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The ability to encode and retrieve meal-related information is critical to effi-
ciently guide energy acquisition and consumption, yet the underlying neural
processes remain elusive. Here we reveal that ventral hippocampus (HPCv)
neuronal activity dynamically elevates between eating bouts during meal
consumption and this response is predictive of performance in a foraging-
related memory test for the spatial location of a previously consumed meal.
Targeted recombination-mediated ablation of HPCv meal-responsive neurons
impairs meal location memory without influencing food motivation or spatial
memory for escape location. These HPCv meal-responsive neurons project to
the lateral hypothalamic area (LHA) and are enriched in serotonin 2a receptors
(5HT2aR). Either chemogenetic silencing of HPCv-to-LHA projections or intra-
HPCv 5HT2aR antagonist yielded meal location memory deficits, as well as
increased caloric intake driven by shorter temporal intervals between meals.

Collective results identify a population of HPCv neurons in male rats that
dynamically respond during eating to encode meal-related memories.

Encoding and remembering critical information surrounding food
consumption is advantageous to efficiently guide future eating beha-
viors. Foraging, for example, is facilitated by the retrieval of previously
stored spatial information about the location of food sources. Even in
the modern environment where food is easily accessible, meal-related
memories play an important role in the regulation of eating behaviors.
For instance, the ability to recall a recent meal robustly influences
subsequent hunger and satiety ratings, as well as the amount of food
consumed during the next meal'®,

The hippocampus is a key brain structure for the integration of
learning and memory processes with food-seeking and con-
summatory behaviors’. For example, a subnetwork within the human
hippocampus implicated in obesity and associated eating disorders

was recently identified®. The ventral subregion of the rodent hippo-
campus (HPCv) is especially responsive to endocrine and neuro-
peptide signals that regulate metabolism and food intake control’™,
thus making this brain region a prime candidate target for storing
meal-related memories. Consistent with this hypothesis, silencing
HPCv neurons after food consumption accelerates the onset of a
subsequent meal and increases its size™', indicating that HPCv
neuronal activity in close temporal proximity to a meal influences
future eating episodes.

Memory engrams are well characterized for fear-related aversive
memories where a specific neuronal ensemble in the amygdala
encodes fear memory and its reactivation promotes fear-appropriate
behavioral responses”~?'. While engrams encoding aversive events are
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also formed in the hippocampus®?, engrams encoding positive

reinforcing appetitive events such as cocaine administration?, female
exposure?®?, and prosocial interactions®® are formed in this region as
well. Despite these advances, the neural circuitry encoding memory
engrams pertaining to meal consumption remains to be identified.
Here we sought to identify a specific ensemble of meal-responsive
HPCv neurons and the mechanisms through which they encode meal-
related memory engrams.

Results

Ventral hippocampus neural activity between eating bouts
during meal consumption predicts foraging-related memory
performance for the spatial location of a previously

consumed meal

To determine whether HPCv neurons are dynamically engaged dur-
ing meal consumption, we expressed the calcium indicator GCaMP7s
in the HPCv (Fig. 1a, b) and assessed bulk calcium-dependent activity
time-stamped to behavioral events (active eating vs. inter-bout
intervals) over the course of a 30 min meal following a 24 h fasting
period. Results revealed that CAlv bulk calcium-dependent activity
dynamically decreases during active eating bouts and increases
during inter-bout intervals (Fig. 1c, d). These results suggest that
HPCyv activity is engaged during a meal at times when the animals are
rearing and observing their environment (periods between active
eating bouts). These same rats were then trained in a foraging-related
spatial memory test for the location of a previously consumed meal
(Fig. 1e) and performance index at the memory probe was positively
correlated with the magnitude of calcium-dependent activity
increases during the interbout intervals from the prior meal photo-
metry test (Fig. 1f). These findings indicate that HPCv activity
dynamics during a meal are functionally connected to memory
capacity for meal location.

To identify the subregional anatomical location of HPCv meal-
responsive neurons, we employed a “targeted recombination in
active population” (TRAP) viral approach to express, following
intraperitoneal (ip) administration of 4-hydroxytamoxifen (4OHT;
15 mg/kg; H6278, Sigma-Aldrich, St. Louis, USA), green fluorescent
protein (GFP) in HPCv field CAl (CAlv) neurons expressing cFos
following a 24 h fast (“Fasted®™™”), consumption of a 30 min meal
(“Fed™), or a 30min exposure to predator (coyote) urine
(“Coyote®™) (Fig. 1g, h). Results revealed a significantly greater
number of GFP* cells bodies in the Fed“* versus the Fasted®" group,
no difference in the number of GFP+ cell bodies between Fed®"
versus Coyote“” group, and a trend for a greater number of GFP* cell
bodies in the Coyote®” versus the Fasted®™" group (p =0.0797). The
GFP* cells in the Fed®™ state were predominantly located in the
pyramidal layer of CAlv (Fig. 1i, j). These results were further con-
firmed by cFos immunostaining showing significantly enhanced CAlv
cFos expression when rats are perfused under a Fed relative to a
Fasted state (Extended Data Fig. 1a, b). In addition, the specificity of
the TRAP approach to target CAlv meal-responsive neurons was
confirmed by greater overlap of cFos and GFP when feeding condi-
tions at the time of 40OHT administration and perfusion are matched
versus mismatched in the Fed“” group (Extended Data Fig. 1c, d).
Altogether, these findings indicate that a subset of HPCv neurons
(pyramidal CAlv region) display heightened intracellular activity in
response to a meal, and that the number of CAlv meal-responsive
neurons is comparable to the number CAlv neurons engaged during
predator urine exposure but greater than the number engaged dur-
ing fasting. Further, the activity of these meal-responsive CAlv neu-
rons occurs during the periods between eating bouts when animals
have an opportunity to observe the meal environment, and this meal-
induced neural response is correlated with foraging-related spatial
memory performance for meal location.

Ventral hippocampus meal-responsive neurons encode meal
location spatial memory without affecting food motivation,
escape location spatial memory, energy balance, or anxiety-like
behavior

To investigate the function of CAlv meal-responsive neurons, we
modified the previous TRAP viral approach to express diphtheria toxin
(dTA) in CAlv neurons expressing cFos under a Fasted or Fed state
(Fig. 2a), leading to dTA-mediated chronic ablation of CAlv neurons
active in response to fasting (Fasted'™) or meal consumption (Fed“™).
These animals were compared to a group undergoing 4OHT-induced
expression of GFP in CAlv neurons (Control®"). No differences in
average daily chow intake nor body weight following 4OHT-induced
recombination were observed across experimental groups (Extended
Data Fig. 2a, b), although chronic loss of CAlv meal-responsive neurons
increased meal size relative to the Fasted®™ and Control®™ groups
(Extended Data Fig. 2c) and decreased meal frequency relative to the
Control®* group (Extended Data Fig. 2d) without affecting inter-meal
intervals (Extended Data Fig. 2e). We used a foraging-related spatial
memory procedure where animals learn to use visuospatial cues to
navigate towards the location of a previously consumed meal (Fig. 2b)
or an escape-based spatial memory task (Fig. 2c) that employs the
same apparatus as the foraging version and is of similar difficulty but is
based on memory for escape instead of meal location®. In the foraging-
related spatial memory task, rats from the Fed'™ group showed sig-
nificantly impaired memory performance during a memory probe test
for the food location relative to both the Control®" and Fasted™
animals (Fig. 2d-f). Animals from the Fed™ group did perform a
greater number of investigations relative to the Control®?® group, but
no group differences in distance traveled were observed (Extended
Data Fig. 2f-h).

