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Hypothalamic Circuits in the Control of Feeding and Emotional Behaviors 

  

Leandra Rosa Mangieri, M.S. 

Advisory Professor: Qingchun Tong, Ph.D. 

 

Feeding results from the integration of both nutritional and affective states, and is guided by 

complex neural circuitry in the brain. The hypothalamus is a critical center controlling feeding 

and motivated behaviors. We found that targeted photostimulation of projections from the 

lateral hypothalamus (LH) to the paraventricular hypothalamus (PVH) in mice elicited 

voracious feeding and repetitive self-grooming behavior. GABA neurotransmission in the 

LHPVH circuit mediated the evoked feeding behavior, and elicited behavioral approach, 

whereas glutamate release promoted repetitive self-grooming, which was stress-related in 

nature. Optogenetic inhibition of LHGABA
PVH circuit reduced feeding after fasting, whereas 

photostimulation abruptly stopped ongoing self-grooming and immediately elicited feeding. 

Oppositely, optogenetic inhibition of LHGlutamate
PVH circuit reduced repetitive self-

grooming, whereas photostimulation suppressed fast-refeeding in exchange for repetitive 

self-grooming. Optogenetically activating and silencing PVH neurons directly recapitulated 

these findings, and demonstrated the necessity of glutamatergic PVH neurons in mediating 

the competition between self-grooming and feeding. Together, these results provided 

evidence that the mutually exclusive nature of feeding and self-grooming behaviors are in 

part mediated by distinct components in the LHPVH circuit. 

Interestingly, photostimulating PVH neurons with greater intensity promoted 

transitions from grooming to frantic escape-jumping, suggesting scalability of stress-related 

behaviors mediated by PVH neural activity. Because evoked jumping resembled attempts to 

escape, we posited PVH neurons mediate defensive responses. Validating this, 
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photostimulating PVH neurons induced avoidance and increased locomotion, two classic 

behavioral indicators of active defense strategies. Anterograde tracing showed that PVH 

neurons densely projected to the midbrain region in and surrounding the ventral tegmental 

area (VTA), a brain region well-known for its roles in motivated behaviors. Indeed, 

photostimulation of PVHmidbrain projections produced escape behaviors and conditioned 

place aversion. Combined optogenetic and chemogenetic experiments showed that 

glutamatergic-midbrain neurons were required for escape behaviors. Further, glutamatergic-

midbrain neurons displayed increased neural population activity in vivo during a fear-

provoking situation, validating a role for this population in processing threat.  

Taken together, our work reveals novel hypothalamic circuits in the control of 

feeding, emotional valence, and behaviors related to stress and defense. These findings 

shed light on possible neural mechanisms underlying complex disease states characterized 

by feeding abnormalities, anxiety and fear.  
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Chapter 1.  

Background and Significance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Introduction 

“First we eat, then we do everything else.”  -M.F.K Fisher, American food writer 

The simplest action for all forms of life is the act of consuming food for nourishment. 

As modern humans, most of us make decisions regarding the timing, choice, and amount of 

foods we consume on a daily basis. Unfortunately, such modern luxuries, as well as 

lifestyles permitting less movement in daily activities, have been concomitant with the 

widespread emergence of obesity, eating disorders, and metabolic dysregulation2, 3. The 

“obesogenic” environment we inhabit today favors alterations in eating behavior and poor 

food choice4, 5. The consequence of repeated overconsumption of cheap, highly palatable 

foods results in physiological alterations that promote adiposity and continued eating beyond 

homeostatic need6, 7. Recently, much effort has been put into researching how the body 

responds to over- or under-consumption of food, and it has become increasingly clear that 

neural mechanisms in the central nervous system (CNS) drive the pathological perturbations 

in feeding and body weight8, 9. It is to our advantage that we have a complete and accurate 

picture of how the CNS regulates energy homeostasis and feeding, as we can use the basic 

knowledge as entry points for developing novel strategies targeting brain systems causal to 

dysregulated feeding behavior and energy metabolism.  

Brain circuits involved in feeding are complex and intricately connected to control the 

homeostatic, emotional, motivational, and cognitive aspects of feeding8, 10. These systems 

have evolved to promote optimal feeding strategies in changing environmental contexts in 

order to enhance survival11-13. In the following sections, I will outline key brain circuits and 

neurotransmitter systems involved in homeostatic and non-homeostatic aspects of feeding, 

and how they converge to guide feeding decisions based on interoceptive and emotional 
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processing. Additionally, I will describe the technological framework that has allowed precise 

dissection of cell types and circuits implicated in feeding-related behaviors. 

Homeostatic Feeding 

Hypothalamus and Brainstem 

Arcuate Nucleus 

The hypothalamus occupies a small region at the base of the forebrain, and contains 

spatially distinct neighboring nuclei that coordinate a variety of homeostatic and autonomic 

processes essential for survival (Figure 1). First-order energy sensing neurons reside at the  

base of the third ventricle in a region called the arcuate nucleus (Arc). Arc consists of agouti-

related protein (AGRP)/neuropeptide Y (NPY) and pro-opiomelanocortin (POMC) neurons 

(referred to as ArcAgrp and ArcPomc, respectively), as well as other populations including 

glutamatergic, GABAergic, and dopaminergic neurons14, 15. ArcAgrp neurons are well-known 

Figure 1. The hypothalamus is composed of several spatially clustered 

neural populations. (Left) Location of the hypothalamus at the base of the 

forebrain. Dashed lines indicate a coronally-cut section of the hypothalamus 

shown on the right. (Right) Simplified diagram of hypothalamic nuclei involved in 

feeding behavior and energy metabolism. III, third ventricle; arc, arcuate nucleus; 

DMH, dorsomedial hypothalamus; LH, lateral hypothalamus; PVH, paraventricular 

hypothalamus; VMH, ventromedial hypothalamus. 
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for their ability to stimulate feeding, conserve energy, and promote weight gain16-18; whereas 

ArcPomc neurons exert feeding inhibition, energy wasting, and weight loss17, 19, 20. Genetic and 

ablation studies support the significance of these populations on feeding and body weight 

regulation. Targeted ablation of ArcAgrp cells in the postnatal period has been shown to 

cause anorexia and wasting21-23, whereas postnatal ArcPomc neuron ablation promotes 

hyperphagia and weight gain23. Further corroborating evidence for opposing roles of these 

neurons comes from human studies that show polymorphisms or mutations in AGRP and 

ArcPomc genes are associated with anorexia24 and obesity25, respectively. 

ArcAgrp and ArcPomc cells have been described as interoceptive sensory neurons that 

respond to peripheral signals, adjusting homeostatic processes related to energy balance in 

accordance to humoral input26. Both populations express receptors for circulating factors 

reflecting nutrient status; these include hormones and peptides released by adipose tissue 

and endocrine cells in the gut and pancreas27. Satiety signals, such as insulin via pancreatic 

secretion and leptin via adipose secretion, inhibit ArcAgrp cells28, 29 and activate ArcPomc 

cells30, 31, whereas hunger signals, such as the gut-derived hormone, ghrelin, activate ArcAgrp 

29, 32 and inhibit ArcPomc neurons32. Changes in ArcAgrp and ArcPomc neural activity via 

circulating factors are thought to significantly mediate the long-term homeostatic 

adjustments in feeding behavior and energy expenditure27. At the same time, both Arc 

populations have been shown to rapidly alter activity during food presentation33; in vivo 

population recodings34 as well as single cell monitoring35, 36 showed that food presentation 

alone caused a drop in ArcAgrp neural activity34-36, which persisted during food consumption34. 

In contrast, ArcPomc neurons responded to food presentation by rapidly increasing activity34, 

36, and remained elevated as mice approached and ate food34. These findings indicate that 

not only do Arc neurons respond to long-term energy status, they also acutely drive feeding 

by rapidly altering neural activity in response to sensory cues.  
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Supporting the role of Arc neurons in rapidly modulating feeding behavior, direct 

manipulation of ArcAgrp neurons has shown that excitation of this population acutely drives 

feeding16, 18, whereas inhibition promotes hypophagia in the calorically-depleted state18. 

However, chronic activation of ArcPomc neurons is required to produce a hypophagic 

response16, 19, and long-term inhibition is needed to precipitate higher food intake17. Thus, 

the evidence suggests that activity dynamics of ArcAgrp and ArcPomc are intricately linked to 

coordinate rapid changes in feeding behavior with slower homeostatic processes in 

response to food intake.33 

One of the mechanisms by which ArcAgrp and ArcPomc neurons exert their respective 

actions on feeding is by targeting melanocortin-4 receptors (MC4Rs) in downstream brain 

sites37. AgRP, a neuropeptide released by ArcAgrp cells, antagonizes MC4Rs38-40, and 

promotes neuronal hyperpolarization41. Oppositely, α-MSH, a cleavage product of POMC, is 

released by ArcPomc neurons and acts as an MC4R agonist42, leading to neuronal 

activation41. AgRP and α-MSH signaling on downstream MC4R-expressing neurons is 

proposed to underlie protracted adjustments in feeding behavior based on long-term energy 

status16, 17, 37, 43. By contrast, rapid changes in feeding via Arc neurons require fast-acting 

neurotransmitter release. For instance, GABA and NPY, fast-acting inhibitory 

neurotransmitters released by ArcAgrp cells, account for the acute elevation of feeding 

induced by ArcAgrp neuronal activation17, 43, and the fast-acting excitatory transmitter, 

glutamate, released from Arc-neurons (ArcVglut2) co-expressing the oxytocin receptor, 

attenuates feeding in the short-term44. A separate Arc population demarked by neurons co-

releasing GABA and dopamine (a slow-acting neuromodulator) has also been shown to 

acutely drive feeding, presumably by GABA action on downstream sites combined with 

enhanced inhibitory role of dopamine45. Together, these studies have underscored the 

importance of Arc neuron populations in feeding and energy balance. A unifying 
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downstream site for their action resides in a nearby hypothalamic site called the 

paraventricular hypothalamus (PVH). 

Paraventricular Hypothalamus 

The PVH is a heterogenous region that contains a variety of non-peptidergic and 

peptidergic-expressing cells, including those that express oxytocin, vasopressin, thyrotropin-

releasing hormone (TRH), and corticotropin-releasing hormone (CRH)46. Neuropeptide-

releasing cells in the PVH have an integral part in neuroendocrine control of certain 

homeostatic functions, such as reproduction and stress response. Additionally, lesions of 

the PVH produce hyperphagia and obesity47-49, demonstrating the significance of PVH 

neurons in metabolism and feeding regulation. It was later discovered that PVH abundantly 

expresses MC4Rs50, 51, which are critical for body weight regulation, as MC4R insufficiency 

in both mice and humans leads to early-onset obesity52-54. Interestingly, genetic deletion of 

MC4R in PVH neurons causes hyperphagia and weight-gain55, whereas restoration of the 

receptor only in PVH neurons, on an otherwise MC4R deficient background, greatly 

attenuates the obese phenotype50, 55, suggesting that MC4R expression on PVH neurons is 

necessary and sufficient for normal feeding behavior.  Further, PVH-MC4R neurons 

(PVHMC4R) have been suggested as a main converging point for ArcAgrp and ArcPomc action37, 

as microinjections of Agrp and α-MSH directly into the PVH area was shown to most 

extensively stimulate and inhibit feeding behavior, respectively, compared to injections in 

other brain sites56. Supporting this, GABAergic and/or NPY transmission from ArcAgrp 

neurons onto PVH neurons drives feeding17, and ArcAgrp
PVH-evoked feeding specifically 

requires inhibition of PVHMC4R neurons51. In contrast, ArcPomc regulates PVHMC4R activity via a 

post-synaptic mechanism, specifically by potentiating glutamatergic transmission across 

ArcVglut2
PVHMC4R synapses, and is a proposed mechanism for signaling satiety44.  

Accordingly, direct activation of PVHMC4R neurons confers enhanced satiety and decreases 
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feeding during hunger, whereas inhibition elevates feeding during caloric sufficiency51. Given 

that most PVH neurons use glutamate as a neurotransmitter, it is not surprising that 

regulation of feeding by PVHMC4R neurons requires glutamate release57. In fact, 

glutamatergic signaling from PVHMC4R onto lateral parabrachial nucleus (LPBN) neurons in 

the brainstem is the main pathway by which PVHMC4R neurons suppress feeding51, 55. 

Although PVH may regulate feeding by other neurotransmitters and neuropeptides, 

glutamatergic signaling may be the most critical manner by which PVH neurons suppress 

food intake, as genetic deletion of vesicular glutamate transporter (Vglut2, required for pre-

synaptic release of glutamate) in PVH neurons promotes weight gain similar to MC4R 

nullizygosity57.  

The importance of glutamate release from PVH neurons for feeding regulation has 

been further bolstered by our recent study, showing that acute feeding suppression by PVH 

activation is completely abrogated when glutamate machinery is genetically compromised61. 

As mentioned above, the LPBN is one of the brain regions receiving glutamatergic input 

from PVH neurons. In addition to the LPBN, PVH targets many other downstream brain 

regions poised for feeding regulation and energy metabolism (Table 1). These include areas  

Table 1. PVH Outputs 
Downstream excitation: Reduce Feeding 
 

Downstream Excitation: Induce Feeding 

PVHMC4R
LPBN 

51 
 

PVHTRH
ArcAgrp 

58 
 

PVHSim1
PAG/DR 
59 
 

PVHPACAP
ArcAgrp 

58 
 

PVHVglut2(non-MC4R)
NTS 

(evidence for, but not directly shown for 
PVHVglut2 projections) 

51, 60 
 

 

Table 1. PVH projects to hypothalamic and brain stem sites to control feeding. 
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of the brainstem and spinal cord, as well as other hypothalamic nuclei and limbic areas. 

Notably, glutamatergic-PVH projections to the nucleus of the solitary tract (NTS) in the 

brainstem have been suggested as a mechanism for satiety60. Additionally, the 

periaqueductal gray/dorsal raphe (PAG/DRN) area, also in the brainstem, has also been 

implicated in the PVH circuitry for feeding suppression, as inhibiting axonal release of 

neurotransmitters from PVH onto PAG/DR neurons acutely promotes feeding59. Given the 

rapid onset of feeding behavior, it was proposed that PVHPAG/DR pathway in feeding 

suppression may involve glutamatergic neurotransmission59. In most cases, activation of 

different PVH neural populations has an inhibitory effect on feeding (Table 2); however, a 

minority were found to increase feeding, via glutamatergic transmission onto ArcAgrp 

neurons58 (Table 1). Nevertheless, the prevailing view of PVH neural action has been its role 

in satiety and feeding suppression. Many recent studies support this notion by 

demonstrating that excitation of PVH neurons via input from upstream sites suppresses 

feeding (Table 3). In many cases, brain regions relaying excitatory input are bidirectionally 

connected with PVH neurons62, 63, hinting that these circuits may function in positive 

feedback loops.  

Opposite of excitation, inhibition of various PVH neurons engenders increased 

feeding behavior (Table 2), suggesting that ongoing PVH neural activity restrains 

overconsumption. Supporting this, studies have shown that inhibitory inputs (mainly 

GABAergic) from several brain sites onto PVH elevate feeding (Table 3), and embryonic 

deletion of the GABAA
 receptor in PVHSim1 neurons reduces post-weaning feeding, resulting 

in stunted growth and lower body weight64. Interestingly, neurons of the Arc and lateral 

hypothalamus (LH) have been shown to bidirectionally control feeding behavior via 

excitatory and inhibitory  
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projections to PVH neurons17, 44, 61. As mentioned in the previous section, GABAergic-ArcAgrp 

neurons increase feeding17, 43, and glutamatergic ArcOxtr neurons suppress feeding44; indeed, 

these opposite actions on feeding by different Arc populations were shown to converge on 

PVH17, 44. Similarly, inhibitory (GABAergic) and excitatory (glutamatergic) projections from 

the lateral hypothalamus (LH) onto the PVH promote and abolish acute feeding behavior,  

Table 2. Effects of manipulating PVH neural activity on feeding 

PVH population Activation Inhibition 
 
PVHSim1 

 

Chemogenetic- 
decrease feeding 65 
 
Optogenetic- 
decrease feeding 61 
 

Chemogenetic- increase 
feeding 17, 59 
 
Optogenetic- increase 
feeding 61 

PVHSim1-Vglut2 KO 

 
 

Optogenetic- no 
effect 61 
 

Not reported 

PVHMC4R 

 

Chemogenetic- 
decrease feeding 51 

Chemogenetic- increase 
feeding 51 
 

PVHAVP 

 

Chemogenetic- 
decrease feeding 
66 
 
 

Chemogenetic- partially 
reverses melanocortin-
induced anorexia 66 
 

PVHOXT 

 

Chemogenetic- no 
effect, though 
increases energy 
expenditure 65 
 

Chemogenetic- no effect 
51 
 
 

PVHTRH 

 

Chemogenetic- 
increase feeding 58 
 

Chemogenetic- decrease 
feeding 58 

PVHCRH 

 

Chemogenetic-
decrease feeding 67 

Chemogenetic- no effect 
51 
 

PVHPACAP 

 

Chemogenetic- 
increase feeding 58 
 

Not reported 

PVHNos1 

 
 
 

Chemogenetic-
decrease feeding 65 

Not reported 

Table 2. Exciting or inhibiting PVH neural activity using different techniques 

affects feeding behavior. (See Tools section for description of techniques). 
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respectively61. Like the PVH, the LH is a region composed of heterogenous neural 

populations, and is also critical in the maintenance of homeostatic aspects of feeding 

regulation. 

Lateral Hypothalamus 

 Opposite of PVH lesion, early studies showed that lesions of the LH area in rodents 

leads to anorexia73-76, indicating the vast importance of LH circuitry in appetitive and/or 

consummatory properties of feeding behavior77. Like the arcuate, LH contains neurons 

expressing receptors for hormones and factors signaling energy status. For example, leptin 

receptor (LepR)-expressing LH neurons are implicated in feeding and locomotion78, 79, and 

administration of exogenous leptin to the LH area decreases feeding and body weight80, 81. 

Oppositely, the gut-derived hormone ghrelin, which acts as a signal for hunger, activates LH 

Table 3. PVH Inputs 
PVH excitation: Reduce Feeding 

 
PVH inhibition: Induce Feeding 

LHPdx1-Vglut2
PVHSim1 

61 
 

Pdx1PVHSim1 

64 
 

NTSCCK
PVH 

68 
 

LHPdx1-Vgat
PVHSim1 

61, 69 
 

NTSGLP1
PVHCRH (not reliant on glutamate 

release though) 
67 
 

ArcAgrp
PVHSim1, OXT 

17 
 

ArcOxtr
PVHMC4R 

44 
 

ArcAgrp
PVH MC4R 

51 
 

MScVglut2
PVH 

70 
 

TNSST
PVH 

71 
 

 DMHGABA
PVH 

72 
 

Table 3. Excitation or inhibition of PVH neurons from unique upstream sites 

oppositely affects feeding behavior. 
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neurons and stimulates feeding82-84. Other LH neurons implicated in homeostatic regulation 

of feeding, namely those expressing the peptides orexin and melanin-concentrating 

hormone (MCH), also play a role in other homeostatic functions, such as the sleep-wake 

cycle85. Orexin is expressed in a subset of LH neurons86, 87, and direct stimulation of this 

population causes increased wakefulness88, and exogenous orexin administration to the 

brain increases food intake89. In contrast, genetic ablation of orexin neurons causes 

narcolepsy and no change or decreased food consumption concurrent with weight gain and 

obesity, due to a reduction in energy expenditure from decreased spontaneous locomotor 

activity90, 91. However, another study using a different model of genetic ablation attributed 

weight gain to increased feeding during aberrant periods of the day-light cycle92. Opposite of 

orexin action, increasing the activity of MCH neurons promotes REM sleep93; though similar 

to orexin, exogenous administration of MCH to the brain produces hyperphagia and weight 

gain94. Confirming the feeding-promoting role of MCH action, genetic studies have shown 

that over-expressing the peptide induces overfeeding and obesity95, whereas genetic neural 

ablation or deletion of MCH gene promotes chronic underfeeding and leanness96, 97.  While 

MCH and orexin neurons in the LH form separate populations98, both groups co-express 

Vglut2, suggesting they co-release glutamate99-101. Neuropeptide-producing neurotensin 

cells are another neuropeptide-expressing population in the LH, which form a separate 

group from MCH and orexin cells81. In contrast to the feeding-promoting actions of orexin 

and MCH, neurotensin has been shown to correlate with decreased feeding102. In fact, 

inactivation of neurotensin receptors results in overfeeding and weight gain103, which may be 

due to insufficient signaling of neurotensin by LH neurons104.  

In addition to neuropeptide-producing neurons, LH contains distinct fast-acting 

neurotransmitter populations, expressing Vglut2 or vesicular GABA transporter (Vgat, 

required for presynaptic release of GABA) that have been well-studied for their opposing 
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roles on feeding77. As mentioned above, MCH and orexin neurons co-express markers for 

glutamate (Vglut2), and it has been reported that both release glutamate as a 

neurotransmitter101, 105. Both cell populations also express markers for GABA synthesis99; 

however, current evidence suggests that GABAergic populations in the LH are separate 

from orexin/MCH-producing cells106, 107. Moreover, not all glutamatergic-LH neurons are 

MCH/orexin positive99, suggesting that broad manipulation of glutamate-releasing cells in LH 

target MCH/orexin neurons, as well as separate populations.  

GABA and glutamate cells in LH are non-overlapping, and are broadly expressed 

throughout the LH area77, 108. Analogous to Agrp/POMC neurons in the Arc, Vglut2 and Vgat 

LH neurons have a yin-yang relationship on feeding, with LHVglut2 neurons having a feeding-

inhibiting role61, 109, 110, and LHVgat neurons promoting food intake61, 107, 109. Genetic ablation of 

LHVglut2 neurons leads to increased food intake and weight gain110, whereas genetic ablation 

of LHVgat neurons107, or deletion of the Vgat transcript in LH108, restrains food consumption 

and weight gain. Supporting the anorexigenic action of LHVglut2 neurons, activation of this 

population acutely suppresses feeding during hunger, whereas inhibition of LHVglut2 via 

inhibitory input from the bed nucleus of the stria terminalis (BNST) promotes feeding in well-

fed mice109. Moreover, inhibition of neurotransmission in the LHVglut2
lateral habenula (LHb) 

circuit promotes feeding behavior110. As mentioned in the previous section, activation of 

glutamatergic neurotransmission in the LHPdx1-Vglut2
PVH circuit suppresses food intake61. 

Thus, glutamate release from LH neurons negatively impacts feeding, and does so by acting 

on at least two different brain sites. Oppositely, activation of LHVgat neurons107, or their 

projections to the ventral tegmental area (VTA)111 and PVH61, 108, produces appetitive and/or 

consummatory feeding behaviors. Monitoring in vivo real-time single cell dynamics of LHVgat 

neurons showed that distinct clusters of LHVgat cells become active during food-seeking 

(appetitive arm), while separate groups were activated in response to eating the food 
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(consummatory arm)107, supporting that LHVgat neurons are heterogeneous in nature and 

promote different aspects of feeding. 

Other hypothalamic sites and connections with the brainstem 

 Other hypothalamic sites that have been implicated in feeding behavior include the 

ventromedial hypothalamus (VMH) and the dorsomedial hypothalamus (DMH), both of which 

are interconnected with various hypothalamic nuclei described above112. The significance of 

VMH neurons in body weight regulation came from early studies that showed lesions to this 

area caused marked obesity and overfeeding, suggesting that neurons in this region limit 

excessive food intake113. Similar to other hypothalamic nuclei, the VMH is composed of 

several distinct nuclei, and a representative and well-studied population is demarked by the 

transcription factor, steroidogenic factor-1 (SF-1)114. VMHSF1 neurons hold important 

functions in energy expenditure, thermogenesis, and glucose homeostasis; however, as 

demonstrated by conditional knockout studies, their role in food intake is less clear114. Other 

VMH populations, such as those expressing brain-derived neurotrophic factor115 and 

estrogen receptor-alpha116, are more likely than SF-1 neurons alone to account for the 

restrain on feeding by VMH neurons114.  

 Oppositely, the DMH has been implicated in promoting feeding, as lesions of this 

area, similar to LH lesions, causes hypophagia117. Further, DMH action on feeding is thought 

to be important for circadian aspects of food intake118, as lesions caused disruptions in the 

expression of food-entrainable daily rhythms119. Cell-type specific manipulation in later 

studies showed that GABAergic DMH neurons may promote or restrain food consumption 

based on their projection targets; specifically, projections from GABAergic DMHLepR neurons 

co-expressing prodynorphin onto ArcAgrp neurons were reported to suppress feeding120, 

whereas DMHGABA
PVH circuit is implicated in feeding promotion72. Additionally, cholinergic 
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neurons in the DMH increases feeding by enhancing GABAergic neurotransmission onto 

ArcPOMC neurons121. Thus, the DMH exerts opposing actions on feeding behavior through 

unique cell types and circuits.  

 Various hypothalamic nuclei are bidirectionally connected with brainstem neurons, 

and these circuits are critical in coordinating the effects of food intake and energy 

metabolism112. For example, as shown in Tables 1 and 3, PVH sends excitatory input to the 

NTS, and NTS neurons excite PVH neurons to reduce feeding60, 67, 68. Supporting the role of 

this projection in feeding regulation, lesion studies showed that damage of PVH fibers in the 

NTS leads to hyperphagia and obesity122. The NTS receives gut signals conveying 

nutritional state from the adjacent area posterema (an area lacking a blood-brain-barrier), 

and vagally-derived afferents123. Gastric vagal afferent signaling promotes the action of 

satiety peptides like glucagon-like-peptide-1 (GLP-1) in the NTS124, and adipose-derived 

hormone leptin acts on NTSLepR neurons to potentiate gastrointestinal signals of satiety and 

reduce food intake123, 125. In turn, the NTS relays taste information and other signals to the 

PBN, also located in the brainstem, and signals to the dorsal motor nucleus of the vagus 

(DMV) to control gut motility and vagal reflexes112, 123. Notably, NTSPBN circuitry is critical 

for mediating the anorexigenic response to AGRP neuron ablation126. Confirming its feeding-

suppressing action, activation of NTSPBN circuit acutely reduces food intake127. NTS 

excites PBN neurons via glutamatergic transmission127, and direct stimulation of PBN 

neurons expressing calcitonin gene-related peptide (CGRP) results in suppression of 

feeding and eventual starvation with chronic stimulation128. Further, PBNCGRP action on 

appetite suppression was shown through its projections to the central nucleus of the 

amygdala (CeA)128. Since the PBN inhibits appetite by responding to anorectic hormones as 

well as chemicals and toxins, this nuclei is thought to be involved in both normal satiety 

aspects and suppression of food intake due to illness or visceral malaise129. Thus, an 
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NTSPBNCeA circuit plays an important role in relaying signals of extreme satiety and 

visceral discomfort.  

In addition to NTS and PBN, neurons in the dorsal raphe (DRN) are also important in 

feeding regulation130, 131. Interestingly, it was shown that GABAergic and glutamatergic 

neurons in this region can bidirectionally control food intake; activation of glutamatergic DRN 

neurons suppressed food intake, whereas GABAergic populations increased feeding132. 

Moreover, GABA/glutamate neurons responded to energy state consistent with their function 

in promoting and inhibiting feeding, respectively. Inhibiting the GABA population was 

sufficient in reducing hyperphagia and body weight in leptin deficient obese mice, 

suggesting that DRN neurons play an important role in preventing chronic overfeeding and 

obesity132. 

