding-induced aPC suppression. 

 

Dorsomedial hypothalamus 
 

The dorsomedial hypothalamus (DMH) consists of GABAergic neurons that respond to 

food taste and serve as a negative feedback signal for satiation (Aitken et al., 2023) (see 

Discussion 4.2 above on how the sensory experience of food contributes to satiation). 

The DMH neurons inhibit appetite by inhibiting the AgRP neurons, resulting in an 

enhanced satiation level. Anatomically, DMH neurons project to the frontal cortices, 

especially to the insular cortex (including the gustatory cortex), with limited projection to 

the aPC. While it is possible to have differential projecting population neuronal dynamics 

in the subgroup of DMH neurons, this projection would suggest a stronger inhibition in 

the GC over the aPC based on the DMH fiber densities in these two areas, making this 

circuit unlikely to contribute to the binge feeding-induced suppression in the aPC. 

 

General GABAergic modulation 
 

https://connectivity.brain-map.org/projection/experiment/175018829?imageId=175018943&initImage=TWO_PHOTON&x=24672&y=21026&z=3
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Current efforts to search for the inhibitory modulation by binge feeding have not revealed 

the true inhibitory modulation. Including the abovementioned long-range GABAergic 

inputs, local GABAergic neurons in layer 1 of the aPC involved in the feedforward 

inhibition (Suzuki and Bekkers, 2010; Suzuki and Bekkers, 2012; Suzuki et al., 2022), 

despite it being unlikely (Bolding and Franks, 2018), may still overtake the excitation-

inhibition-ratio, resulting in a net inhibitory effect in the aPC excitatory neurons and PV+ 

and SST+ neurons. Imaging Ca2+ responses in the aPC layer 1 is challenging due to the 

geometry of the location; only a small portion of the prism tip is in contact with layer 1, 

and based on the excitatory aPC neuron cell map, it is unlikely that I have covered a 

sufficient field of view of layer 1 in the aPC. Regardless of circuit- and cell type-specific 

modulation, another way to examine whether such suppression is GABA-mediated is by 

testing the general GABA concentration in the aPC, which can be achieved by using a 

GABA sensor (e.g. iGABASnFR (Marvin et al., 2019)). With this approach, I can test if 

the GABA neurotransmitter mediates the suppression. However, this approach may still 

be obstrcted by the reduction of GABA release from the aPC PV+ and SST+ neurons, 

resulting in suboptimal validation of this hypothesis. 

 

4.3.2. Neuromodulations beyond DA and 5HT 
 

Acetylcholine 
 

Cholinergic (ChAT) neurons are mostly located in the basal forebrain and in the 

striatum/nucleus accumbens, and the former mostly projects widely and diffusely 

throughout the brain, while the latter one projects within the structure. 

 

Jackie Schiller’s lab (Technion - Israel Institute of Technology, Israel), during my personal 

communication with them regarding their unpublished work on cholinergic modulation in 

the aPC, reported that by optogenetically activating basal forebrain ChAT fibers in the 

aPC, aPC pyramidal neurons became more excitable (lower rheobase, increased resting 

membrane potentials), but weakened synaptic transmission (lower amplitude for 

EPSP/EPSC) of the recurrent fibers. This modulation may correspond with the binge 

feeding-induced aPC suppression by reducing recurrent inputs, though may not fit for the 
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cholinergic modulated increased signal-to-noise ratio, since the food-activated aPC 

neurons mostly do not respond to food items during binge feeding. 

 

Cholinergic projection from the basal forebrain to the aPC may contribute to binge 

feeding-induced aPC suppression since this population is also activated during feeding 

(Harrison et al., 2016). However, a separate research paper suggested that basal 

forebrain cholinergic neurons suppress feeding (Herman et al., 2016); optogenetic 

suppression of cholinergic neurons in the basal forebrain decreases food intake by 10-

20%, in both chronic and acute conditions. This suppression is likely to be due to direction 

projection from the basal forebrain to the ARC since light stimulation of cholinergic fibers 

in the ARC can also induce 10-20% food intake. Ablation of ChAT+ neurons or conditional 

knockout of the ChAT gene in the diagonal band of Broca (DBB) both induce overeating 

and obesity, suggesting a general function of cholinergic modulation in appetite 

suppression. 

