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The hippocampus (HPC) has emerged as a critical player in the control of food

intake, beyond its well-known role in memory. While previous studies have
primarily associated the HPC with food intake inhibition, recent research
suggests arole in appetitive processes. Here we identified spatially distinct
neuronal populations within the dorsal HPC (dHPC) that respond to either fats
or sugars, potent natural reinforcers that contribute to obesity development.
Using activity-dependent genetic capture of nutrient-responsive dHPC
neurons, we demonstrate a causal role of both populations in promoting
nutrient-specific intake through different mechanisms. Sugar-responsive
neurons encoded spatial memory for sugar location, whereas fat-responsive
neurons selectively enhanced the preference and motivation for fat intake.
Importantly, stimulation of either nutrient-responsive dHPC neurons
increased food intake, while ablation differentially impacted obesogenic

diet consumption and prevented diet-induced weight gain. Collectively,
these findings uncover previously unknown orexigenic circuits underlying
macronutrient-specific consumption and provide afoundation for
developing potential obesity treatments.

Survival hinges upon the acquisition of sufficient food to meet meta-
bolicdemands. Therefore, being able to construct a cognitive map and
navigate accurately toaknownfood source inthe environment confers
adistinct competitive advantage. Animals learn to use contextual cues
linked to the nutritional value of food' and form episodic memories
of the spatial location of cues to enable efficient return to previously
encountered food sources. Repeatedly associating discrete or con-
textual cues with food in a manner that predicts food intake induces
amotivational state that amplifies the desire to eat—a phenomenon
termed cue-potentiated eating’. This adaptive behavior becomes over-
whelmed in our current food environment, which is characterized by
aninundation of food-associated cues and readily-available foods rich

infats and sugars. Associative-learning mechanisms linking food cues
with intake of calorie-dense diets amplifies susceptibility to obesity
development. Supporting this notion, brain reactivity to food cuesin
people predicts current body mass index’, the inclination to gain weight
in the future*, and food choice®’. Hence, unraveling mechanisms gov-
erning memory formation regarding contextual cues linked to fatand
sugar intake holds potential for combating obesity.

The hippocampus (HPC) is a neural substrate that is critical for
cognitive mapping® and the formation of episodic memories related to
autobiographical experiences and their contextual details®™°. Given the
pivotal role of navigational and contextual memory in acquiring food,
itisnotsurprisingthat recent evidence suggests that the HPC also has

'Monell Chemical Senses Center, Philadelphia, PA, USA. 2Department of Neuroscience, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, USA. *Human & Evolutionary Biology Section, Department of Biological Sciences, University of Southern California, Los Angeles, CA,

USA. <le-mail: gdelartigue@monell.org

Nature Metabolism


http://www.nature.com/natmetab
https://doi.org/10.1038/s42255-024-01194-6
http://orcid.org/0000-0001-9526-206X
http://orcid.org/0000-0002-0032-8810
http://crossmark.crossref.org/dialog/?doi=10.1038/s42255-024-01194-6&domain=pdf
mailto:gdelartigue@monell.org

Article

https://doi.org/10.1038/s42255-024-01194-6

arole in the control of food intake™". Specifically, the HPC becomes
activated by post-ingestive signals following a mixed meal®, hormones
released from the gut in response to eating®, and sensory cues associ-
ated with meals, including odors'", taste'®”, texture'®, tones', and
visual cues®. Lesioning of the HPC in rats leads to an increase in food
intake” and body weight in both females®* and males™. Conversely,
chemogenetic stimulation of glutamatergic HPC neurons inhibits
24-h food intake®. People with retrograde amnesia resulting from
brain lesions that encompass the HPC consume multiple successive
meals?**, which can be interpreted as impaired memory or impaired
sensing of internal metabolic needs, an outcome that has also been
observed in rodents with HPC lesions?*%. Disruption of HPC function
has also been associated with obesity. Inahuman functional magnetic
resonance imaging (fMRI) study, hippocampal blood flow was lower
after ameal in individuals with obesity than in those with a healthy
weight’®. Feeding rats a high-fat, high-sugar dietimpairs performance
on hippocampal-dependent spatial learning and episodic memory
tasks?’. Taken together, these data highlight the HPC as having an
anorexigenic role in energy metabolism, with mechanisms involving
episodic memory*®?, spatial memory*, and appetitive reward®**.

The HPC has also been found to be activated in conditions associ-
ated with increased food intake. When administered into the HPC of
rats, ghrelin, an orexigenic hormone released from the stomach under
fasting conditions*, increases food intake and motivation to work for
a sugar reward®. In human fMRI studies, HPC activity is enhanced in
response to images of food and tastants***, shown to promote arousal
and motivation to eat®®*, and these effects are strongest in individu-
als with obesity. Recent findings have identified an HPC subregion in
humans as akey hub for encoding the appetitive value of sugar and fat,
with a compromised HPC appetitive subnetwork in individuals with
obesity*’. These data suggest a potential role for the HPC inincreasing
foodintake, although the existence of aspecific orexigenic population
of HPC neurons remains unproven. This knowledge gap could partly
stem from limitations in the temporal and spatial resolution of previ-
ous studies using lesions and pharmacological approaches. The dorsal
HPC (dHPC) has been understudied, despite recent advances in tran-
scriptomic analyses that have unveiled extensive molecular diversity
in dHPC neurons***and ongoing efforts to functionally characterize
subpopulations on the basis of their projection patterns and/or genetic
markers*. Notably, screening of meal-responsive neurons revealed that
asubstantial number of neuronsin the dHPC are activated by eating®.
A fraction of these meal-responsive neurons have been identified as
DRD2-expressing neurons in the dHPC hilar region, and molecular
and genetic tools have been demonstrated to inhibit food intake®. We
hypothesized that fat and sugar might activate asubset of HPC neurons
with orexigenic function. Our results find subsets of HPC neurons that
arerecruited inresponse to fats or sugars, and leverage Fos ™" mice as
anunbiased approach to manipulate the activity of these HPC neurons
totest their rolein appetitive behavior.

Results

Post-ingestive nutrient signals engage the HPC through vagal
pathways

Previous studies have demonstrated that the HPC is activated in
response to mixed nutrient chow?® and following intragastric (IG)
infusion of a mixed meal”. To test whether the HPC is activated in
response to individual nutrients, we measured Fos immunofluores-
cence,amarker of neuronal activity, in mildly fasted wild-type micein
response to IG infusions (500 pl, 100 pl min™) of sugar (sucrose, 15%
wt/vol), equicaloric fat (microlipid, 6.8% vol/vol), or isosmotic saline
(0.9%wt/vol) (Fig.1a). The Fos level was increased in discrete neuronal
populationsinthe dHPC in mice that received infusions of sucrose or
fat, compared with the Fos level in those that received saline (Fig. 1b).
Similar Fos density was found in response to both nutrients through-
outthe dHPC (Fig. 1c-e), but the density of sucrose- or fat-responsive
neurons was particularly enriched in the dentate gyrus (DG) (Fig. 1c)
compared withthe CA3 (Fig.1d) and CA1 (Fig. 1e). Notably, IG infusions
of sucrose and fatalsoresultedinasimilar density of Fos labelingin the
ventral HPC (vHPC) (Extended DataFig.1a-e), but unlike the dHPC, this
region was particularly enriched in the CAl (Extended Data Fig. 1f-i).
Together, these data highlight that HPC neurons are responsive to
post-ingestive nutrient signals from the gut.

The vagus nerve is a key neural pathway that connects the gut
and the brain. Subsets of vagal sensory neurons in the nodose ganglia
(NG) respond tointestinal nutrients, and are necessary to mediate the
reinforcing value of fat and sugar*®. Vagal sensory fibers terminate in
the nucleus tractus solitarius (NTS) of the hindbrain, and evidence
suggests that a polysynaptic circuit links the gut through the NTS
to the HPC". Furthermore, deleting gut-innervating vagal sensory
neurons impairs HPC-dependent contextual episodic memory*”*%. To
investigate whether the vagus nerve isrequired for post-ingestive fats
and/or sugarsto activate dHPC neurons, we measured Fos expression
inthe dHPC after IG nutrient infusions in mice with subdiaphragmatic
vagotomy or that underwent sham surgery (Fig. 1f). Control mice
withintragastric saline infusion showed low dHPC Fos levels (Fig. 1g),
whichincreasedinresponse to either sucrose (Fig.1h,i) or fat (Fig. 1j,k).
Nutrient-induced dHPC Fos expression was significantly reduced in
animals with subdiaphragmatic vagotomy (Fig. 1h-k), indicating the
vagus nerveis atleast partially necessary torelay gut-derived nutrient
signals to the dHPC.

To further assess the gut-hippocampus connection, we
measured dHPC cFos labeling after optogenetic stimulation
of nutrient-responsive vagal sensory neurons. We used Fos™"?
mice***°, allowing targeted recombination in active populations
(Fig.11). These mice express aninducible Cre recombinase, driven by an
activity-dependent Fos promoter, enabling permanent genetic access
toactivated neurons uponinjection of 4-hydroxytamoxifen (4-OHT)*",
We crossed the Fos™* mice with a Cre-dependent tdTomato reporter
line, Ail4 (ref. 54). To stimulate nutrient-responsive vagal sensory

Fig.1| Dorsal hippocampus encodes gut-derived nutrient signals through a
vagal pathway. a, Schematic of Fos staining approach to assess dHPC neuronal
responsiveness to IG infusions of saline, sugar (15% wt/vol sucrose), or fat (6.8%
vol/vol microlipid). b, Representative images of Fos expression in the dHPC from
Sanimals per group. c-e, Quantification of Fos-positive neurons in the dorsal
dentate gyrus (dDG) (c), CA3 (d), and CAl (e) following IG saline, sugar, or fat
infusions (n = 5mice per group, ordinary one-way analysis of variance (ANOVA)
with Tukey post-hoc analysis). f, Schematic of subdiaphragmatic vagotomy
(VGX) to assess the role of the vagus nerve in dHPC neuronal nutrient sensing.
g,h, Representative images of Fos expression in dDG from sham (g) or VGX (h)
mice receiving IG saline or sugar (images representative of experiments from 5-6
animals). i, Quantification of dHPC Fos expression in response to sugar with or
without VGX compared to saline control (n =5 for Saline>™™and Sugar®™,
n=6forSugar'®, ordinary one-way ANOVA with Tukey post-hoc analysis).
Jk,Representative images (j) and quantification (k) of Fos expressionin the

dHPC following IG fat infusion with or without VGX, using the same sham saline
control dataasini(n =5 for Saline>™™ and Fat'%*, n = 7 for Fat>"™, ordinary one-way
ANOVA with Tukey post-hoc analysis). I, Schematic of optogenetic stimulation

of nutrient-responsive vagal sensory neurons in Fos™* mice. m, Representative
images of vagal sensory neurons from Fos™* mice bilaterally injected in nodose
ganglia with AAV9-DIO-ChR2-eYFP (cyan) and coexpressed in tdTomato* neurons
trapped following IG nutrient infusion (magenta) (images representative of
experiments from 6-8 animals). n, Representative images of Fos expression in the
dDG following vagal optogenetic stimulation in control, Sugar™*", and Fat™*" mice
inindependent experiments involving 6-8 mice. 0, Quantification of dHPC Fos
expression in response to optogenetic stimulation of nutrient-sensing NG neurons
(n=6for control and Sugar®™®, n = 8 for Fat®®, ordinary one-way ANOVA with
Tukey post-hoc analysis). Data are presented as mean +s.e.m. Scale bars, 100 pm.
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; ML, molecular
layer; GCL, granule cell layer. Elements of a, f, and  were created in Biorender.
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neurons, we injected the NG with the Cre-inducible viral construct
AAV9-EF1a-DIO-hChR2(H134R)-EYFP* to selectively express the
light-sensitive depolarizing channelrhodopsin-2 (ChR2) in these neu-
rons (Fig. 11). As previously validated*®, 2 weeks after viral injection,
fasted Fos™A" mice received IG infusions (500 pl at 100 pl min™) of

b Saline

either sucrose (15% wt/vol) or equicaloric fat (microlipid, 6.8% vol/vol),
followed by 4-OHT (30 mg kg ™) intraperitoneally (i.p.). We confirmed
high overlap between Fos™*" labeling (tdTomato*) and ChR2 expres-
sioninNGneurons (Fig.1m). Optogenetic activation of either the fat-or
sucrose-sensing NG populationinduced robust cFos expressionin the
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dHPC (Fig.1n,0). These findings reveal a functional gut-dHPC connec-
tion, and that vagal sensory neurons are both necessary and sufficient
for transmitting nutrient-specific signals to the hippocampus.

