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In this thesis, we investigated how the lateral hypothalamus (LH) and lateral habenula (LHb), 
which are involved in homeostatic and reward-related feeding behavior, modulate caloric intake, 
and contribute to the development of diet-induced obesity. Caloric intake is largely driven by 
energy demand, which is termed homeostatic feeding. In contrast, reward-related feeding can 
occur in addition to homeostatic feeding and can drive overconsumption of calories. Mechanistic 
understanding of the brain circuits that promote or inhibit caloric overconsumption is crucial 
for the prevention and/or treatment of obesity.

Brain circuits involved in homeostatic feeding receive information regarding the energy 
balance via diverse routes – including but not limited to nutrients, hormones and direct 
neural information from the vagal nerve [1, 2]. Hypothalamic areas, including arcuate nucleus 
(ARC), paraventricular nucleus (PVN) but also LH are specialized in integrating this energy 
balance-related information to regulate caloric intake according to metabolic needs [2, 3]. This 
homeostatic-like circuitry interacts with dopaminergic circuits from the ventral tegmental area 
(VTA) and substantia nigra (SN), which drive reward-related feeding by altering the reinforcing 
value of food and increase motivation for food-seeking behavior beyond homeostatic needs 
[4-6]. Dopamine signaling is involved in three psychological components of reward processes: 
liking (hedonics), wanting or incentive salience, and learning via the formation of cue 
associations [4, 7-10]. While homeostatic and reward-related feeding are often discussed as 
separate entities, these circuits overlap and continuously interact, and it is very complicated to 
completely disentangle these circuits and related processes. For example, ventricular nuclei like 
the ARC and PVN are purely homeostatic regulators of feeding, whereas the VTA and SN (which 
produce dopamine) and dorsal raphe (DR; which produces serotonin) are monoaminergic 
nuclei that can modulate feeding, but also have more general functions, including reward 
arousal, movement, and motivation [11]. There are also intermediate nuclei, including the LH, 
LHb, and central amygdala (CeA), which have a role in reward in general as well as in feeding 
behavior specifically, and are also connected with ventricular and monoaminergic nuclei [11]. 
This uniquely positions them to process food-related signals and integrate these with internal 
or external inputs, to optimize behavior. For example, specific LH neuronal subpopulations 
balance competing social and nutritional needs [12]. In this thesis, I have studied the role of 
glutamatergic and GABAergic populations in the LH (chapters 3 and 4), and LHb circuits in 
rats (chapters 5, 6 and 7) and humans (chapter 8) related to caloric intake and the development 
of obesity.

Why did I focus on the LH and the LHb? The LH is a brain region that is composed of heterogeneous 
cell populations and is well-described for its role in caloric intake, via the integration of homeostatic 
and reward-related information. The LH receives dopaminergic input from the midbrain, and 
both direct and indirect feeding-related information via several routes, including nutrients, 
hormones, and neuronal projections from the brainstem and other hypothalamic nuclei. Upon 
a positive stimulus, such as a cue predicting a (food) reward, the VTA will release dopamine 
in many brain regions, including the nucleus accumbens (NAc), which projects to the LH and 
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stimulates subsequent (reward-driven) feeding (Figure 1A). In contrast, the LHb is a small 
nucleus that can bidirectionally modulate dopaminergic activity, but predominantly inhibits VTA 
dopamine neurons. Therefore, it has been hypothesized that the LHb is a negative regulator of 
food intake, as it negatively impacts caloric intake by inhibiting dopamine release from the VTA, 
thereby decreasing caloric intake (Figure 1B). Additionally, we also studied the CeA, which 
receives dopaminergic input from the VTA, and through its connections with NAc is important 
for both positive and negative valence encoding (Figure 1C).

Glutamatergic and GABAergic LH neurons respond 
differentially to consumption of a fcHFD
While neurons in the LH express a great variety of neuropeptides and receptors, most neurons 
can be divided into having either excitatory (glutamatergic, defined by Vglut) or inhibitory 
(GABAergic, defined by GAD or Vgat) neurotransmission [13]. In this thesis, we showed that 
glutamatergic and GABAergic neurons in the LH respond differentially to consumption of a free-
choice high-fat diet (fcHFD). In chapter 4, consumption of a fcHFD for two weeks lowered 
the overall neuronal activity of GABAergic LH neurons, without altering responses to sucrose 

Figure 1. Brain circuitry involved in positive and negative stimuli, and valence encoding. A) Upon 
a positive stimulus (like a reward-predicting cue), the VTA releases dopamine to the NAc, which in 
turn drives food-seeking behavior through the LH. B) The LHb is a negative regulator of food intake 
and is activated through aversive or negative stimuli. Through complex indirect and direct projections, it 
predominantly inhibits VTA dopamine, and in turn, reduces NAc-LH-mediated appetitive behaviors. C) 
Both the BLA and Cea receive dopaminergic input from the VTA. The BLA is considered the main input 
area of the amygdala, while the CeA is considered the main output nucleus. In line, the BLA projects to 
the CeA and the CeA projects to LH and NAc (among others) to encode both negative and positive valence 
and drive or reduce appetitive behaviors. Green = positive stimulus, red = negative stimulus, orange = 
bidirectional valence. 

Figure 2. Consumption of a fcHFD lowers LHVgat activity but does not disturb nutrient sensing. A) 
Change in fluorescence (ΔF/F) over time after delivery of water, sucrose or sucralose at t=0 in chow-fed 
mice (left) or fcHFD-fed mice (right). B) Average ΔF/F after delivery of water (chow W, n = 187 neurons; 
fcHFD W, n = 221 neurons), sucrose (chow S, 172 n = neurons; fcHFD W, n = 212 neurons) or sucralose 
(chow Sc, n = 71 neurons; fcHFD Sc, n = 126 neurons). Statistics were performed using a mixed effects 
model as described in chapters 3 and 4.

consumption. In contrast, in chapter 3, we reported that consumption of a fcHFD disturbed 
the response of LHVglut neurons to sucrose consumption, indicating a dysregulated nutrient-
sensing ability. In chapter 3, to determine if these LH neuron populations were responsive to 
calories or nutrients, we included sucralose, a low-calorie sweetener, to determine whether 
the responses were specific to the sweet taste or the post-ingestive effects of sucrose. During 
consumption of a standard chow diet, of LHVglut neurons responded similarly to sucralose or 
water. However, during consumption of a fcHFD, calorie sensing was disturbed, and LHVglut 
neurons only responded to sucralose, whereas sucrose and water elicited a similar response. In 
LHVgat neurons, our small preliminary dataset showed that the neural response was similar to 
sucralose or water, and that consumption of a fcHFD did not alter this response (Figure 2A, B). 
However, we were unable to perform additional experiments to verify these findings, therefore 
the sucralose effects are not included in chapter 4. Collectively, these data suggest that LHVgat 
neurons specifically respond to sucrose drinking and that this sucrose response is unaltered 
by consumption of a fcHFD. For LHVglut neurons, fcHFD consumption disturbs the nutrient-
sensing abilities, shifting the response from sucrose to sucralose.

The combined observations from chapters 3 and 4 suggest that both GABAergic and glutamate 
LH neurons can distinguish sucrose and sucralose, which have a similar sweet taste but differ 
in their post-ingestive effects. While both sucrose and sucralose activate sweet taste receptors 
expressed throughout the gastrointestinal tract and pancreas [14-17], sucrose results in a far 
greater dopamine release in the brain compared to sucralose [18-22]. This seems to be driven 
by the cue predicting either sucrose or sucralose, as a sucrose-predicting cue elicits a larger 
dopamine release than a non-nutritive sweetener-predicting cue [23]. A similar observation has 
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allowing dietary fats to directly modulate LH neuronal activity. However, for most routes, 
effects on MCH and orexin neurons have been described, and effects on GABAergic or other 
glutamatergic subpopulations are less known. More research is needed on responses of specific 
subpopulations, for example, mRNA and gene expression analysis of these neuropeptides after 
fcHFD feeding.