 

While the neuronal dynamic of cholinergic neurons in the basal forebrain correlates nicely 

with the feeding behavior, with a promising projection to the aPC, its function is likely to 

trigger the onset of satiation to decrease food consumption, making it an unlikely potential 

neuromodulation mechanism. 

 

Noradrenaline / Norepinephrine 
 

Noradrenergic (NE) neurons in the locus coeruleus (LC) widely project to the neocortex. 

NE modulation is commonly linked to arousal, attention, and anxiety and it promotes 

learning and memory. LC-NE (dopamine-beta-hydroxylase positive neurons, Dbh+) 

neurons in the LC are activated upon approaching food items but are suppressed on 

feeding onset. Their amplitude scales negatively with the feeding progression (Sciolino et 

al., 2022). Optogenetic and chemogenetic activation of NE neurons reduces food intake, 

and this is through LC to lateral hypothalamus (LH) projections, whereby activating the 

LC fibers in LH can reproduce the same feeding inhibition. Inhibiting the LC noradrenergic 

neurons or noradrenergic fibers in LH does not affect feeding. LC NE neurons project 

broadly to the dorsal neocortex and strongly influence arousal and predictive coding. LC-

NE neurons also project to the aPC, and under the Alzheimer's disease model in mice, 

the LC-NE fibers are lost in the aPC, and mice showed a decreased odor discrimination 
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performance (Ghosh et al., 2019; Omoluabi et al., 2021). NE modulates aPC synapses 

by reducing EPSP in stimulating recurrent fibers at layer 1b and weakly reduces the EPSP 

of layer 1a fiber stimulation (Hasselmo et al., 1997). The phasic activation of LC-NE 

neurons upon approaching food may introduce a reduction of network activity in the aPC, 

although the sustained suppression in the aPC may be recruited by a different circuit. On 

the contrary, a different study shows that NE concentration in the LH is not modulated 

during feeding (Feng et al., 2019), which may suggest that NE is generally not involved 

in feeding control in the hypothalamic regions. Whether there are direct noradrenergic 

projections from the LC to the aPC is still unclear. A connectivity verification would be 

necessary before continuing the validation of noradrenergic modulation in feeding. A NE 

sensor, e.g. GRABNE (Feng et al., 2019), could be utilized to test this hypothesis by 

measuring the dynamics of NE concentrations within the aPC. 

 

4.3.3. Summary of potential mechanisms of aPC suppression during binge feeding 
 

In this thesis, despite extensive explorations, I could not easily identify the circuit 

mechanisms of binge feeding-induced aPC suppression. The abovementioned brain 

circuits and neuromodulatory systems may contribute to the phenomenon, with the basal 

forebrain GABAergic neurons and CeAhtr2a neurons as the best candidates based on their 

functional role in feeding regulation and connectivity with the aPC. Notably, the list of 

potential aPC modulations is not exhaustive. Many other potential modulations can also 

be involved in the process, e.g. homeostasis hormones (Ghrelin, Insulin, Leptin, and GLP-

1 signalings, etc). These hormones are currently excluded from the discussion, mainly 

due to their slow kinetics (tens of minutes during meals), which are unlikely to be time-

locked with the feeding rate-dependent dynamics (seconds) I observed in the thesis. For 

clarity, I have summarized all the potential mechanisms of binge feeding-induced aPC 

suppression, both tested and hypothesized, in Table 20.  
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Table 20. Potential mechanisms for binge feeding-induced aPC suppression. 

Potential 

mechanisms 

Brain 

regions 

involved 

Neuronal 

dynamics 

Anatomical 

connectivity and 

receptors 

Probability of true Confirmation 

Input reduction OB 
Unknown be-

fore this study 

Direct 

projection 
High 

Rejected. 

 
No reduction in 

OB mitral cells 

during binge 

feeding (Figure 

26). 

GABAergic aPC Unknown 

Direct 

projection 
(Large et al., 

2016a; Large et 

al., 2018; Large 

et al., 2016b; 

Bolding and 

Franks, 2018) 

High 

Rejected. 

 
Strong 

suppression is 

observed in PV+ 

and SST+ aPC 

neurons during 

binge feeding 

(Figure 28). 

GABAergic 
Basal 

forebrain 

Matched 

(Harrison et 

al., 2016); but 

see (Cassidy 

et al., 2019) for 

opposite find-

ing. 

Direct 
projection. 

