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The dorsal vagal complex (DVC) in the hindbrain, com-
posed of the area postrema, nucleus of the solitary tract,
and dorsal motor nucleus of the vagus, plays a critical role
in modulating satiety. The incretins glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) act directly in the brain to modulate feeding, and
receptors for both are expressed in the DVC. Given the
impressive clinical responses to pharmacologic manipula-
tion of incretin signaling, understanding the central
mechanisms by which incretins alter metabolism and
energy balance is of critical importance. Here, we
review recent single-cell approaches used to detect
molecular signatures of GLP-1 and GIP receptor–ex-
pressing cells in the DVC. In addition, we discuss how
current advancements in single-cell transcriptomics,
epigenetics, spatial transcriptomics, and circuit map-
ping techniques have the potential to further charac-
terize incretin receptor circuits in the hindbrain.

The incretins glucagon-like peptide 1 (GLP-1) and glu-
cose-dependent insulinotropic polypeptide (GIP) are pep-
tide hormones released by intestinal enteroendocrine cells
in response to a meal (1). In addition to augmenting insu-
lin secretion during an oral glucose load, both hormones
modulate satiety (1). GLP-1 receptor agonists (GLP1RA)
are approved for the treatment of obesity (2), and GLP-1
and GIP receptor coagonists show pronounced synergistic
effects on weight loss in clinical trials (3). Moreover,
genome-wide association studies (GWAS) for BMI (a sur-
rogate measure to approximate adiposity) have associated
coding variants in the GIP receptor (GIPR) with lowered
body weight (4), further supporting a weight-modulatory
role of GIPR in human obesity.

Intracerebroventricular injection of either GIP or GLP-
1 reduces body weight and combined intracerebroventric-
ular injection of GIP and GLP-1 (at subeffective doses
for each individual peptide) synergistically reduces body
weight in mice (5). Due to the rapid degradation of
endogenous GLP-1 and GIP by dipeptidyl peptidase 4, it
is unlikely that intestinal-derived incretins reach receptors
in the brain. However, the brain mediates the anorexic
effects induced by degradation-resistant incretin receptor
agonists; for instance, knockdown of Glp1r in the central
nervous system abolishes weight loss in mice treated
peripherally with GLP1RA (6). Interestingly, both periph-
erally and centrally administered GIPR antagonists have
been shown to protect against obesity in rodents and
nonhuman primates (7,8), indicating that the cellular
mechanisms through which GIPR signaling improves met-
abolic function remain undefined.

Neurons in the hindbrain and especially the dorsal
vagal complex (DVC) are optimally positioned to play a
key role in mediating incretin’s effects on food intake.
The DVC is located in the medulla oblongata by the
fourth ventricle and comprises the area postrema (AP),
the nucleus of the solitary tract (NTS), and the dorsal
motor nucleus of the vagus (DMV). The AP senses circu-
lating metabolic signals (9), and the NTS processes and
relays intestinal information to the brain (10). Studies in
rodents and/or nonhuman primates have shown that
GLP1R is expressed in the AP, NTS, and DMV (11–16)
and that Gipr is expressed in the AP (15–17). In addition,
the NTS houses a small population of GLP-1–producing
neurons (18). Moreover, GLP1R in glutamatergic and not
GABAergic neurons are required for weight loss induced
by peripherally administered GLP1RA in mice (14).
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Indeed, Glp1r is predominantly expressed in glutamatergic
neurons in the AP and NTS (14), and administration of
GLP1RA in the fourth ventricle suppresses feeding (19).
Furthermore, peripherally administered GLP1RA-induced
transcriptional changes are particularly pronounced in the
AP compared with the NTS and extra-DVC brain areas
(16). However, some studies have suggested an involve-
ment of GABAergic NTS neurons and question whether
AP cells are necessary for GLP1RA to exert control on
feeding (19–22), leaving the role of the DVC unclear.

Here we argue that elucidating the mechanisms by which
incretins affect feeding requires a more detailed under-
standing of the incretin receptor circuits in the hindbrain.
Whereas immunohistochemistry, in situ hybridization, flow
cytometry, and traditional large-scale molecular profiling
approaches can provide information on the spatial distribu-
tion and expression levels of incretin receptors, they pro-
vide limited information on the cell types expressing the
receptors. Given the cellular heterogeneity of the DVC,
large-scale molecular approaches operating at single-cell res-
olution are imperative to further map the role of hindbrain
incretin signaling in body weight regulation. Here, we
describe recent advancements in transcriptional characteri-
zation of GLP-1 and GIP receptor cells in the DVC and out-
line how single-cell transcriptomics, epigenetics, spatial
transcriptomics, and circuit mapping techniques have the
potential to further our understanding of incretin signaling
in hindbrain circuits.