To determine whether the impairment in meal-related spatial
memory is secondary to the loss of a larger number of neurons in the
CAlv in Fed™™ vs. Fasted’™ animals, another cohort of animals
underwent 4OHT-mediated expression of GFP (Coyote®") or dTA
(Coyote®™) of CAlv neurons active in response to 30 min exposure to
predator (coyote) urine. As indicated above, Fed-TRAP and Coyote-
TRAP approaches targeted a comparable number of CAlv neurons
(Fig. 1i, j). Results revealed that rats from the Coyote™ group did not
differ from Coyote®" animals during either the acquisition phase
(Fig. 2h, i) or the memory probe test (Fig. 2j). No group differences
were observed in distance traveled nor the number of investigations
(Extended Data Fig. 2i-k). These findings indicate that loss of CAlv
neurons responsive to a fear-associated non-appetitive event—and
with a similar number of neurons ablated compared to Fed“™ animals—
does not affect foraging-related spatial memory.

To assess the selectivity of CAlv ablated neurons in Fed™ animals
in mediating spatial memory for meal location (vs. spatial memory in
general), another cohort of animals underwent the same meal-related
ablation or control treatment as with the previous cohort, before
training in the escape-based spatial memory task. In this case, Fed™
rats did not differ from Control°® animals during escape location
training (Fig. 2I, m) nor during the memory probe test (Fig. 2n). The
overall distance traveled, and number of investigations were similar
across groups (Extended Data Fig. 2I-n). Thus, meal-responsive CAlv
neurons appear to selectively mediate memory associated with meal
consumption.

It is possible that the memory impairment in the food-reinforced
spatial task in rats with meal-responsive CAlv neurons ablated was
secondary to elevated anxiety-like behavior and/or motivation for the
sucrose reinforcer, as this brain region is associated with both
anxiety’>* and food motivation***, To test this, a similar cohort of
animals was tested in an effort-based operant lever pressing for
sucrose rewards (progressive ratio reinforcement schedule), as well as
the zero maze test for anxiety-like behavior. Results reveal no group
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Fig. 1| Dynamic elevations in ventral hippocampus calcium-dependent activity
between eating bouts during meal consumption are predictive of performance
during a foraging-related spatial memory task. a Diagram of viral approach for
fiber photometry, adapted from the Brain Maps 4.0 structure of the rat brain’®.

b Representative photomicrograph of viral expression and optic fiber placement in
the ventral CAl relative to the alveus (alv); scale bar 100 pm (representative pattern
was observed in all animals used in the analyses, n =5). ¢ Representative trace of a
single animal of the increase in ventral CAl calcium-dependent activity during the
interbout intervals (purple). d Average change in z-score for fluorescence over the
course of an eating bout versus an interval (n =5 animals)(p = 0.0341). e Foraging-
related spatial memory task apparatus (created in BioRender. Kanoski, S. (2025)
https://BioRender.com/5vogl8n). f Simple linear regression of the increase during
interbout intervals predictive of subsequent performance in a separate foraging-
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related spatial memory task. g Diagram of the viral approach for 40HT-inducible
expression of green fluorescent protein (GFP) in ventral CAl neurons active in a
Fasted or Fed state, adapted from the Brain Maps 4.0 structure of the rat brain’®.
h Timeline for intraperitoneal (ip) injection of 4-hydroxitamoxifen (4OHT) under
the Fasted, Fed or Coyote state. i Representative photomicrographs of the pyr-
amidal layer of the ventral CAl (CAlv(sp)) with GFP* cell bodies from neurons that
were active in the Fasted, Fed or Coyote state, relative to the alveus (alv); scare bar
100 pm. j Quantification of ventral CAl cell bodies labeled with GFP using the TRAP
method under the Fasted (n=5), Fed (n=4) or Coyote (n =5) state (p value for
Group = 0.0130; p value for Fasted®™ vs. Fed®™ = 0.0120). Data are presented as
mean + SEM. For Fig. 1d, two-tailed paired t-test (n =5). For Fig. 1j, one-way ANOVA,
Tukey post hoc *p < 0.05. No symbol indicates lack of significance.
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differences in either the progressive ratio test (Extended Data Fig. 20)
or the time spent in the open areas of the zero maze (Extended
Data Fig. 2p). Collectively, CAlv meal-responsive neurons appear to
selectively modulate spatial memory for meal location without altering
spatial memory in general, sucrose motivation, energy balance, or
anxiety-like behavior.

Ventral hippocampus meal engram-encoding neurons project
to the lateral hypothalamic area

To determine whether HPCv neurons engaged by meal consumption
or fasting present distinct neural projection profiles, whole forebrain
GFP* axonal density was assessed in the brains of rats following 40OHT-
induced GFP expression in CAlv neurons engaged under a Fasted
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Fig. 2 | Ablation of ventral hippocampus meal-responsive neurons selectively
impairs foraging-related spatial memory. a Diagram of viral approach for
4-hydroxytamoxifen (4OHT)-inducible Cre-dependent expression of diphteria
toxin (dTA) (Fasted’™ and Fed?™) or green fluorescent protein (Control®?) in
ventral CAl neurons active in the Fasted or Fed state, adapted from the Brain Maps
4.0 structure of the rat brain’®. b Diagram of Barnes maze apparatus for the
foraging-related spatial memory task for the Control°™vs Fasted™ vs Fed‘™ groups
(created in BioRender. Kanoski, S. (2025) https://BioRender.com/5vog18n).

¢ Diagram of Barnes maze apparatus for the escape-based spatial memory task for
the Control®® vs Fed™ groups (created in BioRender. Kanoski, S. (2025) https://
BioRender.com/ani3u4u). d Average number of errors and e latency to find the
food during training for the foraging-related spatial memory task for the Control*
(n=8) vs Fasted™ (n=9) vs Fed"™ (n=10) groups. f Performance index during the
probe for the foraging-related spatial memory task for the Control* (n=8) vs
Fasted?™ (n=9) vs Fed'™ (n=10) groups (p value for Group = 0.0009; p value for
Control®™ vs. Fed?™ =0.0239; p value for Fasted?™ vs. Fed™ = 0.0011; p value for

1-sample t-test for Control®”" =0.0023; p value for 1-sample t-test for

Fasted?™ < 0.0001; p value for 1-sample t-test for Fed'™ = 0.0009). g Average
number of errors and h latency to find the food during training for the foraging-
related spatial memory task for the Coyote®”" (n=7) vs Coyote?™ (n=7) groups.

i Performance index during the probe for the foraging-related spatial memory task
for the Coyote® (n=7) vs Coyote?™ (n=7) groups (p value for I-sample t-test for
Coyote®’ =0.0225; p value for 1-sample t-test for Coyote'™ = 0.0183). j Average
number of errors and k latency to find the escape box during training for the
escape-based spatial memory task for the Control®™ (n=7) vs Fed'™ (n = 6) groups.
I Performance index during the probe for the escape-based spatial memory task for
the Fed®™ (n=7) vs Fed'™ (n=6) groups (p value for 1-sample t-test for
Control < 0.0001; p value for 1-sample t-test for Fed™ = 0.0020). Data are pre-
sented as mean + SEM. For d, e, g, h and j, k, two-way ANOVA. For f, Kruskal-Wallis,
multiple comparisons. For i and I, two-tailed unpaired t-test; *p <0.05, *p < 0.01.
For f, i and I, one-sample t-test, different from chance set at 0.1667; p < 0.05,

*p < 0.01, **p < 0.005, ***p < 0.001. No symbol indicates lack of significance.