Balance of glutamate and GABA in the LH
Before the utilization of genetically modified animal models, investigators heavily relied 
on pharmacological approaches to understand how different receptor-expressing neurons 
in a brain area influenced behavior. As such, it was demonstrated that the administration of 
glutamate or a glutamatergic agonist in the LH of satiated, non-stressed rats increased caloric 
intake [48-51]. This was mediated via NMDA receptors, as an NMDA receptor, but not AMPA/
kainate receptor, antagonist inhibited feeding in both food-deprived and satiated animals at 
the beginning of their normal feeding burst at the beginning of the dark phase [48, 52]. The LH 
effect on food intake depends on the energy state of the animal, as hungry rats will readily 
work for self-stimulation [53]. In contrast, satiated rats sometimes avoid LH stimulation [54]. 
While glutamate in the LH elicits feeding when rats are sated, GABA decreases food intake [55]. 
For example, a GABA antagonist stimulated caloric intake, whereas a GABA agonist blunted 
caloric intake [56, 57]. Accordingly, during caloric intake, extracellular GABA levels increase, 
and eating stops when these extracellular GABA levels peak [58]. This led to the hypothesis that 
LH GABA drives postprandial satiety [58]. This balance between GABA and glutamate input to 
the LH might be an important regulator of caloric intake [55]. However, it is currently unknown 
if simultaneous administration of GABA and glutamate in the LH affects caloric intake, and 
whether this is a physiologically relevant situation in vivo.

While pharmacological studies administered glutamate and GABA separately to different 
populations of LH neurons, genetically modified animal models provide the opportunity to 
activate or inhibit such neuron populations directly and specifically. As previously described, 
pharmacological experiments demonstrated that glutamatergic inputs to the LH drive 
caloric consumption and GABAergic inputs blunt caloric consumption [55]. Now genetically 
modified animal models are available to directly target glutamatergic or GABAergic neuron 
populations to determine their involvement in regulation of caloric consumption. Importantly, 
GABAergic and glutamatergic LH neurons are largely non-overlapping populations [11, 59]. As 
glutamatergic LH neurons are important for suppressing caloric intake [59-61], and GABAergic 
LH neurons for stimulating caloric intake (in non-challenging conditions) [62, 63], it does seem 
that GABAergic LH neurons receive glutamatergic input and that glutamatergic neurons receive 
GABAergic input. However, specific in- and outputs have been described to date for very few 
subpopulations. Next, we will discuss the LH to VTA and NAc to LH projections in more detail.

been made in humans, where the matching of the sweetness with the calories in the beverage 
is crucial in determining striatal reactivity [24]. Pmch-expressing glutamatergic LH neurons 
have been implicated in this process, as optogenetic stimulation of this neuronal population 
during consumption of sucralose increased striatal dopamine, which occurred via connections 
to the VTA dopamine neurons [25]. In our experiments in chapters 3 and 4, a tone was used to 
signal the start of the trial, which acts as a cue. Therefore, it would be interesting to time-lock 
the fluorescence signal to the cue instead of the consummatory lick. In addition, future studies 
should repeat the same experiment in Pmch-Cre mice, to assess how much of the effects of 
the glutamatergic population is driven by Pmch-expressing neurons. 

While consumption of a fcHFD lowered overall LHVgat activity, it disturbed the sensing of caloric 
density in the glutamatergic population. The LH also contains orexin-expressing neurons with 
glucose-sensing properties [26, 27], which are affected by consumption of a fcHFD [28]. We 
could hypothesize that Pmch and orexin subpopulations are underlying the effects observed in 
LH glutamatergic neurons. How the nutrient-sensing abilities of these neurons are disturbed 
when consuming a fcHFD needs to be investigated in more detail. Furthermore, as we observed 
very inconsistent responding in individual neurons over time (chapters 3, 4), it is likely that 
interactions with other (glutamatergic) subpopulations are also involved, again warranting 
future investigations. Besides subpopulations, different projection areas could also be important 
to consider in explaining the inconsistent responses. 

In both studies (chapters 3, 4), fcHFD induced changes independent of changes in body weight, 
suggesting that the dietary fat itself drives the observed changes in LH neuronal activity. This 
can be mediated by direct effects of triglycerides on the LH neurons, or indirectly through 
hormones or changes in vagal input to the brain. While it is known that triglycerides can cross 
the blood-brain barrier (BBB)[29], how this could modulate neurons within the LH directly is 
not fully understood. Glutamatergic LH orexin neurons have been shown to receive increased 
excitatory neurotransmission already after one day of HFD feeding, thus most likely resulting 
from the dietary fat itself [28]. During prolonged HFD feeding, but before changes in weight 
gain, also LH MCH neurons received enhanced excitatory input [28]. These results suggest that 
glutamatergic LH populations might be affected by dietary fat consumption, however, whether 
GABAergic LH populations are similarly affected is yet unknown. Direct effects of triglycerides 
have been observed for dopaminergic neurons in the striatum [30], which could be an upstream 
target controlling LH neuronal activity. Another route through which triglycerides could affect 
LH activity is through hormones, such as ghrelin and insulin. Circulating triglycerides can 
increase the transport of ghrelin into the brain [31], which acts on orexin, but not MCH neurons 
within the LH [32-34]. Additionally, triglycerides have been associated with changes in central 
insulin receptors[29, 31, 35], but how this could affect LH neuronal activity is unknown. Finally, 
the dietary fat from fcHFD feeding might be altering vagal input to the brain [36-43], and could 
subsequently affect LH neuronal activity[44-47]. In conclusion, there are several pathways 
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GABAergic and glutamatergic LH -> VTA pathways and 
their role in caloric intake
LH to VTA projecting neurons release both glutamate and GABA [64-68]. The LHVglut->VTA 
pathway is reported to encode aversion and avoidance behavior [66, 67, 69] [70], and does 
not respond to feeding hormones [60], while the GABAergic LH->VTA pathway is implicated 
in feeding regulation in a non-stressed state [66, 67], which is in line with the modulatory 
role of leptin on this projection [71]. Additionally, optogenetic stimulation drives caloric 
intake in a frequency-dependent manner[68]. Interestingly, LHVglut neurons, including those 
projecting to the VTA, are increasing their activity upon sucrose consumption (chapter 3) 
[60, 70, 72], however, VTA projecting LHVglut neurons are typically active during unexpected 
unpleasant stimuli intake [69]. This suggests that LHVglut neurons blunt caloric intake and are 
sensitive to internal state and experience [60, 72]. Indeed, we showed in chapter 3 that short-
term consumption of a fcHFD feeding (without inducing body weight gain) can increase LHVGlut 
activity upon sucrose drinking, whereas others have shown that diet-induced obesity decreased 
LHVGlut activity upon sucrose drinking [72]. A recent study revealed that the excitability of 
the LH->VTA projection is sensitive to social stress, and drives stress-induced palatable food 
intake [73]. Thus, the GABAergic and glutamatergic LH->VTA projections are both involved 
in regulation of caloric intake; however, the VGlut pathway might be more state- and context-
dependent. Collectively, combined GABAergic and glutamatergic input from LH->VTA likely 
modulates dopaminergic output, can be modulated by leptin, and subsequently drives reward-
seeking and motivational behavior. 

The LH receives GABAergic input from the NAc
Dopamine neurons in the VTA release dopamine in, among others, the NAc, which in turn 
sends GABAergic projections to the LH [74-76]. For example, the NAc shell (NAcSh) is a major 
source of GABAergic input to the LH [77]. Optogenetic activation of the NAcSh, and specifically 
Drd1-expressing NAcSh neurons, decreases consummatory behavior [77, 78]. This observation 
is in line with the effects of infusion of GABA agonists in the LH [79, 80]. Even during a hungry 
state, activation of NAcShDrd1+ neurons was sufficient to decrease consummatory behavior [77]. 
Conversely, inhibition of the NAcSh promotes consummatory behavior [81] and increases 
activity of orexin and MCH neurons within the LH [82]. Thus, GABAergic input from the NAcSh 
to the LH can bi-directionally modulate consummatory behavior, likely via its effects on LH 
orexin and MCH neurons. Dopamine is released in the NAc during consumption of food or 
upon a cue predicting food, which in turn activates NAcSh neurons relative to the amount of 
consumed palatable food [83]. Subsequently, via the Drd1+ LH projection, these neurons could 
signal satiety and halt further consummatory behavior. While orexin and MCH LH populations 
are likely involved[82], the involvement of specific subpopulations of LH neurons that are 
innervated by the NAcSh is not yet known.

