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SUMMARY

Mental health profoundly impacts inflammatory responses in the body. This is particularly 

apparent in inflammatory bowel disease (IBD), where psychological stress is associated with 

exacerbated disease flares. Here, we discover a critical role for the enteric nervous system (ENS) 

in mediating the aggravating effect of chronic stress on intestinal inflammation. We find that 

chronically elevated levels of glucocorticoids drive the generation of an inflammatory subset of 

enteric glia that promotes monocyte- and TNF-mediated inflammation via CSF1. Additionally, 

glucocorticoids cause transcriptional immaturity in enteric neurons, acetylcholine deficiency, and 

dysmotility via TGFβ2. We verify the connection between the psychological state, intestinal 

inflammation, and dysmotility in three cohorts of IBD patients. Together, these findings offer a 

mechanistic explanation for the impact of the brain on peripheral inflammation, define the ENS 
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as a relay between psychological stress and gut inflammation, and suggest that stress management 

could serve as a valuable component of IBD care.

Graphical Abstract

In brief

The enteric nervous system relays chronically elevated levels of glucocorticoids to induce 

transcriptional immaturity in enteric neurons, monocyte recruitment, dysmotility and a general 

inflammatory state in the gut associated with inflammatory bowel disease

INTRODUCTION

Psychological stress exerts a profound impact on inflammatory processes throughout the 

body1–3, suggesting that improving a patient’s mental state might be a powerful yet 

underutilized strategy for the management of numerous diseases. The effect of psychological 

stress on disease severity is particularly striking in inflammatory bowel disease (IBD)4, 

with numerous epidemiological studies supporting the hypothesis that stressful life events 

can induce exacerbated IBD flares5–8. However, the mechanistic basis for aggravated stress-

associated IBD flares is not fully understood.

In this study, we uncover several mechanisms by which psychological stress influences 

bowel inflammation via the enteric nervous system (ENS). Unlike the central nervous 
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system (CNS), where responses to psychological stress have been deeply characterized9, 

ENS responses to stress and their consequences are less well understood. We provide 

insights into how the ENS may serve as a relay between brain-derived stress signals and the 

priming of inflammatory responses in the intestine. Our findings highlight enteric neurons 

and glia as possible therapeutic targets to ameliorate inflammatory sequelae of mental health 

impairment.

RESULTS

Monocytes mediate stress-driven colitis exacerbation

To investigate mechanisms underlying the impact of psychological stress on intestinal 

inflammation, we used a mouse model of prolonged psychological stress (restraint stress10) 

and induced colitis using dextran sodium sulfate (DSS) (Figure 1A). Psychological stress 

exacerbated intestinal inflammation, as documented by weight loss, colonoscopy, mortality, 

histology, and fecal lipocalin levels (Figures 1B–1E and S1A–S1C). RNA-sequencing of 

colonic tissue revealed pronounced changes in gene expression induced by psychological 

stress. This included downregulation of genes involved in type 2 immunity (Il33, Il13ra, 
Retnla) as well as antimicrobial peptides (Ang4, Itln1, Lyz2). In contrast, the expression 

of IBD-associated genes (Duox2, Duoxa2) and pro-inflammatory cytokines (Tnf Ccl2, 
Il6) was upregulated (Figures S1D–S1F). Restraint stress-induced colitis exacerbation was 

also observed under housing conditions that ameliorate environmental stress, including 

thermoneutrality11 and cage enrichment (Figures S1G–S1N). Although we noted slightly 

increased water intake in the stressed group, colitis aggravation was not caused by increased 

DSS consumption (Figures S1O–S1T). We also observed exacerbated colitis in stressed 

mice across different starting weights and durations of the stress period (Figures S1U and 

S1V). Interestingly, when we applied restraint stress at different time points during the 

experimental protocol (Figure S2A), we noted that stress experienced before the onset of 

colitis had the strongest effect of disease exacerbation (Figures S2B–S2E), suggesting that 

psychological stress may precondition the bowel for enhanced inflammation during the 

subsequent encounter of a colitogenic trigger. DSS-induced colitis was likewise aggravated 

in a model of social stress12, as demonstrated by weight loss, survival, and colonoscopy 

data (Figures S2F–S2I). Similarly, in an alternative IBD model13 that is based on genetic 

deficiency in IL-10, restraint stress led to body weight loss, elevated colonoscopy scores, 

higher rate of rectal prolapses, and reduced colon length (Figures S2J–S2N). In contrast, 

wild-type mice exposed to restraint stress did not develop macroscopic signs of colitis 

(Figures S2O–S2S). Together, these data from several independent mouse models suggest 

that psychological stress per se is not sufficient to induce overt colitis but preconditions the 

intestinal mucosa by inducing a pro-inflammatory state that exacerbates the consequences of 

a colitogenic trigger.