Mapping the Distribution of Incretin Receptors Using
Single-Cell Transcriptomics
Due to the development of robust protocols using minimal
amounts of biological input material and the introduction
of easy-to-use commercial systems, RNA sequencing (RNA-
seq) has become the preferred choice for single-cell profil-
ing. Below we describe key concepts and considerations
that need to be taken into account when profiling incretin
receptor circuits in the hindbrain.

Hindbrain Single-Cell RNA-seq Data Generation and
Analysis
The first step in generating single-cell RNA-seq (scRNA-
seq) data is to dissociate tissue into a solution of single
cells or single nuclei. Single-nucleus RNA-seq (snRNA-
seq) has emerged as the preferred protocol for single-
cell sequencing analysis of the hindbrain based on its
applicability to frozen tissue samples and because nuclei
are less vulnerable to mechanical stresses imposed by
whole-cell dissociation protocols. Although nucleus-
based approaches do not assay cytosolic RNAs, RNAs in
whole cells and nuclei are similarly distributed so that
nuclei-based protocols are expected to provide an
equally good estimate of the cells’ transcriptional state
(23). Typically, data from 2,000–3,000 nuclei can be
obtained from a single mouse DVC isolated from a fro-
zen brain sample. The RNA from each cell is captured
and processed to “sequencing-ready libraries” that

integrate a unique barcode (cell barcode) for all tran-
scripts originating from a given cell and a transcript-
specific unique molecular identifier to control for PCR-
induced amplification biases. Single-cell level barcoding
can be achieved in multiple ways, but most approaches
capture individual cells in an isolated reaction environ-
ment until the cell barcode is encoded. This can be
achieved through serial dilution into reaction wells,
FACS, micropipetting, and valve-based, nanowell-based,
or droplet-based microfluidics. An alternative approach
is combinatorial indexing where cells are repeatedly
mixed into different wells to attain a unique combina-
tion of barcodes. Whereas valve- and nanowell-based
protocols enable complex operations such as in-well
imaging and capture of full-length RNAs, allowing detec-
tion of splice isoforms (e.g., the human GLP1R and
GIPR are transcribed into at least four and eight splice
variants, respectively [24]), they typically have lower
throughput in terms of the total number of cells as
compared with droplet- and combinatorial indexing–
based techniques. Due to their scalability and ease of
use, microfluidic-based techniques have become a popu-
lar choice for scRNA-seq. See ref. 25 for a comparison of
specific techniques.

Tissue dissociation, cell capture, barcoding, and library
construction are followed by massively parallel sequencing
and data analysis. Transcripts are mapped to a reference
genome, and a count matrix of the captured transcripts is
constructed. Following quality control steps and data nor-
malization, cells are clustered and marker genes for each
cluster are identified. Cell type labels can be automatically
inferred from one of the growing numbers of DVC
scRNA-seq data sets becoming available with use of data
integration tools (26). Downstream analyses of hindbrain
single-cell data include but are not limited to identifica-
tion of differentially expressed genes between treatment
groups, network-based analyses to identify sets of coregu-
lated genes within a given cell type, integration with
GWAS data to identify cell types expressing marker
genes that colocalize with genetic association signals for
metabolic traits, and mapping of intercellular signaling
between cell types (27). See ref. 28 for a review of best-
practice recommendations in single-cell data analysis.

Key Questions in Hindbrain Single-Cell Transcriptomics
Studies
Four important questions arise when using single-cell
experiments to study incretin receptor expression in the
hindbrain.

What Should I Pay Attention to During the Study Design?
We anticipate that most hindbrain single-cell sequenc-

ing studies will be designed to investigate stimulus-
induced gene expression changes, e.g., transcriptional
characterization of cell types directly and indirectly
responding to incretin dual agonist treatment in model
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organisms. Ensuring a sufficient number of biological rep-
licates per group is key, and we advise using power calcu-
lations based on established DVC single-cell data sets to
estimate that number. Next, because the induced tran-
scriptional changes can be subtle, and despite the emer-
gence of computational approaches, technical variation
can introduce batch effects (26). Thus, to ensure preserva-
tion of biological variation, we recommend using “cell
hashing” techniques that allow cells or nuclei from a
greater number of samples to be pooled and processed
together not only to reduce batch effects but also to mini-
mize cell doublets and experiment costs (29).

