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ABSTRACT

Objective: Growth differentiation factor 15 (GDF15) is known to play a role in feeding, nausea, and body weight, with action through the GFRAL-
RET receptor complex in the area postrema (AP) and nucleus tractus solitarius (NTS). To further elucidate the underlying cell type-specific
molecular mechanisms downstream of GDF15 signaling, we used a single nuclei RNA sequencing (snRNAseq) approach to profile AP and
NTS cellular subtype-specific transcriptomes after systemic GDF15 treatment.
Methods: AP and NTS micropunches were used for snRNAseq from Sprague Dawley rats 6 h following GDF15 or saline injection, and Seurat was
used to identify cellular subtypes and cell type-specific alterations in gene expression that were due to the direct and secondary effects of
systemic GDF15 treatment.
Results: Using the transcriptome profile of w35,000 individual AP/NTS nuclei, we identified 19 transcriptomically distinct cellular subtypes,
including a single population Gfral and Ret positive excitatory neurons, representing the primary site of action for GDF15. A total of w600 cell
type-specific differential expression events were identified in neurons and glia, including the identification of transcriptome alterations specific to
the direct effects of GDF15 in the Gfral-Ret positive excitatory neurons and shared transcriptome alterations across neuronal and glial cell types.
Downstream analyses identified shared and cell type-specific alterations in signaling pathways and upstream regulatory mechanisms of the
observed transcriptome alterations.
Conclusions: These data provide a considerable advance in our understanding of AP and NTS cell type-specific molecular mechanisms
associated with GDF15 signaling. The identified cellular subtype-specific regulatory mechanism and signaling pathways likely represent
important targets for future pharmacotherapies.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Area postrema; Nucleus of the solitary tract; GDF15; GFRAL; RET
1. INTRODUCTION

Growth differentiation factor 15 (GDF15), formerly known as macro-
phage inhibitory cytokine-1 (MIC-1), is a cytokine expressed and
secreted in response to a variety of stimuli as part of stress and
disease processes [1e4]. Clinical studies demonstrate that GDF15
levels serve as a biological marker for prognosis and diagnosis of
certain types of cancers [5e8] and chronic hyperglycemia [9,10].
Importantly, exogenous GDF15 administration and increased endog-
enous GDF15 production (e.g., tumor-derived) suppress feeding and
body weight primarily via the induction of nausea, emesis, and
malaise [11,12].
The receptor for GDF15 remained elusive for years, but studies in mice
treated with GDF15 provided evidence of a central neural network
engaged by the cytokine, with GDF15-induced elevations in c-Fos
expression observed in the area postrema (AP) and nucleus tractus
solitarius (NTS) [13,14]. While the neuronal phenotypes within the AP
and NTS are extremely heterogenous, emerging literature [11,15e19]
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highlights a small subset of neurons that express the glial-cell-derived
neurotrophic factor (GDNF) family receptor alpha-like (GFRAL) receptor
and RET coreceptor as the sole central substrate mediating GDF15’s
effects on anorexia and nausea/emesis [11,12]. Among the many
shared neural substrates and anatomical nodes within the brain
controlling various physiological functions, the hindbrain AP and NTS
represent two contiguous nuclei involved in the regulation of energy
balance, mediation of nausea/emesis, and indirect regulation of
gastrointestinal motility [20,21]. Given the anomalous scenario
whereby a small subset of neurons restricted to one region of the
brainstem is driving such profound effects on body weight regulation
and nausea/emesis elicited by a host of disease-driven elevations in
GDF15 signaling, there is an urgent need to better understand the
phenotype of these neurons. As GDF15 signaling becomes increasingly
linked to the progression of diseases, including cancer, obesity,
cachexia, uncontrolled nausea/vomiting, and cardiovascular disease
[22e25], understanding the transcriptomic changes elicited by GDF15
in not only GFRAL and RET-coexpressing neurons, but also the second
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Abbreviations:

