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Only recently have more specific circuit-probing techniques become available
to inform previous reports implicating the rodent hippocampus in orexigenic

appetitive processing' ™. This function has been reported to be mediated at least
in part by lateral hypothalamicinputs, including those involving orexigenic lateral
hypothalamic neuropeptides, such as melanin-concentrating hormone®. This
circuit, however, remains elusive in humans. Here we combine tractography,
intracranial electrophysiology, cortico-subcortical evoked potentials, and
brain-clearing 3D histology to identify an orexigenic circuit involving the lateral
hypothalamus and convergingin a hippocampal subregion. We found that
low-frequency power is modulated by sweet-fat food cues, and this modulation
was specific to the dorsolateral hippocampus. Structural and functional analyses
of this circuitin a human cohort exhibiting dysregulated eating behaviour revealed
connectivity that was inversely related to body mass index. Collectively, this
multimodal approach describes an orexigenic subnetwork within the human
hippocampus implicated in obesity and related eating disorders.

Orexigenic appetitive processingrelies on the integration of sensory,
interoceptive and hormonal signals to govern consummatory
behaviours'’. Dysregulation of this process leads to maladaptive eat-
ing behaviour such as binge eating and is associated with obesity®.
Studies in rodents have demonstrated that hippocampal neuronal
subpopulations respond to food cues and encode food-place mem-
ory"% Projections from the lateral hypothalamus (LH) are central
to this orexigenic hippocampal function, as disturbance of this cir-
cuit leads to dysregulated eating behaviour®. These LH projections
were found to express melanin-concentrating hormone (MCH)?,
an orexigenic neuropeptide that is produced in the LH area (refers
to the LH and its adjacencies, including parts of the zona incerta)®.
MCH-containing projection neurons have been reported to influence
the reward value of food with MCH overexpression being linked with
the obese state'®".

The underlying circuit in which the LH and hippocampus inter-
act, and its relevance to orexigenic appetitive processing in
humans, which includes the pre-oral cue-driven process, are yet to
be examined. Here we characterize the structural and functional
involvement of the human hippocampus in food-related appetitive
processing.

Appetitive processing within the dIHPC

Using probabilistic tractography in high-resolution, normative data
from the 7T Human Connectome Project (HCP) release (n=178),
we found that tractography-defined LH interconnections (stream-
lines) converge in the dorsolateral hippocampus (dIHPC) subregion
(Fig.1a). We next investigated the functional involvement of dIHPC in
the processing of a palatable taste. For brevity, we refer to the volume
of the hippocampus outside the dIHPC subregion as the non-dIHPC
subregion. More specifically, we tested the following hypotheses:
(1) dIHPC spectral dynamics discriminate between sweet-fat and neu-
tral cues; and (2) spectral dynamics will differ between electrodes in
direct contact with dIHPC and those in direct contact only with the
non-dIHPC subregion. We measured local field potential activity
(Fig. 1b) using intracranial electrodes (n = 54; 34 dIHPC contacts, 20
non-dIHPC contacts) implanted into the human hippocampus while
the participants (n = 9) performed a sweet-fat incentive task paradigm™
(Supplementary Fig. 1a). The demographic and clinical characteris-
tics of all of the participants are described in Supplementary Table 1.
Inthis paradigm, individuals were cued for 1 swithanimage representa-
tive of either a sweet-fat or taste-neutral solution to be subsequently
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Fig.1|dIHPCsubregioninvolvementinfood-related appetitive processing.
a, Tractography analysis of high-resolution, normative datafrom178
participants from the HCP showing that tractography-defined LH-hippocampal
areainterconnections (thatis, streamlines) converge in the dIHPC (yellow).

b, Example traces of electrophysiological time-domain recordings from the
dIHPCinoneindividual during ataste-neutral (left, cyan) and asweet-fat (right,
magenta) trial. Thetime interval displayed includes the pre-cue period (-0.5 to
0s), cue presentation (0-1s), fixation cross (1-3 s), solution delivery (3-5s),
fixation cross (5-6 s) and a portion of the remaining duration of solution
receipt/consummatory phase (6-7.5s). The detailed task paradigm s described
inSupplementary Fig. 1. ¢, z-score-normalized difference spectrograms
(sweet-fat minus taste-neutral solution) in the dIHPC. The colour bar indicates
mean z-score power difference (using pooled channels as observations)

delivered for consumption. We found that condition-specific
prestimulus-normalized low-frequency power (around 3-14 Hz, with
a primarily sustained peak of about 4-6 Hz; referred to hereafter as
the low-frequency power cluster toreflect the frequency range of this
cluster) in the dIHPC was significantly higher (P < 0.05, paired non-
parametric cluster-based permutation testing, using null-distribution
cluster size to correct for multiple comparisons) during anticipation
of the sweet-fat solution compared with aneutral taste (Fig.1c). While
higher frequencies may reflect more local activity, lower frequencies
arethoughttobe advantageousinroutinginformation across distant
areas as their longer period accommodates the temporal demand of
conduction velocity across multiple synaptic delays®. This profile was
observed immediately after the cue (around 110 ms) and was localized
to contacts within the dIHPC subregion (Fig. 1d,e).

We furtherinvestigated a potential role for the dIHPC low-frequency
power cluster in learning the cue-palatable association. We hypoth-
esized that, if cluster power encodes an association between the visual
cueand the appetitive reward, then power would increase asafunction
of trialnumber. This is because the participants learn the association

382 | Nature | Vol 621 | 14 September 2023

diHPC
0.35

Neutral

— Sweet fat

Trial mean z-score power

0 1 2 3
Time (s)
Cue presentation

Non-dIHPC
0.35
[ ]
Neutral

5 — Sweet fat
3
o
[N
o
Q
o
P
N W1
§ o0
€
s
=
-0.2 n L s

0 1 2 3

Time (s)
Cue presentation

between the two conditions compared with anull distribution. The outlined
clusters (left) reflect significant contiguous time-frequency voxels (P < 0.05,
two-sided paired nonparametric cluster-based permutation testing,1,000
permutations, n =34 channels) before correction for multiple comparisons.
The thresholded map (right) displays significant time-frequency clusters after
correction for multiple comparisons using cluster size (Methods).d, 4-6 Hz
mean z-score power time traces during cue (0-1s) and after cue anticipation
(1-3 s) of sweet-fat (magenta) and taste-neutral (cyan) solutionsin the dIHPC
(top) and non-dIHPC (bottom) hippocampalssites. 0 sand 1sreflect the cue

and fixation cross image presentation times, respectively. e, Hippocampal
coverage per participant (n=9). Thered contacts indicate the contactsin
direct contact with the dIHPC (yellow subregion). 3D volumes were rendered
using DSIStudio (v.2022; publicly available at https://dsi-studio.labsolver.org/).

of the visual cue and the appetitive solution, as well as the taste of the
solution as a function of trial number. Indeed, cluster power was sig-
nificantly correlated with trial number for sweet-fatitem anticipation
(R=0.102, P=0.0021) but not for the taste-neutral item (R = 0.035,
P=0.292; Extended Data Fig. 1a). Moreover, the last 20 trials had sig-
nificantly higher cluster power compared with the first 20 trials for
the sweet-fat condition (P = 0.014, unpaired permutation testing) but
not for the taste-neutral condition (P= 0.198; Extended Data Fig. 1b).
These resultsare contrary to the low-frequency power cluster reflecting
mere visual processing. Repeated presentations of a visual stimulus is
thought to lead to repetition suppression, possibly reflecting recog-
nition of old versus new items. Repetition suppression is measured
as decreased hippocampal blood-oxygen-level-dependent (BOLD)
activity"", and in hippocampal invasive electroencephalography GEEG)
data, it has been captured as decreased gamma and increased alpha
(10-15Hz) power with repetition number, occurring 600-1,200 ms
after stimulus presentation'. Rather, these results support the hypoth-
esis that this early low-frequency power cluster is increased as the
cue-palatable association is learned.
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Fig.2|Dissecting the human LH-dIHPC appetitive processing circuit using
single-pulse electrical stimulation. a, Increased mean z-score low-frequency
cluster power in the dIHPC (two channels; top and bottom; outlined by red and
darkblue circles) during anticipation of sweet-fat compared with taste-neutral
items froma participant with electrodesimplantedin both the dIHPC and LH
area(P=0.037 (top)and P=0.009 (bottom), unpaired one-sided permutation
testing, 1,000 permutations). Dataare mean + s.e.m.across trialsineach
channel (n=33trials per condition (top), and n =33 and n=30 trials for the
taste-neutral and sweet-fat conditions, respectively (bottom)). b, The
anatomical location of the dIHPC (yellow volume) and LH-area (blue volume)
electrodes usedinthetrials of single-pulse electrical stimulation. We
parameterized single trials and quantified response durations and magnitudes
betweenthe LHand dIHPC. ¢, Electrical stimulation (stim) was delivered

We next conducted a set of control analyses to further examine the
anatomical specificity of the low-frequency power cluster to the dIHPC
region. We found that neither non-dorsolateral hippocampal contacts
(Fig. 1d and Extended Data Fig. 2) nor visual areas (occipital, middle
temporal; Extended Data Fig. 3) exhibit condition specificity in the
low-frequency power cluster. Rather, recruited condition-specific
power in these regions varied in the spectrotemporal dynamics. The
absence of the low-frequency power cluster in visual areas further sup-
portsthenotion that this cluster is not supporting mere generic visual
processing. In the non-dIHPC, condition specificity was in a different
peak frequency range (around 7-12 Hz) and time interval (post-cue,
during the fixation cross), and power in this range was higher in the
taste-neutral condition (Extended Data Figs. 4 and 5). It is possible that
the immediate response observed in the dIHPC reflects the learned
cue-rewardingtaste association, whereas the late non-dIHPC response
reflects anticipation of upcoming solution delivery or reflects neural
dynamics underlying preparation for consumption.

