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Mario Witkowski,1,8,9 Miguel González-Acera,4,5 Anja A. K€uhl,10 Carl Weidinger,6 TRR241 IBDome Consortium,
Rolf Backofen,3,11 Ahmed N. Hegazy,6,7 Jay V. Patankar,4,5 and Christoph S.N. Klose1,13,*
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SUMMARY
Enteric infections often cause long-term sequelae, including persistent gastrointestinal symptoms, such
as pain, discomfort, or irritable bowel syndrome. The plethora of sensory symptoms indicates that gut-
innervating neurons might be directly affected by inflammation. However, sequencing studies of neurons
in the gastrointestinal tract are hampered by difficulties in purifying neurons, especially during inflamma-
tion. Activating a nuclear GFP tag selectively in neurons enabled sort purification of intrinsic and extrinsic
neurons of the gastrointestinal tract in models of intestinal inflammation. Using bulk and single-nucleus
RNA sequencing, we mapped the whole transcriptomic landscape and identified a conserved neuronal
response to inflammation, which included the interferon signaling and ferroptosis pathway. Deletion of
the interferon receptor 1 in neurons regulated ferroptosis, neuronal loss, and consequently gut-transit
time. Collectively, this study offers a resource documenting neuronal adaptation to inflammatory condi-
tions and exposes the interferon and ferroptosis pathways as signaling cascades activated in neurons dur-
ing inflammation.
INTRODUCTION

The nervous and immune systems, which act as our body’s main

sensory interfaces, constantly monitor homeostasis and can

mount an effector response upon challenge. However, how

these systems exchange information to coordinate such a

response, particularly at the mucosal barrier of the gastrointes-

tinal (GI) tract, remains elusive. The GI tract has its own nervous

system, the enteric nervous system (ENS), which represents the
Neuron 113, 1–19,
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largest accumulation of neurons outside the central nervous sys-

tem (CNS). The ENS mediates intestinal motility and fluid secre-

tion largely autonomously from CNS control.1,2 The intestine is

also innervated by extrinsic neurons, conveying feedback sig-

nals to and from the CNS.

Enteric neurons emerge as regulators of immune responses

within the GI tract at steady state and during instances of

inflammation.3–11 Conversely, the nervous system serves as a

direct receiver of inflammatory signals through the expression
May 7, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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of cytokine receptors, thereby directly influencing neuronal

structure and function in both, the peripheral nervous system

(PNS) and CNS.12–14 In fact, persistent GI symptoms following

inflammation, which include abdominal pain or irritable bowel

syndrome (IBS), can affect up to 40% of the world’s popula-

tion,15 suggesting profound changes in neuronal circuits.

Indeed, enteric neurons have been observed to undergo cell

death post-infection.16 Different types of cell death have been

described, including non-apoptotic ferroptosis, an iron-depen-

dent type of necrosis triggered by extensive membrane dam-

age due to lipid peroxidation and subsequent loss of membrane

integrity.17 Ferroptosis was observed in neurons in the CNS in

the context of neurodegeneration, ischemic stroke, or

ischemia-reperfusion injury, which have a strong inflammatory

component. However, how this specific type of cell death af-

fects the ENS remains to be explored.

Although several studies have characterized the transcrip-

tome of the ENS at steady state,18–21 the molecular signaling

pathways triggered in neurons by inflammation remain unex-

plored. Here, we generated an RNA sequencing atlas of intrinsic

and extrinsic neurons innervating the GI tract following Th1-,

Th2-, and Th17-skewing intestinal inflammation models. Inflam-

mation induced a conserved program in both, intrinsic and

extrinsic neurons, which was independent of the stimulated

cytokine milieu. Under inflammatory conditions, GI-innervating

neurons underwent ferroptosis, a type of non-apoptotic cell

death. Ferroptosis induction was dependent on the direct

sensing of type 1 interferons (IFNs) by neurons since conditional

deletion of the IFN receptor alpha 1 (Ifnar1) in neurons diminished

ferroptosis, neuronal loss, and gut-transit time, suggesting that

this pathway may display a target for the treatment of long-

term symptoms associated with neuronal loss in the GI tract.

RESULTS

The gene expression profile of GI-innervating neurons is
primarily driven by its anatomic location and function
To sort-purify neuronal nuclei at steady state and during inflam-

mation, weused the isolation of nuclei tagged in specific cell types

(INTACT) mouse system, which allows for the Cre-induced

expression of GFP fused to the nuclear protein Sun1.22 The

INTACT (Rosa26Sun1-Gfp/Sun1-Gfp) mouse line was crossed to the

Snap25Cre/+mouse line, which expressesCre-recombinase under

the Snap25 promoter and reliably labels all neurons,23 also in the

intestine.24 The organs containing the neuronal somata of the

intrinsic and extrinsic innervation, such as the intestine, the supe-

rior mesenteric ganglion (SMG), the vagal ganglia (VGs), and

dorsal root ganglia (DRGs) were dissected from Snap25Cre/+
Figure 1. The transcriptional profile of neurons is shaped by its anatom

(A) Illustration of neuronal segments analyzed.

(B) Principal-component analysis (PCA) of bulk RNA-seq of nuclei isolated from

(C) Sample-to-sample-distance plot showing correlation of the samples shown i

(D) Heatmap of neuronal marker genes of same samples as in (B).

(E) Illustration of disease models. Mice were treated with DSS, infected with N. b

(F) PCA of bulk RNA-seq of nuclei isolated fromSi, Col, DRG, SMG, and VG ofSnap

(D) and (F), each symbol or heatmap column represents data from onemouse. Si, s

ganglion; VG, vagal ganglion; DSS, dextran-sulfate-sodium-induced colitis; N. b
Rosa26Sun1-Gfp/+ mice (Figures 1A and S1A). The nuclei were ex-

tracted and sorted to approximately 98% purity via fluores-

cence-activated cell sorting (FACS) (Figures S1B and S1C). Vali-

dation of sort-purified nuclei from the myenteric plexus of the

small intestine by RNA sequencing showed a clear enrichment

of neuronal genes known to be expressed in the ENS, such as

Snap25, Vip,Nmu, andChat in GFP+ comparedwith GFP� nuclei,

which was also confirmed by qPCR (Figures S1D–S1F). Genes

encoding for immune cells or glia cells, such as Ptprc or Gfap,

were not detected in GFP+ nuclei in steady state and during

inflammation, arguing against contamination of non-neuronal cells

(Figure S1G). To detect the transcriptional profile of neuronal

nuclei innervating the GI tract, we isolated the myenteric plexus

from the small intestine and the colon, the DRGs, the SMG, and

the VG, and performed bulk RNA sequencing (Figures 1B–1D).

First, we detected an organ-specific transcriptional signature

revealing a close transcriptional relationship between intrinsic

and extrinsic sensory neurons (DRG and VG) (Figures 1B and

1C). The SMG showed a mixed sensory and effector transcrip-

tional profile, suggesting its dual role in sensing and executing

certain signals. Next, we examined the expression of neuronal

markers from the myenteric plexus,19 DRGs,25–27 SMG,28 and

VG29 (Figure 1D). The myenteric plexus showed expression of

Vip, its receptorVipr2,Chat,Nos1, andNmu, which have immuno-

regulatory functions3,4,8,9,30,31 (Figure 1D). The DRGs and the VG

expressed genes linked to sensory neurons, such asPvalb,Calca,

orNefh. Both anatomic sites showed enrichment of genes encod-

ing for myelinated neurons, such as Nefh, or genes marking pep-

tidergic (PEP) and non-peptidergic (NP) neurons, such as Tac1,

Trpm8, and Calcb. The SMG showed genes enriched in the sym-

pathetic nervous system, such as Npy and Th (Figure 1D). To test

whether these molecular signatures may get altered following in-

flammatory triggers, we compared the results to models of intes-

tinal inflammation. We chose three different models affecting

distinct segments of the GI tract and eliciting preferentially either

a Th1, Th2, or Th17-dominated response to assess the impact

of the cytokine milieu (Figure 1E). These models included dextran

sulfate sodium (DSS)-induced colitis dominated by a type 1 cyto-

kinemilieu (Figures S1H andS1I), worm infectionwithNippostron-

gylus brasiliensis (N. brasiliensis) triggering a type 2 response

(Figures S1J–S1L), and Helicobacter hepaticus (H. hepaticus)-

induced colitis, characterized by a type 1/Th17 pathology (Fig-

ure S1M). The sequencing results of the GI innervation revealed

a conserved transcriptional signature independent of the type of

inflammation triggered but strongly driven by the anatomical loca-

tion (Figure 1F). Therefore,GI-innervating neurons harbor a tissue-

and location-specific gene expression signature largely main-

tained during inflammation.
ic location

Si, Col, DRG, SMG, and VG of naive Snap25Cre/+ Rosa26Sun1-Gfp/+ mice.

n (B).