Distinct dorsal hippocampal ensembles for fat and sugar

We recently reported that nutrients activate parallel but separable
gut-brain circuits*. Thus, to determine whether the dHPC contains
distinct neuronal populations that are responsive to fat and sugar, we
employed a Fos™*" mouse using a previously validated approach*
to compare neuronal activity following two nutrient infusions in the
same mouse (Fig. 2a). Validation confirmed that the number of dHPC
neuronal responses was similar between Fos™*” tdTomato and Fos
immunofluorescence in response to sucrose (Extended Data Fig. 2a)
or fat (Extended Data Fig. 2b). High immunofluorescence overlap
between Fos™*" tdTomato and Fos* neuronsin response to G fat (Fat™)
in the dHPC (Fig. 2b,c), indicated consistent neuronal activation to
repeated fatinfusions. However, when comparing the response to dif-
ferent stimuli, there was little overlap between Fos™** tdTomato with
IG sugar and Fat™* labeling demonstrated distinct neuronal popula-
tions were activated following consumption of different nutrients
(Fig.2b,c). This differentiation was particularly pronouncedin the DG
(Extended DataFig.2c), consistent with the role of the DG as a pattern
segregator’® >, Importantly, neither fat nor sucrose activated hilar
neurons, distinguishing these populations from previously described
DRD2-expressing satiety neurons®.

Our resultsidentify two previously uncharacterized populations
of dHPC neurons that are differentially responsive to post-ingestive
fats and sugars. To characterize these neurons, we examined neu-
rotransmitter phenotypes using in situ hybridization for vesicular
glutamate transporter 1 (vGLUT1) and gamma-aminobutyric acid
(GABA).GABA neurons were primarily restricted to the hilar region of
the dHPC (Fig. 2d). We found GABA expressionin less than 5% of fat- or
sugar-responsive dHPC neurons (Fig. 2e). Conversely, we found that
vGLUT1 extensively labeled neurons throughout the dHPC (Fig. 2f).
The majority of the fat- and sugar-responsive dHPC neurons colocal-
ized withvGLUTI1 (Fig. 2g). Our findings indicate that both populations
are predominantly glutamatergic, althoughitisimportant to note that
these neurons represent only asmall fraction of the overall glutamater-
gic population in the dHPC (Extended Data Fig. 2d,e). These findings
reveal that the dHPC contains distinct, glutamatergic neuronal popu-
lations that selectively encode post-ingestive fat and sugar signals,
suggesting a potential neural basis for macronutrient-specific choice.

dHPC neurons control nutrient-specific preference and intake

Next, we wanted to determine the role of nutrient-responsive dHPC
populations in the control of food intake, and reasoned that these
spatially segregated populations recruited by separate post-ingestive
nutrients could differentially resolve food intake at the macronutrient
level*”. We genetically targeted the distinct populations activated
by IG fat or sucrose in Fos™" mice (Fig. 3a). Subsequently, we selec-
tively ablated these neurons using a cre-dependent virus expressing
caspase (AAV-flex-taCasp3-TEVp) or a control virus®. To assess the
efficacy of the Casp3-mediated ablation strategy, we quantified the
tdTomato-positive neurons in the dHPC. Casp3-treated mice had
less than 50% of the tdTomato-positive dHPC neurons of control

mice (Fig. 3b-d). This result demonstrates the successful ablation
of sugar- and fat-responsive neurons. To confirm the specificity of
the viral targeting, we quantified the number of tdTomato-positive
neurons in the paraventricular hypothalamus (PVH), and found no
differencesinboth sucrose (Extended DataFig. 3a,b) and fat (Extended
DataFig.3c,d) conditions, indicating that the Casp3 virus specifically
targeted dHPC neurons without affecting overall Fos™" expression.
Toevaluate therole of these dHPC neuronsin nutrient preference, we
presented the mice withachoice between two bottles containing equi-
caloricsolutions of sugar (15%) or fat (6.8%) and quantified their intake
using lickometers (Fig. 3a). Over 3 test days, the control mice exhibited
apreference for the fat solution over the sucrose solution (Fig. 3e-h).
The mice withablated sugar-responsive dHPC neurons exhibited a 50%
decrease in sucrose consumption compared with controls (Fig. 3e),
with no effect on fat intake (Fig. 3f). Deletion of fat-responsive dHPC
neurons resulted in no change insucrose intake (Fig. 3g), but reduced
fat consumption by 40% compared with that of control mice (Fig. 3h).
To assess the potential influence of taste preferences on food intake, we
conducted brief-access taste tests. No significant differencesinlicking
behavior were observed between groups across arange of sucrose and
fat concentrations (Extended Data Fig. 4a-e), confirming that taste
preferences did not underlie the observed macronutrient selectivity.
Whenthebottles were presented one atatimeinaone-bottle test, dele-
tion of sucrose-responsive dHPC neurons had no effect on sucrose or
fatintake, suggesting that these neurons influence choice rather than
intake (Extended Data Fig. 4f,g). Ablation of dHPC™* neurons had no
effect onsucroseintake inaone-bottle test (Extended Data Fig. 4h), but
reduced the number of licks for fat (Extended Data Fig. 4i), suggesting
thatthese neuronsinfluence both choice and intake of fat. Insummary,
separate populations of dHPC neurons are necessary for post-ingestive
nutrient-specific preference.

To determine whether activation of dHPC neurons alone is suffi-
cienttoinfluence macronutrientintake, we performed chemogenetic
stimulation of fat- or sugar-responsive dHPC neurons. A Cre-inducible
viral Gg-coupled designer receptor (AAV-EF1a-DIO-hM3Dg-mCherry)*
was bilaterally injected into the dHPC of Fos™** mice (Fig. 3i). Clozapine
N-oxide (CNO) administrationinduced Fos expressionin dHPC neurons
of both Sugar™** and Fat™*” mice compared with controls (Extended
DataFig.4jandl),and resultedinsignificant overlap of Fosinthe TRAP
neurons (Fig. 3j and Extended Data Fig. 4k). These findings confirm
the successful chemogenetic activation of nutrient-specific dHPC
neuronal populations. Inthe one-bottle test, chemogenetic activation
of dHPC®“#*" neurons increased sucrose intake compared with vehicle
treatment (Fig. 3k) but had no effect on fatintake (Fig. 31). Stimulation
of dHPC™ neurons exclusively increased fat consumption (Fig. 3m,n).
Notably, none of these effects were observed when CNO was injected
inmice that did not carry the chemogenetic construct (Extended Data
Fig. 4m-0). These data suggest that the dHPC is attuned to specific
macronutrients, allowing for highly refined feeding decisions.

dHPC neurons control nutrient-specific spatial memory

Next, we wanted to examine the mechanisms by which dHPC neurons
control nutrient-specific intake. The HPC forms context-specific
neural representations that provide a physiological substrate of spa-
tial memory®°, and HPC activity is altered by contextual features of

Fig. 2| Distinct glutamatergic dorsal hippocampal ensembles for fat and
sugar. a, Schematic of the Fos™*" approach comparing tdTomato labeling with
Foslabelingin response to IG nutrient infusions. b, Representative images

of the dDG in Fos™*" mice following IG infusion of fat or sugar (tdTomato,
magenta, top), and 2 weeks later in the same mouse after IG infusion of fat (Fos,
cyan; middle). Colocalization of neurons responding to both stimuli (white;
bottom) along with a higher magnification image (center). ¢, Quantification
ofthe overlap between neurons responding to repeated fat infusions (fat/fat)
compared with infusions of different macronutrients (sugar/fat) in the dHPC.

n=5mice per group, unpaired two-tailed ¢-test. d, Images of the dDG showing
GABA mRNA expression (cyan) and tdTomato-positive neurons (magenta) in
Fos™*" mice following IG infusion of sugar or fat. e, Proportion of tdTomato*
neurons colocalized with GABA mRNA. f, Images of the dDG showing vGLUT1
mRNA expression (cyan) and tdTomato-positive neurons (magenta) in Fos™*
mice following IG infusion of sugar or fat. g, Proportion of tdTomato* neurons
colocalized with vGLUT1 mRNA. Data are presented as mean +s.e.m. ***P < 0.001.
Allimages are representative of independent experiments from 5 animals.

Scale bars, 100 pm. Elements of awere created in Biorender.
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Fig. 3| Fat- and sugar-responsive dHPC neurons control nutrient-specific
preference. a, Schematic of the two-bottle choice test in Fos™*" mice with
selective ablation of nutrient-responsive dHPC neurons responding to IG
infusion of sugar or fat. b, Representative images of nutrient-responsive HPC
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caspase ablation. ¢,d, Quantification of tdTomato* neurons in dHPCS"¢" mice
with and without ablation (n =11 for Sugar®", n = 7 for Sugar*", unpaired two-
tailed ¢-test) (c) or dHPC™ mice with and without ablation (n =9 for Fat“", n=7
for Fat®®, unpaired two-tailed t-test) (d). e-h, Two-bottle choice test intake of
sugar and fat. e, Sugar licking in dHPCS"#*" mice with and without ablation (n =9
mice per group, two-way ANOVA with Holm-Sidak post-hoc analysis).

f, Fat licking in dHPC®“¢"" mice with and without ablation (n = 8 for Fat®", n=9 for
Fat®3, two-way ANOVA with Holm-Sidak post hoc analysis). g, Sugar licking in
dHPC™ mice with and without ablation (r = 8 mice group, two-way ANOVA with
Holm-Sidak post hoc analysis). h, Fat licking in dHPC™ mice with and without
ablation (n = 8 mice per group, two-way ANOVA with Holm-Sidak post hoc
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analysis). i, Schematic of the Fos™*" approach to chemogenetically stimulate
nutrient-responsive HPC neurons responding to IG infusion of sugar or fat.

Jj, Representative images of dDG tdTomato* neurons (magenta) and CNO-induced
Fos expression (cyan) in dHPC*'¢" and dHPC™ mice. k-n, Effects of chemogenetic
stimulation on sugar and fat consumption. k, Sugar licking in dHPC**#*" mice with
and without hM3Dq (n = 8 mice per group, two-way within-subjects ANOVA with
Holm-Sidak post-hoc analysis). I, Fat licking in dHPCS'¢" mice with and without
hM3Dq (n =7 mice per group, two-way with-subjects ANOVA with Holm-Sidak
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Data are presented as mean +s.e.m. Images are representative of independent
experiments from 7-11 (b) or 5-6 animals (j). Scale bars, 100 pm. Elements of a
andiwere created in Biorender.
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rewarding stimuli®**, To address whether dHPC**¢" and dHPC™" neu-
rons retain contextual information about the location of natural rein-
forcers, such as post-ingestive fats and sugars, we adapted afood-cup
location memory task*. Mice were habituated to a novel context with
two empty Petri dishes, and during the training phase, one Petri dish
contained droplets of water, whereas the other contained droplets of
fatorsucrosesolutions (Fig. 4a). After training to learn the location of
anutrient-containing dish, we used empty Petri dishes to test the mice
in the same context to determine whether they could remember the
location of the nutrient-paired quadrant (Fig. 4a). Control mice discrimi-
nated the sugar-paired quadrant above chance in tests conducted 1 h
and 24 h after the final training session (Fig. 4b), suggesting that they
could learn and remember the location of sucrose. Mice with ablated
dHPC®“¢" neurons failed to discriminate the location of the sugar dishin
thelhand 24 htests (Fig. 4c). However, when these mice repeated the
task with a fat solution using different contextual cues, there were no
group differencesinexploration of the fat location at either time point
(Extended Data Fig. 5a,b). In a separate group of Fos™** mice trapped
with IG infusion of fat, we found that controls and dHPC™* ablated
mice could discriminate the sugar location inboth 1 hand 24 h tests,
compared with their pre-test performance (Extended Data Fig. 5¢,d).
Although the control mice exhibited fat location memory (Fig. 4d),
the ablation of fat-responsive dHPC neurons abolished the ability to
discriminate the fat-paired locationinboth 1 h and 24 h tests (Fig. 4e).
Notably, the order in which the nutrients were presented was counter-
balanced, and there was no residual preference for the previous nutri-
entlocation following a7-day washout period (Extended DataFig. 5e),
indicating a preference for exploring the new Petri dish locations.