(Fasted®™) or Fed (Fed®™) state. While GFP* axonal projections were
observed in the nucleus accumbens (ACB) and lateral septum (LS) of
rats from both the Fasted®” and Fed®" groups (Fig. 3a, b), the presence
of dense GFP" axonal projections in the lateral hypothalamic area
(LHA) was exclusive to Fed" animals (Fig. 3c). In contrast, minimal
GFP* axonal density was observed in other known projection targets of
CAlv neurons, including the prefrontal cortex (PFC), bed of the stria
terminalis (BST), and amygdala (AMY) in either the Fasted®™ or Fed“"®
groups (Extended Data Fig. 3a-c).

CALlv projections to the LS have also been linked with appetitive
spatial memory®'. To further validate that the CAlv-to-LHA pathway is
preferentially recruited following meal consumption relative LS pro-
jections, AAV-retrograde tracers were injected into the LS (GFP) and
LHA (mCherry) of rats (Fig. 3d) and brains were perfused following
meal consumption for cFos immunostaining of CAlv meal-responsive
neurons. Although a similar number of LS (GFP) and LHA-projecting
(mCherry) CAlv neurons were labeled (Fig. 3e), only a limited amount
of CAlv neurons expressed both GFP and mCherry (Fig. 3e), indicating
that CAlv-to-LHA-projecting neurons have minimal collateral projec-
tions to LS. Further, while only a small proportion of LS-projecting
CAlv neurons expressed cFos following meal consumption, the
majority (~65%) LHA-projecting CAlv neurons were meal-responsive
(Fig. 3g, h).

To determine whether LHA-projecting CAlv neurons are active
during meal interbout intervals when animals are likely to encode meal
engrams, we employed a dual-virus approach to express the calcium
indicator GCaMP7s in HPCv neurons projecting to the LHA (Fig. 4a, b)
and assessed bulk calcium-dependent activity time-stamped to beha-
vioral events (active eating vs. inter-bout intervals) over the course of a
30 min meal following a 24 h fasting period. Results revealed that bulk
calcium-dependent activity in CAlv neurons projecting to the LHA
dynamically decreases during active eating bouts and increases during
inter-bout intervals (Fig. 4c, d). To verify if these increases in calcium
activity serve to encode foraging-related spatial information, we next
employed a similar dual-virus approach to chemogenetically inhibit
CAlv neurons sending projections to the LHA following lateral ven-
tricle (LV) infusion of the chemogenetic ligand clozapine-N-oxide
(CNO; 18 mmol) (Fig. 4e, f). In the absence of LV infusion, rats assigned
to the vehicle (VEH) and CNO treatments presented similar number of
errors and latencies to reach the food source throughout training
(Fig. 4g, h). During the memory probe, rats receiving LV infusion of
CNO failed to demonstrate a preference for the hole with the tunnel
previously containing food and performed significantly worse than
those receiving VEH (Fig. 4i and Extended Data Fig. 4a). LV infusion of
CNO did not affect the total number of investigations performed nor
the total distance traveled (Extended Data Fig. 4b, c). We have pre-
viously shown that LV infusion of CNO in the absence of hM4Di
receptors does not impact performance in this task®. Thus, CAlv meal-

responsive neurons promote foraging-related spatial memory through
a CAlv-to-LHA signaling pathway.

Ventral hippocampus serotonin type 2a receptor (SHT2aR) sig-
naling is required for meal location memory
To identify a molecular signature that distinguishes HPCv meal-
responsive neurons from fast-responsive neurons, we performed sin-
gle nucleus RNA sequencing (snRNAseq) on HPCv microdissections
obtained from rats under a Fasted or Fed state. After quality controls,
the transcriptome profile of 38,138 nuclei were used to identify 17
cellular subtypes, identified by the expression of prototypical marker
genes (Fig. 5a, b). We identified 1,615 cell type-specific differentially
expressed genes (Fig. 5¢c, Supplemental Table 1 and 2), with neuronal
transcriptome alterations overrepresented in a small number of cel-
lular subtypes, with endothelial cells (cluster 15; 44 genes down-
regulated, 301 upregulated) and a population of CAlv excitatory
neurons (cluster 5; 224 downregulated, 161 upregulated) undergoing
the greatest changes upon meal consumption (Fig. 5d, Supplemental
Table 1 and 2). Examining marker genes for cFos positive cells in the
Fed and Fasted state (Supplemental Table 3), we identified an enrich-
ment of Htr2a expression amongst the cFos positive cells in the Fed
relative to Fasted state (Fig. 5e). This enrichment in Htr2a was con-
firmed via fluorescent in situ hybridization, with greater colocalization
of cFos with Htr2a mRNA observed in the CAlv of rats perfused under a
Fed state relative to those perfused under a Fasted state (Fig. 6a, b).
To assess the functional relevance of HPCv 5HT2aR signaling in
meal-related memory, rats were bilaterally implanted with cannulae
targeting the CAlv for infusion of the selective SHT2aR antagonist
M100907 (1pg/hemisphere; M3324, Sigma-Aldrich) or its vehicle (VEH)
(Fig. 6¢). Rats were trained in the foraging-related spatial memory task
and, in the absence of infusions, both groups presented similar num-
ber of errors and latencies to reach the food source throughout
training (Fig. 6d, e). At the memory probe, rats receiving M100907
failed to demonstrate a preference for the hole previously associated
with meal consumption and performed significantly worse than ani-
mals receiving VEH (Fig. 6f and Extended Data Fig. 5a), an observation
analogous to the effect of chemogenetically silencing CAlv to LHA
projections. This impairment was not associated with differences in
the total number of investigations or distance traveled at the time of
the probe (Extended Data Fig. 5b, c). These data suggest that HPCv
meal-responsive neurons mediate their effects on foraging-related
spatial memory via 5SHT2aR signaling.

Ventral hippocampus meal-responsive neurons dictate the
temporal interval between meals

Episodic memory for meal consumption not only includes information
about spatial and contextual cues that inform about the location of the
meal, but also temporal information regarding when the meal was
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consumed. The latter powerfully influences meal timing and amount
consumed in both humans and rodent models in a manner indicating
that enhanced memory for when a recent meal was consumed extends
the timing to begin the next spontaneous/voluntary meal (i.e., longer
inter-meal interval), whereas impaired memory for a recent meal
shortens the timing until the next meal (i.e., shorter inter-meal

interval)>¢1>1%%¢, To determine whether acute manipulation of signal-
ing pathways from CAlv meal-responsive neurons influences food
intake and meal timing, meal pattern analyses were conducted fol-
lowing either CAlv 5HT2aR antagonism or CAlv-to-LHA chemogenetic
silencing prior to dark onset in free-feeding animals. CAlv infusion of
the SHT2aR antagonist M100907 increased food intake relative to VEH
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Fig. 3 | Ventral hippocampus meal-responsive neurons project to the lateral
hypothalamic area. a Left: Diagram of a coronal section of the nucleus accumbens
(ACB), adapted from the Brain Maps 4.0 structure of the rat brain®. Middle:
Representative photomicrographs of axonal green fluorescent protein (GFP)*
expression in the ACB from ventral CAl neurons active in the Fasted (Fasted®")
(n=5) or Fed (Fed®™)(n = 4) state, relative to the anterior commissure (ac); scale bar
100 um. Right: Average number of GFP" pixels in the ACB. b Left: Diagram of a
coronal section of the lateral septum (LS), adapted from the Brain Maps 4.0 struc-
ture of the rat brain’®. Middle: Representative photomicrographs of axonal GFP*
expression in the LS from ventral CAl neurons active in the Fasted (Fasted®™)(n=5)
or Fed (Fed®™®)(n=4) state, relative to the lateral ventricle (Iv); scale bar 100 pm.
Right: Average number of GFP* pixels in the LS. c Left: Diagram of a coronal section
of the lateral hypothalamic area (LHA), adapted from the Brain Maps 4.0 structure
of the rat brain’®. Middle: Representative photomicrographs of axonal GFP*
expression in the LHA from ventral CAl neurons active in the Fasted (Fasted“™)