AP Area postrema
Avg. Exp. Average expression level of the gene
CholNeuro Cholinergic Neurons
DEG Differentially expressed genes
DMV Dorsal motor nucleus of the vagus
DVC Dorsal vagal complex
ExNeuro Excitatory neurons
GDF15 Growth differentiation factor 15
GDNF Glial-cell-derived neurotrophic factor
GEO Gene expression omnibus
GFRAL Glial-cell-derived neurotrophic factor family receptor alpha-like

receptor
GO Gene ontology

GWAS Genome-wide association study
InNeuro Inhibitory neurons
IPA Ingenuity pathway analysis
LPBN Lateral parabrachial nucleus
MIC-1 Macrophage inhibitory cytokine-1
MsigDB Molecular and signatures database
NTS Nucleus tractus solitarius
Oligodendro Oligodendrocytes
OPC Oligodendrocyte precursor cells
PC Principal components
Pct. Exp. Percentage of cells expressing the gene
PVN Paraventricular nucleus
snRNAseq Singe nuclei RNA sequencing
Ttr Transthyretin
UMAP Uniform manifold approximation and projection
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order transcriptome alterations in other cells in the AP and NTS is
imperative for the development of future therapeutics.
Recently, publications using genome-wide association studies (GWAS)
[26] in humans and bulk or single nucleus RNA sequencing (snRNAseq)
of the dorsal vagal complex (DVC; collectively comprised of the AP, NTS
and dorsal motor nucleus of the vagus (DMV)) in mice [27e29], have
illustrated or suggested connections between specific cell types within
the AP and NTS controlling an intersection of emetic and energy bal-
ance circuits. Recent reports from murine AP and NTS tissue show that
both neurons and supportive cells, as well as those cells expressing
Gfral, Gipr, Glp-1, and Calcr, have distinct transcriptional profiles and
exhibit differential expressed genes (DEGs) in relation to metabolic
state [27e29]. The aforementioned reports all used mouse models,
and there are important species differences at the level of the hindbrain
in rats and mice with respect to expression and potential pathways
governing these peptide system responses (see [30e32] for reviews).
No detailed snRNAseq analysis of the AP and NTS has been performed
in response to GDF15 signaling.
The current study highlights the DEGs associated with systemic GDF15
treatment in Gfral and Ret dual positive excitatory neurons and the
second-order DEGs in other cells in these brainstem regions, in addition
to providing an in-depth cell type-specific phenotypic profiling of gene
expression in the SpragueeDawley rat AP/NTS. snRNAseq data were
generated and analyzed using known markers of major cell types, both
neuronal and non-neuronal, within the AP and NTS of rats. We report
specific focus of characterization and analysis of cell type-specific
transcriptome alterations in an identified Gfral and Ret coexpressing
excitatory neuronal cluster, as well as other cell types in the NTS and AP.
We also present data identifying cell type-specific related GWAS phe-
notypes, affected canonical pathways and gene ontologies, and pre-
dicted upstream regulators of the observed differential expression.

2. MATERIALS AND METHODS

2.1. Animals, treatments, and tissue sampling
Adult male SpragueeDawley rats (Charles River) weighing w400 g
were individually housed in hanging wire-bottomed cages under a
12 h:12 h light/dark cycle in a temperature- and humidity-controlled
vivarium, with ad libitum access to water and chow (Purina Lab Diet
5001). Rats were daily handled and trained for intraperitoneal in-
jections for a week prior to the experiment. Shortly before dark-onset,
weight-matched rats were injected with either GDF15 or vehicle
(n ¼ 4, each). Recombinant human GDF15 (cat. 4569, Biovision) was
dissolved in saline solution (5 mM Acetate salt, 240 mM Propylene
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Glycol and 0.007% Polysorbate 20, pH 4), and injected intraperito-
neally at 100 mg/kg (1 mL/kg of body weight). The dose of GDF15 and
time point were based on our prior work and selected to maximize
anticipated transcriptome alterations [11,12]. Six hours after in-
jections, rats were sedated using a cocktail of ketamine, xylazine, and
acepromazine (180 mg/kg, 5.4 mg/kg and 1.28 mg/kg, respectively) in
the middle of the dark-phase. Brains were removed and snap frozen in
dry ice-cold hexane. Three adjacent micro-punch samples (each 1
cubic mm) containing the AP and bilateral NTS were collected from
coronally-prepared brains on a cryostat, pooled together, and stored
at �80 �C until processing similar to prior description [33]. All animal
procedures were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania.