(Allen institute 

mouse brain 

connectivity ex-

periment id: 

299245589) 

(Do et al., 2016) 

High 

Yet to be tested, 

see Discussion 

4.3.1.1 

GABAergic CeA 

Matched (for 

CeAHtr2a 

neurons)  

(Douglass et 

al., 2017; 

Peters et al., 

2023) 

Semi-direct 

projection. 

(Allen institute 

mouse brain 

connectivity ex-

periment id: 

127761449, 

note this is with-
out cell-type-

specificity) 

Medium Yet to be tested. 

https://connectivity.brain-map.org/projection/experiment/299245589
https://connectivity.brain-map.org/projection/experiment/127761449
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Potential 

mechanisms 

Brain 

regions 

involved 

Neuronal 

dynamics 

Anatomical 

connectivity and 

receptors 

Probability of true Confirmation 

GABAergic ZI 

Matched 

(Zhang and 

van den Pol, 
2017) 

Sparse projec-

tion. 

(Allen institute 

mouse brain 
connectivity ex-

periment id: 

175018829) 

Low Yet to be tested. 

GABAergic DMH 

Matched 

(Aitken et al., 

2023) 

Unclear. 

There are direct 

excitatory 

projection to 

aPC, but more 
densely project 

to other brain 

regions 

including insular 

cortex. 

(Allen institute 

mouse brain 

connectivity ex-
periment id: 

304617742, 

note this experi-

ment is done in 

excitatory Cre 

line) 

Low Yet to be tested. 

Serotonergic DRN 

Matched 

(Ren et al., 

2018; Li et al., 

2016; Zhong et 

al., 2017; 

Paquelet et al., 

2022) 

Direct 
projection 

(Lottem et al., 

2016) 

 

Matched 

receptor types: 

(Piszár and 

Lőrincz, 2022; 
Sheldon and 

Aghajanian, 

High 

Rejected. 

 

I found 

decreased 

serotonin 

release during 

both slow and 
binge feeding. 

https://connectivity.brain-map.org/projection/experiment/175018829
https://connectivity.brain-map.org/projection/experiment/304617742
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Potential 

mechanisms 

Brain 

regions 

involved 

Neuronal 

dynamics 

Anatomical 

connectivity and 

receptors 

Probability of true Confirmation 

1991; Wang et 

al., 2020a) 

Dopaminergic VTA/SNc 

Matched 

(Schultz, 

2016; Schultz 

et al., 1997) 

Direct but 

sparse 
(Aransay et al., 

2015) 

 

Matched 

receptor types: 

(Zhang et al., 

2021b; Ahlgren-

Beckendorf and 
Levant, 2004; 

Robinson and 

Caron, 1997) 

Medium 

Rejected. 

 

I found 

decreased 

dopamine 

release during 

both slow and 

binge feeding. 

Cholinergic 
Basal 

forebrain 

Matched 

(Harrison et 

al., 2016) 

Direct 

projection. 

(Do et al., 2016) 

Medium-low 

 

Cholinergic 

modulation seems 

to have 
suppressing effect 

on feeding 

(Herman et al., 

2016), does not 

match with the 

aPC suppression 

promotes feeding 
results I presented 

in this thesis. 

Yet to be tested. 

Noradrenergic LC 

Mismatched 

(Sciolino et al., 

2022) 

Direct projec-

tion. 

(Ghosh et al., 

2019; Omoluabi 

et al., 2021; 

Hasselmo et al., 
1997) 

Medium-low  Yet to be tested. 
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Potential 

mechanisms 

Brain 

regions 

involved 

Neuronal 

dynamics 

Anatomical 

connectivity and 

receptors 

Probability of true Confirmation 

Global 

suppression 

during binge 

feeding  

Unclear Unclear Unclear Medium-high 

Rejected. 

 

I tested with 

recording in the 
GC but no binge 

feeding-

induced 

suppression is 

observed. 

 

4.4. The potential downstream target of aPC regulates feeding 
 

In this study, I have shown that aPC suppression regulates feeding, even though it has 

not been identified how the olfactory cortex suppression leads to the feeding/appetite. 

Here, I will discuss a few potential downstream target areas that might be involved in 

feeding regulation. 