Which Technique Should I Use?
If the aim is to map hindbrain cell types, then a single-

nucleus droplet-based approach typically constitutes an
appropriate choice due to its minimal tissue-handling
requirements and the capability to work with frozen tis-
sue and because it facilitates unbiased capture of activity-
regulated transcription factor genes—a class of genes typ-
ically being transcribed shortly after neuron activation. If
the experimental focus is on specific cell types that can be
genetically labeled with fluorophores, then FACS purifica-
tion followed by scRNA-seq represents an efficient way to
profile the genetically defined cell type. CITE-seq (cellular
indexing of transcriptomes and epitopes by sequencing)
(30) and inCITE-seq (intranuclear CITE-seq) (31) are two
related techniques, which provide quantitative informa-
tion on cellular and intranuclear protein levels, respec-
tively, along with transcriptome measurements. Such
approaches can for instance be applied to quantify the
protein abundance of activity-regulated transcription fac-
tors in characterization of cell types responding to physio-
logical stimuli such as incretin receptor agonists.

How Many Cells Do I Need and What Sequencing Depth Should

I Aim for When Profiling the Incretin Response in the Hindbrain?
Typically, the number of cells and sequencing read depth

are traded off against each other (32). Heterogeneous
structures like the hindbrain require a larger number of
cells to be profiled than more homogeneous tissues. How-
ever, incretin receptor–expressing cells constitute a small
fraction of the total number of cells in the DVC and we
suggest using one of the following two sorting strategies to
profile stimulus-induced expression changes in GLP1R- and
GIPR-positive hindbrain cells: 1) a transgenic animal model
reporter line expressing a nuclear membrane protein such
as SUN1 driven by the promoter for Glp1r, Gipr, or a gene
marking the focal cell type; or 2) the Probe-Seq approach
(33), which relies on fluorescent in situ hybridization
(FISH) to label intranuclear GLP1R or GIPR RNAs.

What Drawbacks Should I Be Aware of When Using Single-Cell

Sequencing to Explore Hindbrain Incretin Receptor Circuits?
Glp1r and Gipr are expressed at relatively low levels

and detected in only �0.7% and 1% of the cells in the

mouse DVC, respectively (16). Unbiased profiling studies
investigating incretin receptor signaling in response to
relevant physiological stimuli will be costly unless effec-
tive sorting-based enrichment of the target cells is used;
however, such sorting-based approaches can be difficult
to set up and apply. Finally, single-cell sequencing results
are only descriptive; identified genes will need to be vali-
dated in a relevant physiological context using reverse
genetics approaches, and relevant cell types will need to
be validated in vivo using direct manipulation of cell
activity in response to defined physiologic stimuli.

Single-Cell Profiling of Incretin Receptor–Expressing
Cell Populations in the DVC
Targeted studies combining genetic mouse models and
immunohistochemistry have made valuable insights about
incretin receptor expression in the hindbrain. For exam-
ple, the majority of Glp1r AP and NTS neurons coexpress
solute carrier family 17 member 6 (Slc17a6) and tyrosine
hydroxylase (Th) (14,34), suggesting that glutamatergic
and dopaminergic/noradrenergic neurotransmission may
be important mediators of central GLP1RA action. How-
ever, unbiased and comprehensive transcriptional charac-
terization of incretin receptor–expressing cells in the
hindbrain is still in its infancy. Below we combine and
expand on findings from two recent studies using single-
cell techniques to profile DVC cell populations in mouse
models.

Insights FromMouse Single-Cell Transcriptomics Studies
Zhang et al. (15) profiled the transcriptomes of 3,657
cells from the AP and proximal NTS of mice to unravel
groups of AP neurons mediating nausea-associated behav-
iors. To understand cell populations involved in body
weight control, we (Ludwig et al. [16]) characterized the
transcriptomes of 72,128 cells from AP-centric DVC tissue
of mice with diet-induced obesity that were 1) treated
with GLP1RA peripherally, 2) given vehicle and fed ad
libitum, or 3) weight matched to the GLP1RA-treated
group for 7 days.