2.2. Nuclei isolation, library preparation, and sequencing
Frozen AP and NTS punches were used to prepare nuclei suspensions,
similar to our previous description [34]. Pooled AP and NTS (AP/NTS)
punches from each animal were homogenized in 500 mL of lysis buffer
(Nuclease-free water with 10 mM TriseHCL, 10 mM NaCl, 3 mM
MgCl2, 0.5% NP-40), diluted with an additional 2.5 mL of lysis buffer,
allowed to rest of ice for 5 min, and further diluted with 3 mL of wash
buffer (1X PBS with 2% BSA, 1:1000 RNase inhibitor, 0.25% Glycerol).
Nuclei suspensions were passed through a 30 mm cell strainer to
remove debris, pelleted by centrifugation, and resuspended three
times. Nuclei were resuspended in wash buffer at 1,000 nuclei/mL.
Nuclei suspensions were loaded onto the 10x Genomics microfluidic
controller at 20,000 per sample, for a target capture of w10,000 per
sample. Sequencing libraries were produced with the 30 Gene
Expression Kit v3.1 according to the manufacturer’s protocols. Li-
braries for all samples were pooled at equimolar concentrations and
sequenced on a single NovaSeq 6000 S4 flow cell. Sequencing data
were demultiplexed and aligned to the pre-mRNA reference rat tran-
scriptome (Rnor6.0.101) using CellRanger v3.1.0.

2.3. Quality control, clustering, and annotation
Filtered read count matrixes for all samples were merged with Seurat
v3.1. Nuclei with low numbers of detected genes (<528; w0.5%)
were considered low quality and removed due to likely being unin-
formative, similar to prior reports [35e38]. Nuclei in the top 0.5% of
gene count (>4,947) and/or top 1% of UMI count (>11,376) were
removed as putative multiplets, also similar to previous reports
[35,37e39]. As previously detailed, nuclei with >5% of transcripts of
mitochondrial origin were removed, and all mitochondrial transcripts
were removed from the data set [40].
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Counts were normalized to 10,000 counts per subject and scaled in
Seurat. Variably expressed genes were identified with the FindVaria-
bleFeatures function, using the mean.var.plot selection method and
analyzing only genes with mean scaled expression between 0.003 and
2. These parameters identified 1,165 highly variable genes, which
were used to generate principal components (PCs). Clustering was
performed using the first 50 PCs, generating 27 clusters at a resolution
of 0.30. Six clusters were represented in only 4 of the 8 samples, with
three of these clusters expressing Slc17a7 (VGLUT1), a gene that is not
present in the AP or NTS. These six clusters likely represent capture of
adjacent brain stem nuclei (e.g., the DMX) and were removed from
further analysis. In addition, w90% of nuclei from one GDF15-treated
animal originated from the six removed clusters and that sample was
therefore removed from the data set. The remaining data were re-
normalized, re-scaled, and clustered at 0.25 resolution. A single
cluster was removed for low average UMI, leaving 21 clusters.
Major cell types were identified using known markers of major cell
types [36]: Microglia: Cx3cr1, Mrc1; Endotheliale Cldn5; Astrocytese
Cldn10, Glul, Aqp4; Oligodendrocyte Precursor Cells (OPC) e Pcdh15,
Pdgfra, Olig1, Olig2; Oligodendrocytes (Oligodendro) e Mag, Mog,
Plp1, Mobp, Mbp; Excitatory Neurons (ExNeuro) e Slc17a6; Inhibitory
Neurons (InNeuro) e Gad1, Gad2, Slc32a1; Cholinergic Neurons
(CholNeuro) e Slc5a7; Neurons in general e Snap25, Stmn2; Tany-
cytes e Vim [41]; Ependymocytes e Cfap52, Vim [41]; Radial Glia e
Notch2 [42], Slc1a3 [43]. Two clusters with mixed major cell type
markers were removed for a final total of 19 clusters.