We next tested for the specificity of the low-frequency power cluster
tofood-related reward anticipation. Anticipation of areward in a differ-
ent context did not elicit the condition-specific dIHPC low-frequency
power cluster. More specifically, visual cues in a different task—the
monetary incentive delay task paradigm” (Supplementary Fig. 1b),
cueing receipt of monetary gain or loss (monetary reward anticipa-
tion and monetary loss anticipation, respectively)—did not elicit
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throughthe electrode pair (the same electrodes asina) inthe dIHPC and
elicited evoked potentialsinthe recording (rec) LH electrode outlinedin
orange. Theextracted shapes of the evoked potentials (middle; black line with
green highlighting) revealed initially sharp responses characterized by amean
magnitude of43.68 uV vs.SNR, signal-to-noise ratio.d,e, The LHareaalso
received electrical stimulation that elicited evoked potentialsin the two
recording dIHPC sweet-fat-responsive electrodes outlined inred and dark blue
circles (thesameelectrodesasina).d, The extracted shapes of the evoked
potentials revealed responses with amean response magnitude of46.78 pV vs
inthe dIHPCelectrode (outlinedinred). e, The other dIHPC electrode, probably
duetoitslocation, had alower meanresponse magnitude.*P< 0.05.3D
volumes were rendered using DSIStudio (v.2022; publicly available at
https://dsi-studio.labsolver.org/).

increased power in the low-frequency cluster in the dIHPC when
compared with zero receipt (gain versus no gain and loss versus no
loss) (Extended Data Figs. 6 and 7). Importantly, using these two
task paradigms and the two hippocampal subdivisions (dIHPC and
non-dIHPC), we found a double dissociation whereby two task para-
digms make different processing demands on two dissociable sub-
networks within the human hippocampus. Specifically, contrary to
non-dIHPC processing of a delayed increase in lower-frequency power
for taste-neutral itemsin the sweet-fatincentive task paradigm, robust
and early increases in low-frequency power for both anticipation of
gain and of loss of monetary reward were observed (Extended Data
Fig. 8). Together, these results speak to the anatomical specificity
of the dIHPC as an orexigenic subnetwork node and to the specific-
ity of the low-frequency power cluster in this region to food-related
appetitive processing.

Evoked potentials between the LH and dIHPC

Given that tractography enables only indirect assessment of inter-
connections and cannot assess the potential monosynaptic nature
of interactions between two brain regions', we performed trials of
direct, single-pulse, electrical stimulationin ahuman participant with
rare, if ever, recordings from both LH and sweet-fat-responsive dIHPC
electrodes (Fig. 2a,b). Voltage deflections (or evoked potentials) are
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Fig.3|Dissecting the human LH-dIHPC appetitive processing circuit

using 3D histology. a, Display of a post-mortem human sample (left) of the
hippocampus and dIHPC section (middle) that was selected for the iDISCO
brain-clearing (right) procedure.b, The iDISCO-cleared section (green) was
overlaid to the group average dIHPC (yellow), defined on the basis of its higher
number of LH streamlines. ¢, Staining for MCH" and Alexa Fluor 647 isshownin
red and autofluorescencein green within the dIHPC hotspot (high streamline
probability with the LH area). The image was acquired using light-sheet

typically observed within 100 ms from the stimulation onset when
recording fromaregion directly connected to the stimulation site’®?°.
We measured the evoked potentials (1) recorded in the LH after stimula-
tion of a pair of sweet-fat-responsive electrodes in the dIHPC (Fig. 2¢c
(left)) and (2) recorded in each of the two sweet-fat-responsive elec-
trodes in the dIHPC after stimulation of the pair of electrodes that
included the LH electrode (Fig.2d,e (left)). The stimulation parameters
were identical for all of the stimulation trials (bipolar, biphasic posi-
tive, 0.5 Hz, 6 mA, pulse width of 200 ps, 49 trials, 120 s total). We first
identified that there was asignificant reproducible response shape for
eachofthe stimulation-recordingiterations, and then parameterized
single trials by the weight of the discovered shape and the residual noise
(Fig. 2c-e) to calculate the duration of the significant responses and
the mean response magnitudes—a metric that is not biased against
longer-lasting responses (in contrast to methods using root-mean
squared)®. After stimulation pulses to the sweet-fat-responsive dIHPC
electrodes, we observed evoked potentials characterized by a fast,
sharp, negative voltage deflection (-25 ms) and a slow return to the
baseline, with a total duration of 0.88 s recorded in the single elec-
trode within the LH area (Fig. 2¢c; see Supplementary Fig. 2 for raw,
common average and bipolar rereferenced from single-trial signals).
Similar stimulation pulses encompassing the LH area electrode also
elicited evoked potentials characterized by an early positive deflection
followed by a negative deflection and a return to the baseline, with
a total duration of 0.27-0.29 srecorded in the two electrodes in the
dIHPC (Fig. 2d,e; see Supplementary Fig. 3 for raw, common average
and bipolar rereferenced from single-trial signals).

The extracted shapes revealed significant responsesin both experi-
mental directions (thatis, recording inthe LH with dIHPC stimulation
and vice versa). Mean response magnitudes were similar between the
LH electrode and one of the dIHPC electrodes (43.68 and 46.78 uV vs,
respectively). Although we also recorded a significant response in
the other dIHPC electrode, it had a lower magnitude (18.84 uV vs);
however, the recordings from this electrode may have been affected
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microscopy (UltraMicroscopell). Scale bar,100 pm. 3D visualization is
shownin Supplementary Video 1. This 3D histology experiment could not be
repeated independently because only asingle sample of the human dIHPC
was available for the 3D histology experiments at our institution. We therefore
approached these dataasaunique opportunity foraproofof principle only,
testing the feasibility of directly visualizing MCH' LH projections with 3D
histology (of which testing was lacking in humans).

byitslocationat thelateral dIHPCborder, adjacent to the anterior horn
ofthelateral ventricle (Fig. 2b). This may also account, atleast in part,
for this electrode’s recordings having a lower mean signal-to-noise
ratio (1.07) compared with the recordings from the LH electrode (1.59)
and the first dIHPC electrode (1.99). These fast evoked potentials
recorded in both regions after stimulation of the other are indicative
ofthe presence of direct circuit-interactions between them, which may
bebidirectional.

MCH' projections to dIHPC

Given that MCH is an orexigenic neuropeptide produced in the LH
area with a well-described role in appetitive processing>'*", we next
tested for MCH' projections in the dIHPC subregion. To do so, we lev-
eraged another rare opportunity afforded by a post-mortem sample
of human tissue for the immunolabelling-enabled 3D imaging of sol-
vent cleared organs (iDISCO) procedure (Fig. 3a (Ieft)). This technique
enabled 3D immunostaining and visualization of axonal projections
carrying specific peptides within tissue cuboids, whereas conven-
tional techniques would be limited in visualizing axons intersecting
histological slices?.

First, we manually identified the location of our samplein a corre-
sponding coronal slice in the high-resolution MNI 09c template brain
(Extended Data Fig. 9). Second, we extracted a representative dorso-
lateral section that encompassed the dIHPC subregioninthe template
brain (Fig.3a (middle)). This section was then processed according to
the iDISCO brain-clearing procedure (Fig. 3a (right)), with staining
for MCH (and Alexa Fluor 647). Third, the cleared and stained section
was again manually overlaid to the corresponding coronal slice of the
high-resolution MNI 09c template brain with the additional overlay
of the tractography-identified dIHPC subregion (Fig. 3b). We found
that the dIHPC section contained MCH" orexigenic projections visual-
ized using the brain-clearing 3D histology (Fig. 3c and Supplementary
Video1).
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Fig.4|The dIHPC-LH circuitis associated with the obese state involving
dysregulated eating behaviourinhumans. a, Regions of interest co-registered
to native space of an exemplary individual in the binge-eating cohort: dIHPC
(yellow), non-dIHPC (red) and LH (blue; adapted from the CIT168 Subcortical In
Vivo Probabilistic Atlas). b, Analysis of the relevance of hippocampal subregions
inthe binge-eating cohort. Significantly higher normalized streamline counts
were observed between the LH and left (L) dIHPC (¢ =-4.585,P=0.00006,
two-sided t-test) and right (R) dIHPC (¢ =-3.609, P= 0.00097, two-sided t-test)
compared with the non-dIHPC in the overall cohort.n =34 participants, with2
subregionsanalysedineach hemisphere. For the remaining analyses, the overall
cohortwas divided into two groups:lean (n=17) and overweight/obese (n=17).

LH-dIHPCisimplicated in obesity

Imaging datafromacohort of humanindividualswho are prone to binge
eating (n =34, female) were subdivided into overweight/obese (body
massindex (BMI) > 25 m*kg™; n=17) and lean (BMI <25 m*kg™, n=17)
groups. We confirmed in this cohort that the dIHPC contained the LH-
dIHPC node, previously defined by LH streamlines, by co-registering
our normative hippocampal subregions of interest and the atlas-based
LH toimages acquired from these human participants (Fig. 4a). Similar
to the normative cohort described above (Fig. 1a), we found signifi-
cantly higher normalized counts of LH streamlines in the left (¢ =—4.585,
P=0.00006) and right (¢ =-3.609, P=0.00097) dIHPC voxels of this
cohort compared with the hippocampal voxels outside the dIHPC (that
is, non-dIHPC hippocampal voxels) (Fig. 4b).