(n=5) or Fed (Fed®?)(n =4) state, relative to the fornix (fx) and 3rd ventricle (3 v);
scale bar 100 um. Right: Average number of GFP* pixels in the LHA (p value =
0.0159). d Left: Representative photomicrograph of retrograde GFP viral expres-
sion in the LS, relative to the lv; scale bar 200 pm. Right: Representative photo-
micrograph of retrograde mCherry viral expression in the LHA, relative to the fx;
scale bar 200 pm. e Average number of LS (GFP)(n =4) and LHA (mCherry)(n = 4)-
projecting neurons labeled in the CAlv. f Average percentage of CAlv neurons
sending axonal projections to both the LS (GFP)(n =4) and LHA (mCherry)(n =4).
g Average percentage of LS (GFP)(n =4) and LHA (mCherry)(n = 4)-projecting CAlv
neurons expressing cFos in the Fed state (p value <0.0001). h Representative
photomicrograph of fluorescent in situ hybridization for Fos (cyan) in LS (GFP) and
LHA (mCherry)-projecting neurons of the CAlyv, relative to the alveus (alv); scale bar
100 pm. Data are presented as mean + SEM. For a-c and d-g, two-tailed unpaired t-
test; *p < 0.05, ***p < 0.0001. No symbol indicates lack of significance.

at the 2 h timepoint (Fig. 7a), and while no statistically significant dif-
ferences were detected in either meal size (Fig. 7b) or meal frequency
(Fig. 7c), inter-meal intervals were decreased/shorter by CAlv 5SHT2aR
antagonism (Fig. 7d), an outcome consistent with impaired memory
for the timing of recently consumed meals. Similarly, LV infusion of
CNO to disconnect CAlv-to-LHA signaling increased food intake rela-
tive to VEH treatment over a period of 6 h (Fig. 7e) and, while no
changes were observed in meal size (Fig. 7f), this effect was driven by
an increase in meal frequency (Fig. 7g) and a decrease in inter-meal
intervals (Fig. 7h). The timing of these effects was specific to each
separate drug treatment as CAlv 5HT2aR antagonism did not sig-
nificantly impact food intake and meal patterns over a period of 6 h
(Extended Data Fig. 7a-d) and LV infusion of CNO failed to alter food
intake and meal patterns over a period of 2 h (Extended Data Fig. 7e-h).
Together, these results highlight a role for HPCv meal-responsive
neurons to encode both spatial and temporal aspects of meal-related
memories, and that these processes influence spontaneous eating
patterns.

Discussion

Memory function strongly contributes to the control of eating beha-
vior, yet the neural substrates governing this phenomenon have been
minimally investigated. Here, we show that activation of a population
of hippocampal neurons (CAlv pyramidal) during meal consumption
serves to encode meal-related spatial and temporal mnemonic infor-
mation. We functionally, molecularly, and anatomically characterize
these meal-responsive neurons and demonstrate that they project to
the lateral hypothalamic area (LHA) and express the SHT2a receptor.
This neuronal ensemble selectively mediates meal-related memory
encoding without influencing food motivation or other analogous
memory processes not related to meal consumption, and further,
dictates the temporal sequence of spontaneous meal initiation.
Together, these findings provide evidence for the formation of meal
engrams in the CAlv that serve to facilitate foraging behavior, and
when food is readily available, the temporal parameters of meal
consumption.

That HPCv neurons are engaged upon food consumption is con-
sistent with previous studies revealing that optogenetic inhibition of
HPCv neurons influences food intake™'**. Further, fiber photometry
recordings of HPCv calcium-dependent activity reveal dynamic changes
during foraging and food-seeking behaviors™*. Our present results
advance these findings by establishing a role for HPCv neuronal activity
during eating behaviors in encoding meal-related memory, thus pro-
viding a mechanistic framework for this previous literature. Further,
HPCv calcium activity dynamics during meal consumption reveal ele-
vations selectively during the intervals between active eating bouts.
This suggests that HPCv neurons more effectively encode meal-
associated memories during periods of a meal when animals are rear-
ing or exploring and thus can more easily observe exteroceptive

features of the eating environment. Future work is needed to determine
whether these neurons respond selectively to nutritive signals, visuos-
patial cues during meal consumption, or a combination of the two.

The CAlv regulates eating behaviors through diverse neuronal
pathways, including axonal projections targeting the LS****, ACB"¥,
and PFC*. Our findings reveal that CAlv meal-responsive neurons
predominantly send axonal projections to the LHA, which is in line with
the well-known contribution of the LHA in regulating eating
behaviors®. We have previously shown that CAlv neurons also com-
municate via a multi-synaptic pathway to the LHA via the LS, and that
this pathway influences appetitive spatial memory without influencing
food intake or the temporal intervals between meals®. That direct and
second-order projections from the CAlv to the LHA promote appeti-
tive mnemonic processes, yet only a direct LHA connection influences
food intake and meal patterns, suggests that hippocampal-
hypothalamic direct and indirect pathways function on both con-
vergent and different processes governing energy balance. Consistent
with this framework, previous work identified a role for direct CAlv-to-
LHA neuronal projections in modulating appetite and meal parameters
through ghrelin signaling"*. Therefore, it may be the case that peri-
prandial concentrations of ghrelin recruit CAlv meal-responsive neu-
rons to encode mnemonic information, which is consistent with
findings that hippocampus ghrelin signaling promotes hippocampal
neuronal plasticity and conditioned cue-potentiated overeating'®*°.
Another relevant recent study reported that neurons of the ventral
subiculum, a region adjacent to the hippocampus proper, that project
to the nucleus accumbens (ACB) are recruited during food antici-
patory behavior in a ghrelin-sensitive manner, whereas ventral sub-
iculum neurons projecting to the LHA respond to the presentation of
salient stimuli*.. Whether these ventral subiculum projections work in
concert with CAlv meal-responsive neurons to encode meal-related
memories represents an intriguing follow-up direction.

Presents results identify the HPCv as a site of action for ser-
otonin’s influence on food intake-related processes. The pre-
dominance of the literature on serotonin signaling and food intake
control focuses on the anorexigenic effects of the serotonin type 2c
receptor (SHT2cR), notably in the hindbrain*>**. Here, we show a role
for HPCv 5HT2aR in modulating food intake, which is consistent with
reports of Htr2a variants influencing food intake and preferences in
humans®“*, In rodents, 5SHT2aR-expressing neurons in the central
amygdala are responsive to fasting and modulate food
consumption*”*8, That HPCv SHT2aR signaling influences food intake
through memory function is in line with reports in humans with Htr2a
allele variants influencing hippocampal function*™" and work in
rodents illustrating a role for SHT2aR signaling in learning in memory
processes®> ¥, and specifically in the HPCv®, In rats, the caudal region
of the dorsal raphe nucleus (DRN) serves as the source of serotonin to
the HPCv**®°, Given that food consumption increases the activity of
DRN serotonin neurons®*? and that SHT2aR agonism triggers neural
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excitation in hippocampal neurons®, one possibility is that meal-
induced serotonin release by DRN neurons acts within the CAlv to
recruit meal-responsive neurons and facilitate meal engram formation.
Our work identifies a mechanism through which 5HT2aR signaling in
HPCv meal-responsive neurons influences eating behaviors by
encoding meal-related memory.

In addition to 5SHT2aR, dopamine receptors are also expressed in
the hippocampus, and hippocampal dopamine receptor binding is
elevated following nutrient consumption in humans®. In mice,

Days of training

activation of dopamine receptor type 2-expressing neurons of the
dorsal subregion of the hippocampus both reduces food intake and
disrupts the encoding of contextual food-related memory®*. Whether
dopamine receptor signaling in the HPCv subregion is also relevant to
food intake and meal-related memory, and whether dopamine recep-
tor and 5HT2aR systems functionally interact in the hippocampus,
requires further evaluation.