We next sought to identify potential effector cells of stress-exacerbated colitis. To this 

end, we hereafter mostly focused on the combination of restraint stress and DSS colitis 

due to the simplicity of these experimental paradigms. Single-cell RNA-sequencing of 

23,696 CD45+ leukocytes isolated from colonic tissue of stressed and control mice yielded 

13 distinct immune cell types, which were annotated using signatures of known lineage 
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markers (Figures 1F, S3A, and S3B). Among all clusters, T cells, macrophages/monocytes, 

and innate lymphoid cells had the most differentially expressed genes in stressed mice 

(Figure S3C), nominating these cell types as potential drivers of stress-induced enhanced 

intestinal inflammation. We first focused on T cells, given their well-described role in the 

pathogenesis of colitis14. Psychological stress induced several elements of an enhanced 

TH17 response in the intestine (Figures S3D and S3E). However, adaptive immune cells 

were dispensable for stress-mediated enhancement of colitis (Figures S3F–S3I). We thus 

turned to innate lymphoid cells (ILCs), motivated by their large number of differentially 

regulated genes (Figure S3C), the enrichment of IL-22-producing ILCs in the intestines 

of stressed mice (Figures S4A and S4B), and a recent report on the role for IL-22 in 

stress-mediated exacerbation of enteric infection15. However, neither genetic deficiency in 

IL-22 nor neutralization of the IL-22-inducing cytokine IL-23 influenced the stress-mediated 

colitis phenotype (Figures S4C–S4I). Likewise, ILC-deficient Rag2/Il2rg knockout mice 

were as susceptible to the impact of stress on colitis as their wild-type counterparts (Figure 

S4J). These results suggest that neither innate nor adaptive lymphocytes are essential drivers 

of the intestinal inflammatory response to stress.

We therefore focused on myeloid cells, and in particular on monocytes and macrophages, 

given their strong transcriptional changes induced by psychological stress (Figure S3C). 

Sub-clustering of the single-cell data revealed five populations of myeloid cells (Figures 

1F and S4K): three monocyte (Mono 1, 2 and 3) and two macrophage subsets (Mac 

1-2). The impact of psychological stress was particularly apparent in the transcriptomes 

of the Mono1 and Mac2 clusters (Figure S4L). Notably, pseudotime trajectory analysis 

indicated an accumulation of monocytes in stressed mice (Figure 1G), which we verified 

by flow cytometry (Figures 1H–1K). To determine whether monocyte accumulation was 

functionally involved in the inflammatory phenotype, we used CCR2-DTR mice to deplete 

monocytes in vivo (Figure S4M). Indeed, depletion of CCR2+ monocytes protected from 

stress-mediated colitis aggravation (Figures 1L–1N). To dissect the molecular mechanisms 

by which monocytes drive inflammation under stressed conditions, we analyzed differential 

gene expression in myeloid cells along the pseudotime axis. We noted a strong accumulation 

of TNF-producing monocytes in colons from stressed mice (Figure 1G), consistent with 

elevated transcripts of Tnf in colonic tissue (Figure S1E). Similar to monocyte depletion, 

pharmacological neutralization of TNF by treatment with a monoclonal antibody was 

sufficient to protect from the inflammation-enhancing effect of stress (Figures 1O–1Q). 

In contrast, neutralization of IL-6, another cytokine strongly induced in the context of 

psychological stress3 (Figures S1F and S4N) was not protective (Figures S4O–S4R). 

Together, these experiments suggest that psychological stress alters the landscape of 

intestinal myeloid cells, results in accumulation of inflammatory monocytes, and leads to 

TNF-mediated colitis exacerbation.

Psychological stress impacts intestinal inflammation through glucocorticoids

We next asked how psychological stress is transmitted from the brain to the intestine. 

Perception of stress by the CNS results in elevated levels of catecholamines and 

corticosteroids in the periphery16. Indeed, the canonical stress hormones noradrenaline 

and corticosterone were significantly increased in the serum of mice experiencing restraint 
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stress (Figures 2A and S5A). To assess the impact of catecholamine release on colitis, 

we depleted sympathetic neurons with 6-hydroxydopamine (6-OHDA). Successful chemical 

sympathectomy was confirmed by strongly reduced norepinephrine concentrations (Figure 

S5B). Interestingly, abrogation of adrenergic signaling seemed to further exacerbate 

colitis in stressed mice, as evidenced by pronounced weight loss, high mortality, and 

severe mucosal damage (Figures S5C–S5G). Likewise, mice treated with the β2-receptor 

antagonist ICI-118,551 showed an exacerbated stress-induced colitis phenotype (Figures 

S5H–S5J). Together, these data suggest that catecholamines counteract, rather than enhance, 

inflammation during chronic stress17–19.

To investigate the involvement of increased glucocorticoids in stress-induced severe colitis, 

we pharmacologically blocked the brain-mediated induction of adrenal corticosterone 

release with the corticotropin-releasing hormone receptor 1 (CRHR1) antagonist 

antalarmin. This treatment efficiently diminished corticosterone levels (Figure S5K) and 

rendered mice resistant to the impact of restraint stress on colitis (Figures S5L–S50). 