. or infected with H. h. to elicit different types of inflammation.

25Cre/+Rosa26Sun1-Gfp/+mice, naive or infectedwith DSS,N. b. orH. h. For (B)–

mall intestine; Col, colon; DRGs, dorsal root ganglia; SMG, superiormesenteric

., Nippostrongylus brasilienis; H. h., Helicobacter hepaticus.

Neuron 113, 1–19, May 7, 2025 3



Figure 2. Myenteric neurons upregulate sensory and effector modules during inflammation

(A) Illustration showing the ENS.

(B) PCA of bulk RNA-seq of nuclei isolated from myenteric plexus of Si and Col of naive and infected Snap25Cre/+ Rosa26Sun1-Gfp/+ mice.

(C) Volcano plots showing transcriptional changes across all neuronal samples and disease models.

(D) Gene Ontology (GO) analysis of upregulated genes during inflammation in the myenteric plexus.

(legend continued on next page)
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Myenteric neurons show a shared inflammatory
response profile across different models of
inflammation
To explore the neuronal response triggered in the myenteric

plexus during intestinal inflammation, we analyzed the transcrip-

tional responses in myenteric neurons of the small intestine dur-

ingN. brasiliensis infection, and the colon in DSS-induced andH.

hepaticus-induced colitis models (Figure 2A). Principal-compo-

nent analysis indicated apparent transcriptional changes in neu-

rons from the small intestine and colon compared with non-in-

flamed neurons in the same regions (Figure 2B). Similar

molecular alterations were observed in myenteric neurons inde-

pendent of the disease models and intestinal location, suggest-

ing a conserved neuronal response of myenteric neurons to

inflammation (Figures 2B, 2C, S2A, and S2B). Comparison of

transcriptional responses across intrinsic and extrinsic neurons

revealed that the response was primarily driven by the anatomic

proximity to the inflammatory milieu (Figure 2C). To explore

signaling pathways in myenteric neurons during inflammation,

we performed pathway analysis using the Gene Ontology Bio-

logical Process (GO:BP) dataset. Upregulated pathways across

all inflammation models included ‘‘detection of chemical stimuli’’

and several immune-related pathways, such as ‘‘defense

response to bacteria’’ and ‘‘lymphocyte mediated immunity,’’

indicating a direct involvement of neurons in sensing and coordi-

nating the inflammatory response (Figure 2D). In contrast, down-

regulated pathways included ‘‘axonogenesis,’’ ‘‘dendrite devel-

opment,’’ and ‘‘signal release from the synapse,’’ suggesting

that the inflammatory milieu may impose structural alterations

to the myenteric plexus (Figure S2C).

Additionally, we identified ‘‘leukotriene metabolism,’’ ‘‘detec-

tion of stimulus,’’ ‘‘metabolic processes,’’ and ‘‘apoptosis’’ as

regulatedpathways (Figure 2E). Leukotrienemetabolism together

with arachidonic acid metabolism and the epoxygenase P450

pathway identified myenteric neurons as potential source of in-

flammatory mediators (Figures 2D and 2E). We could observe a

metabolic shift from glucose utilization as an energy source to-

ward the cellular use of lipids (Figures 2D, 2E, andS2C). However,

those pathways were linked to the generation of inflammatory

lipidmediators and lipid peroxidation. Notably, apoptosis-related

genes showed decreased expression. Furthermore, pathways

related to the sensing of molecules were upregulated, including

chemical, cytokine, or pattern recognition receptor (PRR)

signaling pathways. Differentially expressed genes under the

GO term ‘‘detection of stimuli’’ included olfactory receptors,

such as Olfr56, originally described in the olfactory epithelium,

but also expressed in other cell types, including neurons

(Figures 2E and S2D),32 suggesting a potential role in metabolite

sensing. The transient receptor potential (TRP) channels Trpv1

and Trpm8, previously linked to inflammatory bowel disease

(IBD), were also induced during inflammation at both, the tran-
(E and F) Heatmaps of dysregulated genes during inflammation in the myenteric p

(B), (E), and (F), each symbol or heatmap column represents data from one mou

(G) Immunofluorescence staining of whole mounts colonic muscularis showing in

performedmeasuring the% area of the protein of interest (IL-33R: naive n = 5, DS

experiments). Si, small intestine; Col, colon; ENS, enteric nervous system; DRGs

DSS, dextran-sulfate-sodium-induced colitis; N. b., Nippostrongylus brasilienis; H
scriptional and protein level (Figures 2E and S2D). Several

Toll-like, NOD-like, and interleukin receptors were differently

regulated following inflammation (Figure 2F). The regulation of in-

flammasome components by myenteric neurons implies active

recognition of pathogen- and danger-associated molecular pat-

terns (Figure 2F), and the regulation of cytokine receptors Il1r1,

Il1rl1, Il18r1, and Il23r, indicates neuronal sensing of cytokines

(Figures 2F, 2G, and S2D). In contrast, type 1 and 2 IFN receptor

signaling pathways, including Ifnar1, Ifnar2, Ifngr1, and Ifngr2,

were downregulated suggesting that IFNs could stimulate cell-

intrinsic immunity in neurons33 (Figures 2F and2G). Complement-

ing to shared signaling circuits, we plotted unique pathways and

genes for each inflammation model, which were most pro-

nounced during N. brasiliensis infection (Figures S3A–S3G).

Taken together, these data expose the ENS as an active partici-

pant in inflammation independent of the inflammatorymilieu, indi-

cating that basal inflammatory cues drive the myenteric neuronal

response.

Different neuronal populations in DRGs contain the
machinery necessary for sensing inflammatory cues
The extrinsic innervation of the GI tract includes DRG neurons

sendingbifurcatingaxons to the intestine,whichdetectdistension,

inflammation, and visceral stimuli (Figure 3A). We performed RNA

sequencing on all thoraco (T1–13)-lumbar (L1–L6) DRGs at steady

state and during intestinal inflammation. Since we observed pro-

nounced differences in DRG neurons during N. brasiliensis infec-

tion compared with colitis models (Figures 2C, 3B, S4A, and

S4B),we focusedour analysesondelineating those transcriptional

changes. GO enrichment analysis showed activation of pathways

involved in the regulation and initiation of immune responses, pro-

duction of inflammatory mediators and lipid metabolism, such as

‘‘olefiniccompoundmetabolicprocesses,’’ ‘‘eicosanoidmetabolic

processes,’’ ‘‘arachidonic acid metabolism,’’ and the ‘‘epoxyge-

nase P450 pathway,’’ consistent with previous data from myen-

teric neurons (Figures 2D, 2E, and 3C). Several cytokine and che-

mokine, Toll-like, and NOD-like receptors were differently

regulated (Figures 3D and S4A), suggesting that DRGs sense

immunological cues. Someof the regulated receptors are involved

in neuro-immune crosstalk and play important roles in pain

perception and behavior.34–37 Similar to myenteric neurons, IFN

receptors Ifnar1, Ifnar2, Ifngr1, and Ifngr2 were downregulated

following helminth infection (Figures 3D and 3E). We further found

expressionofC-type lectindomain receptors inDRGneurons (Fig-

ure 3D). Immunofluorescent validation of IFNAR1 and Toll-like re-

ceptor (TLR)4 in both, steady state and duringN. brasiliensis infec-

tion, confirmed protein expression (Figures 3E and S4C). To

assess different populations of neurons, we performed 103 sin-

gle-nucleus sequencing of DRGs in steady state and following

N. brasiliensis infection (Figures 3F, 3G, and S4D). We validated

our neuronal purification strategy by searching for contaminating
lexus. (E) Different pathway-associated genes, (F) immune-related genes. For

se.

terleukin (IL)-33R/IFNAR1 (magenta) and SNAP25 (yellow). Quantification was

S n = 5; IFNAR1: naive = 5, DSS = 8, data are representative of two independent

, dorsal root ganglia; SMG, superior mesenteric ganglion; VG, vagal ganglion;

. h., Helicobacter hepaticus. Mean ± SD, Student’s t test. *p < 0.05, **p < 0.01.
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Figure 3. The sensory DRGs are primarily involved in the perception of worm infection

(A) Illustration of the anatomy of DRG.

(B) Principal component analysis of bulk RNA-seq of nuclei isolated from DRG of naive and infected Snap25Cre/+ Rosa26Sun1-Gfp/+ mice.