 

4.4.1. aPC projection to the hypothalamus 
 

Arcuate nucleus of the hypothalamus 
 

A recent preprint has tried to link the connection between the olfactory areas to the 

neurons in the arcuate nucleus (ARC) of the hypothalamus, the AgRP, and POMC 

neurons, respectively (Kuang et al., 2023). They found that higher olfactory areas, 

including the posterior piriform cortex (pPC), the olfactory tubercle, and the posterior 

lateral cortical amygdala, indirectly project to both AgRP and POMC neurons. The direct 

projection from the olfactory area to the ARC is the medial amygdala. In this study, the 

aPC was not included in the analysis, thus it was not determined aPC has an indirect 

projection to the ARC. 

 

These direct and indirect links may explain odor-driven rapid neuronal modulation in the 

AgRP/POMC neurons. AgRP and POMC neurons are differentially modulated by feeding, 



Discussion  157 

whereby AgRP neurons are suppressed by feeding and POMC neurons are activated, 

respectively. Although the AgRP and POMC neurons are already modulated slightly 

before the feeding onset (~2 to tens of seconds), this rapid modulation of ARC neurons 

is more likely to be driven by the sensory detection of food instead of the food flavor itself 

(Betley et al., 2015; Chen et al., 2015), which is different from my observation here that 

the aPC modulation only takes place after feeding onset. In my histology results (Figure 

69), no clear projection from the aPC excitatory neurons to the ARC can be observed, 

suggesting very little direct projection. This result coincides with the abovementioned ret-

rograde tracing results (Kuang et al., 2023), in that the PC does not directly project to the 

ARC.  

 

Ventromedial hypothalamus 
 

In my aPC excitatory fiber projection data, I noticed a semi-dense projection to the 

ventromedial hypothalamus (VMH), which has been reported to have a satiation function 

(Zhang et al., 2020) and is also known for other functions in aggressive and maternal 

behaviors (Lin et al., 2011; Mei et al., 2023). Early studies showed that lesioning VMH 

leads to overeating (Balagura and Devenport, 1970; Becker and Kissileff, 1974; Berthoud 

and Jeanrenaud, 1979; Brooks et al., 1946; Epstein, 1960; Larkin, 1975; Maes, 1980), 

and chemogenetically (Coutinho et al., 2017; Viskaitis et al., 2017) or optogenetically 

activating of VMH neurons triggers satiation (Zhang et al., 2020). The satiation effect from 

activating VMH neurons is mediated by the downstream excitatory projections to the 

paraventricular thalamus (PVT), a thalamic gate between hypothalamic and brainstem 

regions. Suppression of PVT neurons via ZI GABAergic (Zhang and van den Pol, 2017) 

inputs or AgRP GABAergic (Horio and Liberles, 2021) inputs can robustly promote 

feeding behaviors. In this working hypothesis, reduced odor input from the aPC to the 

VMH can decrease VMH network excitation levels, therefore decreasing the satiation 

signal to the PVT. To verify this idea, I should be able to repeat my optogenetic 

suppression experiment and suppress aPC fibers in the VMH. 
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Figure 69. Projection of excitatory aPC neurons. Abbreviations: OB, olfactory bulb, IL, infralimbic cortex, DP, dor-

sal peduncular cortex, DTT, dorsal tenia tecta, IG, indusium griseum, VP, ventral pallidum, LPO, lateral preoptic area, 

BSTM, bed nucleus of the stria terminals, medial division, SI, substantia innominata, MCPO, magnocellular preoptic 

nucleus, HDB, nucleus of the horizontal limb of the diagonal band, Tu, olfactory tubercle, dCA1, dorsal hippocampal 

CA1, st, stria terminalis, VPMpc, ventroposteromedial nucleus of the thalamus, vCA1, ventral hippocampal CA1, 

SNR, substantia nigra, reticular, lENT, lateral entorhinal cortex. 

 

Lateral hypothalamus 
 

The lateral hypothalamus (LH) is another important feeding-related brain region, where 

activating LHVGAT and inhibiting LHVGLUT2 neurons increases food intake through direct 

projections to the ventral tegmental area (VTA), the reward center hosting dopaminergic 

neurons. ARC AgRP neurons inhibit LH, and this suppression drives foraging and feeding 

behaviors. Upon feeding, different subpopulations of LH GABAergic neurons are 

activated by appetitive behavior (nose poke) or consummatory behavior, with a few 

shared neurons responding to both behaviors (Jennings et al., 2015). A reduced inhibition 
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from other inhibitory neurons (D1 MSN) to LH GABAergic neurons is also required to 

sustain feeding bouts as a filter for distractions (O’Connor et al., 2015). 