Both studies identified expression of Glp1r in glutama-
tergic neurons and Gipr in GABAergic neurons in the AP
(15,16). In addition, Ludwig et al. detected Glp1r in
GABAergic AP neurons and glutamatergic NTS neurons
and Gipr in oligodendrocytes, which may have been unde-
tected by Zhang et al. due to a less dense coverage of these
cell populations. Here, we integrated cells from these two
atlases into a single DVC cell population map (see https://
github.com/perslab/Ludwig-Diabetes-2021/ for Methods).
This atlas comprises a total of 8 glial cell types and 27 neu-
ronal populations (Fig. 1); for a complete list of marker
genes see Supplementary Table 1. We note that since the
dissections in both studies are AP-focused, populations in
the NTS and DMV may have been missed, such as
Glp1r-expressing GABAergic NTS neurons and Glp1r-ex-
pressing DMV neurons.
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Transcriptional Signatures of Incretin Receptor Cells and
Their Potential Role in Energy Balance Control
In the AP, Glp1r is expressed in a subset of glutamatergic
neurons (Glu4a-c in Fig. 1C) distinct from calcitonin
receptor (Calcr)-expressing and receptor activity modify-
ing protein 3 (Ramp3)-expressing neurons (Glu10 in Fig.
1C), highlighting that GLP-1 and amylin/calcitonin acti-
vate different cell populations. Glu4a neurons were
marked by solute carrier family 6 member 2 (Slc6a2),
Glu4b by thymocyte selection–associated high mobility
group box (Tox), and Glu4c neurons by GDNF family
receptor a-like (Gfral). In all three neuronal populations,
at least one of the enzymes involved in dopamine and/or
noradrenaline synthesis was expressed (Th, dopamine
b-hydroxylase [Dbh], and DOPA decarboxylase [Ddc]).
Furthermore, Glu4b neurons expressed the melanocortin
4 receptor (Mc4r), which reduces feeding upon activation
in the DVC (35) and is upregulated in the AP following
GLP1RA administration (16). Glu4a and Glu4c neurons
expressed the calcium-sensing receptor (Casr), which con-
tributes to AP-mediated nausea, consistent with the find-
ing that Slc6a2-, Gfral-, and Glp1r-expressing AP neurons
activate aversive calcitonin gene–related peptide (Cgrp)
neurons in the parabrachial nucleus (PBN) (15). It
remains unclear whether Glp1r-expressing AP neurons
also activate anorectic circuits independent of nausea. In
the AP, Glp1r was also expressed in a small population of
GABAergic neurons (GABA7 in Fig. 1C) that expressed
the receptor for the anorexic peptide cholecystokinin
(Cckar) at high specificity. This population has, however,
not been confirmed using in situ hybridization or immu-
nohistochemistry. In the NTS, Glp1r is expressed in
glutamatergic neurons (Glu11 in Fig. 1C) where the gas-
trin-releasing peptide receptor (Grpr) was the top marker
gene. These neurons expressed Th, Ddc, and Dbh and may
play a role in decreased preferences for palatable foods
seen after intraparenchymal NTS injection of GLP1RA
(36), as DBH-immunoreactive NTS neurons project to the
nucleus accumbens (a key brain area in food reward proc-
essing) (37). In contrast to the AP, Glp1r NTS neurons
coexpressed Calcr, suggesting that calcitonin and GLP-1
activate partly overlapping NTS cell populations. In addi-
tion, these neurons expressed Mc4r. Following treatment
with GLP1RA, genes specific to glutamatergic Glp1r-
expressing AP and NTS neurons were upregulated, includ-
ing Bdnf, Ptprn, and Pam, which also colocalize with
GWAS-associated loci for BMI (16,38,39). In contrast,
genes expressed in glial cells including astrocytes and oli-
godendrocytes were downregulated following GLP1RA
treatment (16). The fact that Glp1r expression was not
detected in glial cells in current DVC single-cell atlases
suggests that glial cells respond indirectly to treatment,
although other studies have described a role of Glp1r-
expressing NTS astrocytes in GLP1RA-mediated feeding
suppression (40). Moreover, GLP1RA administration did
not alter expression of genes specific to GLP-1–producing
glucagon (Gcg) neurons in the NTS (Glu14 in Fig. 1C)

(16), consistent with the observation that GLP-1 neurons
are not necessary for GLP1RA-induced weight loss but
when activated may act synergistically to reduce food
intake (41).

