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Abstract
The lateral habenula (LHb), a small epithalamic nucleus, regulates negative states, aversion, and 
reward-related behaviors. This likely occurs via modulation of midbrain dopamine neurons. 
While it is known that specific glutamatergic input,  from, among others, lateral hypothalamus, 
basal forebrain and central amygdala to the LHb can modulate consumption of (palatable) 
diet components. It is currently unknown whether blockade of all glutamatergic LHb input is 
sufficient to alter feeding behavior. Here, we pharmacologically blocked all glutamatergic input 
to the LHb by infusion of either an AMPA/kainate receptor antagonist (CNQX) or an NMDA 
receptor antagonist (AP5) in the LHb of male Wistars rats and investigated short-term (1, 10, or 
24h) effects on consummatory behavior of a palatable multi-component diet. Rats were divided 
into four diet groups: control (access to standard diet pellets and water), free-choice high-fat 
(fcHF; access to standard diet pellets, lard, and water), free-choice high-sugar (fcHS; access 
to standard diet pellets, 30% sucrose water, and normal water), and free-choice high-fat high-
sugar (fcHFHS; access to standard diet pellets, lard, 30% sucrose water, and normal water). Rats 
consumed their respective diets for 14 days before pharmacological blockade of glutamatergic 
input to the LHb was performed in a counter-balanced random order. Infusion of CNQX or AP5 
did not acutely affect consumption of any diet component in the fcHFHS rats. Infusion of AP5 
decreased fat intake at later time points in fcHFHS and fcHF rats, and this effect was not observed 
in fcHS rats. Combined infusion of CNQX and AP5 decreased sucrose water consumption at 
24 hours in fcHFHS rats. Collectively, these findings suggest that glutamatergic transmission in 
the LHb does not play a major role in the acute control of consummatory behavior of a palatable 
multi-component diet. However, slower, more subtle effects were observed, indicating a more 
modulatory role of the LHb in the regulation of consummatory behavior, which may be context-
dependent. Further studies are needed to explore these preliminary findings and determine 
the role of LHb in the regulation of feeding behavior in different contexts or motivational states. 

Introduction
The habenula is a small, evolutionary well-conserved structure in the brain [1-3], which consists 
of a lateral (LHb) and medial (MHb) part [4]. These subdivisions have distinct gene expression 
profiles and anatomical connectivity, resembling their different functions in reward processing 
and mood regulation [5-10]. The LHb predominantly contains glutamatergic neurons and 
relatively few GABAergic neurons [6, 11] and exhibits spontaneous activity in a circadian 
manner, with increased activity during the (subjective) day [12-14]. The LHb is considered 
a hub between various limbic structures and midbrain neuromodulator systems which signals 
and processes negative state and aversion [15, 16]. The LHb regulates dopamine function as it 
sends direct, glutamatergic projections to dopaminergic neurons within the ventral tegmental 
area (VTA) [17]. Via this projection, the LHb can induce the release of dopamine, but the LHb 
also sends glutamatergic afferents to GABAergic neurons of the rostromedial tegmental nucleus 
(RMTg) [18], which then in turn can inhibit VTA dopaminergic neurons [19]. These direct 
and indirect projections allow the LHb to bi-directionally modulate dopamine signaling, and 
thus modulate goal-directed and motivational behaviors [4, 18-22]. This modulation of reward-
seeking behavior likely also extends to feeding behavior on palatable diet components.

The LHb receives and integrates information from a wide range of brain regions, including 
entopeduncular nucleus (EPN) [23-26],  lateral hypothalamus (LH) [27-29], basal forebrain [30, 
31], and reciprocal connections from the VTA [32, 33], to guide behavior. Several of these inputs 
co-release GABA and glutamate, and the balance between these two crucial neurotransmitters 
is thought to maintain normal activity of the LHb, as this region contains relatively few 
GABAergic interneurons [27, 34, 35]. Notably, a disbalance in the GABA::glutamate ratio has 
been implicated in the regulation of mood and behavior [27, 34-36]. Indeed, LHb hyperactivity 
has been observed during depression, both in animal models and humans [37-46]. Depression-
related LHb hyperactivity is suggested to be driven by AMPA receptor-mediated potentiation 
[47], although NMDA antagonists have also been reported to decrease depression-related 
symptoms [48, 49]. Recently, consumption of a high-fat diet (HFD)  has also been linked to 
increased LHb activity [50].