(C) Gene Ontology (GO) analysis of N. b.-induced upregulated genes in DRG.

(legend continued on next page)
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immunecells (FigureS4E).Noneof thosemarkersweredetected in

the single-nucleus dataset underpinning the clean strategy used

for sort purification. Cluster annotation based on published data-

sets with specific functional annotations26,38 revealed the repre-

sentation of known neurofilamentous (NF), peptidergic (PEP),

and non-peptidergic (NP) neuronal sub-clusters. We detected 5

NF populations, one low-threshold mechanoreceptor cluster ex-

pressing Th, two NP nociceptor clusters expressing Mrgprd and

Il31ra+, Npy2r+, respectively, one Trpm8+ PEP cluster, and two

PEP clusters characterized by the expression of Trpv1, Tac1, or

Calca, respectively (Figures 3F, 3G, and S4F) These findings are

in line with previous single-cell datasets of sort-purified DRG neu-

rons25,26,38,39 (Figure S4G) and specifically colon-innervating

DRGs, suggesting that a broad array of sensory neurons was

captured (Figures S4G, S5A, and S5B).39 While mapping neurons

afterN. brasiliensis infection versus steady state, we identified the

de novo occurrence of a neuronal cluster (Figures 3F and 3G).

Detailed analysis of this transcriptionally unidentified cluster

through comparison of its gene regulationwith known clusters, re-

vealed a population of neurons characterized by high metabolic

activity and stress-related gene expression (Figures S5C and

S5D). These results suggest that N. brasiliensis infection induced

transcriptional stress, potentially due to their high activity. Next,

we mapped pathways and genes in subpopulations of neurons

in steady state and during N. brasiliensis infection. The pathway

‘‘activation of immune response’’ was found in all populations of

DRGneurons, indicating that all DRG neuron subtypes responded

to inflammation (Figure 3H). We found robust expression of Ifnar1,

encoding the receptor for type 1 IFNs, at steady state in Th+ C-low

threshold mechano receptors (LTMRs) neurons but also other

neuronal populations. During N. brasiliensis infection, expression

of IFN receptors (Ifnar1/2, Ifngr1/2) was downregulated across

the different populations (Figure 3I). This was also observed for

Il10rb and Il15ra, suggesting that the expression and detection of

cytokine stimuli are regulated in different neuronal subtypes

(Figure 3I).

In summary, data from bulk and single-nucleus sequencing

under different inflammatory conditions revealed that neurons

express and regulate cytokine and chemokine receptors, sup-

porting the notion that neurons possess an inflammation-detec-

tion machinery.

SMG neurons are strongly activated in response to
inflammation
We extended our analysis of the extrinsic innervation of the GI

tract on the sympathetic and parasympathetic arm of the auto-

nomic nervous system, both being functional counterplayers
(D) Heatmaps of N. b.-induced dysregulated genes showing immune-related (le

resents data from one mouse.

(E) Immunofluorescence validation of DRG sections showing IFNAR1 (magenta) a

interest (naive n = 5, N.b. n = 4, DSS n = 5, data are representative of two indep

(F) Uniform manifold approximation and projection (UMAP) of single-nucleus RN

condition.

(G) Frequencies of cells per cluster from naive and infected samples shown in (F

(H) UMAP showing genes enriched in the GO:BP pathway ‘‘activation of immune

(I) UMAPs of Ifnar1, Ifnar2, Ifngr1, and Ifngr2 expression in naive and N.-b.-infec

colitis; N. b., Nippostrongylus brasilienis; H. h., Helicobacter hepaticus; CLEC, C

nificant, *p < 0.05, **p < 0.01.
and exerting opposing effector functions. To gain detailed in-

sights into regulated programs in response to inflammatory stim-

uli in both systems, we isolated the SMG, which functions as

post-ganglionic neurons of the sympathetic nervous system,

and the parasympathetic VG, consisting of vagal somatic and

visceral sensory afferent neurons (Figure 4A). RNA sequencing

and analysis of differentially regulated genes in steady state

versus inflammation showed differences in gene expression in

both, the SMG and VG, particularly during colitis, with smaller

differences in the parasympathetic VG (Figures 4B and S6A–

S6D). Thus, at the transcriptional level, the sympathetic nervous

system showed a stronger response during inflammatory condi-

tions compared with the parasympathetic VG. In line with our

previous results in other neurons (Figures 2 and 3), differential

GO expression analysis of SMG neurons showed upregulation

of immune response pathways (‘‘lymphocyte mediated immu-

nity,’’ tumor necrosis factors [TNFs], TNF receptors), sensory

signaling (‘‘detection of chemical stimulus,’’ ‘‘olfactory signaling

pathway’’), inflammatory mediator production, and lipid meta-

bolism pathways (‘‘linoleic acid metabolic processes,’’ and the

‘‘epoxygenase P450 pathway’’) significantly upregulated

following colitis (Figures 4C and 4D). Consistent with the results

obtained in myenteric neurons, immunological molecules of Toll-

like, NOD-like, and cytokine receptor families (Ifnar1, Ifnar2,

Ifngr1, and Ifngr2) were differently regulated, particularly in the

SMG (Figure 4D). Comparable pathways were observed in the

VG, suggesting that the overall neuronal response is similarly

adapted across different neuronal components (Figures 4D

and S6E). To further investigate gene regulation at the cellular

level, we performed single-nucleus sequencing of sort-purified

nuclei from Snap25Cre/+ Rosa26Sun1-Gfp/+ mice at steady state

and during DSS-induced colitis in the SMG and VG.We detected

pure neurons, free of contamination by immune or glial cells,

suggesting that the bulk sequencing data obtained from SMG

and VG were not contaminated by non-neuronal cells

(Figures 4E, S6F, and S6G). In the SMG, we detected broad

expression of pan-neuronal markers Snap25 and Tubb3 in all

clusters, along with consistent expression of Th and Npy in all

6 clusters, underlining the SMG as key signaling hub of the sym-

pathetic nervous system (Figures S7A–S7C).40,41 Functional

characterization of neuronal populations indicated a mix of sen-

sory and effector neuronal modules based on their distinct

neuronal profiles (Figure S7D). The VG dataset consisted of 11

neuronal clusters and the markers Phox2b and Prdm12 allowed

for the identification of nodose and jugular neuronal clusters as

previously described (Figures 4E and S7E–S7H).29 In line with

the bulk RNA sequencing, VG neurons showed marker
ft) and CLEC genes (right). For (B)–(D), each symbol or heatmap column rep-

nd SNAP25 (yellow). Quantification was measured by % area of the protein of

endent experiments).

A-seq from DRG combining naive and N.-b.-infected mice. 8 mice pooled per

).

response’’ in naive versus N. b.-infected DRGs.

ted DRGs. DRGs, dorsal root ganglia; DSS, dextran-sulfate-sodium-induced

-type lectin domain containing. Mean ± SD, one-way ANOVA. n.s., non-sig-
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expression similar to DRGs, indicating that the VG is a sensory

hub29 (Figures S4F, S7E, S7G, S7H, S8A, and S8B). To this

end, we compared the transcriptional profiles of DRG and VG

neurons (Figures S8A–S8H). While both neuronal clusters shared

similar neurochemical properties (Figures S8A and S8B), their

physiological functions differ significantly. VG neurons showed

enriched GO pathways, such as ‘‘response to hormone’’ or

‘‘regulation of blood pressure’’ when compared with DRGs

(Figures S8D–S8F). In contrast, DRG neurons expressed genes

representing ‘‘sensory perception of pain’’ or ‘‘neuropeptide

signaling’’ compared with the VG (Figures S8D–S8F). These dif-

ferences were also evident during inflammation (Figures S8G

and S8H). Together, our data confirm the sensory nature of VG

neurons while highlighting their distinct physiologic role. In the

SMG, the activation of immune responses appeared to be found

in all neuronal populations rather than being restricted to specific

subsets. In contrast, the immune activation was relatively low in

the VG (Figure 4F). Downregulation of IFN and cytokine recep-

tors was consistently observed in both, SMGand VG (Figure 4G).

In total, these data indicate that inflammation elicits a stronger

sympathetic than parasympathetic transcriptional response

and that a wide range of neurons are equipped with an inflamma-

tion-detection machinery.

Jointly regulated pathways in neurons include the
metabolism of linoleic acid, eicosanoids, arachidonic
acid, and iron ion binding
Commonpathways are triggered in neurons in various tissues and

in different models of inflammation characterized by distinct cyto-

kine profiles (Figures 2B–2F). We aimed to define those common

pathways elicited in neurons as a consequence of inflammation.