Interactions between LH subpopulations:  
a complex local circuitry
The LH is a heterogeneous brain area with several subsets of neurons that express various 
neuropeptides, which can overlap and have complex interactions [13, 84](Figure 3). For 
example, somatostatin (Sst) and Nts neurons are mostly GABAergic [13], although a small subset 
seems to be glutamatergic neurons [85]. MCH neurons are mostly glutamatergic [13], with 
a small amount co-expressing GABA [13, 60, 72, 86]. The overall populations of GABAergic 
and glutamatergic neurons have opposing roles in feeding behavior, as LHVGlut neurons suppress 
consummatory behavior [61, 62, 72, 87] and LH GABA neurons stimulate consummatory 
behavior [63, 88], even beyond edible items [89] or when there are negative consequences [66]. 
Similarly, LH orexin and MCH neurons have opposing roles; glutamatergic orexin neurons 
increase arousal and motivation [84, 90], likely via their connections with the VP [91, 92], 
whereas LH MCH neurons promote rest [93]. Of note, while MCH neurons are considered 
mainly glutamatergic, they do express both glutamatergic and GABAergic markers[13, 60, 
94], and a LH MCH subpopulation has been observed releasing either glutamate or GABA. 
Interestingly, MCH, and likely also orexin LH neurons, can release their neuropeptides directly 
in the CSF, enabling more brain-wide effects [95]. Orexin activity is affected by Nts neurons, as 
ablation of LHNts neurons decreases orexin expression [96]. Both orexin and Nts LH neurons 
are also sensitive to leptin [26], although this effect in orexin neurons is likely mediated via Nts 
neurons, because orexin neurons do not express leptin receptors [71, 97].

In conclusion, both GABAergic and glutamatergic neuron populations within the LH play a role 
in consummatory behavior. Both of these populations respond to sucrose consumption, where 
LHVglut neurons are important for processing of the post-ingestive effects of glucose and overall 

Figure 3. Subpopulations of LH Vgat and Vglut2 expressing neurons. Adapted from Rossi (2023).
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LHVgat neuron activity is reduced by consumption of a fcHFD (chapters 3 and 4). LH outputs 
can promote consummatory behavior by altering incentive salience (motivation), for example 
by interaction with VTA dopamine neurons by LH orexin neurons [90, 91, 98-101]. Another 
way of LH outputs to change consummatory behavior, is by altering the hedonics, for instance 
through projections to hedonic hotspots in the VP [91, 92]. Finally, the LH outputs may assist 
in learned associations by altering dopamine signaling [66, 67]. Specific subpopulations in 
the LH might be playing a role in these reward-related processes, and they can show overlap or 
interactive effects. While GABAergic and glutamatergic neuron populations seem to be mostly 
non-overlapping within the LH, MCH neurons are known to express both glutamatergic and 
GABAergic markers, suggesting there might be a balance in GABA and glutamate release, 
which in turn can promote certain behavioral states. Subpopulations can also counteract each 
other; therefore bulk experiments targeting multiple subpopulations might not yield clear 
results. Therefore, it is important to investigate genetically specified subpopulations and their 
projections in a specific context, as LH activity is both context- and state-dependent. Next 
to the genetic targeting of specific subpopulations, spatial transcriptomics to spatially define 
subpopulations might be important to answer several outstanding questions [90].

Fat and sugar interaction in humans
As discussed in chapter 2, nutrients such as fat and sugar can interact with each other, resulting 
in more profound weight gain when consumed simultaneously in the same diet compared to 
diets containing either fat or sugar. These effects are possibly encoded by the LH. In chapter 
3, we have shown that glutamatergic LH neurons indeed show an interactive effect between 
consumption of a fcHFD and sucrose. Functional magnetic resonance imaging (fMRI) in mice 
revealed that the LH response to a glucose bolus was impaired in animals on a high-fat high-
sugar diet (HFHSD) [102]. Fats and carbohydrates are believed to recruit separate gut-brain 
pathways, which can then interact and have supra-additive effects [103-106]. This is supported 
by the finding that dietary fat consumption increased subsequent sucrose intake. This can be 
possibly mediated by NAc opioid signaling [107], as the NAc sends inhibitory projections to 
the LH. This fat and sugar interaction is also observed in humans, with lean individuals showing 
increased willingness to pay more for foods with a combination of fat and carbohydrates, than 
equally liked and energetic foods predominately containing either fat or carbohydrates [103]. 
This was accompanied by increased activity in the striatum [103]. It is postulated that this supra-
additive effect originates from interactions between separate gut-brain circuits processing fat 
and carbohydrates [105]. 

Glucose intake is regulated by rapid, post-ingestive signals from the gut to release dopamine, 
and these signals are most likely mediated via a neural route [108]. Similarly, increases in 
blood plasma glucose after consumption of a sugar drink in humans correlated with the striatal 
response to the sight and taste of the drink [109]. Indeed, intragastric infusion of glucose caused 
significant DA release, and decreased NAc blood-oxygen level dependent (BOLD) response 

in lean individuals [110]. In addition, actual, but not estimated, energy density predicted 
willingness to pay for foods and striatal responses [103, 111]. Thus, the neural representation 
of these nutrient signals seems to be independent of conscious perceptions. In a similar 
manner, intragastric infusion of lipids, although differently metabolized, releases dopamine in 
the striatum [110]. However, this dopamine release happens through a different pathway, via 
the nervus vagus [112] and depends on peroxisome proliferator–activated receptor α (PPARα) 
function [113]. In humans, intragastric infusion of both lipids and glucose decreased NAc 
BOLD response in lean individuals, and increased dopamine release [110]. Recently, van Galen 
et al. (2023) showed that these post-ingestive effects of glucose and lipids were dysregulated 
in obesity, as individuals with obesity (BMI > 30) did not show changes in NAc BOLD upon 
lipid or glucose infusion, and no clear DA release after lipid infusion [110]. Thus, in obesity, 
post-oral nutrient sensing is dysregulated [110], and furthermore,  under obese circumstances 
there is no supra-additive effect of combining fat and carbohydrates, as has been observed in 
lean individuals [106]. 

Although many human feeding-related fMRI studies focus on the striatum, a few focus on other 
brain regions. For example, consumption of a glucose solution lowered the BOLD response in 
the LH after an overnight fast [114]. Furthermore, glucose-induced hypothalamic activation 
as measured with arterial spin labeling (ASL) was associated with sweet taste preference, 
and with longitudinal increases in BMI [115]. However, to date, no experiments have been 
performed to investigate if hypothalamic activity in response to glucose or lipids is dysregulated 
during obesity or consumption of a HFD. In order to translate the findings from preclinical 
rodent LH studies to the human LH, it is important to focus on the LH, and other sub-regions, 
instead of the hypothalamus as a whole in human imaging. Imaging of hypothalamic areas in 
humans can be challenging due to its small size, and its proximity to CSF and blood vessels, 
structures that can create artifacts in the signal. While identifying the hypothalamic subnuclei 
is still difficult, using high-resolution 7T protocols, some anatomical boundaries can be used 
to create subregions [116]. And, unfortunately, it is not possible to disentangle GABAergic and 
glutamatergic circuits, which are known to have opposing roles in consummatory behavior in 
the LH, with the current available (f)MRI techniques.

Glutamatergic transmission onto the LHb has minor 
effects on food intake 
Similarly to the LH, the habenula, which consists of a medial and a lateral part, is highly 
connected to the VTA and influences dopamine release. The lateral habenula (LHb) is an 
important regulator of VTA dopamine neurons and responds predominantly to negative stimuli 
(Figure 1B). Historically, this response has been named a negative reward prediction error, 
reported in primate and human habenula neurons  [117, 118]. This negative reward prediction 
error is most likely encoded by input from the endopeduncular nucleus (EPN) to the LHb [119, 
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120]. The relatively small LHb receives input from many brain regions, including the LH [61, 
121, 122], basal forebrain [123], ventral pallidum [124, 125], (medial) prefrontal cortex (mPFC) 
[126], amygdala [127, 128] and reciprocal connections from VTA and DR/MnR [129-131]. Most 
of these projections are glutamatergic in nature, although some have been reported to co-release 
GABA and glutamate [119, 120]. Our hypothesis was that the LHb, as a negative regulator 
of reward processing, could very well be a negative regulator of consummatory behavior as 
well. Remarkably, the overall activity of the LHb seems to be decreased during consummatory 
behavior [132]. However, pharmacological inhibition of all glutamatergic inputs to the LHb did 
not acutely change consummatory behavior, either when consuming a standard diet or palatable 
food items (fat/sugar)(chapter 5). Following infusion of the NMDA receptor antagonist AP5, 
fat intake was decreased at later time points, independently of whether the animals also had 
sugar available (fcHFHS/fcHF). The AMPA/kainate receptor antagonist CNQX did not have 
this effect. Taken together, this suggests that overall glutamatergic inhibition of the LHb does 
not have an acute effect on consummatory behavior, but it might have a delayed, modulatory 
effect on fat consumption. It could well be that the role of LHb in consummatory behavior 
is more dependent on specific inputs, or specific emotional or satiation states. Indeed, one of 
the early reports implicating the LHb in feeding regulation, focused on the glutamatergic input 
from the LH [61].