2.4. Quantification and analysis
Differential gene expression analysis was performed in Seurat using a
Wilcoxon rank sum test to compare expression between GDF15-
treated and control rats within each cluster. Bonferroni correction
based on the total number of genes in the data set was used to adjust
for multiple testing. Corrected p-values < 0.05 were considered
significant.
Canonical pathway and predicted upstream regulator analysis were
conducted using Ingenuity Pathway Analysis (IPA) [44]. For each
cluster with �10 DEGs, a list of DEG Ensembl IDs, raw p-values,
corrected p-values, and log2 fold change was used to perform the Core
Analysis function. P-values were calculated using a right-tailed
Fisher’s exact test and corrected for multiple testing using a
Benjamini-Hochberg correction (a ¼ 0.1).
Identification of gene ontologies (GO), KEGG pathways, transcription
factor targets, microRNA targets, and GWAS Catalog endophenotypes
with overrepresentation of cluster-specific DEGs was analyzed using
FUMA and data from the Molecular and Signatures Database (MsigDB)
v7.0 [45] and GWAS Catalog. For all analyses, all genes, except the
MHC region, Ensembl v92 were used for the gene background and all
results were corrected for multiple testing using a Benjamini-Hochberg
correction (a ¼ 0.05).

2.5. Data availability
Single nuclei RNA sequencing data are available at the NCBI gene
expression omnibus (GEO) under accession numbers GSE167981 and
GSE167991

3. RESULTS

3.1. Single nuclei RNA sequencing and identification of cell types
To better understand the effect of GDF15 on the transcriptome of cells
in the AP/NTS, we performed snRNAseq using the 10x Genomics 3’
gene expression assay on AP/NTS punches from rats sacrificed 6 h
MOLECULAR METABOLISM 56 (2022) 101422 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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after an i.p. injection of GDF15 (100 mg/kg, n ¼ 3) or saline (n ¼ 4).
Samples were sequenced to an average depth of w298 million reads
(Table S1). We initially identifiedw18,800 putative nuclei per sample,
with average medians ofw1,400 genes andw2,400 UMI per nucleus
(Table S1). The number of sequencing reads per sample, number of
nuclei per sample, average sequencing reads per nuclei per sample,
median genes per nuclei per sample, and median UMI per nuclei per
sample were consistent between the GDF15 and control groups (all p-
values >0.1, Table S1, Fig. S1). After stringent quality control, we
identified 34,784 nuclei, 14,772 from GDF15-injected rats and 20,012
from control rats, and these nuclei were used for all further analysis.
Unbiased clustering was used to identify transcriptomically-distinct
cellular populations (Methods 2.3.), and 19 cellular clusters were
identified (Figure 1A). Nuclei from the GDF15 and control groups were
found throughout all clusters (Fig. S2A). Clusters were annotated for
the expression of known cellular subtype markers and all major neural
cell types were identified (Figure 1B). The contribution of individual
samples to each cluster (Fig. S2B) and the proportion of major cell
types detected did not differ appreciably between the GDF15 and
control groups (Fig. S3C). Expression of transcripts for the GDF15
receptor Gfral and the coreceptor Ret were detected in various cell
types (Figure 1C; red dots indicate nuclei with�1 transcript). Knowing
that GDF15 signaling requires binding to the Gfral and Ret hetero-
dimeric complex [46], and that neural cell types expressing this re-
ceptor complex would be a direct site of action of our systemic GDF15
treatment, we next sought to identify these cell types. Most nuclei with
detected transcripts for both Gfral and Ret were limited to a single
excitatory neuronal subtype (ExNeuro1, Cluster 5; Figure 1C), sug-
gesting that the ExNeuro1 cellular subtype contains the heterodimeric
GFRAL-RET receptor and will be the site of direct action for GDF15.