 

While it is unclear if aPC neurons directly project to the LH, a related study on the 

GABAergic neurons in the ventral olfactory nucleus (VON) found projections to the LH 

(Murata et al., 2019). In the same study, several LH-projecting aPC neurons were also 

observed in the images, despite the numbers of projecting neurons being much lower and 

the cell type not being specified. In my excitatory aPC fiber projection results, there do 

not seem to be fibers projecting to the LH, while an alternative explanation could be that 

this aPC to LH circuit is GABAergic and thus is not captured by the excitatory projection 

result. 

 

4.4.2. aPC projection to the gustatory cortex/insular cortex 
 

The gustatory cortex (GC), located right above the aPC, is the first cortical area for 

gustatory processing in the dorsal part of the insular cortex. The GC has extensive 

reciprocal functional connections with the aPC (Blankenship et al., 2019; Maier et al., 

2015; Maier et al., 2012; Samuelsen and Fontanini, 2017; Vincis and Fontanini, 2016). 

This interconnection indicates a direct interaction of olfactory and gustatory signals in 

both cortical areas, whereby scientists have discovered taste responses in the PC (Maier 

et al., 2012) and smell responses in the GC (Samuelsen and Fontanini, 2017; Vincis and 

Fontanini, 2016). Several studies have suggested the functional role of GC in olfactory 

learning (STFP) (Fortis-Santiago et al., 2010) and olfactory processing (Blankenship et 

al., 2019; Maier et al., 2015). 

 

The insular cortex (IC) has active roles in integrating emotional processing, interoception, 

and feeding control. A study on the unilateral IC circuit of feeding control has revealed 

that in the right hemisphere, but not the left hemisphere, anterior IC (aIC), is activated 

upon LiCl-, LPS-, and Cisplatin-injection-induced discomfort, representing the unpleasant 

physiological states (Wu et al., 2020). Optogenetically activating the excitatory neurons 

in the right aIC suppresses feeding, while suppressing these excitatory neurons promotes 

feeding, suggesting that the right aIC directly inhibits feeding behavior upon artificial 

activation of discomfort representation. The right aIC directly projects to the LH, and 
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activating or suppressing aIC excitatory fibers in the LH can replicate the feeding 

suppression or promotion. The recording site of this research is likely to include the GC, 

despite the authors not specifying the optical fiber cannula implantation site in greater 

detail. 

 

During binge feeding, the absence of odor signals from the aPC to the GC may also 

contribute to decreasing general activity in the insular cortex and promote feeding. 

However, I did not observe differences in GC responses across different feeding rates, 

suggesting that there is no general reduction of neuronal activities. Thus, the binge 

feeding-induced overeating is not likely to be contributed by the GC or IC. An important 

limitation here is that I only recorded the GC in the left hemisphere, so different neuronal 

dynamics can still be possible in the right GC/IC during binge feeding. Another limitation 

is that I performed the recording in the non-specific neuronal populations in the GC 

instead of only CaMK2+/excitatory neurons (see Methods 2.1), thus exact neuronal 

responses may be masked by the mixture of cell types. To elucidate the contribution of 

GC/IC in feeding control caused by aPC suppression during binge feeding, recording from 

the right hemisphere excitatory GC neurons may demonstrate whether a general activity 

reduction is inherited from aPC and, therefore, promotes feeding. 

 

4.4.3. aPC projection to the orbitofrontal cortex 
 

The orbitofrontal cortex (OFC) is known to be involved in decision-making and reward 

processing. Both olfactory and gustatory signals converge in the OFC (Barreiros et al., 

2021), where they represent flavor perception (Small, 2012) and encode flavor hedonics. 

One recent study reported that mice would increase licking behaviors during reward 

presentation by directly optogenetically activating the feeding-responsive OFC neurons 

(Jennings et al., 2019). Notably, stimulation of feeding-responsive OFC neurons does not 

increase licking if no rewards or non-caloric rewards are presented, indicating that the 

functional role of these feeding-responsive OFC neurons is relevant to caloric nutrients 

rather than to just reward or licking behaviors. aPC neurons extensively project to the 

prefrontal cortex including the OFC (Chen et al., 2014), suggesting that odor information 

is further transferred to the frontal cortex for decision-making and reward processing. 
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In the presence of binge feeding, the odor encoding in the aPC is mostly suppressed, 

indicating a much lower input transfer from the aPC to the OFC. Since both odor signals 

and taste signals converge at the OFC, the divergence of these two signals may cause a 

massive alteration in flavor perception, and such an alteration may contribute to the 

hedonic coding, which promotes more feeding-related behaviors like licking. My 

colleagues and I recently started miniscope recording in the OFC, and the preliminary 

results suggest that binge feeding induces a similar suppression to that I had observed 

in the aPC. Further examination of whether the feeding-responding OFC neurons remain 

active during binge feeding, which may support the hedonic encoding flavors, is currently 

under investigation. 