LH glutamatergic input to the LHb in relation to feeding
The LH projects extensively to the LHb, which could be the main input that modulates tonic 
inhibition of VTA dopamine release [133-135]. Indeed, these LH inputs are glutamatergic and 
project to the LHb neurons which subsequently project to the VTA/RMTg neurons [135] that 
have been observed to synapse predominantly on mPFC-projecting VTA neurons [136]. This 
suggests that a LH -> LHb -> VTA/RMTg -> mPFC circuit is involved in encoding aversion 
[135, 136]. Stress is an aversive stimulus, and social defeat stress has indeed been reported to 
activate both the LH and LHb [137]. In the LH, orexin neurons were predominantly activated 
and infusion of an orexin agonist into the LHb improved depressive-like behaviors induced 
by social stress [137]. Of note, the glutamatergic LH orexin neuronal connection to the LHb 
has also been implicated in the actions of anesthetics [138, 139]. Regarding consummatory 
behavior, glutamatergic LH to LHb input can negatively regulate palatable feeding [60, 61]. 
While the net effect of LH->LHb is excitatory, this input might also have a minor GABAergic 
component [61]. Interestingly, unpublished work from the Kenny lab suggests that the LH -> 
LHb circuit has opposing actions on chow (regular food) versus palatable (cheesecake) food 
intake in mice [132]. Furthermore, LHb neuronal activity decreased more pronounced during 
consumption of palatable foods than during chow, and this effect is exaggerated in obese mice 
compared to lean mice [132]. General LHb activity, but also LH->LHb projection activity, is 
energy state-dependent, with reduced activity during sated states [60, 132]. This is in line with 
increased LHb activity during stress, when we consider fasting to be stressful. These findings 
suggest a role for the LH ->LHb projection in regulation of consummatory behavior, which is 

supported by the notion that this pathway is sensitive to leptin and ghrelin, which have opposing 
effects on activity of the LH -> LHb projection [60]. In conclusion, the glutamatergic LH -> LHb 
pathway seems to encode aversion, is sensitive to stress, satiety states, and feeding hormones, 
and is negatively impacted by consumption of palatable foods. 

Central amygdala input to the LHb and consummatory 
behavior
As discussed above, the LHb receives a wide variety of input to integrate and modulate various 
signals, behaviors, and motivational states. Because the LHb mediates emotional states and 
aversion, input from the CeA likely plays a role in these processes. Indeed, a glutamatergic, 
somatostatin expressing, CeA->LHb projection was shown to be involved in pain and depression-
like behaviors [127]. Furthermore, a GABAergic, NPY receptor 1 (Npy1r) or corticotropin-
releasing factor (Crf)-expressing CeA -> LHb projection was shown to be involved in binge-
like consumption of ethanol, but not sucrose [128, 140]. In chapter 6, we demonstrated that 
a predominantly glutamatergic Drd1-expressing CeA->LHb pathway is involved in satiety-state-
dependent regulation of caloric intake. In contrast to the inhibiting effects of the LH->LHb 
projection on caloric intake, we observed that chemogenetic activation of this CeADrd1>->LHb 
projection in sated animals specifically increased fat consumption. Similarly, Ip et al. (2023) 
have recently demonstrated that chemogenetic inhibition of Npy1r-expressing neurons in 
the LHb, which receive GABAergic input from CeA, increased consumption of a palatable diet. 
Furthermore, this pathway was activated during consumption of a HFD, and this effect was 
abolished when combined with stress [141]. Collectively, these observations indicate that CeA 
glutamatergic (Drd1) and GABAergic (Npy1r) inputs have opposing roles in consummatory 
behavior compared to the LH->LHb projections. Additional studies are necessary to 
determine whether these opposite effects result from distinct projection routes onto LHb  
neuron (sub)populations.

Co-release of GABA and glutamate 
While overall glutamatergic input to the LHb does not seem to have a significant effect on 
consummatory behavior (chapter 5), specific inputs might play a role in consummatory 
behavior. We previously discussed LH and CeA inputs and their involvement in feeding, with 
a focus on CeADrd1+ input in chapter 6. There are probably other relevant inputs, although 
knowledge on this topic has been limited to date. For example, a glutamatergic input from 
the basal forebrain has been described to decrease chow intake during a hungry state [142]. 
Activation of this basal forebrain->LHb projection drives aversive behaviors, thereby limiting 
appetitive behavior (feeding) without disturbing appetite [142]. At least for the LH and CeADrd1+ 
input, electrophysiological observations in the LHb revealed that there are both GABAergic 
and glutamatergic components present (chapter 6) [61]. Co-release of GABA and glutamate 
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has been reported in the VTA [143] as well as in EPN input to the LHb [144]. Thus, both LH 
and CeADrd1+ inputs contain GABAergic and glutamatergic components, however whether these 
inputs show GABAergic and glutamatergic co-release would be an interesting future direction. 
Such a GABA/glutamate balance within a synapse could be an effective way of regulating LHb 
activity, important for reward-seeking behaviors [120, 121, 144, 145].

Translational aspects
To curb the current obesity pandemic, the replication of fundamental findings in humans can 
help design new treatments that are desperately needed in the clinical setting. Despite the small 
size of the habenula, recent improvements in imaging techniques have facilitated studies that 
have investigated habenula function in humans. In line with its role in pain and mood disorders, 
similarly as in rodents, increased habenula activity was observed in humans with depression 
[146-149]. Successful pilots utilizing deep brain stimulation suggest a causal role between 
habenula hyperactivity and mood disorders [150, 151]. In relation to consummatory behavior, 
habenula functional connectivity (FC), as measured with fMRI, was associated with weight loss 
[152-154]. In chapter 7, we demonstrated that in individuals with a healthy long-term glucose 
level (HbA1c), resting state FC (rsFC) of the habenula with reward-related regions of interest 
(ROI), did not correlate with BMI. However, without correction for multiple comparisons, 
exploratory analyses suggested that in people with prediabetes, rsFC between the habenula 
and VTA negatively correlated with BMI, whereas it correlated positively in individuals 
with a healthy HbA1c (chapter 7). This is in line with a possible role of the habenula in  
glucose regulation.

For this chapter, we used data from the Human Connectome Project, which is of outstanding 
quality [155]. That we failed to find a statistically significant correlation could be due to BMI 
being not the most accurate measure to assess obesity. Another reason could be that the required 
sample size to reveal cross-sectional effects between phenotype and rsFC is much higher than 
what was available.  A recent report demonstrated that sample sizes in the thousands (>10.000) 
are required to reveal meaningful correlations between rsFC and phenotype in cross-sectional 
designs[156]. This stresses the importance of large-scale consortia to reveal such correlations, 
which are relevant for the population and therefore can aid societal policymakers. Alternatively, 
focused studies, with a smaller sample size, maximized signal and minimal noise are important 
in answering individual, specific questions within people to aid clinical care[157]. The proper 
study design can improve statistics power, for example using an intervention in a within-subject 
design. Indeed, several studies that studied habenula FC in relation to weight loss used bariatric 
surgery as a weight-loss intervention, which increases the power to find significant results [153, 
154] and might thus be a more reliable way than aiming for rsFC-phenotype associations. Finally, 
due to possible opposing roles of specific inputs to the LHb, without this input-specificity, it 
might be challenging to find correlations between habenular activity and phenotypes. This also 
includes the lack of ability to distinguish the medial and lateral habenula using current human 

fMRI protocols; the ability to separate these areas would further improve our studies, as these 
divisions of the habenula are known to have differential functions.