3.2. Differential gene expression induced by systemic GDF15
treatment
To identify alterations in gene expression in AP/NTS cell types induced
by systemic GDF15 treatment, snRNAseq data for the GDF15 and
saline treatment groups for each cell cluster were compared. We
identified a total of 581 differential expression events in 345 unique
DEGs (Bonferroni corrected p-value < 0.05, Table S2, Figure 2A).
DEGs were detected in all 19 clusters, with 77.5% of differential
expression events being upregulation and 22.5% downregulation
(Table S3, Figure 2B). Similar numbers of DEGs were observed
throughout the excitatory and inhibitory neuronal clusters, accounting
for 40.4% of differential expression events, while little differential
expression was observed in the cholinergic neuronal clusters
(Table S3). Non-neuronal DEGs were concentrated in the Oligoden-
drocyte1, Astrocyte, and Microglia clusters (3 of 10 non-neuronal
clusters), accounting for 83.2% of non-neuronal DEGs and 48.7% of
DEGs overall (Table S3).
Of relevance to the direct actions of the systemic GDF15 treatment, the
ExNeuro1 cluster had 41 DEGs (32 upregulated, 9 downregulated),
with the remaining 537 differential expression events in the other
cellular subtypes being due to the secondary neural effects of systemic
GDF15. Herein, the term ‘secondary’ is used to describe the effects of
systemic GDF15 and to delineate from the effects caused by direct
cellular interaction with GDF15. Thirty-two of the 41 DEGs in the
ExNeuro1 cluster are also differentially expressed in at least one other
cellular subtype, with 9 DEGs unique to the ExNeuro1 cluster (Arh-
gap26, Atf1, Atp11c, Baiap3, Bdnf, Fus, Micb, Rgd1311703, Sptb;
Figure 2C, Table S2). Having already determined that not all ExNeuro1
nuclei had transcripts of the GDF15 receptor Gfral (Figure 1C), differ-
ential expression between the Gfral positive ExNeuro1 nuclei and the
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: (A) Single nuclei RNA sequencing of rat AP and NTS identified 19 cellular subtypes, presented as a uniform manifold approximation and projection (UMAP) dimension
reduction plot of all nuclei color coded by cluster. (B) Cluster were annotated for known marker genes for cellular subtypes in the AP and NTS. The size and color of dots are
proportional to the percentage of cells expressing the gene (Pct. Exp.) and the average expression level of the gene (Avg. Exp.), respectively. The cluster numbers and colors are
matched to that of the UMAP. (C) Highlighted UMAPs identifying nuclei containing transcripts for Gfral, Ret, or Gfral and Ret. The majority of nuclei with expression of both genes
were from the ExNeuro1 cluster.
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Gfral negative ExNeuro1 nuclei was examined. There were 16 DEGs
identified in the analysis, including significant upregulation of the
GDF15 coreceptor Ret [46] and Dok5, a component of the MAPK
signaling cascade known to be activated by GDF15-Gfral signaling (see
Table S4 for all DEGs). Taken together, these data provide face validity
for the cell type specificity of our transcriptomic results.