Todetermine whether generalized spatialmemoryisimpaired, we
performed a hippocampal-dependent® novel object in context (NOIC)
task (Extended Data Fig. 5f). As expected, control mice spent more
time exploring the object that is novel to the context (Extended Data
Fig.5g-j). Theablation of either fat- or sugar-responsive dHPC neurons
had no effect on the time spent exploring the novel object (Extened
DataFig.5g-j). These dataindicate that the loss of nutrient-responsive
dHPC neuronsinfluences contextual memory of nutrient location, and
that these neurons are specific to food with no impact on contextual
memory for non-food-related objects.

Increasing evidence suggests that the HPC is involved in spa-
tial working memory®°¢, which allows retention of a small amount
of information for a short period of time. To assess whether the
nutrient-responsive dHPC neuronsinfluence working memory related
to food location, we performed a modified Barnes maze task*. Mice
were positioned in the center of a circular table, and 16 Petri dishes
containing water solution and one containing either sucrose (15% wt/
vol) orequicaloricfat (6.8% vol/vol) were evenly distributed around the
edge (Extended Data Fig. 6a). The location of the nutrient-containing
dish remained the same across two consecutive trials per day, but
was changed each subsequent day (Extended Data Fig. 6a). The index
of working memory on this task is the difference in the number of
errors (exploration of water dishes) between trials on 3 individual

experimental days. We observed no differenceinthe number of errorsin
response to either nutrientin mice with ablation of dHPC*'¢" (Extended
DataFig. 6b-e) or dHPC™ (Extended DataFig. 6f-i) neurons, suggesting
thatablation of nutrient-responsive dHPC neurons does not havearole
in spatial working memory. Altogether, these data suggest that both
fat-and sugar-responsive dHPC neurons are uniquely necessary for epi-
sodicspatial reference memory for the location of individual nutrients.

Next, we assessed whether activation of nutrient-responsive dHPC
neurons can promote context-dependent spatial recall for individual
nutrients. Mice expressing hM3Dq or control virus in dHPC neurons
trapped withIGinfusion of either sucrose (15% wt/vol) or fat (6.8% vol/
vol) were habituated to two novel contexts. During a 3-day training
phase, the mice received saline injections 20 minutes before being
placed in context A in the morning, where they had 10 minutes to
learn to associate the location of a nutrient-containing dish. They
thenreceived another saline injection before being placed in context
B in the afternoon, where they learned a different location for the
second nutrient-containing dish. Twenty-four hours later, the mice
were tested to determine whether they could discriminate the correct
context-specific nutrient-paired quadrant (Fig. 4f). The mice failed to
discriminate context-specific locations of sucrose or fat when treated
withsaline (Fig. 4g,h). After 7 days, the same test was repeated, but the
micereceived CNO (3 mgkg™, i.p.) during the test day, before they were
reintroduced into the context thathad been previously paired with the
specific nutrient with which they were initially trapped. We found that
CNO had no impact on the performance of control mice (Fig. 4g,h);
however, chemogenetic stimulation of dHPCS*¢" neuronsimproved the
discrimination for the sugar location compared with vehicle treatment
(Fig.4g), and negatively impacted fatlocation memory (Extended Data
Fig. 6j). No effect was observed in response to chemogenetic stimula-
tion of dHPC™ neurons (Fig. 4h and Extended Data Fig. 6k). These data
indicate that sugar-responsive dHPC neurons encode an engram of
spatial and context-dependent memory for sugar.

To assess the role of memory in nutrient preference, we modi-
fied the two-bottle choice test (Fig. 3a) by randomly swapping bottle
locations every 10 minutes (Fig. 4i). In mice with ablation of dHPC™
neurons, fat consumption remained lower than in controls (Fig. 4j).
By contrast, mice lacking dHPC“¢* neurons failed to exhibit a simi-
lar reduction in sucrose intake when bottle locations were rand-
omized (Fig. 4k), suggesting that these neurons are critical for using
location-based memory to guide food choice. This provides direct
evidence for a causal relationship between memory and sucrose intake.

Dorsal hippocampus encodes fat-specific motivation and
reward

Dietary preferences are largely learned® through reward-based
associations***"*"%8, To investigate the role of nutrient-specific dHPC
neurons in this process, we used a flavor-nutrient conditioning task
(Fig. 5a)%. Control mice developed conditioned preferences for both
sucrose and fat (Fig. 5b). Ablation of dHPCS“¢* neurons did not impair
the acquisition of flavors associated with either nutrient (Fig. 5c), but

Fig. 4 |Fat- and sugar-responsive dHPC neurons control nutrient-specific
episodic spatial memory. a, Schematic of nutrient-driven location memory
task to assess the necessity of nutrient-responsive dHPC neuronsin food-related
reference memory. b, Discrimination of sugar quadrantin dHPC“¢* mice
without viral-mediated ablation (n = 10 mice per group, repeated measure (RM)
one-way ANOVA with Dunnett post hoc analysis). ¢, Discrimination of sugar
quadrant in dHPC“# mice with viral-mediated ablation (n = 7 mice per group,
RM one-way ANOVA with Dunnett post hoc analysis). d, Discrimination of fat
quadrant in dHPC™ mice without viral-mediated ablation (n =10 mice per group,
RM one-way ANOVA with Dunnett post hoc analysis). e, Discrimination of fat
quadrantin dHPC™ mice with viral-mediated ablation (n = 7 mice per group, RM
one-way ANOVA with Dunnett post hoc analysis). f, Schematic of nutrient-driven
location memory task to assess whether chemogenetic stimulation of nutrient-

responsive dHPC neurons can promote nutrient-specific recall. g, Discrimination
of sugar quadrant in response to saline and CNO in dHPC®“#"" mice expressing
viral-mediated hM3Dq or control (n = 6 for Sugar®", n = 8 for Sugar®?, paired
two-tailed ¢-test). h, Discrimination of fat quadrant in response to saline and CNO
in dHPC™ mice expressing viral-mediated hM3Dq or control (n = 6 for Fat®", n=7
for Fat®, paired two-tailed t-test). i, Schematic of two-bottle choice test in which
bottle positions were swapped every 10 min to assess the importance of location
memory on nutrient preference. j, Fat licking in dHPC" mice with and without
ablation (n =6 for Fat®", n = 8 for Fat®, two-way ANOVA with Holm-Sidak post
hoc analysis). k, Sugar solution licking in dHPC'#"" mice with and without viral-
mediated ablation (n = 6 for Sugar®", n = 5for Sugar®*?*, two-way ANOVA with
Holm-Sidak post hoc analysis). Data are presented as mean +s.e.m. Elements of
a,f,andiwere created in Biorender.
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disrupted the subsequent retention of the memory for this preference

(Fig. 5d,e). Conversely, deletion of dHPC™* neurons specifically pre-
vented the formation of fat-associated preferences (Fig. 5f), irrespec-
tive of the halved infusion frequency (Extended DataFig. 7a-c). These
findings demonstrate distinct and complementary roles for sugar-and
fat-responsive dHPC neurons in reward-based learning and memory.

Thereis evidence that the dHPC isinvolved in motivation’’; there-

fore, we next assessed whether nutrient-responsive dHPC neurons
increase the motivation for food. Effort-based motivation can be tested
behaviorally using progressive ratio (PR) schedule reinforcement’. We
used an exponential PR task to investigate the willingness of mice to
lickadrysipper thatrequires anincreasing number of licks for asmall
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Fig. 5| Fat-responsive dHPC neurons promote fat reinforcement. a, Schematic
representation of the flavor-nutrient conditioning paradigm. b, Sugar and

fat paired flavor preference pre- and postconditioning in Fos™*" mice with
control virus (n = 8 for sugar, n = 9 for fat, two-way within-subjects ANOVA with
Holm-Sidak post hoc analysis). ¢, Sugar and fat paired flavor preference pre- and
postconditioning in Fos™*" mice with dHPC®*¢* ablation (n =7 for sugar,n=6
for fat, two-way within-subjects ANOVA with Holm-Sidak post hoc analysis).

d, Sugar paired flavor preference on post-test day 1and 3 in Fos ™" mice with
control virusin dHPCS"# (n = 8 mice per group, paired two-tailed t-test). e, Sugar
paired flavor preference on post-test day 1and 3 in Fos™*" mice with dHPCS"&
ablation (n =7 mice per group, paired two-tailed t-test). f, Sugar and fat paired
flavor preference pre- and post-conditioning in Fos™*” mice with dHPC ablation
(n=6forsugar, n=7for fat, two-way within-subjects ANOVA with Holm-Sidak

post hoc analysis). g, Schematic illustration of progressive ratio licking test to
assess necessity of nutrient-responsive dHPC in motivation. h, Breakpoint for
sugar reward in dHPCS"¢" mice with control or caspase virus (n = 7 for Sugar®",

n =6 forSugar*", unpaired two-tailed t-test). i, Breakpoint for fat reward in
dHPC™ mice with control or caspase virus (n =9 for Fat®", n =10 for Fat®,
unpaired two-tailed t-test). j, Schematicillustration of progressive ratio licking
test assessing sufficiency of nutrient-responsive dHPC neurons in motivation.

k, Breakpoint for sugar reward in dHPC®®* mice with control or hM3Dq virus
(n=7for Sugar®", n=11for Sugar®, unpaired two-tailed t-test). l, Breakpoint for
fat reward in dHPCF mice with control or hM3Dq virus (n =12 for Fat®", n =10 for
Fat®, unpaired two-tailed t-test). Data are presented as mean + s.e.m. Elements of
gandjwere created in Biorender.

nutrient reward (Fig. 5g). During the training phase, we observed no
group differences in the discrimination for the active side or the num-
ber of licks the animals performed under the fixed ratio 1 (FR1) or FRS
ratio (Extended DataFig. 7d,e). Next we quantified the number of licks
required before an animal ceases to be willing to expend effort for a
single reward, known as the breakpoint’. The willingness of mice with
deletion of dHPC*¢* neurons to work for sucrose was not different from

that of control mice (Fig. 5h). However, inmice with deletion of dHPC™
neurons, the breakpoint for fat (Fig. 5i), but not sucrose (Extended Data
Fig. 7f,g), was reduced compared with that of control mice, suggest-
ing animportant role of dHPC™ neurons for fat-specific motivation.
Next, we tested whether stimulation of dHPC neurons could
increase the motivation to work for nutrients using a similar PR task
as above (Fig. 5j). All mice rapidly learned to discriminate the active

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01194-6

nose hole to receive asmall nutrient droplet, whichwas delivered by a
pump under both the FR1and FRS schedules (Extended DataFig. 7h,i).
After training, the mice were tested on an exponential PR schedule
in response to saline or CNO on subsequent days. Compared with
saline, CNO (3 mg kg™, i.p.) had no effect on the sucrose breakpoint
in dHPC®>'#" control mice or hM3Dq mice (Fig. 5k). However, CNO sig-
nificantly increased the willingness to nose poke for asmall fat reward
in the mice expressinghM3Dq in dHPC™ neurons, but not in controls
(Fig. 51). Notably, CNO alone was not sufficient to promote a place
preference independent of nutrient consumption (Extended Data
Fig. 8a,b). Notably, the motivational effects of these neurons appear
to be specifically tied to food-related contexts, rather than represent-
ingageneral reward system. Together, these dataidentify a previously
unappreciated population of neurons in the dHPC that are necessary
and sufficient to produce the motivation to consume fat.