Undoubtedly, the homeostatic regulation of eating behavior is essential for normal 

body weight maintenance and adaptive control of energy metabolism (Figure 2). However, 

the decision to eat relies on additional factors, and it has become increasingly apparent that 

the same brain circuits guiding homeostatic feeding also play a role in non-homeostatic 

aspects133, 134. For the following section, I will focus on the relevant hypothalamic nuclei in 

non-homeostatic feeding and their connections to brain centers that impact feeding-related 

and emotional behaviors.  
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Figure 2. Homeostatic regulation of feeding and energy balance. Simplified 

schematic showing major pathways in the hypothalamus for feeding and metabolic 

regulation. Peripheral signals are sensed by hypothalamic neurons, especially in the Arc, 

and signal energy status. Other hypothalamic sites, like the VMH, express receptors for 

hormones like insulin and leptin, and have an important role in glucose and energy 

homeostasis via hormonal signaling pathways. Red arrows signify circuits that inhibit 

feeding, and green arrows are those that promote feeding. Blue arrows indicate 

pathways related to peripheral integration with brain circuits for feeding and metabolic 

regulation. 
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Non-Homeostatic Feeding and Emotional Regulation 

 In the section above, I explained how several brain sites and circuits control 

homeostatic adjustments in feeding behavior, presumably by linking internal signals and 

metabolic state (via input of peripheral signals). This model presumes a fine-tuned 

regulation of body weight such that fat stores are maintained at optimal levels for survival 

and reproduction. However, as evidenced by a modern society where obesity is now 

considered at epidemic proportions4, and where the rate of eating disorders is on the rise135-

137, one will have to consider aspects of how the brain may maladaptively alter feeding. To 

understand the etiology of such conditions, it is imperative to apprehend the underlying brain 

circuits governing non-homeostatic feeding behavior, and more importantly, to grasp the 

convergence of the two systems in mediating decisions on whether and how much to eat. 

Non-homeostatic feeding can be likened to homeostatically-driven food intake, in that 

both serve to either increase or decrease food consumption, but differ in the reasons behind 

changes in feeding behavior. In homeostatic feeding, chronically low body fat stores, or the 

occurrence of hypoglycemia in disease states, promotes hormonal and neural mechanisms 

relaying hunger signals that ultimately encourages increased feeding; oppositely, high fat 

stores enhance satiety signals from food intake, leading to decreased food consumption138. 

In contrast, positive emotional valence signals (e.g., reward, pleasure) and conditioned 

responses may increase feeding139; whereas negative emotional valence, engendered by 

anxiety/stress and aversive associative learning, can decrease feeding in a non-homeostatic 

manner140. A famous example of non-homeostatic feeding in action is demonstrated by 

Pavlov’s dog, which exhibited a feeding response (increased salivation) upon cue activation 

(the sound of a bell), that was associated with the delivery of palatable food141. Not too 

unlike Pavlov’s dog, humans can also be conditioned to associate food cues with eating 
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tasty treats, and such cues themselves may eventually cause eating behavior in the 

absence of hunger142, 143. 

Though the terms “homeostatic” and “non-homeostatic” feeding may elicit the idea 

that the underlying substrates of the two are separable, recent evidence suggests this is not 

the case, and in fact, both aspects of feeding on a brain circuits level are intricately 

intertwined13, 133, 134, 144. This concept is in line with the evolutionary perspective that hunger 

signals drive the pursuit of food, with brain circuits integrating memories of food location and 

sensory cues to guide adaptive processes of finding food134. At the same time, pursuit of 

food is often dangerous and energetically costly, thus the brain must integrate conflicting 

messages on hunger and fear to devise the most favorable route for survival. The lateral 

hypothalamus (LH) is a prominent brain center that lies on the crossroads of homeostatic 

feeding regulation, reward, and food-seeking behaviors77. 

The Lateral Hypothalamus in Reward and Other Behaviors 

The first clues that the LH was involved in both feeding and emotional behavior came 

from studies on electrical stimulation of this region in rats77. These foundation studies 

demonstrated that stimulation of the LH area evoked voracious feeding behavior145, and 

instrumental lever-pressing for self-stimulation146, indicating the LH governs feeding and 

reward behavior147, 148. Later studies using new technologies allowing for cell-type specific 

manipulation showed that the GABAergic-LH population drives appetitive and 

consummatory aspects of feeding, as well as reward-related behaviors and positive 

emotional valence107. In line with electrical stimulation studies that showed higher intensity 

stimulation causes aversion, contemporary work demonstrated negative emotional aspects 

and feeding-suppressing roles of glutamatergic-LH neurons109, 110. Fast-acting 

neurotransmitter populations in the LH are co-expressed with a variety of neuropeptides and 
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receptors for hormones implicated in homeostatic feeding regulation77, 79. These populations 

participate dually in the homeostatic, as well as rewarding aspects of feeding. 

Subsets of neurons in the LH that express the leptin receptor (LepR) are GABAergic, 

and they act to promote appropriate behavioral responses concurrent with their effect on 

feeding regulation79. It was shown that, in line with the anorexigenic role of leptin, leptin 

action on LHLepR neurons suppresses feeding and body weight80. At the same time, leptin 

signaling in LH-neurotensin neurons is required for regulating the mesolimbic dopamine 

system, in part through direct projections to the ventral tegmental area (VTA) and indirectly 

by modulating intra-LH orexin function78, 149. The consequence of diminished leptin signaling 

in LH neurons may result in increased hedonic feeding and obesity, in part by 

downregulation of natural reward perception80, 149. Similarly, ghrelin action on ghrelin 

receptor-LH neurons has been implicated in reward processing concurrent with its action on 

feeding150, 151. Specifically, it was shown that ghrelin signaling in the LH promotes regular 

food intake, as well as reward-driven food seeking behavior in a sex-specific manner151. 

Orexin and MCH neurons also have important roles in reward-seeking and palatable food 

consumption152. Orexin neurons promote reward-seeking and reward-learning, especially for 

attaining food reward153, 154, whereas MCH neurons respond to sensory content of food, 

enhancing the rewarding value based on caloric content or palatability152, 155. Both systems 

converge on the mesolimbic dopamine system to mediate behavioral effects152. These 

studies underscore the importance of LH-neural circuitry modulation of VTA-dopamine 

system, and recent studies have further unpacked the nature of LHVTA circuits in feeding 

and reward. 

The LH sends excitatory and inhibitory input to dopamine (DA) and GABA neurons in 

the VTA, and activation of LHVTA circuit in live animals produces feeding and compulsive 

procurement of sucrose reward, despite application of an aversive stimulus (foot shock)111. It 
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was shown that GABAergic LH projections to the VTA mediated increased feeding, and also 

elicited aberrant feeding-related behaviors like gnawing and licking111. A subsequent study 

showed that the GABAergic-LHVTA pathway promoted behavioral approach, exploratory 

behavior, and self-stimulation, whereas glutamatergic projections had the opposite effect156. 

Functionally, it was shown that GABA transmission from LH onto VTA neurons caused 

disinhibition of VTA-DA neurons, leading to increased flux of DA in the nucleus 

accumbens156 (a known mechanism underlying reward-seeking157). Another study 

elaborated that feeding vs. reward-driven behavior in the GABAergic-LHVTA circuit is 

differentially imposed by low vs. high frequency stimulation, respectively158. Further, it was 

shown that dopamine receptor type 1 neurons of the nucleus accumbens (NAc) inhibit 

GABAergic-LH neurons to suppress feeding159. Thus, a LH-GABAVTA circuit promotes 

feeding and DA release, which feeds back on LH-GABA cells through VTA-DANaAc-

GABALH-GABA to terminate food consumption following sufficient levels of DA-signaling. 

Collectively, these studies link the mechanisms by which LH drives feeding, reward, and 

emotional valence. 

GABAergic and glutamatergic LH projections to other parts of the brain have also 

been shown to influence feeding, emotion, stress-related behaviors, and defense. 

Unexpectedly, it was shown that intrahypothalamic connections between LH and PVH could 

drive feeding and repetitive self-grooming, which are two inherently opposing behavioral 

states61. While GABAergic LHPVH circuit engendered voracious feeding and positive 

emotional valence, the glutamatergic arm promoted self-grooming, which was shown to be 

stress-related61. Supporting the negative emotional effects of LHVglut2 neurons, activation of 

LHVglut2 to lateral habenula (LHb) circuit is aversive and promotes escape behaviors110, 160, 

whereas silencing LHVglut2 neural activity via inhibitory inputs from the bed nucleus of the 

stria terminalis (BNST) causes feeding and positive valence. Interestingly, 
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GABAergic/glutamatergic LH projections to the periaqueductal gray area (PAG), a region 

involved in defensive behaviors and feeding regulation59, 161, were shown to differentially 

drive predatory attack and evasion, respectively, whereas both projection components 

elicited avoidance behaviors162. Thus, beyond its role in homeostatic regulation, the LH is 

strategically poised for modulating multiple survival behaviors and associated emotional 

states through common cell types and diverse circuit connections in the brain. The PVH and 

Arc nuclei are additional centers that have been shown to modulate fear, stress/anxiety, and 

emotional behaviors that interact with feeding. 

ArcAgrp Neurons in Feeding-Related Behaviors and Emotion 

Agrp neurons in the Arc, as explained in the previous section, are critical for 

producing feeding behavior during energy deficit and starvation. Intuitively, we know that 

intense hunger is usually an unpleasant sensation, and can be accompanied by feelings of 

frustration and annoyance (hence the term, “hangry”). In line with this instinct, recent studies 

have shown that mice conditioned to associate ArcAgrp stimulation to a specific location or 

type of food will learn to avoid future encounters with those foods and locations35. 

Conversely, paired inhibition of ArcAgrp neurons to specific foods and locations during hunger 

causes a preference for those foods and places35. Interestingly, another study demonstrated 

that foods paired with prestimulation of ArcAgrp neurons (stimulation occurring for a 30 

minutes to an hour prior to conditioning experiments) caused an increased preference for 

that specific food163. Indeed, presentation of food paired with prestimulation of ArcAgrp 

neurons caused eating of the particular food in the absence of hunger, suggesting that 

ArcAgrp encode enhanced incentive value to the rewarding sensory aspects of foods163.  

Based on in vivo recordings of ArcAgrp neurons, which demonstrated an increase in activity 

during hunger, but a dramatic fall in neural activity during presentation of food and during 

subsequent eating33, one could speculate that the act of finding food and then eating after 
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prolonged, involuntary fasting (during times of food scarcity, for example) would correlate 

with emotional valence concurrent with ArcAgrp neural properties (i.e., negative valence 

during hunger/food-seeking (high ArcAgrpneural activity), and positive valence once food was 

found and consumed (low ArcAgrp activity)). Thus, these important studies show how ArcAgrp 

neurons integrate emotional aspects with hunger and satiety.  

Other studies have further explored the role of ArcAgrp neurons in feeding-related 

behaviors, and how these neurons navigate hunger drive and competing behavioral and 

emotional states. In the absence of food, food deprivation or stimulation of ArcAgrp neurons in 

the fed state similarly causes foraging behaviors such as increased activity and digging, and 

stereotypical repetitive behaviors (grooming, marble burying)164. Additionally, evidence was 

provided to support the hypothesis that different ArcAgrp neural populations encode 

separable aspects of consummatory feeding, foraging, and stereotypic behaviors164. 

Interestingly, ArcAgrp neural activation has an anxiolytic effect, such that mice are more 

willing to approach fearful and aversive locations in a testing arena164-166. In fact, fasted mice 

or fed mice with ArcAgrp neural stimulation causes increased approach to food placed in an 

anxiety-provoking location, and suppresses social interaction165, including aggression166, in 

favor of eating165, 166. Other hypothalamic nuclei, like the PVH and VMH, have also been 

implicated in repetitive behaviors and aggression, respectively. 

The PVH, VMH, and Brainstem Neurons Produce Diverse Behaviors and Emotional States 

The PVH is a well-known neuroendocrine center, playing a key role in the stress 

response via hypothalamic-pituitary-adrenal (HPA) cascade167. In addition to its role in the 

hormonal aspects of stress, corticotropin-releasing hormone (CRH) cells of the PVH also 

drive the repertoire of behavioral responses following stress, independent of hormonal 

action168. This includes repetitive grooming, a behavior linked to increased anxiety169. 
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Interestingly, increased self-grooming is induced by stimulating PVHCRH
LH and LHPVH 

circuits61, 168, suggesting this behavior is promoted by feedforward hypothalamic loops. 

Inhibition of PVHCRH or bulk PVH neurons reduces stress-induced repetitive grooming61, 168, 

suggesting the necessity for PVH in eliciting a behavior associated with negative valence. 

As mentioned previously, PVH inhibition also causes increased feeding (see Table 2). 

Interestingly, PVH can bidirectionally modulate stress-like behavior and feeding 

antagonistically; activation of PVH neurons halts ongoing fast-refeeding, and in turn 

promotes repetitive grooming, an effect that can switch rapidly depending upon stimulation 

state61. Thus, it appears that PVH circuitry functions dually in homeostatic control and 

emotional behaviors. 

The VMH, an important center for energy metabolism, also plays a role in negatively-

valenced emotional behaviors, such as fear and defense170, 171. VMHSF1 neurons were 

shown to generate both the negative emotional aspects of a defensive state (aversion and 

anxiety)170 concurrent with defensive expression (freezing and flight) via collateral 

projections to the PAG and anterior hypothalamic nucleus 171, 172. Similar to the amygdala, a 

brain center previously thought to be the seat of emotion, VMHSF1 neurons were shown to 

be crucial in fear-learning171, suggesting the VMH, like the LH, is capable of producing 

emotional states concurrent with their role in energy metabolism and feeding170. Other VMH 

cell populations distinct from SF1 positive neurons play roles in social behaviors, such as 

mating and aggression173, 174.  

Brainstem neurons serve crucial roles in autonomic regulation and energy balance, 

and also encode emotional states concurrent with their roles in feeding behavior. For 

example, leptin or GLP-1 action on NTS neurons reduces food consumption, and engenders 

decreased motivation for food reward175, 176, suggesting that GLP-1 and leptin responsive 

NTS neurons inhibit food consumption by altering motivational salience for obtaining food. 
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This emotional reaction would be in line with the homeostatic regulation aspects of feeding 

constraint during energy surfeit. Recently, it was shown that different NTSCCK circuits 

suppress feeding while encoding either positive (NTSCCK
PVH) or negative valence 

(NTSCCK
PBN)177. Thus, specific NTS pathways may serve to decrease food intake through 

inclusive emotional states. The PBN and PAG are additional sites that have dual roles in 

feeding, emotions, and other behaviors. PBN neural activity is important for signaling satiety 

and the sensory and emotional aspects of visceral malaise and pain129. It does this in part by 

communicating with forebrain structures that regulate emotional behaviors129. PBNCGRP 

neurons, which function in satiety and sensory relay, were also shown to facilitate fear-

learning178. Similar to PBN, the PAG is involved in feeding suppression59, and also promotes 

fear-related behaviors, including freezing, flight, and avoidance179, 180. Taken together, 

brainstem neurons are important for satiety regulation and eliciting appropriate emotional 

and behavioral action in response to internal and external stimuli. In summary, hypothalamic 

and brainstem sites implicated in homeostatic regulation of feeding play dual roles in 

emotional behavior, and are thus strategically positioned for controlling a diverse repertoire 

of adaptive behaviors aimed at survival (Figure 3).  

The majority of studies described in this background have taken advantage of vastly 

progressive technological advances of the 21st century. In the following section, I will 

describe the tools and methods used to deeply probe neural function and behavior. 
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Figure 3. Brain circuits involved in feeding encode emotional valence. Summary 

schematic showing various brain centers and circuit connections that dually regulate 

feeding and emotion. Red arrows indicate projections that promote negative emotional 

behaviors, and blue arrows indicate circuits that engender positive valence and/or 

reward-related behaviors. Black arrows signify ArcAgrp projections to various sites that 

enhance feeding, though their role in emotional behaviors evoked by ArcAgrp stimulation is 

unknown at this point. (+) sign indicates excitatory (glutamatergic) transmission and (-) 

sign indicates inhibitory (GABAergic) transmission. Purple region designates 

hypothalamic nuclei, and gray and blue regions indicate brainstem and extra-

hypothalamic forebrain regions, respectively. 
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Tools for Interrogating Neural Circuits Underlying Behavior 

The use of rodent models in neuroscience research has been critical for advancing the 

understanding of the brain. Rats have historically supplied the bulk of behavioral research in 

the previous century, however, since the 1990s, the use of mice has risen dramatically, and 

currently represents the organism of choice in neuroscience research181. The reason for the 

shift in model organism was primarily due to the development and wide implementation of 

genetic tools designed for mouse genome manipulation181. The availability of human genetic 

research, paired with mouse models that aim to replicate human disorders with a genetic 

cause, aid in development of novel therapeutics for disease182, 183. Further, genetically 

modified rodents help us access specified neuronal cell types in the brain, allowing for 

precise manipulation that can causally link neural mechanism and behavior184. 

Cre-LoxP  Technology 

Traditional transgenic and knock-in/knockout mice are important tools for investigating the 

effects of genetic modification on a whole-body basis beginning in embryonic 

development183. However, the advancement of new tools allowing for conditional genetic 

and cell-type specific manipulation, has allowed spatial and temporal control over gene 

expression, allowing for greater flexibility and degree of precision for understanding 

biological pathways on the cellular level184. Cre recombinase (Cre), an enzyme derived from 

bacteriophage, can be genetically engineered in mice to express under specified promotor 

elements. Thus, cell-type specific promoters will drive Cre expression in only the cell 

population of interest185. Cre recognizes specific sequences in the genome, called LoxP 

sites, and catalyzes a recombination event that can excise or invert the genetic material 

flanked by the LoxP sites, depending on the orientation of the LoxP sequences186. Cre-

expressing genetically modified mice, combined with knock-in mice engineered with LoxP 
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sites flanking specific genes, allows for genetically-defined knockout or re-expression of 

gene(s) of interest185, 187. The use of Cre-LoxP technology has been integral in furthering the 

understanding of how specific hypothalamic neurons function in feeding regulation and 

energy metabolism184. For example, the use of Sim1-Cre combined with Vglut2loxp/loxp mice 

produces glutamate transporter deletion in Sim1-expressing neurons (which include neurons 

of the PVH and a few other brain sites)57. The Sim1-Cre::Vglut2loxp/loxp mouse bred with loxp-

[transcription blocker]-loxp-MC4R mice, in which MC4R can only be expressed with Cre 

recombination, showed that glutamate release is required for the rescue effect of MC4R re-

expression in Sim1 neurons on body weight regulation57. The beauty of this study shows the 

elegance of Cre-LoxP technology for deep interrogation of cell types and mechanisms for 

energy homeostasis.  

 Cre-LoxP technology in neuroscience is often combined with intersectional 

approaches for probing neural function184. A prominent method uses stereotaxic injection of 

recombinant adeno-associated viral vectors (AAV) that package a transgene of interest 

under a strong promoter. By flanking the transgene with “FLEX” sequences, which Cre 

recognizes, expression of the transgene can be limited to spatially-targeted cre-expressing 

cells188. The techniques described below take advantage of Cre-LoxP systems and AAV 

viruses for expression of genes that aid in manipulating and interrogating neural cell types 

and circuits184. 

 Optogenetics 

Classic studies using electrical stimulation were pioneering for their ability to causally link 

specific brain site to behavior. However, these early studies lacked cell-type specificity 

despite spatial precision. Further, blunt application of electrical current can not only 

stimulate cell bodies, but also fibers of passage, precluding the attribution of effects solely to 
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neural cell types in the location of interest189. In recent years, a new technology called 

optogenetics has been shown to circumvent the downsides of electrical stimulation, while 

maintaining high fidelity of neuronal activation189. The premise of this technology relies upon 

light-gated features of membrane proteins derived from certain microbial organisms, such as 

algae. These proteins are activated by specific wavelengths of light, and respond to light by 

channel opening or pump activation, which permits the flow of electrically charged ions 

across the membrane. This action causes a change in membrane potential, which leads to 

activation or inhibition of neural activity. For example, shining blue wavelength light on 

channelrhodopsin-2, a widely used neural activator, causes a conformational change in the 

protein, allow channel opening and flow of positively charged ions across the membrane, 

leading to neuronal depolarization189. Some neural silencers, such as halorhodopsin, allow 

the passive flow of negatively charged ions across the membrane upon light activation, 

whereas others, like archaerhodopsin, hyperpolarize cells by acting as a proton pump190. 

Importantly, activation of optogenetic proteins occurs on a millisecond timescale, allowing 

for precise temporal manipulation of neural activity. Genetic material encoding for these 

proteins are often packaged into viral vectors and delivered in the brain for neural 

expression in live animals184. By attaching optic fiber implants for delivery of light over the 

brain region of interest, scientists have been able to directly control the activity of specified 

neural cell types and circuits in vivo189. The first application of optogenetics in feeding 

circuits was reported in 2011, in which researchers demonstrated that activation of ArcAgrp 

neurons via ChR2 promotes voracious appetitive and consummatory feeding behaviors16. 

Notably, the magnitude of the observed response was positively correlated with the density 

of ChR2 expression in ArcAgrp neurons16. A downside of the optogenetic technique is the 

requirement to use head-affixed optic implants, which must be tethered to an optic fiber cord 

for light delivery. Additionally, repeated or prolonged stimulation of light-gated channel 

proteins could lead to phenomena like depolarization block and reversal of intended 
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activity191, 192. Another method described below circumvents physical barriers and channel 

desensitization, but sacrifices fast temporal control over neural activity. 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) 

The DREADD system belongs to a class of tools called chemogenetics, characterized by 

genetically engineered receptors that uniquely respond to exogenously administered small-

molecule ligands193. DREADD proteins are genetically mutated muscarinic G-protein-

coupled receptors that bind the drug clozapine N-oxide (CNO), but not endogenous 

acetylcholine. The DREADD receptors can be coupled to Gαq or Gαi-signaling pathways, 

which serve to increase or inhibit neural activity, respectively193. DREADDs are often 

expressed in neural tissue in a cre-dependent manner by AAV delivery, where they can 

exert action on specified neural cell types of interest. The advantage of using DREADDs 

include cell-type specific manipulation that is minimally invasive, allowing a greater degree 

of freedom for experimental setup that is not precluded by optic fiber tethering to mouse 

head184. Activation or inhibition of neural activity is achieved by delivering the ligand, CNO, 

intraperitoneally (i.p.), or in drinking water, or centrally in a region-specific fashion via drug-

delivery cannula184. The action of DREADDs on neural activity following delivery of CNO is 

relatively prolonged, and can last for hours. However, onset to alter neural activity takes 

significantly longer in DREADD systems vs. optogenetics, which constrains temporal control 

over neural perturbations193. Nevertheless, the use of DREADD tools has proven vastly 

useful for the study of the neural cell types and circuits governing feeding behavior. Early 

work on ArcAgrp neural manipulation showed that activating or inhibiting ArcAgrp neurons via 

DREADD technology increased and decreased feeding, respectively18. Additionally, 

silencing PVHSim1 neurons, which receive inhibitory input from ArcAgrp neurons, confirmed 

that silencing this nucleus with inhibitory DREADDs engenders increased feeding 

behavior17. While DREADD and optogenetic tools are outstanding for probing the gain of 
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function and loss of function phenotypes of manipulated neural activity, these tools do not 

capture or mimic natural endogenous activity of neural networks. Fortunately, novel in vivo 

tools for monitoring real-time neural activity dynamics has helped shed light on correlations 

between neural activity and behavior. 

Deep Brain Imaging in vivo 

Recent advances in deep brain imaging have taken advantage of genetically encoded 

fluorescent calcium indicators for probing neural activity in vivo184. These molecular probes 

produce fluorescent changes depending upon calcium flux inside the cell194. Because 

intracellular free calcium changes rapidly with neural activity, fluorescence emission from 

calcium indicators can be used as a proxy for dynamic changes in neural activity over 

time194. Ultra-sensitive calcium sensors, termed GCaMP6, exhibit high temporal precision in 

detecting alterations in neural activity, and have been gaining popularity in neuroscience 

research195. Taking advantage of good signal-to-noise ratio, researchers can employ this 

helpful tool in deep brain structures to image the activity of neurons while animals perform 

tasks or are engaged in behavior184, 196. This technique can be used in imaging bulk neural 

population activity, or fine-tuned to the single-cell level, depending upon the imaging device 

used196. By collecting fluorescent emissions with an implanted optic fiber, data on the 

population dynamics of neurons genetically targeted with GCaMP6 can be gathered and 

analyzed, and synced to changes to behavioral state. Another method utilizes head-

mounted miniature microscopes to resolve single-cell activity changes in fluorescence, 

though drawbacks include movement artifacts and displacement of brain tissue that 

prevents optimal lens focus and resolution184, 196. 

 Landmark studies in the neural control of feeding regulation have utilized GCaMP6 

indicators to monitor ArcAgrp, ArcPomc, and LHVgat populations in vivo. Interestingly, and 
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contrary to logical derivation based on stimulation studies, in vivo recordings showed that 

calcium activity was elevated in ArcAgrp during hunger, but declined rapidly upon 

presentation of food and the feeding behavior that followed34, 35. In contrast, optogenetic or 

chemogenetic activation of ArcAgrpneurons was shown to promote feeding, while inhibition 

decreased feeding in the hunger state16, 18. Oppositely, ArcPomc cells showed an increase in 

activity during feeding behavior34, whereas optogenetic or chemogenetic stimulation of this 

population was shown to decrease food intake, albeit in the long-term16, 19. These findings 

suggest that Arc neurons may be able to anticipate homeostatic changes and adjust activity 

accordingly based on food availability33. Using single-cell recording techniques, monitoring 

of LHVgat cells showed that separate subpopulations within this nucleus respond differently to 

appetitive versus consummatory aspects of feeding107. In contrast, despite evidence for 

different neural subtypes with differing projection targets164, 197, ArcAgrp neurons respond 

homogenously to feeding by decreasing their activity35. In summary, genetic tools allowing 

for precise control and observation of neural dynamics in discrete cell populations have 

potentiated the ability to deeply probe the neurobiology behind feeding and related 

behaviors. 

Significance 

As evidence accumulates on how energy systems controlled by the brain are intricately 

connected to neural processes underpinning emotional behaviors13, 133, a emergent 

framework for novel approaches in treating obesity and eating-related disorders will be 

necessary to tackle otherwise difficult and intractable cases. Relatedly, given the link on 

mood dysregulation and changes in eating behavior144, 198, 199, new therapeutics that target 

brain systems involved in feeding regulation may prove useful for concurrent treatment of 

mood disorders and vice versa. For example, a new combination drug for obesity treatment 

combines bupropion, a drug classically used for depressive disorders, and naltrexone, a 
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drug used for opioid dependence200. The first clues on the power of food intake on mood 

and behavior came from classic human semi-starvation experiments conducted in the mid 

1940s, that showed subjects who were subject to severe caloric restriction displayed 

alterations in temperament, with most developing melancholy and compulsive behaviors201. 

These observations are reminiscent of food-restricting disorders such as anorexia nervosa 

(AN)202. However, the current literature suggests that the maladaptive behaviors in AN is not 

solely due to the physical effects of eating restriction, as weight-restored patients do not 

have complete resolution of psychopathology203-205. Nevertheless, as suggested by some of 

the subjects in the semi-starvation studies who suffered from emergent psychiatric 

symptoms for months to years206, it is unclear the extent to which the indelible effects of 

malnutrition have on cognitive and emotional function. Notably, patients with eating 

disorders often have co-occurring psychiatric conditions, such as obsessive-compulsive 

disorder, suggesting shared neural processes between disorders202, 207. Anxiety and fear-

related disorders also commonly co-occur with feeding disorders208, 209, and in severe cases, 

can result in severe malnutrition and stunted growth210. Conversely, over-eating disorders 

like binge eating disorder contributes to severe obesity and metabolic derangement211, 212. 

Disorders of over-eating and obesity have been linked to pathological changes in the 

dopamine (DA) mesolimbic system139, 213, suggesting a feasible entry point for interrogating 

shared mechanisms contributing to eating and mood dysregulation. In fact, recent studies 

have shown that homeostatic circuits bidirectionally affect motivation and reward via direct 

or indirect connections to mesolimbic DA circuitry133, suggesting a neural basis for 

homeostatic control of feeding and its link to mood regulation. Fear-based disorders that 

oppositely result in food restriction behavior are based in neural systems that are also 

affected by homeostatic feeding circuits133, and when experimentally isolated can produce 

alterations in feeding behavior independent of homeostatic input133, 214. Given the burden of 

rising economic costs associated with mental health and obesity, it is quite disappointing 
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that current therapies fail in substantially alleviating societal impacts of these conditions4, 215. 