3.3. Correlated patterns of gene expression
To understand how systemic GDF15 increase affected direct and
secondary neurobiological mechanisms, we compared cluster-specific
DEGs to GO terms (Table S5) and KEGG pathways (Table S6) to identify
cell type-specific shared and unique neurobiological mechanisms for
the Gfral and Ret coexpressing ExNeuro1 cluster and the other cell
types of the AP/NTS. For example, the GO terms ‘ION_TRANSPORT’,
‘CATION_TRANSPORT’, and ‘RESPONSE_TO_DRUG’ were identified in
multiple clusters, indicating a secondary effect to the systemic GDF15
treatment. Alternatively, seven GO terms related to amyloid beta for-
mation, processing, and clearance were only identified in the Gfral and
Ret coexpressing ExNeuro1 cluster (Table S5), indicating these are
likely due to the direct action of GDF15. Shared and unique gene
expression patterns in curated (Table S7) and computational (Table S8)
gene sets from MSigDB were identified.
To identify metabolic and cell signaling pathways that are likely to be
altered in response to systemic GDF15, canonical pathway analysis
4 MOLECULAR METABOLISM 56 (2022) 101422 � 2021 The Author(s). Published by Elsevier GmbH. T
was performed with IPA using cluster specific DEGs. Shared and
unique canonical pathways were identified for each cluster (Table S9).
For example, LXR/RXR activation and FXR/RXR activation were both
associated with nine clusters, corticotropin releasing hormone
signaling with seven clusters (7/12), and maturity onset diabetes of
young in four clusters. Overlap in identified cluster-specific canonical
pathways was driven by shared DEGs (Table S9); for example, dif-
ferential expression of Apoe and Ttr drove LXR/RXR activation and FXR/
RXR activation association in all nine clusters. These results suggest
that systemic GDF15 treatment induced shared alterations in metabolic
and cell signaling pathways throughout cell types in the AP and NTS,
not just those expressing Gfral and Ret.

3.4. Correlated patterns of expression regulation
To understand the regulatory mechanisms underlying the differential
expression we observed for both the primary and secondary effects of
systemic GDF15 treatment, cluster specific DEGs were utilized to
identify putative cell type-specific regulators of differential expression.
We identify microRNA (Table S10) and transcription factors (Table S11)
with overrepresented targets amongst cluster-specific DEGs. For
example, the transcription factors Stat5b, Tef1, and Mef2 had over-
represented targets amongst the Gfral and Ret coexpressing ExNeuro1
DEGs. While Stat5b was only predicted for the ExNeuro1 cluster, Tef1
and Mef2 were both predicted for four clusters. The overlap between
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: (A) A volcano plot depicting all significant differential expression events. Upregulated events are red and downregulated events are blue, and a subset of events are
labeled with the gene symbol and number of the cluster in which it was significant (parentheses). (B) The number of upregulated or downregulated genes by cluster. (C) A
histogram showing the number of clusters in which ExNeuro1 differential expressed genes (DEGs) were differential expressed. (D) The number of upstream regulators predicted to
be activated or inhibited in each cluster. (E) A diagram showing the Ret modulated intermediate regulators that are predicted to control upregulate (red) and downregulated (blue)
DEGs in the Gfral positive nuclei of the ExNeuro1 cluster. (F) Ingenuity Pathway Analysis identified two overlapping signaling networks that were shared by all seven excitatory and
inhibitory neuronal clusters. Upregulated (red) and downregulated (blue) DEGs in the neuronal clusters are depicted in the center of each network and the connecting genes from
the signaling networks are shown around the outside.
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these putative regulators of cell type-specific differential expression
suggests that systemic GDF15 treatment effects shared molecular
mechanisms, while the identification of a unique transcription factor
suggests a molecular mechanism distinct to the primary effects of
systemic GDF15 treatment on cells in the ExNeuro1 cluster. These
putative regulators of transcription act on differential expression
directly. To identify both direct and indirect putative upstream regu-
lators of the observed cell type-specific transcriptome alterations, IPA
was used to predict activated and inhibited upstream regulatory
network master regulators (Table S12, Figure 2D). IPA identified Ret as
an activated upstream regulator of ExNeuro1 DEGs because 14 known
regulators of ExNeuro1 DEGs were predicted to be activated and all 14
regulators are known to be activated by Ret activation (Table S12,
Figure 2E). This predicted activation of Ret agrees with our observation
that Ret expression was upregulated in Gfral expressing neurons in the
ExNeuro1 cluster and suggests that the detected master regulators
may be important in controlling systemic GDF15-induced tran-
scriptome alterations. Our IPA analysis also identified two overlapping
signaling networks that were shared by all seven excitatory and
inhibitory neuronal clusters, further demonstrating shared neuronal
mechanisms (Figure 2F).