Thus, consumption of palatable diet components is likely to modulate LHb excitability, and in 
turn, the LHb could regulate food-seeking behavior in a similar manner as other rewards. Indeed, 
glutamatergic innervation of the LHb originating from the LH negatively regulates consumption 
of a highly caloric solution[29]. This LH -> LHb connection has been studied extensively and is 
likely linked to aversive taste processing [51, 52], but also seems modulated by satiety state and 
energy metabolism-related hormones like leptin and ghrelin [52, 53]. Another glutamatergic 
input to the LHb, from the basal forebrain, limits consummatory behavior of palatable diet 
components during a fasted state [31]. Furthermore, activation of µ-opioid signaling in the LHb 
increased intake of a standard diet, whereas it decreased consumption of sweetened fat [54]. 
Neuropeptide Y (NPY) signaling within the habenula also regulates consummatory behavior of 
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palatable diet components [50], as inhibition of NPY receptor 1 (NPY1R) in the LHb increased 
HFD intake; however, when HFD was combined with stress, LHb-specific knockdown of 
NPY1R actually decreased food intake [50]. This suggests a stress-dependent role of LHb NPY 
signaling in the control of palatable feeding. Notably, one possible LHb NPY input important 
for stress-related feeding is a glutamatergic projection from the central amygdala [50, 55]. 

Collectively, the literature suggests a potential role for mostly glutamatergic inputs to the LHb in 
the regulation of consummatory behavior of palatable diet components. To study this, a single 
pellet containing increased fat or sugar percentages is commonly used. However, the lack of 
choice in both diet component number as well as the timing of intake of such components 
make it less suitable to model the etiology of human obesity [56]. Therefore, we commonly 
use a free-choice high-fat high-sugar diet (fcHFHSD), consisting of pellets of standard diet, 
a dish of beef lard, a bottle with 30% sucrose solution, and a bottle of tap water, all available 
simultaneously and ad libitum [56-58]. Consumption of fat and sugar can potentiate reward 
via an additive effect [59-62], indicated by interaction effects of fat and sugar on the brain, 
energy metabolism and subsequent consummatory behavior. In this study, we hypothesized 
that blocking glutamatergic input to the LHb would modulate consumption of palatable diet 
components of the fcHFHSD, free-choice high-fat (fcHFD), and free-choice high-sugar (fcHSD) 
diets compared with to a standard no-choice diet. To test this, we inhibited glutamatergic input to 
the LHb using a pharmacological approach (i.e. by infusing either an AMPA/kainate (CNQX) or 
an NMDA (AP5) receptor antagonist) and investigating the effects on consummatory behavior 
of individual diet components.

Methods
Animals 
All experiments were performed in male Wistar rats (Charles River Breeding Laboratories, 
Sulzfeld, Germany), with initial weights ranging between 240 - 280 grams. For the duration of 
the experiment, animals were held in a temperature-(21 ± 2°C), humidity-(60 ± 5%) and light-
controlled (12:12hr light/dark; lights on 07:00-19:00) room with background noise (radio). All 
animals had ad libitum access to a standard diet (Teklad global diet 2918; 24% protein, 58% 
carbohydrate, and 18% fat, 3,1 kcal/g, Envigo, Horst, The Netherlands) and tap water and were 
group-housed during a minimum of 7 days of acclimatization. All experiments were approved 
by the animal ethics committee of the Royal  Dutch Academy of Arts and Sciences (KNAW, 
Amsterdam, the Netherlands) and in accordance with the guidelines on animal experimentation 
of the Netherlands Institute for Neuroscience and Dutch legal ethical guidelines. 