Gipr is expressed in oligodendrocytes and GABAergic
AP neurons (GABA5) (Fig. 1B and C). The top marker of
Gipr-expressing GABAergic neurons was the transcription
factor paired box 5 (Pax5). GLP1RA administration did
not alter gene expression in Gipr neurons (16). Since
GABAergic neurons in the AP mainly innervate targets in
the AP and proximal NTS (15), including TH-immunore-
active AP neurons (42), this suggests that GIP may pre-
synaptically modulate the action of other metabolic
peptides in the DVC. Interestingly, a single-cell transcrip-
tomics study of the AP and NTS of fed and fasted mice
published during revision of this article suggests that oli-
godendrocytes are particularly sensitive to changes in
energy status (43), indicating a potential metabolic role
for GIPR signaling in DVC oligodendrocytes.

In sum, while many questions regarding GLP-1 and
GIP action in the DVC remain to be answered, single-cell
transcriptomics has provided a number of important
answers: a map of the transcriptional heterogeneity in
DVC cell populations that express combinations of the
receptors for GLP-1, GIP, amylin, calcitonin, and growth/
differentiation factor 15 (GDF15) and identification of
marker genes for 27 DVC neuronal populations that can
be used for cell type–specific manipulations. Key issues to
resolve include mapping of additional NTS and DMV cell
populations, screening of incretin receptor expression in
less prevalent DVC cell populations and extra-DVC hind-
brain nuclei, delineation of species differences in incretin
receptor circuits, and elucidation of how incretin recep-
tor–expressing cell types interact when activated.

Mapping cis-Regulatory Factors Regulating Incretin
Action in the Hindbrain
Heritability of obesity is predominantly driven by common
genetic variants found mostly within intergenic, gene-regu-
latory regions distributed throughout the human genome
(44). Consequently, insights into hindbrain circuits mediat-
ing genetic susceptibility to metabolic disease in humans
can be inferred by identifying cis-regulatory elements
across relevant hindbrain cell types. Below we outline some
of the most popular methods to map candidate cis-regula-
tory elements and their target genes, and we review our
recent effort to map chromatin accessibility in the DVC to
identify candidate cell populations mediating genetic risk
for obesity.

Single-Cell Techniques for Mapping cis-Regulatory
Elements and Their Target Genes
Enhancers are an important class of cis-regulatory DNA
elements that bind transcription factors and regulate the
expression of proximal genes. However, enhancers remain
unidentified for the far majority of rodent and human cell
types (45). Active enhancers typically reside in DNA
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Figure 1—Combined DVC single-cell transcriptomics atlas highlights distinct groups of incretin receptor cells. A: Graphical illustration of
snRNA-seq of the DVC. B: UMAP plot of 75,785 DVC cells from two independent studies (15,16). The receptors found among the top 100
most specifically expressed genes in oligodendrocytes, the only incretin receptor–expressing glial cell type, are plotted by the normalized
transcript counts in the focal cell type (green) and remaining cells (gray). C: UMAP plot of 51,212 DVC neurons from the combined atlas.
The cell population classifications from the atlas provided by Ludwig et al. (16) have been maintained except for Glu4 neurons, which were
split into three clusters (Glu4a-c) following the classification by Zhang et al. (15). The expression of receptors being part of the top 100
most specifically expressed genes in incretin receptor–expressing neurons is depicted in terms of the normalized transcript counts in the
focal neuronal population (red, AP; blue, NTS) and remaining neurons (gray). OPCs, oligodendrocyte precursor cells; VLMCs, vascular
and leptomeningeal cells.
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stretches devoid of closed chromatin and can be charac-
terized by high levels of active histone modifications, low
levels of DNA cytosine methylation, and physical interac-
tions with gene promoter regions (45) (Fig. 2A). Profiling
of open chromatin at single-cell resolution can be accom-
plished by scATAC-seq (single-cell assay for transposase-
accessible chromatin using sequencing) (46), which uses a
hyperactive Tn5 transposase that simultaneously cuts and
tags DNA at accessible regions with sequencing adaptors,
enabling DNA in open chromatin to be profiled (47). Sin-
gle-cell profiling of chromatin components such as acety-
lation of lysine 27 at the histone H3 protein (H3K27ac)
(a marker for active transcription) or binding of a tran-
scription factor can be performed using scCUT&Tag-seq
(single-cell cleavage under targets & tagmentation using
sequencing) (48). Here the protein of interest is bound by
an antibody that recruits a Tn5 transposase–protein A
fusion protein whereby sequencing adaptors are inte-
grated at chromatin-protein binding sites. Single-cell
bisulfite-sequencing (scBS-seq) can be applied to measure
the DNA methylation landscape through the conversion
of cytosine to uracil, leaving methylated cytosines unaf-
fected (49). Lastly, the single-cell Hi-C technique can be
used to determine chromatin interactions (such as
enhancer-promoter contacts) by cross-linking and then
fragmenting the DNA in a way that allows sequencing
and identification of DNA that are in close proximity in
the three-dimensional chromosomal organization but dis-
tant in terms of genomic distance (50).