 

4.4.4. aPC projection to the ventral hippocampal formation 
 

The ventral hippocampal formation (vHPF) is involved in emotional memory consolidation 

through intense connectivity with the basolateral amygdala (BLA) and medial prefrontal 

cortex (mPFC) (Pronier et al., 2023). Interestingly, new studies have shown the potential 

roles of vHPF in regulating feeding behaviors (Mohammad et al., 2021; Wee et al., 2023). 

One is through ventral subiculum (vSub) projection to the somatostatin (TNSST) neurons 

in the mouse hypothalamic tuberal nucleus, potentiating the contextual feeding conditions 

(Mohammad et al., 2021). Chemogenetic suppression of vSub neurons or the TNSST-

projecting vSub blocks conditioned feeding behaviors, however, while chemogenetic 

activation of vSub is not sufficient to promote more feeding behaviors, indicating that the 

temporal dynamics of this vSub-TN circuit are crucial for the circuit manipulation. 

 

A different study showed that two different populations of the ventral CA1 and subiculum 

(vS) area of the ventral hippocampus project to two brain areas (Nucleus Accumbens 

(NAc) and LH, respectively), and only the NAc-projecting vS (vS-NAc) neurons are 

suppressed during the transition from food investigation to feeding onset (Wee et al., 

2023). Activating the vS-NAc neurons, both optogenetically and chemogenetically, largely 

decreased the transition probability from food investigation to feeding, suggesting a 

functional role of vS in feeding controls. 
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In my aPC excitatory fiber projection data, I observed a known strong aPC-vHPC 

projection (Figure 69). While this projection was mostly assumed to be involved in odor 

memory formation, it may have additional roles in feeding behaviors. When the aPC is 

suppressed, the inputs from the aPC to the vHPC are also largely decreased, supporting 

the suppression in the vHPC during feeding transitions. The temporal dynamics may not 

necessarily match since the vHPC suppression seems to take place slightly earlier than 

the investigation-feeding transition. In contrast, binge feeding-induced aPC suppression 

happens upon feeding onsets, making this connection a less likely mechanism of aPC 

suppression driven by feeding promotion. 

 

4.4.5. Other unknown aPC projections 
 

A few additional aPC targets were discovered in my projection study, including the 

substantia nigra, the red nucleus, the reuniens nucleus, the perireuniens nucleus, and 

the ventroposterior medialis parvocellularis nucleus of the thalamus. While these areas 

are not necessarily known for being homeostasis controls, they may have unexplored 

roles in feeding controls. Further studies are needed to explore the potentialities of these 

downstream brain regions in feeding rate-dependent feeding controls. 

 

4.4.6. Summary of potential downstream targets of aPC feeding regulation 
 

In summary, several potential downstream brain areas are proposed here to be the 

functional targets of binge feeding-induced suppression in the aPC, of which, 

hypothalamic areas including the ARC, VMH, and LH, and cortical areas like the IC are 

the most prominent candidates. These areas have been reported to have crucial roles in 

regulating feeding behaviors and functionally manipulating aPC axons in these regions 

during feeding can be used to verify their exact contribution to binge feeding-induced 

overeating. 

 

4.5. Evolutionary perspective on feeding-induced sensory modulation 
 

In this thesis, I have revealed a new modulation of olfactory flavor representation by binge 

feeding that promotes overeating. One unsolved question in this research remains: what 
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is the binge feeding-induced aPC suppression good for? Is there a beneficial function of 

sensory suppression during binge feeding? 