Stereotaxic surgery
Rats were anesthetized with an intraperitoneal injection of a mix of 80 mg/kg Ketamine 
(Eurovet Animal Health, Bladel, the Netherlands), 8 mg/kg Rompun® (xylazine, Bayer Health 

Care, Mijdrecht, the Netherlands) and 0.1 mg/kg Atropine (Pharmachemie B.V., Haarlem, 
the Netherlands). Lidocaine (Xylocaine 10% spray) was applied to the periosteum to provide 
additional local analgesia. Animals were placed on a heating pad in the stereotaxic apparatus 
(Kopf®, David Kopf Instruments, Tujunga, California). Two 26-gauge stainless steel guide 
cannula (C315G-SPC 5 mm, Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany) 
aimed bilaterally at the LHb were implanted with a 10° angle at antero-posterior (AP) -3.7, 
mediolateral (ML) ±1.7, dorsoventral (DV) -4.6 (from the skull) according to the Rat Paxinos 
atlas (Paxinos & Charles Watson, 2007). Cannulas were secured to the skull with screws and 
dental cement. From surgery onwards, rats were individually housed. Rats received Carprofen 
(5 mg/kg BW, subcutaneous) during surgery and the first post-surgery day. During the recovery 
period of 7 days, food and water intake and body weight were measured daily.

Diet exposure 
After recovery and when pre-operative bodyweight was again reached, rats received a bilateral 
infusion of 0.5µl 0.9% NaCl to familiarize the animals with the procedure of infusions. Rats were 
distributed over two experiments: in one experiment the animals received the glutamatergic 
AMPA/Kainate receptor antagonist CNQX, and in the other experiment animals received 
DL-AP5, a glutamatergic NMDA receptor antagonist. In each experiment, animals were divided 
over four different diet groups: a chow-fed group, a fcHFHSD group, a fcHFD group and 
a fcHSD group. All groups had access to chow and water ad libitum and the fcHFD, fcHSD and 
fcHFHSD groups had access to a dish of saturated fat (beef tallow, Vandemoortele, Belgium), 
a 30% sucrose solution, or both, respectively. 

Infusions
After two weeks of diet exposure to their respective diet, rats received infusions of either 
saline, disodium-CNQX (0,5 µl 1,8mM, Abcam; ab120044)[63] or DL-AP5 (0,5 µl 80mM, 
Abcam; ab120271)[48] in a randomized, counterbalanced within-animal design. Infusions 
were performed twice a week, and animals were maintained on their respective diet throughout 
the experiment. On infusion days, food items were removed at Zeitgeber Time (ZT) 0 (lights 
off), and 5 gr chow was provided to have a controlled level of hungriness. Subsequently, around 
3 hours after lights off (ZT15), infusions were always performed in the dark. Rats were gently 
held during infusions, and afterward the injectors were left in the guide cannula for 1 min after 
completion of the infusion to allow for diffusion. Pre-weighed amounts of all food components 
were provided and measured after various time points (1h, 3h, 6h, 10h, 24h, depending on 
the experiment). CNQX and AP5 infusions were performed in separate groups of animals.

Tissue collection and cannula placement
Two to five days after the final infusion, the animals were anesthetized by O2/CO2 followed 
by rapid decapitation. To assess body composition, the following fat pads were dissected and 
weighted immediately (unilaterally): mesenteric (MWAT), epididymal (EWAT), perineal 
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(PWAT), and subcutaneous (SWAT) white adipose tissue. Brains were dissected, freshly frozen 
on dry ice and stored at -80°C for cannula placement determination. Coronal brain slices 
of 35 µm were cut on a cryostat (CryoStar NX50, Thermo Scientific) and were collected on  
Superfrost ++ slides. These sections were fixed with a 4% paraformaldehyde solution and stained 
for Nissl using thionine. Stained sections were examined using a microscope (Leica DM2000) 
to determine cannula placement, and only animals with bilateral correctly placed cannulas  
were included. 