We next assessed whether structural and functional connectivity
of the LH-dIHPC circuit differ between the overweight/obese and
lean groups. We hypothesized that, specifically in a population with
disordered appetitive processing, which can present as loss of eating
control (thatis, inindividuals who are prone to binge eating), this cir-
cuit’s dysregulation may be directly related to excess weight?>?, This
investigation was possible here only because we could ensure that the
comparisons were performed between groups with similar demograph-
ics and patterns of disordered eating (Supplementary Table 3). We
found that resting-state functional connectivity (rsFC) between the
dIHPC and LH area was significantly decreased in overweight/obese
compared with in lean participants (¢ =2.51, P=0.018; Fig. 4c). The
probabilistic tractography-based structural connectivity index (CI)
between the dIHPC and the LH area was also significantly decreased
inthe obese/overweight groups compared withthelean groupsinthe
left (¢=2.13, P=0.042) but not right (¢=1.07, P=0.295) hemispheres

c,rsFCbetweenthe dIHPCand LHwas decreased in the overweight/obese group
compared with theleangroup (¢=2.51, P=0.018, two-sided t-test).d, Structural
Clbetween the left dIHPC and LH was significantly decreased (t=2.13,P=0.042,
two-sided t-test) in the overweight/obese group compared with the leangroup.
Nosignificant differences (¢=1.07,P=0.295, two-sided t-test) in the structural
Clbetweentheright dIHPC and LH were found (see Supplementary Fig. 4 for
individual participant datapoints for b-d). NS, not significant.*P<0.05;
***P<0.001.Fortheboxplotsinbandd, the centreline shows the median,

the box limits show the 25th to 75th percentiles and the whiskers show the
minimum to maximum values.

(Fig.4d). We confirmed that these connectivity findings were specific
to the dIHPC subregion by performing a similar analysis between the
non-dIHPC hippocampal voxels and the LH area. No differences in
LH-non-dIHPC or LH-whole-hippocampusstructural CInor rsFC were
observed between the overweight/obese and lean groups (Extended
Data Fig. 10 and Supplementary Table 4 (also includes rsFC between
LH and control regions)).

Aswe were ultimately interested in the overall multivariate pattern
of these functional and structural circuit alterations, we fit a multi-
variate logistic regression model that included neuroimaging as well
as behavioural variables (Methods; the variables are listed in Supple-
mentary Table 3) to predict whether a participant belongs to the over-
weight/obese or lean group. Using backwards elimination, weidentified
LH-dIHPCrsFC (8 =-9.886,P=0.044) and LH-left dIHPC CI (8 = -14.676,
P=0.037) asthe onlyindependent predictors of obesity, with a variance
inflation factor (VIF) of 1.32 (VIF < 2.5 suggests negligible collinear-
ity between variables). Such findings further implicate this circuitin
obesity involving dysregulated eating behaviour.

Discussion

As a higher-order processing centre involved in integrating external
and internal stimuli, the hippocampus is uniquely positioned as an
important node for orexigenic appetitive processing"*%. Here we char-
acterized the orexigenic subnetwork within the human hippocampus.
Structurally, LH streamlines converge in the dorsolateral aspect of the
hippocampus (thatis, the dIHPC); interconnections betweenthe LHand
dIHPC were further validated by single-pulse stimulation of the dIHPC
resulting in sharp and fast voltage deflections in the LH area. This hip-
pocampal subregion contains MCH" projections that are presumably
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derived from the LH soma’. Functionally, the dIHPC exhibits specific
field potential responses during anticipation of a high-caloric, sweet-fat
solution. Finally, the LH-dIHPC circuit is perturbed in patients with
obesity involving dysregulated eating patterns.

Theinterrogation of aneural circuit underlying appetitive process-
inginlivinghumans poses unique challenges, and has mostly relied on
functional MRI (fMRI) and non-invasive electrophysiology?*%. How-
ever, for over two decades, in vivo structural investigations of human
brain circuits have been made possible by diffusion-MRI-based trac-
tography?®. The key limitation of tractography is that it may be prone
to false positives and negatives, and it may also not allow distinction
between afferent and efferent projections®. Nonetheless, tractogra-
phy findings can be supported by direct interrogation of circuits with
(1) stimulation-induced evoked potentials* and (2) post-mortembrain
clearing 3D histology®. Here we used high-resolution diffusion MRI to
define the hippocampal subregion in which LH streamlines are more
densely populated (that is, the dIHPC). Thereafter, we also applied
the two aforementioned modalities uniquely in parallel to further probe
and characterize LH interconnections within the dIHPC. Notably, the
hereby defined human dIHPC subregion includes both posterior and
anterior aspects of the human hippocampus; we therefore hypothesize
thatitis notanalogous to the classical rodent subdivision of the dorsal
and ventral hippocampus®.

Stimulation of either the dIHPC or the LH caused reproducible fast
andsharp voltage deflectionsin the other region, indicating the pres-
ence of direct connections between them®. As our circuit hypotheses
were driven by a wealth of previous literature in animal studies about
apredefined interaction between the LH and hippocampus, we used
a hypothesis-driven, preselected paradigm to study the dynamics
between the human LH and dIHPC?. We used a technique that
enables quantifications of the magnitude and duration of evoked poten-
tials without a pre-set assumption of their form and shape in areasin
whichrelativetissuetoelectrodepositionsandtypeofaxonal projections
arenotyet well described®. Similar response magnitudes were recorded
inthe LHafter dIHPC stimulation and vice versa. Importantly, responses
to electrical stimulation do not necessarily follow the directions
of axonal projections, as classically seen in the antidromic evoked
potential stimulation recorded in prefrontal cortex after stimulation
of the subthalamic nucleus, which reflects the hyperdirect pathway
from the prefrontal cortex to the subthalamic nucleus®**, Response
shapesdiffered, including their latency and total duration, depending
onwhichnodereceived stimulation or recordings, potentially account-
ing for theinclusion of later changes inlocal field potentials recorded
inthe LH, as well as cytoarchitectonic differences between the two
regions and the position of the electrode with regard to the tissue®.

In a post-mortem hippocampal specimen, we then used iDISCO
3D histology with immunostaining for MCH—a neuropeptide that is
involved in feeding and primarily synthesized in the LH and its imme-
diate adjacencies*®"—to further assess the presence of and charac-
terize orexigenic LH projections within the dIHPC subregion. Given
that we had only a single sample of the human dIHPC available for the
3D histology experiments, preventing the use of multiple stains in
the same sample, we approached these data as a unique opportunity
for a proof of principle, testing the feasibility of directly visualizing
MCH' LH projections with 3D histology (testing of which was lacking
inhumans). Our results provided additional evidence for the existence
of such appetitive projections in the human dIHPC. Before 3D histol-
ogy andimmunolabelling, we were able to test the performance of the
anti-MCH antibody, as described in the original iDISCO paper?, with
and without the secondary antibodies. While rigorous quantifications
of the visualized MCH" staining would require multiple samples with
comparable dimensions (and antibody permeability), the presented
approach has the potential to inform at least one directionality of the
identified LH-dIHPC subnetwork. These inferences were possible here
due to previous understanding of the LH origin of MCH" projections

386 | Nature | Vol 621 | 14 September 2023

thatenabled one assessment of directionality, whichisrarely possible
in human circuit-based investigations. These histologically defined
LH projections within the dIHPC subregion shed light on the direc-
tionofthe previously described evoked potentials, with the responses
recordedintheLH area (after dIHPC stimulation) probably represent-
ing, atleastin part, antidromic effects of stimulating these projections,
as previously described in different subnetworks®. Importantly, the
projections from the LH to the dIHPC uncovered by the 3D histology
should not be regarded as the only direction of connections between
these tworegions. Infact, the opposite pathway has also been described
in rodents, with a robust projection from the hippocampus to the LH
alsoinvolved in the control of feeding®**.

Comparable toourwork, the sweet-fat paradigm used here hasbeen
appliedto fMRIstudies that showed increased hippocampal activation
inresponse to sweet-fat stimuli compared with taste-neutral stimuli®.
Moreover, hippocampal activation in response to food stimuli has
been reported to be decreased after intranasal insulin administra-
tion*®. Although these studies place the human hippocampus at the
intersection of energy homeostasis and appetitive processing, fMRI
and non-invasive electrophysiology lack the temporal resolution and
spatial resolution, respectively, for uncovering differential hippocam-
pal subregion involvement. Moreover, reports on hippocampal con-
nectivity underlying dysregulated eating and obesity are lacking, and
conspicuously absent are studies examining hypothalamic inputs in
humans. Individuals undergoing brain mapping with intracranial
electrophysiology provide a unique opportunity to overcome these
limitations in the interrogation of specific regions of interest during
controlled assays such as a food-incentive paradigm™.

Intracranial electrophysiology of this dIHPC subregion revealed a
condition-specific power increase in the low-frequency cluster. The
power in this range did not generalize to other brain areas nor other
visual reward cues in the non-feeding domain. This frequency range
overlaps with theta ranges, prominent rhythms in both the rodent
and human hippocampus ascribed to mnemonic processes, includ-
ing memory encoding and retrieval®”%, Our finding of increased
dIHPC power as a function of trial number for the sweet-fat condition
suggests that power in this range may support the encoding of the cue’s
appetitive value. Lower frequencies, including theta, have also been
observedinneocortical areas and have been linked to both mnemonic
and cogpnitive control processes®. The ubiquitous presence of this
rhythm across areas and behavioural contexts led to a hypothesis of
its more general role, such as mediating information transfer between
the recruited regions and at temporal scales associated with a given
behavioural context*’. The hippocampus is a higher-order node and,
in the sweet-fat paradigm, is probably integrating multimodal infor-
mation coming fromthe LH and neocortical areas; this low-frequency
profile may mediate information transfer between the dIHPC and LH
to facilitate combining cue information with appetitive input from
the LH. Owing to the limited availability of patients with intracranial
recordings for research tasks and limited time for such experiments,
we were not able to directly assess the potential effect of satiety levels
ontheserecordings beyond examining the task-period-related changes
in energy state. Our report of a low-frequency power increase in this
time window is consistent with power increase in the same frequency
rangein mice exposed to olfactory sweet-fat cues, reflecting adegree
of generality of this signal to appetitive food anticipationirrespective
of the sensory modality of the cue*.