Memories relating to the timing of a meal and the amount of food
consumed potently influence subsequent hunger, satiety, and caloric
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Fig. 4 | Ventral hippocampus neurons projecting to the lateral hypothalamic
area increase activity between eating bouts and promote foraging-related
spatial memory. a Diagram of viral approach for expression of GCaMP7s in ventral
CALl neurons projecting to the lateral hypothalamic area and implantation of the
optic fiber, adapted from the Brain Maps 4.0 structure of the rat brain’.

b Representative photomicrograph of GCaMP7s expression for placement valida-
tion of viral injections, relative to the alveus (alv); scale bar 100 pm (representative
pattern was observed in all animals used in the analyses, n =3). ¢ Representative
trace of a single animal of the increase in calcium-dependent activity during the
interbout intervals (purple) in ventral hippocampus neurons projecting to the lat-
eral hypothalamic area. d Average change in z-score for fluorescence over the
course of an eating bout versus during an interbout interval (n =3 animals)(p
value = 0.0165). e Diagram of viral approach for expression of hM4Di receptors in
ventral CAl neurons projecting to the lateral hypothalamic area and administration

of vehicle (VEH) or clozapine-N-oxyde (CNO) through a lateral ventricle (LV) can-
nula, adapted from the Brain Maps 4.0 structure of the rat brain’®. f Representative
photomicrograph of mCherry expression for placement validation of viral injec-
tions, relative to the alveus (alv); scale bar 100 pm (representative pattern was
observed in all animals used in the analyses, n =10). g Average number of errors and
h latency to find the food during training for the foraging-related spatial memory
task in animals assigned to VEH (n = 6) or CNO (n =4) groups. i Performance index
during the probe for the foraging-related spatial memory task, 1h following LV
administration of VEH (n = 6) or CNO (n = 4)(Group comparison p value = 0.0024; p
value for 1-sample t-test = 0.0014 for VEH group). Data are presented as mean +
SEM. For d, two-tailed paired t-test. For g-h, two-way ANOVA. For i, two-tailed
unpaired t-test (n =4-6/group); *p < 0.05, **p < 0.01. For i, one-sample t-test, dif-
ferent from chance set at 0.1667; *p < 0.01. No symbol indicates lack of
significance.
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Fig. 5 | Meal consumption alters the transcriptional profile of ventral hippo-
campus endothelial cells and CAlv excitatory neurons and engages SHT2aR
expressing cells. a Uniform manifold approximation and projection (UMAP) of the
ventral hippocampus (HPCv) samples identifying 17 clusters. b Annotation of cel-
lular subtypes with known makers of HPCv cellular subtypes. The size and color of
dots are proportional to the percentage of cells expressing the gene (Pct. Exp) and
the average expression levels of the gene (Avg. Exp.), respectively. The cluster
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numbers and colors are matched to that of the UMAP. ¢ Volcano plot depicting the
number of significant differential expression events induced by meal consumption
(Wilcoxon rank sum test, bonferroni correction; p values adjusted for multiple
testing). d Number of genes with meal consumption-altered increased (right) or
decreased (left) expression per cluster. e Heatmaps of select genes enriched in Fos+
cells under a Fasted or Fed state.

consumption'™. These phenomena are strikingly illustrated in patients
suffering from medial temporal lobe damage who are unable to form
new episodic memories and will thus, if permitted, consume multiple
consecutive meals in a short temporal window, resulting in greater
overall intake®. Additionally, human obesity and disordered eating
behaviors are associated with alterations within an orexigenic hippo-
campal subnetwork®. Our present findings illuminate the neural cir-
cuitry mediating these effects as both chemogenetic inhibition of a
CAlv-to-LHA signaling pathway and HPCv 5HT2aR antagonism dis-
rupted meal-related memory, increased caloric intake, and shortened
the inter-meal temporal window, an effect also consistent with rodent

studies demonstrating effects of HPCv neuronal inhibition on sub-
sequent meal patterns'**, These effects were evaluated under con-
ditions of standard chow consumption, whereas memory evaluation
procedures for meal location utilized sucrose consumption. Given that
dietary fat and sugar can be sensed by the brain via divergent
pathways®®®’, further research could explore whether CAlv neurons
encode meal-related memories in a macronutrient-dependent manner.

Based on evidence from both humans and rodent models,
degraded memories for a recent meal can yield two outcomes: (1) A
reduced latency to initiate the next voluntary meal (i.e., increased meal
frequency), and (2) Increased size of a subsequent meal’. Our present
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Fig. 6 | Ventral hippocampus 5HT2aR expressing neurons are engaged by a
meal, project to the lateral hypothalamic rea, and are functionally required for
foraging-related spatial memory. a Representative photomicrograph of fluor-
escent in situ hybridization for Fos (red) and Htr2a (green) in the ventral CAl,
relative to the alveus (alv); scale bar 100 pm. b Percentage of ventral CAl Fos+ cells
that co-express Htr2a in rats perfused under a Fasted (n=3) or Fed state (n=4)(p
value = 0.0463). ¢ Diagram of approach for ventral CA1 administration of vehicle
(VEH) or the 5HT2aR antagonist M100907 (1 g/hemisphere), adapted from the
Brain Maps 4.0 structure of the rat brain”®. d Average number of errors and
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e latency to find food during the training for the foraging-related spatial memory
task for animals assigned to group VEH (n=9) or M100907 (n=7). f Performance
during the probe for the foraging-related spatial memory task, 5 min following
ventral CAl infusion of VEH (n=9) or M100907 (n=7)(Group comparison p

value = 0.0453; p value for 1-sample t-test = 0.0064 for Group VEH). Data are pre-
sented as mean + SEM. For b, f, two-tailed unpaired t-test. For d, e, two-way ANOVA;
*p < 0.05. For f, one-sample t-test, different from chance set at 0.1667; *p < 0.01.No
symbol indicates lack of significance.

results expand these findings by revealing that acute vs. chronic dis-
ruption of meal memory circuitry may differentially impact these
outcomes. For example, acute disruption of this circuitry, via either
silencing of CAlv-LHA communication or CAlv 5HT2aR blockade,
reduced the latency between meals without significantly impacting
meal size. On the other hand, chronic disruption of this circuitry, via
diphtheria toxin TRAP-mediated ablation of meal-responsive CAlv
neurons, yielded an increase in average meal size, along with a com-
pensatory reduction in meal frequency. It is unknown how acute or
chronic disruption of meal memory circuitry would influence eating
patterns under conditions where food is not freely available, and thus,
where effort-based foraging is required for survival. We hypothesize
that under such conditions, chronic disruption of this circuit would
lead to overall hyperphagia, as was observed with our two models of
acute circuit disruption.

Present results should be interpreted in the context of a few
limitations. For example, the TRAP-mediated ablation experiment
employs a chronic loss of function approach that may lead to com-
pensatory neural adaptations secondary to the loss of CAlv responsive
neurons. Therefore, different outcomes might be observed with an
activity-based acute and reversible inhibitory approach, a notion
consistent with data from our meal patterns analysis in which chronic
loss of CAlv meal-responsive neurons fails to affect caloric intake
whereas either reversible chemogenetic inhibition of CAlv-to-LHA
projections or CAlv 5HT2aR blockade increased food intake. Addi-
tionally, despite being driven by activity-based neuroanatomical tra-
cing and snRNAseq experiments, our CAlv-to-LHA chemogenetic and
S5HT2aR pharmacology approaches are not restricted to HPCv meal-

responsive neurons and their impact on other forms of spatial memory
has not been assessed. Nonetheless, these findings provide a neural
systems mechanism through which learning and memory processes
synergize with eating behaviors.