Statistical analysis
All data are expressed as the mean ± SEM. Graph Pad Prism (Version 9.1.0) software was used 
to visualize and statistically analyze data. To compare the effects of drug infusion (VEH vs. 
CNQX and AP5) on intake of individual diet components, two-way repeated measures analysis 
of variance (ANOVA) followed by post hoc analysis (Šidák) was used. For the acute time points 
(1h), paired t-tests were performed for each diet group. P-values less than 0.05 were considered 
to be statistically significant, and P-values below 0.1 were considered a trend.

Results
Body composition and daily caloric intake
In the CNQX infusion experiment, daily caloric intake was significantly increased in fcHFHSD, 
fcHFD, and fcHSD rats compared to controls and increased in the fcHFHSD group compared to 
the fcHFD and fcHFS group (Figure 1A). This was in line with the body weight gain throughout 
the experiment, which was increased in the fcHFHSD group compared to the controls 
(Figure 1B). Also in terms of adiposity, the fcHFHSD animals had increased adiposity in 
the MWAT, EWAT and PWAT compared to the controls, while no differences were observed 
for the SWAT(Figure 1C). In the AP5 infusion experiment, daily caloric intake was increased 
in fcHFHSD, fcHFD, and fcHSD rats compared to controls (Figure 1D). The fcHFHSD group 
had a significantly higher daily intake than the fcHFD and fcHSD group (Figure 1D). This was 
not reflected in body weight gain over the course of the experiment as there were no differences 
between diet groups (Figure 1E). In terms of adiposity, the fcHFHSD animals had increased 
adiposity in the MWAT, EWAT and PWAT compared to the controls, and no differences in 
the SWAT or between fcHFD or fcHSD animals were observed (Figure 1F). 

Glutamatergic inhibition of LHb does not acutely affect caloric intake
No significant acute effects were observed on caloric intake one-hour following infusion of 
an AMPA/kainate (CNQX) or NMDA receptor antagonist (AP5) into the LHb of fcHFHSD, 
fcHFD, and fcHSD rats (Figure 2). Total caloric intake was not altered 1 hour after intra-LHb 
infusion of CNQX for chow- , fcHFD- or fcHSD-fed animals, although in the fcHFHSD-fed 
animals, a trend towards a decrease in total calories consumed was observed (Figure 2A). 
This was accompanied by no chances in the specific components 1 hour after CNQX infusion 

Figure 1. Daily intake, body weight gain and adiposity per diet group in both experiments (CNQX and 
AP5). For the CNQX group, daily intake (A) of the various diet components is displayed, and body weight 
gain throughout the experiment (B). The fcHFHSD group gained significantly more bodyweight (in grams) 
compared to the chow diet group. In terms of adiposity (C), fcHFHSD animals had the greatest adiposity for 
the MWAT, EWAT and PWAT. For SWAT, no differences between diet groups were observed. For the AP5 
group, daily intake (D) of the various diet components is displayed, and body weight gain throughout 
the experiment (E), with no differences between diet groups. In terms of adiposity (F), fcHFHS animals 
had the greatest adiposity for the MWAT, EWAT and PWAT. For SWAT, no differences between diet groups 
were observed. For both CNQX and AP5 groups, total daily caloric intake was significantly higher in all 
diets groups compared to chow diet, and lower in the fcHFD and fcHSD groups compared to fcHFHSD 
group. BW=bodyweight; WAT=white adipose tissue; MWAT=mesenteric WAT; EWAT=epididymal WAT; 
PWAT=perirenal WAT; SWAT=subcutaneous WAT. Data shown mean ± SEM. Sample sizes: CNQX: 8 (chow 
controls), 16 (fcHFHSD), 5 (fcHFD), 8 (fcHSD); AP5: 6 (chow controls), 5 (fcHFHSD), 8 (fcHFD), 9 (fcHSD). 
Statistics were performed with one-way  ANOVAs. * = p<0.05 as tested with a posthoc Tukey’s test.