Similarly, corticosterone depletion by adrenalectomy (Figures S5P–S5T) or inhibition 

of glucocorticoid receptor (GR) signaling using mifepristone (RU-486) prevented colitis 

exacerbation by psychological stress (Figures 2B–2D), suggesting that glucocorticoids 

mediated the detrimental effect of stress on gut inflammation. Since RU-486 is not specific 

to GR, but also targets the progesterone receptor, we wondered whether GR signaling 

was sufficient to recapitulate the effect of stress on colitis. To this end, we treated mice 

with the synthetic GR agonist dexamethasone, followed by exposure to DSS. Notably, 

dexamethasone treatment, at a concentration that matches stress-induced serum levels of 

corticosterone (Figures S5U and S5V), phenocopied the effects of stress and induced a 

severe colitis phenotype, evidenced by early mortality, severe mucosal injury as assessed 

by colonoscopy and histology, as well as reduced colon length (Figures 2E–2I). These 

results were surprising given that corticosteroids are used for the acute treatment of bowel 

inflammation20. Due to the increased receptor affinity of dexamethasone and the fact that we 

detected it at higher levels in intestinal tissue compared to corticosterone (Figures S5W and 

S5X), we also used a low-dose dexamethasone protocol, which likewise exacerbated colitis 

severity (Figures S5Y–S5AB). Dexamethasone treatment also led to monocyte accumulation 

as seen in stressed mice (Figures 2J–2M). Consistently, anti-TNF treatment ameliorated 

the chronic dexamethasone-induced sensitization to severe intestinal inflammation (Figures 

2N–2Q). Together, these data indicate that chronically elevated glucocorticoids may mediate 

the impact of stress perception by the brain on colitis exacerbation.

Psychological stress drives colitis exacerbation via inflammatory enteric glia

Based on these findings and recent reports demonstrating an impact of glucocorticoids 

on myeloid cell migration21, we hypothesized that GR signaling in myeloid cells was 

responsible for the detrimental effects of psychological stress on IBD. However, mice 

lacking the GR gene Nr3c1 specifically in myeloid cells (Nr3c1LysM) were as susceptible to 

the effects of stress on gut inflammation as their littermate controls, as manifested by weight 

loss, colonoscopy, colon shortening, and inflammatory cytokine expression (Figures 3A–

3F). This suggested that the effect of glucocorticoids on monocytes was indirect. Outside 

of the immune system, glucocorticoids exert a strong effect on both epithelial and neuronal 
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cells9,22,23. Epithelial-specific GR deletion in Nr3c1Vil1 mice did not protect mice from the 

aggravating effects of stress on colitis (Figures S6A–S6D). We thus tested whether cells 

of the ENS might be affected by chronic psychological stress. To this end, we deleted 

Nr3c1 in enteric neurons and glia using Hand2-Cre mice. Remarkably, Nr3c1Hand2 mice 

were protected from the impact of stress on colitis (Figures 3A–3F), without affecting 

food or water intake (Figures S6E and S6F). Furthermore, ENS-specific deletion of Nr3c1 
also prevented the stress-induced accumulation of monocytes (Figure 3G). We observed 

the same protective effect of GR deficiency in the ENS when we induced colitis with an 

IL-10 receptor-targeting antibody (Figures S6G–S6L). Given that Nr3c1Hand2 mice lack GR 

expression in both enteric neurons and glia, we sought to disentangle the individual roles 

of glia and neurons in the gastrointestinal tract. The large majority of adult enteric glia are 

characterized by Plp1 or Sox10 expression24. We thus generated inducible Nr3c1Plp1/Sox10 

mice and exposed them to restraint stress. Notably, deletion of GR in adult glia largely 

protected mice from the colitis-exacerbating effects of stress (Figures 3H–3K). Collectively, 

these results point to the ENS, and particularly enteric glia cells, as a critical relay between 

glucocorticoids derived from the hypothalamic-pituitary-adrenal axis and inflammatory 

reactions in the gut.

To understand the molecular effects of psychological stress on the ENS, we performed 

single-nucleus RNA-sequencing of enteric glia and neurons using mice expressing a 

conditional Sun1-GFP allele under the control of the (non-inducible) Sox10 promoter25 

(Figure S7A). We profiled 9,858 nuclei, excluded contaminating cells (epithelial, immune, 

and stromal cells), and identified UMAP clusters as neurons and glia cells based on 

their gene expression profile (Figures 3L and S7B). Given the protective phenotype of 