Thus, scientific understanding of neural circuits concurrently involved in feeding and 

emotional valence is of utmost importance for unraveling the perplexities of complex mood 

disorders and obesity, and for designing new methods for successful treatment. 
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Chapter 2. 

A Neural Basis for Antagonistic Control of Feeding and Compulsive Behaviors 
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Summary 

Abnormal feeding often co-exists with compulsive behaviors, but the underlying neural basis 

remains unknown. Excessive self-grooming in rodents is associated with compulsivity.  

Here, we show that optogenetically manipulating the activity of lateral hypothalamus (LH) 

projections targeting the paraventricular hypothalamus (PVH) differentially promotes either 

feeding or repetitive self-grooming.  Whereas selective activation of GABAergic LHPVH 

inputs induces feeding, activation of glutamatergic inputs promotes self-grooming.  

Strikingly, targeted stimulation of GABAergic LHPVH leads to rapid and reversible 

transitions to feeding from induced intense self-grooming, while activating glutamatergic 

LHPVH or PVH neurons causes rapid and reversible transitions to self-grooming from 

voracious feeding induced by fasting. Further, specific inhibition of either LH→PVH 

GABAergic action or PVH neurons reduces self-grooming induced by stress. Thus, we have 

uncovered a parallel LHPVH projection circuit for antagonistic control of feeding and self-

grooming through dynamic modulation of PVH neuron activity, revealing a common neural 

pathway that underlies feeding and compulsive behaviors.   

Introduction 

Feeding is essential for survival, and abnormal eating habits can manifest in the form of 

either uncontrolled hyperphagia or anorexia, leading to obesity or life-threatening nutrient 

insufficiency202, 216.   Although it is well known that such feeding abnormalities severely 

impact the quality of life, the neural basis that underlies uncontrolled over-feeding or 

restrictive dieting remains elusive.  Accumulating evidence supports the notion that feeding 

behavior reciprocally interacts with affective behaviors144, 202, 216.  Overeating and obesity are 

often associated with an emotional state of increased impulsivity and positive reinforcement, 

similar to drug addiction217, 218.   Anorexia nervosa has several diagnostic subtypes 
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associated with compulsive restriction, compulsive bingeing with purging, and compulsive 

hoarding202, 219.  Interestingly, it has been suggested that compulsive behaviors associated 

with anorexia nervosa may manifest as a way to relieve stress and anxiety202, 220.  In rodents, 

asocial repetitive self-grooming is a typical behavior that models compulsivity in 

neuropsychiatric diseases221.  Recent observations222 suggest a provocative link between 

feeding disturbances and psychological dysregulation related to compulsivity, supporting a 

common neural pathway underlying maladaptive feeding and compulsive behaviors.  

However, despite extensive research on both feeding and psychiatric compulsivity, it is 

unclear whether a shared neural pathway regulates both behaviors.  

         The hypothalamus has been well established to regulate feeding behaviors. Discrete 

groups of neurons within the hypothalamus have been identified to be capable of sensing 

changes in various hormones or neuronal inputs in order to gauge nutritional status, and 

adjust food intake to maintain proper energy homeostasis223.  The lateral hypothalamus (LH) 

functions as a hunger center, and modulates feeding and other homeostatic processes224.  

Current studies demonstrate that the LH contains two distinct groups of neurons that exert 

opposite actions on feeding regulation.  GABAergic neurons have been implicated in driving 

feeding69, 107, in part via local LH GABAergic projections to the ventral tegmental area or 

paraventricular hypothalamus (PVH)69, 111.  In contrast, LH glutamatergic neurons were 

shown to suppress feeding109, at least in part by their projections to the lateral habenula110.  

The physiologic implication of the contrasting effects on feeding behavior by LH GABAergic 

and glutamatergic neurons has remained unexplored.  

         The PVH, an important integration site, receives massive synaptic inputs from multiple 

brains areas, and plays an important role in feeding regulation46.  The PVH receives 

melanocortin inputs from arcuate peptidergic POMC and AgRP neurons, which have been 

well characterized in their roles towards feeding regulation37.  Recent studies demonstrated 
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that the PVH also receives both GABAergic and glutamatergic inputs from the arcuate 

nucleus, thereby potently promoting and inhibiting food intake respectively17, 225.  Our 

previous work supports a role for GABAergic inputs from LH to PVH in feeding promotion69.  

However, a role for glutamatergic projections from LH to PVH has not been characterized.  

Importantly, whether LH and PVH, the well-established brain regions for feeding regulation, 

directly modulate affective states such as compulsivity is unknown.   

           Here, we utilize transgenic mice that express cre recombinase from the pancreas-

duodenum homeobox 1 promoter (Pdx1-Cre) to access mixed GABAergic and glutamatergic 

LH neurons69.  We find that LHPVH GABAergic projections promote feeding and suppress 

self-grooming, whereas glutamatergic projections promote excessive self-grooming and 

suppress feeding.  Direct modulation of these behaviors is achieved through antagonistic 

control of PVH neuron activity.  These findings provide a novel framework for understanding 

circuit-level mechanisms that link feeding and compulsive behaviors.  

Results 

LHPVH projections directly synapse on a common subset of PVH neurons  

To selectively mark and manipulate LH neurons, we employed transgenic Pdx1-Cre mice. In 

this line, Cre is abundantly expressed in the LH, the dorsal medial hypothalamus (DMH), the 

Arc, and preoptic areas, but not in the PVH226.  Within the LH, Pdx1-Cre neurons reside in 

medial-caudal regions, and are not present in rostral domains (Figure 4a-h). Regions of the 

LH known to express Pdx1-Cre were shown to contain GABAergic and glutamatergic 

neuron populations, which were largely segregated (Figure 4i-k). To investigate how LH 

neurons modulate PVH neurons, we first monitored monosynaptic projections from LH 

Pdx1-Cre (LHPdx1) neurons to PVH neurons using channelrhodopsin 2 (ChR2)-assisted 

circuit mapping188.  Towards this, we bilaterally  
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Figure 4. Pdx1-Cre expression in hypothalamic brain regions, including LH, which 
contain segregated GABA and glutamatergic neuron populations. Pdx1-Cre mice 

were bred to Gt(ROSA)26Sortm9(CAG-tdTomato)Hze, also known as Ai9 reporter mice, 
to allow red-fluorescent protein (RFP) visualization in cre-positive neurons and fibers.  In 
a rostral to caudal fashion, (a-h) show RFP expression in hypothalamic neurons, 
including those in the LH, and projection fibers located in the PVH.  Prominent Pdx1-Cre 

expression in LH is noted in the medial to caudal portions of the LH (-1.22 to -1.82 mm 
Bregma, b-g), but is not seen in LH area anterior to Bregma -1.22 mm. Other prominent 
Pdx1-Cre positive neurons are seen in the DMH and Arc. Measurements indicate 
millimeter anterior-posterior distance relative to Bregma.  Arc, arcuate nucleus; DMH, 
dorsomedial hypothalamus; f, fornix; LH, lateral hypothalamus; VMH, ventromedial 
hypothalamus. (i-k) Double in situ hybridization of Vgat (i) and Vglut2 (j) in the LH area of 
a wild-type mouse.  Merged image (k) shows most Vgat and Vglut2 expressing neurons 
in LH do not overlap. fx, fornix 
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delivered AAV-FLEX-ChR2-EYFP viral vectors to the LH in Pdx1-Cre mice (LHPdx1-ChR2; 

Figure 5a). Three weeks post-injection, we identified ChR2-EYFP expressing neurons in the 

LH (Figure 5c and Figure 6), and observed their associated projections in the PVH (Figure 

5b).  Targeted photostimulation of LH fibers revealed both excitatory post-synaptic currents 

(oEPSCs) and inhibitory post-synaptic currents (oIPSCs) in PVH neurons in acute brain 

slices from LHPdx1-ChR2 mice. To ensure that recorded responses were comparable between 

animals, we targeted neurons in the dorsal medial part of the PVH (spanning anterior-

posterior Bregma coordinates, -1.06 mm to -1.22 mm), since this region contained abundant 

ChR2 expressing projections from LHPdx1-ChR2 neurons (Figure 5b).  We found that more 

than 91% of the recorded cells (110 out of 120) showed inhibitory responses, while less than 

33% (39 out of 120) showed excitatory responses (Figure 5d).  These photo-induced 

postsynaptic currents were blocked by bath-applied ionotropic GABA and glutamate 

receptor antagonists, respectively (Figure 5d).  Interestingly, the majority of neurons that 

showed light-evoked EPSCs also exhibited IPSCs (Figure 5f).  Both oEPSCs and oIPSCs in 

the PVH were resistant to bath-applied tetrodotoxin (TTX) and 4-aminopyridine (4-AP), 

known to block action potentials and inhibit network activity51, suggesting monosynaptic 
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connectivity (Figure 5e).  Thus, LHPVH glutamatergic and GABAergic inputs target a 

common subset of PVH neurons.  

Activation of LHPVH fibers induces feeding and self-grooming  

Similar to our previous study69, we activated LHPdx1-ChR2
PVH terminal fibers using optic 

fibers implanted above the PVH (Figure 5a and Figure 6a-b).  A stimulation protocol of blue 

473 nm light pulsed at constant 5 Hz and 100ms pulse-width duration caused voracious 

feeding in Pdx1-Cre mice (Figure  7a and 7e).  However, conditional knockout mice lacking 

Figure 5. GABA and glutamate LH neurons send monosynaptic projections to a 
common subset of PVH neurons. (a) Experimental schematic. (b) Representative 
image showing ChR2-EYFP LHPdx1 fibers in PVH. (c) ChR2 expression in LHPdx1 neurons. 
Coordinates in (a-b) are anterior-posterior (AP) measurements relative to Bregma.  III, 3rd 
ventricle; AHP, anterior hypothalamic area, posterior; f, fornix; ic, internal capsule; LH, 
lateral hypothalamus; opt, optic tract; PVH, paraventricular nucleus of the hypothalamus; 
Scale bar = 300µm. (d) Electrophysiology  traces from patch-clamp recordings showing 
optical-evoked inhibitory post-synaptic currents (oIPSCs, top) and optical-evoked 
excitatory post-synaptic currents (oEPSCs, bottom) in a PVH neuron held at the indicated 
potentials (Vh) following 1-ms blue light pulse to LHPdx1-ChR2  fibers. Currents can be 
blocked by ionotropic GABA or glutamate receptor blockers, GABAzine and CNQX+APV, 
respectively. (e) Effect of co-application of TTX and 4-AP in oIPSCs (top) and oEPSCs 
(bottom). (f) Pie chart showing percentage of PVH neurons receiving excitatory and/or 
inhibitory inputs from LHPdx1-ChR2 neurons, as suggested by electrophysiology current 
responses to blue light. Electrophysiology data used with permission from Yungang Lu. 
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the vesicular GABA transporter (Vgat, which is required for presynaptic GABA release) and 

expressing ChR2 in LH (Pdx1-Cre::Vgatflox/flox mice)  

showed no alteration in feeding behavior during light stimulation (Figure 7a and Figure 6c). 

Electrophysiological recordings in PVH brain slices of Pdx1-Cre::Vgatflox/flox mice confirmed 

selective disruption of GABA release from LHPdx1-ChR2  fibers to PVH neurons (Figure 8a-b).  

These results are consistent with our previous findings that GABA release from LHPVH 

Figure 6. ChR2 expression in LHPdx1 neurons.  (a) Post-hoc analysis in coronal brain 
sections revealed optic fiber traces over caudal portions of the PVH in Pdx1-Cre mice 
(black outlined boxes) and Pdx1-Cre::Vgatflox/flox mice (red outlined boxes) used for 
experiments in Figure 7. (b) Shows approximate ChR2 injection sites, as determined by 
dense eYFP expression, in the same mice. (c) Representative images taken from brain 
slices of a Pdx1-Cre::Vgatflox/flox mouse used in experiments for Figure 7 reveal ChR2 
expression in PVH projection fibers and optical fiber implantation above PVH (opt. fib. 
trace, arrow) (left image) and ChR2 expression in LHPdx1 neurons (middle and right 
images). (a-c): millimeter measurements indicate anterior-posterior distance relative to 

Bregma. III, third ventricle; f, fornix; ic, internal capsule; LH, lateral hypothalamus; PVH, 
paraventricular hypothalamus; VMH, ventromedial hypothalamus.  Scale bar = 300µm. 
(d-f) Representative coronal brain slice images from a Pdx1-Cre::Ai9 reporter mouse 
used in Figure 7 experiments show ChR2 (d) and Ai9 (e) expression overlapping in the 
LH region (f). Scale bar = 250 µm.  
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terminals promotes feeding behavior69.  Using these models, we also assayed behavioral 

responses during photostimulation of LHPVH terminals when food was removed, and 

observed that most of Pdx1-Cre mice tested exhibited aberrant licking behavior, which was 

never observed in Pdx1-Cre::Vgatflox/flox mice.  LHPVH evoked behavioral responses were 

Figure 7. Optical activation of LHPdx1
PVH projections differentially causes 

feeding and repetitive grooming behaviors, with the former requiring GABA 
release. Food intake (a) and grooming time (b) before (pre-light), during (light-on), and 
after (post-light) 5 Hz, 100 ms photostimulation of LHPdx1-ChR2

PVH fibers in Pdx1-Cre 
and Pdx1-Cre::Vgatflox/flox  mice. Feeding time (c) and grooming time (d) before, during, 
and after 5 Hz, 10 ms photostimulation of LHPdx1-ChR2

PVH fibers in the same mice. 
Insert in (c) is expanded from Pdx1-Cre::Vgatflox/flox grooming data in the same figure. 
Snapshots taken from videos of Pdx1-Cre (e) and Pdx1-Cre::Vgatflox/flox (f) engaged in 

feeding and grooming behaviors, respectively, during light-on epoch (5 Hz, 100ms). (g-i) 
Grooming microstructure characterization during pre-light and light-on (5 Hz, 10ms) 
epochs. (a-d and g-i) Pre-light, light-on, and post-light epochs occurred consecutively 
and lasted 5 mins each; Pdx1-Cre, n = 3 animals; Pdx1-Cre::Vgatflox/flox, n = 4 animals. 
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comparable between unilaterally and bilaterally injected mice with ChR2; thus, data from 

these two groups were combined and presented herein. 

  Interestingly, we noted that in a five minute period following 5 Hz, 100 ms light stimulation, 

Pdx1-Cre mice tended to exhibit self-grooming behavior (Figure 7b). Strikingly, during the 5 

min light-on period, Pdx1-Cre::Vgatflox/flox mice exhibited extensive repetitive self-grooming 

behavior (Figure 7b and 7f). These data suggest that GABA release in LHPVH 

suppresses evoked grooming behavior.  To gauge the activation threshold of LHPVH 

fibers in driving feeding behavior, we evaluated multiple stimulation protocols for the ability 

to elicit grooming vs. feeding behavior.  We found that, in Pdx1-Cre mice, photostimulation 

with 5 Hz, 10 ms pulses failed to induce any feeding (Figure 7c), and instead induced 

intense self-grooming (Figure 7d).  Similarly, the same stimulation regime did not elicit 

Figure 8. Inhibitory and excitatory post-synaptic currents in PVH elicited by blue 
light stimulation of LHPdx1-ChR2  fibers require vesicular GABA transporter (Vgat) and 
vesicular glutamate transporter 2 (Vglut2), respectively. (a) Voltage clamp recordings 
in PVH brain slices of Pdx1-Cre::Vgatflox/flox mice reveal optically-evoked excitatory post-
synaptic currents (oEPSCs, which can be blocked by ionotropic glutamate receptor 
blockers CNQX+APV), but not optically-evoked inhibitory post-synaptic currents 
(oIPSCs) (b).  Conversely, PVH recordings in Pdx1-Cre::Vglut2flox/flox  brain slices show 
light can elicit IPSCs (d) but not EPSCs (c). Blue ticks indicate 1-ms blue light pulse. 
Figure used with permission from Yungang Lu. 
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feeding in the Pdx1-Cre::Vgatflox/flox mice, but instead suppressed the time spent feeding 

(Figure 7c), and led to repetitive self-grooming that was indistinguishable from that in Pdx1-

Cre mice (Figure 7d).  Multiple trials revealed that 5 Hz, 100 ms light pulses consistently 

induced feeding responses, whereas 5 Hz, 10 ms pulses consistently induced self-grooming 

in Pdx1-Cre animals.  Thus, we used these two protocols to differentially induce feeding and 

self-grooming in this study.  As a control, Pdx1-Cre mice that received cre-dependent GFP 

Figure 9. Photostimulation of LHPdx1-GFP expressing fibers in PVH does not increase 
feeding or grooming behaviors. (a) Post-hoc analysis of brain slices show optic fiber 
placements (blue outlined boxes) above caudal PVH regions in Pdx1-Cre mice injected 
with cre-dependent GFP virus in LH. (b) Shows approximate injection locations of GFP 
(blue outlined boxes) in the same mice. Representative images from a Pdx1-Cre::GFP 

mice (n=4) showing GFP-expressing fibers in PVH and optical fiber implantation above 
PVH (opt. fib. trace, arrow) (c) and injection site in LH (d). Scale bar = 300µm. In vivo 
photostimulation of LHPdx1-GFP

PVH fibers does not cause significant increases in either 
feeding (e, g) or grooming behaviors (f, h), irrespective of light stimulation protocol (5Hz, 
10 vs. 100 ms). Repeated measures ANOVA: (e) Light epoch F (2, 6) = 0.4286, 
P=0.6699; (f) Light epoch F (2, 6) = 1.644, P=0.2696; (g) Light epoch F (2, 6) = 1, 
P=0.4219 (h) Light epoch F (2, 6) = 7.057, P=0.0265). Data presented as ±s.e.m.  
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virus (opsin-negative vectors) to LH did not exhibit elevated feeding or grooming behaviors 

upon PVH illumination (Figure 9). 

         Stressful and anxiety-provoking situations increase self-grooming behavior and alter 

the natural progression of grooming transitions, which normally proceed in an uninterrupted 

cephalocaudal direction169.  With this in mind, we investigated whether light-evoked self-

grooming resulted in changes in stress-related grooming “microstructure.”  Using a grooming 

analysis algorithm 227 we analyzed the number of grooming bouts, incorrect grooming 

transitions, and interrupted grooming bouts, and found that all these components of 

grooming behavior were significantly increased (Figure 7g-i), suggesting that LHPVH 

stimulation induced grooming is stress-related in nature.   

Glutamate release from LHPVH fibers in self-grooming behavior 

The rapid onset of self-grooming behavior by LHPVH activation is independent of GABA 

release, suggesting that glutamate may mediate this effect. To explore this, we used Pdx1-

Cre::Vglut2flox/flox mice (Vglut2, also named Slc17a6, is required for presynaptic glutamate 

release in most hypothalamic neurons).  In situ hybridization data showed that the number 

of Vglut2-expressing neurons in the LH was dramatically reduced in Pdx1-Cre::Vglut2flox/flox 

mice compared to controls (Figure 10a-b), suggesting that a significant portion of LHPdx1 

neurons are glutamatergic. To evaluate glutamate release from LHPdx1 neurons via Vglut2 

deletion, we recorded oIPSCs and oEPSCs in PVH neurons following blue light stimulation 

of LHPdx1-ChR2 fibers in Pdx1-Cre::Vglut2flox/flox mice. 0/12 PVH neurons exhibited oEPSCs in 

response to blue light (Figure 8c).  Concurrently, 8/12 PVH neurons showed oIPSCs 
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(Figure 8d),demonstrating that deletion of Vglut2 in Pdx1-Cre neurons leads to selective 

loss of glutamate release from LHPVH terminals while GABAergic neurotransmission 

remains intact.  

Figure 10. Photostimulation of GABAergic LHPVH projections causes chewing 
and licking behavior. (a-b) In situ hybridization for Vglut2 mRNA in fresh frozen coronal 
brain slices shows numerous neurons with in situ fluorescent signal (arrows) in the LH 
region of Vglut2flox/flox mice (a). In contrast, in Pdx1-Cre::Vglut2flox/flox mice, the number of 
neurons with in situ fluorescent signal in a matching LH-containing section is dramatically 
reduced while it is not changed in neighboring VMH area (b). Scale bar = 300µm. 
Millimeter measurement indicates anterior-posterior distance from Bregma. ic, internal 
capsule; LH, lateral hypothalamus; opt, optic tract; VMH, ventromedial hypothalamus. (c) 
When mice were placed in a bare cage (no food or bedding), Pdx1-Cre mice spent 
approximately equal amounts of time grooming and aimlessly licking the floors and sides 
of the cage upon LHPdx1-ChR2

PVH photostimulation (5Hz, 100ms); however, Pdx1-
Cre::Vglut2flox/flox spent significantly more time licking the cage than grooming upon the 

same light stimulation (two-way ANOVA; Interaction F (1, 10) = 5.984, P=0.0345; Sidak's 
multiple comparisons test: Grooming time vs. Licking time (Pdx1-Cre::Vglut2flox/flox) 
*p<0.05).  Data presented as ± s.e.m. (d) A portion of the Pdx1-Cre and Pdx1-
Cre::Vglut2flox/flox mice violently chewed on a square piece of bedding upon light 
stimulation of LHPdx1-ChR2

PVH circuit when food was absent. Pictures are of the same 
piece of bedding following 5 minutes pre-light and 5 minutes light-on stimulation. 
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         To test the behavioral effects of LHPVH terminal stimulation, Pdx1-Cre and Pdx1-

Cre::Vglut2flox/flox mice received LH injections of AAV-FLEX-ChR2-EYFP vectors and optic 

fiber implants over PVH (Figure 11).  In vivo  5 Hz, 100 ms light stimulation of LHPdx1-ChR2 

fibers in the PVH led to comparable ravenous feeding in both Pdx1-Cre and Pdx1-

Cre::Vglut2flox/flox mice (Figure 12a).  Similar to the previous findings (Figure 7b), light 

Figure 11. ChR2 expression in LH neurons and PVH projection fibers in Pdx1-Cre 
and Pdx1-Cre::Vglut2flox/flox mice.  (a) Post-hoc analysis in brains of mice used for 
Figure 12 experiments shows optic fiber placements above caudal PVH region (indicated 
by black and green outlined boxes). (b) The same mice received ChR2 injections 
consistently targeted in the LH region (black and green outlined boxes). Representative 
PVH brain slice image of a Pdx1-Cre mouse showing ChR2-expressing fibers in rostral 
PVH and optical fiber implantation above PVH (opt. fib. trace, arrow) (c) and ChR2 
injection site in LH (d). Representative brain slice images from a Pdx1-Cre::Vglut2flox/flox 
mouse reveals ChR2 fibers in caudal PVH and optical fiber implantation above PVH (left 
image) (e) and ChR2 injection site in LH (f). Scale bar = 300µm.  III, third ventricle; f, 
fornix; ic, internal capsule; LH, lateral hypothalamus; PVH, paraventricular hypothalamus; 
VMH, ventromedial hypothalamus.  
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stimulation elicited mild self-grooming in some Pdx1-Cre mice, but no grooming in Pdx1-

Cre::Vglut2flox/flox mice (Figure 12b). When stimulated with 5 Hz, 10 ms, Pdx1-Cre mice 

showed no changes in feeding (Figure 12f), but exhibited intense self-grooming (Figure 

12g).  On the other hand, Pdx1-Cre::Vglut2flox/flox mice exhibited feeding (Figure 12f), but no 

grooming behavior (Figure 12g).  In the absence of food, 5 Hz, 100 ms light stimulation 

elicited extensive licking behavior in Pdx1-Cre::Vglut2flox/flox mice, which differed from the 

Figure 12. LHPdx1
PVH evoked grooming requires glutamate release, and 

activation of non-glutamatergic fibers promotes behavioral approach. Food intake 
(a) and grooming time (b) before (pre-light), during (light-on), and after (post-light) 5 Hz, 
100 ms photostimulation of LHPdx1-ChR2

PVH fibers in Pdx1-Cre (n = 8) and Pdx1-
Cre::Vglut2flox/flox  (n = 7) mice. Real-time place preference assay (RTPP) during optical 
stimulation of LHPdx1

PVH in GFP control (n = 6) and Pdx1-Cre::Vglut2flox/flox::ChR2 mice 
(n = 4). (c-d) Representative tracks tracing locomotion; (e) Percentage time spent on 
each side. Food intake (f) and grooming time (g) for 5 Hz, 10 ms photostimulation test. 
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combined licking and grooming behavior seen in Pdx1-Cre mice (Figure 10c).  When 

presented with a piece of square bedding in the absence of food, some Pdx1-

Cre::Vglut2flox/flox mice violently chewed and ripped the bedding (Figure 10d). These findings 

support our conclusion that LHPVH GABAergic activity strongly promotes the drive to feed 

and suppresses grooming, while LHPVH glutamatergic activity promotes self-grooming.   

          We next probed the valence of LHPVH activity in Pdx1-Cre::Vglut2flox/flox mice using 

a real-time place preference assay (RTPP) 110.  Mice previously unexposed to the test were 

placed in a large test chamber with two equal zones: a light-off zone paired with no light 

stimulation, and a light-on zone paired with 5 Hz, 100 ms blue light stimulation.  Control 

mice that received AAV-FLEX-GFP injections into the LH and optic fibers implants above 

PVH did not display significant preference for either the light-paired or light-unpaired side of 

the chamber (Figures 12c and 12e). In contrast, Pdx1-Cre::Vglut2flox/flox mice expressing 

ChR2 in LHPdx1 and with optic fibers implanted above PVH, significantly preferred the light-

paired side of the chamber over the light-off zone (Figures 12d and 12e). Together, these 

data suggest that activation of GABAergic LHPVH circuit produces positive valence. 

PVH neurons mediate feeding and self-grooming behavior 

Activation of remote sites through collateral fiber activation remains a caveat of targeting 

projections for stimulation with optogenetics26.  Thus, to determine if photostimulation of 

LHPdx1-ChR2 fibers in the PVH activated additional LH collaterals in non-PVH sites through 

antidromic action, we crossed Pdx1-Cre mice with Sim1-Cre::γ2flox/flox mice64, in which the 

GABA-A receptor γ2 subunit, an essential subunit for GABA-A receptor function, is deleted 

in Sim1-expressing PVH neurons. The resulting Pdx1-Cre::Sim1-Cre::γ2flox/flox mice lacked γ2 

subunit in both Pdx1-Cre and Sim1-Cre neurons69.  We used Pdx1-Cre::γ2flox/flox mice as a 

control group. Surprisingly, spike firing rates of PVH neurons between Sim1-Cre and Sim1-
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Cre::γ2flox/flox mice were similar (Figure 13). Further whole cell recordings showed that γ2 

deletion in Sim1-Cre PVH (PVHSim1) neurons led to a reduction in evoked IPSCs as well as 

evoked EPSCs (data not shown), suggesting that the lack of change in PVHSim1 neuron 

activity with γ2 deletion is due to a compensatory reduction of glutamatergic inputs.  We 

then performed whole-cell recordings on PVH neurons following photostimulation of LHPdx1-

ChR2 fibers.  Whereas light evoked comparable monosynaptic EPSCs in both Pdx1-

Cre::γ2flox/flox mice and Sim1-Cre::Pdx1-Cre::γ2flox/flox mice (Figure 14), oIPSCs displayed 

significantly reduced amplitudes in Sim1-Cre::Pdx1-Cre::γ2flox/flox mice compared to that of 

Pdx1-Cre::γ2flox/flox mice (Figure 14b-c).  Additionally, a smaller fraction of neurons displayed 

oIPSCs in Sim1-Cre::Pdx1-Cre::γ2flox/flox  compared to Pdx1-Cre::γ2flox/flox mice (Figure 14c).  