Deleting orexigenic HPC neurons prevents diet-induced
obesity

To investigate the role of nutrient-specific dHPC neurons in regulat-
ing energy intake, mice expressing Cre-dependent hM3Dq in either
sugar- or fat-responsive dHPC neurons were generated. Mice express-
ing hM3Dq in sugar-responsive dHPC neurons were acclimatedto a
high-fat, high-sugar (HFHS) diet for 5 days and received daily saline
injections (Fig. 6a). To assess the effects of chemogenetic activation,
ad libitum-fed mice received either CNO (3 mgkg™) or saline injections
30 minutes before the dark phase on alternating days. Food intake was
continuously monitored using a BioDAQ system in a home cage set-
ting. Chemogenetic stimulation significantly increased 24-h HFHS diet
intake of the mice, compared with saline treatment in the same mice
(Fig. 6b). Similarly, mice expressing hM3Dq in dHPC™ neurons were
acclimated to a high-fat (HF) diet for 5 days (Fig. 6¢). Chemogenetic
stimulation significantly increased 24-hintake of the HF diet (Fig. 6d).
These data confirm that both fat- and sugar-responsive dHPC neurons
are orexigenic, promoting intake of obesogenic diets.

To assess the necessity of dHPC neurons in regulating energy
intake, we generated mice expressing Cre-dependent caspase in
sugar-responsive neurons. These mice were fed a HFHS diet for 10
days. Despite similar overall daily intake compared with controls
(Fig. 6e), caspase-treated mice exhibited a selective reductionin HFHS
consumption during the light phase (Fig. 6f,g), driven by a decrease
in meal frequency (Extended Data Fig. 9a,b). Notably, unlike con-
trol mice, which gained weight and fat mass over 4 weeks (Fig. 6h,i),
caspase-treated mice maintained stable body weight and fat mass
(Fig. 6j,k). Between-group comparisons revealed that, at the 4-week
timepoint, caspase-treated mice had a significantly lower fat mass
than controls (Extended Data Fig. 9¢,d). The observed protection
against diet-induced obesity aligns with the benefits of time-restricted
eating”>”*, suggesting that the decreased meal frequency induced by

inhibiting dHPC>'#*" neurons may underlie the prevention of weight gain
despite unchanged daily food intake. On the basis of the observed role
of the dHPC'#*" neurons in food location memory, inhibition of these
neurons mightimpair therecall of food-related memory and promote
atime-restricted feeding pattern.

Consistent with the idea that fat- and sugar-responsive neurons
have different rolesinfood intake, caspase ablation of dHPC™ neurons
resulted inasignificant reductioninintake of a 60% high-fat diet over
10days (Fig. 6i). Thereductionin food intake was restricted to the dark
phase (Fig. 6m,n) and mediated by smaller meal size (Extended Data
Fig.10a). Notably, although control mice exhibited substantial weight
gainandincreased fat mass after 2 and 4 weeks of consuming a high-fat
diet (Fig. 60-p), caspase-treated mice remained remarkably resistant to
diet-induced obesity (Fig. 6q,r). Although between-group analyses did
notrevealssignificant differences in percentage weight gain or fat-mass
gain (Extended Data Fig. 10c,d), the marked reduction in food intake
and prevention of weight gainin the caspase-treated group highlight
theimportance of fat-responsive dHPC neurons in promoting energy
intake and contributing to diet-induced obesity.

Discussion

In the present study, we demonstrate that the dHPC plays a critical
rolein controlling food intake. We identify previously unappreciated
and distinct orexigenic populations of dHPC neurons that selectively
respond to post-ingestive fat or sugar. Although both are orexigenic,
they exert differential control over macronutrient preference, moti-
vation, and memory. The dHPC®'#" neurons are essential for spatial
memory, whereas dHPC™ neurons primarily influence motivation. Our
findings establish the dHPC as a critical brainregion underlying energy
balance, withmultiple orexigenic neuronal populations representing
promising therapeutic targets for obesity intervention.

Identification of orexigenic neurons in the HPC

Prior studies have firmly established the crucial role of an intact HPC
in the control of normal eating behavior. Notably, individuals with
anterograde amnesia who have lesions that encompass the HPC have
shown deficitsin the regulation of satiety>”>’*. In rodent models, phar-
macologicallesioning studiesin which the entire HPC is removed have
demonstrated an increase in food approach behavior?, meal size”’,
and in some cases increased daily food intake and body weight™-*"*,
Furthermore, transient inhibition of neurons in either the ventral or
dorsal HPC has been found to augment food intake**>%*'7%7°, whereas
stimulation of glutamatergic neurons decreases food intake*”°. Addi-
tionally, the administration of satiety hormones directly into the vHPC
has been shown to decrease food intake, whereas the deletion of the
receptors for these hormones increases food intake®*®, Together, these
datasupporttheideathat the HPC plays a causal rolein the inhibition
of food intake. Yet the HPC is activated by ghrelin®* and food cues,

Fig. 6 | Sugar-responsive dHPC neurons promote food intake. a, Schematic of
experimental paradigm for ad libitum 45% high-fat, high-sugar (HFHS) diet
intake from BioDAQ in dHPCS"¢"" mice expressing either the control or h(M3Dq
virus. b, Cumulative hourly food intake in response to saline or CNO (n=6

mice per group, two-way within-subjects ANOVA with Holm-Sidak post hoc
analysis). ¢, Schematic of experimental paradigm for ad libitum 60% high-fat
(HF) diet intake from BioDAQ in dHPC™™ mice expressing either the control or
hM3Dq virus. d, Cumulative hourly food intake in response to saline or CNO
(n= 6, two-way within-subjects ANOVA with Holm-Sidak post hoc analysis).
e-g dHPC®#* mice expressing control or caspase virus maintained on HFHS diet
for10 days in BioDAQ. e, Ten-day total HFHS diet intake (n =10 for Sugar®",
n=9forSugar®*", unpaired two-tailed t-test). f, Average cumulative HFHS diet
intake in dark phase (n =11for Sugar®", n =12 for Sugar“"*, two-way ANOVA
with Holm-Sidak post hoc analysis). g, Average cumulative HFHS diet intake in
light phase (n =11for Sugar®", n =12 for Sugar®*", two-way ANOVA with Holm-
Sidak post hoc analysis). h,i, Body weight gain (h) and fat mass accumulation

(i) of control mice on HFHS diet for 4 weeks (n = 9 mice per group, RM one-way
ANOVA with Holm-Sidak post hoc analysis). j,k, Body weight gain (j) and fat
mass accumulation (k) of dHPCS"s mice with caspase ablation on HFHS diet for
4 weeks (n=9 mice per group, RM one-way ANOVA with Holm-Sidak post hoc
analysis). l,n, dHPC™ mice expressing control or caspase virus maintained on HF
diet for 10 days in BioDAQ. I, Ten-day total HF diet intake (n = 7 mice per group,
unpaired two-tailed ¢-test). m, Average cumulative HF dietintake in dark phase
(n=7 mice per group, two-way ANOVA with Holm-Sidak post hoc analysis).

n, Average cumulative HF diet intake in light phase (n = 7 mice per group, two-way
ANOVA with Holm-Sidak post hoc analysis). o,p, Body weight gain (o) and fat
mass accumulation (p) of control mice on HF diet for 4 weeks (n =9 mice per
group, RM one-way ANOVA with Holm-Sidak post hoc analysis). q,r, Body weight
gain (q) and fat mass accumulation (r) of dHPC™ mice with caspase ablation on
HF diet for 4 weeks (n = 7 mice per group, RM One-way ANOVA with Holm-Sidak
post hoc analysis). Data are presented as mean + s.e.m. Elements of aand c were
created in Biorender.
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both of which promote food intake***. In humans, an orexigenic hip-
pocampal circuit has recently been discovered thatis strengthenedin
obesity*’. Circuits have beenidentified that connect HPC neurons with
brain regions associated with motivated behavior?*>%>% but these
have for the most part not been linked with increased food intake. An
exceptionisa circuit from the vHPC to lateral hypothalamus, which is
necessary to mediate endogenous ghrelin’s orexigenic effect in meal
entrainment®, Whether ghrelin-receptor-expressing VHPC neurons are
anorexigenic population, or whether ghrelininhibits an anorexigenic
population, remains to be determined. This study identifies two previ-
ously unknown orexigenic populationsin the dHPC.

We demonstrate a pivotal role for both dHPC neuronal populations
inregulating the preference and intake of orally consumed solutions
of isolated nutrients. Deleting nutrient-responsive dHPC neurons
decreases consumption, whereas stimulation increases intake in a
nutrient-specific manner. Specifically, dHPC™ neurons influence the
quantity of fat solutions that animals consume, whereas dHPCS'&"
neurons exclusively governsugar preference. These findings extend to
complexdiets, with dHPC®“¢* neurons impacting the number of HFHS
diet meals consumed inthelight phase, and dHPC™ neurons influenc-
ing the high-fat-diet meal size in the dark phase. Our findings reveal a
previously unrecognized level of sophisticationin hippocampal control
of food intake, demonstrating that the dHPC is exquisitely attuned to
the specific macronutrient composition of ameal.

Although the hippocampus has been implicated in hunger and
satiety signaling**%, our study provides the first evidence for
specific neuronal ensembles within the dHPC that directly encode
post-ingestive nutrient signals. We demonstrate a causal role for
the vagus nerve in conveying these signals to the brain. Our findings
extend previous findings on vagal-hippocampal interactions, includ-
ing vagal-mediated HPC neurogenesis’* %, synaptic function®*?*, and
hippocampal-dependent behavioral outcomes*”*s, However, the
incomplete blockade of dHPC activation following vagotomy sug-
gests that additional pathways, such as gut hormone signaling®~*°
and/or spinal afferents, are involved. Although emerging evidence
implicates spinal afferents innervating the intestine in glucose sens-
ing and metabolism'°°'°?, a spinal-HPC circuit remains unidentified,
and the role of spinal afferents in transmitting nutrient information
beyond glucose to the brain remains to be established. Irrespective,
our work fills a critical gap in knowledge by identifying fat and sugar
as key physiological stimuli driving the activation of this gut-hip-
pocampal circuit. These findings provide amechanistic framework for
understanding how the brain processes nutrient-specificinformation
toinfluence food intake.

Explaining separate fat and sugar signaling mechanisms

An intriguing question that emerges from these findings is: why do
distinct HPC neurons respond separately when activated by different
post-ingestive stimuli? In the natural world, foods are rarely composed
of acombination of both fat and sugar, potentially exerting selective
evolutionary pressures that favored the development of separate bio-
logical systems for encoding distinct memories for either fat-rich or
sugar-rich foods. Several studies have demonstrated that individuals
exhibit more accurate spatial memory for the locations of high-calorie
foods'*>"'*, hinting at the presence of memory systems finely tuned for
efficiently locating and recalling nutritionally valuable food sources.
These separate memory systems likely necessitate the ability to remem-
ber specific contextual cues associated with these different food types.
We suggest that the formation of separate HPC neurons dedicated to
either fat and sugar preference and appetitive memory might occur
through one of two non-mutually-exclusive mechanisms.