To achieve this, we focused ongene sets that exhibited differential

regulation in at least one inflammation model across various

neuronal tissues. This led to the identification of 12protein clusters

(Figure 5A) where the corresponding genes displayed diverse reg-

ulatory patterns across tissue-disease combinations (Figures S9

and S10). These patterns included both, shared pathways across

different conditions and more variable expression patterns, that

might reveal insights into tissue-specific regulation or differential

activation levels within these pathways. We scrutinized gene

sets potentially involved in common biological processes identi-

fied within the clusters (Figure 5A) spanning broader functional

categories, such as synapse, signaling, receptors, and iron bind-

ing and lipid peroxidation metabolism (Figures 5B, S9, and S10).

Synapses and neurotransmitters, in particular acetylcholine and

adrenergic receptors, were altered during inflammation in clusters

1, 5, and 7. Additionally, immune and cytokine receptor activity, as
Figure 4. The SMG reacts and adapts its profile predominantly during

(A) Illustration of the anatomic location of SMG and VG.

(B) PCA of bulk RNA-seq of nuclei isolated from SMG or VG of naive and infecte

(C) Gene Ontology (GO) analysis of DSS-upregulated genes in SMG.

(D) Heatmap of immune-related genes dysregulated in SMG and VG. For (B)–(D)

(E) UMAP of single-nucleus RNA-seq of SMG or VG, each plot combines the naive

were pooled.

(F) UMAP showing genes enriched in the GO:BP pathway activation of immune

(G) UMAPs of Ifnar1, Ifnar2, Ifngr1, and Ifngr2 expression in SMG and VG, cond

dextran-sulfate-sodium-induced colitis; N.b., Nippostrongylus brasilienis; H.h., H
well as JAK-STAT signaling in cluster 10, and inflammatory medi-

ators of the leukotriene receptors were enriched in cluster 4. The

highest percentage of jointly regulated pathways falls in cluster 4,

relating to the metabolism of retinol, linoleic acid, arachidonic

acid, eicosanoid metabolism, and iron ion binding, along with in-

flammatorymediators of the TRP channels and leukotriene recep-

tors (Figure 5B). Retinol metabolism potentially influences oxida-

tive stress responses,42 while linoleic acid serves as a precursor

for arachidonic acid, which in turn contributes to the synthesis

of leukotrienes as part of the broader context of eicosanoidmeta-

bolism. Therefore, these data argue that lipid metabolism might

fuel the synthesis of leukotriene mediators in neurons, and dysre-

gulation of the iron metabolism may promote the generation of

reactive oxygen species.

GI-innervating neurons show hallmarks of ferroptosis
during intestinal inflammation
Unbound iron can promote the oxidation of polyunsaturated fatty

acids via the Fenton reaction, resulting in lipid peroxidation.17 Li-

noleic and arachidonic acid were described to stimulate lipid per-

oxidation, leading to ferroptosis.43,44 Todelineate the link between

lipid metabolism, inflammatory mediators, and iron binding as

jointly regulated pathways, we analyzed genes of the underlying

ferroptosis-related pathways, lipid peroxidation, glutathione

metabolism, iron metabolism, and the mevalonate pathways.

Indeed, theywere altered in all innervating sites, including upregu-

lation of the arachidonic acid lipoxygenases Alox5 and Alox15,

promoting lipid peroxidation and ferroptosis (Figures 6A and

6B). Complementary, we observed downregulation of glutathione

peroxidase 4 (Gpx4) and glutathione synthetase (Gss), which

reduce lipids, as well as Fth1, which sequesters iron, and the

iron-metabolism-regulating protein Ireb2 (Figures 6A and 6B).

Since the gene expression analysis supports the idea that fer-

roptosis is induced in GI-innervating neurons upon inflammation,

we investigated whether DSS-induced colitis results in cell death

of myenteric neurons. Indeed, we found increased TUNEL+ neu-

rons indicating that programmed cell death is induced (Fig-

ure 6C).45,46 Since the apoptotic pathway was downregulated in

the inflamed myenteric plexus (Figure 2C), we explored ferropto-

sis in myenteric neurons by staining for 4-hydroxynonenal (4-HN),

a well-established product of lipid peroxidation and marker of fer-

roptosis. Consistent with our hypothesis, we detected increased

4-HN deposition in SNAP25+ neurons, which implies that the

ongoing lipid peroxidation induces ferroptosis in these cells17 (Fig-

ure 6D). In addition, we could confirm a decrease in GPX4 protein

following DSS-induced colitis in myenteric neurons, providing ev-

idence for the loss of the cellular glutathione-mediated antioxidant
acute Th1 inflammation

d Snap25Cre/+ Rosa26Sun1-Gfp/+ mice.

, each symbol or heatmap column represents data from one mouse.

and DSS-treated sample. 5 mice for the naive and 10mice for the DSS sample

response, conditions as in (E).

itions as in (E). SMG, superior mesenteric ganglion; VG, vagal ganglion; DSS,

elicobacter hepaticus.
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capacity and the consequent accumulation of reactive oxygen

species (Figure 6D). While these data show that the ferroptosis

pathway is activated in myenteric neurons in vivo, we assessed

whether ferroptosis could be triggered in myenteric neurons

in vitro. We exposed neuronal cultures to a combination of com-

pounds known to promote ferroptosis.47 Indeed, exposure to

the ferroptosis-promoting cocktail resulted in increased uptake

of propidium iodide (PI), an indicator of cell death, while addition

of the ferroptosis inhibitor Liproxstatin-1 to the cultures prevented

PI uptake (Figure 6E). Similar findings were obtained in DRG neu-

rons following N. brasiliensis infection (Figures 6F and 6G) sug-

gesting that ferroptosis induction in neurons involves intrinsic

and extrinsic neurons of theGI tract. Taken together, our data indi-

cate that inflammation promotes lipid peroxidation in GI-inner-

vating neurons resulting in ferroptosis.

IFN signaling regulates ferroptosis in neurons, leading
to neuronal loss and altered gut-transit time
Our data indicate that ferroptosis is induced in neurons during

inflammation and that neurons detect inflammation in part via

the expression of cytokine and IFN receptors (Figures 2F,

2G, 3D, 3E, and 4D). Downregulation of certain cytokine recep-

tors, such as the type 1 and 2 IFN receptors, may reflect receptor

engagement followed by subsequent downregulation (Figures 2F,

2G, 3D, 3E, and 4D).48,49 By measuring activated cytokine

signaling pathways, we observed the induction of IFN response

genes in myenteric neurons, confirming that the IFN signaling

cascade was activated (Figure 7A). Similar findings were obtained

in neurons representing the extrinsic innervation (Figures 7B and

S11A). When neuronal cultures were exposed to type 1 IFN, we

detected phosphorylation of STAT1 downstream of IFNAR1 (Fig-

ure 7C). Thus, type 1 IFN signaling and the ferroptosis pathway are

triggered in parallel in neurons. Recent evidence suggests that

type 1 IFN signaling can induce lipid peroxidation,50 a key step

in the induction of ferroptosis.17 To expose signaling pathways

regulated by type 1 IFNs in myenteric neurons, we generated a

conditional deletion of Ifnar1 in neurons while preserving an

INTACT allele for sort purification of nuclei by crossing Ifnar1fl/fl

mice to a Snap25Cre/+ Rosa26Sun1-Gfp/+ background (Snap25Cre/+

Ifnar1fl/fl Rosa26Sun1-Gfp/+, referred to as Ifnar1DNeuron). Western

blot and immunofluorescence stainingofDRGandmyenteric neu-

rons from Ifnar1DNeuron mice revealed the abrogation of IFNAR1 in

neurons (Figures S11B–S11E). Analysis of bulk RNA sequencing

data from neuronal nuclei at steady state showed that Ifnar1

controlled the expression of numerous genes (Figures 7D and

7E). Differentially regulated pathways included fat metabolism,

underpinning a role for Ifnar1 in lipid metabolism (Figure 7E). To

test whether type 1 IFNs are able to induce ferroptosis in neurons,

we exposed myenteric neuronal cultures to IFN-b in vitro. IFN-b
Figure 5. Conserved pathways across different anatomic locations

(A) Protein network visualizing clusters of proteins where gene expression exhib

neuronal tissues. Each node represents a specific protein, while edges connectin

color-coding to visually distinguish between different protein clusters based on t

from the String database.