However, the fraction of neurons that displayed oEPSCs was similar between groups 

(Figure 14c).  Behaviorally, light stimulation of LHPdx1-ChR2
PVH  fibers in control Pdx1-

Cre::γ2flox/flox mice induced voracious feeding (Figure 14d and Figure 15) similar to that 

observed in Pdx1-Cre mice.  In contrast, the same photostimulation paradigm failed to 

Figure 13. Deletion of γ2 in Sim1 
neurons does not affect 
spontaneous firing activity in 
PVHSim1 neurons. (a) Loose-patch 

recordings (voltage-clamp mode) of 
spontaneous spike discharge in 
PVHSim1 neurons of Sim1-Cre (top) 
and Sim1-Cre::γ2flox/flox  (bottom)  
mice. (b) Quantification of firing 
frequency in PVHSim1 neurons 
between the indicated two groups 
of mice does not reveal changes in 
overall neuron activity between 
genotypes.  Figures used with 
permission from Yungang Lu. 
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induce any feeding behavior in Sim1-Cre::Pdx1-Cre::γ2flox/flox mice (Figure 14d and Figure 

15).   

It is possible that non-PVH, Sim1-Cre positive brain regions expressing γ2 mediated 

the light-evoked feeding behavior via collateral activation and consequent release of GABA 

Figure 14. GABA-A and ionotropic glutamate receptor activation in PVH are 
required for LHPdx1-ChR2

PVH evoked feeding and grooming, respectively. (a) 
Inhibitory (oIPSC, top) and excitatory (oEPSC, bottom) post-synaptic current responses 
evoked by 1-ms blue light pulse (blue tick) in a PVH neuron of a Pdx1-Cre::γ2flox/flox 
mouse (control). (b) oIPSC (top) and oEPSC (bottom) responses to 1-ms blue light pulse 
in a PVH neuron of a Pdx1-Cre::Sim1-Cre:: γ2flox/flox mouse (double-cre knockout). (c) 
Quantification of current amplitude in control and double-cre knockout mice. Number of 
cells showing current response out of total number of cells recorded is shown above 
bars. (e) Schematic illustrating custom-made guide cannula allowing for interchangeable 
fluid and optical delivery to PVH. (f) Approximate fluid injection location in PVH area is 
shown by microinjection of blue ink before sacrifice. Scale bar=500 µm. (g) Time spent 
grooming during 5 mins of 5 Hz, 10-50 ms photostimulation of LHPdx1-ChR2

PVH following 
vehicle or D-AP5+DNQX microinjection to PVH. Figures a-c used with permission from 
Yungang Lu. 
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to these regions. Thus, we examined if LH Pdx1-Cre fibers project to Sim1 neurons in non-

PVH brain sites by implementing conditional viral vectors that contained a cre-dependent 

synaptophysin-EGFP reporter228 injected into the LH of Pdx1-Cre::Sim1-Cre::Ai9 mice 

(Figures 16a and 16c).  Synaptophysin-EGFP fluorescence localizes in presynaptic 

terminals, thus serving as an effective anterograde tracer.  In these animals, abundant 

EGFP expression was noted in the caudal portions of the PVH, as expected (Figure 16b).  

Figure 15. ChR2 expression in LH neurons and PVH projection fibers in Pdx1-
Cre::γ2flox/flox and Pdx1-Cre::Sim1-Cre::γ2flox/flox mice. (a-b) Post-hoc analysis in brains 
of mice used for Figure 14d experiments confirmed optic fiber placements above caudal 
PVH region (a) (orange and blue outlined boxes) and successful targeting of ChR2 to the 
LH region (b) (orange and blue outlined boxes). Representative coronal brain slice 
images from a Pdx1-Cre::γ2flox/flox mouse showing ChR2 expression in caudal PVH fibers 
and optical fiber implantation above PVH (opt. fib. trace) (c) and ChR2 expression in LH 
injection site (d). Representative coronal brain slice images from a Pdx1-Cre::Sim1-
Cre::γ2flox/flox mouse showing ChR2-expressing fibers in caudal PVH and optical fiber 
implantation above PVH (opt. fib. trace, arrow) (e) and ChR2 expression in LH injection 
site (f).  Millimeter measurements indicate anterior-posterior distance relative to Bregma. 
LH, lateral hypothalamus; VMH, ventromedial hypothalamus. 
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None of the dense, non-PVH Sim1-Cre 

expressing brain regions, including the 

nucleus of lateral olfactory tract, medial amygdala, and premammillary nucleus, showed 

obvious EGFP expression (Figure 16d-f), suggesting that non-PVH, Sim1-Cre-expressing 

brain regions do not contribute to the evoked feeding behavior. Together, these data show 

that PVH neurons mediate the avid feeding response observed with local stimulation of 

LHPVH fibers.  

         To test whether PVH neurons mediate self-grooming induced by photostimulation of 

LHPdx1-ChR2
PVH fibers, we employed a custom-made guide cannula that allowed 

simultaneous delivery of light and local drug infusion to targeted PVH areas (Figure 14e). 

Since glutamate release contributes significantly to the evoked self-grooming behaviors 

(Figure 12g), we examined the effect of local infusion of glutamate receptor antagonists (D-

AP5 + DNQX) to the PVH preceding photostimulation (Figure 14f).  Drug infusion 

significantly reduced self-grooming behavior induced by photostimulation of LHPdx1-

Figure 16. LHPdx1 neurons project to 
PVHSim1 but not to other prominent Sim1-
positive brain regions. (a) Schematic 
illustrates cre-dependent delivery of 
synaptophysin-GFP to LH neurons 
(unilateral injection) in a Pdx1-Cre::Sim1-
Cre::Ai9 mouse for anterograde tracing 
studies.  (b) As expected, prominent 

synaptophysin-GFP contacts were made 
with Ai9 neurons in the PVH, suggesting 
LHPdx1

PVHSim1 synaptic connections. (c) 
Shows successful viral delivery of 
synaptophysin-GFP to the LH region. (d-f) 
Prominent Sim1-positive sites include NLOT 
(d), MeA (e), and premammillary nucleus (f), 
all of which show little to no GFP overlap in 
the respective regions. Millimeter 
measurements indicate anterior-posterior 
distance relative to Bregma. f, fornix; LH, 
lateral hypothalamus; MeA, Medial 
Amygdala nucleus; mammillary nucleus; mtt, 
mammilothalmic tract; NLOT, nucleus of the 
lateral olfactory tract; PMd, dorsal 
premammillary nucleus. Scale bar = 300 µm.  
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ChR2
PVH  fibers, compared to the saline infused condition (Figure 14g).  Collectively, 

these studies demonstrate that PVH neurons mediate light-evoked self-grooming behavior 

by receiving LHPVH glutamatergic input. 

LHPVH projections in physiologic feeding and grooming  

To examine the physiological relevance of LHPVH projections in feeding, we next tested 

whether increased LHPVH GABAergic action contributes to fast-refeeding.  Towards this, 

we delivered conditional viral vectors encoding the light-driven outward proton pump 

eArchT3.0 bilaterally into LH of Pdx1-Cre::Vglut2flox/flox  mice and implanted optic fibers above 

the PVH (Figure 17a).  This allowed silencing of neurotransmitter release from LH 

presynaptic terminals upon yellow light illumination in the PVH area107. Strong GFP 

fluorescence was observed in both LH neurons and LHPVH fibers in mice that received 

AAV-FLEX-eArchT3.0-GFP injections to LH (LHPdx1-eArchT3.0; Figure 18a). To verify that 

illumination of LHPdx1-eArchT3.0 fibers reduced GABA release, we recorded oIPSCs in PVH 

neurons of Pdx1-Cre  mice  following photostimulation of LHPdx1-ChR2-eArchT3.0 fibers that 

simultaneously expressed eArchT3.0 and ChR2 (see methods).  Whereas blue light (473 

nm) reliably evoked oIPSCs in PVH neurons, yellow light (556 nm) greatly diminished blue-

light evoked oIPSCs (Figure 18b).  This effect was reversed after removal of yellow light 

(Figure 18b). These data showed that eArchT3.0 activation effectively inhibited presynaptic 

release of GABA from LHPVH terminals. To examine the feeding effects of light-mediated 

inhibition of GABAergic LHPVH terminals, we fasted Pdx1-Cre::Vglut2flox/flox expressing 

eArchT3.0 in LHPdx1  and tested them the following day with the protocol described in Figure 

17b.  Mice continuously engaged in food consumption during ten minutes of fast-refeeding 

during mock inhibition trials (Figures 17c and 17e). During +Light trials, where yellow light 

illuminated above PVH every other minute (constant 556 nm), the cumulative time spent 



55 
 

eating was significantly reduced during light-on, compared to the light-off period (Figures 

Figure 17. Inhibition of GABAergic LHPdx1
PVH fibers reduces feeding after a fast, 

and inhibition of glutamatergic fibers reduces water-spray induced grooming. (a) 
Experimental schematic. (b) Experimental protocol used to test fast-refeeding in Pdx1-
Cre::Vglut2flox/flox::eArchT3.0 mice under mock or 556 nm light inhibition. (c) Time spent 

refeeding after a fast during mock inhibition trial. (d) Time spent re-feeding after a fast 
under +Light trial, whereby 556nm constant light was applied every other minute during 
10 consecutive minutes. (e) Comparison of cumulative time spent feeding during light-off 
vs. light-on periods during +Light and Mock inhibition trials. n = 3 animals. (f) 
Experimental protocol used to test water spray induced grooming in Pdx1-
Cre::Vgatflox/flox::eArchT3.0 mice under mock (447 nm) or 556 nm light inhibition. (g) Time 
spent grooming during mock and 556 nm inhibition when no water spray was delivered. 
(h) Time spent grooming during mock and 556 nm inhibition when water spray was 
delivered to induce grooming.  (i) Simultaneous time spent feeding during water spray 
trials.  
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17d and 17e). At the same time, grooming behavior was unaltered by light condition (Figure  

Figure 18. eArchT3.0-mediated inhibition of GABA and glutamate release in 
LHPdx1

PVH terminals. (a) Representative images from a Pdx1-
Cre::Vglut2flox/flox::eArchT3.0 mouse (used in Figure 17 for behavioral experiments) 

showing eArchT3.0-GFP projection fibers from LH to PVH (left image) and injection sites 
in LH (right). f, fornix; LH; lateral hypothalamus; PVH, paraventricular nucleus of the 
hypothalamus. Scale bar = 500µm. (b) Voltage clamp recordings in PVH brain slices of 
Pdx1-Cre mice receiving LH injections of 50:50 cre-dependent ChR2+eArchT3.0 viruses.  

Photostimulation-evoked IPSC with a single 2 ms pulse of blue light (left) was reversibly 
inhibited by illumination with 556nm light (middle, right). Traces shown were averaged 
responses of 5-6 sweeps. (c) Light (556nm) or mock inhibition of GABAergic 
LHPdx1

PVH terminals in Pdx1-Cre::Vglut2flox/flox::eArchT3.0 mice does not significantly 
impact grooming time during light-off vs. light-on periods. (d) Representative images from 
a Pdx1-Cre::Vgatflox/flox::eArchT3.0 mouse (used in Figure 17 for behavioral experiments) 
showing eArchT3.0-GFP projection fibers from LH to PVH (left image) and injection sites 
in LH (right). Scale bar = 300µm. (e) Voltage clamp recordings in PVH brain slices of 
Pdx1-Cre mice receiving LH injections of 50:50 cre-dependent ChR2+eArchT3.0 viruses.  
Photostimulation-evoked EPSC with a single 1 ms pulse of blue light (left) was reversibly 
inhibited by illumination with 556nm light (middle, right). Traces shown were averaged 
responses of 5-6 sweeps. Electrophysiology experiments used with permission from 
Yungang Lu. 
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eating was significantly reduced during light-on, compared to the light-off period (Figures 

17d and 17e). At the same time, grooming behavior was unaltered by light condition (Figure 

18c). These results showed that ongoing GABA transmission in LHPVH circuit contributes 

significantly to physiological feeding behavior.  To test whether ongoing glutamatergic 

transmission from LHPVH is required for stress-induced grooming, we used Pdx1-

Cre::Vgatflox/flox mice expressing eArchT3.0 in LHPdx1 for photoinhibition experiments outlined 

in Figure 17f (also see Figure 18d-e). Baseline grooming levels during 556nm light 

inhibition was unaltered compared to mock inhibition trials with blue light (Figure 17g). In 

contrast, elevated grooming caused by water spraying the mice, a procedure known to 

elevate stress-related grooming229, was significantly attenuated with 556 nm vs. mock 

inhibition (Figure 17h). At the same time, feeding behavior was not significantly affected by 

light condition following water spray (Figure 17i). 

Antagonistic control of feeding and grooming by LHPVH projections 

We next sought to determine if activity level of GABAergic or glutamatergic action in this 

circuit could drive competition between the two behaviors.  To probe whether activation of 

the grooming component (i.e., glutamatergic transmission) competes with fast-refeeding, we 

fasted Pdx1-Cre::Vgatflox/flox mice expressing ChR2 in LHPdx1 neurons (Figure 19a-d), and re-

fed them for 30 minutes under either mock or blue light stimulation of LH Pdx1-ChR2
PVH 

fibers (Figure 20).  Fasted mice with mock stimulation (Fasted + Mock stim) showed a 

significant increase in food intake compared to that in the Fed + Mock stimulation condition 

(Figure 20c). However, the time spent grooming between these two conditions were similar, 

and constituted less than 7% of the total testing time (Figure 20b). On the other hand, 

activation of LHPdx1-ChR2
PVH fibers with 5 Hz, 100 ms blue light pulses during the fasted 

state (Fasted + Light-on) led to a significant increase in time spent grooming (56.6 ± 6.58 

percent time spent grooming ± s.e.m.; Figure 20a), and was accompanied by a 
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corresponding decrease in food consumption (0.02 ± 0.01 grams ± s.e.m.) compared to the 

Fasted + Mock stim condition (0.26 ± 0.05 grams ± s.e.m.; Figure 20c). These data suggest 

that fast-refeeding can be antagonized by self-grooming behavior induced by activation of 

LHPVH glutamatergic inputs.  

Figure 19. ChR2 expression in LH neurons and PVH projection fibers in Pdx1-
Cre::Vgatflox/flox used in fast-refeeding competition experiments, and 
photostimulation of LHPVH GABAergic terminals strongly promotes feeding. (a-
d) Post-hoc analysis of optic fiber placements and LH injection sites for Pdx1-
Cre::Vgatflox/flox::ChR2 mice used for competition experiment in Figure 20a-c. Verification 
of optic fiber placements above PVH (a) and successful targeting of ChR2 to LH (b). 
Representative images show ChR2 expression in fibers projecting to PVH and optic fiber 
trace above PVH (c) and approximate injection site of ChR2 to LH region (d). f, fornix; 
LH, lateral hypothalamus; PVH, paraventricular hypothalamus.  Scale bar = 300 µm. (e) 
Pdx1-Cre::Vglut2flox/flox::ChR2 mice (related to Figure 20d-f) consistently spend most of a 
one-minute block feeding when laser is turned on (473nm; 5Hz, 100ms), while showing 
little to no increase in grooming behavior regardless of light epoch. Each Off-On epoch 
lasted one minute each for eleven consecutive minutes.  
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         To genetically dissect the effects of grooming during GABAergic LHPVH stimulation, 

we used Pdx1-Cre::Vglut2flox/flox mice that received ChR2 injections to LH and optic fibers 

implanted above PVH.  We water sprayed the mice to evoke extensive self-grooming.  After 

water spray, mice were placed in a bare cage for eleven minutes under mock stimulation 

Figure 20. Antagonistic control of feeding and self-grooming by GABAergic and 
glutamatergic LHPdx1

PVH fibers. (a) Experimental design for testing effects of 
glutamatergic LHPdx1-ChR2PVH fiber photostimulation on grooming and refeeding 
after a fast. (b) The percentage of time spent grooming during three 30 min trials. (c) 
Food intake during the same three trials. (d) Experimental protocol to test whether 
photostimulation of GABAergic LHPdx1-ChR2 PVH fibers interferes with grooming 
induced by water spray. (e) Time spent engaged in grooming or feeding/licking behaviors 
during mock stimulation (n = 3). (f) Time spent grooming or feeding/licking during light-on 
condition, where 5 Hz, 100ms light pulses were applied every other minute (n = 5).  
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conditions (Figure 20d).  Water spray reliably induced approximately ten minutes of 

continuous grooming behavior, and had no effect on feeding related behaviors (Figure 20e).  

In a separate trial where mice were water sprayed and then paired with photostimulation of 

LHPdx1-ChR2
PVH (continuous 5 Hz, 100 ms, 473 nm applied every other minute), grooming 

behavior was dramatically suppressed, and was accompanied with a concomitant elevation 

in feeding behavior (Figure 20f).  Strikingly, the light effect on grooming and feeding 

behaviors was rapidly reversed during the light-off epochs, such that mice immediately 

stopped eating, and reverted back to grooming (Figure 20f).   Of note, the rapid elevation in 

grooming during the light-off periods was not due to post-light effects (Figure 19e). 

Together, these data show that activation of GABAergic LHPVH fibers antagonizes stress-

related grooming and promotes feeding behavior.  

Activation of PVH neurons on self-grooming versus feeding 

The above data suggested that the activity level of PVH neurons determines feeding versus 

self-grooming behaviors. To directly test this, we bilaterally delivered AAV-FLEX-ChR2-

EYFP to PVH of Sim1-Cre mice (PVHSim1-ChR2; Figure 21a, 21b, and Figure 22).  Whole cell 

electrophysiological recordings in acute brain slices showed that blue light pulses reliably 

excited PVHSim1-ChR2 neurons (Figure 22f). Our previous studies showed that glutamate 

release from PVH was essential in mediating PVH function in body weight regulation57.  As 

such, we also included Sim1-Cre::Vglut2flox/flox mice in the following optogenetic studies.  

Recapitulating results from LHPdx1-ChR2
PVH  fiber photostimulation, 5 Hz, 10 ms blue light 

stimulation in PVHSim1-ChR2 neurons evoked repetitive self-grooming behavior in Sim1-Cre 

mice (Figure 21c).  However, Sim1-Cre::Vglut2flox/flox mice exhibited significant blunting of 

grooming behavior with the same light stimulation (Figure 21c). The elevation in grooming 

behavior induced by photostimulation was absent in Sim1-Cre mice receiving AAV-FLEX-

GFP viral injections to PVH (Figure 23). To examine the effect of PVH neuron activation on 
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feeding and grooming behaviors, both groups of mice were fasted for 24 hours, then refed 

for eleven minutes with blue light stimulation (5 Hz, 10 ms, 473 nm, every other minute). 

Sim1-Cre mice showed persistent repetitive self-grooming and suppressed feeding during 

light-on periods.  During light-off periods, the mice rapidly switched to feeding and displayed 

Figure 21. Photostimulation of PVHSim1 neurons induces grooming behavior and 
competes with fast-refeeding, and inhibition increases feeding and reduces stress-
induced grooming.  (a) Experimental schematic. (b) ChR2-EYFP expression in 
PVHSim1 neurons and optical fiber implantation (opt. fib. trace, arrow) above PVH. Scale 
bar = 300 µm. (c) Grooming time before (pre-light), during (light-on), and after (post-light) 
5 Hz, 10 ms photostimulation of PVHSim1-ChR2 neurons in Sim1-Cre (n=4) and Sim1-
Cre::Vglut2flox/flox (n=4) mice. (d) Time spent feeding after a fast during alternating, 1 
minute-light off/on events in Sim1-Cre (n=4) and Sim1-Cre::Vglut2flox/flox (n=4) mice 
(light-on = 5Hz, 10ms). (e) Time spent grooming in the same experiment. (f) Silencing 
PVHSim1-iC++ neurons with blue light blocks action potentials induced by depolarizing 
current injection. Figure used with permission from Yungang Lu. (g) 30 min food intake 
during optical inhibition of PVH with blue light in Sim1-Cre::GFP control and iC++ mice. 
(h) Time spent grooming during 15 mins of mock inhibition following no acute stress in 
the same mice. (i) Time spent grooming during 15 mins of blue-light inhibition following 
10 mins of immobilization stress in the same mice.  
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minimal grooming (Figure 21d-e). In contrast, Sim1-Cre::Vglut2flox/flox mice did not have light-

associated grooming behavior and fed regardless of light condition (Figure 21d-e). These 

results suggest that an increased level of PVH neuron activity promotes self-grooming and 

inhibits feeding in a glutamate release-dependent manner. We next probed whether 

optogenetically inhibiting PVHSim1 neurons would affect feeding and grooming. To this end, 

Figure 22. ChR2 and iC++ expression in PVHSim1 neurons of Sim1-Cre and Sim1-
Cre::Vglut2flox/flox mice. (a) Post-hoc analysis in brains of mice used in Figure 21b-e 
shows approximate injection locations of ChR2 in PVH and optical fiber implantation 
above PVH. Dark blue box and light blue box indicate optic fiber placements in Sim1-Cre 
and Sim1-Cre::Vglut2flox/flox mice, respectively; dark blue X and light blue X indicate 
approximate ChR2 injection sites in Sim1-Cre and Sim1-Cre::Vglut2flox/flox mice, 
respectively. (b) Representative image from a Sim1-Cre::Vglut2flox/flox mouse showing 
ChR2 expression in caudal PVH and optical fiber placement above the same region. 
Scale bar = 300 µm. (c-e) Representative image from a Sim1-Cre::Ai9 reporter mouse 
with ChR2 expression in PVH region.  Close-up of PVH showing ChR2-eYFP 
fluorescence (c) and Ai9-RFP fluorescence (d). Merged image (e) shows ChR2 
expression encircles the membranes of Ai9-positive cells. Scale bar = 100 µm. (f) Whole-
cell current clamp traces in ChR2-positive PVHSim1 cells in response to 5 Hz, 10ms blue 
light pulses (blue ticks = 10ms light pulse). Figure used with permission from Yungang 
Lu. (g) iC++-EYFP expression in PVHSim1 neurons and optical fiber implantation above 
PVH. Scale bar = 300 µm. 
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Sim1-Cre mice were injected with AAV-FLEX-iC++-EYFP vectors to allow expression of the 

inhibitory channel iC++230 in PVH neurons (Figure 22g. Patch clamp experiments showed 

that blue light inhibited firing of PVH neurons in Sim1-Cre::iC++ mice (Figure 21f).  Acute 

inhibition of PVHSim1 caused a significant increase in food intake compared with GFP-

injected controls (Figure 21g). Furthermore, elevated grooming induced by immobilization 

stress was significantly attenuated in Sim1-Cre::iC++, compared to GFP controls during 

blue-light inhibition (Figure 21i).  The shortened grooming response in iC++ mice was not 

due to differences in baseline levels of grooming compared to GFP controls (Figure 21h).  

Figure 23. Photostimulation of PVHSim1-GFP neurons does not increase grooming 
behavior. (a) Shows approximate optic fiber placements (green outlined boxes) and cre-
dependent GFP injection sites (green X’s) in Sim1-Cre mice used for behavioral 
experiments in (c). (b) Representative image of a Sim1-Cre mouse showing GFP 
expression in PVH and optic fiber placement above the same region. Scale bar = 300 
µm. (c) In vivo optical stimulation (5Hz, 10ms) of PVHSim1-GFP neurons does not lead to 
increased grooming behavior compared to pre- and post-light epochs (repeated 
measures ANOVA; light epoch F (2, 4) = 2.329, P=0.2134). Each epoch lasted 5 mins for 
a total of 15 consecutive minutes. Data are presented as ±s.e.m.  
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These data support that overall activity of PVH neurons significantly participates in normal 

feeding and stress-related grooming behaviors, and further reinforce the idea that LHPVH 

projections regulate both feeding and self-grooming behaviors by modulating PVH neuron 

activity. 

          In addition to PVH, LH neurons are known to project to lateral habenula and ventral 

tegmental area (VTA)110, 111. To examine whether PVH-projecting LH neurons also send 

collaterals to these brain regions, we used a previously e`stablished pseudorabies viral 

tracing method197 to label PVH-projecting LH neurons with GFP. While we observed some 

GFP-labeled fibers in the dorsomedial hypothalamus and LH, none was found in lateral 

habenula or VTA (Figure 24), suggesting that PVH-projecting LH neurons do not send 

significant collaterals to lateral habenula or VTA.  
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Figure 24. PVH projecting LH neurons do not send collaterals to lateral habenula 
or VTA. Using Pdx1-Cre mice, we performed rabies terminal mapping study to assess 

the degree of collateralization of LH→PVH to other structures. Using the same protocol 
as described in previous studies (Betley et. al. Cell 2013 and Garfield et. al. Nat. 
Neurosci. 2015), we first delivered AAV-FLEX-TVA-mCherry to the LH of Pdx1-Cre mice, 
and 4 weeks later, delivered pseudotyped rabies virus deltaG to the PVH. As shown in 
panels a and d, TVA-expressing fibers were found in all known LH projection sites 
including PVH, lateral habenula and VTA. Importantly, abundant GFP-expressing fibers 
were also found in the PVH (panel a), confirming successful delivery of rabies virus in the 
PVH. As expected, a subset of LH neurons expressed GFP (panel b). However, no 
apparent GFP-expressing fibers were found in either lateral habenula or VTA (panel d). 
Interestingly, rare GFP-expressing fibers were found in the DMH and LH (panel c). These 
results suggest that the PVH-projecting LH neurons send an insignificant amount of 
collaterals to other projection sites. fr: fornix; III: 3rd ventricle; PVH:paraventricular 
hypothalamus; LH: lateral hypothalamus; DMH: dorsomedial hypothalamus; Lhab: lateral 
habenula; VTA: ventral tegmental area.  
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Discussion 

The etiology of compulsive behaviors and their association with feeding 

abnormalities remains poorly understood202, 221.  Previous studies on the pathophysiology of 

compulsivity and related disorders mainly focus on forebrain regions202, 221, 222, 231.  Our 

results showed that parallel GABAergic and glutamatergic LHPVH projections can 

differentially promote feeding versus repetitive self-grooming by modulating PVH neuron 

activity.  While simultaneous activation of both projections induced mixed feeding and self-

grooming, selective activation of one blocked the behavior mediated by the other, 

demonstrating an antagonistic regulation of these two behaviors by LHPVH projections.  

Thus, our study defines previously unknown hypothalamic circuit capable of promoting two 

competing behaviors, i.e. feeding and self-grooming behavior, and provides a framework for 

the LHPVH pathway as a potentially important brain mechanism underlying eating 

disorders associated with compulsivity.  

The use of Pdx1-Cre mouse line in our study offers a number of advantages over 

Vglut2-Cre and Vgat-Cre. This unique model allowed us to gain access to both LH glutamate 

and GABA neurons, thus allowing simultaneous activation of LH→PVH GABAergic and 

glutamatergic terminals. With this dual activation, we identified a common subset of PVH 

neurons that receive monosynaptic glutamatergic and GABA inputs from LH neurons.  The 

model also allowed the ability to show differential behavioral outcomes with optogenetic 

activation of the mixed glutamatergic and GABAergic LH→PVH terminals using differing 

strengths of light stimulation, suggesting neurotransmitter competition for behavior within the 

LHPVH circuit. The combinational use of Pdx1-Cre with floxed Vglut2 and Vgat alleles also 

allows specific disruption of glutamate and GABA release and demonstration of the role of the 

individual neurotransmitters without competing effects from the other. Furthermore, use of 

Pdx1-Cre facilitated genetic confirmation of functional PVH contribution, via Sim1-Cre 
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mediated γ2 deletion, in mediating LH→PVH in feeding. Notably, the baseline readings of 

feeding and self-grooming, two major behaviors that were monitored in this study, were not 

altered in these knockout mice. Thus, the impact of potential developmental alterations 

associated with gene knockouts, if it exists, minimally affects our data interpretation.  

 We discovered that activation of glutamatergic LHPVH terminals caused 

extensive, repetitive self-grooming, suggesting a high level of compulsivity.  The induced 

self-grooming behavior was shown to be stress-related, which is consistent with previous 

observations on the role of LH orexin and leptin responsive neurons in increasing stress 

levels232.  Remarkably, the evoked repetitive self-grooming behavior consistently overrode 

extreme hunger-induced feeding following 24 hour fasting. Thus, LHPVH glutamatergic 

projection activation produced a phenotype analogous to the maladaptive behaviors often 

described in human anorexia nervosa, which consist of obsessive thoughts surrounding 

body weight, compulsive exercise, and extreme eating aversion associated with long-term 

self-induced starvation233-236.  Importantly, inhibition of both glutamatergic transmission from 

LH to PVH and PVH neurons reduced extensive self-grooming behavior induced by stress, 

suggesting an involvement of activation of PVH neurons by increased glutamate release 

from the LH in the etiology of stress-related self-grooming.  In humans, many forms of 

compulsive behaviors, including eating disorders, co-exist with higher levels of stress169, 237.  