Results from our snRNAseq of meal-responsive CAlv neurons
open the door to promising new research avenues. For example,
future work should explore the function of differentially expressed
genes in discrete neural populations of the HPCv in response to meal
consumption. Results (sequencing dataset publicly available) reveal
that the largest number of differentially expressed genes are present
in a cell cluster delineated by the presence of endothelial cells, which
comprise the blood-brain barrier. Whether the blood-brain-barrier
undergoes permeability changes to facilitate HPCv function upon
meal consumption is an exciting area to investigate. Given that the
majority of differentially expressed genes in this cluster were upre-
gulated in the Fed vs. Fasted state, it may be that blood-brain barrier
permeability is increased during and immediately after a meal to
preclude blood-to-brain entry of potential toxins introduced from
the food consumed. Another question arises with regards to the
status of these HPCv meal-responsive neurons in the context of
obesity and whether they can be targeted to reduce food intake in a
diet-induced obese model. Answering these questions would sig-
nificantly advance our understanding of the neurobiology underlying
the higher-order control of eating behavior. Overall, this work iden-
tifies a population of HPCv neurons that is enriched in 5SHT2aR and
projects to the LHA to encode the engram for meals. Importantly,
these findings have direct translational relevance, as human obesity
and disordered eating behaviors are associated with alterations
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and hinter-meal intervals following lateral ventricle administration of vehicle (VEH)
(n=7) or clozapine-N-oxide (CNO)(n=7) (p =0.0081) in rats expressing hM4Di
receptors in ventral CAl neurons projecting to the lateral hypothalamic area. Data
are presented as mean + SEM. Two-tailed paired t-test; *p < 0.05, *p < 0.01,

***p < 0.001. No symbol indicates lack of significance.

within a hippocampal subnetwork with functional connectivity to
the LHAS,

Methods

Animals

Adult male Sprague-Dawley rats (Envigo; 250-275g on arrival) were
individually housed with ad libitum access to water and chow (LabDiet
5001, LabDiet, St. Louis, MO) on a 12 h:12 h reverse light/dark cycle. All
procedures were approved by the University of Southern California
Institute of Animal Care and Use Committee.

Intracranial injections

Rats were anesthetized via an intramuscular injection of an anesthesia
cocktail (ketamine 90 mg/kg body weight [BW], xylazine, 2.8 mg/kg
BW and acepromazine and 0.72 mg/kg BW) followed by a pre-opera-
tive, subcutaneous injection of analgesic (buprenorphine SR, 0.65 mg/
kg BW). Following shaving and preparation of the incision site with
iodine and ethanol swabs, rats were placed in a stereotaxic apparatus
for viral infusions using a microinfusion pump (Harvard Apparatus,
Cambridge, USA) connected to a 33-gauge microsyringe injector
attached to a PE20 catheter and Hamilton syringe at a flow rate of
83.3 nL/s. Injectors were left in place for 2 min post-injection, prior to
placement of an indwelling cannula or closing of the incision site using
skin adhesive.

Fiber photometry

To record bulk calcium-dependent activity in the ventral CAl (CAlv),
rats received bilateral infusion (300 nL/side) of a synapsin-driven
GCaMP7s-expressing virus (AAV9-hSyn-GCaMP7s-WPRE; Addgene,
Watertown, USA) at the following coordinates: -4.9 mm AP (defined at
bregma), +4.8 mm ML (defined at bregma), and -7.8 mm (defined at
skull surface at site). To record bulk calcium-dependent activity from

CAlv neurons projecting to the LHA, rats received bilateral infusion
(300 nL/side) of a Cre-dependent synapsin-driven GCaMP7s-
expressing virus (AAV9-hSyn-GCaMP7s-WPRE; Addgene, Watertown,
USA) at the same coordinates as above, in addition to a bilateral LHA
injection (200nL/side) of a retrograde AAV expressing Cre recombi-
nase (AAV2[retro]-hSYNI-EGFP-2A-iCre-WPRE; Vector BiolLabs) at the
following stereotaxic coordinates: -2.9 mm AP, +l.1mmML, and
-8.6mm DV (all defined at bregma). A fiber-optic cannula (Doric
Lenses Inc, Quebec, Canada) was implanted at the injection site and
affixed to the skull with jeweler’s screws, instant adhesive glue, and
dental cement.

Photometry recording sessions were conducted as described
previously* %, Briefly, 24 h-fasted animals were placed in a familiar
arena and were given access to chow pellets for 30 min, following a
15 min recording of baseline calcium-dependent activity. Photometry
signal was acquired using the fiber photometry system (Neurophoto-
metrics, San Diego, USA) at a sampling frequency of 40Hz and
administering alternating wavelengths of 470 nm (calcium-depen-
dent) or 415nm (calcium-independent). Active eating bouts were
timed-stamped in real-time by experimenters observing the animals
using the data acquisition software Bonsai.

Photometry signal was corrected by subtracting the calcium-
independent from the calcium-dependent signal fitting the result to a
biexponential curve. This corrected fluorescence signal was normal-
ized by calculating, for each rat, the AF/F using the average fluores-
cence signal for the entire recording and further converting it to
z-scores.

Targeted recombination in active population (TRAP)

Rats received bilateral CAlv injection of a 1:1 cocktail of viruses
(400 nL/side): [1] a tamoxifen-inducible virus expressing Cre recom-
binase under the control of a cFos promoter (AAV8-cFos-ERT2-Cre-
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ERT2-PEST; Stanford Vector Core, Stanford, USA) and [2] a Cre-
dependent virus expressing green fluorescent protein (AAVI-pCAG-
Flex-eGFP-WPRE; Addgene viral prep #51502-AAV]1 gifted by Hongkui
Zeng®®) or diphteria toxin (AAV2/9-EFla-mCherry-Flex-dTA; Neuro-
photonics, Quebec, Canada). Three weeks following surgery, 24 h
fasted rats are offered 30 min access to chow pellets (Fed) or not
(Fasted), 2 h prior to receiving an intraperitoneal (ip) injection of
4-hydroxytamoxifen (4OHT; 15mg/kg; H6278, Sigma-Aldrich, St.
Louis, USA) dissolved in saline with 2% Tween-80 and 5% DMSO,
similarly to’®. Behavioral measures and histological analyses com-
menced at least 1 week following 4OHT-induced recombination.

For the histological analyses of GFP+ cell bodies and axonal pro-
jections, coronal sections were compared between rats undergoing
40HT-driven expression of GFP (AAV8-cFos-ERT2-Cre-ERT2-PEST
mixed with AAV-Flex-GFP) in the Fed (Fed®) versus Fasted (Fasted®™)
state. For the chronic ablation experiment, rats undergoing dTA-
mediated ablation (AAV-8-cFos-ERT2-Cre-ERT2-PEST mixed with
AAV2/9-EF1a-mCherry-Flex-dTA) induced by 4OHT administration
following meal consumption (Fed™) or not (Fasted™) were com-
pared to animals with CAlv GFP expression (AAV-8-cFos-ERT2-Cre-
ERT2-PEST mixed with AAV-Flex-GFP) induced by 4OHT administra-
tion (Control®™).