Integration of results from these epigenetic profiling
techniques into computational models enables prediction of
cell type–specific cis-regulatory elements mediating genetic
risk for obesity (Fig. 2B). In epigenetic single-cell data, cell
clusters are typically annotated with cell type labels through
correlation of epigenetic marks at promoter regions and
gene bodies with single-cell transcriptomics data from the
same tissue with use of label-transfer algorithms (26). A
subsequent key step is to map enhancers to genes. While
perturbation screens are ultimately needed to establish a
causal link between an enhancer and its target gene,
enhancer-gene pairs can to some extent be predicted by cor-
relating chromatin accessibility or differentially methylated
DNA at promoters with enhancer activity at less proximal
sites (51,52). Fulco et al. (53) showed that by profiling mul-
tiple epigenetic layers (chromatin accessibility, H3K27ac
marks, and three-dimensional chromatin conformation),
enhancer-gene prediction can be substantially improved.
Having mapped cell type–specific enhancers, machine learn-
ing frameworks can be used to estimate whether genetic
variants impact a transcription factor’s ability to bind a
given regulatory element (e.g., by using single-cell chroma-
tin data [54]). While we anticipate that animal models will
be valuable for predicting human cis-regulatory elements in
incretin receptor circuits, the divergence between animal
and human DNA segments must be considered. Between
65 and 80% (dependent on the sequence homology

threshold) of mouse cis-regulatory elements have human
orthologs, with the majority of these also being cis-regula-
tory elements in humans (55,56).

Mapping Chromatin Accessibility and Overlap With
Obesity GWAS Signals in the DVC
As part of the above-mentioned DVC snRNA-seq
study, Ludwig et al. (16) profiled the chromatin
accessibility landscape of the DVC in mice with
diet-induced obesity exposed to GLP1RA or control
treatments for 7 days. The resulting snATAC-seq atlas
comprised 253,452 accessible chromatin regions
across 22,545 cells spanning 8 distinct glial and 22
neuronal cell populations (Fig. 2C). Transcription fac-
tors, potentially involved in establishing and main-
taining cellular identities of incretin receptor cells,
were identified from enriched transcription factor
binding sites (henceforth referred to here as “motifs”)
at accessible chromatin sites (the top four motifs are
depicted in Fig. 2C). Glutamatergic Glp1r-expressing
AP and NTS neurons contained motifs for the PHOX2A
and PHOX2B transcription factors, which are known to
regulate transcription of Dbh (57), consistent with the
noradrenergic profile of these neurons. Upon adminis-
tration of GLP1RA, the accessibility of motifs for activ-
ity-regulated transcription factor genes in glutamatergic
Glp1r AP neurons increased, highlighting GLP1RA-
induced reorganization of chromatin in these cells.
GABAergic Gipr neurons displayed a chromatin accessi-
bility landscape distinct from that of Glp1r neurons with
an enrichment of ZIC1 and NEUROD1 motifs across the
accessible regions.

To investigate whether BMI-associated genetic variants
nonrandomly colocalized with cell population–specific genes
and motifs, Ludwig et al. (16) separately integrated DVC
snRNA-seq and snATAC-seq data with BMI GWAS data.
They found that glutamatergic DVC neurons, including
Glp1r-expressing AP and NTS neurons, were enriched for
BMI-associated genetic variants, suggesting a role of GLP1R
neurons in the predisposition to obesity.

In sum, whereas the current mouse chromatin accessibil-
ity atlas of DVC cell populations provides initial understand-
ing of specific transcription factors maintaining cellular
identity and regulating GLP1RA-induced activity, key human
DVC-centric analyses remain to be done, namely, 1) map-
ping of active enhancers under all relevant physiological con-
ditions, 2) identification of activity-dependent transcription
factors and their target genes, and 3) identification of BMI-
associated variants that perturb binding to active enhancers.