(B) Heatmap of commonly dysregulated pathways across inflammation models a

�log10(FDR). This figure represents the identified pathways for each protein clu

visualized as a heatmap with enrichment (pathway %) and FDR ranking.
was sufficient to elevate PI uptake, which could be inhibited by

co-administration of Liproxstatin-1 (Figure 7F). Moreover, IFN-b

synergized with erastin to promote ferroptosis, which could be

blocked by addition of Ferrostatin (Figure S11F). Similar results

were obtained by adding IFN-g to myenteric neuronal cultures

(Figure S11G). To test whether ferroptosis requires type 1 IFN

signaling, we induced colitis in Ifnar1DNeuron and control mice via

the administration of DSS and performed RNA sequencing on

myenteric neurons (Figures 7G and 7H). Ifnar1 deficiency influ-

enced neurogenesis, neuron differentiation, and synapse organi-

zation (Figure 7H). Consistent with an important function of

IFNAR1 in triggering ferroptosis, we observed that Ifnar1-deficient

neurons failed to upregulate Alox5, and Alox5ap during colitis. In

contrast, Gpx4 and Gss, were only partially downregulated in If-

nar1-deficient neurons (Figures 7I, 7J, and S11H). Therefore, our

data show that Ifnar1 is involved in the regulation of ferroptosis

in myenteric neurons. To assess the functional relevance of

this finding, we performed chronic DSS-colitis experiments in

Ifnar1DNeuron and littermate control mice. Ifnar1DNeuron mice lost

less weight and had a longer colon compared with littermate con-

trols (Figure 7K), arguing for a lower disease severity (Figures 7L

and S11I). Immunofluorescent staining showed decreased

4-HN+ neurons and increased total numbers of neurons in mice

lacking IFNAR1 (Figures S11J–S11L). As a consequence, gut

motility was altered, as measured by a fluorescein isothiocyanate

(FITC) dextran assay (Figure 7M). Overall, these data demonstrate

an important role of neuronal IFNAR1 in regulating ferroptosis and,

consequently, inmodulating disease severity and gut-transit time.

To test the translational relevance of this finding, we correlated

gene expression in samples from patients diagnosed with IBD

with genes encoding for the ferroptosis pathway extending on

previous data,53 which demonstrated a link between GPX4 and

IBD. We found that GPX4 negatively correlated with disease

severity measured by the Naini-Cortina or the Riley score under-

pinning the exhaustion of GPX4 in concordancewith IBD severity

(Figure 7N). Next, we asked whether IFN signaling and ferropto-

sis are linked to human IBD. In line with the murine data, both

genes, IFNAR1 and IFNGR1, were negatively correlated with

GPX4, providing evidence that these pathways are associated

(Figure 7O). We could also detect 4-HN in NeuN+ neurons in hu-

man colitis samples but not control samples (Figure 7P). Thus,

our findings may have implications for the prevention and ther-

apy of sequelae in IBD.

DISCUSSION

Infections are a vital threat to every organism, and a conserved

inflammatory response has evolved to contain and combat

them. Although the cardinal signs of inflammation are at least
its differential expression in at least one inflammatory model across various

g the nodes depict associations between those proteins. The network employs

heir associations. This figure represents a protein interaction network derived

nd organs. False discovery rate (FDR) rank values: absolute value of the base

ster derived from the protein interaction network shown in (A). Pathways are
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Figure 6. Neurons display hallmarks of ferroptosis across all inflammation models

(A) Heatmap showing ferroptosis-related genes in myenteric neurons from naive and infected Snap25Cre/+ Rosa26Sun1-Gfp/+ mice.

(B) Heatmaps showing ferroptosis-related genes in DRG during N. b., in SMG and VG during DSS-induced colitis. For (A) and (B), each heatmap column rep-

resents data from one mouse.

(C) Immunofluorescence staining of colonic sections. TUNEL (magenta) and Tuj (green) stained in naive and chronic DSS. Quantification of TUNEL+ Tuj+ nuclei

(per condition n = 3–4 mice, data are representative of two independent experiments).

(D) Immunofluorescence staining of murine whole-mount muscularis showing 4-HN or GPX4 (magenta) and SNAP25 (yellow). Quantification was performed

measuring the % area of the protein of interest (naive n = 5, DSS n = 8, data are representative of two independent experiments).

(legend continued on next page)
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in part the consequence of neuronal activation, the neuron-

inherent response and the associated transcriptional changes

in neurons during inflammation are poorly understood.54 Our

study recognized a conserved neuronal response to inflamma-

tory stimuli and demonstrated that neurons display hallmarks

of immune sensing mechanisms through numerous means,

including cytokine receptors, PRRs, and receptors for metabo-

lites. We found arachidonic acid, eicosanoid, and leukotriene

synthesis among the jointly regulated pathways. In addition,

we discovered downregulation of IFN and other cytokine recep-

tors, possibly due to receptor engagement. IFNs are key media-

tors of cell-intrinsic immunity to intracellular infections.55With re-

gard to the nervous system, IFNs have been mainly studied in

relation to immunity against neurotropic viral infections,56,57 neu-

rodegeneration,58 and cognitive function in the CNS59 or as a

gatekeeper in nociceptors of the PNS controlling pain.60

An inevitable consequence of inflammation is tissue damage

and cell death. Complementing necrosis and apoptosis reported

in infected tissue,61,62 our study identified ferroptosis as a sub-

stantial component of cell death triggered in neurons innervating

the GI tract during inflammation.17 Previous studies have found

that pyroptosis, mediated by NOD-like receptor family pyrin

domain-containing 6 (NLRP6) and caspase-11, is triggered in

enteric neurons during intestinal inflammation.16,63,64 While fer-

roptosis has been reported to exacerbate the course of colitis

in mice and humans,53,65 it has primarily been associated with

epithelial cells.53 Therefore, ferroptosis in enteric neurons may

promote inflammation and tissue decline during colitis.

Apart from colitis, ferroptosis has been described in the ner-

vous system in neurodegenerative diseases, such as Alz-

heimer’s disease, Parkinson’s disease, and amyotrophic lateral

sclerosis.66 Since we could link the IFN response in neurons to

ferroptosis in the ENS, this pathway might contribute to dis-

ease’s progression.

Our study’s findings could provide a better understanding of

GI disorders, such as IBD and IBS. Even subclinical infections

of viral nature have been linked with initiation and chronicity of

IBD.67 Such infections may lead to persistent IFN signaling and

thus may explain progressive decline of gut motor functions

in IBD.

IBS is a common chronic GI disorders in Western countries

often linked to enteric infection.68 Hallmark symptoms of IBS

include abdominal hypersensitivity, frequently manifesting as

recurrent abdominal pain and abnormal bowel habits, which

may be indicative of abnormal abdominal perception and alter-

ations in the ENS.14 Our research has identified that neurons un-

dergo profound changes during intestinal infection, potentially

leading to the development of IBS. Moreover, we have discov-

ered that neurons, particularly myenteric neurons, undergo

non-apoptotic cell death, independent of the inflammatory
(E) Enteric neuroglial cultures exposed to either arachidonic acid, RAS-selective

Liproxstatin-1 versus DMSO, monitored for propidium iodide uptake (n = 3).

(F) Immunofluorescence staining of murine DRGs showing protein of interest (mag

DSS n = 5, data are representative of two independent experiments).

(G) UMAP of Gpx4 in DRG of naive and N. b.-infected Snap25Cre/+ Rosa26Sun1-G

dorsal root ganglia; SMG, superior mesenteric ganglion; VG, vagal ganglion; DSS

h., Helicobacter hepaticus. Mean ± SD, Student’s t test (C–E) and two-way ANO
trigger.16 This finding, coupled with the correlation between

IBS and parasitic intestinal infection69 suggests the clinical rele-

vance of our study. The conserved inflammatory pathway in neu-

rons may pave the way for new strategies in preventing and

treating GI disorders.
Limitations of the study
This study was designed to identify the transcriptional landscape

of neurons innervating the GI tract. Our analysis included in each

case the entire organ, and, thus, may have diluted certain re-

sponses as some ganglia or neurons may be heavier affected

by inflammation than others. To study components of the ENS

and obtain high-quality neurons, the myenteric plexus was en-

riched whereas the submucosal plexus may be represented

only to a minor degree in the sequencing dataset. It is likely

that submucosal neurons, which are located even closer to the

inflammatory milieu, may react even stronger to inflammatory

triggers. The analysis of all thoracolumbar DRGs may have

included neurons, which do not receive signals from the GI tract

and therefore diluted the response. The inclusion of all thoraco-

lumbar DRGs might explain the rather low transcriptional

changes observed in DRGs during DSS-colitis. The ENS is

composed of neurons and enteric glia, both of which are

involved in inflammation. Future studies are required to address

these cellular components in parallel. The colitis models contain

a certain overlap in the induced cytokine milieu, including acute

DSS-colitis with a predominate type 1 cytokine response but

also a Th17 component70–72 and the H. hepatics colitis model

with a strong Th17 response, but IFN-g production by T cells

as well.73–75
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Trizol Thermo Fisher Scientific Cat# 15596026