3.5. Associations with GWAS phenotypes
We sought to determine if the primary or secondary effects of systemic
GDF15 treatment on cell type-specific transcriptomes were similar to
the genes previously associated with GWAS phenotypes. Cluster-
specific DEGs were compared to the genes associated with GWAS
Catalog phenotypes and overrepresentation was observed (Table S13).
Overrepresentation of cluster specific DEGs amongst genes associated
with a GWAS Catalog phenotypes was limited to glial cell clusters.
These GWAS Catalog genes included loci that were previously asso-
ciated with energy balance and metabolism, such as the microglia
cluster being associated with GWAS loci for waist-hip ratio (DEGs:
Luzp2, Grin2b, Ly86, Ptprd) and the astrocyte cluster being associated
with GWAS loci for Type 2 diabetes (DEGs: Camk2g, Slc1a2, Prkd1,
Igfbp2, Zbtb20, Vegfa, Dgkb, Tnks), fasting plasma glucose (DEGs:
Lrrtm4, Dgkb, Kank1), and waist circumference adjusted for body
mass index (DEGs: Jund, Vegfa, Dgkb, Itgb8, Trpm3). Taken together,
these data suggest that these cell types in the AP/NTS might be
associated with the endogenous alterations in GDF15 associated with
these GWAS phenotypes.