Previous studies have alsoimplicated the human hippocampus and
hypothalamusin dysregulated eating and obesity. A recent systematic
review of neural correlates of dysregulated eating associated with
obesity risk in youth identified that eating in the absence of hunger
was associated with hippocampal activity*’. Hippocampal activation
inresponse to food stimuliincreased in children with obesity and dys-
regulated eating (for example, eating in dissonance with homeostatic
requirements)*. Another study found that participants exposed to



appealing food with a prior directive to suppress the desire for food
significantly decreased activation in the hippocampus, among other
regions involved in emotional regulation, conditioning and motiva-
tion**. Other studies reported a decrease in hippocampal activation
inresponse to food images that predicts post-task levels of chocolate
consumption, and abnormal hippocampal activation during reward
processing in individuals with dysregulated eating behaviours**¢,
In addition to the functional and structural neuroimaging studies,
hippocampal concentrations of metabolites (such as creatine and
phosphocreatine) have alsobeenreported tobeincreasedinindividu-
als who are overweight or obese, potentially indicating BMI-related
alterations in inflammatory cytokines and adipokines within the hip-
pocampus®. With regard to the hypothalamus, previous research
established an association between MCH overexpression and
obesity inanimal models™, and neuroimaging work reported increased
hypothalamic activation during a task requiring inhibitory control in
individuals with dysregulated eating*®. Only one study has reported
abnormal rsFC between the LH and multiple brain regions in adoles-
cents with excessive weight*’; while the hippocampus was identified
asfunctionally connected to the LH, this subnetwork’s involvementin
obesity was not reported. However, our finding of this link is probably
due to the identification of the dIHPC as the subregion of interest,
as findings of decreased LH-hippocampal connectivity in the obese
state were not observed when hippocampal voxels outside the dIHPC
wereincluded.

The presentinvestigation provides evidence supporting decreased
rsFC and structural connectivity between LHand dIHPC in female indi-
viduals who are obese or overweight. These findings emerged only
after the definition of the dIHPC as the subregion of interest, as our two
cohorts showed no differencesin connectivity between the non-dIHPC
(orwhole hippocampal) voxels and the LH. Moreover, the finding that
functional and structural connectivity measures were significant pre-
dictors of overweight/obese versus lean group assignments supports
the notion that the LH-dIHPC appetitive processing node is indeed
altered in the obese state. Putting our findings in the context of the
reports discussed above, structural and functional abnormalities
involving the MCH* LH-dIHPC node uncovered here may predispose
individuals struggling with dysregulated eating behaviour to obe-
sity. Our analyses with control regions indicated some specificity of
the decreased LH-dIHPC connectivity in overweight/obese group, as
opposed to reflecting a general effect of adiposity. Notwithstanding,
our study findings of decreased LH-dIHPC connectivity in individu-
als who are overweight/obese in the context of binge eating should
be interpreted with caution. The generalizability of these findings
outside the context of disordered appetitive processing could not be
assessed inthe study cohort. It should also not be inferred from these
results that this appetitive processing circuitis the only part of alarge
brain network associated with obesity. This study adds instead to the
pre-existing animal literature with human findings implicating the
LH-dIHPC circuit in appetitive processing.

There are afew noteworthy considerations regarding this study. First,
we did not include male individuals or people struggling with other
forms of dysregulated eating in the connectivity analyses. We chose
to use ahomogeneous female-only binge-eating cohort to ensure that
the findings would not be skewed by sex or behavioural differences.
However, our electrophysiological analysisis not sex specific. Second,
directionality cannotbe inferred from our cortico-subcortical evoked
potential experiment, as the observed LH signal can be explained by
either retrograde activity along the LH axons, or anterograde activ-
ity along the dIHPC axons. Third, MCH" projections may be coming
from either the LH or its immediately adjacent structures, such as
the zona incerta®. Fourth, we had only a single case with simultane-
ous LH and dIHPC intracranial electrodes for the experiment with
cortico-subcortical evoked potentials and a single sample for the 3D
histology; however, together, these complimentary methods offered us

aunique opportunity to leverage and cross-validate these approaches
to examine aspecific human orexigenic subnetwork. Finally, note that
intracranial electrophysiological data are obtained from patients with
epilepsy. Epilepsy may alter LH-dIHPC dynamics; however, previous
research shows that normal physiological responses are recorded
in patients with epilepsy outside of epileptic electrophysiological
events®. Our analysis pipeline follows previous efforts to detect these
events and eliminates any trial with at least one event. As epilepsy
pathophysiology and foci vary fromindividual to individual, our group
analyses limit the degree to which varied pathological dynamics are
preserved at the group level. This suggests that our findings are useful
forinferences about dIHPC-LH dynamics, but future validation regard-
ing the generalizability of these findings to a non-epilepsy cohort is
necessary.

Collectively, the convergence of modalities has elucidated a circuit
thatis perturbed in a disease-relevant state, furthering our under-
standing of how specific nodeinteractions within the humanbrain are
involved in obesity and related eating disorders.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of dataand code availability
are available at https://doi.org/10.1038/s41586-023-06459-w.

1. Azevedo, E. P. et al. A role of Drd2 hippocampal neurons in context-dependent food
intake. Neuron 102, 873-886 (2019).

2. Herzog, L. E. et al. Interaction of taste and place coding in the hippocampus. J. Neurosci.
39, 3057-3069 (2019).

3. Davidson, T. L. & Jarrard, L. E. A role for hippocampus in the utilization of hunger signals.
Behav. Neural Biol. 59, 167-171 (1993).

4. Davidson, T. L., Kanoski, S. E., Schier, L. A., Clegg, D. J. & Benoit, S. C. A potential role for
the hippocampus in energy intake and body weight regulation. Curr. Opin. Pharmacol. 7,
613-616 (2007).

5. Noble, E. E. et al. Hypothalamus-hippocampus circuitry regulates impulsivity via
melanin-concentrating hormone. Nat. Commun. 10, 4923 (2019).

6. Hsu, T. M. et al. Hippocampus ghrelin signaling mediates appetite through lateral
hypothalamic orexin pathways. eLife 4, €11190 (2015).

7. Sternson, S. M. & Eiselt, A.-K. Three pillars for the neural control of appetite. Annu. Rev.
Physiol. 79, 401-423 (2017).

8. Dalley, J. W. & Robbins, T. W. Fractionating impulsivity: neuropsychiatric implications.
Nat. Rev. Neurosci. 18, 158-171(2017).

9. Sunkin, S. M. et al. Allen Brain Atlas: an integrated spatio-temporal portal for exploring
the central nervous system. Nucleic Acids Res. 41, D996-D1008 (2013).

10. Ludwig, D.S. et al. Melanin-concentrating hormone overexpression in transgenic mice
leads to obesity and insulin resistance. J. Clin. Invest. 107, 379-386 (2001).

1. Alon, T. & Friedman, J. M. Late-onset leanness in mice with targeted ablation of melanin
concentrating hormone neurons. J. Neurosci. 26, 389-397 (2006).

12.  Huang, Y. et al. The insulo-opercular cortex encodes food-specific content under
controlled and naturalistic conditions. Nat. Commun. 12, 3609 (2021).

13. Fries, P. A mechanism for cognitive dynamics: neuronal communication through
neuronal coherence. Trends Cogn. Sci. 9, 474-480 (2005).

14. Yassa, M. A. & Stark, C. E. L. Pattern separation in the hippocampus. Trends Neurosci. 34,
515-525 (2011).

15.  Bakker, A., Kirwan, C. B., Miller, M. & Stark, C. E. L. Pattern separation in the human
hippocampal CA3 and dentate gyrus. Science 319, 1640-1642 (2008).

16.  Kim, K., Hsieh, L.-T., Parvizi, J. & Ranganath, C. Neural repetition suppression effects in the
human hippocampus. Neurobiol. Learn. Mem. 173, 107269 (2020).

17. Knutson, B., Adams, C. M., Fong, G. W. & Hommer, D. Anticipation of increasing monetary
reward selectively recruits nucleus accumbens. J. Neurosci. 21, RC159 (2001).

18. Leuze, C. et al. Comparison of diffusion MRl and CLARITY fiber orientation estimates in
both gray and white matter regions of human and primate brain. Neurolmage 228, 117692
(2021).

19.  Matsumoto, R. et al. Functional connectivity in the human language system: a
cortico-cortical evoked potential study. Brain 127, 2316-2330 (2004).

20. Miller, K. J., Miiller, K.-R. & Hermes, D. Basis profile curve identification to understand
electrical stimulation effects in human brain networks. PLoS Comput. Biol. 17, 1008710
(2021).

21. Miller, K. J. et al. Canonical response parameterization: quantifying the structure of
responses to single-pulse intracranial electrical brain stimulation. PLoS Comput. Biol. 19,
€1011105 (2023).

22. Renier, N. etal. iDISCO: a simple, rapid method to immunolabel large tissue samples for
volume imaging. Cell 159, 896-910 (2014).

23. Shivacharan, R. S. et al. Pilot study of responsive nucleus accumbens deep brain
stimulation for loss-of-control eating. Nat. Med. 28, 1791-1796 (2022).

Nature | Vol 621 | 14 September 2023 | 387


https://doi.org/10.1038/s41586-023-06459-w

Article

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Barbosa, D. A. N. et al. Aberrant impulse control circuitry in obesity. Mol. Psychiatry 27,
3374-3384 (2022).

Kanoski, S. E. & Grill, H. J. Hippocampus contributions to food intake control: mnemonic,
neuroanatomical, and endocrine mechanisms. Biol. Psychiatry 81, 748-756 (2017).
Franken, I. H. A., Huijding, J., Nijs, I. M. T. & van Strien, J. W. Electrophysiology of appetitive
taste and appetitive taste conditioning in humans. Biol. Psychol. 86, 273-278 (2011).
Chao, A. M. et al. Sex/gender differences in neural correlates of food stimuli: a systematic
review of functional neuroimaging studies. Obes. Rev. 18, 687-699 (2017).