Firstly, ingested fats and sugars might activate separate, parallel
gut-brain circuits. Prior work from our lab provides evidence that
fats and sugars are sensed by two separate populations of vagal sen-
sory neurons*®. Notably, the deletion of these vagal populations was

shown to impair learned preferences in a nutrient-specific manner*.
Furthermore, segregated cellular responses to fats or sugarsin central
reward circuits downstream of vagal sensory neurons were observed*®,
suggesting that there are separate hardwired signaling mechanisms for
rewards to different nutrients. In support of this possible mechanism,
we found that stimulation of nutrient-specific vagal sensory neurons
increases neuronal activity in the dHPC.

A second mechanism that could enable fat and sugar to activate
separate dHPC populations is pattern separation. The DG in the HPC
has a pivotal role in the process of pattern separation'*°?, a funda-
mental computation that allows neural circuits to distinguish between
similar input activity patterns and transform theminto distinct output
patterns"®", This mechanism is crucial for avoiding the confusion of
memories associated with similar experiences. Pattern separation has
beenwell-established inrodent studies™ " and is supported by human
studies"®", in which the DG’s large number of neurons and sparse
coding contribute to the decorrelation of input signals before reach-
ing CA3 (refs. 111,120). Lesions to the DG result in novelty-detection
impairments following exposure to new spatial environments'”, high-
lightingitsimportance inreducing interference from previous experi-
ences. We observe enrichment of DG activity in the dHPC in response
to post-ingestive fat or sugar, which aligns with the possible role of the
DG for discriminating contexts associated with appetitive compared
with non-food related stimuli, but also encoding post-ingestive fat
and sugar as dissimilar, non-overlapping memory representations.

Identification of an appetitive engram for sugar

Neuronsinthe HPC play a pivotal role in transforming new experiences
into lasting memories that shape future behaviors. Immediate early
genes (IEGs), like Fos, are transiently expressed in specific HPC neu-
ron populations following learned experiences'>> ">, Reactivation of
neurons on the basis of IEG activity is essential for memory retrieval'>,
whereasinhibition of these ensemblesimpairs memory recall?*, under-
scoring the critical role of IEGs in consolidating and recalling specific
memories. The use of activity-dependent expression of reporters there-
fore provides a framework for exploring engram ensemble.

Theterm ‘engram, firstintroduced by Richard Semon, describes
amemory representation in the brain'?. Since itsintroduction, efforts
have focused onidentifying these engrams on the basis of the ability to
observe, erase, and artificially express them'”®, During memory forma-
tion, specific neuronal populations that constitute engram ensembles
becomeactivated and undergo cellular changes®*°. Inhibiting these
changesimpairs memory'*®, and reactivation of these ensembles enable
memory retrieval'”. Although substantial progress has been made in
understanding memory and engrams, particularly in the context of
aversive and socialinteractions'>"*'"*2, an engram associated with appe-
titive memory has notbeen defined, despite evidence that memory for
food is highly conserved across species from insects to humans' %7,

Using the Fos™*” mouse model, we tagged neurons expressing
Fos to target ensembles linked to appetitive stimuli. We found that a
sparse network of Fos-expressing neurons in the dHPC responds to
fat and sugar, encoding appetitive memory. This activation meets
thefirst criterion for identifyingamemory trace. Selectively deleting
sugar-responsive or fat-responsive neurons reduced nutrient-specific
memory expression, fulfilling the second criteria. Notably, deleting the
neurons tagged in response to sugar impaired the contextual memory
forsugar, demonstrating that different hippocampal engrams function
separately™®, Therefore, the sugar engram does not broadly disrupt
memory retrieval, even of other appetitive memories.

Chemogenetic stimulation of sugar-responsive dHPC neurons
during testing enhanced performance in a spatial memory task
related to sugar, indicating that these neurons are sufficient for
memory recall. By contrast, stimulating fat-responsive neurons did
not improve fat-location memory performance. Moreover, ablat-
ing sugar-responsive neurons did not affect the initial learning of a
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sugar-associated flavor preference, but did lead to a rapid decline in
memory for this preference, underscoring the role of these neurons
inmemory expression after conditioning. Taken together, these data
provide evidence of asugar engram and demonstrate that dHPC popu-
lations for fat and sugar are distinct.

Wealso provide the first direct evidence thatimpaired memory for
foodlocation reduces food intake. Mice lacking sugar-responsive neu-
rons consumed less sugar and had fewer meals of a sugar-rich diet dur-
ingthelight phase, suggesting amemory-based mechanismunderlying
sugar consumption. This aligns with the concept that remembering a
food’s location increases the likelihood of eating it, while forgetting
reducesintake, as seenin people with Alzheimer’s disease who experi-
ence reduced food intake owing to memory impairments®*'°,

In a separate set of experiments, we attempted to address the
nature of the interrelationship between short-term memory (STM)
and long-term memory (LTM). The debate whether these processes
aredistinct or part of a unified memory systemis ongoing, with some
research suggesting that STM is an active component of LTM'*"' or
partofasingle system™° ™, Recent neuroimaging research has leaned
towards the idea of aunified memory system'*">% although it might
be difficult to parse out the overlapping features of STM and LTM that
include encoding, retention, and recall. Our findings suggest that
separate neural populations areinvolved in short-term working mem-
ory and long-term episodic memory, as deletion of sugar-responsive
neurons in the dHPC impaired episodic memory without impacting
performance in a task of working memory. Together, these results
reveal a sugar-specific engram in the dHPC, show distinct neuron
populations encoding fat and sugar memories, and underscore the
role of food location memory in regulating intake and behavior, while
also contributing to the broader understanding of memory systems.

The hedonic hippocampus
The precise role of the hippocampus in motivated behaviors, particu-
larly in the context of reward seeking, remains controversial®>**¢2, Our
findings provide important insights by identifying a specific subset of
hippocampal neurons crucial for motivation and learning related to fat
rewards. These fat-responsive dHPC neurons are involved in assigning
incentive salience to fat-related cues and facilitating Pavlovian con-
ditioning, demonstrating a specialized role for the hippocampusin
processing macronutrient-specific information. Notably, the effects of
these neurons are specifically tied to food-related contexts, suggesting
amore circumscribed functionthan that of general reward-processing
systems. Intriguingly, sugar-responsive neurons had no effect on motiva-
tion towork for asugar reward or formation of conditioned preference
associated with sugar, aligning with previous studies indicating that hip-
pocampal lesions do notimpact sugar conditioning’. These results fur-
ther underscore the different functions of fat and sugar dHPC neurons.
Our results align with previous work identifying hippocampal
neurons that encode reward location across contingencies and envi-
ronments®’. These neurons are thought to be involved in the process
ofencodingandretrieving memories related to rewards, regardless of
the context in which the reward was experienced. Our data suggest a
possible role for these neurons in mapping the site of areward and/or
increasing the motivation to access the reward.

Conclusion

TheHPCisabrainregionrecognizedforitsroleinlearningand memory,
butour findings revealamore complexrolein controlling food intake.
The HPCactsas a critical nexus integrating sensory, motivational, and
mnemonic processes to guide feeding decisions. We demonstrate
that sugar-responsive dHPC neurons are part of an appetitive engram
that encodes sugar location memory that can be erased or artificially
activated. Conversely, fat-responsive dHPC neurons promote moti-
vation and strengthen cue associations for post-ingestive fat. These
neurons therefore have separate functionsin creating aninternal model

that maps the environmental availability and locations of high-calorie
foods (sugar neurons) and modulates the internal drive to obtainthem
(fat neurons). In our current food environment, there is the poten-
tial for devastating impact of these orexigenic neurons to exacerbate
cue-induced consumption of obesogenic foods rich in fat and sugar.
By elucidating the neural mechanisms underlying nutrient-specific
consumption, our findings provide afoundation for developing strate-
gies to counteract the obesogenic environment.

Methods

Animals and housing

All animal procedures followed ethical guidelines, and all protocols
were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Florida (protocol no. 202110305) and
Monell Chemical Senses Center (protocol nos. 1187 and 1190). Adult
mice (6-20 weeks; males and females; C57BL/6) background) were
used and maintained onareverse 12-h light-dark circle. Animals were
purchased and bred in house. Strain details and number of animals in
eachgroupareasfollows. C57BL/6)J wild type: n = 84;42male, 42 female.
Fos Cre tdTomato: n=116; 58 male, 58 female. These mice were gener-
ated by crossingJackson Laboratory B6.129(Cg)-Fost™ cr/ERT2Luc /) (JAX
stock n0.021882) and Ail4 (B6.Cg-Gt(ROSA)26Sor m+(CAC tdTomatoltize /j
JAX stock n0.007914). Animals were single housed at 22 °C, 40-60%
humidity, with ad libitum access to standard rodent chow (3.1 kcal g7,
Teklad 2018, Envigo) or HFHS diet (45% calories from fat; 4.7 kcal g,
Research Diets D12451) or HF diet (60% calories from fat; 5.2 kcal g™;
Research Diets D12492), unless stated otherwise. Prior to experiments,
animals were habituated to experimental conditions for 2-3 days.

TRAP protocol

As previously described*®, animals were fasted for 6 h prior to IG infu-
sion. Thirty minutes before onset of the dark phase, mice received an
IGinfusion of sugar solution (15%, wt/vol, sucrose) or fat solution (6.8%,
vol/vol, Microlipid) (500 pl, 100 pl min™) in their home cage, on the
basis of their assigned group. 4-OHT (30 mg kg, i.p., MilliporeSigma)
wasinjected 3 hafter the stimulus, and standard chow wasreturned to
animals’ home cage 3 h after 4-OHT injection.

Surgeries

IG catheter implantation. IG catheters were made from 6 cm silicon
tubing (.047" OD x.024" ID, SIL047, Braintree Scientific) composed of
6 beads of silicon glue (no. 31003, Marineland) and a Pinport (Instech
Labs) for infusions. Analgesics buprenorphine XR (1mgkg™) and car-
profen (5 mg kg™) were injected (subcutaneously (s.c.)) 20 minutes
prior to the surgery. Once animals had been anesthetized, a midline
incision was made with a scalpel into the abdomen, and hemostats
were used to blunt dissect the skin layer away from the muscle layer
toallow the catheter to be pulled between the abdominal incision site
and the back of neckincision site. The stomach was exteriorized using
abluntforcep and a4-mm purse suture was then placed atthejunction
of the greater curvature and fundus. Fine tip forceps were used to
puncture the center of the purse suture, and the end of the IG catheter
was inserted into the stomach. The purse suture was then tightened
and tied around the catheter. Next, a puncture hole was made in the
left lateral abdominal wall using fine tip forceps, and the catheter was
pulled through and secured using 5-0 absorbable suture. The muscle
layer of the abdominal incision site was then sutured, and the open
end of the catheter was pulled through to the back of the neck through
a hole made in the middle of the shoulder blade. A 22-gauge Pinport
was anchored in the tubing using superglue and once the patency of
the catheter was confirmed through flushing with sterile saline, the
catheter was secured with a purse suture around the hole in the back.
Finally, the skin of the abdomen was closed with sterilized suture clips.
Forrecovery, animals were fed with moistened chow in their home cage
and were administered carprofen for 2 days after the surgery.
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Vagotomy. Surgeries were performed aseptically following the IACUC
Guidelines for Rodent survival surgery. Mice were anesthetized by inha-
lation of a continuous flow of 1.5-2% isoflurane. The pedal reflex test
was performed before surgery to ensure that eachmouse had reached
anappropriatelevel of anesthesia. Mice were placed on a sterile drape
warmed by a heating pad. Fur was shaved from the abdomen before
cleansing with three exchanges of ethanol and betadine. Sterile surgi-
cal equipment was used to create a 2-4 cm midline laparotomy. The
smallintestine and colon were externalized and placed on sterile gauze
moistened with sterile 0.9% NaCl saline. The subdiaphragmatic vagus
nerve was visualized by gentle retraction of the liver and stomach.
Complete subdiaphragmatic vagotomy was performed by cutting the
left and right branches of the vagus directly caudal of the diaphragm
using springscissors. Sham animals had their subdiaphragmatic vagus
nerve visualized, but it was not tampered with. The internal organs
were repositioned and the incision site was covered with sterile gauze
moistened with 0.9% NaCl saline until intestinal infusions.