(Figure 2B). Similarly, infusion of AP5, an NMDA receptor antagonist, also did not change 
total calories consumed after 1 hour in any of the diet groups, nor consumption of any diet 
component specifically (Figure 2C-D). These results suggest that glutamatergic inhibition, 
either by blocking NMDA or AMPA receptors in the LHb, does not acutely alter food intake.

NMDAR antagonism in the LHb induces a delayed decrease in lard 
intake in fcHFHSD rats 
While there were no acute (1hr) effects of AP5 infusion, we were interested to see if there were 
any effects after a longer time period. Therefore, we included time points to measure food 
consumption after 10 and 24 hours (Figure 3). Infusion of AP5 did not change total calorie 
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calories were observed at any of the time points (Figure 4A,C). After CNQX infusion, no 
changes in any of the specific components was reported (Figure 4B). Interestingly, when looking 
at specific components after CNQX+AP5 infusion, a late decrease in sugar intake was noted 
while other components were not altered(Figure 4D).

Figure 2. No acute effects (1 hour) on intake of all diet components in 4 different diet groups after 
CNQX or AP5 infusion in the LHb. A) Total caloric intake was not altered 1 hour after intra-LHb infusion 
of CNQX for chow- (t(7)=0.26, p=0.80), fcHFD- (t(4)=0.84, p=0.45), fcHSD-fed (t(7)=0.53, p=0.61) or 
fcHFHSD-fed (t(15)=1.80, p=0.09●) animals. B) Chow, lard an sugar intake for the fcHFHS, fcHF and 
fcHS-fed groups 1 hour after CNQX infusion was not altered (fcHFHSD chow t(15)=1.36, p=0.19; lard 
t(15)=1.10, p=0.29; sugar t(15)=1.35, p=0.19; fcHFD chow t(4)=0.29, p=0.78; lard t(4)=0.73, p=0.50; 
fcHSD chow t(7)=0.03, p=0.98; sugar t(7)=0.78, p= 0.46). C) Total caloric intake for all diet groups 1 hour 
after AP5 infusion was not altered (chow t(5)=0.10, p=0.92; fcHFHSD t(4)=1.48, p=0.21; fcHFD t(7)=1.43, 
p=0.19; fcHSD t(7)=0.35, p=0.73). D) Chow, lard an sugar intake for the fcHFHS, fcHF and fcHS-fed 
groups 1 hour after AP5 infusion was not altered(fcHFHSD chow t(4)=0.00, p=0.99; lard t(4)=1.53, p=0.20; 
sugar t(4)=0.17, p=0.87; fcHFD chow t(7)=0.52, p=0.62; lard t(7)=1.59, p=0.16; fcHSD chow t(7)=0.82, 
p=0.44 ; sugar t(7)=0.14, p=0.89). Sample sizes CNQX: 8 (chow), 16 (fcHFHS), 5 (fcHF), 8 (fcHS); AP5: 6 
(chow), 5 (fcHFHS), 8 (fcHF), 9 (fcHS). Paired t-tests indicated no significant differences, data displayed 
mean ± SEM.

consumption in any of the diet groups, however in the fcHFD-fed group, a trend was observed 
towards decreased total calories after AP5 infusion. In terms of specific components, this minor 
decrease in total calories seems to be driven by fat consumption in both fcHFHSD and fcHFD 
diet groups. Both chow and sugar consumption are not affected by intra-LHb AP5 infusion in 
any of the diet groups.