Nr3c1Plp1/Sox10 mice, we first focused on glia cells. Sub-clustering analysis revealed the 

presence of four distinct transcriptional states, one of which was exclusively present under 

stressed conditions (Figures 3L and 3M). We hence termed this subset enteric glia associated 

with psychological stress (eGAPS). The expression profile of eGAPS was characterized by 

the induction of pro-inflammatory and pro-apoptotic pathways, while adhesion and cellular 

interaction pathways were downregulated (Figure S7C). Specifically, eGAPS were marked 

by high expression of the glucocorticoid-induced factors Nr4a1, Nr4a2, and Nr4a3, the 

ubiquitin ligase Arih1, the apoptosis/necroptosis mediator Ripk1, and the transcription factor 

Stat3 (Figures 3N and S7D). Notably, chronic dexamethasone treatment was sufficient for 

the generation of eGAPS (Figure 3M). The transcriptional profile of dexamethasone-elicited 

eGAPS showed a high degree of similarity to those from stressed mice, including the Nur 
transcription factors, Arih1, Ripk1, and Stat3 (Figure 3O). STAT3 activity was likewise 

increased, as evidenced by enhanced phosphorylation in enteric glia from both stressed and 

dexamethasone-treated mice (Figures 3P and 3Q). These data highlight the transcriptional 

response of enteric glia to chronic stress and nominate these cells as a possible link between 

glucocorticoids and intestinal inflammation.

To functionally test the role of enteric glia, we used transgenic mice enabling the inducible 

depletion of Sox10-expressing cells (iDTRSox10) (Figures S7E and S7F). Remarkably, glia-

depleted mice were resistant to the detrimental effect of psychological stress on intestinal 

inflammation (Figures 4A and 4B). The same observation was made with an alternative 
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Cre-line that targets enteric glia via Plp1-Cre (iDTRPlp1), which conferred resistance to the 

colitis-exacerbating effect of dexamethasone (Figures 4C, 4D, and S7G). To avoid potential 

confounding effects caused by ablation of Sox10- or Plp1-expressing astrocytes, we used 

a pegylated variant of DT which does not cross the blood-brain barrier and selectively 

ablates cells in the peripheral nervous system (BRAINSPAReDT)26. This approach likewise 

reduced intestinal glia numbers and prevented stress-induced colitis exacerbation (Figures 

4E–4G, S7H, and S7I). Importantly, glia ablation also blocked the accumulation of colonic 

monocytes (Figures 4H and 4I), suggesting that communication between enteric glia and 

monocytes is critical for the impact of stress on colitis.

To explore possible modes of glia-myeloid cell interactions involved in the inflammatory 

response to stress, we generated a pairwise interaction map based on our single-cell 

and single-nucleus transcriptome data. This analysis indicated numerous hypothetical 

interactions between eGAPS and myeloid cell populations in the colon (Figure 4J). We 

focused on interactions between eGAPS and the Mono1 cluster, given the high expression 

of Tnf in these monocytes (Figure 1G). Among the candidate mediators of this interaction 

was Csf1, which has recently been shown to drive inflammatory myeloid cell responses in 

the gut27. Indeed, Csf1 was highly expressed in enteric glia cells upon stress (Figure 4K). 

Furthermore, elevated CSF1 protein could be detected in the colonic muscularis layer of 

stressed mice (Figure 4L). The high levels of colonic Csf1 expression depended on GR 

signaling in the ENS, since Nr3c1Hand2 mice showed blunted Csf1 induction in response to 

stress (Figure S7J). Expression of the CSF1 receptor was restricted to myeloid cells (Figure 

S7K) and was found on the majority of Ly6C+ monocytes (Figure 4M). In addition to its 

monocyte-recruiting function, CSF1 has been suggested to prime mononuclear phagocytes 

to transcribe and release TNF28, which we verified by observing a potentiating effect 

of CSF1 on LPS-induced TNF production by monocytes (Figures S7L and S7M). We 

thus hypothesized that CSF1 might mediate glia-monocyte communication and drive stress-

induced aggravation of bowel inflammation. To address this, we neutralized CSF1 signaling 

with a monoclonal antibody. Indeed, Ly6C+ MHC-II− monocyte counts were normalized 

upon anti-CSF1 treatment of stressed mice (Figure 4N). Intriguingly, CSF1 blockage 

also conferred resistance to the detrimental impact of psychological stress on colonic 

inflammation (Figures 4O–4Q). Collectively, these data suggest a model whereby chronic 

stress results in glucocorticoid exposure of enteric glia and the generation of eGAPS. Enteric 

glia, in turn, promote the accumulation of TNF-producing monocytes via CSF1 and enhance 

inflammatory responses to a colitogenic insult (Figure 4R).