4. DISCUSSION

The current study utilized a snRNAseq approach to examining
both the primary and secondary effect of systemic GDF15 treat-
ment on the transcriptome of the AP and NTS in the rat hind-
brain. We believe these data to be critical to the field, as previous
publications examining single nuclei transcriptomics in the AP and
NTS have: 1) been limited thus far to mice [28,29], and 2) to
date have made no assessment on the alterations induced by
GDF15. We focused on the AP/NTS as nuclei of relevance to the
processing of emetic and energy balance signals, like GDF15, and
avoided the confounds of transcriptomic analyses in adjacent
nuclei (i.e., DMV cells) that were previously reported in mice [28].
Our cluster analyses represent tissue captured from the dorsal AP
and NTS at the rostral-to-caudal level of the AP and do not
include the DMV. The data provide strong evidence that the Gfral
and Ret expressing excitatory neuron population representing the
primary neuronal cite of action for GDF15 is limited to a single
excitatory neuronal subtype (see ExNeuro1, Figure 1C).
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To identify both primary and secondary effects of the GDF15 treatment
on cell type-specific transcriptomes, we characterized differential
expression in Gfral and Ret expressing ExNeuro1 cluster, as opposed to
a much broader population of cells that express Gfral alone without Ret
(Figure 1C), and all other cell clusters, respectively. We report that
GDF15 induces cell-type specific transcriptome alterations in 345
unique DEGs with greater than 75% of this differential expression
being upregulation. Transthyretin (Ttr) expression was the most
prominently upregulated DEG in our analysis of GDF15 vs. vehicle
treated rats, across multiple neuronal and non-neuronal clusters,
including the Gfral and Ret coexpressing ExNeuro1 cluster.
Ttr is most commonly associated with the transport of retinol and
thyroxine within the periphery (i.e. blood) and cerebrospinal fluid [47];
however, Ttr expression in the hypothalamus in Sprague Dawley rats
has been reported to play a functional role in modulating food intake and
body weight [48]. Given our data, we postulate that changes in Ttr
expression in the NTS and AP driven by GDF15 administration may be a
contributing factor to the profound anorexia seen with Gfral-Ret acti-
vation. Ttr expression was not only upregulated in Gfral-Ret positive
neurons, but also showed a dramatically upregulated expression in
nearly every cell type in the AP/NTS (Figure 2A), suggesting a second-
order GDF15-mediated event cascade downstream of Gfral-Ret-
neuronal activation. Given the known role of Ttr in transporting
thyroxine and that evidence demonstrates that very few Gfral-expressing
neurons project to the paraventricular nucleus (PVN) [49], it is interesting
to speculate that perhaps the brainstem Gfral-Ret neurons projecting to
the lateral parabrachial nucleus (LPBN), which may consequently send
afferents to the PVN to engage the HPA axis in a potent fashion.
Collectively, such a hypothetical polysynaptic pathway could contribute
to broad stress-mediated events linked with thyroxine and Ttr expres-
sion. A recent report shows both exogenous and endogenous GDF15 to
be a potent agonist of the HPA axis [50]. As Ttr has also been considered
to be a biomarker of oxidative stress [51], it is possible that Ttr may be a
marker of GDF15-induced oxidative damage within the hindbrain as part
of a downstream HPA axis response inducing sickness behavior and
contributing to a broader CNS-wide anorectic circuit activation, although
this notion requires further investigation.
The Gfral-Ret cluster exhibited increased Igfbp2 expression and
decreased Apoe expression. Insulin-like growth factors play regulatory
roles in neural growth and development [52], Igf2 is ubiquitous in
presence and roles, most notably in potential oncogenic signaling,
perhaps as a biomarker of insulin resistance and CVD risk within the
scope of metabolic disturbances [53]. However, while we find this
discovery to be clearly of relevance to metabolic homeostasis, we do not
know how Gfral-Ret activation may be linked directly to increased Igfbp2
expression. The decrease in Apoe expression in the AP/NTS of GDF15-
treated rats is consistent with a report showing intracerebroventricular
Apoe injection reduced food intake through central melanocortin
mechanisms within hypothalamic circuits [54]. Overexpression of GDF15
in macrophages in Apoe KO mice has been shown to influence
atherosclerosis severity, although the mechanistic connection and
directionality of effect between Apoe and GDF15 is also not clear [55].
Our canonical pathway analysis using cellular subtype specific DEGs
showed differential expression of Apoe and Ttr drove LXR/RXR activation
and FXR/RXR activation association in all nine clusters tested, sug-
gesting that systemic GDF15 treatment induced shared alterations in
metabolic and cell signaling pathways throughout cell types in the AP
and NTS likely implicated in energetic and metabolic control. We
identified Ret as an activated upstream regulator of ExNeuro1 DEGs
(Table S11, Figure 2C), and this predicted Ret activation agreed with the
observed increase in Ret expression in Gfral positive ExNeuro1 cluster
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nuclei. Taken together, these results suggest that the identified inter-
mediate regulators of differential expression could represent important
therapeutic targets for modulating the effects of GDF15. The observation
that astrocytes were enriched for differential expression of GWAS genes
associated with obesity and metabolic disorder related phenotypes
suggests that that the role of these genes in astrocytes may warrant
future investigations. These data suggest that systemic GDF15 treat-
ment induced both shared and cell type-specific mechanisms of tran-
scriptome alteration. Translating these findings forward, it seems
prudent to examine whether Ttr, Apoe, LXR and FXR can be targeted in
the context of treating GDF15-related cachexia and nausea/emesis. It
may be that some of the physiological responses to GDF15 (e.g.,
anorexia) can be retained while potentially mitigating other unwanted
GDF15-mediated events, like nausea/emesis and activation of the HPA
axis.

5. CONCLUSION

This work provides initial insight into the effects of GDF15 on cell type-
specific transcriptomes, specifically the AP and NTS. GDF15 directly
induced transcriptome alterations in a distinct population of Gfral and
Ret expressing excitatory neurons, while the secondary effects of the
systemically increased GDF15 induced broad upregulation and
downregulation of identified DEGs within many cell types in the AP and
NTS. The observed patterns in differential expression provide important
information into the cell type-specific downstream signaling pathways
that are altered by increased levels of GDF15, while the observed
patterns in expression regulation further elucidates the molecular
mechanisms controlling GDF15-induced transcriptome alterations. The
identified cell type-specific DEGs, signaling pathways, regulatory
mechanisms, and GWAS phenotypes further our understanding of the
role of GDF15 in food intake, energy balance, illness-like behaviors,
and metabolism, collectively providing important directions for future
investigations and pharmacotherapies.
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