Conturo, T. E. et al. Tracking neuronal fiber pathways in the living human brain. Proc. Natl
Acad. Sci. USA 96, 10422-10427 (1999).

Grisot, G., Haber, S. N. & Yendiki, A. Diffusion MRI and anatomic tracing in the same brain
reveal common failure modes of tractography. Neurolmage 239, 118300 (2021).

Keller, C. J. et al. Mapping human brain networks with cortico-cortical evoked potentials.
Philos. Trans. R. Soc. B 369, 20130528 (2014).

Fanselow, M. S. & Dong, H.-W. Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron 65, 7-19 (2010).

Miocinovic, S. et al. Cortical potentials evoked by subthalamic stimulation demonstrate a
short latency hyperdirect pathway in humans. J. Neurosci. 38, 9129-9141(2018).

Chen, W. et al. Prefrontal-subthalamic hyperdirect pathway modulates movement
inhibition in humans. Neuron 106, 579-588 (2020).

Suarez, A. N., Liu, C. M., Cortella, A. M., Noble, E. E. & Kanoski, S. E. Ghrelin and orexin
interact to increase meal size through a descending hippocampus to hindbrain signaling
pathway. Biol. Psychiatry 87, 1001-1011 (2020).

Stice, E., Burger, K. & Yokum, S. Caloric deprivation increases responsivity of attention
and reward brain regions to intake, anticipated intake, and images of palatable foods.
Neurolmage 67, 322-330 (2013).

Guthoff, M. et al. Insulin modulates food-related activity in the central nervous system.
J. Clin. Endocrinol. Metab. 95, 748-755 (2010).

Buzsaki, G. Theta rhythm of navigation: link between path integration and landmark
navigation, episodic and semantic memory. Hippocampus 15, 827-840 (2005).

Nyhus, E. & Curran, T. Functional role of gamma and theta oscillations in episodic
memory. Neurosci. Biobehav. Rev. 34,1023-1035 (2010).

Cavanagh, J. F. & Frank, M. J. Frontal theta as a mechanism for cognitive control. Trends
Cogn. Sci. 18, 414-421(2014).

Mitchell, D. J., McNaughton, N., Flanagan, D. &Kirk, I. J. Frontal-midline theta from the
perspective of hippocampal ‘theta’. Prog. Neurobiol. 86, 156-185 (2008).

Samerphob, N., Cheaha, D., Chatpun, S. & Kumarnsit, E. Hippocampal CA1 local field
potential oscillations induced by olfactory cue of liked food. Neurobiol. Learn. Mem. 142,
173-181(2017).

388 | Nature | Vol 621 | 14 September 2023

42. Smith, K. E., Luo, S. & Mason, T. B. A systematic review of neural correlates of
dysregulated eating associated with obesity risk in youth. Neurosci. Biobehav. Rev. 124,
245-266 (2021).

43. Mestre, Z. L. et al. Hippocampal atrophy and altered brain responses to pleasant tastes
among obese compared with healthy weight children. Int. J. Obes. 41,1496-1502 (2017).

44. Wang, G.-J. et al. Evidence of gender differences in the ability to inhibit brain activation
elicited by food stimulation. Proc. Natl Acad. Sci. USA 106, 1249-1254 (2009).

45. Lyu, Z. & Jackson, T. Acute stressors reduce neural inhibition to food cues and increase
eating among binge eating disorder symptomatic women. Front. Behav. Neurosci. 10, 188
(2016).

46. Cyr, M. et al. Reward-based spatial learning in teens with bulimia nervosa. J. Am. Acad.
Child Adolesc. Psychiatry 55, 962-971(2016).

47. Bond, D. J. et al. Diagnosis and body mass index effects on hippocampal volumes and
neurochemistry in bipolar disorder. Transl. Psychiatry 7, e1071 (2017).

48. Lock, J., Garrett, A., Beenhakker, J. & Reiss, A. L. Aberrant brain activation during a
response inhibition task in adolescent eating disorder subtypes. Am. J. Psychiatry 168,
55-64 (2011).

49. Martin-Pérez, C., Contreras-Rodriguez, O., Vilar-Lopez, R. & Verdejo-Garcia, A.
Hypothalamic networks in adolescents with excess weight: stress-related connectivity
and associations with emotional eating. J. Am. Acad. Child Adolesc. Psychiatry 58,
211-220 (2019).

50. Liu, S. & Parvizi, J. Cognitive refractory state caused by spontaneous epileptic
high-frequency oscillations in the human brain. Sci. Transl. Med. 11, eaax7830 (2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023


http://creativecommons.org/licenses/by/4.0/

Methods

MRI data and preprocessing

MRIacquisition parameters are summarized in Supplementary Table 2.
We included MRI data from two different cohorts: (1) a normative dif-
fusion MRI dataset from 178 unrelated individuals from the HCP who
underwent a ultrahigh-resolution acquisition on the Magnetom 7T
MRI scanner (Siemens Medical Systems) was obtained from the pub-
licly available S1200 WashU-Minn-Ox HCP dataset®**; (2) functional
resting-state, and diffusion MRI data from 37 female individuals prone
to binge eating recruited by the Stanford Eating Disorders Program
ona3TMRIscanner (Discovery MR750, GE Healthcare). Imaging data
were analysed using publicly available methods and custom scriptsin
Pythonv.3.6, as described below.

Resting-state fMRI scans from the binge-eating-prone cohort were
preprocessed using fMRIPrep (v.1.2.3)>. In brief, the preprocessing of
the functionalimage involved skull-stripping, co-registrationto the T1
referenceimage, and head motion and susceptibility distortion correc-
tions. After removal of non-steady state volumes and spatial smoothing
witha6 mmFWHM isotropic Gaussian kernel, ICA-AROMA was used to
identify motion-related noise components in the BOLD signal®. Frame-
wise displacement (FD) and root-mean squared variance over voxels of
the temporal derivative of time courses (DVARS) were calculated®*".
Three participants were excluded due to excessive movement as meas-
ured by (1) mean FD > 0.2mm; (2) more than 20% of FD over 0.2 mm;
or (3)any FD > 5 mm (ref. 58). Global signals were extracted within the
cerebrospinal fluid, white matter, grey matter and whole-brain masks.
XCP Engine v.1.0 was used to perform denoising of the preprocessed
BOLD output from fMRIPrep, using the estimated confound parame-
ters®**, Thisincluded demeaning and removal of any linear or quadratic
trends and temporalfiltering using a first-order Butterworth bandpass
filter (0.01-0.08 Hz). These preliminary preprocessing steps were then
followed by confound regression of ICA-AROMA noise components,
together with mean white matter, cerebrospinal fluid and global signal
regressors. All regressors were band-pass filtered to retain the same
frequency range as the data to avoid frequency-dependent mismatch®.
Whereas preprocessing was performed on the diffusion MRI data from
the binge-eating-prone cohort to prepare the images for probabilistic
tractography using the FSL suite®®®', the normative HCP diffusion MRI
datahad already been preprocessed (with the minimal preprocessing
pipeline). The diffusion-weighted images were corrected for motion
and geometric distortions using the topup and eddy functions, simi-
lar to that applied in the HCP’s preprocessing pipeline. For each par-
ticipant, diffusion and T1-weighted images were co-registered using
boundary-based registration.

Probabilistic tractography

Probabilistic tractography was used to evaluate the interconnections
between the LH and hippocampus. The LH mask was defined on the
standard TIMNI152 09c template adapted from CIT168 Subcortical In
Vivo Probabilistic Atlas®?, whereas the hippocampus mask was defined
using the Harvard-Oxford Brain Atlas. Co-registration was performed
using Advanced Normalization Tools (ANTSs, v.2.1.0), and consisted of
two successive steps of linear and nonlinear registration between the
individual’s brain and the MNI brain. In a third step, the MNI-defined
regions of interest were registered to theindividual’s space. FSL’s Bayes-
ian estimation of diffusion parameters obtained using sampling tech-
niques (BEDPOSTX) was used to conduct Monte Carlo sampling of
probability distribution of diffusion parameters at each voxel, account-
ing for up to three crossing fibre directions within a voxel®®. Fibre track-
ing was performed using FSL’s Probtrackx2, using distance correction
and each hippocampal voxel as a seed and the LH as a target®*. A total
of 5,000 seed points was used to generate streamlines from each seed
voxel, and only the streamlines that reached the target were retained
for further analysis. The results of Probtrackx are summarized in a

map of ‘streamline probability’ and ‘waytotal’, representing the prob-
ability for each seed voxel to reach the target and the total number of
streamlines from agivenseed thatreached the target, respectively. The
strength of the connections between seed and target was calculated
as atractography-Cl, as defined in a previous study using the folllow-
ing formula: log[waytotal]/log[5,000 x Vseed] (ref. 65). The waytotal
resulting from the tractography was log-transformed and divided by
the log-transformed product of the generated sample streamlines in
each seed voxel (5,000) and the number of voxels in the respective
seed mask (Vseed). The log-transformation increased the likelihood
of reaching normality, which was tested using the Shapiro-Wilk test®®.

Hippocampal segmentation

Tractography was used to generate a probabilistic map based oneach
hippocampal voxel’s streamline probability to the LH for all 178 partici-
pants from the normative HCP dataset. Each participants’ streamline
probability map to the LH was transformed to standard MNI 09¢ space
so that they could be averaged and concatenated into a normative
weighted average group map of streamline probability between the hip-
pocampal areaand the LHacross the 178 HCP individuals. We performed
this analysis to define the hippocampal subregions in the normative
HCPdataandthenapplied these subregionsto the binge-eating-prone
cohort. Wethen used k-means to segment group average hippocampus
streamline probability maps. This hypothesis-free method uses suc-
cessive iterations to assign each voxel to one of two clusters without
the application of external spatial constraints. For the case of large
intervoxel similarities in streamline count, the algorithm does not
identify two distinct clusters. Resulting clusters represented normative
hippocampal subregions based onits connectivity tothe LHin standard
MNI09c space. Finally, we co-registered the normative clusters to the
MRIimages from our participantsimplanted with depthelectrodes, as
well as from the members of the binge-eating cohort.