Psychological stress causes dysmotility via enteric neuron immaturity

Throughout our experiments, we consistently noticed that restraint stress, in addition to 

exacerbating colitis, caused a marked delay in colonic transit time (Figure 5A), in line 

with earlier reports29. The same phenomenon could be observed in dexamethasone-treated 

mice (Figure 5B). We thus examined the neuronal compartment in our single-nucleus 

ENS data set, given the critical role of enteric neurons in intestinal motility30 (Figures 

5C and S8A–S8E). Notably, the cholinergic and nitrergic subsets of mature neurons were 

underrepresented in the stressed group, while the precursor compartment was enriched 

(Figure S8F). To verify this finding, we aligned the cells along a pseudotime trajectory that 

Schneider et al. Page 8

Cell. Author manuscript; available in PMC 2024 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



highlighted precursor genes, such as Itga2, Nes, Sox2, and Ednrb, and genes that drive the 

functions of mature neuron subsets, such as Chat, Penk, Tac1, and Nos1 (Figure 5D). When 

we projected neurons derived from stressed and control mice onto the pseudotime trajectory, 

we observed that the distribution of cells was shifted toward the immature compartment 

under conditions of psychological stress (Figure 5E).

This finding implied that stress increased the proportion of precursor-like neurons, while 

decreasing the number of mature neurons. We validated this prediction with several 

orthogonal tools. First, we found higher levels of Nes transcript expression (Figure 5F), 

a larger number of Nestin-expressing neurons in whole-mount-stained myenteric plexus 

(Figures 5G and 5H), and elevated Nestin protein content in the muscularis of stressed 

mice (Figures 5I and 5J). Second, stress reduced the number of detectable nitric oxide 

synthase-expressing (nNOS+) neurons (Figures 5K and 5L). Third, the amount of choline 

acetyltransferase-expressing (ChAT+) neurons likewise plummeted (Figures 5K and 5M), 

along with reduced levels of acetylcholine (Figure 5N). The same phenomenon could 

be observed in mice treated with dexamethasone, which showed a strong increase in the 

immature neuronal compartment (Figure 5O), lower numbers of nNOS+ and ChAT+ neurons 

(Figures 5P–5R), and reduced acetylcholine levels (Figure 5S). This lack of acetylcholine 

was functionally important, since restoration of nicotinic acetylcholine receptor signaling 

levels by exogenous supplementation of nicotine rescued the stress-induced dysmotility 

phenotype (Figure 5T) and ameliorated colitis after DSS exposure (Figures S8G–S8I). 

We did not detect a substantial amount of proliferation in enteric neurons (Figure S8J), 

suggesting that the stress-induced shift in neuronal composition might be caused by 

transcriptional changes. Together, these data reveal a surprising effect of stress on the 

population of enteric neurons, with a shift toward a less differentiated phenotype and 

reduction of nitrergic and cholinergic neurons, resulting in dysmotility.

We next explored the consequences of these stress-induced neuronal changes for DSS-

induced colitis. While total neuronal counts were not affected at steady-state, DSS colitis 

diminished the number of neurons in stressed mice (Figure S8K). To explore the functional 

consequences of neuronal loss, we ablated enteric neurons in iDTRHand2 mice (Figure 

S8L), which diminished the levels of acetylcholine (Figure S8M) and massively decelerated 

intestinal motility (Figure S8N). These results suggest that chronic stress may render enteric 

neurons more susceptible to injury-induced cell death and dysmotility.

The shift from mature to precursor-like transcriptional states and DSS-induced neuronal 

loss were dependent on GR signaling in the ENS, since Nr3c1Hand2 mice showed normal 

neuronal proportions even under conditions of restraint stress (Figures 6A–6D). We 

therefore hypothesized that the neuronal derangements we observed were a consequence 

of the eGAPS-monocyte-TNF mechanism triggered by glucocorticoid exposure. However, 

neither GR deletion in glia nor CSF1 or TNF neutralization counteracted the detrimental 

effect of stress on intestinal motility or ENS composition (Figures S8O–S8T). These results 

suggested that a different pathway of ENS-intrinsic glucocorticoid responses mediated the 

effect of stress on enteric neurons. To identify candidate mediators, we compared the gene 

expression profiles of pseudotime-high (“mature”) and pseudotime-low (“immature”) enteric 

neurons (Figure 6E). Interestingly, among the genes most significantly associated with 
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the precursor state was Tgfb2, previously shown to be induced by dexamethasone in the 

eye31. Indeed, ENS cells from dexamethasone-treated mice showed a similar elevation of 

Tgfb2 as neurons from stressed mice (Figure 6F). Furthermore, both transcript and protein 

levels of TGFβ2 were strongly induced in the colonic muscularis of stressed mice (Figures 

6G and 6H). Given that TGFβ2 has previously been suggested to regulate neuronal cell 

death32, we asked whether TGFβ2 was a functional driver of ENS alterations in response 

to emotional stress. Notably, a TGFβ-neutralizing antibody prevented the shift from nNOS+ 

to Nestin+ neurons (Figures 6I–6K) and restored normal bowel motility in stressed mice 

(Figure 6L). This treatment also significantly, albeit incompletely, improved colitis severity 

(Figures 6M–6O and S8U). Monocyte counts were unaffected by TGFβ blockade (Figure 

S8V), emphasizing the notion that the eGAPS-CSF1-monocyte axis was not affected by 

stress-mediated induction of TGFβ2. Taken together, glucocorticoid exposure of enteric 

neurons induces a precursor-like expression program that is driven by TGFβ2. As a result, 

the number of functional nitrergic and cholinergic neurons is diminished, susceptibility to 

injury-induced neuronal loss is increased, and marked dysmotility develops (Figure 6P).