Thus, chronic activation of LHPVH glutamatergic projections may potentially serve as a 

model for compulsive anorexia in humans.   

           In addition to feeding behavior, LHPVH GABAergic projections also promoted 

feeding-related behaviors in the absence of food, such as licking and chewing up bedding, 

suggesting an increased level of impulsivity and an uncontrolled drive to eat.  Similar 

aberrant feeding-associated behaviors were also observed during activation of LHVTA 

GABAergic projections and LH GABAergic neurons111, 238. This feeding behavior is distinct 
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from that mediated by AgRP neuron activation, which shows a specific effect toward 

foraging and feeding, and is not associated with aggressive licking or chewing164, 165, 239. Our 

data revealed that mice displayed behavioral approach to a side of a test chamber paired 

with GABAergic LHPVH activation. In line with this, recent results show that AgRP 

GABAergic inputs to both LH and PVH are also associated with positive reinforcement163.  

The positive valence associated with LHPVH-induced feeding may escalate the drive for 

feeding and its related behaviors.  Thus, chronic activation of LHPVH GABAergic 

projections may contribute to conditions characterized by uncontrolled overeating.  

           One striking finding in this study is that LHPVH glutamatergic projections were in 

parallel with LHPVH GABAergic projections. Our findings suggest that short duration 

stimulation of mixed glutamatergic and GABAergic LHPVH projections may preferentially 

activate glutamatergic components and increase PVH neuron excitability, leading to self-

grooming, while long duration stimulation may cause a net GABAergic action and reduce 

PVH neuron activity, leading to feeding.  Importantly, we found that the net effect of 

changing PVH neuron activity swiftly changed behavioral outcomes.  Elevating PVH neuron 

activity by photostimulating PVHSim1-ChR2 neurons caused repetitive self-grooming and 

inhibited feeding within seconds even during extreme hunger induced by fasting. Similarly, 

photostimulation of glutamatergic LHPVH projections abruptly suppressed feeding after a 

fast, and induced self-grooming.   In contrast, inhibiting PVH neuron activity caused the 

opposite effect, causing increased feeding and attenuation of stress-induced grooming. 

Consistently, activation of GABAergic projections in LHPVH circuit potently disrupted 

repetitive grooming induced by water spray, and promoted feeding, an effect that was 

rapidly reversed upon photostimulation termination.  Thus, acute changes in PVH neuron 

activity in response to dynamic GABAergic and glutamatergic inputs give rise to self-

grooming or feeding.  Unbalanced glutamatergic and GABAergic transmission to PVH may 
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underlie feeding disturbances associated with compulsivity.  As LHPVH-evoked feeding 

behavior is associated with positive reinforcement, and the evoked grooming is associated 

with stress, a typical negative reinforcement, these results suggest a scalable regulation of 

PVH neuron activity on emotional states.  

             Given the rapid switch between feeding and self-grooming by changing LHPVH 

GABAergic and glutamatergic activity, or by acutely activating or inhibiting PVH neurons, it is 

likely that a shared PVH neuron population mediates the two behaviors.  Supporting this, 

our data suggest that LHPdx1 neurons send monosynaptic GABAergic and glutamatergic 

projections to a common subset of PVH neurons.  Provided the established role of PVH 

melanocortin receptor 4 (MC4R)-expressing neurons in feeding regulation37, 51  these 

neurons present themselves as a candidate.  Notably, MC4R and SAPAP3 double deletion 

rescues both hyperphagia from MC4R deficiency, and excessive self-grooming from 

SAPAP3 deficiency 222, raising a possibility that PVH MC4R-neurons contribute to this effect.  

Activation of PVH thyroxine releasing hormone (TRH) neurons promotes feeding but does 

not lead to self-grooming58, an opposite effect that would be expected from LHPVH 

glutamatergic activation. Thus, TRH neurons are an unlikely candidate.  Notably, PVH 

neurons expressing corticotropin releasing hormones (CRH) might contribute to self-

grooming behavior 168.  Further studies are required to identify the exact subset(s) of PVH 

neurons that dynamically regulate feeding and self-grooming.  

          Feeding is essential for survival, and animals respond to fasting by consuming a large 

amount of food immediately when it becomes available to offset the energy deficit occurred 

during fasting periods. Despite the key importance of fast-refeeding responses, the neural 

pathway essential for this life-preserving behavior remains unclear.  Thus far, AgRP neurons 

represent the prevailing group of neurons established in mediating fast-refeeding 

responses18, 21. Our results showed that optogenetic inhibition of LHPVH GABAergic 
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terminals strongly inhibited fast-refeeding and was robust and repeatable, suggesting that 

an active release of GABA in PVH mediates ongoing fast-refeeding.  Thus, we identified LH 

GABAergic neurons as a novel population of neurons, alongside AgRP neurons, that are 

capable of governing fast-refeeding behavior. Supporting this, our previous studies showed 

that loss of GABA release from Pdx1-Cre neurons reduced fast-refeeding64.  

        In summary, using a combination of optogenetics, mouse genetics, behavioral assays, 

and pharmacology, we identified a single LHPVH projection with GABAergic and 

glutamatergic components that promote feeding and self-grooming behaviors, respectively. 

Importantly, dynamic PVH neuron activity changes regulated by glutamatergic and 

GABAergic inputs induced rapid and reversible transitions between feeding and self-

grooming, raising an interesting possibility that defective LHPVH activity may contribute to 

eating disorders associated with compulsive behaviors.  
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Chapter 3. 

Defensive Behaviors Driven by a Hypothalamic-Midbrain Circuit 
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Summary 

The paraventricular hypothalamus (PVH) regulates stress, feeding behaviors and other 

homeostatic processes, but whether PVH also drives defensive states remains unknown.  

We mapped PVH outputs that densely terminate in the midbrain-ventral tegmental area, and 

found that activation of the PVHmidbrain circuit produced profound defensive behavioral 

changes, including escape-jumping, hiding, hyperlocomotion, and learned aversion. 

Electrophysiological recordings showed excitatory post-synaptic input onto midbrain 

neurons via PVH fiber activation, and in vivo studies demonstrated that glutamate 

transmission from PVHmidbrain was required for the evoked behavioral responses. Using 

a dual optogenetic-chemogenetic strategy, we further revealed that escape-jumping and 

hiding required downstream activation of glutamatergic neurons in the midbrain.  Population 

recordings using fiber photometry provided evidence that glutamatergic-midbrain neurons 

respond to fear-inducing situations by increasing activity.  Taken together, our work unveils 

a novel hypothalamic-midbrain circuit that encodes defensive properties and may represent 

an essential component underlying stress-induced defensive responses.  
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Introduction 

Defensive behaviors encompass a repertoire of hard-wired responses critical for survival 

in the animal kingdom 240. Perceived threats prompt expression of fear, and result in escape 

behaviors, such as fleeing or freezing 241. Such behaviors are orchestrated by intricate 

neural networks, comprising multiple brain sites and likely redundant pathways 242. The 

hypothalamus is a complex structure that contains spatially distinct groups of neurons with 

diverse functions. The vast majority of research on the hypothalamus has historically 

focused on its role in homeostatic processes via endocrine or autonomic control. However, a 

growing body of literature suggests that specific hypothalamic sites not only generate innate 

defensive responses 172, but also drive associated emotional states and learned responses 

to threat 171, 243.  Thus, it is plausible that hypothalamic neural subsets that drive 

physiological adaptations also generate unique behavioral responses, allowing animals to 

effectively adjust to ever-changing circumstances in their environment.   

The PVH has been classically described as a central hub for an array of autonomic and 

neuroendocrine functions essential for homeostasis 244, and as a key output node for 

adapting internal metabolic activity to energy status 46. We have recently shown that the 

activity level of PVH neurons dictates feeding versus stress-related self-grooming, providing 

evidence that PVH may integrate information across several modalities to adjust emotional 

and behavioral output 61.  PVH neurons, especially those expressing corticotropin-releasing 

hormone (CRH), are critical in initiating hormonal and behavioral aspects of the stress 

response 168. Given that encountering various stressors is an integral part of ensuing 

changes in emotional states and behavior, it is possible that PVH neurons are involved in 

these processes. Supporting this, prior studies describe motivational and behavioral 

changes, including elicitation of defensive behaviors, following electrical stimulation of PVH 

area 245-247. Notably, PVH neurons project to mesolimbic structures such as midbrain regions 

within and surrounding the ventral tegmental area (VTA) 62, 248, and recent studies showed 
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that PVH oxytocin-expressing neurons that project to the VTA play a role in pro-social 

behavior 249. However, whether PVH neurons directly drive defensive behaviors is unknown.  

The VTA and nearby regions, like the PVH, are composed of heterogeneously 

expressing neuron populations, including dopaminergic, GABAergic and glutamatergic 

neurons 250.  Dopamine neurons are well known for driving reward and a positive emotional 

state, while glutamatergic neurons have recently been shown to drive aversion 250, a 

negative emotion state associated with fear and anxiety. Here, we uncover a pathway from 

PVH to the midbrain/VTA region that drives innate defensive behaviors, including escape, 

learned avoidance, and feeding suppression. Collectively, these findings represent a novel 

component of defensive neurocircuitry, and provide a potential link between negative 

emotions (stress and fear) and alterations in feeding behavior.  

 

Results 

Activation of PVH neurons elicits escape behavior associated with increased flight 

and negative valence 

Through targeted manipulation of PVH neurons, we recently uncovered a novel 

hypothalamic site that bidirectionally controls feeding and repetitive, stress-like self-

grooming 61. Here, we aimed to explore and characterize other behavioral responses by 

manipulating PVH neural activity. To this end, we injected cre-dependent channelrhodopsin-

2 (ChR2) viral constructs into the PVH of Sim1-Cre mice (Sim1-Cre::ChR2PVH), allowing 

optogenetic manipulation of the majority of PVH neurons 50 (Figure 25A). Photostimulaton 

with long pulses of blue light (100 ms) at 5 Hz reliably elicited time-locked activation of PVH 

neurons (Figure 25B). Similar to our previous findings, in vivo photostimulation of PVH 

neurons produced repetitive self-grooming in the majority of ChR2-expressing mice (Figure 

25C), but not in GFP-injected controls (Sim1-Cre::GFPPVH) (Figure 26A).  The same 



75 
 

photostimulation in Sim1-Cre::Vglut2F/F::ChR2PVH mice (also known as knockouts, KOs), 

Figure 25. Optogenetic Activation of PVH Neurons Elicits Flight and Escape 
Behaviors. (A) Experimental schematic and ChR2-EYFP expression in Sim1-Cre::Ai9 
cells in PVH. III, third ventricle. Scale bar, 300 µm. (B) Whole-cell recordings in PVH-
ChR2 neurons responding to 5 Hz-100 ms light pulses. Used with permission from 
Yungang Lu. (C) Quantification of time spent grooming in live animals during 5 Hz-100 
ms photostimulation of PVH. (D) Number of jumps elicited by 5 Hz-100 ms 
photostimulation of PVH. (E) Correlation between grooming time and number of jumps in 
Sim1-Cre animals during 5 Hz-100 ms PVH photostimulation. (F) Representative 
locomotion traces before, during, and after 5 Hz-10 ms photostimulation of PVH. (G) 
Quantification of distance travelled during locomotion test (F). (H) Representative 
heatmaps of time spent in arena location overlaying activity tracks during Real Time 
Place Preference/Avoidance Assay (RTPP/A), where one side of the chamber was 
paired with PVH-photostimulation or inhibition. (I) Quantification of time spent in light-on 
zone during RTPP/A. Repeated measures 2-way ANOVA and 1-way ANOVA for 
statistical comparisons, **p<0.005, ***p<0.0005. Error bars represent SEM. 
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which lacked vesicular glutamate transporter 2 (Vglut2, required for presynaptic glutamate  

Figure 26. Photoactivation of PVH Neurons Drives Grooming, Escape-Jumping, 
and Flight.  Related to Figure 25. (A) Time spent grooming before, during, and after 5 

Hz-100 ms photostimulation of PVH in Sim1-Cre::GFPPVH control mice. (B) Number of 
jumps counted before, during, and after 5 Hz-100 ms of PVH in control mice.  (C) 
Latency to initiate grooming following the first pulse of light during a 5 minute PVH-
photostimulation session. (D) Temporal representation of cumulative grooming bouts, 
calculated every 10 seconds, during 5 minutes of photostimulation.  (E) Comparison of 
total number of grooming bouts between Sim1-Cre and Sim1-Cre::Vglut2F/F animals 
during the 5 minutes of photostimulation. (F) Number of jumps counted during 5 minutes 
of PVH photostimulation with 5 Hz-10 ms pulses of light. (G) Comparison of the number 
of jumps evoked by 5 minutes of 5 Hz- 10 or 100 ms photostimulation in Sim1-Cre mice. 
(H) Average velocity during the locomotion assay in Figures 25F-G. (I) Comparison of 
distance travelled during the Real Time Place Preference/Avoidance Assay in Figures 
25H-I. Unpaired or paired t-tests, repeated measures 2-way ANOVA, and 1-way ANOVA 
for statistical comparisons, *p<0.05, **p<0.005, ***p<0.0005.  Error bars represent SEM. 
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photostimulation in Sim1-Cre::Vglut2F/F::ChR2PVH mice (also known as knockouts, KOs), 

which lacked vesicular glutamate transporter 2 (Vglut2, required for presynaptic glutamate 

release) in Sim1-neurons, showed a robust increase in repetitive grooming during light-on 

periods that was not significantly different than that seen in Sim1-Cre::C vhR2PVH mice 

(Figure 25C). However, self-grooming in Sim1-Cre::ChR2PVH mice was notably more 

fragmented than in Sim1-Cre::Vglut2F/F::ChR2PVH mice. Notably, latency to initiate grooming 

after light illumination was significantly longer in KOs (Figure 26C), suggesting a potential 

role for slower-acting neuropeptides. We also noted a trend towards fewer grooming bouts 

in KOs (Figures 26D-E). These results suggest that glutamate release is not required for, but 

contributes significantly to the light-induced self-grooming 61. Interestingly, however, we 

noted that 5 Hz-100 ms photostimulation elicited frantic escape-like jumping in the majority 

of Sim1-Cre::ChR2PVH mice, but not in KO or GFP control animals (Figures 25D and 26B), 

whereas a shorter pulse duration (10 ms, 5Hz) elicited jumping responses in less than half 

of Sim1-Cre::ChR2PVH mice tested (Figure 26F).  Notably, jumping behavior increased in 

response to the longer length of light-pulses (Figure 26G), indicating scalability of the 

behavior via strength of neural activation.  We also observed that some Sim1-Cre::ChR2PVH 

mice displayed only grooming or jumping to the exclusion of the other, while others showed 

a mix of behaviors during the photostimulation session. In fact, we noted a negative 

correlation between the two behaviors (Figure 25E), consistent with the mutually exclusive 

nature of such behaviors.  We also found that photostimulation in Sim1-Cre::ChR2PVH mice 

dramatically increased overall locomotion compared to controls, affecting both total distance 

travelled (Figures 25F-G) and average velocity (Figure 26H), suggesting an elevated state 

of arousal and agitation.  We next probed the emotional valence of PVH activation using a 

real-time place preference/avoidance assay (RTPP/A) 251. Compared to GFP controls, Sim1-

Cre::ChR2PVH mice avoided the light-paired side of the testing chamber, though total 

distance travelled was unchanged (Figures 25H-I and Figure 26I).  As an additional 
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comparison, we tested the valence of inhibiting PVH neurons in the RTPP/A assay by using 

Sim1-Cre mice injected with cre-dependent inhibitory opsin, iC++ (Sim1-Cre::iC++PVH) 61, 230.  

Surprisingly, inhibition of PVH neurons did not elicit significant preference or avoidance to 

the light-paired side (Figures 25H-I), which was previously shown to promote feeding and 

reduce stress-induced grooming 61. Collectively, these results indicate that glutamate 

release from PVH neurons drive a scalable increase in escape behavior, while both 

glutamate and non-glutamate action contribute to self-grooming. 

PVH projections to the midbrain area drive escape behavior and avoidance 

To probe potential PVH targets for the observed behaviors, we injected cre-dependent, 

synaptophysin constructs (AAV-FLEX-Syn::EGFP) to PVH neurons of Sim1-Cre mice for 

anterograde tracing 228 (Figures 27A-B).  We observed dense projections in previously 

reported sites, such as the median eminence (ME), periaqueductal gray (PAG)/dorsal raphe 

(DR), parabrachial nucleus (PBN), and locus coeruleus (LC) (Figure 28).  Interestingly, we 

observed substantial puncta in the midbrain area, both within and surrounding the VTA, 

most notably in the area medial to VTA and above the mammillary nucleus 

(supramammillary nucleus, SUM) and caudally into the VTA area (thereafter called 

midbrain) (Figures 27C and 28B-C). Puncta were in close proximity to tyrosine-hydroxylase 

(TH) positive neurons in the VTA, indicating possible connections with dopaminergic 

neurons (Figure 27C). To evaluate functional connectivity, we photostimulated local PVHSim1-

ChR2 fibers in the midbrain (Figure 27D), which evoked time-locked, excitatory post-synaptic 

currents in midbrain neurons, indicating glutamatergic transmission (Figure 27E).  Following 

PVHmidbrain photostimulation in live animals, we found that compared to GFP controls 

(Sim1-Cre::ChR2GFP->mdbrn), Sim1-Cre::ChR2PVH->mdbrn had a greater number of cFos-labeled 

neurons in the midbrain and SUM (Figures 27F-G).  Fewer cFos-labeled cells were detected 

in the VTA region proper (Figure 27F, bottom), which overlapped with very few TH+ cells 
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(Figure 27H), consistent with tracing results showing a substantial portion of PVH 
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projections terminating in the SUM and midline portions of VTA.  

Empirically, we found that 20 Hz photostimulation of the PVHmidbrain circuit in live 

Sim1-Cre::ChR2PVH->mdbrn animals resulted in the most obvious behavioral changes, 

including increased grooming behavior post-stimulation (Figure 27I), and escape-jumping 

similar to that seen with PVH photostimulation (Figure 27J). The same photostimulation 

failed to enact obvious repetitive grooming and escape-jumping in GFP controls (Figures 

30A-B). In contrast, Sim1-Cre::Vglut2F/F::ChR2PVH->mdbrn (KO) mice exhibited a significant 

increase in grooming during and after the photostimulation period, but showed no jumping 

behavior (Figures 27I-J). We found that microinfused glutamate receptor antagonists to the 

midbrain prior to photostimulation in Sim1-Cre::ChR2PVH->mdbrn mice significantly reduced the 

Figure 27. Glutamatergic Transmission from PVH to Midbrain Drives Flight and 
Escape. (A) Anterograde tracing schematic showing downstream sites targeted by PVH 

projections. (B) Synaptophysin-EGFP expression in PVH neurons. III, third ventricle; 
PVH, paraventricular hypothalamus. Scale bar, 300 µm. (C) Synaptophysin-EGFP 
puncta seen in VTA and adjacent midbrain regions (left).  Higher magnification showing 
puncta in close proximity to tyrosine-hydroxylase (TH) positive neurons (right). fr, 
fasciculus retroflexus; MM, medial mammillary nucleus; VTA, ventral tegmental area. 
Scale bar, 100 µm. (D) Optogenetic activation schematic of PVHmidbrain circuit. (E) 
Schematic of whole cell recordings (top) showing light-evoked excitatory post synaptic 
current trace in VTA/midbrain neuron (bottom). Red trace is representative of 8/13 
neurons showing oEPSCs.  5/13 neurons showed no response.  Holding potential = -70 
mV. Figure used with permission from Yungang Lu. (F) Coronal brain slice images of 
cFos and TH staining in GFP and ChR2 mice receiving PVHmidbrain photostimulation 
prior to sacrifice.  Bottom panels represent higher magnification of dashed rectangular 
area shown in top panels.  Arrows point to cells with co-localiaztion of cFos and TH. 
Scale bars, 300 µm. (G) Quantifaction of number of cells showing cFos and TH staining 
in GFP and ChR2 mice. (H) Quantification of cells showing dual staining of cFos and TH, 
with respect to total number of TH cells. (I) Time spent grooming before, during, and after 
PVHmidbrain photostimulation. (J) Quantification of number of jumps elicited by 
PVHmidbrain photostimulation. (K) (Top) Schematic of pharmacological blockade of 
glutamate receptors in VTA/midbrain area prior to photostimulation in live animals. 
(Bottom) Number of jumps evoked by PVHmidbrain photostimulation following 
microinjection of vehicle or glutamate receptor antagonists to midbrain. (L) 
Representative locomotion tracks in response to light activation of PVHmidbrain circuit. 
(M) Distance travelled during locomotion assay in (L). (N) Representative heatmaps of 
time spent in each location superimposed over tracks during RTPP/A assay, where one 
side of chamber was paired with light activation of PVHmidbrain. (O) Quantification of 
time spent in the light zone during RTPP/A assay.Repeated measures 2-way ANOVA, 
paired or unpaired t-tests, and 1-way ANOVA for statistical comparisons, *p<0.05, 
**p<0.005, ***p<0.0005. Error bars represent SEM. 
See also Figures 28 and 29. 
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escape-jumping in response to photostimulation (Figure 27K), confirming that midbrain 

neurons mediate the behavior.  Similar to PVH activation, we also noted that 

photostimulation of PVH fibers in midbrain promoted locomotor activity in Sim1-
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Cre::ChR2PVH->mdbrn mice, but not in GFP controls (Figures 27L-M and 29F) or KO mice 

(Figures 29C-E), suggesting an essential role for glutamate release in promoting locomotor 

activity. 

Interestingly, we found that place avoidance caused by PVHmidbrain photostimulation 

in the RTPP/A assay required glutamatergic transmission (Figures 27N-O), but did not affect 

the total distance travelled during the assay (Figure 29G).  These results suggest that 

glutamatergic transmission from PVHmidbrain promotes a state of negative valence, 

coupled by a drive for flight and escape. 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. PVH Projections in Downstream Brain Sites.  Related to Figure 27.  
Coronal brain slice images showing in situ hybridization for tyrosine hydroxylase (TH) 1 
(left) and Synaptophysin-EGFP signal/immunostaining for TH (right).  (A) Synaptophysin-
EGFP puncta in the median eminence (ME). Scale bar, 200 µm. (B) Synaptophysin-
EGFP puncta in anterior section of VTA. (C) Synaptophysin-EGFP puncta in posterior 
section of VTA. (D) Synaptophysin puncta in the periaqueductal gray (PAG)/dorsal raphe 
(DR) region. (E) Synaptophysin signal in parabrachial nucleus (PBN). (F) Synaptophysin 
signal in locus coeruleus (LC). Scale bars, 200 µm.  III, third ventricle; IV, fourth ventricle; 
AQ, cerebral aqueduct, CBX, cerebellar cortex; IPN, interpeduncular nucleus; fr, 
fasciculus retroflexus; ml, medial lemiscus; MM, medial mammillary nucleus; PH, 
posterior hypothalamus; SUM, supramamillary nucleus; scp, superior cerebellar 
penduncles. In situ hybridization images were taken from the Allen 

Institute.  www.alleninstitute.org, ID: Th – RP_Baylor_103073 – coronal.   
 

http://www.alleninstitute.org/
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Figure 29.  Photoactivation of PVHMidbrain Circuit in Grooming and 
Locomotion.  Related to Figure 27. (A) Time spent grooming in response to 20 Hz-10 
ms photostimulation of PVHmibdrain circuit in GFP control mice. (B) Number of jumps 
evoked by 20 Hz-10 ms photostimulation in the same mice. (C) Locomotion tracks of 
Sim1-Cre::Vglut2F/F mice before, during, and after 20 Hz-10 ms photostimulation in 
PVHmidbrain. (D) Quantification of distance travelled during locomotion assay in the 
same mice. (E) Average velocity during the locomotion assay in the same mice. (F) 
Average velocity during the locomotion assay in Figures 27L-M. (G) Distance travelled 
during Real Time Place Preference/Avoidance Assay (RTPP/A) in Figures 27N-O. 
Repeated measures or regular 1-way ANOVA, and repeated measures 2-way ANOVA 
for statistical comparisons ***p<0.0005, n.s.-Not Significant.  Error bars represent SEM. 
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Activation of PVHmidbrain circuit suppresses food intake due to intense avoidance 

and promotes aversion learning  

We previously demonstrated that photostimulation of PVH neurons abruptly halts ongoing 

feeding, and in turn promotes repetitive grooming, a phenomenon that was reversible upon 

light termination 61.  To examine whether place avoidance elicited by PVH neuron activation 

would alter fast-refeeding, we modified the RTPP/A assay by placing food in a corner of the 

light-paired side of the arena (Figure 30A).  Following a 24h fast, GFP control mice 

approached the light-paired side of the chamber and proceeded to consume the food 

(Figures 30B-E, S4A).  In contrast, ChR2 mice attempted to approach the food zone (Figure 

31A), but spent significantly less time in the light-on side and food zone (Figures 30B-D), 

and consequently ate significantly less than controls (Figure 30E).  Given that total 

locomotion during the assay was unchanged between groups (Figure 31B), together these 

data suggest that negative valence triggered by PVH photostimulation was sufficient to repel 

mice from an extremely salient goal, i.e., re-feeding after a long fast.  We next performed the 

same assay on mice with photostimulation of local PVH fibers in midbrain, and similarly 

found that Sim1-Cre::ChR2PVH->mdbrn mice spent significantly less time in the light-paired side  
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and food zone (Figures 30F-H), and consumed significantly less (Figure 30I), despite  

attempts in approaching the food zone (Figure 31C). On the other hand, upon locating food, 

KO mice with the same stimulation tended to remain in the light-paired side (Figures 30F, 

31C), and spent a similar amount of time in the light-on side and food zone as GFP controls 

(Figure 30G-H). Surprisingly, however, their food intake was significantly less (Figure 30I). 

The total distance travelled during the assay was unchanged between GFP control and 

Sim1-Cre::ChR2PVH->mdbrn mice, but was significantly reduced in KO mice (Figure 31D), 

suggesting a role for non-glutamatergic transmission in the PVHmidbrain circuit in 

suppressing feeding and locomotion during the fasted state.   

Given the known role for the midbrain in learning, we next tested whether the aversion 

associated with light stimulation of PVHmidbrain could be learned. Sim1-Cre::ChR2PVH-

>mdbrn and GFP control mice were conditioned across several consecutive days by pairing a 

previously preferred side of a chamber with light stimulation (Figure 30J).  As expected, 

Sim1-Cre::ChR2PVH->mdbrn mice avoided the light-paired side during the four days of 

conditioning, spending significantly less time in that side (Figure 30K).  Interestingly, Sim1-

Figure 30. PVHMidbrain Activation on Fast-Refeeding and Aversive 
Conditioning. (A) Schematic of fast-refeeding experiment where food is placed in a 
corner of the light-paired side of the arena. (B) Representative heatmaps of time spent in 
arena location superimposed over tracks during fast-refeeding assay.  Dashed 
rectangular area denotes food zone. One side of the chamber was paired with PVH 
photostimulation. (C) Percent of total testing time spent in light-paired zone during fast-
refeeding assay. (D)Time spent in food zone during fast-refeeding assay. (E) Amount of 
food eaten during fast-refeeding assay. (F) Representative heatmaps and activity tracks 
during fast-refeeding assay, where one side of the chamber containing food was paired 
with PVHmidbrain photostimulation. Dashed rectangular area denotes food zone. (G) 
Percent of time spent in light-on zone during fast-refeeding assay for PVHmidbrain 
photostimulation. (H) Time spent in food zone during fast-refeeding assay. (I) Amount of 
food eaten during the same assay. (J) Schematic timeline showing experimental 
conditions during days of aversive conditioning and extinction tests.  The initially most 
preferred side of a chamber containing contextual flooring cues was paired with 
PVHmidbrain photostimulation on the subsequent days of conditioning. (K) Preference 
for light-paired side across conditioning days and extinction. (L) Distance travelled during 
the conditioning assay for each day.Unpaired t-tests, 1-way ANOVA, and 2-way ANOVA 
for statistical comparisons, *p<0.05, **p<0.005, ***p<0.0005. Error bars represent SEM. 
See also Figure 31. 
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Cre::ChR2PVH->mdbrn mice persisted in avoiding the light-paired side during 24h and 48h 

extinction tests, when light was no longer applied (Figure 30K).  Day-to-day changes in 

locomotion during the entire testing session was unchanged between groups (Figure 30L).  