Concluding remarks
In this chapter, I have discussed the role of the LH and LHb, two intermediate nuclei that 
integrate various inputs to guide reward-related behaviors, including consummatory behavior. 
Both are sensitive to previous experiences, including stressors, and satiety-related signals. 
The LH can be differentially affected by fat and sugar intake, with glutamatergic neurons 
responding preferentially to post-ingestive effects of sucrose intake, and GABAergic neurons 
responding preferentially to dietary fats. The balance between GABA and glutamate might 
be important for the regulation of consummatory behavior, a phenomenon also observed in 
the LHb. Various LHb inputs can release both GABA and glutamate and might use this balance 
to regulate habenular activity and guide (reward-related) behavior. While fundamental and 
translational studies are crucial to advance our mechanistic insights regarding obesity etiology, 
human fMRI studies are necessary to implement these findings in a clinical setting. However, 
imaging studies to the LH and LHb are hindered by the lack of input specificity, and the need 
for immense sample sizes to reliably determine rsFc-phenotype interactions. It is key to develop 
an optimal design, for example by performing within-subject comparisons, or by sharing and 
combining several datasets to achieve the best statistical power. In conclusion, consumption 
of a HFD affects both glutamatergic and GABA LH neuron populations. Specific inputs to 
the LHb, including the CeA, modulate consummatory behavior in a satiety-state dependent 
manner. These studies contribute to a better knowledge of the etiology of obesity and eventually 
will aid in development of treatment options.



General Discussion General Discussion

206 207

99

References
1.	 Blevins, J.E. and D.G. Baskin, Hypothalamic-brainstem circuits controlling eating. Frontiers in eating 

and weight regulation, 2010. 63: p. 133-140.

2.	 Valassi, E., M. Scacchi, and F. Cavagnini, Neuroendocrine control of food intake. Nutrition, metabolism 
and cardiovascular diseases, 2008. 18(2): p. 158-168.

3.	 Williams, G., et al., The hypothalamus and the control of energy homeostasis: different circuits, different 
purposes. Physiology & behavior, 2001. 74(4-5): p. 683-701.

4.	 Berridge, K.C., ‘Liking’and ‘wanting’food rewards: brain substrates and roles in eating disorders. 
Physiology & behavior, 2009. 97(5): p. 537-550.

5.	 Berthoud, H.-R., Metabolic and hedonic drives in the neural control of appetite: who is the boss? Current 
opinion in neurobiology, 2011. 21(6): p. 888-896.

6.	 Berthoud, H.-R. and C. Morrison, The brain, appetite, and obesity. Annu. Rev. Psychol., 2008. 59: p. 55-92.

7.	 Berridge, K.C., The debate over dopamine’s role in reward: the case for incentive salience. 
Psychopharmacology, 2007. 191: p. 391-431.

8.	 Berridge, K.C. and T.E. Robinson, Parsing reward. Trends in neurosciences, 2003. 26(9): p. 507-513.

9.	 Berridge, K.C. and T.E. Robinson, What is the role of dopamine in reward: hedonic impact, reward 
learning, or incentive salience? Brain research reviews, 1998. 28(3): p. 309-369.

10.	 Berridge, K.C., T.E. Robinson, and J.W. Aldridge, Dissecting components of reward:‘liking’,‘wanting’, 
and learning. Current opinion in pharmacology, 2009. 9(1): p. 65-73.

11.	 Rossi, M.A. and G.D. Stuber, Overlapping brain circuits for homeostatic and hedonic feeding. Cell 
metabolism, 2018. 27(1): p. 42-56.

12.	 Petzold, A., et al., Complementary lateral hypothalamic populations resist hunger pressure to balance 
nutritional and social needs. Cell Metabolism, 2023. 35(3): p. 456-471. e6.

13.	 Mickelsen, L.E., et al., Single-cell transcriptomic analysis of the lateral hypothalamic area reveals molecularly 
distinct populations of inhibitory and excitatory neurons. Nature neuroscience, 2019. 22(4): p. 642-656.

14.	 Jang, H.-J., et al., Gut-expressed gustducin and taste receptors regulate secretion of glucagon-like peptide-
1. Proceedings of the National Academy of Sciences, 2007. 104(38): p. 15069-15074.

15.	 Margolskee, R.F., et al., T1R3 and gustducin in gut sense sugars to regulate expression of Na+-glucose 
cotransporter 1. Proceedings of the National Academy of Sciences, 2007. 104(38): p. 15075-15080.

16.	 Nakagawa, Y., et al., Sweet taste receptor expressed in pancreatic β-cells activates the calcium and cyclic 
AMP signaling systems and stimulates insulin secretion. PloS one, 2009. 4(4): p. e5106.

17.	 Kyriazis, G.A., M.M. Soundarapandian, and B. Tyrberg, Sweet taste receptor signaling in beta cells 
mediates fructose-induced potentiation of glucose-stimulated insulin secretion. Proceedings of 
the National Academy of Sciences, 2012. 109(8): p. E524-E532.

18.	 Frank, G.K., et al., Sucrose activates human taste pathways differently from artificial sweetener. 
Neuroimage, 2008. 39(4): p. 1559-1569.

19.	 Domingos, A.I., et al., Leptin regulates the reward value of nutrient. Nature  
neuroscience, 2011. 14(12): p. 1562-1568.

20.	 Sclafani, A., K. Touzani, and R.J. Bodnar, Dopamine and learned food preferences. Physiology & 
behavior, 2011. 104(1): p. 64-68.

21.	 McCutcheon, J.E., The role of dopamine in the pursuit of nutritional value. Physiology &  
behavior, 2015. 152: p. 408-415.

22.	 Beeler, J.A., et al., Taste uncoupled from nutrition fails to sustain the reinforcing properties of food. 
European Journal of Neuroscience, 2012. 36(4): p. 2533-2546.

23.	 McCutcheon, J.E., J.A. Beeler, and M.F. Roitman, Sucrose‐predictive cues evoke greater phasic dopamine 
release than saccharin‐predictive cues. Synapse, 2012. 66(4): p. 346-351.

24.	 Veldhuizen, M.G., et al., Integration of sweet taste and metabolism determines carbohydrate reward. 
Current Biology, 2017. 27(16): p. 2476-2485. e6.

25.	 Domingos, A.I., et al., Hypothalamic melanin concentrating hormone neurons communicate the nutrient 
value of sugar. Elife, 2013. 2: p. e01462.

26.	 Yamanaka, A., et al., Hypothalamic orexin neurons regulate arousal according to energy balance in 
mice. Neuron, 2003. 38(5): p. 701-713.

27.	 Burdakov, D., O. Gerasimenko, and A. Verkhratsky, Physiological changes in glucose differentially 
modulate the excitability of hypothalamic melanin-concentrating hormone and orexin neurons in situ. 
Journal of Neuroscience, 2005. 25(9): p. 2429-2433.

28.	 Linehan, V., et al., High-fat diet induces time-dependent synaptic plasticity of the lateral hypothalamus. 
Molecular Metabolism, 2020. 36: p. 100977.

29.	 Banks, W., et al., Triglycerides cross the blood–brain barrier and induce central leptin and insulin 
receptor resistance. International journal of obesity, 2018. 42(3): p. 391-397.

30.	 Berland, C., et al., Circulating triglycerides gate dopamine-associated behaviors through DRD2-
expressing neurons. Cell metabolism, 2020. 31(4): p. 773-790. e11.

31.	 Banks, W.A., B.O. Burney, and S.M. Robinson, Effects of triglycerides, obesity, and starvation on ghrelin 
transport across the blood–brain barrier. Peptides, 2008. 29(11): p. 2061-2065.

32.	 Olszewski, P.K., et al., Neural basis of orexigenic effects of ghrelin acting within lateral hypothalamus. 
Peptides, 2003. 24(4): p. 597-602.

33.	 Toshinai, K., et al., Ghrelin-induced food intake is mediated via the orexin pathway.  
Endocrinology, 2003. 144(4): p. 1506-1512.

34.	 Lawrence, C.B., et al., Acute central ghrelin and GH secretagogues induce feeding and activate brain 
appetite centers. Endocrinology, 2002. 143(1): p. 155-162.

35.	 Banks, W.A., et al., Triglycerides induce leptin resistance at the blood-brain barrier.  
Diabetes, 2004. 53(5): p. 1253-1260.

36.	 Liu, C., et al., PPARγ in vagal neurons regulates high-fat diet induced thermogenesis. Cell  
metabolism, 2014. 19(4): p. 722-730.