Psychological stress exacerbates IBD in humans

Finally, we explored the connection of psychological stress, dysmotility, and bowel 

inflammation in human patients. We analyzed data from 502,505 individuals from the 

UK Biobank (Figure 7A and Table S1). Patients with ICD codes indicating high levels 

of chronic psychological stress had a significantly higher risk of developing IBD during 

a 10-year follow-up than participants without a stressful lifestyle (Figure 7B). In addition, 

psychological stress was also linked to a more severe course of IBD after diagnosis, as 

indicated by higher serum C-reactive protein (CRP) and increased overall mortality (Figures 

7C and 7D). These findings applied across both two principal types of IBD, ulcerative colitis 

and Crohn’s disease (Figures S9A and S9B).

To investigate whether emotional stress triggered similar mechanisms as we had observed 

in mice, we focused on markers of inflammation and dysmotility. Indeed, leukocyte 

counts, including monocytes, were elevated in stressed patients (Figures 7E, 7F, S9C and 

S9D). Interestingly, stressed patients were more likely to report dissatisfaction with bowel 

habits and obstipation (Figures 7G, 7H, and S9E–S9J). Stressed IBD patients were also 

more likely to require surgery and to develop ileus (Figures S9K and S9L). To explore 

whether these were general consequences of psychosocial stress or specific to IBD patients, 

we investigated populations in the UK Biobank that were disease-free, patients with an 

extraintestinal disease (rheumatoid arthritis), and patients with a different intestinal disease 

(irritable bowel syndrome) (Figure S9M and Table S1). We observed that dysmotility was 

associated with stress across all populations; however, monocyte accumulation and elevated 

inflammatory markers were only found in the context of intestinal disease (Figures S9N–

S9AB). These observations suggest that, as in mice, psychological stress is associated with 

dysmotility in humans and predisposes the intestinal mucosa to a subsequent colitogenic 

trigger.

To substantiate these findings in a different IBD cohort, we assessed stress levels in 

the myIBDcoach study, a real-world, prospective, multicenter cohort study33 (Figure 
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7I). Longitudinally assessed stress scores positively correlated with subsequent bowel 

inflammation as assessed by the clinically validated Monitor IBD at Home (MIAH) 

questionnaire34 (Figure 7J), further suggesting that psychological stress may prime a 

heightened inflammatory response in the intestine.

To examine colonic, rather than systemic, inflammatory processes associated with stress, 

we embarked on a detailed prospective study of 63 IBD patients whose mental health 

was assessed with a questionnaire that allowed us to assign a perceived stress score to 

each patient. We then performed colonoscopies on these individuals and evaluated gene 

expression levels in biopsies obtained during the procedure (Figure 7K). Remarkably, 

perceived stress levels strongly correlated with colonoscopic evaluation of disease severity 

(Figure 7L). They also positively correlated with transcripts indicative of monocyte 

recruitment (Figures 7M and 7N), myeloid cell-driven inflammation (Figures 7O and 7P), 

and TNF production (Figure 7Q), as well as with levels of TGFB2 (Figure 7R). Altogether, 

these findings provide evidence for the link between psychological stress and exacerbated 

intestinal inflammation in individuals with IBD.

DISCUSSION

Chronic psychological stress is strongly associated with the severity of IBD flares6,8,35, but 

the underlying mechanisms remain largely unclear. In this study, we identify a cascade 

of cellular and molecular events that link stress perception to exacerbation of enteric 

inflammation, elements of which may apply to other inflammatory diseases of the gut as 

well as extraintestinal disorders associated with psychological stress.

Our findings have several important implications. First, we provide important insights into 

the biology of enteric glia cells. Our results demonstrate that the molecular state of enteric 

glia and their impact on the intestinal microenvironment are influenced by CNS-derived 

signals. As such, enteric glia may perform previously unrecognized functions in CNS-

ENS communication. Of note, the molecular profile of stress-associated astrocytes shares 

several features with eGAPS, including high expression levels of Nur family transcription 

factors36,37, suggesting that this stress-associated glial expression profile may emerge via 

common signaling mechanisms in different tissues.