 

From an evolutionary perspective, where food accessibility is mostly limited, overeating 

would be pro-survival; securing more calories and nutrients than the individual needs at 

the given moment is beneficial since one would not know when the next meal will be 

available. Following the same line, binge feeding-induced sensory suppression may be 

an evolutionary conserved mechanism to reduce satiation and promote a better survival 

chance. Following the enrichment of food accessibility of the modern era that human 

beings are faced with nowadays, this preserved mechanism becomes problematic; an 

increased eating rate is commonly linked to overeating (Hall et al., 2019) and obesity 

(Ohkuma et al., 2015), while reducing the eating rate can effectively control food 

consumption (Bolhuis et al., 2014a; Bolhuis et al., 2014b; Hurst and Fukuda, 2018; Scisco 

et al., 2011; Bolhuis et al., 2013).  

 

4.6. Implications for the clinical relevance 
 

In modern societies with excessive accessibility to hedonic food items, loss of control 

during fast eating, commonly referred to as binge eating, is a usual phenomenon that 

individuals experience. A frequent loss of control over eating may lead to eating disorders, 

including binge eating disorders and bulimia nervosa. Among other treatments, the most 

effective ones are behavioral interventions, usually referred to as “mindful eating”. This 

means paying attention to one's experiences of eating, body-related sensations, and 

thoughts and feelings about food, with elevated awareness. One aspect of mindful eating 

focuses on slowing down the eating process, which increases the full experience of food 

flavors and the awareness of the satiation signals. Recent studies in human behavior 

fields have demonstrated that fast eating is associated with overeating and obesity, which 

is enhanced by high-processed food products that tend to require less chewing and 

contain higher sugar and fat content. Slowing down feeding rates has also been shown 

to be an effective intervention and largely beneficial for weight control. By changing food 

textures such as decreasing the bite or sip size (Bolhuis et al., 2013; Bolhuis et al., 2014b) 

and increasing the crunchiness (Bolhuis et al., 2014a), scientists have successfully 
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shown that, without decreasing the pleasantness of eating food, people eat much less 

than they would usually do. 

 

Despite slowing down eating being an effective approach to treating eating disorders and 

weight control, the underlying neural mechanism of this feeding rate-related modulation 

has not been explored. To my knowledge, this is the first ever study that demonstrates 

that eating speed has a direct impact on satiety via modulating cortical flavor 

representation with real-time in vivo physiological recordings and optogenetic 

manipulation. With this thesis, I provided new insights into how flavor representation is 

modulated and also modulating feeding behaviors and complemented the long-lasting 

knowledge gaps between the clinical practices and the circuit-level mechanisms in the 

metabolic field and sensory neuroscience fields. 
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5. Conclusions  

In the present study, I have demonstrated that the feeding rate has a strong impact on 

olfactory flavor representations, but not on gustatory representations. The binge feeding-

induced modulation in the aPC extends to most cell types in the aPC, but the OB output 

neurons and the GC neurons are not affected. I have further illustrated that the strong 

neuronal suppression in the aPC during binge feeding functions as a reduction of satiation, 

which promotes food consumption by lengthening the feeding bouts, providing a 

surprising role of cortical olfaction during feeding. While the exact suppression 

mechanism remains to be discovered, the extensive efforts of exploring the possible 

circuits have excluded several crucial, but parallel, circuits that may contribute to the 

binge feeding-induced neuronal modulations. Given that this is the first study on feeding 

rate modulations on flavor perceptions, these results provide the basis for new ideas for 

future research in the sensory neuroscience and metabolic fields, which could lead to a 

better understanding of how the brain and body interact with the world, from the nose and 

the mouth to the gut between each bite. 
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Promotionsvorhaben wahrgenommen hat. Folgende Beratungstermine wurden wahrgenommen: 

 29.01.2023 

Folgende wesentliche Ratschläge hinsichtlich einer sinnvollen Auswertung und Interpretation der 

Daten wurden während der Beratung erteilt: 

  Lineare gemischte Modelle 

 T-Test und Multiple Tests Korrektur 

 Cohens D als Effektgröße 

Diese Bescheinigung garantiert nicht die richtige Umsetzung der in der Beratung gemachten 

Vorschläge, die korrekte Durchführung der empfohlenen statistischen Verfahren und die richtige 

Darstellung und Interpretation der Ergebnisse. Die Verantwortung hierfür obliegt allein dem 

Promovierenden. Das Institut für Biometrie und klinische Epidemiologie übernimmt hierfür keine 

Haftung. 

 

Datum:       Name des Beraters\ der Beraterin:   

06.02.2024      Camilo J. Hernandez-Toro 
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