Effects of combined AMPA and NMDA antagonism in the LHb
Next, as with AP5 we only reported effects in the fcHFHSD group, we performed an experiment 
in a separate cohort of fcHFHSD rats to study potential additive effects of a combined infusion 
of CNQX and AP5, to simultaneously block NMDA and AMPA receptors. In this cohort, we 
included time points at 1, 3, 6 and 24 hours to minimize the risk of missing the timing of 
a potential effect, and in addition also performed another CNQX infusion. When comparing 
CNQX and CNQX+AP5 infusion (in the same animals on fcHFHSD), no changes in total 

Figure 3. Effects on infusions of AP5 onto the LHb in different diet groups (chow/fcHFHS/fcHF/fcHS) 
on food components. Total caloric intake was not affected (fcHFHSD drug p=0.31, time x drug p=0.48; 
fcHSD drug p=0.96, time x drug p=0.75; chow drug p=0.88, time x drug p=0.98; fcHFD drug p=0.07●, time 
x drug p=0.65). Only in the fcHFHSD group, long-term effects on fat consumption were observed, after 10 
hours and 24 hours (fcHFHSD drug p=0.06●, drug x time p=0.08●, posthoc 10h p=0.026*, 24h p=0.001**; 
fcHFD lard drug p=0.07●, drug x time p=0.79). For none of the other groups and time points, significant 
differences between consumption after vehicle and AP5 infusion were observed (fcHFHSD chow drug 
p=0.97, time x drug p=0.78; sugar drug p=0.94, time x drug p=0.98; fcHFD chow drug p=0.53, drug x time 
p=0.42; fcHSD chow drug p=0.16, drug x time p=0.09●; sugar drug =0.24, drug x time p=0.24). Sample sizes 
AP5: 6 (chow), 5 (fcHFHS), 8 (fcHF), 9 (fcHS). Two-way repeated measures ANOVA with Šidák post-hoc 
when interaction term showed a trend (p<0.1). Data displayed mean ± SEM.
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Discussion
Here we demonstrate that pharmacological inhibition of LHb input did not acutely affect 
feeding in chow-, fcHFHSD-, fcHFD-, or fcHSD-fed rats, which is in contrast to our hypothesis. 
Nevertheless, inhibition with the NMDA receptor antagonist AP5 tended to decrease fat intake 
at 10h and 24h following infusion, and this effect was more profound in the fcHFHSD-fed rats 
compared to the fcHFD-fed rats (fcHFHSD p=0.06; fcHFD p=0.07). This delayed effect on 
fat intake was not observed following infusion of the AMPA receptor antagonist CNQX, or 
following simultaneous infusion of AP5 and CNQX. However, after this combined infusion of 
CNQX and AP5, a delayed decrease in sugar intake was observed in a fcHFHSD-fed group at 
24h following infusion.

While the observed effects on feeding were small and delayed, we did observe that inhibition of 
glutamatergic transmission in the LHb decreased palatable food intake, which is in contrast with 
several studies that showed that stimulation of specific glutamatergic inputs to the LHb decreased 
palatable food intake[29, 31]. Inhibition of LHb neurons will likely lower their indirect inhibitory 
effect on VTA dopaminergic neurons and thereby increase motivational drive for food seeking 
and/or consumption. In accordance with this, a recent study demonstrated that optogenetic 
inhibition of a glutamatergic LH -> LHb connection increased palatable liquid consumption 

[29]. Another recent report showed increased food intake after inhibition of glutamatergic 
NPY1R LHb neurons in mice maintained on a HFD [50]. Another study, however, where basal 
forebrain input to the LHb was activated, reported a decrease in food intake during the fasted 
state [31]. Collectively, these studies suggest that specific connections regulate consummatory 
behavior via the LHb in a specific manner. Moreover, the pharmacological approach used in this 
study blocks glutamatergic transmission in the LHb in a general manner. Thus, it is likely that 
an overall decrease in glutamatergic signaling in the LHb increases anxiety-related behaviors 
and introduces a more aversive state, whereas specific connections and contexts are implied 
in the regulation of food intake, most likely via dopaminergic signaling. Indeed, non-specific 
pharmacological inhibition of AMPA signaling in the LHb produced less exploratory behavior 
in a novel environment [64] and produced greater stress levels in a water maze test as well as 
memory deficits [65].