37.	 Chi, M.M. and T.L. Powley, NT-4-deficient mice lack sensitivity to meal-associated preabsorptive 
feedback from lipids. American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 2007. 292(6): p. R2124-R2135.

38.	 Tellez, L.A., et al., A gut lipid messenger links excess dietary fat to dopamine deficiency.  
Science, 2013. 341(6147): p. 800-802.

39.	 Wang, P.Y., et al., Upper intestinal lipids trigger a gut–brain–liver axis to regulate glucose production. 
Nature, 2008. 452(7190): p. 1012-1016.

40.	 Lal, S., et al., Vagal afferent responses to fatty acids of different chain length in the rat. American Journal 
of Physiology-Gastrointestinal and Liver Physiology, 2001. 281(4): p. G907-G915.

41.	 Randich, A., et al., Responses of celiac and cervical vagal afferents to infusions of lipids in the jejunum 
or ileum of the rat. American Journal of Physiology-Regulatory, Integrative and Comparative  
Physiology, 2000. 278(1): p. R34-R43.



General Discussion General Discussion

208 209

99

42.	 Duca, F.A., Y. Sakar, and M. Covasa, Combination of obesity and high-fat feeding diminishes sensitivity 
to GLP-1R agonist exendin-4. Diabetes, 2013. 62(7): p. 2410-2415.

43.	 Paulino, G., et al., Increased expression of receptors for orexigenic factors in nodose 
ganglion of diet-induced obese rats. American Journal of Physiology-Endocrinology and  
Metabolism, 2009. 296(4): p. E898-E903.

44.	 Maniscalco, J. and L. Rinaman, Vagal interoceptive modulation of motivated behavior.  
Physiology, 2018. 33(2): p. 151-167.

45.	 Zhang, Y., et al., Gastric vagal afferent inputs reach the glycemia-sensitive neurons of lateral hypothalamic 
area in the rat. Chinese Science Bulletin, 2003. 48: p. 577-581.

46.	 Zhang, Y.-P., et al., Convergence of gastric vagal and cerebellar fastigial nuclear inputs on glycemia-
sensitive neurons of lateral hypothalamic area in the rat. Neuroscience research, 2003. 45(1): p. 9-16.

47.	 Zhang, Y.-P., et al., Neurons in the rat lateral hypothalamic area integrate information from the gastric 
vagal nerves and the cerebellar interpositus nucleus. Neurosignals, 2005. 14(5): p. 234-243.

48.	 Hettes, S.R., et al., Stimulation of lateral hypothalamic AMPA receptors may induce feeding in rats. 
Brain Research, 2010. 1346: p. 112-120.

49.	 Hettes, S.R., T.W. Heyming, and B.G. Stanley, Stimulation of lateral hypothalamic kainate receptors 
selectively elicits feeding behavior. Brain research, 2007. 1184: p. 178-185.

50.	 Stanley, B.G., B.S. Butterfield, and R.S. Grewal, NMDA receptor coagonist glycine site: evidence for 
a role in lateral hypothalamic stimulation of feeding. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology, 1997. 273(2): p. R790-R796.

51.	 Stanley, B.G., et al., Lateral hypothalamic injections of glutamate, kainic acid, d, l-α-amino-3-hydroxy-
5-methyl-isoxazole propionic acid or N-methyl-d-aspartic acid rapidly elicit intense transient eating in 
rats. Brain research, 1993. 613(1): p. 88-95.

52.	 Stanley, B., et al., Lateral hypothalamic NMDA receptors and glutamate as physiological mediators of 
eating and weight control. American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 1996. 270(2): p. R443-R449.

53.	 Hoebel, B.G. and P. Teitelbaum, Hypothalamic control of feeding and self-stimulation.  
Science, 1962. 135(3501): p. 375-377.

54.	 Hoebel, B.G. and R.D. Thompson, Aversion to lateral hypothalamic stimulation caused by intragastric 
feeding or obesity. Journal of comparative and physiological psychology, 1969. 68(4): p. 536.

55.	 Stanley, B., et al., Glutamate and GABA in lateral hypothalamic mechanisms controlling food intake. 
Physiology & behavior, 2011. 104(1): p. 40-46.

56.	 Turenius, C.I., et al., GABAA receptors in the lateral hypothalamus as mediators of satiety and body 
weight regulation. Brain research, 2009. 1262: p. 16-24.

57.	 Turenius, C.I., et al., The tuberal lateral hypothalamus is a major target for GABAA-but not GABAB-
mediated control of food intake. Brain research, 2009. 1283: p. 65-72.

58.	 Rada, P., et al., Extracellular glutamate increases in the lateral hypothalamus during meal 
initiation and GABA peaks during satiation: Microdialysis measurement every 30 s. Behavioral  
neuroscience, 2003. 117(2): p. 222.

59.	 Stuber, G.D. and R.A. Wise, Lateral hypothalamic circuits for feeding and reward. Nature  
neuroscience, 2016. 19(2): p. 198-205.

60.	 Rossi, M.A., et al., Transcriptional and functional divergence in lateral hypothalamic glutamate neurons 
projecting to the lateral habenula and ventral tegmental area. Neuron, 2021. 109(23): p. 3823-3837. e6.

61.	 Stamatakis, A.M., et al., Lateral hypothalamic area glutamatergic neurons and their projections to 
the lateral habenula regulate feeding and reward. Journal of Neuroscience, 2016. 36(2): p. 302-311.

62.	 Jennings, J.H., et al., The inhibitory circuit architecture of the lateral hypothalamus orchestrates feeding. 
Science, 2013. 341(6153): p. 1517-1521.

63.	 Jennings, J.H., et al., Visualizing hypothalamic network dynamics for appetitive and consummatory 
behaviors. Cell, 2015. 160(3): p. 516-527.

64.	 Watabe-Uchida, M., et al., Whole-brain mapping of direct inputs to midbrain dopamine neurons. 
Neuron, 2012. 74(5): p. 858-873.

65.	 Beier, K.T., et al., Circuit architecture of VTA dopamine neurons revealed by systematic input-output 
mapping. Cell, 2015. 162(3): p. 622-634.

66.	 Nieh, E.H., et al., Decoding neural circuits that control compulsive sucrose seeking.  
Cell, 2015. 160(3): p. 528-541.

67.	 Nieh, E.H., et al., Inhibitory input from the lateral hypothalamus to the ventral tegmental area disinhibits 
dopamine neurons and promotes behavioral activation. Neuron, 2016. 90(6): p. 1286-1298.

68.	 Barbano, M.F., et al., Feeding and reward are differentially induced by activating GABAergic lateral 
hypothalamic projections to VTA. Journal of Neuroscience, 2016. 36(10): p. 2975-2985.

69.	 de Jong, J.W., et al., A neural circuit mechanism for encoding aversive stimuli in the mesolimbic 
dopamine system. Neuron, 2019. 101(1): p. 133-151. e7.

70.	 Lazaridis, I., et al., A hypothalamus-habenula circuit controls aversion. Molecular  
psychiatry, 2019. 24(9): p. 1351-1368.

71.	 Leinninger, G.M., et al., Leptin acts via leptin receptor-expressing lateral hypothalamic neurons to 
modulate the mesolimbic dopamine system and suppress feeding. Cell metabolism, 2009. 10(2): p. 89-98.

72.	 Rossi, M.A., et al., Obesity remodels activity and transcriptional state of a lateral hypothalamic brake on 
feeding. Science, 2019. 364(6447): p. 1271-1274.

73.	 Linders, L.E., et al., Stress-driven potentiation of lateral hypothalamic synapses onto ventral 
tegmental area dopamine neurons causes increased consumption of palatable food. Nature  
Communications, 2022. 13(1): p. 6898.

74.	 Yager, L.M., et al., The ins and outs of the striatum: role in drug addiction. Neuroscience, 2015. 301: p. 529-541.

75.	 Thompson, R.H. and L.W. Swanson, Hypothesis-driven structural connectivity analysis supports 
network over hierarchical model of brain architecture. Proceedings of the National Academy of 
Sciences, 2010. 107(34): p. 15235-15239.

76.	 Mogenson, G., L. Swanson, and M. Wu, Neural projections from nucleus accumbens to globus 
pallidus, substantia innominata, and lateral preoptic-lateral hypothalamic area: an anatomical and 
electrophysiological investigation in the rat. Journal of Neuroscience, 1983. 3(1): p. 189-202.