Second, our study addresses a conundrum that arises from the fact that stress worsens 

inflammatory disease, while the canonical systemic mediators of psychological stress, 

catecholamines and glucocorticoids, are generally considered anti-inflammatory16. The 

induction of inflammatory enteric glia and exacerbated colitis by glucocorticoid signaling 

was particularly perplexing, given that the glucocorticoid receptor agonist prednisone is 

used to treat colitis in IBD patients. There are several possible explanations for this 

paradox. For instance, prolonged stress or dexamethasone treatment may induce inadequate 

adrenal production of corticosterone due to negative feedback-mediated suppression of 

the hypothalamic-pituitary-adrenal axis38,39. However, the beneficial effects of acute GR 

inhibition (Figures 2B–2D) are not consistent with “adrenal suppression”. Alternatively, the 

balance between anti- and pro-inflammatory effects of glucocorticoids might be a temporal 

phenomenon40–42. While acute glucocorticoid treatment ameliorates DSS-induced colitis43, 
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we find that persistently elevated levels of corticosterone contribute to the appearance of 

eGAPS and accumulation of TNF-producing monocytes. Similarly, clinical observations 

have documented that only short-term steroid treatment leads to beneficial outcomes in 

IBD44,45.

Third, our study emphasizes the importance of considering a patient’s mental health in the 

clinical management of inflammatory diseases. Given that we found opposing roles of two 

common IBD treatment regimens (corticosteroids and monoclonal antibodies against TNF) 

on the severity of stress-mediated colitis in mice, it is possible that treatment effects vary 

depending on the psychological state of affected individuals. The evaluation of mental state, 

in conjunction with strategies to reduce stress, anxiety, and depression, could thus be a 

powerful and underutilized tool to enhance treatment success46.

Limitations of this study

Our model implies that glia are the critical source of CSF1 and neurons the critical source 

of TGFβ2 in stress-exacerbated colitis. While several lines of evidence support this model, 

the generation of new conditional knockout mice for cell type-specific ablation of these 

cytokines will be required for unequivocal evidence. Additionally, our findings do not 

clarify the temporal sequence of events underlying TGFβ2-mediated neuronal alterations 

in response to stress. Is TGFβ2 induced by GR signaling and subsequently reprograms 

neurons to express precursor genes rather than differentiation genes? Alternatively, does GR 

signaling induce an immature state in neurons that is then propagated by TGFβ2? Similar 

questions regarding the induction of the eGAPS phenotype remain to be clarified.

Our model suggests that the downstream effect of glial and neuronal perturbation by 

psychological stress are largely distinct, with glia affecting TNF-driven inflammation and 

neuronal changes driving dysmotility. However, inhibition of TGFβ signaling also provides 

a certain degree of protection from severe inflammation, albeit only partially. This either 

suggests that our dichotomous model is oversimplified, or that the rescue of motility itself 

helps to ameliorate bowel inflammation.

Finally, our study does not address the evolutionary purpose of exacerbated inflammatory 

responses to chronic stress. Systemic stress responses likely serve the function of resource 

allocation during times of high energy demand. Notably, the relative benefits of a 

heightened inflammatory and alert state versus an immunosuppressed state that allows 

for reallocation of energy within the organism may depend on the source and nature of 

the stressful trigger47. We speculate that glucocorticoids thus serve a dual function, with 

acute immunosuppression purposed to centralize resources for survival of essential organs, 

followed by inflammatory states in the periphery in case the trigger persists. Understanding 

the impact of stress on intestinal inflammation in more detail may ultimately facilitate 

harnessing the power of brain-derived signals in the treatment of IBD48.
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STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Christoph Thaiss 

(thaiss@pennmedicine.upenn.edu).

Materials availability—Animal strains used in this study are available from The Jackson 

Laboratory or were provided by the indicated investigators.

Data and code availability

• All data and code to understand and assess the conclusions of this research are 

available in the main text, supplementary materials. Single-cell RNA-seq and 

bulk RNA-seq data have been deposited at GEO and are publicly available. 

Accession numbers are listed in the key resources table.

• This paper does not contain original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6J (stock no. 000664) mice were purchased from The Jackson 

Laboratory and allowed to acclimatize to the animal facility environment 

for 2 weeks before being used for experimentation. B6;CBA-Tg-Sox10-cre 

1Wdr/J (025807), CBA;B6-Tg(Sox10-icre/ERT2)388Wdr/J (027651), B6.Cg-Tg(Plp1-cre/

ERT)3Pop/J (005975), C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/ROSA26iDTR (007900), 

B6;129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J (021039), B6.129P2-Il10tm1Cgn/J(002251), 

B6.Cg-Rag2tm1.1Cgn/J (008449), B6.Cg-Tg(Vil1-cre)1000Gum/J (021504), and B6.Cg-

Tg(RP23-268L19-EGFP)2Mik/J (007902) mice were purchased from The Jackson 

Laboratory. C57BL/6NTac.Cg-Rag2tm1FwaIl2rgtm1Wjl(4111-F/M) were purchased from 

Taconic. IL-17-GFP and Il22−/− mice were kindly provided by Richard Flavell (Yale). 

CCR2-DTR mice were kindly provided by Michael Abt (UPenn). Il22 tdTomato mice were 

kindly provided by Scott Durum (NIH/NCI). In all experiments, age- and gender-matched 

littermates were used. Mice were 8-12 weeks of age at the beginning of experiments. 