For the exposure to coyote urine, rats received bilateral CAlv
injections of a 1:1 cocktail of viruses (400 nL/side):[1] AAV8-cFos-ERT2-
Cre-ERT2-PEST (Stanford Vector Core) and [2] AAVI-pCAG-Flex-GFP
(Addgene viral prep #51502-AAV1) for the Coyote®™ group or AAV2/9-
EFla-mCherry-Flex-dTA (Neurophotonics) for the Coyote™ group.
Three weeks following surgery, all rats were fasted for 24 h and
exposed to cups filled with coyote urine (Maine Outdoor Solutions
LLC, Hermon, Maine, USA) placed 1ft. away from the homecage for
30 min and received an ip injection of 4OHT (15 mg/kg; H6278, Sigma-
Aldrich) 2h later. Behavioral measures and histological analyses
commenced at least 2 week following 4OHT-induced administration.

Foraging-related spatial memory task

The foraging-related spatial memory task was conducted as described
previously®. Briefly, using an elevated circular platform with 18 equally
distanced holes surrounding by visuospatial cues on the walls, rats
were trained, over the course of 4 days (3 min/trial, 2 trial/day), to
navigate towards the escape hole containing 5 sucrose pellets (FO023,
Bio-Serv Flemington, USA). Distinct spatial cues are present on the
walls surrounding the table and low-level ambient lighting is provided
by floor lamps. Memory probe occurred 72 h after the last training
session and consisted of a 2-min trial during which preference of the
rat for the previously reinforced hole was assessed in the absence of
sucrose pellets. A performance index was calculated by dividing the
number of investigations for the previously reinforced hole and its
adjacent holes by the total number of investigations. Investigations
were quantified by tracking animal’s head using the AnyMaze Behavior
Tracking Software (Stoelting, Wood Dale, USA).

Escape-based spatial memory task

The escape-based spatial memory task was conducted as described
previously”, using a protocol that is identical to the foraging-related
spatial memory task, with the exception that sucrose pellets were
absent, and a mildly aversive overhead bright light (120 W) and white
noise (75 dB) were presented until the rat found the escape box.

Retrograde tracing

Rats received a unilateral injection (200 nL) of a retrograde AAV
expressing GFP (AAVrg-CAG-GFP; Addgene viral prep # 37825-AAVrg
gifted by Edward Boyden) into the LS at the following coordinates:
+0.84 mm AP, + or -0.5mmML, and -4.8 mm DV (all defined at
bregma). The same rats also received a unilateral injection (200nL) of a
retrograde AAV expressing mCherry (AAVrg-hSyn-mCherry; Addgene

viral prep # 11472-AAVrg gifted by Karl Deisseroth) into the LHA at the
following coordinates: -2.9 mm AP, + or -1.1 mm ML, and -8.6 mm DV
(all defined at bregma). Following a 2-week recovery period, rats were
fasted for 24 h, offered a 30 min meal and perfused 90 min later for
cFos immunostaining,.

Chemogenetic silencing of the HPCv-lateral hypothalamic area
(LHA) pathway

Chemogenetic silencing of CAlv projections to the LHA was performed
using a previously published dual-viral approach®. Rats received
bilateral HPCv injection (300 nL/side) of a Cre-dependent hM4Di-
expressing virus (AAV2-Flex-hM4Di-mCherry; Addgene) using the
same stereotaxic coordinates as the TRAP approach, as well as bilateral
LHA injection (200 nL/side) of a retrograde AAV expressing Cre
recombinase (AAV2[retro]-hSYNI-EGFP-2A-iCre-WPRE; Vector Bio-
Labs) at the following stereotaxic coordinates: —2.9 mm AP, +1.1 mm
ML, and -8.6 mm DV (all defined at bregma). Animals were also
implanted with a unilateral indwelling cannula (26-gauge, Plastics One,
Roanoke, USA), affixed to the skull with jeweler's screws, instant
adhesive glue and dental cement, targeting the lateral ventricle (LV) at
the following stereotaxic coordinates: -0.9mm AP (defined at
bregma), +1.8 mm ML (defined at bregma), and -2.6 mm DV (defined at
skull surface at site).

Placement of the LV cannula was confirmed by elevation of at least
100% of baseline glycemia following infusion of 210 pg (2 uL) of 5-thio-
D-glucose (5TG) through the cannula using an injector extending 2 mm
beyond the end of the cannula guide”. In animals that failed to present
the glycemic response, the test was repeated with a 2.5 mm injector,
and upon passing the 5TG test, 2.5 mm injectors were used for the
remainder of the study.

For assessment in the foraging-related spatial memory task and
meal pattern analysis, measures were performed 1h following LV
infusion (2 uL) of artificial cerebrospinal fluid (Veh) or clozapine-N-
oxide (CNO; 18 mmol).

Single nucleus RNA sequencing

Following a 24 h fast, rats were offered a 30 min access to chow pellets
(Fed) or not (Fast), 90 min prior to sacrifice. Under anesthesia via an
intramuscular injection of an anesthesia cocktail (ketamine 90 mg/kg
body weight [BW], xylazine, 2.8 mg/kg BW and acepromazine and
0.72 mg/kg BW), fresh brains were harvested, and flash frozen in iso-
pentane surrounded by dry ice. Coronal sections (250 um) were made
on a cryostat and bilateral microdissections of the HPCv were obtained
using a tissue puncher (2mm diameter). Nuclei suspensions were
generated from the frozen samples and data, similar to our prior
descriptions™7*. Nuclei were processed for the 10x Genomics 3’ gene
expression assay (v3.1) per manufacturer protocols, and 10x Genomics
Cell Ranger was used to align sequencing reads. Filtered read count
matrixes were merged via Seurat, and nuclei with high UMI, low gene
count and >5% mitochondrial reads were removed as doublets or low
quality as we previously described’*. Counts were normalized to
10,000 reads per nucleus and scaled, and variable genes were identi-
fied mean.var.plot method in the FindVariableFeatures function in
Seurat. The first 50 principal components were used to create a nearest
neighbors graph and the data was then clustered at a resolution of 0.8.
Subsequent quality control steps removed a cluster with abnormally
low UM, a cluster with mixed cell type markers, and three clusters with
most nuclei contributed by only 1-2 samples. The remaining data was
normalized and scaled again, clustered at a resolution of 0.15, resulting
in identification of 17 clusters across 38,138 nuclei. Clusters were
identified by expression of major cell type markers: microglia—Cx3crI;
macrophages—MrcI; endothelial cells—CldnS; astrocytes—Gjal; oligo-
dendrocyte precursor cells—Pdgfra; oligodendrocytes—Mag; neurons
—Snap25; excitatory neurons—SIcl7a6, Sici17a7; granule cells—ProxI;
inhibitory neurons—Gadl. Differential gene expression analysis
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between the two experimental groups was performed within each
cluster using a Wilcoxon rank sum test and p-values were adjusted for
multiple testing using a Bonferroni correction for the total number of
genes in the data set.

Pharmacological manipulations of ventral hippocampus ser-
otonin receptor type 2a

Rats were anesthetized via an intramuscular injection of an anesthesia
cocktail (ketamine 90 mg/kg body weight [BW], xylazine, 2.8 mg/kg
BW and acepromazine and 0.72 mg/kg BW). Indwelling cannulae were
bilaterally implanted in the CAlv, at the following stereotaxic coordi-
nates: —4.9mm AP (defined at bregma), +4.8 mmML (defined at
bregma), and -5.8 mm (defined at skull surface at site). Cannulae were
fixed to the skull using jeweler’s screws, instant adhesive glue and
dental cement.

For assessment in the foraging-related spatial memory task and
meal pattern analysis, measures were performed 5 min following CAlv
infusion (200 nL/side) of 33% DMSO in artificial cerebrospinal fluid
(Veh) or the serotonin type 2a receptor antagonist M100907 (1pg/
side; M3324, Sigma-Aldrich).

Cannula placement was confirmed post-mortem via a 200 nL
infusion of 2% Chicago sky blue ink through the guide cannula. Data
from animals with dye confined to the CAlv were included in the
analyses.