Spatial Transcriptomics and Sequencing-Based Circuit
Mapping of the Hindbrain
In addition to assessing cellular identities at the transcrip-
tional and epigenetic level, maturing single-cell spatial
transcriptomics and circuit-mapping technologies have
the potential to shed light on the spatial locations and
physical interactions of incretin receptor cells within and
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Figure 2—Single-cell epigenetic techniques and landscape of incretin receptor DVC cells. A: Graphical illustration of the epigenetic fea-
tures regulating enhancer activity. Enhancers typically reside in DNA stretches found in open chromatin, with high levels of active histone
marks, devoid of cytosine methylation and in physical proximity to gene promoter regions. These features can be measured at single-cell
resolution using the indicated assays. B: Graphical illustration of how single-cell epigenetic profiling can predict cell type–specific
enhancers mediating genetic risk to human obesity. Colocalization of a BMI-associated genetic variant with the active enhancer in cell
type A suggests that the genetic variant exerts its effect on obesity risk by modifying expression of the associated effector gene X in cell
type A (and not cell type B). C: UMAP plots of 22,545 cells and 11,651 neurons from the snATAC-seq atlas provided by Ludwig et al. (16).
The top four most enriched motifs in incretin receptor–expressing cells are shown by their position weight matrices; at each position of a
given motif, the relative distribution of a given nucleotide is depicted. SNP, single nucleotide polymorphism; TF, transcription factor.
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outside the hindbrain. In the following, we will describe
some of the currently available protocols for assessing the
spatial organization of incretin receptor–expressing cell
types and sequencing-based methods for tracing their
connectivity.

Toward Spatial Profiling of Incretin Receptor Expression
in the Hindbrain
Spatial transcriptomics facilitates the assignment of cell
types to their spatial locations. The majority of these
methods can be categorized as those that rely on FISH
and those that use massively parallel sequencing to profile
the transcriptome (58) (Table 1). FISH-based methods
enable subcellular resolution (#1 mm) and are sensitive
enough to localize lowly expressed genes such as incretin
receptors. Depending on the technique, anywhere from
ten to a few thousand genes can be profiled in large
(1 cm2) sections of tissue sections. Computational tools
can adequately integrate image-based spatial transcrip-
tomics with scRNA-seq to locate cell types (59) or impute
unmeasured genes (59–61). In parallel with FISH-based
spatial transcriptomics, techniques that use sequencing
are rapidly improving. Currently available commercial
devices and published protocols offer spatial barcoding
arrays with resolution from 55 mm to 10 mm (62,63),
while emerging methods push this limit down to 1 mm
(64), making the resolution comparable with that offered
by FISH-based imaging. A major benefit of sequencing-
based spatial transcriptomics is its ability to sample the
entire transcriptome without the need to define a set of
genes a priori, although this comes at the cost of lower
sensitivity. While sequencing-based spatial transcriptom-
ics has been performed to construct a spatial atlas of
brain areas from adult mice (65), this data set does not
adequately capture the DVC. Future studies will be
needed to reveal the spatial organization of incretin
receptor cells in the hindbrain and how incretin

treatment and other metabolic perturbations potentially
alter local cell-to-cell communication.

Toward Mapping of Incretin Receptor–Mediated Neuronal
Circuits
In contrast to GABAergic AP neurons, which mostly
innervate cells within the AP and proximal NTS (15), glu-
tamatergic AP and NTS neurons project to targets outside
the DVC (15,66). Thus, in addition to determination of
the molecular signatures and spatial locations of incretin
receptor–expressing cells and their response to agonists,
there is a need to identify the circuits in which these cells
reside. Conventional mapping techniques using cell filling
fluorophores, antigenic tags, or viral expression of fluores-
cent proteins have provided critical information regarding
the connectivity of the DVC and its subregions (67,68).
The development of Cre-dependent viral tracing tools has
further refined these approaches by allowing cell-specific
anterograde tracing from genetically defined DVC cell
populations to their projection targets (66). Monosynaptic
rabies tracing technologies have also allowed investigators
to map afferent inputs to defined cell types within the
brain (69,70).