Sweet-fatincentive and monetary incentive delay paradigms

Consent to participate in this study was obtained according to the
Declaration of Helsinki and approved by the institutional ethical com-
mittee. Theinclusion criteria for this study were the presence of at least
one hippocampal depthelectrode. Participants (n = 9; Supplementary
Table1) underwent surgicalimplantation of depth electrodes for neu-
rosurgical epilepsy monitoring. The location of electrode implantation
was determined solely based on clinical needs and therefore varied
across participants. All of the patients provided individual informed
consent (including the publication of de-identified demographics
and clinical data) as approved by the Stanford University Institutional
Review Board (IRB-11354). Of the 9 participants, 8 participants also
had electrodes in regions specifically included in control analyses: 8
participants with electrode in the middle temporal gyrus and 2 partici-
pants with electrodesin the occipital lobe. Data acquisition procedures
were previously described™. In brief, neural activity was sampled at
1,024 Hz from AdTech electrodes while the participants engaged in
two different tasks—the sweet-fat incentive and monetary incentive
delay computer-based paradigms (Supplementary Fig.1). The sweet-fat
incentive paradigm, also known as the Milkshake task®’, was originally
anfMRItask that we previously adapted for intracranial electrographic
recordings of cued anticipation and consumption of asweet-fatand a
taste-neutral solution'>®®, Each trial in this paradigm began witha2s
fixation cross presented ona computer screen—this periodis referred
toas the prestimulus period. This was followed by a1 s presentation of
animage of aglass of either water or of milkshake, which served asa cue
for the solution to be subsequently delivered through a mouthpiece
tothe participant for consumption. Before the solution was delivered,
a2 simage of afixation cross was viewed. The 1 s presentation of the
solution to be delivered and this 2 s fixation cross period are referred
to as an anticipatory period (3 s). After the anticipatory periodisa5s
receipt/consummatory period, consisting of a 3 s solution-delivery
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period followed by a2 s consumption of solution period. Sweet-fatand
taste-neutral trials were presented in arandomized order, with a total of
80to100trials evenly split between the sweet-fat and taste-neutral con-
ditions. After task completion, the participants were asked torateona
Likertscalefrom1to10 the quality of the sweet-fat solution (Likert scale,
1-10) and which solution (sweet-fat versus taste-neutral) they preferred.
The second task, the monetary incentive delay task paradigm, was also
originally an fMRI task” that we adapted for intracranial electrographic
recordings of cued anticipation and receipt of monetary reward. Each
trial in this paradigm is a total duration of 10 s. Trials began witha2s
fixation cross presented onto acomputer screen (prestimulus period).
Thiswasfollowed by a2 s presentation of animage cueing the outcome
of asubsequentbutton press as either monetary gain (+US$5, +US$1),
absence of monetary gain (+US$0, referred to as zero-gain), monetary
loss (-US$5, ~US$1), or absence of monetary loss (-US$0, referred to
aszero-loss). The cueisthenfollowed by a2 sdisplay of afixation cross
image. The targetimageis presented momentarily withina2 sinterval
promptingthe participant’s button press. After the button press, there
isa2sfeedback presentation indicating gain, loss or absence of gain
orloss. Gain and loss trials were presented in arandomized order and
evenly splitamongall of the trial conditions. The total number of trials
varied from 60 to 100 trials based on time constraints.

Electrodelocalization

Presurgical MRI scan was co-registered to post-surgical computed
tomography scan for electrode visualization and localization as
described previously*™. Locations of depth electrodes within the medial
temporal lobe were then examined by one rater with expertise in medial
temporal lobe anatomy and neuroimaging (D.A.N.B.). Electrodes in
direct contact with the hippocampal area were selected for further
evaluation. We next co-registered the normative hippocampal clusters
(thatis, dIHPC and non-dIHPC) that we had previously defined in the
standard MNIO9c template brain to each participant’s native space
(Fig. 1e). All hippocampal electrodes (n = 54) were labelled accord-
ing to whether they were in direct contact with dIHPC or not (that is,
non-dIHPC). This localization was performed before the time-fre-
quency analysis.

Task data preprocessing and analyses
Electrophysiological data were downsampled to 1,000 Hz, notch fil-
tered for 60 Hz and 2nd-3rd harmonics, and Laplacianrereferencedin
FieldTrip as previously described'**, Artifact timepoints were defined
as voltage values greater or less than the mean signal of all 10 s trials
concatenated, recorded from the same channel plus four multiples of its
s.d. Any trial with at least one detected artifact timepoint was excluded.
Time-frequency analysis wasimplemented using the wavelet toolbox
in MATLAB. There are three input parameters: (1) minimum frequency,
set to 3; (2) maximum frequency, set to 250; and (3) NumVoices, set to
32.Thetoolbox generates ‘scales’ on the basis of the desired frequency
range (defined by minimum to maximum frequencies), which then get
mappedintofrequencies. Thetrial vector, scales vector and ‘morl’ are
inputsto the cwtft functionin MATLAB, which generates the wavelets
and power extraction. Wavelets were first tested on ground-truth data
with known spectral properties before use on experimental data.
Trial instantaneous power values were normalized to power at the
same frequency and channel during the 1 s prestimulus period across
alltrialsinthe same condition (condition-specific prestimulus normali-
zation). The prestimulus duration of any trial with at least 1 detected
artifact timepoint was excluded from the normalizing distribution
(see the previous section). Condition-specific prestimulus normali-
zation was used to account for possible differences in baseline power
before stimulus presentation. The results were reproduced using an
alternative normalization method whereby power values were normal-
ized relative to the distribution of power in the same frequency and
channel, during the entire recording.

Spectral analyses were primarily focused on the anticipation period
(1scue,and2 s post-cue fixation for the sweet-fat incentive paradigm
or 2 s cueand 2 s post-cue fixation for the monetary incentive delay
paradigm). Statistical differences in time-frequency power between
the conditions were calculated using cluster-based permutation
testing®. In brief, this involved calculating a ¢-statistic in each time-
frequency voxel, between the two conditions (sweet fat versus taste
neutral), thereby generating the observed ¢-map. The distribution
for each voxel was generated by pooling the time-frequency maps
from all channels and individuals (trials were averaged to generate a
single map per channel). The observed -map was then comparedtoa
null distribution (shuffled condition labels) of --maps generated over
1,000 paired permutations. A Pvalue for each voxel was obtained by
comparing the observed to the null t-value at the same time-frequency
voxel, thereby generating a P-map. Clusters of contiguous voxels with
aP<.05wereidentified and compared to the null-distribution cluster
size. Observed clusters with sizes larger than the 95th percentile of
those fromthe null distribution were considered to be significant after
correction for multiple comparisons.

Evoked potentials

As previously described, we performed single-pulse stimulations at rest
using anintracranial electrical waveform generator and switchbox**7°
(MS-120BK-EEG and PE-210AK, Nihon Kohden). Electrical stimulation
was delivered through adjacent pairs of electrodes in biphasic pulses
(6 mA; 200 ps per phase, 49 trials) at a frequency of 0.5 Hz for a total
of120 s. We measured electrical potentialsin response to stimulation
with avideo EEG monitoring system using asamplingrate of 2,000 Hz
(version WEE-1200, Nihon Kohden). We analysed the single-pulse stimu-
lation data using custom scripts in MATLAB v.2020b. We first applied
a high-pass butterworth filter (1 Hz) to exclude slow varying effects
and segmented evoked responses time series from recording chan-
nelswereinto 2,500 ms epochs time-locked to stimulus onset (500 ms
prestimulus and 2,000 ms post-stimulus). We then rereferenced the
data to the common average signal, excluding stimulated channels,
channels with artifacts and channels with large, evoked responses, as
previously described®. Finally, to exclude potential effects of prestimu-
lus signal fluctuations, we applied a baseline correction by subtract-
ing the average signal between 200 ms and 20 ms before the stimulus
onset. To ensure that these preprocessing steps did not introduce
abias, we also provided line traces of bipolar rereferenced and the
single-trial raw signal from the recording electrodes (Supplementary
Figs.2and 3). To quantify the observed evoked potentials, we used the
publicly available canonical response parameterization method and
calculated the duration of the significant responses and mean response
magnitudes, whichis ametricthatis not biased against longer-lasting
responses (unlike methods using root-meansquared)*”. This method
automatically processes a set of responses recorded after repeated
trials of stimulation and extracts a canonical structurein the response
(if one exists), without a pre-set assumption of the response shape, to
examining structural similarity between trials to (1) identify whether
there is a significant reproducible response shape (and over what
timeinterval); (2) characterize what this shapeis; and (3) parameterize
singletrials by the weight of the discovered shape and the residual after
the discovered shape hasbeenregressed out. The output of thismethod
consists of the magnitude, duration and significance of response to
stimulation between pairs of brain sites.

Human hippocampal sample

In accordance with the local Stanford University Institutional Review
Board, a post-mortem sample of the left hippocampal area (Fig. 3a)
was obtained from a whole brain with no known pathologies that had
been extracted 24 h after death and placed in 10% formalin for 1 day.
The sample was perfused and stored in PFA 4%. For the brain-clearing
procedure, we extracted a representative dorsolateral hippocampal



section and transferred the sample to 1 M phosphate-buffered saline
(PBS). The sample was stored at 4 °C until the iDISCO protocol was
performed.