HEPES (1 M) Gibco Cat# 15630080

KCL Merck Cat# P3911

MgCl2 Sigma-Aldrich Cat# 1374248

Fetal bovine serum Pan-Biotech Cat# P30-3602

Bovine Serum Albumin Fisher Scientific Cat# FERB14

Chloroform Sigma Aldrich Cat# 288306-100ML

70 kD Fluorescein isothiovyanate (FITC)-dextran Sigma Cat# 46945-100MG

Sakura Finetek� Tissue-Tek� O.C.T. Compound Sakura Cat# 12351753

SuperFrost� Plus VWR Cat# 631-9483

Tris Merck Cat# T1503

Triton X-100 Sigma-Aldrich Cat# X100-100ML

Tween Serva Cat#39796.01

Heparin Sigma-Aldrich Cat# H3393-250KU

Saponin Merck Cat# 84510

Saccharose Sigma-Aldrich Cat# S9378-500G

DTT AppliChem Cat# A3668,0050

PIC Fisher Scientific Cat# BDB554724

Superase inhibitor Thermo Fisher Cat# AM2696

Fluoromount-G Invitrogen Cat# 00-4958-02

Mouse Serum Life Science Cat# S-012L

DAPI (4’,6-Diamidino-2-Phenylindole, Dilactate) BioLegend Cat# 422801

Propidium iodide ThermoFisher Cat# R37108

Normal Donkey Serum Merck Cat# S30-100ML

Goat Serum Jackson ImmunoResearch Cat# 005-000-121

Dextran sulfate sodium powder MP Biomedical Cat# 0216011080

Collagenase type II Merck Cat# C2-22

Collagenase D Roche Cat# 11088866001

TrypLE express Enzyme ThermoFisher Cat# 12604013

F12 medium ThermoFisher Cat# 15172529

Penicillin-streptomycin ThermoFisher Cat# 11548876

Primocin InvivoGen Cat# ant-pm-05

Neurobasal A ThermoFisher Cat# 10888022

B-27 supplement ThermoFisher Cat# 17504044

GlutaMAX supplement ThermoFisher Cat# 35050061

Matrigel growth factor Corning Cat# 356231

Arachidonic acid Sigma Aldrich Cat# A3611

RSL3 Selleckchem Cat# S8155

Erastin Selleckchem Cat# S7242

Liproxstatin-1 Selleckchem Cat# S7699

IFN-ß Biotechne Cat# 8234-MB-010

IFN-g Immunotools GmbH Cat# 12343536

Poly-L-Ornithine Sigma-Aldrich Cat# P4957

Laminin Sigma-Aldrich Cat# L6274

Trypsin-EDTA Sigma-Aldrich Cat# T4049

Arac Sigma-Aldrich Cat# C6645

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

miRNeasy Micro Kit Qiagen Cat# 217084

In Situ Cell Death Detection Kit, TMR red Sigma-Aldrich Cat# 12156792910

SMARTer Stranded Total RNA-Seq Kit – Pico Takara Cat# 634485

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Cat# 4374966

SYBR� Green PCR Master Mix Thermo Fisher Cat# 4367659

Taqman� Universal Master Mix Applied Biosystems Cat# 4448510

Deposited Data

Raw sequencing data from bulk and single-nucleus

RNA-seq (fastq files)

European Nucleotide Archive https://www.ebi.ac.uk/ena/

browser/view/PRJEB75453;

Accession number: PRJEB75453

Human IBDome cohort (v0.50) transcriptomic data IBDome https://ibdome.org.

Bulk RNA-seq of ENS, DRG, SMG, VG of steady state

vs inflammation (web-based screening of data; raw

data: RNA-seq count data used for the analyses;

processed data: normalized count data)

Github https://dyusuf.github.io/

Transcriptional_Atlas_GI_

Neurons_Inflammation/

Dataset and analysis code used for RNA-seq analysis Zenodo https://doi.org/10.5281/

zenodo.14879230

Tool used to generate the protein cluster data Zenodo https://doi.org/10.5281/

zenodo.14879657

Experimental Models: Organisms/Strains

(all Mus musculus)

C57BL/6J (wild-type) Janvier N/A

Snap25cre/+ Jackson JAX strain #023525

INTACTfl/fl Jackson JAX strain #021039

Ifnar1fl/fl Ulrich Kalinke, Kamphuis et al.76;

PMID: 16868248

N/A

Oligonucleotides

See Table S1 for Oligonucleotides and RNA sequences

Software and Algorithms

FlowJo10.4 FlowJo, LLC, OR, USA https://www.flowjo.com/

solutions/flowjo;

RRID:SCR_008520

GraphPad Prism V8 GraphPad Software, San Diego, USA https://www.graphpad.com/

scientific-software/prism/;

RRID:SCR_002798

ImageJ 1.8.0 National Institutes of Health, USA https://imagej.nih.gov/ij/

Adobe Photoshop Adobe https://creativecloud.adobe.com/

apps/download/photoshop

R studio 2024.09.0+375 R foundation https://www.r-project.org;

RRID:SCR_000432

Seurat 5.1.0 Satija Lab, New York Genome

Center, USA

https://satijalab.org/seurat/
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EXPERIMENTAL MODELS AND STUDY PARTICIPANTS

Mouse strains
C57BL/6 mice were purchased from Janvier. Snap25cre/+ (JAX strain #023525, B6;129S-Snap25tm2.1(cre)Hze/J),23 INTACT mice (JAX

strain #021039, B6;129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J),22 and Ifnar1fl/fl76 on a C57BL/6 background were bred locally at

Charité. Sex and age-matched animals were used for experiments if not otherwise indicated. We did not observe differences be-

tween sexes in all experimental settings. We did not use randomization to assign animals to experimental groups. All animal exper-

iments were approved and are in accordance with the local animal care committees (Landesamt f€ur Gesundheit und
e3 Neuron 113, 1–19.e1–e7, May 7, 2025
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Soziales Berlin under application G 0291/18, G 0158/19, G 0222/19; Regierung von Unterfranken, Aktenzeichen 55.2.2-2532-

2-1623).

Disease Models
Acute DSS-induced colitis

2.5% Dextran sulfate sodium powder (MP Biomedical Order Nr. 0216011080) was added to the drinking water for consecutive

5 days.77 Mice were monitored twice a day and onset of the disease was verified by histology. Day 7 after disease induction,

mice were euthanized and tissues were collected for further analysis.

Chronic DSS-colitis

1.5% Dextran sulfate sodium was added to the drinking water for 5 consecutive days. Thereafter mice were allowed to recover for

9 days. Another cycle of 1.5% DSS was applied and mice were harvested 20 days later.

Helminth infection

Third-stage larvae (L3) of N. brasiliensis were purified with a Baermann apparatus. After washing three times in PBS, larvae were

counted and 500 purified larvae were injected subcutaneously in PBS. Mice were killed and organs were analyzed 7 days post

infection.

Helicobacter hepaticus + a-IL-10R colitis

Experimental colitis was induced as previously described.78,79 Briefly, mice were fed 1 3 108 colony-forming units (c.f.u.) of

H. hepaticus by oral gavage delivered with a 22G curved blunted needle on days 0 and 1 of the experiment. 1 mg of an IL-10R-block-

ing antibody (clone 1B1.2) was administered as an intraperitoneal injection once weekly starting at day 0. In this model, disease

severity peaks between 14 and 21 d after disease induction.

Human Samples
Transcriptomic data of the IBDome cohort used for the correlations is publicly available.80 Written informed consent was obtained

fromall patients All experiments involving humanmaterial were approved by the institutional review board of theCharité-Universit€ats-

medizin Berlin (EA1_200_17).

Inflamed colon specimens were obtained from ulcerative colitis patients, which underwent surgical colectomy due to colitis [6 Pa-

tients, 3 female (19-52y), 3 male (24-53y)], while control specimens were obtained from non-affected, non-inflamed tissue of tumor

resection [3 male patients (24-77)]. 1-2 mm sections were cut from formalin-fixed and paraffin-embedded tissues.

METHOD DETAILS

Tissue Preparation
Mice were killed by cervical dislocation and the small intestine or colon was removed, cleaned from remaining fat tissue and washed

in ice-cold phosphate buffered saline (PBS). Tissues were cut open longitudinally and washed in ice cold PBS to remove intestinal

contents and mucus. For dissection of the muscularis, the intestinal tissue was placed on a chilled plate with the serosa facing

up.24,76 Curved forceps were used to carefully scrape off the muscularis sheet. The vagal ganglia, the superior mesenteric ganglion

and the DRGs were dissected under a stereo microscope (Zeiss Stereo Discovery v.20) according to previously published proto-

cols.81–83 The obtained DRG were either collected in 0.3% collagenase (Sigma-Aldrich) for primary DRG cultures, in cold PBS for

immunoflourescence staining or snap frozen in liquid nitrogen for Western Blotting.