Following the vagotomy, asilicone tubing wasinserted viaasmall
openinginthe stomach wall, into the proximal section of the duodenal
lumen. The duodenum received a 5-minute infusion of either sucrose
(15%, wt/vol or fat (6.8%, vol/vol) solution (500 pl, 100 pl minute™).
Post-stimulation, incisions were sutured, and the mice were allowed to
recover on aheating pad until they voluntarily moved to the unheated
sectionof the cage. After 90 minutes, the mice were perfused and their
brains were collected, post-fixed in 4% PFA for 24 h and keptat 4 °Cin
a30% sucrose in PBS solution until processing.

Nodose ganglia injection

The animals received a subcutaneous injection of carprofen (5 mg
kg™; Henry Schein) 10 minutes before surgery. Anesthesiawas induced
with 1.5-2.5% isoflurane, and a 2-cm midline incision was made on the
ventral aspect of the neck. After retracting the salivary glands and
lymphnodes, the vagus nerve was carefully separated from the carotid
artery using fine-tip forceps. The NG was exposed by retracting the
surrounding muscle and dissecting the connective tissue. A microma-
nipulator equipped with a glass pipette (30-pm tip diameter, beveled
ata45-degree angle) was used to position and puncture sheath of the
NG. A Picospritzer lllinjector (Parker Hannifin) was used to control the
injectionspeed and volume (total volume, 0.25 pl) directly into the NG,
withtheanimalsreceivingeither acontrol virus (pAAV9-EF1a-DIO-EYFP,
Addgene 27056) or a Cre-dependent ChR2 virus (pAAV9-Efla-double
floxed-hChR2(H134R)-EYFP-WPRE-HGHpA, Addgene 20298). The
incision site was then closed using 5-0 sutures. Animals were fed with
moistened chow, and a post-operative analgesic was administered
24 h after the surgery. Two weeks after the NGinjections, a Gl catheter
wasimplanted, and animals were then trapped with either sugar or fat.
Optogenetic stimulation was applied tothe NG bilaterally (30 sat 5 mW
intensity per side), and the animals were perfused 90 minutes later.
Brains were then collected for cFos staining, and NG were collected to
validate ChR2 expression.

Stereotaxic viral injections

Mice were anaesthetized with 1.5-2% isoflurane and were injected
with carprofen analgesia (5 mg kg™, s.c.) before bilateral injection in
the dorsal hippocampus (dHPC). Core temperature was maintained
using a homeothermic monitoring system, and the absence of pedal
reflex was utilized as a standard for appropriate depth of anesthe-
sia. Animals were restrained in a stereotaxic frame (World Precision
Instruments), and their skulls were secured by positioning the bilat-
eral ear crossbars into auditory meatus. A 2- to 3-mm incision was
madeinthe midline of the scalp using ascalpel, and the sagittal suture,
bregma, and lambda of the skull were then exposed. With the bregma
serving as an anatomical landmark, a dental drill was used to pen-
etrate the skull above the target brain area. For dHPC viral injections,
a Hamilton neuros syringe filled with a viral construct was lowered

to the injection site in the dHPC (anteroposterior (AP), -1.8 mm;
mediolateral (ML), + 0.4 mm; dorsoventral (DV), -2.1 mm). The viral
construct (0.2 plperside, 0.1 ul minutes™) was injected through astere-
otaxic injector pump (Harvard Apparatus), and the needle remained
in place for a further 10 minutes to minimize the backflow of solu-
tion out of the injection site. The needle was removed slowly after
the injection, and a 5-0 absorbable suture was used to close the skin.
pAAV5-flex-taCasp3-TEVp was agift from N. Shah and]. Wells (Addgene
no. 45580)°%; pAAV9-EF1a-DIO-hM3D(Gq)-mCherry was a gift from B.
Roth (Addgene no.44361); and pAAV-EF1a-DIO-EYFP was a gift from B.
Roth (Addgene no. 27056, both AAV5 and AAV9 serotypes were used)'®’.

Behavioral tests

Food restriction. For allmemory and motivation tasksinvolving food,
animals were maintained at 85-90% of their original body weight by
food restriction. In brief, for weight maintenance, the animals’ body
weight was recorded every 24 h, and they were fed with a set amount
offood calculated on the basis of the loss of their original body weight.
Animals were restricted from food 6 h before the task and were not
refed until 2 h after the end of the task to prevent interference from
food consumed outside of the task. If any mouse weighed less than
85% of their starting body weight, they were fed 2.5 g plus the excess
weight loss until they reached 85% of their starting body weight. Ad
libitum water access was provided in the home cage.

Food intake measurement. Food intake measurement and
meal-pattern analysis were performed using the BioDAQ episodic Food
Intake Monitor (BioDAQ, Research Diets). Previously validated meal
criteria were used for food intake analysis (minimal meal size, 0.02 g;
maximum inter-meal interval, 300 s)'**. Animals were single-housed,
acclimated to the BioDAQ cages, and fed ad libitum with chow for at
least 3 days. For the caspase ablation study involving obesogenic diet
intake measurement, animals were switched to their respective diets
following the acclimation period. Their intake was then continuously
monitored using a BioDAQ system for at least 10 days. For the Gq stimu-
lation study, animals were maintained on an obesogenic diet for 5 days
andtrained toreceivei.p.injection. Onthe experimental day, the mice
were injected with either saline or CNO 30 minutes before the dark
phase, and food intake was measured over the next 24 h. Meal param-
etersincluding meal size, the number of meals (meal frequency), meal
duration, and inter-meal interval were calculated using the BioDAQ
Monitoring Software.

Body-composition analysis

Whole-body-composition analysis was performed using EchoMRI
before and after 2 and 4 weeks of obesogenic diet consumption,
depending on the animals’ assigned group. In brief, following daily
calibration of the EchoMRI device, the animals were gently placedina
plastictube designed for EchoMRI analysis. The tube was then inserted
into the EchoMRI, and fat mass was measured.

Behavioral experiments

Measurement of nutrient solution consumption and flavor-nutrient
conditioning tests were conducted in mouse behavioral chambers
enclosed in a ventilated and sound-attenuating cubicle (Med Asso-
ciates). Each chamber was equipped with slots for sipper tubing,
equipped with contact lickometers with 10-ms resolution (Med Associ-
ates) that were used to detect licking. Licking and behavioral data were
collected using the proprietary MedPC-V Software Suite. All memory
tests, except for the nutrient-driven Barnes Maze task, were conducted
inopen field apparatus (41x41 cm; 30 cm height). The foraging-related
Barnes maze task* involved an elevated white circular Barnes maze
(diameter, 92 cm; height, 95 cm) with16 holes (diameter, 5 cm), evenly
spaced around the outer edge of the table’s circumference. The holes
were covered with Petri dishes, and visuospatial cues were placed on
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each of the walls surrounding the table. XT Behavior Tracking Software
(Noldus Information Technology; version17) was used for behavioral
analysis. The experimental apparatus was first outlined by defining an
arenainthe software. Specificzones were then created and defined to
encompass the objects in the arena. Animal tracking was conducted
on the basis of head or body position.

Measurement of nutrient solution consumption
Food-restricted mice were habituated and trained in these operant
chambers with saccharin (0.2%, wt/vol) for 1 h per day for at least 3
days, or until their number of total licks reached at least 1,000 licks
h™. Thebottle containing saccharin was placed in a different slot each
day to avoid side preference. For caspase ablation studies, once ani-
mals were fully trained, they underwent consumption tests for either
sucrose solution (15%, wt/vol) orisocaloric fat solution (6.8%, vol/vol)
in arandomized order to minimize the influence of systematic con-
trast effects. Next, during consumption preference tests, one bottle
with sucrose solution was placed on one side, and another bottle with
isocaloric fat solution was placed on the other side. All the tests were
conducted for 30 min day ™ for 3 days, and the number of licks was
recorded. In one batch of animals, the bottle location was swapped
every 10 minutes. For chemogenetic manipulation, baseline sucrose
or fat consumption was assessed 20 minutes after saline injection,
until the animals consumed similaramounts (+10%) for 3 consecutive
days. On the day of the experiment, sucrose or fat consumption was
measured 20 minutes following the administration of CNO (dilutedin
saline, 3 mg kg, Enzo Life Sciences).

Brief-access taste acceptance test

Brief-exposure taste acceptance was assessed using MS160-Mouse gus-
tometers manufactured by DiLog Instruments (now manufactured by
Med Associates) using proprietary Davis Rig software. Eachgustometer
consists of a test chamber (14.5 cm x 15 cm x 15 cm) with a motorized
shutter that controls access to a taste solution. Bottles of taste solution
aremounted onarack thatis precisely positioned by a stepper motor
so that any one of eight different taste solutions can be presented to
the mouse. The drinking spout of eachbottleis part of a high-frequency
alternating current contact circuit, so that each lick the mouse makes
is detected and recorded. To train the mice to sample taste solutions
(sucrose, 0-30%, wt/vol; fat, 0-13.4%, vol/vol), they werefirst deprived
of water for 22.5 h and then placed into a gustometer with its shutter
open. During the first training session, each mouse had continuous
access to water for 30 minutes. It was then returned to its home cage
and given water for 1 h. During the following 2 days, this procedure
was repeated, except the shutter allowing access to water was closed
5seconds after each time the mouse began to lick and was reopened
after a7.5-second interval. After 20 minutes, the mouse was returned
toitshome cage and given water for 1 h. By the second test using these
procedures, allmice had learned to obtain water during the 5-seconds
access periods.

Flavor nutrient conditioning test

To test whether ablation of nutrient-responsive HPC neurons affects
specific nutrient-flavor association, atwo-bottle preference test was
performed. Once animals were trained to lick saccharin, as described
previously, a pretest was performed in which mice weregiven1 haccess
to two novel Kool-Aid flavored solutions (cherry or grape, 0.05%, wt/
vol)insaccharin (0.025%, wt/vol). To avoid development of side prefer-
ence, sipper bottle positions were switched after 30 minutes. Subse-
quently, animals underwent a 1-h conditioning session each day for 6
days, during which the less preferred flavor defined in the pretest was
paired with IG infusions of isocaloric nutrients (CS+; 6.8% fat or 15%
sucrose), and the preferred flavor was paired with IG infusions of saline
(CS-).Specifically, during conditioning sessions, IG infusions of either
nutrients or saline delivered by a syringe pump (20 pl per lick, 600 pl

minute ™) were triggered by detection of the first lick, and additional
licks detected within 6 seconds had no programmed consequences.
Upon completion of these conditioning sessions, mice underwent a
post-testidentical to the pretest without IG infusions. The number of
licks for the nutrient-paired flavor during the pre- and post-tests was
used to calculate flavor preference ratios (CS+licks / total licks) before
and after conditioning. For dHPCS“¢" mice, an additional post-test was
performed 2 days after the initial post-test to assess memory of the
post-ingestive sucrose-conditioned flavor. To evaluate whether the
impaired fat conditioning in the caspase-treated dHPC™ group was
due to fewer fat infusions or impaired learning, the pair-fed group
was limited to 22 fat infusions, matching the number received by the
dHPC™ ablation group.

Progressive ratio licking test

To assess whether nutrient-responsive dHPC neurons are important for
nutrient-specific motivation, a progressive ratio (PR) operant licking
test®” was performed. Food-restricted mice were initially trained to
lickanactive sipper spout toreceive 15% sucrose or isocaloric fat solu-
tion through tubing mounted in a syringe pump (1 pl per lick, 600 pl
minute™) under fixed ratio 1 (FR1) schedule (1h day ™ for 3 days). After
reaching >80% discrimination for the active sipper over the inactive
sipper, the schedule was increased to FR5 for an additional 2 days.
Tests under the PR schedule were then performed, and failure to lick
theactive sipperinany 10-minute period resulted in termination of the
session (1 h per session). For chemogenetic experiments, on PR test
days, mice received either saline or CNO (i.p; 3 mg kg™) 20 minutes
prior to entering the operant chamber in a counterbalanced design.
The number of licks was recorded, and the breakpoint of reinforce-
ment was calculated to quantify an animal’s willingness to work for a
nutrient solution.