Antibody validation protocol

A validation protocol was performed to be sure that the anti-MCH
(Phoenix Pharmaceuticals, H070-47, 01629-10) was compatible with
thereagents used in theiDISCO protocol®. Slices of human hippocam-
pal tissue (outside the dIHPC cuboid) were obtained on a Vibratome
at 60 M in1 M PBS solution. The free-floating sections were perme-
abilized for 3 h with methanol at room temperature and after were
rinsed twice with PBS for 20 min and then rinsed with PBS with 2% Triton
X-100. The sections were then incubated with permeabilization solu-
tion (PBSwith 0.2% Triton X-100) during 30 min and blocking solution
(PBSwith 0.2% Triton X-100,10% DMSO and 6% donkey serum) for 1 h.
The anti-MCH antibody was incubated 1:500 in PTwH (PBS with 0.2%
Tween-20, 1% heparin (10 mg ml™), 0.2% sodium azide) overnight at
-4 °C.Thesamples wererinsed three times for 5 minand the secondary
antibody (Alexa Fluor Plus 647 anti-rabbit; Thermo Fisher Scientific,
A32795,TF271041) wasincubated 1:250 in PTwH and 3% donkey serum
and 0.2% sodium azide during1 h at room temperature, covered from
thelight. Finally, the samples wererinsed in PTwH three times for 5 min
and theslices were mounted with DAPI (Vectashiels-VECTOR). Images
were acquired using confocal microscopy (data not shown).

iDISCO brain-clearing 3D histology

After antibody validation, we selected a representative dorsolateral
section for the iDISCO protocol to confirm our hippocampal area seg-
mentation (Fig.3a,b). The section was approximately 1.0 x 0.8 x 0.4 cm
and was pretreated with methanol according to the iDISCO protocol®
using a modified immunostaining protocol. The sample was rinsed
twice with PBS with 2% Triton X-100 for 1 h. We incubated the sample
in permeabilization solution (PBS with 0.2% Triton X-100, for 30 min)
and blocking solution (PBS with 0.2% Triton X-100,10% DMSO and 6%
donkey serum) for 1 h. The sample was incubated with 1:500 anti-MCH
antibodies in PTwH (PBS, 0.2% Tween-20, 1% heparin 10 mg ml™, 0.2%
sodiumazide) for 10 days, nutating at 37 °C. After 10 days, the samples
were rinsed three times for 5 min and thenrinsed againevery few hours
and left nutating at room temperature overnight. The next day, the
sample was incubated in the secondary antibody, donkey anti-rabbit
Alexa Fluor 647 Plus (Thermo Fisher Scientific, A32795),1:250 in PTwH
and 3% donkey serum and 0.2% sodium azide at 37 °C, nutating for 10
days, covered from the light. After secondary incubation, the sample
was againrinsed in PTwH for 2 days, and the iDISCO clearing protocol
was followed (https://idisco.info/idisco-protocol/update-history/).

Histological assessment of lateral hypothalamic connectionsin
the dIHPC

The iDISCO brain-clearing 3D histology results were used to confirm
the hippocampal area segmentation. The anti-MCH antibody was used
toidentify orexigenic projections within our hippocampal sample. The
sample wasimaged using alight-sheet microscope (UltraMicroscope
11, Miltenyi BioTec). We used the background subtraction tool in Imaris
toremove the faint auto-fluorescence signal in non-stained tissue tra-
ditionally presentinthe red (647) channel of iDISCO-cleared samples.
We assessed whether our sample from the dorsolateral hippocampal
subregion, defined on the basis of the higher number of probabilistic
tractography streamlines, contained projections expressing MCH, an
orexigenic neuropeptide primarily produced in the LH area. We first
manually identified thelocation of our whole sampleinacorresponding
coronalsliceinthe high-resolution MNI09c template brain (Extended
Data Fig. 9) and then extracted a representative dorsolateral section
that overlapped with the dIHPC (Fig. 3a). After immunolabelling and
clearing, the final MCH-stained sample was again manually overlaid to
the corresponding coronal slice in the high-resolution MNI template

brainand the tractography-based hippocampal probability map of LH
areastreamlines (Fig. 3b).

Demographics, clinical and behavioural data of the
binge-eating-prone cohorts

Participant consent was obtained according to the Declaration of
Helsinki and approved by the Stanford University Institutional Review
Board (IRB-35204). We analysed the available clinical and behavioural
data from the 34 female individuals who were prone to binge eating
(thatis, all those included in imaging analyses), defined by at least
one weekly episode of eating large amounts of food in short periods
accompanied by the feeling of loss of control eating over the previ-
ous 6 months (binge-eating-prone cohort; mean age =26 + 5.6 years;
BMI =279 + 8.5; binge frequency = 2.7 + 1.4 episodes per week)’. The
number of binge-eating episodes per week was assessed using the
Eating Disorder Examination, a standardized diagnostic interview”.
The Beck Depression Inventory (BDI) and the Beck Anxiety Inventory
(BAI) were used to screen for depression and anxiety, respectively™”,
The Difficulties in Emotion Regulation Scale was used to assess impair-
ment in emotion regulation. The binge-eating cohort was divided
into two subgroups: (1) lean (n =17): BMI < 25 (referred to as the lean
group); (2) overweight/obese (n=17): BMI > 25 (referred to as obese/
overweight group).

rsFC analysis

rsRC analysis was performed on the binge-eating-prone cohort’s pre-
processed resting-state fMRI data using DPABI/DPARSF v.4.3, whichis
based onStatistical Parametric Mapping (SPM, v.12, https://www.fil.ion.
ucl.ac.uk/spm)”. A seed-based approach was performed to examine
the rsFC in the 34 female individuals prone to binge eating included
inimaging analyses by calculating the rsFC between the LH mask as
defined above and each tractography-identified hippocampal subre-
gion. Functional connectivity values were extracted for all participants
and used in further correlational analyses.

Statistical analyses

Statistical analyses were performed using the Rstudio v.1.2.5042
(Rstudio). Given the sensitivity of metrics derived from resting-state
fMRI and diffusion MRI proneness to numerical distortions related
to data acquisition or analytical pipeline, we used the Tukey method
to remove outliers for each connectivity metric. After checking for
normality, we then used the Student’s ¢-test to compare rsFC as well
as tractography-Cl between the hippocampal subregions and LH in
the overweight/obese and lean groups. One outlier was identified
and removed from the obese binge-eating group and two outliers
wereidentified and removed from the leangroup inboth the rsFC and
structural Clanalyses in Fig. 4c and 4d (left), respectively. Moreover,
we identified and removed one outlier from the lean group in the CI
analysisin Fig. 4d (right). Mann-Whitney U-tests were used to compare
the corrected number of streamlines between the LH and hippocampal
subregionsin the binge-eating-prone cohort. To assess potential effect
of confoundersin theidentified connectivity differences between the
obese and lean group, we fit a multivariate logistic regression model
to predict whether a participant belongs to the overweight/obese or
lean group, including the available demographic and behavioural
variables in addition to the LH-dIHPC connectivity measurements.
The comprehensive list of variables included: age, depression (BDI),
anxiety (BAl), binge-eating frequency, restrained eating, emotional
eating and externally driven eating scores (from DEBQ), LH-dIHPC-
LHrsFC, LH-non-dIHPC rsFC, LH-dIHPC structural connectivity and
LH-non-dIHPC structural connectivity. We then used backwards
elimination to identify which combination of variables provided the
highest predictive power with the lowest total number of explana-
tory variables to avoid over-fitting (Akaike information criterion).
Finally, a VIF was calculated to assess potential correlations between
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explanatory variables, with a VIF < 2.5 suggesting negligible collin-
earity between variables’. P < 0.05 was considered to be statistically
significant for all tests.

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

Data availability

The Human Connectome Project 7T S1200 WashU-Minn-Ox HCP data-
set is publicly available online (http://db.humanconnectome.org/).
More detailed anonymized data supporting any other findings of this
study are available from the corresponding author on reasonable
requestastheinstitutionsinvolvedinthis study may require Data Use
Agreements, which we would be happy to facilitate for investigators
who areinterested inreplicating (or expanding on) our findings. Source
data are provided with this paper.

Code availability

MATLAB (v.2020b), Python (v.3.6), FSL (v.6.0), Advanced Normalization
Tools (v.2.1.0), fMRIPrep (v.1.2.3), DPABI/DPARSF (v.4.3) and SPM (v.12)
were used for the electrophysiologic and neuroimaging analyses in this
study. The code and method® used to analyse the evoked potentials
are also publicly available at GitHub (http://github.com/kaijmiller/
crp_scripts). Imaris (v.8.4) was used to render histological images.
Statistical analyses of the neuroimaging results were performed using
Rstudio (v.1.2.5042). No new algorithms or pre-processing techniques
were performed outside of the previously published uses of the tool-
boxes and software packages. The code used for analysing the data is
protected under USPTO serial number: 63/170,404 and 63/220,432;
international publication number: W0 2022/212891 Al (international
publication date: 6 October 2022) and can therefore be shared by the
corresponding author only on reasonable request.
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Extended DataFig.1|Relationship between the low frequency cluster power
and trialnumber in the task. Trial number used as proxy measure for sweet-fat
solution expectation. (A) Cluster power plotted as afunction of trialnumberin
the task (top:individual trial power, bottom: smoothed data by averaging 3
consecutive trial values). (B) Cluster power in the first versus last 20 trials of the