77.	 O’Connor, E.C., et al., Accumbal D1R neurons projecting to lateral hypothalamus authorize feeding. 
Neuron, 2015. 88(3): p. 553-564.

78.	 Prado, L., et al., Activation of glutamatergic fibers in the anterior NAc shell modulates reward activity 
in the aNAcSh, the lateral hypothalamus, and medial prefrontal cortex and transiently stops feeding. 
Journal of Neuroscience, 2016. 36(50): p. 12511-12529.

79.	 Kelly, J., et al., GABA stimulation and blockade in the hypothalamus and midbrain: effects on feeding 
and locomotor activity. Pharmacology Biochemistry and Behavior, 1977. 7(6): p. 537-541.

80.	 Kelly, J., J. Rothstein, and S.P. Grossman, GABA and hypothalamic feeding systems. I. Topographic 
analysis of the effects of microinjections of muscimol. Physiology & behavior, 1979. 23(6): p. 1123-1134.

81.	 Maldonado-Irizarry, C.S., C.J. Swanson, and A.E. Kelley, Glutamate receptors in 
the nucleus accumbens shell control feeding behavior via the lateral hypothalamus. Journal of  
Neuroscience, 1995. 15(10): p. 6779-6788.



General Discussion General Discussion

210 211

99

82.	 Baldo, B.A., et al., Activation of a subpopulation of orexin/hypocretin‐containing hypothalamic neurons 
by GABAA receptor‐mediated inhibition of the nucleus accumbens shell, but not by exposure to a novel 
environment. European Journal of Neuroscience, 2004. 19(2): p. 376-386.

83.	 Durst, M., et al., Reward-representing D1-type neurons in the medial shell of the accumbens nucleus 
regulate palatable food intake. International Journal of Obesity, 2019. 43(4): p. 917-927.

84.	 Rossi, M.A., Control of energy homeostasis by the lateral hypothalamic area. Trends in  
Neurosciences, 2023.

85.	 Kempadoo, K.A., et al., Hypothalamic neurotensin projections promote reward by enhancing glutamate 
transmission in the VTA. Journal of Neuroscience, 2013. 33(18): p. 7618-7626.

86.	 Liu, J.-J., R.W. Tsien, and Z.P. Pang, Hypothalamic melanin-concentrating hormone regulates 
hippocampus-dorsolateral septum activity. Nature neuroscience, 2022. 25(1): p. 61-71.

87.	 Siemian, J.N., et al., Hypothalamic control of interoceptive hunger. Current  
Biology, 2021. 31(17): p. 3797-3809. e5.

88.	 Garcia, A., et al., Lateral Hypothalamic GABAergic neurons encode and potentiate sucrose’s palatability. 
Frontiers in neuroscience, 2021. 14: p. 608047.

89.	 Navarro, M., et al., Lateral hypothalamus GABAergic neurons modulate consummatory 
behaviors regardless of the caloric content or biological relevance of the consumed stimuli. 
Neuropsychopharmacology, 2016. 41(6): p. 1505-1512.

90.	 Watts, A.G., et al., The physiological control of eating: signals, neurons, and networks. Physiological 
reviews, 2022. 102(2): p. 689-813.

91.	 Castro, D. and K. Berridge. Optogenetic enhancement of food ‘liking’versus ‘wanting’in the ventral 
pallidum hotspot and lateral hypothalamus. in Neuroscience Meeting Planner (San Diego, CA: Society 
for Neuroscience). 2013.

92.	 Ho, C.-Y. and K.C. Berridge, An orexin hotspot in ventral pallidum amplifies hedonic ‘liking’for 
sweetness. Neuropsychopharmacology, 2013. 38(9): p. 1655-1664.

93.	 Shimada, M., et al., Mice lacking melanin-concentrating hormone are hypophagic and lean.  
Nature, 1998. 396(6712): p. 670-674.

94.	 Burt, J., et al., Local network regulation of orexin neurons in the lateral hypothalamus. American Journal 
of Physiology-Regulatory, Integrative and Comparative Physiology, 2011. 301(3): p. R572-R580.

95.	 Noble, E.E., et al., Control of feeding behavior by cerebral ventricular volume transmission of melanin-
concentrating hormone. Cell metabolism, 2018. 28(1): p. 55-68. e7.

96.	 Brown, J., et al., Lateral hypothalamic area neurotensin neurons are required for control of orexin 
neurons and energy balance. Endocrinology, 2018. 159(9): p. 3158-3176.

97.	 Goforth, P.B., et al., Leptin acts via lateral hypothalamic area neurotensin neurons to inhibit orexin neurons 
by multiple GABA-independent mechanisms. Journal of neuroscience, 2014. 34(34): p. 11405-11415.

98.	 España, R.A., et al., The hypocretin–orexin system regulates cocaine self‐administration via actions on 
the mesolimbic dopamine system. European Journal of Neuroscience, 2010. 31(2): p. 336-348.

99.	 Borgland, S., et al., Orexin A signaling in dopamine neurons is critical for cocaine induced synaptic 
plasticity and behavioral sensitization. Neuron, 2006. 49: p. 589-601.

100.	 Vittoz, N.M., B. Schmeichel, and C.W. Berridge, Hypocretin/orexin preferentially activates caudomedial 
ventral tegmental area dopamine neurons. European Journal of Neuroscience, 2008. 28(8): p. 1629-1640.

101.	 Borgland, S.L., et al., Orexin A/hypocretin-1 selectively promotes motivation for positive reinforcers. 
Journal of Neuroscience, 2009. 29(36): p. 11215-11225.

102.	 Mohr, A.A., et al., A glucose-stimulated BOLD fMRI study of hypothalamic dysfunction in mice fed a high-fat 
and high-sucrose diet. Journal of Cerebral Blood Flow & Metabolism, 2021. 41(7): p. 1734-1743.

103.	 DiFeliceantonio, A.G., et al., Supra-additive effects of combining fat and carbohydrate on food reward. 
Cell metabolism, 2018. 28(1): p. 33-44. e3.

104.	 Small, D.M. and A.G. DiFeliceantonio, Processed foods and food reward.  
Science, 2019. 363(6425): p. 346-347.

105.	 de Araujo, I.E., M. Schatzker, and D.M. Small, Rethinking food reward. Annual review of  
psychology, 2020. 71: p. 139-164.

106.	 Perszyk, E.E., et al., Fat and carbohydrate interact to potentiate food reward in healthy weight but not 
in overweight or obesity. Nutrients, 2021. 13(4): p. 1203.

107.	 Koekkoek, L., et al., Sucrose drinking mimics effects of nucleus accumbens µ-opioid receptor stimulation 
on fat intake and brain c-Fos-expression. Nutritional Neuroscience, 2022. 25(11): p. 2408-2420.

108.	 Zhang, L., et al., Sugar metabolism regulates flavor preferences and portal glucose sensing. Frontiers in 
integrative neuroscience, 2018. 12: p. 57.

109.	 de Araujo, I.E., et al., Metabolic regulation of brain response to food cues. Current  
Biology, 2013. 23(10): p. 878-883.

110.	 van Galen, K.A., et al., Brain responses to nutrients are severely impaired and not reversed by weight loss 
in humans with obesity: a randomized crossover study. Nature Metabolism, 2023: p. 1-14.

111.	 Tang, D.W., L.K. Fellows, and A. Dagher, Behavioral and neural valuation of foods is driven by implicit 
knowledge of caloric content. Psychological Science, 2014. 25(12): p. 2168-2176.

112.	 Ritter, S. and J.S. Taylor, Vagal sensory neurons are required for lipoprivic but not glucoprivic 
feeding in rats. American Journal of Physiology-Regulatory, Integrative and Comparative  
Physiology, 1990. 258(6): p. R1395-R1401.

113.	 Tellez, L.A., et al., Glucose utilization rates regulate intake levels of artificial sweeteners. The Journal of 
physiology, 2013. 591(22): p. 5727-5744.

114.	 Smeets, P.A., et al., Functional MRI of human hypothalamic responses following glucose ingestion. 
Neuroimage, 2005. 24(2): p. 363-368.

115.	 Yunker, A.G., et al., Sweet Taste Preference is Associated with Greater Hypothalamic Response to 
Glucose and Longitudinal Weight Gain. Physiology & Behavior, 2023: p. 114292.