Nutrient-driven food location memory test

To assess whether nutrient-responsive dHPC neurons are necessary
for food location reference memory, a modified nutrient-driven food
cup task**'*was conducted. Food-restricted mice were habituated in
anopen-field apparatus with visual cues, as described previously, for
5 minutes. The next day, apretest was performed inwhich animals were
allowed to explore the same arena containing two empty Petri dishes
placed in opposite corners for 5 minutes, and the baseline preference
for two quadrants was determined. Twenty-four hours later, animals
underwent conditioning sessions (3 x 5-minute sessions) in which the
less-preferred quadrant was paired with a Petri dish containing drops of
nutrientsolution (CS+,20 x 10 pl drops per session) and the preferred
quadrant was paired withaPetridish containing drops of water (CS-,20
x10 pldrops per session). One hour or 24 h after the last conditioning
session, a post-testidentical to the pretest was conducted inwhich both
Petri dishes were available with no stimuli. The time spent exploring
each Petri dish was recorded across the whole experiment, and the
discrimination index was calculated as the time spent exploring CS+/
total exploration time, to assess animals’ memory performance.

Nutrient-driven food location memory test with chemogenetic
manipulation

To evaluate the role of nutrient-responsive dHPC neurons in
context-dependent spatial memory for specific nutrients, amodified
foodlocation memory task was conducted with chemogenetic manipu-
lation using CNO. Mice expressing hM3Dq or control virusin dHPC neu-
rons trapped with IG infusion of sucrose (15% wt/vol) or fat (6.8% vol/
vol) were habituated to two novel environments (context A and context
B) with two clean Petri dishes on opposing quadrants. During a 3-day
training phase, fat or sugar rewards (CS+,20 x 10 pl drops per Petridish)
orwater (CS-) were placed in opposite quadrants within each context,
with the specific locations of the rewards and water different between
contexts. Mice received saline injections 20 min before each training
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session for 10 min, and were exposed to one context in the morning
and the other in the afternoon. A 24-h retention test with empty Petri
dishes assessed initial memory performance in each context. Seven
days later, the experiment was repeated, but mice received CNO
(3 mgkg™) 20 minbefore being placed in either the context paired with
their trapped nutrient or the opposite context. Time spent exploring
eachPetridish wasrecorded, and adiscriminationindex was calculated
to evaluate memory performance.

Nutrient-driven Barnes maze test

To evaluate the effect of nutrient-responsive dHPC neurons on
food-related spatial working memory, amodified Barnes maze test was
performed®. The holes were covered on the maze and 16 Petri dishes
were placed evenly distributed around the edge. Food-restricted mice
were firstallowed to explore the Barnes maze apparatus for 5 minutes.
The next day, animals were trained to use spatial cues to locate the sin-
gle Petridish containing sucrose (15% wt/vol) or isocaloric fat (6.8% vol/
vol). All other Petri dishes contained water. Each animal received two
trials per day for three training days with 2-minute intertrial interval.
Between trials, the maze was cleaned using 70% ethanol to avoid any
confounding odor effect. Importantly, the target dish remained in a
consistent positionin both trials conducted on each training day, but
was relocated to a new position at the beginning of the initial trial on
each subsequent training day. The number of incorrect investigations
wererecorded, and the difference in the number of errors between trial
2 and trial1on anindividual training day was calculated to determine
whether animals improved their appetitive spatial working memory
performance.

Novel object in context test

To assess the specificity of nutrient-responsive dHPC neurons in modu-
lating non-food related memory, an HPC-dependent novel object
in context test (NOIC) test'*® was performed. Animals underwent 10
minutes of habituation to two distinct environments on separate days
(context A, an opaque box with black stripes; context B, an opaque box
with nostripes). Onday three, half of the animals were placed in context
A for 10 minutes with two identical Lego blocks (object 1) positioned
on opposite corners, and the other half were first placed in context B
for 10 minutes with a different set of identical Lego blocks (object 2)
placed in opposite corners. Animals were then switched and trained
inthe other context for another 10 minutes, spending 1-3 minutes in
their home cage between contexts. Twenty-four hours later, the NOIC
recognition test was conducted by placing animalsin their last trained
context (familiar context) for 10 minutes, with one object familiar
to the context and one novel object belonging to the other context.
The amount of time spent exploring the objects (¢,,ve; and t¢ymitiar) WaS
recorded, and a discrimination index was calculated as ,,,e; / (1ovel T
trmiiar) O @ssess memory performance. Seventy percent ethanol was
used to clean all objects and contexts between tests.

Conditioned place preference test

A CPP paradigm was performed to assess whether activating
nutrient-responsive dHPC neurons induced nutrient-specific moti-
vation. In a pretest, animals were exposed for 15 minutes to the CPP
apparatus (Med Associates) containing two distinct chambers with
different floors and walls to establish baseline preferences. Subse-
quently, a 4-day conditioning phase was implemented, pairing the
less preferred chamber with CNO injections (3 mg kg™, i.p.) and the
other with saline. Animals were alternated between chambers daily,
with CNO or saline administered 20 minutes prior to chamber entry.
A 15-minute post-conditioning test assessed chamber preference in
the absence of injections. The amount of time spent in each chamber
was recorded using video tracking software, and a preference index
was calculated as time spent exploring the CNO-paired chamber /
total exploration time.

Histology

Transcardial perfusion was performed in deeply anesthetized animals
with PBS, followed by 4% PFA. Following perfusion, brains were col-
lected and left in 4% paraformaldehyde for 24 h and then transferred
to a 30% sucrose solution containing 0.1% sodium azide for at least
72 hbefore further processing. In some experiments, nodose ganglia
were collected and leftin 4% PFA for 1 hand transferred to 30% sucrose/
sodiumazide solution for 24 h.

Tissue processing and storage

Slicing. Whole brains were frozen and embedded in optimal cut-
ting temperature compound. A Leica frozen microtome (CM 3050
S, Leica Biosystems) was used to section the tissue into 3 series at a
thickness of 35 um per section for cFos staining and 20 pm per sec-
tion for RNAscope. Slices were stored in cryoprotectant at -80 °C for
immunohistochemistry.

Immunohistochemistry: Fos. The tissue was removed from cryo-
protectant and rinsed in PBS 3 times (10 minutes each time) at room
temperature. Subsequently, tissue was incubated for 30 minutesin a
blocking buffer consisting of permeabilizing agent (244.5 ml of PBS,
5 ml of serum, 0.5 ml of Triton X-100, 0.25 g of BSA) and 20% normal
donkey serum at 37 °C to prevent non-specific antibody binding. Tis-
suewas thenincubated overnightin permeabilizing agent containing
arabbit anti-cFos primary antibody (1:1,000, Cell Signaling, clone
9F6) at 4 °C. On the following day, the tissue was rinsed in PBS 3 times
(20 minutes each time) at room temperature, followed by incubation
in PA containing a Alexa Fluor 647-conjugated donkey anti-rabbit-IgG
secondary antibody (1:500, Abcam). Tissue was then rinsed in PBS 3
times (1 h each time), mounted on slides, coverslipped with Prolong
Diamond Antifade Mountant (Invitrogen), and stored at -20 °C until
imaging and analysis.

RNAscope. To characterize nutrient-responsive HPC neurons, we
used RNAscope for single-molecule fluorescence in situ hybridiza-
tion using a fluorescent multiplex kit (Advanced Cell Diagnostics)
on 20-um-thick HPC sections. Tissue sections were first placed in
the HybEZ Il Oven for 30 minutes and then post-fixed in prechilled
4% PFA for 15 minutes. After fixation, the sections were subjected
to sequential ethanol washes (5 minutes each in 50%, 70%, and 100%
ethanol, with an additional 100% ethanol wash). Once fully dried,
RNAscope hydrogen peroxide solution was applied to the sections
andincubated at room temperature for 10 minutes. Following several
washes in distilled water, the target retrieval was performed using a
steamer. Protein digestion was then carried out with protease Il at
40 °C for 30 minutes, followed by two rinses in distilled water. An
Slc32a1 (319191-C2) or Slcl17a7 (501101-C2) probe was then applied
to the slides and incubated in a humidified oven at 40 °C for 2 h. The
slides were rinsed twice with RNAscope wash buffer, and colorimetric
reactions were performed according to the standardized protocol
provided withthe kit (OPAL, AkoyaBiosciences). After the final wash,
tissue sections were incubated with DAPI (from the RNAscope kit) for
30 seconds and then covered with FluoroGel.

Imaging

The HPC and PVH were identified using amouse brain atlas'*’. During
image acquisition, the experimenter was blinded to the treatment
condition. Images of each region of interest (ROI) were acquired
with a Keyence BZ-X800 microscope using a x10 objective. Images
were stitched using the BZ-X800 analyzer with the correct-shading
function. To quantify the number of positive cells, including trapped
cells, Fos" cells, and their colocalization, we used a semi-automated
approach using NIS Elements AR Analysis software (version 5.11.01)
and at least three sections per region per mouse were quantified. For
dorsal HPC (bregma, -1.8 mm + 0.4 mm) and ventral HPC (bregma,
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-3 mm + 0.2 mm) slice quantification, an ROl encompassing the
HPC was drawn for both hemispheres. The cells were automatically
identified and counted using the Bright Spot Detection function,
with diameter and contrast filters were applied to ensure precise
selection. The same filters were applied to all images and adjusted
mildly between mice. Overlap between trapped cells and Fos® cells
were calculated as the number of double® cells (TRAP* and Fos™)
in all Fos® cells. Final data were represented as the number of cells
per section averaged from all the slices in the area of interest in one
hemisphere. For PVH slices (bregma, -1 mm 0.2 mm) quantification,
asimilar method was employed. However, the final data reflect the
total number of cells within the entire ROI, rather than cell counts
inone hemisphere.

For the NGimage, whole NG samples were imaged witha x16 objec-
tive using a2-photon microscope (Bruker) taking optical z-stacks every
20 pm with proprietary Prairie View v5.7 software. The final figure
displays asingle section from the z-stack for each channel.

Data analysis

Nostatistical methods were used to pre-determine sample sizes, butour
sample sizes are similar to those reported in previous publications?*,
Allexperiments were performed in pseudo-random counterbalanced
designwith allanimals receiving each treatment. All datawere analyzed
byinvestigatorsblinded to the treatment conditions, butinvestigators
were not blinded to group allocations. Only mice with AAV-mediated
protein expression confined to the injection target region (hip-
pocampus) were included in the final analysis. Statistical analyses
are described for each figure and were performed using GraphPad
Prismsoftware, version10. Two-tailed unpaired Student’s ¢-tests were
used to compare two groups; two-tailed paired Student’s t-tests were
used to compare two treatments or tests in the same animal. One-way
ANOVA, with or without repeated measures, was used to compare three
groups; two-way ANOVA, with or without repeated measures, was used
to compare more than one factor between groups. Data are presented
asmean * s.e.m., and statistical significanceis declared at P< 0.05. The
data met the assumptions of the statistical tests used. Normality and
equal variances were formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

There are no publicly available datasets for this manuscript. All data
necessary tointerpret, replicate, and build upon the methods or find-
ings reported here are contained within the manuscript and supple-
mental information. All mouse lines, plasmids, and reagents used in
this study have been previously published and/or are commercially
available, and are detailed in the Reporting Summary. Further infor-
mationand requests for resources and reagents should be directed to
and will be fulfilled by G.d.L.Source data are provided with this paper.
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Extended Data Fig. 1| vHPC neuronal responses to IG nutrient infusions.