Recent approaches have harnessed the power of single-
cell transcriptomics for better understanding of connec-
tivity in defined neural circuits. MAPseq (multiplexed
analysis of projections by sequencing) takes advantage of
the ability to virally express a library of short random bar-
coded RNAs in a defined brain region and then harvest
the injected region and projection terminal areas for
sequence analysis (71). As each neuron is labeled with a
unique barcode, the presence of barcoded RNAs can be
used to rapidly construct a terminal field map with single-
neuron resolution (71). BARseq (barcoded anatomy
resolved by sequencing) combines MAPseq with in situ
sequencing to preserve spatial organization of the termi-
nal neurons (72). MAPseq and BARseq are not

Table 1—Summary of spatial transcriptomics profiling technologies

Modality Method
Reference

no.
Pixel

resolution
Number of

unique genes Capture area

Imaging RNAscope 77 #1 mm 12 $1 cm2

MERFISH 78 #1 mm 10,000 1 cm2

seqFISH 79 #1 mm 10,000 1 cm2

CARTANA 80 #1 mm 600 1 cm2

Massively parallel sequencing 10x Genomics Visium 81 55 mm 2,500 0.44 cm2

Slide-seqV2 62 10 mm 2,000 7 mm2

DBiT-seq 63 10 mm 2,000 1 mm2

25 mm — 6.25 mm2

50 mm 3,700 25 mm2

Seq-Scope 64 1 mm 500 2.2–5.5 mm � 125 mm

Imaging technologies such as RNAscope, MERFISH, seqFISH, and CARTANA have large capture areas and excellent resolution
while requiring the use of a predefined probe set limited to a smaller number of unique genes. Massively parallel sequencing
approaches have smaller capture areas and sample from the entire transcriptome, although they capture a fraction of unique
genes with reduced sensitivity compared with imaging methods. DBiT-seq, deterministic barcoding in tissue for spatial omics
sequencing; MERFISH, multiplexed error-robust fluorescence in situ hybridization; seqFISH, sequential barcode fluorescence in
situ hybridization; Seq-Scope, Sequence-Scope.
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replacements for conventional tracing approaches but,
rather, serve as complementary methods that can provide
a level of specificity that is not easily achievable by con-
ventional techniques. retro-seq combines scRNA-seq with
recently developed retrograde viral vectors (73). In this
approach, injection of a neuronal projection area with a
virus that has the capacity to travel in a retrograde fash-
ion results in “tagging” the cell body of interest with
expression of a transgene, allowing for subsequent identi-
fication and downstream processing (73). For example, to
catalog the specific AP and NTS neuronal populations
that project to the PBN, a retrograde virus expressing a
robust fluorophore could be injected into the PBN. After
allowing for retrograde transport and transgene expres-
sion, AP and NTS cells that project to the PBN will
express the virally encoded fluorophore and would then
be amenable to isolation and sequencing. These
approaches will also require additional reagents/molecular
tools that will allow simultaneous yet independent manip-
ulation of neighboring cell types. Moreover, establishing a
local circuit diagram for incretin receptor-expressing cells
in the AP and NTS will benefit from the application of
additional functional techniques including electrophysiol-
ogy and channelrhodopsin-assisted circuit mapping. In
sum, integration of conventional mapping techniques
with cell-specific labeling approaches and sequencing has
the promise to deepen our understanding of the neural
circuits in which incretin receptor–expressing cells reside
and operate.

Future Avenues
We are just in the beginning of understanding how hind-
brain incretin-sensing circuits control satiety and respond
to physiological stimuli. Although we have described
single-cell sequencing as measures of only one modality,
single-cell approaches for profiling different layers of
information in the same cell are starting to emerge and
have great potential to improve our understanding of
cellular mechanisms controlling energy balance. Several
single-cell and spatial methods have the capacity for
simultaneous assessment of gene expression with chroma-
tin accessibility, histone modifications, or DNA methyla-
tion (74–76), allowing one to directly link the epigenome
with gene expression abundance. Likewise, it is possible to
jointly profile multiple layers of epigenetic marks at single-
cell resolution (76). We anticipate that with the emergence
of multimodal profiling techniques and sophisticated
machine learning prediction models all relevant enhancer-
gene pairs across the hindbrain will gradually be mapped.

Once enhancers have been mapped they can be overlaid
with human GWAS data; cell types with enriched colocaliza-
tion of active enhancers and fine-mapped genetic associa-
tion signals will provide important starting points to
identify causal genes and hindbrain circuits mediating
genetic susceptibility to human obesity. Whereas induced
pluripotent stem cells appear as the most promising and

efficient model systems, we envision that future approaches
will use combinations of animal models, induced pluripo-
tent stem cells, and postmortem brain setups to map
enhancers and their target genes. With the growing number
of transgenic mouse models, the ability to resolve molecular
heterogeneity at the single cell level, and the increasing
number of genetic variants associated with obesity, there is
an unprecedented opportunity to further understand the
role of incretin-responsive circuits in metabolic health and
disease.
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