Thus, the PVHmidbrain circuit participates in a learned aversion process. 

 

Glutamatergic midbrain neurons are activated by PVH projections to drive escape 

behavior 

Previous studies reported that glutamatergic neurons in the VTA respond to aversive 

cues 252, and their projections to the nucleus accumbens and lateral habenula drive aversion 

Figure 31. PVH and PVHMidbrain Photostimulation Does Not Impact Approach to 
Food or Locomotion after Fasting. Related to Figure 30. (A) The number of times mice 
occupied the food zone during fast-refeeding assay in Figures 3B-E. (B) Distance 
travelled during the fast-refeeding assay in the same mice. (C) Number of times mice 
occupied the food zone during fast-refeeding assay in Figures 30F-I. (D) Distance 
travelled during the fast-refeeding assay in the same mice. Unpaired t-tests and 1-way 
ANOVA for statistical comparisons, **p<0.005, n.s.-Not Significant.  Error bars represent 
SEM. 
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253, 254.  Hence, we tested whether PVH projections target glutamatergic neurons in the 

midbrain to promote aversion and escape behaviors.  Since Sim1-Cre co-localizes with the 

majority of Vglut2 neurons in the PVH 57, we used a Vglut2-ires-Cre mouse model 255 to 

target PVH-Sim1 neurons. To determine circuit connectivity, we delivered AAV-FLEX-ChR2-

EYFP viruses to the PVH, and AAV-FLEX-GFP to the midbrain to visualize glutamatergic 

neurons. We performed whole-cell recordings on glutamatergic neurons in the midbrain, 

while photostimulating local PVH-Vglut2 fibers expressing ChR2 (Figure 32A).  Surprisingly, 

we found that all GFP+ neurons patched showed excitatory post-synaptic currents 

(oEPSCs) (Figure 32B).  The currents could be blocked by bath application of tetrodotoxin 
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(TTX), and subsequently rescued by 4-aminopyridine (4-AP), suggesting monosynaptic 
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connectivity (Figure 32C).  We noted that the majority of GFP- cells patched (18/20) also 

received monosynaptic excitatory input from PVH (Figure 32D), with a comparable latency 

and amplitude to GFP+ cells (Figure 32E), suggesting diffusive innervation of PVH fibers 

onto midbrain neurons. To examine the function of glutamatergic midbrain neurons, we 

silenced them prior to photostimulation by administrating clozapine-n-oxide (CNO) in Vglut2-

ires-Cre mice injected with AAV-FLEX-hM4D(Gi)-mCherry virus into the midbrain and AAV-

FLEX-ChR2-EYFP into the PVH (Figures 32F-G). Injection of CNO prior to PVHmidbrain 

photostimulation reduced cFos expression in the midbrain region (Figures 33A-B), and also 

failed to affect self-grooming behavior (Figure 32H), place avoidance (Figure 33C-D), and 

increased locomotion (Figure 33E-F) evoked by photostimulating PVHmidbrain circuit. 

Figure 32. Activation of Glutamatergic-Midbrain Neurons in Escape Behaviors. 
(A) Schematic showing viral delivery of ChR2-EYFP to PVH and EGFP to the midbrain in 
Vglut2-ires-Cre mice. Inset shows schematic of horizontal slice recordings in midbrain 
area. (B) Light-evoked excitatory post-synaptic responses (oEPSCs) in 20/20 GFP+ cells 
receiving input from PVH.  Red traces showing oEPSCs blocked by glutamate receptor 
blockers, and partial recovery after wash-out of drugs (blue traces). Scale bar: vertical, 
100 pA, horizontal, 2 seconds. (C) Light-evoked oEPSCs are blocked by TTX and 
recovered with addition of 4-AP in GFP+ cells. Scale bar: vertical, 100 pA, horizontal, 2 
seconds. (D) Light-evoked oEPSCs are blocked by TTX and recovered with addition of 4-
AP in GFP- cells. Scale bar: vertical, 50 pA, horizontal, 2 seconds. (E) Comparison of 
averaged oEPSC amplitude in GFP+ and GFP- cells. Figures B-E used with permission 
from Zhiying Jiang. (F) Experimental schematic for inhibition of midbrain glutamatergic 
neurons during PVHmidbrain photostimulation. (G) Brain slice images of Vglut2-ires-
Cre mice showing ChR2-EYFP expression in PVH (left), and hM4D(Gi)-mCherry 
expression in midbrain area (right). Dashed area shows optic fiber implant trace. III, third 
ventricle; fr, fasciculus retroflexus; MM, mammillary nucleus; SUM, supramamillary 
nucleus. Scale bar, 300 µm. (H) Time spent grooming before, during, and after 
photostimulation of PVHmidbrain following i.p. injection of saline or CNO. (I) Number of 
jumps counted during PVHmidbrain photostimulation tests above, following i.p. 
injection of saline or CNO. (J) Schematic for escape-hut assay.  Light-off and light-on 
epochs alternated for eight minutes. (K) Representative heatmap traces, showing relative 
time spent in each arena location during the escape-hut assay.  The first four minutes of 
the test is shown. (L) Quantification of the number of times animals visited the escape 
hut following i.p. injection of saline or CNO. Number of hut visits were summed across 
four 1-minute light-off periods and four 1-minute light-on periods. (M) Cumulative duration 
inside the hut during the escape-hut assay.  Time spent inside the hut was summed 
across four 1-minute light-off and four 1-minute light-on epochs. 
Unpaired t-tests, and repeated measures 2-way ANOVA for statistical comparisons, 
**p<0.005, ***p<0.0005, n.s.-Not Significant. Error bars represent SEM. See also Figure 
33. 
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However, CNO significantly reduced light-evoked escape-jumping (Figure 32I), indicating 

that midbrain glutamatergic neurons play a significant role in escape, but not in other 
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defensive behaviors evoked by light stimulation. 

A recent study showed that mice consistently and predictably return to a 

previously memorized shelter location upon experiencing threatening stimuli 256, so we 

next sought to explore the   function of midbrain glutamatergic neurons in this type of 

escape strategy. Towards this, we first injected Vglut2-ires-Cre mice with dual viral 

constructs as above, and then placed them in a testing chamber containing a shelter 

(“escape hut”) located in the middle of the arena (Figure 32J).  Mice were acclimated to the 

testing environment for 7 minutes to allow spontaneous discovery of the shelter 256 (Figures 

33G-H), then were exposed to 1 minute periods of no light, followed by 1 minute intervals of 

light-on, repeated for eight minutes (Figure 32J). Light was pulsed at a lower frequency (5-

10 Hz) during light-on periods to preclude potential interference from jumping activity.  

Remarkably, mice injected with saline prior to the trial consistently approached and hid in 

the shelter during the light-on epochs (Figures 32K-M).  In contrast, although most mice 

Figure 33. Activation of Glutamatergic-Midbrain Neurons is Not Required For 
PVHMidbrain-Evoked Hyperlocomotion and Avoidance. Related to Figure 32. (A) 
cFos immunostaining in the midbrain following intraperitoneal (i.p.) injection of saline 
prior to PVHmidbrain photostimulation in mice expressing inhibitory DREADD 
(hM4D(Gi)-mCherry) in midbrain. Bottom image shows higher magnification of outlined 
box in top image. Filled arrowheads point to mCherry positive/cFos overlapping cells; 
unfilled arrows point to cells positive for cFos only. Scale bars, 200 µm. (B) cFos 
immunostaining in the midbrain following i.p. injection of CNO prior to PVHmidbrain 
photostimulation in mice expressing inhibitory DREADD (hM4D(Gi)-mCherry) in 
midbrain. Bottom image shows higher magnification of outlined box in top image. Filled 
arrowheads point to mCherry positive/cFos overlapping cells; unfilled arrows point to 
cells positive for cFos only. Scale bars, 200 µm. fr, fasciculus retroflexus; MM, medial 
mammillary nucleus. (C) Percent time spent in the light-on zone during the Real Time 
Place Preference/Avoidance (RTPP/A) assay in mice receiving i.p. injection of saline or 
CNO prior to testing. (D) Distance travelled during the RTPP/A assay in the same mice. 
(E) Distance travelled during the locomotion assay following i.p. injection of saline or 
CNO. (F) Average velocity during the locomotion assay in the same mice. (G) Number of 
times mice approached and entered an escape hut, placed in the center of the testing 
arena, during a seven-minute period prior to performing optogenetic stimulation tests.  
Mice were i.p. injected with saline or CNO prior to this acclimation period. (H) Time spent 
inside the hut during the acclimation period in the same mice. (I) Distance travelled 
during the escape hut assay in Figures 32J-M, following i.p. injection of saline or CNO. 
(J) Average velocity during the escape hut assay in Figures 4J-M. Paired t-tests and 
repeated measures 2-way ANOVA for statistical comparisons, *p<0.05, ***p<0.0005. 
Error bars represent SEM. 
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injected with CNO approached the shelter during light-on periods (Figure 32L) and displayed 

similar increases in locomotion upon light stimulation during the assay (Figure 33I-J), they 

spent significantly less time hiding in the shelter (Figure 32M). These findings provide further 

evidence that PVH projections onto midbrain glutamatergic neurons drive escape behaviors. 

 

Population dynamics of glutamatergic midbrain neurons during a fearful and aversive 

situation 

Given that midbrain glutamatergic neurons participate in escape behaviors, we next 

explored in vivo responses of these neurons during a situational encounter with fear and 

aversion.  Because exposure to open arms of a t-maze provokes intense fear 257, we 

performed a modified elevated t-maze test (Figure 34A) on Vglut2-ires-Cre mice injected 

with AAV-FLEX-GCaMP6m in the midbrain area (Figure 34B), while simultaneously 

monitoring real-time neuronal population calcium dynamics via fiber photometry. For this, 

mice were placed at the base of the open arm, and allowed to freely explore the apparatus 

for three minutes.  We noted an abrupt increase in neural activity in response to this initial 

exposure (“first open”; Figure 34C), an event that was consistent across all mice tested 

(Figure 34D), and persisted for at least 15 seconds after placement in the open arm (Figure 

34E).  On average, mice spent 40.8 ± 8.077 S.E.M. seconds in the open arm before exiting 

to the closed arm for the first time.  Subsequent transitions from closed to open arms were 

accompanied by spikes in calcium transients (Figure 34C).  Surprisingly, drops in neural 

activity occurred after mice concluded the three minute session upon final exiting to the 

closed arm, which was defined as remaining in the closed arm for at least 15 seconds with 

no re-entry into the open arm (Figures 34C and 34F).  A significant decrease in the 

averaged calcium signal occurred by the last five seconds of the 15 second recording 

window following the last exit to closed arm (Figure 34G).  These findings indicate that 
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glutamatergic midbrain neurons signal threat by increasing their activity during a fear-

provoking situation, and decrease their activity once safety is determined.  
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Discussion 

Threatening stimuli prompt a state of fear, leading to various defensive behavioral 

strategies, such as flight, avoidance, freezing, risk assessment and other behaviors, and 

compete with ongoing activities to promote survival 240. In this study, we describe a novel 

hypothalamic-midbrain circuit engaged in triggering a classic set of emotional and 

behavioral aspects typical of defense. Notably, we found that the PVHmidbrain connection 

drives acute and learned aversion, and is capable of increasing locomotion, and escape 

behaviors. Further, the aversive properties of PVHmidbrain activation can override 

intrinsic homeostatic drive for feeding. Receiving glutamatergic input from the PVH, midbrain 

glutamatergic neurons were shown to respond to a fear-provoking and aversive context, and 

drive escape behaviors.  From these results, we propose that the PVH to midbrain circuit is 

part of the neural circuitry that underlies the behavioral and emotional processes that 

facilitate survival in a threatening situation.   

We and others have previously shown that PVH neurons and specific neural subsets 

constitute a critical node for evoking idiosyncratic behaviors, such as self-grooming, 

following stress 61, 168.  Our data here support the idea that PVH signals aversion, and is 

Figure 34. Population Dynamics of Glutamatergic Midbrain Neurons in Response 
to Fear. (A) Schematic of experimental procedure used to monitor Vglut2-midbrain 
neural activity during a modified elevated t-maze test. (B) (Left) Schematic for delivery of 
GCaMP6m calcium indicators into the midbrain area in Vglut2-ires-Cre mice. (Right) 
Representative brain slice image showing GCaMP6m expression in midbrain/VTA area. 
fr, fasciculus retroflexus; MM, mammillary nucleus. Scale bar, 300 µm. (C) 
Representative traces showing GCaMP6m signal (ΔF/F) during exploration of the t-maze 
apparatus. (D) Individual (multi-colored, thin traces) and averaged (thick, red line) 
GCaMP6m traces from mice exploring the t-maze, aligned to the first exposure in the 
open arm. (E) Mean changes in fluorescent signal during each 5-second window of the 
recording period in (D). (F) Individual and averaged GCaMP6m traces aligned to the last 
exit to an enclosed arm at the conclusion of the testing period. (G) Mean changes in 
fluorescent signal during each 5-second window of the recording period in (F). 
1-way ANOVA for statistical comparisons, **p<0.005, ***p<0.0005.  
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sufficient to produce stress-like and defensive responses.  Given that repeated encounters 

with stressful situations may lead to a state of fear and avoidance 241, it is not surprising that 

the same neural populations transmit interrelated messages. Although the hypothalamus 

has been previously regarded as a relay station for unconditioned defensive behaviors 258, 

our study and others 26, 109, 171 support the idea that discrete hypothalamic nuclei are 

sufficient for generating underlying emotional states concurrent with behavioral output.  

Given that subsets of PVH neurons drive the autonomic and neuroendocrine components of 

stress, the possibility of PVH neuron collaterals to brain sites that promote associated 

behaviors is becoming increasingly clear 168. Stress alters defensive expression 259, 260; 

therefore, neural circuits responsive to stress may modulate behavioral action based on 

context and/or experience. Supporting this, our findings show that the PVH to midbrain 

circuit drives different defensive behaviors based on the testing environment. Distinct VTA 

circuits have been shown to drive emotional learning processes 156, 158, 253, 254, 261, and alter 

behavioral output in response to stress 262, 263, consistent with our findings that midbrain 

neurons are the downstream site of action for aversion learning and stress-related 

behaviors. 

The majority of PVH neurons use glutamate as a neurotransmitter 57. Glutamatergic 

transmission from PVH onto midbrain neurons was required for defensive behaviors seen 

here, but was not required for the evoked grooming response, suggesting non-

glutamatergic, and likely neuropeptidergic action.  Delayed postsynaptic responses inherent 

to neuropeptide signaling 264 may indeed explain the persistence in grooming following light 

cessation, as well as the delayed initiation of grooming following light stimulation of PVH in 

the absence of glutamate release.  Provided that activation of corticotropin-releasing 

hormone (CRH) cells in PVH promotes grooming 168, and that VTA neurons expressing CRH 

receptors play a role in stress-induced alterations in behavior 265, it is possible that CRH 

signaling from PVH onto midbrain neurons drives the evoked grooming behavior observed 
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here.  Nevertheless, future investigation will be needed to identify the specific neuropeptide 

populations involved.   

Despite extensive research on the impact on behavior via changes in midbrain 

neuron activity, specific upstream sites for glutamatergic transmission onto midbrain 

glutamate neurons remain largely unexplored 250.  Here, we identified the PVH as a source 

of glutamatergic input onto glutamate and non-glutamate cells in the midbrain region.  

Silencing experiments indicated that although PVH activation of non-glutamatergic midbrain 

cells was sufficient in promoting avoidance and hyperactivity, glutamatergic neurons are the 

likely population that drive escape behaviors.  However, glutamatergic neural silencing failed 

to completely suppress light-evoked escape behaviors. One of underlying reasons may be 

due to inherent caveats of less than one hundred percent transfection with hM4D-Gi via viral 

targeting; thus, incomplete silencing of glutamatergic neurons may have insufficiently 

precluded escape responses.  Alternatively, given that hM4D-Gi-silenced mice still 

approached the escape hut during PVHmidbrain activation, it is possible that non-

glutamatergic midbrain neurons drive initial escape responses, but do not maintain 

continued escape behavior during ongoing threat encounters.  Nevertheless, the importance 

of glutamatergic-midbrain neurons in processing threat is supported by in vivo population 

recordings that show increased activity when the animal encountered danger (open arm 

exposure), and decreased activity once the animal was perceived safety (final exit to closed 

arm). Given these findings, we posit that midbrain glutamatergic neurons participate in 

threat detection and active defense strategies, whereas midbrain non-glutamatergic 

populations promote a general state of unease and agitation. GABA-releasing VTA neurons 

are a good candidate for future interrogation, as they have been shown to respond to 

aversive stimuli 266 and drive aversion processes 266, 267.  Although our data suggests that 

only a small number of dopamine neurons are activated by PVH inputs, given their known 
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role in behavior, it is possible dopamine cells also contribute to aversive properties 261 and 

increased locomotion 268 in response to PVH-activation. 

The PVH projects to several brainstem regions, some of which have been implicated 

in various defensive behaviors 180 and threat detection 178. For example, the periaqueductal 

gray (PAG) has been shown to participate in freezing, flight, and avoidance behaviors 179, 180.  

Recently, a specific neural subset in the parabrachial nucleus (PBN), a major relay for 

sensory information, was implicated in defensive expression following recall of fearful 

memories 178. Our current study and others 59, 62 have shown that PVH projects to the PAG 

and PBN. Since the PVH to midbrain projection promotes defensive behaviors, it is 

conceivable that PVH projections to the PAG and PBN may also exert a similar function. 

Notably, given an incomplete reversal in behavioral phenotypes by either midbrain 

glutamate receptor antagonism or inhibition of midbrain glutamatergic neurons, it is possible 

that PVH-collateral fiber activation, due to back propagation, may have resulted in activation 

of PAG and/or PBN. Ultimately, this may lead to redundant manifestation of the observed 

residual defensive behaviors.  This possibility is supported by the role of these projections in 

feeding suppression 51, 59, and our results showing that activation of PVHmidbrain 

prevents feeding. Future functional tracing and behavioral studies will help delineate how 

distinct PVH projections are coordinated in the generation of defense and feeding in 

response to changing environments. 

Defensive behaviors such as shelter-seeking and escape are crucial, and represent 

innate behavioral components that are essential for survival.  Maladaptive coping strategies 

in people, such as social avoidance and behavioral compulsions, may be illustrative of 

hardwired responses gone awry in a modern world posing an onslaught of novel 

environmental challenges.  Thus, it has become increasingly important to investigate the 

neural basis of such behaviors, as they can often lead to paralyzing mental disorders such 

as generalized anxiety 269.  Here, we have uncovered a hypothalamic-midbrain pathway that 
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drives and/or promotes conditioned aversion and escape, adding to the accumulating 

picture of how the brain integrates and produces emotions and behaviors underlying 

adaptive, and possibly maladaptive, strategies for survival. 
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Chapter 4. 

Materials and Methods 
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Methods for Chapter 2 

Animal care  

Mice were housed at 21°C–22°C with a 12 h light/12 h dark cycle with standard 

pellet chow and water provided ad libitum unless otherwise noted for fasting experiments.  

Animal care and procedures were approved by the University of Texas Health Science 

Center at Houston Institutional Animal Care and Use Committee.  Pdx1-Cre and Sim1-Cre 

mice were described previously50, 226.  Mice with the conditional allele of vesicular GABA 

transporter (Vgat, also named Slc32a1), and mice with the conditional allele of vesicular 

glutamate transporter 2 (Vglut2, also named Slc17a6) were reported previously 270, 271. Mice 

containing GABA-A receptor 2 subunit (γ2) conditional allele were also reported previously 

272. The following breeding pairs were maintained to generate study subjects: 1. 

Pdx1cre/+::Vgatflox/+ X Vgatflox/flox; 2. Pdx1cre/+::Vglut2flox/+ X Vglut2flox/flox; 3. Pdx1cre/+::γ2flox/flox X 

Sim1cre/+:: γ2flox/flox; 4. Sim1cre/+::Vglut2flox/+ X Vglut2flox/flox.  Additionally, in most breeding pairs, 

either male or female breeders (or both) contained the Ai9 reporter gene to allow RFP 

expression in the presence of cre recombination273.  Both male and female mice were used 

as study subjects.  Mice used in experiments were obtained from multiple litters and were at 

least 6 weeks old. 

Surgeries and viral constructs 

Stereotaxic surgeries to deliver viral constructs and for optical fiber implantation were 

performed as previously described274.  Briefly, mice were anesthetized with a 

ketamine/xylazine cocktail (100 mg/kg and 10 mg/kg, respectively), and their heads affixed 

to a stereotaxic apparatus.  Viral vectors were delivered through a 0.5 µL syringe (Neuros 

Model 7000.5 KH, point style 3; Hamilton, Reno, NV, USA) mounted on a motorized 

stereotaxic injector (Quintessential Stereotaxic Injector; Stoelting, Wood Dale, IL, USA) at a 

rate of 40 nL/min. Viral preparations were titered at ~1012 particles/mL. Viral delivery was 



102 
 

targeted to the LH (200-400 nL/side; anteroposterior (AP): -1.0 mm; mediolateral (ML): ± 1.1 

to 1.3 mm; dorsoventral (DV): -5.0 mm) or PVH (65-150 nL/side; AP: -0.5 to -0.6 mm; ML: ± 

0.2 to 0.3 mm; DV: -5.0 mm). Uncleaved fiber optic cannulae (Ø1.25 mm Stainless Ferrule, 

Ø200 µm Core, 0.39 NA; ThorLabs, Newton, New Jersey, USA) were precut to 4.5-4.8 mm 

and implanted above the PVH (AP: -0.5 to -0.6 mm; ML: 0 mm).  Optical fibers were secured 

on the head with dental cement. 

       For blue-light dependent activation of LHPVH fibers and PVH neurons, AAV-EF1α-

DIO-hChR2(H134R)-EYFP-WPRE-hGHpA (Addgene, plasmid number 20298) serotype 

2/9228 or AAV-EF1α-DIO-hChR2(H134R)-EYFP-WPRE-pA serotype 2/5 (University of North 

Carolina Vector Core, Chapel Hill, NC, USA) (general name used throughout text for ChR2 

virus: AAV-FLEX-ChR2-EYFP) was injected unilaterally or bilaterally into the LH of Pdx1-

Cre, Pdx1-Cre::Vgatflox/flox, Pdx1-Cre::Vglut2flox/flox, Pdx1-Cre:: γ2flox/flox, and Pdx1-Cre::Sim1-

Cre:: γ2flox/flox or PVH of Sim1-Cre and Sim1-Cre::Vglut2flox/flox mice.  For light-dependent 

inhibition of LHPVH fibers, AAV-CAG-DIO-eArchT3.0-EGFP (general name used 

throughout text for eArchT3.0 virus: AAV-FLEX-eArchT3.0-[E]GFP)serotype 2/9 was 

delivered bilaterally into LH of Pdx1-Cre::Vglut2flox/flox and Pdx1-Cre::Vgatflox/flox mice.  For 

PVHSim1 inhibition experiments, AAV-EF1α-DIO-iC++-EYFP (University of North Carolina 

Vector Core, Chapel Hill, NC, USA) (general name used throughout text for iC++ virus: AAV-

FLEX-iC++-EYFP) was injected bilaterally into the PVH of Sim1-Cre mice. AAV-EF1α-DIO-

EGFP (general name used throughout text for GFP virus: AAV-FLEX-[E]GFP) serotype DJ8 

was injected into the LH and PVH of Pdx1-Cre mice and Sim1-Cre mice, respectively, and 

used as an opsin-negative control for behavioral experiments. For electrophysiology 

recordings testing suppression of light-evoked current response, Pdx1-Cre mice received a 

cocktail injection containing 50:50 mix of cre-dependent ChR2 + eArchT3.0 viruses to the 

LH.  For anterograde viral tracing, AAV-EF1α-FLEX-Syn::EGFP-WPRE-hGHpA, serotype 

DJ/8 228 (general name used for Synaptophysin virus: AAV-FLEX-Synaptophysin-GFP) was 
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injected unilaterally into LH of Pdx1-Cre::Sim1-Cre::Ai9 mice. Cre-dependent viruses cited 

from228 as well as eArchT3.0 and GFP were made in-house by Dr. Ben Arenkiel’s lab. 

Brain slice electrophysiological recordings  

Coronal brain slices (250-300 μm) containing the PVH from mice that had received 

stereotaxic injections of AAV-FLEX-ChR2-YFP or AAV-FLEX-ChR2-YFP + AAV-FLEX-

eArchT3.0-GFP to LH or PVH at least 3 weeks prior to the recording were cut in ice-cold 

artificial cerebrospinal fluid (aCSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 1 

MgCl2, 2 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, and 11 D-glucose bubbling with 95% O2/5% 

CO2. Slices containing the PVH were immediately transferred to a holding chamber and 

submerged in oxygenated aCSF. Slices were maintained for recovery for at least 1 h at 32-

34°C before transferring to a recording chamber. Individual slices were transferred to a 

recording chamber mounted on an upright microscope (Olympus BX51WI) and continuously 

superfused (2 ml/min) with ACSF warmed to 32-34°C by passing it through a feedback-

controlled in-line heater (TC-324B; Warner Instruments). Cells were visualized through a 

40X water-immersion objective with differential interference contrast (DIC) optics and 

infrared illumination.  Whole cell voltage-clamp recordings were made from neurons within 

the sub-regions of the PVH that showed the highest density of ChR2-eYFP+ axonal fibers. 

Patch pipettes (3–5 MΩ) were filled with a Cs+-based low Cl− internal solution containing (in 

mM) 135 CsMeSO3, 10 HEPES, 1 EGTA, 3.3 QX-314, 4 Mg-ATP, 0.3 Na2-GTP, 8 Na2-

Phosphocreatine (pH 7.3 adjusted with CsOH; 295 mOsm) for voltage-clamp.  For current-

clamp recordings,  pipettes were filled with a K+-based low Cl− internal solution containing (in 

mM) 145 KGlu, 10 HEPES, 0.2 EGTA, 1 MgCl2,4 Mg-ATP, 0.3 Na2-GTP, 10 Na2-

Phosphocreatine (pH 7.3 adjusted with KOH; 295 mOsm).  Membrane potentials were 

corrected for ~10mV liquid junction potential. To activate ChR2 or ChR2+eArchT3.0-

expressing fibers from LH or ChR2-expressing neurons in PVH, light from a 447 nm or 473 

nm laser (Opto Engine LLC, Midvale, UT, USA) was focused on the area of the recorded 
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PVH neuron to produce spot illumination through optic fiber. Brief pulses of light (blue light 

[1-2ms] and/or yellow light [556nm, 200ms]; 1-2mW/mm2) were delivered at the recording 

site at 10-15 s intervals under control of the acquisition software.  GABAzine (10 µM) or 

CNQX + APV (20 µM and 50 µM) drugs (Abcam) were bath-applied to block GABA-A 

receptors or AMPA, kainate, and NMDA receptors, respectively, during voltage-clamp 

recordings of photostimulation-induced inhibitory or excitatory current responses.  TTX (0.5 

μM; Alomone labs, Jerusalem, Israel), and 4-AP (100 μM; ACROS Organics, Fisher 

Scientific, Pittsburgh, PA, USA) were bath-applied during voltage-clamp recordings of 

photostimulation-induced inhibitory and excitatory current responses to block action 

potentials and inhibit network activity. Following established protocols for loose-patch 

recordings in voltage clamp mode275, pipettes (2-3 MΩ) were filled with ACSF and the seal 

resistance was kept at 20–100 MΩ. The holding potential was routinely monitored and 

adjusted to maintain a holding current close to 0 pA in order to avoid changing the 

membrane potential of the cell being recorded. To activate iC++-expressing fibers230, blue 

light (473 nm, 5mW/mm2, 10 sec) was applied during AP firing induced by current injection 

of 10-30 pA, at 30 sec intervals intervals under control of the acquisition software. 