While optogenetics or chemogenetics are often utilized to manipulate genetically targeted cell 
populations, in the current study we used a pharmacological approach with glutamatergic 
antagonists. Therefore, the results of such a manipulation depend on the number of available 
receptors to block at the moment of the infusion. Indeed, neuronal activity in the LHb has 
a day-night rhythm [12, 13], is increased during consumption of a HFD [50] or during a  
depressive-like state [40-42], and is sensitive to stress [50]. Furthermore, the LHb is a brain area 
that receives innervations that co-release GABA and glutamate, and this balance is important 
for regulating mood and behavior [27, 34-36]. More specifically, stress can change the AMPA/
NMDA ratio, turning the LHb signal more aversive and driving cognitive impairments [66, 67]. 
Taken together, these observations suggest that the main effect of pharmacological inhibition 
of the LHb is highly context-dependent, such as on which time of day and during which state 
of the animal infusions are performed. Given the sensitivity of the LHb to stress and its role in 
anxiety and depression, these factors could all acutely modulate LHb activity and its subsequent 
response to pharmacological blockade of glutamatergic input. For example, stress-induced 
overeating of a palatable diet was ablated when inhibiting NPY1R in the LHb [50]. This suggests 
that the LHb regulates consumption of palatable diets, but only during a stress-challenged state.

To further our understanding of the LHb and its role in consumption of palatable diets, it would 
also be of interest to investigate if LHb AMPA/NMDA ratios are affected during consumption of 
the various diet types used in this study (i.e. fcHFHSD, fcHFD, fcHSD) or various physiological 
states (i.e. stressed, anxious). Notably, the small effects on diet component intake that we did 
observe were exclusively in the groups that consumed a diet that included lard (i.e. fcHFHSD 
and fcHFD). LHb output modulates dopamine signaling, and previously we have observed that 
dopamine manipulations might only impact consumption of lard, but not sugar [68]. This is in 
line with our observation that the observed effects on palatable diet component consumption 
seem specific for lard, and not present in fcHSD-fed rats.

Figure 4. In fcHFHS-fed animals, infusion of CNQX combined with AP5 decreased sugar intake after 24 
hours.  A) Total calorie intake for all time points after CNQX infusion was not altered (drug p=0.24, time 
x drug p=0.39) B) Chow, lard and sugar intake over time after CNQX infusion was not altered (chow drug 
p=0.39, time x drug p=0.93; lard drug p=0.89, time x drug p=0.51; sugar drug p=0.14, time x drug p=0.17). 
C) Total caloric intake for all time points after CNQX+AP5 infusion was not altered (drug p=0.83, time x 
drug p=0.32). D) Late sugar intake (24h) was decreased after CNQX+AP5 infusion (sugar drug p=0.04*, 
time x drug p=0.32, posthoc 24h p=0.02*), while not affecting chow and lard consumption (chow drug 
p=0.12, time x drug p=0.64; lard drug p=0.23 time x drug p=0.92). Sample size was 10 animals. Statistics 
were performed using Two-way repeated measures ANOVA with Šidák posthoc if necessary, data displayed 
mean ± SEM.
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Our study has a few limitations. First, various sample sizes are very small (n=5), which limits 
our statistical power.  Secondly, we only used a single dose of each antagonist, and this dose was 
based on the literature [48, 63]. As we mostly observed trending effects, performing a dose-
response curve for each antagonist might provide extra information if a higher concentration 
would have a more substantial effect. Third, we recorded consummatory behavior, but not 
locomotor activity or other measures of general behavior like grooming or rearing, and we 
only recorded consummatory behavior on specific, pre-determined time points (i.e. 1h, 10h, 
and 24h post-infusion). Using continuous and non-disruptive measurements of consummatory 
behavior could provide more detailed information on the role of the LHb during consumption 
of palatable diets.  For future experiments, it is also important to include behavioral paradigms, 
such as the elevated plus maze or conditioned place aversion, as a positive control for blockade of 
glutamatergic LHb input. We conclude that LHb AMPA and NMDA signaling play a minor role 
in the modulation of palatable food intake, in a delayed manner, in our experimental settings.
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