116.	 Kullmann, S. and R. Veit, Resting-state functional connectivity of the human hypothalamus. Handbook 
of Clinical Neurology, 2021. 179: p. 113-124.

117.	 Matsumoto, M. and O. Hikosaka, Lateral habenula as a source of negative reward signals in dopamine 
neurons. Nature, 2007. 447(7148): p. 1111.

118.	 Salas, R., et al., BOLD responses to negative reward prediction errors in human habenula. Frontiers in 
human neuroscience, 2010. 4: p. 1596.

119.	 Hong, S. and O. Hikosaka, The globus pallidus sends reward-related signals to the lateral habenula. 
Neuron, 2008. 60(4): p. 720-729.

120.	 Shabel, S.J., et al., GABA/glutamate co-release controls habenula output and is modified by antidepressant 
treatment. Science, 2014. 345(6203): p. 1494-1498.

121.	 Lazaridis, I., et al., A hypothalamus-habenula circuit controls aversion. Molecular psychiatry, 2019: p. 1.

122.	 Lecca, S., et al., Aversive stimuli drive hypothalamus-to-habenula excitation to promote escape behavior. 
Elife, 2017. 6: p. e30697.

123.	 Golden, S.A., et al., Basal forebrain projections to the lateral habenula modulate aggression reward. 
Nature, 2016. 534(7609): p. 688-692.

124.	 Knowland, D., et al., Distinct ventral pallidal neural populations mediate separate symptoms of 
depression. Cell, 2017. 170(2): p. 284-297. e18.



General Discussion General Discussion

212 213

99

125.	 Tooley, J., et al., Glutamatergic ventral pallidal neurons modulate activity of the habenula–tegmental 
circuitry and constrain reward seeking. Biological psychiatry, 2018. 83(12): p. 1012-1023.

126.	 Lin, S., et al., The ATP level in the medial prefrontal cortex regulates depressive-like behavior via 
the medial prefrontal cortex-lateral habenula pathway. Biological Psychiatry, 2022. 92(3): p. 179-192.

127.	 Zhou, W., et al., A neural circuit for comorbid depressive symptoms in chronic pain. Nature neuroscience, 
2019. 22(10): p. 1649-1658.

128.	 Companion, M.A., et al., Lateral habenula-projecting central amygdala circuits expressing GABA and 
NPY Y1 receptor modulate binge-like ethanol intake in mice. Addiction neuroscience, 2022. 3: p. 100019.

129.	 Root, D.H., et al., Role of glutamatergic projections from ventral tegmental area to lateral habenula in 
aversive conditioning. Journal of Neuroscience, 2014. 34(42): p. 13906-13910.

130.	 Stamatakis, A.M., et al., A unique population of ventral tegmental area neurons inhibits the lateral 
habenula to promote reward. Neuron, 2013. 80(4): p. 1039-1053.

131.	 Vertes, R.P., W.J. Fortin, and A.M. Crane, Projections of the median raphe nucleus in the rat. Journal of 
comparative neurology, 1999. 407(4): p. 555-582.

132.	 Richard M. O’Connor, V.P.M., Maria V.M. Bonaventura, Alexander C.W. Smith, Kavya Deverakonda, 
Stephanie P.B. Caligiuri, Vanessa E. Lehmann, W. Matthew Howe, Alexandra G. DiFeliceantonio, Masago 
Ishikawa, Paul J. Kenny, Habenular circuits link threat level to food value and drive obesity-associated 
compulsive eating in mice. 2023: Talk at Society for the Study of Ingestive Behavior (SSIB) Meeting.

133.	 Lazaridis, I., et al., A hypothalamus-habenula circuit controls aversion. 2019: p. 1.

134.	 Poller, W., et al., Lateral habenular neurons projecting to reward-processing monoaminergic nuclei express 
hyperpolarization-activated cyclic nucleotid-gated cation channels. Neuroscience, 2011. 193: p. 205-216.

135.	 Poller, W.C., et al., A glutamatergic projection from the lateral hypothalamus targets VTA-projecting 
neurons in the lateral habenula of the rat. Brain research, 2013. 1507: p. 45-60.

136.	 Lammel, S., et al., Input-specific control of reward and aversion in the ventral tegmental area.  
Nature, 2012. 491(7423): p. 212-217.

137.	 Wang, D., et al., Lateral hypothalamus orexinergic inputs to lateral habenula modulate maladaptation 
after social defeat stress. Neurobiology of Stress, 2021. 14: p. 100298.

138.	 Zhao, S., et al., Lateral hypothalamic area glutamatergic neurons and their projections to the lateral habenula 
modulate the anesthetic potency of isoflurane in mice. Neuroscience Bulletin, 2021. 37: p. 934-946.

139.	 Zhou, F., et al., Orexinergic innervations at GABAergic neurons of the lateral habenula mediates 
the anesthetic potency of sevoflurane. CNS Neuroscience & Therapeutics, 2023. 29(5): p. 1332-1344.

140.	 Gonzalez, D., Assessment of CRF Neurons Projections from the Central Amygdala to the Lateral 
Habenula in Modulating Binge-like Ethanol Consumption. 2022.

141.	 Ip, C.K., et al., Critical Role of Lateral Habenula Circuits in the Control of Stress-Induced Palatable Food 
Consumption. Neuron, 2023. 111: p. 1-18.

142.	 Swanson, J.L., et al., Activation of basal forebrain-to-lateral habenula circuitry drives reflexive aversion 
and suppresses feeding behavior. Scientific Reports, 2022. 12(1): p. 22044.

143.	 Yoo, J.H., et al., Ventral tegmental area glutamate neurons co-release GABA and promote positive 
reinforcement. Nature communications, 2016. 7(1): p. 13697.

144.	 Meye, F.J., et al., Shifted pallidal co-release of GABA and glutamate in habenula drives cocaine 
withdrawal and relapse. Nature neuroscience, 2016. 19(8): p. 1019-1024.

145.	 Barker, D.J., et al., Lateral preoptic control of the lateral habenula through convergent glutamate and 
GABA transmission. Cell reports, 2017. 21(7): p. 1757-1769.

146.	 Morris, J., et al., Covariation of activity in habenula and dorsal raphe nuclei following tryptophan 
depletion. Neuroimage, 1999. 10(2): p. 163-172.

147.	 Strotmann, B., et al., Mapping of the internal structure of human habenula with ex vivo MRI at 7T. 
Frontiers in human neuroscience, 2013. 7: p. 878.

148.	 Schmidt, F.M., et al., Habenula volume increases with disease severity in unmedicated major depressive disorder 
as revealed by 7T MRI. European archives of psychiatry and clinical neuroscience, 2017. 267(2): p. 107-115.

149.	 Ely, B.A., et al., Resting‐state functional connectivity of the human habenula in healthy individuals: 
Associations with subclinical depression. Human brain mapping, 2016. 37(7): p. 2369-2384.

150.	 Sartorius, A., et al., Remission of major depression under deep brain stimulation of the lateral habenula 
in a therapy-refractory patient. Biological psychiatry, 2010. 67(2): p. e9-e11.

151.	 Zhang, C., et al., Habenula deep brain stimulation for refractory bipolar disorder. Brain Stimulation: 
Basic, Translational, and Clinical Research in Neuromodulation, 2019. 12(5): p. 1298-1300.

152.	 Maldonado, M., et al., The habenula as a novel link between the homeostatic and hedonic pathways in cancer‐
associated weight loss: a pilot study. Journal of cachexia, sarcopenia and muscle, 2018. 9(3): p. 497-504.

153.	 Wang, J., et al., Habenular connectivity predict weight loss and negative emotional-related eating 
behavior after laparoscopic sleeve gastrectomy. Cerebral Cortex, 2022.

154.	 Wang, J., et al., Habenular and mediodorsal thalamic connectivity predict persistent weight loss after 
laparoscopic sleeve gastrectomy. Obesity, 2022. 30(1): p. 172-182.

155.	 Van Essen, D.C., et al., The WU-Minn human connectome project: an overview.  
Neuroimage, 2013. 80: p. 62-79.

156.	 Marek, S., et al., Reproducible brain-wide association studies require thousands of individuals.  
Nature, 2022. 603(7902): p. 654-660.

157.	 Gratton, C., S.M. Nelson, and E.M. Gordon, Brain-behavior correlations: Two paths toward reliability. 
Neuron, 2022. 110(9): p. 1446-1449.