Behavioral Experiments 

Behavioral testing was conducted during the light cycle following a minimum 3 week 

recovery period post-surgery.  For in vivo photostimulation/inhibition experiments, an 

integrated rotary joint patch cable connected the ferrule end of optic fiber cannula with a 

Ø1.25 mm ferrule end of the patch cable via a mating ceramic sleeve (ThorLabs, Newton, 

New Jersey, USA).  At the other end of the rotary joint, an FC/PC connector was connected 

to a 447 nm, 473 nm or 556 nm diode-pumped solid state (DPSS) laser (Opto Engine LLC, 

Midvale, Utah, USA).  Light pulses were controlled by Master-8 pulse stimulator (A.M.P.I., 

Jerusalem, Israel).  For Real Time Place Preference Assays, a commutator (rotary joint; 

Doric, Québec, Canada) was attached to a patch cable via FC/PC adaptor.  The patch cable 
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was then attached to the optic fiber cannula ferrule end via a ceramic mating sleeve.  

Another patch cable containing FC/PC connections at both ends allowed the connection 

between the commutator and the laser, which was controlled by the Master-8 pulse 

stimulator.  During testing, mice were placed in a fresh cage with no bedding.  For RTPP 

assays, mice were placed into a clean testing chamber that was wiped down with 70% 

isopropyl alcohol between tests. 

Feeding and Grooming Assays 

For optogenetic stimulation-feeding/grooming experiments, mice were ad libitum fed 

prior to testing (excluding competition experiments; see below). Mice underwent 15-min 

trials consisting of three consecutive 5-min epochs (pre-light, light-on, and post-light).  

During pre-light and post-light periods, the laser was turned off.  During the light-on period, 

blue light (473 nm, ~5-10 mW/mm2) was pulsed at 5 Hz, with each pulse-width duration 

lasting 10 or 100 ms. Food intake was measured and recorded after the completion of each 

epoch during the 15-min trial.  A video was recorded for each trial. Trials were repeated for 

each mouse at least 3 times on separate days to verify repeatability. An observer blind to 

the experimental conditions watched the videos and manually calculated the time spent 

grooming (see paragraph below), feeding, and/or licking with a stopwatch.  Feeding time 

was counted when mice were actively engaged in biting, chewing, swallowing, or licking 

food.  Licking time in the absence of food was counted when the tongue moved across the 

surface of the cage floors and walls. 

For grooming quantification, an observer blind to genotype condition watched the 15-

min videos and manually quantified the time spent grooming during each epoch with a stop 

watch.  Grooming time was counted when the mouse engaged in forlimb paw strokes made 

near the nose, eyes, and head and during paw, body, tail, and genital licking. Rodent 

grooming is typically classified as a stereotypical chain of events that progresses from paw 

and nose grooming, to face grooming, to head grooming, and finally to body grooming169.  
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To assess whether grooming induced by light activation of LHPdx-ChR2
PVH fibers results in 

abnormal patterning of grooming events, an observer watched 5 Hz, 10 ms videos of Pdx1-

Cre and Pdx1-Cre::Vgatflox/flox mice and quantified the number of grooming bouts, bout 

interruptions, and changes in grooming transitions using a grooming analysis algorithm 

described in227 during pre-light and light-on (5Hz, 10ms) conditions. To analyze small 

changes in grooming patterns, the observer watched videos on Quick Time Player (Apple), 

which easily allows for manual manipulation of video speed and pausing. 

Real Time Place Preference (RTPP) 

Pdx1-Cre::Vglut2flox/flox and Pdx1-Cre-GFP controls, injected with cre-dependent 

ChR2 or GFP viruses, respectively, and implanted with optic fibers above PVH, were placed 

in a clean 45 cm X 45 cm X 50 cm chamber equipped with a camera mounted on top of the 

chamber and optical fiber patch cable attached to a commutator.  Prior to starting 

experiments, the patch cable was attached to optic fiber ferrule end of the mouse’s cannula. 

At the start of the experiment, mice were placed in the light-off zone, in which no light was 

applied. Then, for twenty minutes, the mice were allowed to freely roam the enclosure, 

which was divided into two equal zones containing the light-off zone and a light-on zone, in 

which 5Hz, 100 ms (473nm, ~5-10mW/mm2) light pulses were delivered. The side paired 

with photostimulation was counterbalanced between mice. Tracking data, including time 

spent in each zone, were collected and analyzed by Ethovision XT software (version 11.5; 

Noldus, Wageningen, Netherlands).  Preference for one of either side was determined by 

comparing the percentage of time spent in each zone. 

Ionotropic GluR blockade experiment 

Custom-made guide cannulae (Doric, Québec, Canada) allowing for interchangeable 

fluid and light delivery were implanted above PVH in Pdx1-Cre mice containing ChR2 in 

LHPdx1 neurons.  Prior to testing, the dummy cannula was removed from the guiding cannula 

and the fluid-delivery cannula was inserted via a screw-on top mechanism.  Either 100 nL 
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vehicle (15% sterile DMSO in 0.9% saline) or 100 nL drugs (Tocris) containing 50 nL [61 

mM D-AP5 solution in saline] + 50 nL [24 mM DNQX solution in 25-30% DMSO] were 

delivered via syringe (5 µL, Model 75 RN SYR, Small Removable NDL, 26s ga, 2 in, point 

style 2; Hamilton, Reno, NV, USA).  A plastic tube (RenaSil Silicone Rubber Tubing, .025 

OD X .012 ID; Braintree Scientific, INC, Braintree, MA, USA) joined the syringe to the fluid-

delivery cannula, and vehicle or drugs were manually infused at a rate of 100 nL/min.  To 

prevent backflow of fluid, the fluid-delivery cannula was left screwed-on for an additional 2-3 

min after infusion.  Thereafter, the fluid-delivery cannula was screwed-off and the optical-

fiber cannula was screwed on and attached to a fiber optic patch cable for light delivery and 

subsequent behavioral testing.  Light was pulsed at 5 Hz, 10-50 ms (473nm, 2-6 mW/mm2) 

for a 5-min trial, in which a video was recorded and later quantified for time spent grooming.  

Vehicle and drug trials were performed on separate days, and order of trial condition was 

randomized. Pulse duration for each mouse was determined by the lowest duration (starting 

at 10 ms) that would induce the maximal amount of grooming without inducing feeding. 

Inhibition Experiments 

Pdx1-Cre::Vglut2flox/flox mice containing eArchT3.0 in LHPdx1 neurons and optic fiber 

implants over PVH underwent two 10-min trials: for Mock Inhibition trials, mice were fasted 

for 24 h and re-fed under “mock inhibition” (optic fiber cable attached to head but no light 

delivered) for 10 mins.  For +Light trials, mice were fasted for 24 h and re-fed during 

alternating, consecutive light-off (1 min) followed by light-on (556 nm, ~10mW/mm2; 

constant-on for 1 min) periods for 10 mins. Trials were done at least a week apart.  Mock 

inhibition trial was repeated a second time to verify randomness of time spent eating in each 

time period.  Videos were recorded during trials and later manually quantified for time spent 

feeding and grooming by an observer.   
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Pdx1-Cre::Vgatflox/flox mice containing eArchT3.0 in LHPdx1 neurons and optic fiber 

implants over PVH performed 4 trials (performed on separate days, in randomized order): 

Trial A, Using a spray bottle filled with sterile water, mice were water sprayed with two 

squirts directed to the face, belly, and back (two squirts per area) to induce grooming222. 

They were then placed in a bare cage with a single food pellet and observed for 10 mins, 

with laser cable attached to the head delivering continuous 447 nm light pulses (10 seconds 

light-on, followed by 2 seconds light-off, 5-15 mW/mm2); Trial B, same as trial A, except 556 

nm light pulses were delivered instead (10 seconds light-on, followed by 2 seconds light-off, 

5-15 mW/mm2); Trials C and D, either 447nm or 556 nm light was delivered during testing 

as in trials above; however, although mice were handled similarly to water spray 

experiments before testing, they did not receive any water sprays during these trials.  Mice 

were acclimated to the bare cage with optic fiber cables attached to the head for 5 mins 

prior to water spray or handling. Videos were recorded for each trial and later analyzed for 

grooming and feeding behaviors.  

Sim1-Cre mice injected with AAV-FLEX-EGFP or AAV-FLEX-iC++-EYFP virus in the 

PVH were used in feeding and stress-induced grooming assays.  For food intake assays, 

mice were first acclimated to a bare testing cage with optic fiber cables attached to the head 

for 10 mins. Following acclimation, a pellet of food was added to the cage, and 473 nm light 

was pulsed continuously (2 seconds light-on, 1 second light-off; 10-15 mW/mm2) for 30 

mins.  Food weight was measured before and after 30 min tests. For baseline grooming 

tests (No Stress + Mock Inhibition trials), mice were placed in a bare testing cage with optic 

fiber cables attached to head, and observed for 15 mins. For stress-induced grooming 

assays, mice were immobilized on a cutting board with autoclave tape for 10 mins to induce 

anxiety and stress.  They were then placed in a bare testing cage with optic fiber cables 

attached to the head and observed for 15 mins with light pulsed continuously (2 seconds 
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light-on, 1 second light-off; 10-15 mW/mm2).  Videos were taken to later quantify time spent 

grooming. For food intake tests, baseline grooming, and stress-induced grooming 

experiments, GFP and iC++ mice were tested side-by-side and in pairs when possible.  

Feeding vs. Grooming Competition Experiments 

To study whether photostimulation of glutamatergic LHPdx1-ChR2
PVH fibers affects 

fast- refeeding, Pdx1-Cre::Vgatflox/flox mice receiving ChR2 injections in LHPdx1 neurons and 

optic fiber implants over PVH were placed in a bare testing cage with a pellet of food 

approximately 1-3 h before the beginning of the dark cycle. The same mice underwent 3 

separate trials, lasting 30 mins each.  Food intake was measured following each 30-min trial 

and videos were recorded for grooming behavior analysis. For one of the trials, food intake 

was measured for ad libitum-fed mice following 30 mins of mock stimulation (Trial A).  In 

Trial B, mice were fasted for 24 h and re-fed under mock stimulation.  For Trial C, mice were 

fasted for 24 h and then re-fed under light-on conditions (473nm, ~5-10 mW/mm2 light: 5Hz, 

100ms) for the final trial.  The order of trials A-C was not the same for every mouse (to 

ensure a level of randomization), and mice were never fasted more than once per week.  

During mock stimulation trials, optic fiber cables were attached to the heads of the mice but 

no light was delivered. Trial A and Trial B or C occurred at least 24 hours apart, and Trials B 

and C occurred at least a week apart. An observer blind to the experimental conditions 

manually quantified the time spent grooming during each 30 min trial. 

To study the effects of photostimulating GABAergic LHPdx1-ChR2
PVH fibers during 

self-grooming, Pdx1-Cre::Vglut2flox/flox mice containing ChR2 in LHPdx1 neurons and optic fiber 

implants over PVH underwent three 11-min trials, consisting of alternating consecutive 1 

minute light-off followed by 1 minute light-on (473nm, ~5-10 mW/mm2 light: 5Hz, 100ms) 

periods or mock stimulation (optic fiber cable attached to head but no light delivered).  Prior 

to the trials, mice received either no water sprays or sterile water sprays with a spray bottle 
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directed to the face, belly, and back (2 squirts per area) to induce grooming.  During the first 

trial, mice received water sprays and then were tested with mock stimulation.  For the 

second trial, mice received water sprays prior to testing with light-off/light-on.  For the third 

trial, no water spray was delivered and mice were tested with light-off/light-on.  During trials, 

videos were recorded and time spent grooming and feeding was later quantified by an 

observer blind to the experimental conditions. Trials were performed on separate days. To 

test if photostimulation of PVHSim1-ChR2 neurons interferes with fast-refeeding , Sim1-Cre and 

Sim1-Cre::Vglut2flox/flox containing ChR2 in PVH neurons and optic fibers over PVH were 

fasted for 24 h and re-fed during alternating consecutive light-off (1 min) followed by light-on 

(473nm, ~5-10 mW/mm2  light: 5Hz, 10ms) periods for 11 mins.  Videos of the trials were 

recorded and time spent grooming and feeding was later quantified by an observer blind to 

genotype.   

In situ hybridization (ISH) 

Manual RNAscope® assay (Advanced Cell Diagnostics, INC., Newark, CA, USA) 

was used to visualize Vglut2 and Vgat transcript in fresh frozen brain slices.  The 

digoxigenin-labeled cRNA probes were generated against mouse Vgat mRNA 

and Vglut2 mRNA sequence covering exon 2, which is flanked by two loxp sites.  ISH was 

performed as we previously described for validating the deletion of Vglut2 mRNA in Sim1 

neurons57, 276.  Briefly, fresh brain was harvested from Vglut2flox/flox and Pdx1-Cre::Vglut2flox/flox 

animals and frozen on dry ice prior to embedding in cryo-embedding medium (OCT).  Brains 

in OCT were immediately frozen over dry ice.  Embedded tissue was then equilibrated at -

20ºC for 30 min-1h prior to sectioning on a cryostat.  15 µm-thick fresh frozen sections were 

cut with the cryostat and mounted onto slides.  The slides were then immersed in chilled 

10% buffered formalin for 15 min at 4ºC. Thereafter, the sections were dehydrated by 

immersing in 50% EtOH, 70% EtOH, and 100% EtOH for 5 min each at room temperature.  

After allowing slides to dry, a hydrophobic barrier was drawn around tissue with a 
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hydrophobic barrier pen. The slides were then placed on a hybridization humidifying rack 

and treated with protease pretreatment solution for 30 mins at room temperature. After 

pretreatment, slides were washed twice with fresh 1X PBS in a slide rack. PBS was gently 

tapped away from slides prior to applying the hybridization probe for Vglut2.  The slides 

were placed in the humidifying rack and allowed to incubate for 2 h at 40 ºC in a 

hybridization incubator.  After hybridization, slides went through a series of washes with 1X 

RNAscope® wash buffer, followed by 4 amplification steps of the hybridization signal.  After 

the wash and amplification step, slides were counterstained with DAPI and cover-slipped 

with Prolong Gold Anti-fade mounting medium (Life Technologies).  Vglut2 signal in 

matched sections of control and knockout groups was visualized with confocal microscopy 

(Leica TCS SP5; Leica Microsystems, Wetzlar, Germany). 

Brain tissue preparation, imaging, and post-hoc analysis 

After behavioral experiments were completed, study subjects were anesthetized with 

a ketamine/xylazine cocktail (100 mg/kg and 10 mg/kg, respectively) and subjected to 

transcardial perfusion. During perfusion, animals were flushed with 20 mL of saline prior to 

fixation with 20 mL of 10% buffered formalin. Freshly fixed brains were then extracted and 

placed in 10% buffered formalin in 4ºC overnight for post-fixation. The next day, brains were 

transferred to 30% sucrose solution and allowed to rock at room temperature for 24 h prior 

to sectioning.  Brains were frozen and sectioned into 30 µm slices with a sliding microtome 

and mounted onto slides for post-hoc visualization of injection sites and cannula 

placements.  Injection sites were marked on an atlas where –EYFP or –EGFP fusion 

products were the densest.  The location of cannula implants were noted by prominent 

lesion sites that extended over the rostro-caudal axis of the PVH. Mice with missed 

injections to the LH or misplaced optic fibers over the PVH were excluded from behavioral 

analysis.  Representative pictures of LH and PVH injection sites and cannula placements 

were visualized with confocal microscopy (Leica TCS SP5; Leica Microsystems, Wetzlar, 
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Germany). Microinjection delivery to PVH was confirmed by injecting blue ink through the 

fluid injection cannula prior to perfusion.  Blue ink perfusion in the PVH area was confirmed 

with a bright field microscope (Zeiss Axio Scope with Axiocam 506 color camera; Carl Zeiss 

Microscopy, Jena, Germany). 

Statistics 

GraphPad Prism 7.00 (GraphPad Software, Inc., La Jolla, CA, USA) was used for all 

statistical analyses and construction of graphs.  Two-way repeated measures or regular two-

way ANOVA followed by Dunnett’s or Sidak’s multiple comparisons tests were used for 

group comparisons.  Single variable comparisons were made by paired or unpaired two-

tailed Student’s t-tests, ratio paired t-tests, Mann Whitney tests, or one-way ANOVA 

followed by Dunnett’s or Tukey’s multiple comparison post-hoc tests. Error bars in graphs 

were represented as mean ± s.e.m.  Sample size was chosen based on previously 

published work.  All tests met assumptions for normal distribution, with similar variance 

between groups that were statistically compared.  N values represent final number of 

animals used in experiments following genotype verification and post-hoc brain validation of 

injection sites/cannula placements. 
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Methods for Chapter 3 

 

Subjects and Experimental Models 

Animal care and procedures were approved by the University of Texas Health Science 

Center at Houston Institutional Animal Care and Use Committee.  Mice were housed at 21-

22°C on a 12 h light/ 12 h dark cycle (7 A.M. to 7 P.M. light), with ad libitum access to 

standard pellet chow, unless otherwise stated during fasting experiments.  Sim1-Cre mice 

50 were bred to Ai9 reporter mice 273 to generate Sim1-Cre::Ai9; some of the subjects 

used in behavioral experiments contained the reporter gene for post-hoc visualization 

purposes. Sim1-Cre::Vglut2flox/flox mice were generated as previously described 57.  

Vglut2-ires-Cre mice 255 were purchased from Jackson Labs (stock no. 016963) and bred 

to C57 mice to generate Vglut2-ires-Cre subjects used in the experiments.  Mice were at 

least 6 weeks old prior to surgeries and testing, and were chosen from multiple litters. All 

experiments were done during the light cycle, between the early afternoon hours (12 

P.M.) and early evening before the start of the dark cycle. 

Viruses and Surgery 

The following viral constructs were delivered to the PVH via stereotactic surgery:   

For optogenetic experiments, AAV-EF1α-DIO-hChR2(H134R)-EYFP-WPRE-

hGHpA serotype 2/9 (IDDRC Neuroconnectivity Core, Baylor College of Medicine, 

Houston, Texas); AAV-EF1α-DIO-EGFP serotype DJ8 (IDDRC Neuroconnectivity Core, 

Baylor College of Medicine, Houston, Texas); AAV-EF1α-DIO-iC++-EYFP (University of 

North Carolina Vector Core, Chapel Hill, NC, USA); 

For anterograde tracing, AAV-EF1α-FLEX-Syn::EGFP-WPRE-hGHpA, serotype DJ/8 

(IDDRC Neuroconnectivity Core, Baylor College of Medicine, Houston, Texas); 
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For ex vivo electrophysiological recordings of Vglut2 positive and negative neurons in the 

midbrain, ChR2 virus as above was injected to PVH and AAV-EF1α-DIO-EGFP serotype 

DJ8 virus was injected to the midbrain to label Vglut2 positive cells; 

For combined optogenetic/DREADD-mediated inhibition, ChR2 virus as above was 

injected to PVH and AAV1-EF1α-DIO-hM4D(Gi)-mCherry EYFP (University of North 

Carolina Vector Core, Chapel Hill, NC, USA) was injected in the midbrain-VTA area. 

For fiber photometry experiments, AAV-EF1α-FLEX-GCaMP6m (IDDRC 

Neuroconnectivity Core, Baylor College of Medicine, Houston, Texas) was delivered to 

the midbrain-VTA area.  All viral preparations were tittered to at least 1011 particles/mL. 

Stereotaxic surgeries to deliver viral constructs and for optical fiber implantation 

were performed as previously described. Briefly, mice were anesthetized with a 

ketamine/xylazine cocktail (100 mg/kg and 10 mg/kg, respectively), and their heads 

affixed to a stereotaxic apparatus. Viral vectors were delivered through a 0.5 µL syringe 

(Neuros Model 7000.5 KH, point style 3; Hamilton, Reno, NV, USA) mounted on a 

motorized stereotaxic injector (Quintessential Stereotaxic Injector; Stoelting, Wood Dale, 

IL, USA) at a rate of 40 nL/min. Viral delivery was targeted to the PVH (100 nL/side; AP: 

−0.5 mm; ML:±0.2  mm; DV: −5.0 mm) or midbrain/VTA area (200-300 nL/side AP: −2.4 

mm; ML:±0.5  mm; DV: −4.6 mm). Uncleaved fiber optic cannulae (Ø1.25 mm Stainless 

Ferrule, Ø200 µm Core, 0.39 NA; ThorLabs, Newton, New Jersey, USA) were precut to 

4.5–4.8 mm and implanted above the PVH (AP: −0.5 mm; ML: 0 mm) or precut to 4.3-4.5 

mm and implanted above midbrain/VTA (AP: -2.4 mm; ML: +0.5 mm). For glutamate 

receptor blockade experiments, a single cannula system allowing for interchangeable 

optic fiber and fluid delivery (Plastics1, Roanoke, VA) was implanted above the 

midbrain/VTA area.  For fiber photometry, uncleaved fiber optic cannulae (Ø1.25 mm 

Stainless Ferrule, Ø400 µm Core, 0.39 NA; ThorLabs, Newton, New Jersey, USA) were 

precut to 4.3-4.5 mm and implanted above the midbrain/VTA area.  All cannulae implants 
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were secured on the head with adhesive gel (Loctite 454) and dental cement.  

Experiments were conducted on subjects after a 3-4 week recovery period following 

surgery. 

 

Acute Brain Slices Preparation and in vitro Electrophysiology Recordings.  

For Sim1-Cre recordings, coronal brain slices (250–300 μm) containing the PVH or VTA 

from mice that had received stereotaxic injections of AAV-FLEX-ChR2-EYFP to PVH at 

least 3 weeks prior to the recording were cut in ice-cold artificial cerebrospinal fluid 

(aCSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 

NaH2PO4, 25 NaHCO3, and 11 D-glucose bubbling with 95% O2/5% CO2. Slices 

containing the PVH were immediately transferred to a holding chamber and submerged in 

oxygenated aCSF. Slices were maintained for recovery for at least 1 h at 32–34 °C before 

transferring to a recording chamber. Individual slices were transferred to a recording 

chamber mounted on an upright microscope (Olympus BX51WI) and continuously 

superfused (2 ml/min) with ACSF warmed to 32–34 °C by passing it through a feedback-

controlled in-line heater (TC-324B; Warner Instruments). Cells were visualized through a 

40X water-immersion objective with differential interference contrast (DIC) optics and 

infrared illumination. Whole cell current-clamp recordings were made from neurons within 

the regions of the PVH showing high density of ChR2-EYFP expression, and whole cell 

voltage-clamp recordings in VTA/midbrain region were performed on cells surrounded by 

dense ChR2-EYFP expressing fibers.  Pipettes were filled with a K+-based low 

Cl− internal solution containing (in mM) 145 KGlu, 10 HEPES, 0.2 EGTA, 1 MgCl2,4 Mg-

ATP, 0.3 Na2-GTP, 10 Na2-Phosphocreatine (pH 7.3 adjusted with KOH; 295 mOsm) for 

current clamp recordings. For voltage-clamp recordings, Patch pipettes (3–5 MΩ) were 

filled with a Cs+-based low Cl− internal solution containing (in mM) 135 CsMeSO3, 10 
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HEPES, 1 EGTA, 3.3 QX-314, 4 Mg-ATP, 0.3 Na2-GTP, 8 Na2-Phosphocreatine (pH 7.3 

adjusted with CsOH; 295 mOsm). Membrane potentials were corrected for ~10 mV liquid 

junction potential. To activate ChR2-expressing neurons in PVH or CHR2-fibers in 

VTA/midbrain, light from a 473 nm laser (Opto Engine LLC, Midvale, UT, USA) was 

focused on the area of the recorded PVH neuron to produce spot illumination through 

optic fiber. Brief pulses of light (blue light, 1–2 ms, 1–2 mW/mm2) were delivered at the 

recording site at 10–15 s intervals under control of the acquisition software.  

Vglut2-ires-cre mice, at least 3 weeks following virus infection, were anesthetized 

with Avertin (i.p) and transcardially perfused with ice-cold cutting solution containing the 

following (in mM): 75 sucrose, 73 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 15 Glucose, 7 

MgCl2, and 0.5 CaCl2, saturated with 95% O2/5% CO2. Horizontal slices (250 µm) containing 

the VTA were sectioned using a Leica VT 1000S vibratome, and transferred to a holding 

chamber with artificial cerebrospinal fluid (aCSF) containing (in mM): 123 NaCl, 26 NaHCO3, 

2.5 KCl, 1.25 NaH2PO4, 10 glucose, 1.3 MgCl2, and 2.5 CaCl2, and saturated with 95% 

O2/5% CO2 at 32oC for 1h, then maintained at room temperature for to allow for recovery 

prior to any electrophysiological recordings. Individual slices were transferred from the 

holding chamber to a heated recording chamber (31-33oC, Luigs-Neumann), in which they 

were submerged and continuously perfused with oxygenated aCSF at a rate of 2-3ml/min. 

Recordings were performed under infrared-differential interference contrast visualization on 

a fixed stage, upright microscope (Olympus BX51WI) equipped with a water immersion 40x 

objective. Pipettes with resistance 3-5 MΩ were pulled from borosilicate glass (OD 1.5 mm, 

ID 1.1 mm, Sutter Instruments) using a horizontal puller (Sutter P-1000), and filled with an 

internal patch solution containing (in mM): 142 K-gluconate, 10 HEPES, 1 EGTA, 2.5 MgCl2, 

0.25 CaCl2, 4 Mg-ATP, 0.3 Na-GTP, and 10 Na2-phosphocreatine, adjusted to pH 7.25-7.35, 

osmolality 295-305 with KOH. Whole-cell patch-clamp recordings data were digitized and 

collected using Multiclamp 700B amplifier, and Digidata 1550B digitizer, and Clampex 10 
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(Molecular Devices). Membrane potential were held at -60mV. The liquid junction potential 

was not corrected, and series resistance (Rs) was bridge balanced. Offline data analysis 

was performed using Clampfit 10 (Molecular Devices).  To excite channelrhodopsin in brain 

slices, we illuminated the brain slices every 30s with blue light pulses (473 nm PSU-III-LED 

laser system, Optoengine), of short duration (1-3ms) through 40x water-immersion objective 

lens. 

Optogenetic Experimental Parameters 

For in vivo photostimulation/inhibition, an integrated rotary joint patch cable connected 

the ferrule end of optic fiber cannula with a Ø1.25 mm ferrule end of the patch cable via a 

mating ceramic sleeve (ThorLabs, Newton, New Jersey, USA). At the other end of the 

rotary joint, an FC/PC connector was connected to a 473 nm diode-pumped solid state 

(DPSS) laser (Opto Engine LLC, Midvale, Utah, USA). Light pulses were controlled by 

Master-8 pulse stimulator (A.M.P.I., Jerusalem, Israel). For behavioral experiments 

requiring a large chamber (Real Time Place Preference/Avoidance, locomotion, and 

escape hut assays) a commutator (rotary joint; Doric, Québec, Canada) was attached to 

a patch cable via FC/PC adapter. The patch cable was then attached to the optic fiber 

cannula ferrule end via a ceramic mating sleeve. Another patch cable containing FC/PC 

connections at both ends allowed the connection between the commutator and the laser, 

which was controlled by the Master-8 pulse stimulator. During testing, mice were placed 

in a clean, high-walled enclosure or in a large chamber wiped down with 70% isopropyl 

alcohol. Light power was measured before starting experiments each day with an optical 

power meter (ThorLabs), and adjusted to emit an output of 5-15 mW from the end of the 

mating sleeve.  

 

Behavioral Analysis 
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Grooming and Escape-Jumping 

To measure the effects of photostimulation on baseline behavior, mice were 

placed in a clean, high-walled enclosure, which prevented escape from the chamber. 