Meal pattern analysis

The Biodaq automated food intake monitoring cage system (Research
Diets, New Brunswick, USA) was used to assess 24 h food intake, meal
size, meal frequency and post-meal intervals. Daily average measures
for the dTA-induced ablation cohort were taken over 5 consecutive
days. Two 24 h measures spaced a week apart were conducted for meal
pattern analysis in the CAlv-to-LHA chemogenetic silencing (VEH vs
CNO) and CAlv 5HT2aR antagonism (VEH vs M100907) experiments.
Meal parameters were set at a minimum meal size of 0.2 g and inter-
meal interval of 900 s™.

Immunohistochemistry

Rats received an intramuscular injection of an anesthesia cocktail
(ketamine 90 mg/kg BW xylazine, 2.8 mg/kg BW and acepromazine
and 0.72 mg/kg BW) prior to transcardiac perfusion with 0.9% sterile
saline (pH 7.4) followed by 4% paraformaldehyde (PFA) in 0.1 M borate
buffer (pH 9.5; PFA). Harvested brains were post-fixed in PFA with 12%
sucrose for 24 h, then flash frozen in isopentane cooled in dry ice.
Coronal sections (30 pm) were obtained using a microtome, collected
in 5-series and stored in antifreeze solution at —20 °C until further
processing.

To amplify the native GFP signal in axonal projections from ani-
mals undergoing 4-OHT-induced expression of GFP under the Fed or
Fasted state, the chicken anti-GFP primary antibody (1:500; Ab13970,
Abcam, Boston USA) was used followed by a donkey anti-chicken
secondary antibody conjugated to AF488 (1:500; AB_2340375, Jackson
Immunoresearch, West Grove, USA).

To amplify the native mCherry signal from animals undergoing
CAlv-to-LHA chemogenetic silencing, the rabbit anti-RFP primary
antibody (1:2000; AB_2209751, Rockland, Limerick, USA) was used
followed by a donkey anti-rabbit secondary antibody conjugated to
Cy3 (1:500; AB_2307443, Jackson Immunoresearch).

To measure cFos protein expression in the CAlv under the Fed
and Fasted state, the mouse anti-c-Fos primary antibody (1:1000;
Ab208942, Abcam) was used followed by a donkey anti-mouse sec-
ondary antibody conjugated to AF647 (1:500; Jackson
Immunoresearch).

Antibodies were prepared in 0.02 M potassium phosphate buf-
fered saline (KPBS) solution containing 0.2% bovine serum albumin
and 0.3% Triton X-100 at 4 °C overnight. After thorough washing with

0.02 M KPBS, sections were incubated at 4 °C overnight in secondary
antibody solution. Sections were mounted and coverslipped using 50%
glycerol in 0.02M KPBS and the edges were sealed with clear nail
polish. Photomicrographs were acquired using a Nikon 80i (Nikon
DSQI1,1280 x 1024 resolution, 1.45 megapixel) under epifluorescence
or darkfield illumination, as described previously®.

Fluorescent in situ hybridization

Rats received an intramuscular injection of an anesthesia cocktail
(ketamine 90 mg/kg BW xylazine, 2.8 mg/kg BW and acepromazine
and 0.72 mg/kg BW) prior to transcardiac perfusion with 0.9% sterile
saline (pH 7.4) followed by 4% paraformaldehyde (PFA) in 0.1 M borate
buffer (pH 9.5; PFA). Fluorescent in situ hybridization analyses for cFos
(ACD, 403591, Newark, USA) and Htr2a (ACD, 424551) were performed
in HPCv coronal sections from rats perfused under a Fed or Fasted
state. Co-localization of cFos positive cells with Htr2a in the CAlv was
quantitively analyzed.

Effort-based lever pressing

Using operant conditioning boxes (Med Associates Inc, St Albans,
USA), rats were trained to lever press for 45 mg sucrose pellets (Bio-
Serv, F0023) over the course of 6 days with 1 session each day (2 days
of fixed ratio 1 with autoshaping procedure, 2 days of fixed ratio 1 and
2 days of fixed ratio 3 reinforcement schedule). For the test session,
rats were placed in the chambers to lever press for sucrose under a
progressive ratio reinforcement schedule. The response requirement
increased progressively using the following formula: £(i) = 5¢°0.2i-5,
where F{(i) is the number of lever presses required for the next pellet at
i=pellet number and the breakpoint was defined as the final com-
pleted lever press requirement that preceded a 20-min period without
earning a reinforcer, as described previously>*".

Zero-maze

Rats were placed on an elevated circular track consisting of 2 open
zones (3 cm high curbs) and 2 closed zones (17.5 cm high walls) and left
to explore for 5 min during the dark cycle. The total time spent in open
zones (defined as body center in open sections) was measured using
the AnyMaze Behavior Tracking Software (Stoelting).

Statistics and reproducibility
Data are expressed as mean + SEM. Differences were considered sta-
tistically significant at p <0.05. All variables were analyzed, and all
graphs were created using the GraphPad Prism 9 software.
Two-tailed paired t-test as used to compare changes in CAlv cal-
cium activity dynamics during eating bouts versus interbout intervals,
while two-tailed unpaired t-tests were used to compare the number of
cFos+ cells, as well as number of Htr2a+ and cFos+ cells, under the Fed
and Fasted states. A simple linear regression analysis was conducted to
investigate the relationship between CAlv increases in calcium-
dependent activity during interbout intervals and performance in
the foragingrelated spatial memory task. A two-way ANOVA
(group x condition) was used to analyze overlap of GFP with cFos in
animals injected with 40HT under a Fed (Fed“") or Fasted (Fasted®)
state and perfused under a matched or mismatched condition. Repe-
ated measures two-way ANOVAs (group x time) were employed to
assess body weight and acquisition in both the foraging-related and
escape-based spatial memory tasks (errors and latencies) in the TRAP
ablation (4OHT-induced dTA expression) experiments. A repeated
measure two-way ANOVA (group x time) was also used to assess
acquisition in the foraging-related memory task in the chemogenetic
silencing of the CAlv-to-LHA pathway and CAlv 5HT2aR antagonism
experiments. A Kruskal-Wallis test with Dunn’s posthoc comparison
was employed to assess performance in the foraging-related spatial
memory task in the TRAP ablation experiment. One-way ANOVAs were
used to compare the number of GFP* cell bodies tagged under the
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Fasted, Fed or Coyote state, as well as meal pattern analysis, perfor-
mance in the effort-based lever pressing task and zero-maze in the
TRAP ablation cohort. Two-tailed unpaired t-test were employed to
assess the number of tagged cell bodies, percentage of projection
overlap and cFos overlap in the retrograde tracing experiment. Two-
tailed unpaired t-test were also employed to assess performance in the
escape-based spatial memory task for the TRAP ablation cohort and
foraging-related spatial memory task in the TRAP Coyote, CAlv-to-LHA
chemogenetic and CAlv 5HT2aR antagonism experiments. Two-tailed
paired t-tests were employed to evaluate meal patterns in the CAlv-to-
LHA chemogenetic and the CAlv SHT2aR antagonism experiments.

Significant ANOVAs were analyzed with a Tukey posthoc test,
where appropriate. Outliers were identified as being more extreme
than the median +1.5 * interquartile range. For all experiments,
assumptions of normality, homogeneity of variance (HOV), and inde-
pendence were met where required. Behavioral and anatomical
experiments were not replicated.

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

Data availability

All data generated and analyzed for this manuscript are available from
the corresponding author (SEK) upon request. The data are also avail-
able in the Open Science Framework Repository (DOI 10.17605/0SF.10/
GX3NU) and the Gene Expression Omnibus (GSE295314). Source data
are provided with this paper.
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