Isolation of Nuclei
The following method for nuclei extractions was performed for mouse small intestinal muscularis, colon muscularis, DRG, SMG or

VG. For isolation of nuclei from the small intestine and the colon, fresh-frozen tissues were disaggregated in 2 mL of custom nuclear

extraction buffer NIM2 (NIM1 (250 mM Sucrose, 25 mM KCl, 5 mM MgCl2, 10 mM Tris Buffer pH=8), 1 mM dithiothreitol (DTT), pro-

tease inhibitor cocktail (PIC) (1:100), Superase Inhibitor (1:100), 0,1%Triton X-100) withmild chopping by Fine Scissors for 10minutes

on ice.20 Large debris were removed with a 40 mm strainer (Falcon). An additional 0,5 mL of buffer was used to wash the filter before

proceeding to fluorescence-activated cell sorting (FACS). Nuclei were then pelleted at 500g for 5 mins at 4�C. Supernatant was dis-

carded and the nuclei pellet was resuspended in 250 mL of NIM2 buffer after the addition of DAPI. For isolation of nuclei from the VG,

the SMG and DRGs, dounce homogenization using a 2 mL Dounce Tissue Grinder combined with chopping was performed. The

buffers and tissue handling remained equivalent as for the ENS.

Sort-purification of nuclei
Nuclei were stained with DAPI (Biolegend) in NIM2 buffer. Fluorescence-activating sort purification was performed on a custom

configuration FACSAria cell sorter (BD Biosciences). Single nuclei (DAPI+, GFP+) were purified and validated under the microscope

for integrity prior to RNA isolation. Samples were stored at �80�C until whole-transcriptome amplification, library construction,

sequencing, and processing.
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Quantitative real-time PCR
Sorted nuclei were homogenized in Trizol (Thermo Fisher Scientific) and stored at -80�C. RNA was extracted with chloroform.

Reverse transcription of total RNA was performed using the High Capacity cDNA Reverse Transcription kit according to the protocol

provided by the manufacturer (Thermo Fisher Scientific). Reaction was detected on a QuantStudio 5 Real-Time PCR (Thermo Fisher

Scientific) using the Power SYBR Green Master Mix (Thermo Fisher Scientific) or the Taqman Gene Expression Assays (Applied Bio-

systems). The following Taqman Assays were used: Snap25 (Mm01276449_m1), Nmu (Mm00479868_m1), Vip (Mm00660234_m1),

Chat (Mm01221882_m1). Gene expression was normalized to the housekeeping gene Hprt1 (Mm00446968_m1).

Bulk RNA-seq analysis
Neuronal nuclei were sort-purified (DAPI+, GFP+) from the small intestine, colon, DRG, VG or SMG of 8 weeks old, littermate, male

Snap25Cre/+ INTACT (Rosa26Sun1-Gfp/+) or Snap25Cre/+ Ifnar1fl/fl INTACT mice as indicated. Nuclei were sorted into Trizol (Thermo

Fisher Scientific) and RNA was isolated using the microRNeasy Plus Micro kit (Qiagen) according to the protocol provided by the

manufacturer. RNA-seq libraries were prepared by the MDC BIMSB Core Bioinformatic Facility using the SMARTer Stranded Total

RNA-Seq Kit – Pico (Takara). Sequencing was performed on a NovaSeq 6000 (Illumina), yielding 100 bp single-end reads. RNA-Seq

reads were mapped to the mouse genome (mm10) with STAR84 version 2.7.11a using default parameters. Reads were assigned to

genes with FeatureCounts85 with the following parameters: -t exon -g gene_id, gene annotation was performed on GRCm38(mm10).

The differential expression was carried out with DESeq2 version 1.22.186 using default parameters. The protein network construction,

along with subsequent cluster detection and functional enrichment analyses, were conducted using an in-house tool developed by

D.Y. and R.B. The protein associations were retrieved from the String database,87 with a cutoff association score of 0.7. To identify

functionally related protein groups, we employed the Louvain modularity algorithm for cluster detection. To identify overrepresented

functions within the protein clusters, we performed hypergeometric testing against gene sets curated from four pathway data-

bases.88–91 This analysis employed a FDR cutoff of 0.05 to ensure statistically significant results.

Single nuclei RNA-sequencing and analysis
Nuclei were sort-purified as described above from 8 week-old male mice for all conditions into landing buffer containing 0.1% BSA

and RNAse inhibitor. Nuclei were validated for integrity under the microscope. Single nuclei RNA-seq libraries were generated ac-

cording to the ChromiumNext GEMSingle Cell 3ʹReagent Kits v3.1 User Guide (CG000204) by 10xGenomics. Briefly, a droplet emul-

sion was generated in a microfluidic chip followed by barcoded cDNA generation inside the droplets. Purified and amplified cDNA

was then subjected to library preparation, and sequenced on aNovaSeq 6000 instrument (Illumina) to aminimal depth of 40000mean

reads per cell. Raw sequence reads were processed using cellranger (version 5.0.0), including the default detection of intact cells.

Mkfastq and count were used in default parameter settings for demultiplexing and quantification of gene expression. Refdata-cell-

ranger-mm10-1.2.0 was used as reference. Single-nucleus RNA-seq data alignment and gene expression quantification was carried

out with Cellranger (version-5.0.0), using as a reference refdata-gex-mm10-2020-A mouse genome. Cellranger outpur was analyzed

with R (version 4.3.0) using the Seurat package (version 4.9.9). All analyses were performed using a filtered feature barcode matrix.

We excluded genes expressed in less than 3 cells and cells expressing less than 200 genes or more than 2500 (VG) genes or 5000

(DRG, SMG) genes, as well as cells with more than 5% mitochondrial reads.

Counts were normalized and scaled using SCTransform and SclaeData. Dimensionality reduction was done using RunPCA and

variable features were identified with VariableFeatures. FindNeighbours and FindClusters functions were used with resolutions

ranging from 0.1-0.3 to identify clusters. Signature genes were identified using FindAllMarkers in default parameter settings. Two

Seurat objects were integrated using FindIntegrationAnchors, IntegrateData, FindVariableGenes, RunPCA, RunUMAP,

FindNeighbours and FindClusters functions. UMAPs and violin plots were performed on normalized data using SCT as

DefaultAssay.92–94

Immunofluorescence microscopy
For whole mount staining, the tissue from 8-12 week old age-and sex-matched male or female mice was fixed in 4% PFA and kept in

PBS at 4�C and until staining.83 Briefly, whole mount samples were first permeabilized for 2 h at RT in PTxwH (0.5% Triton X-100/

0.05% Tween-20/4 mg heparin). Samples were then blocked for 2 h at RT in blocking buffer (PTxwH with 5% BSA, 5% donkey

and 5% goat serum). Antibodies were added to the blocking buffer at and incubated for 2 days at 4�C with shaking. After primary

incubation the tissuewaswashed four times in PTxwH and incubated in blocking buffer with secondary antibodies for 2 h at RT. Sam-

ples were again washed four times in PTxwH and then mounted.

For cryo-sections, the tissue was fixed in 4%PFA, dehydrated in sucrose at 4�C overnight, embedded in OCT and stored at -20�C.
Sections were cut at 10 mm and collected onto SuperfrostPlus slides. The sections were fixed in acetone at -20�C, incubated with

50mM glycine for antigen retrieval and permeabilized in 0.5% saponin. Blocking was performed with PBS-T (PBS and 0.5% Triton

X-100) and 10% donkey serum and stained.

The following antibodies were used: mouse anti SNAP25 (SMI81), mouse anti- TUBB3 (TUJ1), mouse anti-IFNAR1 (MAR1-5A3),

mouse anti-IL23R (12B2B64), rabbit anti-TUBB3 (2G10-TB3), rabbit anti-OLFR56 (MOR276-1), rabbit anti-4-HN (ab46545), rabbit

anti-TRPV1 (VR1), rabbit anti-TRPM8 (M571), rabbit anti-Il33R (RMST2-33), rabbit anti-TLR4 (MTS510), followed by donkey anti-rab-

bit or goat-anti mouse antibody coupled to Alexa Fluor 488 or 555 (Thermo Fisher Scientific) and nuclei were counterstained with
e5 Neuron 113, 1–19.e1–e7, May 7, 2025



ll
OPEN ACCESSNeuroResource

Please cite this article in press as: Forster et al., A transcriptional atlas of gut-innervating neurons reveals activation of interferon signaling and ferrop-
tosis during intestinal inflammation, Neuron (2025), https://doi.org/10.1016/j.neuron.2025.02.018
DAPI (Thermo Fisher Scientific). TUNEL (TdT-mediated dUTP-biotin nick end labeling) staining was performed using the In Situ Cell

Death Detection Kit, TMR red (Roche) according to the manual. Images were captured under a Zeiss Axio Observer 7 microscope

and analysed with Zen software (Zeiss). For quantitative analysis of electron micrographs, images were processed using ImageJ.