Sim1-Cre mice were observed for grooming and recorded with a hand-held camera for a 

15 minute period with the following protocol: 5 minutes, no light (Pre), 5 minutes, light-on 

(On), and 5 minutes post-light (Post).  A 6 minute observation period for jumping behavior 

in Sim1-Cre mice was performed following 2 minutes pre-light, 2 minutes light-on, and 2 

minutes post-light.  Vglut2-ires cre mice were observed for grooming and jumping during 

the 15 minute protocol.  

For PVH photostimulation, light was pulsed at a 5 Hz frequency with 10 or 100 ms 

pulse-width duration, and 20 Hz- 10 ms for PVHmidbrain photostimulation. Behavioral 

changes were annotated by watching the videos using QuickTime Player (Apple).  Time 

spent grooming was carefully annotated by noting the video timestamps at the beginning 

of grooming bouts and end of grooming bouts.  Beginning of bouts was defined as the 

moment the animal started engaging in forlimb paw strokes made near the nose, eyes, 

and head, and licking of paw, body, tail, or genitals, and the end of bouts was noted when 

grooming was interrupted for at least 6 seconds.  The latency to start grooming was 

defined as the precise time mice started grooming following the first pulse of light.  

Number of jumps during the 15 minute test was quantified by watching videos in slow 

motion and counting each jump mice made, as defined by removal of limbs from the floor 

of the cage and complete suspension of the body in air.  Grooming and escape-jumping 

observations were performed one hour following intraperitoneal (i.p.) injection of saline or 

CNO (1 mg/kg) in Vglut2-ires-Cre mice expressing hM4D(Gi)-mCherry in the midbrain. 

 

Glutamate Receptor Blockade 



119 
 

Mice implanted with interchangeable fluid delivery/optic fiber cannula system (Plastics1, 

Roanoke, VA) were anesthetized with isoflurane and placed in a stereotactic apparatus.  

A microinjection volume of 100 nL, directed to the midbrain/VTA area, was slowly infused 

at an approximate rate of 33 nL/min.  Three minutes following infusion, fluid delivery 

cannula were removed from the guiding cannula and replaced with optic fiber cannula, 

and mice were allowed to recover from anesthesia for 10-15 minutes prior to testing.  

Mice were then placed in a high-walled enclosure and video recorded for 5 minutes 

during photostimulation (20 Hz, 10 ms pulses). Jumping behavior was annotated as 

described above. Two separate trials were performed in the same mice on separate days: 

a control (vehicle injection) trial and drug (glutamate receptor blockade injection) trial.  

Vehicle injections consisted of 15% DMSO, while drug injections consisted of 300 ng D-

AP5 + 150 ng DNQX (Tocris, Minneapolis, MN) suspended in 15% DMSO. 

 

Locomotion 

Mice were placed in a large (45 X 45 X 50 cm3) chamber, equipped with an overhead 

infrared camera (PhenoTyper system 3.0, Noldus, Wageningen, the Netherlands), and 

allowed to freely roam during a 15 minute test, consisting of 5 minutes no-light, 5 minutes 

light-on, and 5 minutes post-light.  Light was pulsed at 5 Hz, 10 ms for PVH 

photostimulation, and 20 Hz, 10 ms for PVHmidbrain photostimulation.  Locomotion 

assays were performed one hour following intraperitoneal (i.p.) injection of saline or CNO 

(1 mg/kg) in Vglut2-ires-Cre mice expressing hM4D(Gi)-mCherry in the midbrain. 

Locomotion data, including total distance travelled and average velocity, was collected by 

tracking software (EthoVision XT 11.5, Noldus) for each 5 minute period. Activity tracks 

were visualized by plotting movement of the mouse based on center-point location, as 

captured by the overhead camera.  
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Real Time Place Preference/Avoidance Assays  

For RTPP/A assays, mice were allowed to freely explore a large 45 X 45 X 50 cm 3 

chamber, as detailed above, during a 20 minute testing period.  The chamber was evenly 

divided into two sectors, one of which was randomly assigned as the light-on side.  

Crossing over and occupying the light-paired side of the chamber triggered continuous 

pulsing of light (5 Hz, 100 ms light pulses for PVH photostimulation, and 20 Hz, 10 ms 

pulses for PVHmidbrain photostimulation), which ceased once animals returned to the 

light-off side.  The side of the chamber paired with light was counterbalanced during 

experiments for each mouse. RTPP/A assays were performed one hour following 

intraperitoneal (i.p.) injection of saline or CNO (1 mg/kg) in Vglut2-ires-Cre mice 

expressing hM4D(Gi)-mCherry in the midbrain. The percent time spent on each side and 

time spent in the food zone, as well as the tracking data, were collected by EthoVision 

tracking software (Noldus). Heatmaps detailing proportion of time spent in each location 

of the arena, as well as activity tracks, were visualized based on the data collected. 

 

Modified RTPP/A Assay-Fast Refeed 

Mice were fasted 24h prior to testing fast-refeeding in a large chamber containing food in 

one corner of the arena.  The location of food was rotated amongst four corners of the 

cage, and the light-paired side was counterbalanced for each mouse tested.  Upon 

crossing into the light-paired side, light was pulsed through the optical fiber into the brain 

at 5 Hz, 10 ms for PVH activation or 20 Hz, 10 ms for PVHmidbrain activation, and 

ceased upon exit into the light-unpaired side.  Total testing time lasted 15 minutes.  The 

percent time spent on each side and time spent in the food zone, as well as the tracking 

data, were collected by EthoVision tracking software (Noldus). Heatmaps detailing 

proportion of time spent in each location of the arena, as well as activity tracks, were 

visualized based on the data collected. 
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Conditioning Assay 

Sim1-Cre mice with ChR2 injected into the PVH and optical fibers placed over the 

midbrain, were placed in a large testing chamber with flooring on one side lined with 

several columns of green tape spanning the top to bottom edges of the cage.  On day 0, 

mice tethered to an optic fiber cable delivering no light, were allowed to freely explore the 

arena for 20 minutes; the side most preferred, as determined by percent time spent on 

each side, was noted and assigned as the light-paired side for the subsequent days of 

conditioning.  For the next 4 days of conditioning, mice were tested approximately at the 

same time for 20 minutes, during which optic fiber cable delivered 20 Hz, 10 ms 

photostimulation upon crossing the light-paired side of the chamber, and ceased once 

mice traversed to the light-off side.  Mice were thereafter tested for 20 minutes on days 5-

6 for extinction, during which light was no longer delivered through the optic fiber.  The 

preference for the light-on zone, initially the most preferred side, was calculated as the 

percent time mice spent in the light-paired side of the chamber for each trial.  Locomotion 

data to calculate the distance travelled during testing sessions were collected by 

EthoVision tracking software (Noldus). 

 

Escape Hut Assay 

For this assay, an “escape hut”, equipped with a single entry and three 9.5 cm walls with 

no “roof” (in order to maintain top-down visualization of tracking from the overhead 

camera) was placed in the center of a large chamber. Testing was performed one hour 

following intraperitoneal (i.p.) injection of saline or CNO (1 mg/kg) in Vglut2-ires-Cre mice 

expressing hM4D(Gi)-mCherry in the midbrain. Mice were first acclimated to the novel 

environment for seven minutes, which allowed sufficient time for spontaneous discovery 

of the hut.  After acclimation, an eight-minute testing period immediately followed, in 
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which light was continuously pulsed at 5-10 Hz (10 ms pulse width) every other minute.  

The number of hut visits (defined as the number of times the animal approached and 

entered the hut) and duration in the hut (quantified as the time spent inside the hut 

enclosure) were quantified by EthoVision software (Noldus).  Number of hut visits and 

total time spent inside the hut across each time interval (Off vs. On) was combined for 

statistical analysis. Total distance travelled during each time interval was also combined 

for analysis, and velocity was averaged across each light-off and light-on periods to 

reveal average velocity during the two light conditions.  Heatmaps across time intervals 

were constructed based on tracking data collected by EthoVision software. 

Fiber Photometry and Modified T-maze  

Fiber photometry system was purchased from Doric Lenses (Québec, Canada). In short, 

mice with optic fiber implants were attached to fiber-optic patch cords, connected to 465 

nm LED light modulated by fluorescence mini cubes containing beam splitters that 

combine excitation wavelengths and separate emission wavelengths.  Fluorescence 

emission was collected by a photodetector capable of sensing low-intensity light.  A 

single console synchronized output control over external LED drivers and acquisition of 

input data.  Doric Neuroscience Studio software was used to collect data over the course 

of recording sessions.  Following handling, mice were placed in a pre-experimental 

habituation cage for two minutes. GcaMP6m recording commenced at the end of the two 

minute habituation, a few seconds prior to placing mice on the t-maze.  The t-maze was 

modified to include one open arm and two closed arms, allowing for a two-way escape 

strategy.  Baseline fluorescence, F0, was defined as the non-linear regression fit (to 

horizontal line) of fluorescence data collected in the first 10 seconds of the recording 

period.  After collection of baseline recordings, mice were placed at the base of the open 

arm and allowed to freely explore the apparatus for three minutes.  Changes in neural 

activity over time were quantified by subtracting instantaneous fluorescence from 
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baseline fluorescence and dividing by baseline ((F-F0)/F0, or ΔF/F).  For data 

quantification and representation purposes, mean changes in fluorescence occurring in 

the first five seconds was subtracted from ΔF/F for each time point, and were aligned to 

the first exposure to the maze and the final exit to a closed arm. Changes in fluorescence 

were averaged in five second time windows occurring just before, and 15 seconds after 

the alignment period to allow quantitative comparison across time.  

Immunohistochemistry and Imaging 

After behavioral experiments were completed, study subjects were anesthetized with a 

ketamine/xylazine cocktail (100 mg/kg and 10 mg/kg, respectively) and subjected to 

transcardial perfusion. During perfusion, animals were flushed with 20 mL of saline prior 

to fixation with 20 mL of 10% buffered formalin. Freshly fixed brains were then extracted 

and placed in 10% buffered formalin in 4 °C overnight for post-fixation. The next day, 

brains were transferred to 30% sucrose solution and allowed to rock at room temperature 

for 24 h prior to sectioning. Brains were frozen and sectioned into 30 µm slices with a 

sliding microtome and mounted onto slides for post-hoc visualization of injection sites and 

cannula placements. Injection sites were determined by the densest regions of –EYFP, –

EGFP, or mCherry fusion products. The location of cannula implants were noted by 

prominent lesion sites that extended over the rostro-caudal axis of the PVH or 

VTA/midbrain area. Mice with missed injections to the PVH or VTA/midbrain, or those 

with misplaced optic fibers over the areas of interest were excluded from behavioral 

analysis. Representative pictures of PVH, PVH projections, and VTA/midbrain injection 

sites were visualized with confocal microscopy (Leica TCS SP5; Leica Microsystems, 

Wetzlar, Germany).  Brain sections used for immunohistochemistry (IHC) were stained 

with the following primary antibodies, followed by secondary antibodies: mouse anti-

tyrosine hydroxylase (TH) (Millipore, MAB318)/Alexa Fluor 488, donkey anti-mouse or 

Alexa Fluor 594 donkey anti-mouse; rabbit anti-cFos (Cell Signal #2250)/Alexa Fluor 488 



124 
 

donkey anti-rabbit or Alexa Fluor 594 donkey anti-rabbit.  Sections were washed three 

times, ten minutes each, in 1XPBS, and then blocked with 5% normal donkey serum 

(NDS) in a solution containing 0.3% triton-X-100 (TX-100) in 1XPBS for 1 hour at room 

temperature. After blocking, blocking serum was removed and primary antibody diluted in 

fresh 5% NDS was added to sections and then transferred to a shaking rocker in 4ºC for 

overnight incubation.  The next day, primary antibody solution was removed and sections 

were washed three times, ten minutes each, in a solution containing 0.1% TX-100 in 

1XPBS.  Upon removing the last wash, secondary antibody, diluted in fresh 5% NDS 

solution, was then added to sections, and allowed to rock at room temperature for two 

hours.  Following secondary antibody incubation, sections were washed three times with 

0.1% TX-100/1X PBS solution and mounted on slides for imaging. Sim1-Cre mice used 

for cFos analysis were placed separately in clean testing cages, provided with food, 

water, and bedding for two hours prior to photostimulation. Mice were then 

photostimulated with 20 Hz light pulses (10 ms pulse-width duration) for five seconds, 

followed by five seconds of no light, repeated for 15 minutes.  Following photostimulation, 

mice were subjected to transcardial perfusion 1.5 hours later and brain sections 

processed for IHC.  Vglut2-ires-Cre mice used for cFos analysis were first i.p. injected 

with CNO, and placed in clean testing cages 30 minutes prior to photostimulation.  

Photostimulation was then applied for 15 minutes (20 Hz, 10 ms pulses every five 

seconds), and mice were transcardially perfused 1.5 hours later.   

Statistics 

GraphPad Prism 7 software (La Jolla, CA) was used for statistical analysis.  Two-way 

repeated measures ANOVA, followed by Dunnett’s or Sidak’s multiple comparisons tests, 

and ordinary or repeated measures one-way ANOVA tests, followed by Dunnett’s or Tukey’s 

multiple comparisons test, were used for comparisons of more than two groups.  Paired or 

unpaired two-tailed t-tests were used for comparing two groups.  Pearson correlation (two-
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tailed) was used to analyze correlation between two variables.  A cubic spline function was 

used to smooth GCaMP6m signal in graphs showing individual and averaged traces.  Data 

in figures, text and legends were expressed as means ± SEMs.  Significance levels were 

denoted by asterisks: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.   
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Chapter 5. 

Discussion 
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Intrahypothamic circuits regulate feeding and stress-related behavior in an 

antagonistic manner 

 Our study identified the significance of LHPVH circuit in feeding regulation and 

behavioral manifestation of stress, particularly repetitive self-grooming. Using genetic tools 

that allowed access to both GABA and glutamate neuron populations in the LH, along with 

optogenetics, electrophysiology, and behavioral assays, we identified novel circuit 

components that selectively and antagonistically drive one behavior over the other. 

Specifically, photostimulation of GABAergic LH fibers in PVH rapidly evoked intense feeding 

behavior, whereas inhibition of the circuit significantly reduced feeding after a 24 hour fast. 

Additionally, photostimulation of the circuit promptly halted ongoing grooming, and in turn, 

promoted a drive to feed, an effect that was reversible upon termination of photostimulation. 

In parallel, photostimulation of glutamatergic LH fibers in PVH induced blatant repetitive self-

grooming behavior shortly after the first pulse of light. Detailed behavioral analysis revealed 

a stereotypical stress-like pattern of the evoked grooming, which was corroborated by 

inhibition experiments that showed silencing of the circuit significantly reduced repetitive 

grooming induced by a mild stressor (water spray). Activation of the glutamatergic LHPVH 

circuit suppressed feeding after a fast, and promoted repetitive self-grooming instead. 

Genetic and pharmacological experiments, coupled with optogenetic behavioral assays, 

revealed the necessity of GABA and glutamate release from LH neurons onto PVH in 

promoting the evoked behaviors. 

 Recent studies have identified the PVH as a central hub for integrating information 

on energy status and producing appropriate behavioral and autonomic output, via relays to 

downstream brainstem nuclei46. Acute inhibition of PVH neurons using chemogenetic 

techniques have shown that suppressing PVH neural activity is sufficient to induce 

increased feeding behavior (see Table 2). Until recently, main inhibitory input onto PVH 

neurons for driving feeding was thought to emanate from ArcAgrp neurons; however, a 
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previous study by our group suggested that additional sources of GABAergic input from non-

Agrp neurons and other hypothalamic sites were required for feeding regulation64, 69. Indeed, 

recent publications, as well as our study here, prove that inhibitory input onto PVH from 

nearby hypothalamic sites other than ArcAgrp neurons drives feeding behavior61, 69, 72. 

Oppositely, studies have shown activation of PVH neurons suppresses feeding (see Table 

2), and our research supports this finding, identifying a novel source of glutamatergic input 

for PVH action on feeding suppression.  

 Classic electrical stimulation studies of the PVH suggested a role for this nucleus in 

complex behaviors other than in feeding, including self-grooming277. Indeed, recent studies 

have shown that activation of hypothalamic centers including ArcAgrp and LH produces 

emotional and motivational changes35, 107, 163, suggesting that homeostatic brain centers 

function dually in emotional regulation and feeding133. In line with many recent reports133, 

activation of a feeding-promoting circuit (LHGABA
PVH) induced behavioral approach, 

indicating positive valence, whereas activation of a feeding-suppressive circuit 

(LHGlutmate
PVH) encodes behaviors indicative of aversion or negative valence (in this case, 

stress-related grooming). Although the valence of activing the LHGlutamate
PVH pathway in 

this study was not formally tested (the rigidity of stationary repetitive self-grooming evoked 

by photostimulation precluded free movement in the RTPP chamber), our experiments 

indicated that suppressing PVH neural activity following a highly stressful and aversive 

event (immobilization stress) significantly reduced behavioral expression (i.e., repetitive self-

grooming) following the aversive experience. This suggests that increased activity of PVH 

neurons is required for elicitation of at least one type stress-related behavior. Future 

experiments will be needed to identify the role of PVH neurons in other behavioral 

manifestations of stress.  

 PVH neurons are heterogeneously composed of many different neural populations, 

many of which express neuropeptides that are essential for hormonal functions46. 
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Additionally, some of these neuropeptide-expressing populations, such as those expressing 

oxytocin and vasopressin, have roles in complex behaviors outside of hormonal regulation 

through interactions with other brain areas278, 279. Interestingly, our study does not support a 

role for neuropeptides in the competitive action of feeding vs. self-grooming by manipulating 

PVH activity. Instead, the antagonistic nature of behaviors through PVH action relied upon 

glutamate release. Notably, glutamate release was also required for feeding-inhibiting 

effects of PVH activation, suggesting that glutamatergic transmission from PVH neurons 

onto downstream sites, such as in the PBN51, is essential for satiety regulation. However, we 

cannot completely rule out a role for neuropeptides in grooming, as photoactivation in mice 

lacking Vglut2 in PVH still produced grooming behavior, although evoked grooming was 

significantly reduced compared to intact Vglut2 animals. Future studies will be needed to 

clarify whether the evoked grooming in the presence or absence of glutamate release are 

phenotypically the same (but differ in degree) or differing in subtype. For example, it may be 

possible that neuropeptide-driven grooming may promote a grooming subtype that is part of 

a behavioral satiety sequence (grooming following a meal)280 and unrelated to stress.  

 Recent studies have supported appetite-stimulating and rewarding roles for LHGABA 

neurons107, in part via projections to the VTA111, 156, and appetite-suppressing and aversive 

roles for LHGlutamate neurons (via projections to the VTA and lateral habenula)110, 156. Our 

study provides additional evidence that bidirectional control of feeding, concurrent with 

changes in emotional valence, are controlled by two separate populations in a single 

hypothalamic region. However, as suggested by another recent publication, GABA and 

glutamate LH projections to other brain regions, in this case, the PAG, may produce differing 

behavioral outcomes (prey pursuit vs. defensive behavior in the form of evasion) but encode 

similar emotional output (negative valence in this example)162. Thus, it appears that GABA 

and glutamate LH neurons generally produce opposing behavioral states and encode 

positive or negative emotions based on projection site.  
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 Repetitive grooming behavior in mice is used as a behavioral read-out for 

maladaptive compulsivity, and is analogous to pathological behaviors in human psychiatric 

conditions like obsessive-compulsive disorder (OCD)281. Association between OCD, 

compulsivity and eating disorders in humans suggests a shared neural basis for these 

conditions, though a clear mechanism is presently unknown282, 283. Given the results of our 

findings, that showed the replacement of hunger-driven feeding with a stress-like 

compulsive behavior (i.e., repetitive self-grooming), one may posit that synchronous over-

activation of neurotransmission in the LHPVH circuit may underlie maladaptive 

compulsivity and anorexia. Alternatively, insufficient signaling via the GABA component in 

the LHPVH circuit may also lead to changes in behavior that negatively impact normal 

adaptations to stress and hunger. The basis for these and many other brain disorders are 

bound to be much more complex than malfunction in one circuit, but in the context of larger 

neural ensembles, a single component may prove to be a significant contributing factor284. 

 

Defensive behaviors driven by a novel hypothalamic-midbrain circuit suppress 

feeding 

 In order to deal with a myriad of environmental challenges, the brain has developed 

sophisticated and redundant pathways for the manifestation of defensive behaviors242. 

These include fleeing, freezing, defensive aggression, and other related behaviors, which 

are strategically employed depending on the context240. Using markers of neuronal 

activation, previous research identified brain regions activated by threatening stimuli post-

hoc285, 286. These included certain nuclei of the hypothalamus, brainstem and amygdala285, 

286. Subsequent studies were able to confirm causal involvement of some of these nuclei 

(including the VMH, AHN, and PAG) in the repertoire of defensive responses171, 172, 179, 180. 

As shown by post-hoc analysis studies, additional hypothalamic sites not traditionally 

deemed as part of the medial hypothalamic zone defensive system258 were responsive to 
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predator threat286. This included the PVH region286, a critical site involved in feeding 

regulation as described throughout this thesis. The first study presented here described a 

role for PVH in stress-related grooming behavior; extending those findings, we desired in 

this study to map downstream projection sites targeted by PVH neurons that were 

responsible for stress-related behavior.  

 Previous work identified another hypothalamic to midbrain circuit projection in 

defensive behavior (VMHPAG)172. However, photoactivation of this projection elicited 

freezing-type behavior and not escape172. Here, we identified a role for the PVH in escape 

behavior, via projections to a separate midbrain region in and surrounding the VTA. 

Interestingly, PVH neurons project to the PAG and have a role in satiety through this 

projection59; however a behavioral role for PVHPAG circuit has not been described. Given 

that photostimulation of the PVHmidbrain (VTA) circuit, as shown in this work, promoted 

active defense responses (flight and escape), it would be interesting if collateral or non-

collateralized projections to the PAG evokes a separate set of defensive responses, like 

freezing. Indeed, broad optogenetic activation of PAG neurons induced a mix of defensive 

behaviors (freezing, flight, and avoidance)179, and in vivo  recordings showed that different 

subsets of neurons in PAG differentially correlate with different defensive behaviors179. 

Given that VMHPAG circuit favors freezing172, it is possible that separate PAG neural 

subsets that promote escape and/or flight are targeted by PVH. Because glutamate receptor 

blockade in the VTA/midbrain region only partially blocked light-evoked escape behavior, it 

is possible that PVH promotes this subtype of defense by activating PAG and/or other brain 

sites. Future studies will be needed to delineate if redundant PVH circuits contribute to 

defensive behaviors observed here. 

 Extending the first study described in Chapter 3, we aimed to explore whether PVH 

neurons regulate other subtypes of stress-related behavior in addition to repetitive self-

grooming. We found that more intense photostimulation of PVH neurons favored transition 
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from self-grooming to defensive responses (escape-jumping), and that evoked behaviors 

were negatively correlated during photostimulation sessions. The reason for transition 

between the two behaviors concomitant with mounting intensity of phostostimulation is 

unknown; however, the phenomenon could be due to 1) greater recruitment of ChR2-

expressing cells in infected PVH neurons; or 2) a greater activation gain in the same ChR2-

cells in response to higher intensity of light; or 3) a combination of both factors. Supporting 

that at least hypothesis 2 may be correct, electrophysiological recordings in PVH neurons 

showed prolonged depolarization in proportion to the longer light pulse. Prolonged 

depolarization in the form of plateau potentials, as evident by our data, indicates greater 

calcium flux, and therefore greater neurotransmitter release287. Thus, greater flux of 

glutamate from PVH onto downstream brain sites favored elicitation of escape behavior. 

This point is supported by empirical findings that PVHmidbrain photostimulation required 

higher frequency light pulses for eliciting obvious behavioral change. Notably, frequencies 

less than 20 Hz (5 and 10 Hz, data not shown) was not sufficient in producing overt escape-

jumping or repetitive grooming across mice. It was indeed interesting that repetitive 

grooming appeared following light stimulation of PVHmidbrain circuit, as opposed to 

during light stimulation of PVH neurons directly. However, in the absence of glutamate 

release, PVHmidbrain photostimulation evoked repetitive grooming during and after the 

light-on period, suggesting that neuropeptidergic transmission in this circuit plays a 

significant role in grooming behavior. Glutamate release was necessary for light-evoked 

jumping, but not grooming, suggesting that PVH regulates two distinct, and competing 

stress-related behaviors, possibly by distinct or the same neural populations (as certain 

neuropeptide-expressing cells can also use glutamate as a neurotransmitter58, 168, 288). Future 

studies will be required to decipher precise neural subsets in PVH mediating the two 

behaviors.  
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 Interestingly, a hunger state (induced by activating ArcAgrp neurons, or simply fasting) 

is reported to reduce anxiety and fear states, supposedly by imposing a direct competition in 

survival circuits for favoring adaptive responses to imminent threats164-166, 289. This would 

allow a greater chance of survival, for example, if an animal proceeded to embark on 

unfamiliar, possibly dangerous territory in search for food if death would be otherwise 

forthcoming in the face of starvation and scarcity. At the same time, a neural basis for 

placing greater priority on defensive responses and risk assessment over feeding would be 

required in other situations, even during hunger. For example, taken the situation described 

above, if the animal found food in the dangerous location, and preceded to eat, one would 

expect rapid cessation of ongoing feeding and flight away from the site if an immediate 

threat appeared (e.g., a predator). Our study revealed the participation of PVHmidbrain 

circuit in this latter scenario, as activation of glutamatergic signaling in the pathway severely 

interfered with intense attempts to approach and eat food that was placed in a location 

paired with photostimulation of the circuit. Notably, during testing in the RTPP/A assay, mice 

did not automatically display escape-jumping, but instead quickly learned to avoid the light-

paired side. Thus, it appears that activation of the PVHmidbrain circuit promotes 

emotional components of aversion independent of evoking escape-jumping behaviors. 

These findings suggest, that like VMH populations in defense171, PVH neurons function 

simultaneously in adaptive behaviors and related emotional states. 

 

Future Directions 

 Technological advances in neuroscience have made probing brain function 

increasingly more accessible, and further development will surely help pave the way to more 

precise interrogation of neural circuit function in emotion and behavior290. Combined with 

genetic tools and better animal models for human neurological and psychiatric illnesses, we 

will start to unravel the neural underpinnings behind prevalent conditions in which there are 
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no cures or effective treatment options284, 291. The studies described here have implications 

for the neural basis behind conditions such as eating and feeding-related disorders, 

compulsive disorders, and obesity. However, in order to prove causality for these brain 

disorders, testing the significance of the described circuit components during pathological 

behaviors or animal models of disease would be necessary. Employing dual use of in vivo 

imaging, as described in the last experiment of Chapter 3, along with optogenetics in a 

closed-loop system would prove useful for predicting neuronal activity abnormalities that 

precede maladaptive behaviors, which could be modified with optogenetic techniques292. For 

example, a feasible experiment, using a post-traumatic stress disorder model in mice293, 294, 

would monitor changes in PVH neural activity during recall of a fearful memory; the activity 

patterns indicative of stress may precede maladaptive coping behaviors or impaired 

extinction of fear-associated cues, which may be mediated by downstream sites in the 

midbrain/VTA area. Implanting an optic fiber over the midbrain area, and inhibiting 

glutamatergic-midbrain neurons immediately when this pattern is detected may be able to 

block pathological behavioral changes. If mice can be wired in a way that precludes the 

interference from patch cables and cords295, 296, then a closed-loop control of neural activity 

can be achieved long-term in the living environment, and alter phenotypic expression of 

common features in fear-based disorders, such as depressive behavior and anhedonia210, 

293. Analogously, a similar system could be set up for monitoring and modifying 

LHGABA
PVH circuit in a binge-eating model, in order to probe the causality and necessity of 

neural circuit activity in binge-eating behavior. Given that these tools are forthcoming, future 

studies will be able to delve deeper into the intricacies of neural circuit dynamics for a range 

of motivated behaviors and emotional states. 
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