0.15

0.05

0.15

0.05 |

neutral

e
N

o
[

=
N

=
-

task for the neutral (top) and sweet-fat (bottom) conditions. Note that the last
20 trials had significantly higher cluster power compared to the first 20 trials
for the sweet-fat (p = 0.014, one-sided, unpaired permutation testing) but not
for the taste-neutral condition (p = 0.198). NS. = non-significant, *=p < .05, error
barsrepresentstandard error of the mean across pooled trials.
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before (left spectrogram) and after (right spectrogram) correction for multiple
comparisons. Colour barindicates meanz-score power difference (using pooled
channels as observations) between the two conditions compared toanull
distribution. Outlined clusters (left spectrogram) reflect significant contiguous
time-frequency voxels (p < 0.05, two-sided cluster-based permutation testing,
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1000 permutations) before correction for multiple comparisons. Thresholded
map displays significant time-frequency cluster (- 7-12 Hz) after correction for
multiple comparisons using cluster size (see methods). Note the absence of a
cluster centred in~4-6 Hzin the thresholded map. (B) 7-12 Hz mean z-score
power timetracesin the dIHPC (left traces) and non-dIHPC (right traces)
hippocampalsites, respectively. O-timeindicates cue presentation. Note that
while 7-12 Hz power is recruited inboth subregions, condition specificity to
water at this frequencyrangeis only observedinnon-dIHPC.
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sweet-fat minus the taste-neutral itemsin the sweet-fatincentive paradigm. Note that the low frequency power cluster is specific to the sweet-fat cue and is
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
/N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Software and code

Policy information about availability of computer code

Data collection  Electrophysiologic data was obtained from intracranially placed depth electrodes (AdTech Medical) by using the clinically available Nihon
Kohden EEG recording system. Neuroimaging data from the binge-prone cohort was obtained with a 3T MRI scanner (Discovery MR750, GE
Healthcare). 3D histology data was acquired using a UltraMicroscope Il (Miltenyi BioTec, Germany).

Data analysis Matlab Version 2020b, Python Version 3.6, FSL Version 6.0, Advanced Normalization Tools Version 2.1.0, fMRIPrep Version 1.2.3, DPABI/
DPARSF Version 4.3, SPM Version 12 were used for the electrophysiologic and neuroimaging analyses in this study. Imaris Version 8.4 was
used to render the histological images. Statistical analyses of the neuroimaging results were performed using the RStudio Version 1.2.5042.
The code and materials used for analyzing the data in this study are available from the corresponding author upon reasonable request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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Neuroimaging data were obtained from the publicly available Human Connectome Project 7T S1200 WashU-Minn-Ox HCP dataset (available at http://
db.humanconnectome.org/). Electrophysiologic data were obtained from intracranially placed depth electrodes (AdTech Medical) by using the clinically available




Nihon Kohden EEG recording system. 3D histology data were acquired using a UltraMicroscope Il (Miltenyi BioTec, Germany). Neuroimaging data from the binge-
prone cohort were obtained with a 3T MRI scanner (Discovery MR750, GE Healthcare). Anonymized data that support the findings of this study are available from
the corresponding author upon reasonable request.
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description The study with intracranial electrophysiology was a quantitative prospective study where we enrolled 9 consecutive patients with
intracranial depth electrodes targeting the hippocampus placed for sole purposes of clinical monitoring. These patients were asked
to participate in a cognitive task involving viewing a food cue and subsequently receiving a taste of either taste-neutral or palatable
solution. The neuroimaging study enrolled 37 consecutive subjects (all female) with a history of weekly binge eating who expressed
interest in participating in the imaging protocol.

Research sample Normative data from all 178 unrelated subjects from the Human Connectome Project who underwent a ultra-high-resolution
acquisition on a "Magnetom" 7T MRI scanner (Siemens Medical Systems, Erlangen, Germany) were obtained from the publicly
available S1200 WashU-Minn-Ox HCP dataset. 9 consecutive human participants (2 female) with coverage of the hippocampus were
enrolled for the intracranial electrophysiologic study. The baseline demographics are included in Table S1. 37 consecutive human
participants (all female) with a history of binge eating behavior were enrolled for the imaging study.

Sampling strategy Consecutive enrollment of patients meeting the enrollment criteria (for electrophysiology study: intracranial electrode targeting the
hippocampus; for imaging study: history of weekly binge eating episodes). The electrophysiology study sample size was chosen to
allow for adequate coverage of the hippocampus as well as based on clinical restraints; the imaging study sample size was limited by
recruiting restraints imposed by the Covid-19 pandemic. We have included all possible subjects meeting inclusion criteria since the
inception of the study.

Data collection Nihon Kohden EEG-1200 and its supplied software was used for all video and EEG data capture in this study. No blinding was
performed in this study. The researchers instructed the participants on the tasks and operated the electrophysiology hardware and
software. For the neuroimaging data collection, we used a 3T MRI scanner (Discovery MR750, GE Healthcare, Milwaukee, Wisconsin).

Timing The subject enrollment period (combined imaging and electrophysiology) was from September 22, 2015, to August 31, 2020
Data exclusions No subject was excluded from electrophysiology study as subjects with lesions in the brain including mass, infarct and

encephalomalacia were not enrolled. Three (out of 37) subjects were excluded from binge-prone imaging analysis due to excessive
movement as measured by 1) mean framewise displacement (FD) > 0.2mm, 2) more than 20% of FD over 0.2mm, or 3) any FD >

5mm.
Non-participation No enrolled subjects declined to participant.
Randomization No randomization process apply to this study as there was no intervention. All subjects participated in the study tasks.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| |Z MRI-based neuroimaging
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Antibodies

Antibodies used Anti-melanin concentrating hormone. Phoenix Pharmaceuticals Inc, USA, HO70-47, Lot No. 01629-10; Donkey anti-Rabbit Alexa Fluor
647 Plus, ThermoFisher Scientific, USA, A32795, Lot No. TF271041.

Validation The primary antibody was validated for human immunohistochemistry and we confirmed that it was compatible with the reagents
used in the immunolabeling-enabled 3D imaging of solvent cleared organs (iDISCO) protocol using the published iDISCO antibody
validation protocol.

Human research participants

Policy information about studies involving human research participants

Population characteristics See above.
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Recruitment Consecutive enrollment of patients meeting the enrollment criteria (for electrophysiology study: intracranial electrode
targeting the hippocampus; for imaging study: history of weekly binge eating episodes). The electrophysiology study sample
size was chosen to allow for adequate coverage of the hippocampus as well as based on clinical restraints; the imaging study
sample size was limited by recruiting restraints imposed by the Covid-19 pandemic. We have included all possible subjects
meeting inclusion criteria since the inception of the study.

Ethics oversight The Stanford University Institutional Review Board approved the studies with the human electrophysiology, binge-prone
cohorts, and the human hippocampal sample.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Magnetic resonance imaging

Experimental design

Design type N/A - the MRI portion of this study did not involve a task or stimulus-based design.
Design specifications N/A - the MRI portion of this study did not involve a task or stimulus-based design.

Behavioral performance measures N/A - the MRI portion of this study did not involve measures of behavioral performance.

Acquisition
Imaging type(s) Diffusion, functional and structural
Field strength 7T and 3T
Sequence & imaging parameters Different sequences and parameters apply for the two different imaging datasets used. They were described in detail in
Table S2.
Area of acquisition Brain
Diffusion MRI Used [ ] Not used
Parameters 130 directions (normative data) and 37 directions (binge eating data), multi-shell (normative data) and single-shell, no cardiac gating
was used.
Preprocessing
Preprocessing software Diffusion MRI data was preprocessed using the FSL suite. Functional MRI data was preprocessed using fMRIPrep 1.2.3 (6mm
FWHM isotropic Gaussian kernel, ICA-AROMA was used to identify motion-related noise components in the BOLD signal).
Normalization Advanced Normalization Tools (ANTs) was used for non-linear transformation of ROIs to native space of research participants.
Normalization template Individual segmentation results were normalized to the MNI152 09c¢ template for population average definition.
Noise and artifact removal For individual measurements, data the analysis was conducted in native space. For group level results (hippocampal

segmentation), data were normalized to MNI152 09c template.
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Volume censoring For functional MRI data, non-steady state volumes were censored by fMRIPrep 1.2.3

Statistical modeling & inference

Model type and settings N/A - this study did not involve task or stimulus-based functional MRI.




Effect(s) tested N/A - this study did not involve task or stimulus-based functional MRI.
Specify type of analysis: [ | Whole brain ~ [X| ROI-based [ | Both

The lateral hypothalamus (LH) region mask was defined on the standard T1 MNI152 09c template
adapted from CIT168 Subcortical In Vivo Probabilistic Atlas, while the hippocampi masks were defined
using the Harvard-Oxford brain atlas. This registration was performed using Advanced Normalization
Tools (ANTs), which consists of two successive steps of linear and nonlinear registration between the
subject™s brain and the MNI brain. In a third step, the MNI-defined ROIs were registered to the subject's

Anatomical location(s)
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space.
Statistic type for inference ROI-based.
(See Eklund et al. 2016)
Correction No correction for multiple comparisons were applicable since the hypothesis-driven analysis involved a single pair of ROls.
Models & analysis
n/a | Involved in the study
|:| IZ Functional and/or effective connectivity
IZ |:| Graph analysis
|:| |Z Multivariate modeling or predictive analysis
Functional and/or effective connectivity Functional connectivity measurements where calculated using DPABI 4.3/DPARSF which is based on

Statistical Parametric Mapping (SPM12).

Multivariate modeling and predictive analysis = A multivariate logistic regression model was used to predict whether a subject belongs to the overweight/
obese or lean group including the available demographic and behavioral variables in addition to the LH-dIHPC
connectivity measurements. The comprehensive list of variables included: age, depression (BDI), anxiety,
binge frequency, restrained eating, emotional eating and externally driven eating scores (from DEBQ), LH-
dIHPC-LH rsFC, LH-non-dIHPC rsFC, LH-dIHPC structural connectivity, and LH-non-dIHPC structural
connectivity. We then used backwards elimination to identify which combination of variables provided
highest predictive power with the lowest total number of explanatory variables to avoid over-fitting (Akaike
Information Criterion).
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