A Representative images of Fos expression in the ventral hippocampus (vHPC)
following IG infusion of saline, sucrose or fat. Scale bar 100 pm B Higher
magnification of the vCA1from (A). Scale bar 50 um. C-E Quantification of Fos-
positive neurons normalized for area sized in the dHPC and vHPC following IG
infusion of (C) saline, (D) sucrose or (E) fat. (N = 5/group, Paired Student’s t test).
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mean =s.e.m.*P <0.05,*P < 0.01, **P < 0.001, ***P < 0.0001, NS, not significant.
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Extended Data Fig. 3 | Confirmation of dHPC specificity of caspase mediated
ablation. A. Representative images of tdTomato-positive neurons in the PVH of
FosTRAP mice following IG infusion of sucrose with control virus injection (left)
or caspase virusinjection in the dHPC. B Representative images of tdTomato-
positive neurons in the PVH of FOsTRAP mice following IG infusion of sucrose
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with control virus injection (left) or caspase virus injection in the dHPC.

C Quantification of sucrose-responsive tdTomato-positive neurons in the PVH

(N =5-6, Unpaired Student’s t-test). D Quantification of fat-responsive tdTomato-
positive neurons inthe PVH (N = 5, Unpaired Student’s t-test). Data are presented
asmean ts.e.m. ns, not significant. Scale bars 100 pm.
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Extended Data Fig. 4 | Fat and sugar responsive dHPC neurons influence
intake in a nutrient-specific manner and have no effect on taster. A. Schematic
of Davisrig for brief access taste preference test. B Trials initiated for arange
sucrose concentrations in Fos™* mice with ablation of dHPC¢", dHPC™, or
controls (N = 5-6/group, Two-way ANOVA with Holm-Sidak post-hoc analysis).
CNumber of licksin the first 5 s per trial for arange sucrose concentrationsin
Fos™*" with ablation of dHPC'¢", dHPC™", or controls (N = 5-6/group, Two-way
ANOVA with Holm-Sidak post-hoc analysis). D Trials initiated for a range fat
concentrations in Fos™** mice with ablation of dHPC*'#*", dHPC™, or controls

(N =5-6/group, Two-way ANOVA with Holm-Sidak post-hoc analysis). ENumber
of licks per 5 s trial for arange fat concentrations in FOsSTRAP mice with ablation
of dHPC®8*, dHPC™™, or controls (N = 5-6/group, Two-way ANOVA with Holm-
Sidak post-hoc analysis). F-ILick numbers (1ul/lick) of sucrose or fat solutions
when presented as a single bottle with no choice. (F) Sucrose solution licking in
dHPCS*#" mice with and without viral-mediated ablation (N = 8-9/group,
Two-way ANOVA with Holm-Sidak post hoc analysis). (G) Fat solution licking in
dHPCS*&" mice with and without viral-mediated ablation (N = 8-9/group,
Two-way ANOVA with Holm-Sidak post hoc analysis). (H) Sucrose solution licking

in dHPC™ mice with and without viral-mediated ablation (N = 8/group, Two-way
ANOVA with Holm-Sidak post hoc analysis). (I) Fat solution licking in dHPC™*
mice withand without viral-mediated ablation (N = 8/group, Two-way ANOVA
with Holm-Sidak post hoc analysis). ] Representative images of CNO-induced
Fos expression (cyan) in dHPC of control FOsTRAP mice or mice expressing
hM3Dqin dHPC®¢*" or dHPC* neurons. K Percent overlap of CNO induced cFos
in tdtomato-positive TRAP neurons (N = 5-6/group, One-way ANOVA with Tukey
post hoc analysis). L Number of CNO induced cFos-positivie neurons (N = 5-9/
group, One-way ANOVA with Tukey post hoc analysis). M Schematic of the
Fos™*" mice that receive a virus expressing YFP reporter to serve as a negative
control for the chemogenetic experiment in Fig. 3. N Sucrose solution licking in
control mice following saline or CNO (N = 11/group, Two-way ANOVA with Holm-
Sidak post hoc analysis). O Fat solution licking in control mice following saline
or CNO (N =10/group, Two-way ANOVA with Holm-Sidak post hoc analysis). Data
are presented as mean +s.e.m.**P < 0.01, **P < 0.001, ns, not significant. Scale
bars100 pm. Elements of this figure were created in BioRender. Lab, D. (2024)
BioRender.com/i72i182.
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Extended Data Fig. 5| Ablation of nutrient responsive dHPC neurons has no
effect on memory recall of different nutrient location or non-food related
memory. A-E Control experiments for Fig. 4. (A) Discrimination of fat quadrant
in dHPC“#" mice without viral-mediated ablation (N =9, One-way ANOVA

with Tukey post hoc analysis). (B) Discrimination of fat quadrant in dHPCS'&
mice with viral-mediated ablation (N = 9, One-way ANOVA with Tukey post

hoc analysis). (C) Discrimination of sucrose quadrant in dHPC™ mice without
viral-mediated ablation (N = 8/group, One-way ANOVA with Tukey post hoc
analysis). (D) Discrimination of sucrose quadrant in dHPC* mice with viral-

mediated ablation (N = 8/group, One-way ANOVA with Tukey post hoc analysis).

E Discrimination index of the nutrient-paired quadrant one week after the

e Familiar object® Novel object

training (N = 8-10/group, Unpaired Student’s t-test). F Schematic of novel object
in context. G Exploration time of familiar and novel object on test day in dHPCSU&
mice withand without viral-mediated ablation (N = 7/group, Two-way ANOVA
with Holm-Sidak post hoc analysis). H Percent of the time spent exploring the
object thatis novel in new context in the same animals (N = 7, Unpaired Student’s
t-test). I Exploration time of familiar and novel object on test day inin dHPC™
mice with and without viral-mediated ablation (N = 8-9/group, Two-way ANOVA
with Holm-Sidak post hoc analysis).J Percent of the time spent exploring

the object thatis novelin new context in the same animals (N = 8-9, Unpaired
Student’s t-test).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Fat- and sucrose-responsive dHPC neurons are not
required for working memory or sufficient to influence memory in the wrong
context. A Schematic of nutrient-related Barnes maze test. BNumber of errorsin
locating the sucrose location on first and second trial in dHPCS®* mice without
viral-mediated ablation (N = 7/group, Paired Student’s t test). C Number of
errorsinlocating the sucrose location on first and second trial in dHPCS"8* mice
with viral-mediated ablation (N = 6/group, Paired Student’s t test). D Number

of errorsinlocating the fatlocation on first and second trialin dHPCS'&" mice
without viral-mediated ablation (N = 7/group, Paired Student’s t test). ENumber
of errorsinlocating the fat location on first and second trial in dHPC®“8* mice
withviral-mediated ablation (N = 6/group, Paired Student’s t test). F Number of
errors in locating the sucrose location on first and second trial in dHPCF mice
without viral-mediated ablation (N = 9/group, Paired Student’s t test). G Number

of errorsinlocating the sucrose location on first and second trial in dHPC™ mice
withviral-mediated ablation (N = 7/group, Paired Student’s t test). H Number

of errorsinlocating the fat location on first and second trial in dHPC™ mice
without viral-mediated ablation (N = 9/group, Paired Student’s t test). INumber
of errorsin locating the fat location on first and second trial in dHPC™ mice

with viral-mediated ablation (N = 7/group, Paired Student’s t test). J Control
experiment for Fig. 4g. Discrimination of fat quadrant in response to saline and
CNO in dHPCS“& mice expressing viral-mediated hM3Dq or control (N = 5-8/
group, Paired Student’s t test). K Control experiment for Fig. 4h. Discrimination
of sucrose quadrant in response to saline and CNO in dHPC™ mice expressing
viral-mediated hM3Dq or control (N = 6-7/group, Paired Student’s t test). Data are
presented as mean +s.e.m.*P < 0.05, **P < 0.01, ns, not significant. Elements of
this figure were created in BioRender. Lab, D. (2024) BioRender.com/c40u835.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Fat- and sucrose-responsive dHPC neurons are
notrequired for learning. A Number of sucrose infusions received during
conditioning tests from Fig. 5b, cand f (N = 6-8, Two-way ANOVA with Holm-Sidak
post hoc analysis). B. Number of fat infusions received during conditioning
tests from Fig. 5b, c and f (N = 5-7, Two-way ANOVA with Holm-Sidak post hoc
analysis). CPreference for fat paired flavor after restricting conditioning
infusions in control mice to match the number of ablation of fat-responsive
dHPC neurons (N = 9/group, Paired Student’s t test). D Sucrose lick number
foractive and inactive sippers during conditioning session for dHPCS'&" mice
with control or caspase virus (N = 7, Two-way ANOVA with Holm-Sidak post hoc
analysis). E Fat lick number for active and inactive sippers during conditioning
session for dHPC™ mice with control or caspase virus (N = 9-10, Two-way ANOVA

with Holm-Sidak post hoc analysis). F Breakpoint for sucrose reward in dHPC™
mice with control or caspase virus (N = 6, Two-way ANOVA with Holm-Sidak

post hoc analysis). G Sucrose lick number for active and inactive sippers during
conditioning session for dHPC™ mice with control or caspase virus (N = 6, Two-
way ANOVA with Holm-Sidak post hoc analysis). H Sucrose lick number for active
and inactive sippers during conditioning session for dHPC'“*¢ mice with control
or hM3Dq virus (N = 6-11, Two-way ANOVA with Holm-Sidak post hoc analysis).
IFatlick number for active and inactive sippers during conditioning session

for dHPC™ mice with control or hM3Dq virus (N =10-12, Two-way ANOVA with
Holm-Sidak post hoc analysis). Data are presented as mean +s.e.m. *P < 0.05, ns,
notsignificant.

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01194-6

Pre-test

Extended Data Fig. 8| Motivation induced by nutrient-responsive dHPC
neuronsis tied to food-related context. A Schematic of conditioned place
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Extended DataFig. 9 | Deletion of dHPC"¢* neurons decreases meal number
inthe dark phase and prevents weight gain over 4 weeks. A Dark phase meal
pattern analysis of 45% HFHS diet in dHPC®“#* mice with viral-mediated ablation
(N =11-12/group, unpaired t-test). B Light phase meal pattern analysis of 45%
HFHS diet in dHPCS"#" mice with viral-mediated ablation (N =11-12/group,
unpaired t-test). CComparing percent weight gain at 2 and 4 weeks between

dHPC*#" mice with viral-mediated ablation (N = 9/group, two-way ANOVA with
Holm-Sidak post hoc analysis). D Comparing percent fat mass accumulation at

2 and 4 weeks between dHPC®“#" mice with viral-mediated ablation (N = 9/group,
two-way ANOVA with Holm-Sidak post hoc analysis). E Cumulative hourly food
intake in control mice in response to saline and CNO (N = 5, Two-way RMANOVA
with Holm-Sidak post-hoc analysis).
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Extended DataFig.10 | Deletion of dHPC™ neurons decreases meal size in the
dark phase. A Dark phase meal pattern analysis of 45% HFHS dietin dHPC®"&*
mice with viral-mediated ablation (N =11-12/group, Unpaired Student’s t test).

B Light phase meal pattern analysis of 45% HFHS diet in dHPC“#" mice with
viral-mediated ablation (N = 11-12/group, Unpaired Student’s t test). C Comparing
percent weight gain at 2 and 4 weeks between dHPC™*#"" mice with viral-mediated

ablation (N = 9/group, Two-way ANOVA with Holm-Sidak post hoc analysis).

D Comparing percent fat mass accumulation at 2 and 4 weeks between dHPCS“&*
mice with viral-mediated ablation (N = 9/group, Two-way ANOVA with Holm-
Sidak post hoc analysis). E Cumulative hourly food intake in control mice in
response to saline and CNO (N =5, Two-way RM ANOVA with Holm-Sidak
post-hoc analysis).
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