Ferroptosis Assay
The culturing of enteric neuroglia from the longitudinal muscle myenteric plexus peels was performed as previously reported with

some modifications.95,96 Briefly, after killing the mice the small intestines were dissected and divided into three equal parts and

flushed with ice cold PBS. The peels were rinsed thrice with ice cold PBS centrifuging each time for 30 seconds at 400 x g. After

the last rinse, add 5 ml digestion medium consisting of 1.3 mg ml-1 Collagenase type II (Merck, Cat. No. C2-22), 10% FCS

(Sigma-Aldrich, Cat. No. F7524), made in PSB and mince peels with scissors. The peels were digested at 37�C, for 60 minutes

with gentle vortexing every 10 minutes. After the digestion, cells were collected by centrifugation for 7 min at 400 x g at 4�C. The
supernatant was discarded and the pellet was resuspended in 2.5ml of room temperature TrypLE express Enzyme

(ThermoFisher, Cat. No. 12604013) and digested further for 5 minutes in a shaking water bath at 37�C. The digestion enzymes

were neutralized with 5 mL of cold rinse media consisting of 1X F12 medium (ThermoFisher, Cat. No. 15172529) supplemented

with 10% FCS (Sigma-Aldrich, Cat. No. F7524), 1% penicillin-streptomycin (ThermoFisher, Cat. No. 11548876), and 100 mg ml-1 Pri-

mocin (InvivoGen, Cat. No. ant-pm-05). The cells were strained through a 70mm sterile disposable cell strainer centrifuged and re-

suspended in complete neuronal medium (CNM) consisting of Neurobasal A (ThermoFisher, Cat. No. 10888022), supplemented

with 1X B-27 supplement (ThermoFisher, Cat. No. 17504044), and 1mM L-alanyl-L-glutamine (GlutaMAX supplement,

ThermoFisher, Cat. No. 35050061) and triturated using 1ml tips or glass polished pasture pipettes. The cells were passed through

a 70mm cell strainer, centrifuged, and resuspended in complete neuronal medium and seeded into cell culture plates coated with

Matrigel growth factor reduced (diluted 1:30) (Corning, 356231) and cultured at 37�C with 5% CO2 with medium replacement every

2 days. After seven days, cells were seeded onto optically compatible Matrigel coated tissue culture plates in CNMusing TrzpLE. The

cells were allowed 1 day of recovery before treatment and acquisition of propidium iodide (ThermoFisher, Cat. No., R37108) signal

using the IncuCyte system (Sartorius). The cells were treated with the indicated concentrations and in combinations as indicated with

the following compounds: Arachidonic acid (Sigma Aldrich, Cat. No. A3611), GPX4 inhibitor RSL3 (Selleckchem, Cat. No. S8155),

system Xc⁻ inhibitor Erastin (Selleckchem, Cat. No. S7242), Liproxstatin-1 (Selleckchem, Cat. No. S7699), IFN-ß (Biotechne, Cat.

No. 8234-MB-010), IFN-g (Immunotools GmbH, Cat. No. 12343536).

Gut motility assay using oral FITC-dextran
Mice were given 200mL of a 3.75mg/mL FITC-dextran (average mol wt. 4,000, Merck GmbH) solution prepared in Lipofundin MCT

20% (Braun GmbH) by oral gavage. After 4h, mice were killed by cervical dislocation and whole GI tracts were isolated and placed

in ice-cold PBS to inhibit residual motility. Next, the distribution of the FITC dextran within the GI tract was analyzed by acquiring

fluorescence images using the Amersham Image Quant 800 system. For quantification, the fluorescence intensity along the GI tract

was measured using ImageJ2 by outlining the GI tract and applying the ‘‘Plot profile’’ command. This measurement was performed

thrice and the resulting intensity profiles were averaged, smoothed and the x-axis converted from length in pixels to length in percent.

Lastly, fluorescence intensity values were normalized to the total fluorescence intensity in the whole GI tract to account for loss of

signal intensity due to intestinal barrier defects or leakage after dissection. To compare gut motility between groups, the geometric

mean of the FITC-dextran fluorescence intensity was calculated as described in Koester et al.97 aswell as intensity profiles compared

using two-way ANOVA.

Primary DRG Culture
For primary DRG culture, sterile glass cover slips were positioned in 12-well cell culture plates (Greiner Bio-One). First coated with

1 mg/ml Poly-L-Ornithine (Sigma-Aldrich) and then with 25 mg/ml Laminin (Sigma-Aldrich) at 37�C in the incubator for at least 1 hour

respectively. Harvested DRGs were collected in 0.3% collagenase (Sigma-Aldrich) and incubated on a shaker at 37�C and 800rpm

for 30minutes to break up the tissue. After centrifugation at 0.3g and 4�C, 5min, the supernatant was removed. 0.05%Trypsin-EDTA

(Sigma-Aldrich) was added to the pellet and incubated on a shaker at 37�C and 800rpm for 30 min. The remaining tissue pellet was

disrupted and centrifuged at 0.3g and 4�C for 5 min. Trypsin was removed and the pellet resuspended in medium (150 ml/well)

(DMEM/F-12, 10% Horse Serum, 1% Pen/Strep, 1% NEAA, 1% L-Glut, 5mg/mL NGF). The resuspended mixture was then seeded

onto the pre-coated cover slips and incubated at 37�C for 10 min. The rest of the medium (350 ml/well) was added. The cells were

placed in an incubator at 37�C, 92% humidity and 5% CO2 henceforth. 24 hours after, medium containing 10mM AraC (Sigma-

Aldrich) was added to provoke cell cycle arrest in all non-neuronal cells. This was removed after 24 hours and henceforth media

were changed every 48h to provide nutrients to the cells. On day 3, when indicated, DRG cultures were stimulated with 40 ng/mL

IFN-a overnight, washed and fixed for 5 min with 4% PFA and left in PBS until staining with pSTAT1 and SNAP25.

Western Blotting
The protein lysate was obtained through manual grinding with a douncer (Millipore Sigma). RIPA buffer (50 mM Tric-Cl (pH8), 1%

NP40, 0.5% Na-deoxycholate, 150 mM NaCl, 0.1 mM DTT with Protease Inhibitor Cocktail (Sigma-Aldrich) and Phosphatase
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Inhibitor (Thermo Fisher) was added to the lysate and incubated on ice for 1 hour. The lysate was centrifuged at 4�C and 14.000 rpm

for 30 minutes. The supernatant was used to quantify the protein in a Bradford assay.

For Immunoblotting, pre-cast 12%SDS-PAGE gels were used (BioRad). Gel and separation was performed using electrophoresis.

A Trans-Blot Turbo Transfer System (BioRad) was used to transfer the proteins onto a nitrocellulose membrane (GE Healthcare) at

25V for 23 minutes. The membrane was blocked for 1 hour with 5% milk powder solution in PBS +0.05% Tween-20 (Serva). Anti-

bodies were added to 2%milk powder solution in PBS + 0.05% Tween-20 in an appropriate concentration and incubated for 60 mi-

nutes RT and 4�C overnight on the blot. Blot was washed with PBS + 0.05% Tween-20 secondary HRP-conjugated antibody in 2%

milk powder and PBS + 0.05% Tween-20 solution was added and incubated for 90 minutes at RT. After washing with PBS + 0.05%

Tween-20, the blot was developed using the ECL Kit (Cytiva) and was made visible using a ChemiDoc (BioRad). The blot was ana-

lysed by densitometry via ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data is plotted showing the mean +/- standard deviation. P values of data sets were determined by unpaired two-tailed Student’s

t-test or ordinary one-way ANOVA with Tukey’s multiple comparisons test, with 95% confidence interval. All statistical tests were

performed with Graph Pad Prism V9 software (GraphPad Software, Inc.). (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001 and n.s.,

not significant). Investigators were not blinded to group allocation during experiments. Exact values of n representing number of

mice can be found in the figure legends.
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