Mice were given access to a normal chow diet and water ad libitum and maintained 

under a 12-hour light-dark cycle at room temperature or under thermoneutral conditions 

(30°C) where indicated. All mice were maintained in filter-topped cages on autoclaved food 

and water at the PennULAR facilities. In addition, the following enrichment items were 

provided were indicated: one mouse house with one opening made of cardboard, three 

gnawing wood pieces (4 cm in length, 1 cm in diameter). For tamoxifen-inducible Cre 

recombinase expression mice were injected intraperitoneally (i.p.) with 100 mg/kg body 

weight of tamoxifen in 200 μl corn oil (Sigma).
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All experiments were performed in accordance with the PennULAR guidelines and 

approved by the local IACUC. All experiments used co-housed littermates to ensure 

consistency of common microbiota and genetic background.

UK Biobank—The ‘UK Biobank’ (UKB) is a population-based cohort study conducted 

in the United Kingdom from 2006 to 2010, which recruited 502,505 volunteers aged 37 to 

73 years at baseline. All participants were registered with the UK National Health Service 

and attended an initial examination, which is followed by a long-term follow-up taking 

place continuously. On all analyzed visits, blood samples were taken, and physical measures 

were performed. All participants gave informed consent for genotyping and data linkage 

to medical reports. Ongoing inpatient hospital records beginning in 1996 until 2018 were 

used to identify diagnoses according to the International Classification of Diseases, Tenth 

Revision (ICD-10) codes (UKB data field 41270). The presence of the following primary 

ICD10 codes was evaluated: IBD was defined as the presence of K50 or K51. Ulcerative 

colitis was defined as K51 and Crohn’s disease as K50. In a subset of IBD patients, K50 and 

K51 diagnoses were present. Those patients were included in both subgroups. Obstipation 

was defined as K59.0 and Ileus as K56. Psychological stress was defined as depression (F32, 

F33), or reaction to stress (F43). For comparison we used rheumatoid arthritis (M06) and 

irritable bowel syndrome (K58). Matching was not used since the cohorts had comparable 

sizes to the IBD cohort. For all ICD-10 diagnoses the date of first diagnosis was extracted. 

CRP (UKB data field 30710), leukocytes (UKB data field 30000), and monocytes (UKB 

data field 30130) at enrollment as well as a digestive health questionnaire at follow up were 

evaluated to assess inflammation (UKB data fields 21040, 21035, 21038). Dissatisfaction 

with bowel habits was scored on a scale from 0 to 10. To evaluate bowel surgery, we looked 

at G4 to H2 operation codes collected in UKB (data field 41272). The UK Biobank receives 

death notifications (age at death and primary ICD diagnosis that led to death) through 

linkage to national death registries. End of follow-up was defined as death or end of hospital 

inpatient data collection in June 2020. For IBD development after stress, stress prior to 

baseline examination was used and patients that experienced stress after baseline excluded 

to reduce confounding. The healthy control cohort only contains participants that indicated 

to be healthy (health rating “good” or “excellent” (UKB field 2178)). This cohort was 

propensity score-matched (based on age, sex and BMI to the IBD patients. All populations 

are described in Table S1.

Validation cohort—Clinical validation was performed in a cohort of 551 IBD patients 

from the Netherlands. This real-world, multicenter, prospective cohort consists of IBD 

patients of Maastricht University Medical Center+ and Zuyderland Medical Centre which 

were enrolled between June 1, 2020 and July 1, 2021 and were using myIBDcoach. 

MyIBDcoach is an established telemedicine platform for management of adult IBD patients. 

In short, myIBDcoach is a telemedicine-app which 3-monthly monitors several patient-

reported outcomes (PROMs), including on disease activity, side-effects, lifestyle, nutrition 

and psychological factors. These periodic measurements also include the Monitor IBD at 

Home (MIAH) questionnaire, which is a validated PROM developed to predict endoscopic 

inflammation in IBD patients with good diagnostic accuracy (score 0-10, with higher scores 

indicating more disease activity). As for psychosocial factors, stress is measured periodically 
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using a numeric rating scale (1-10) on which patients report their level of (perceived) 

stress. MyIBDcoach generates automated alerts for the back office, which is managed by 

nurse practitioners and IBD specialists, if certain pre-set threshold levels are exceeded. 

An RCT comparing myIBDcoach to standard care demonstrated that myIBDcoach is safe, 

has high platform adherence rates and patient satisfaction. Currently, myIBDcoach is used 

in over 20 Dutch hospitals, reaching over 8000 IBD patients. The current prospective 

myIBDcoach cohort has been approved by the Ethics Committee of Maastricht University 

Medical Center+ (MEC 2019-1115). In order to evaluate the association between stress 

and subsequent disease activity over time, a linear mixed model was constructed modelling 

clinical disease activity scores (measured using the MIAH questionnaire) as the dependent 

factor, preceding stress levels as the independent factor, and including time both as a 

repeated factor and as a time lag factor. In addition, a multivariable model was constructed, 

adjusting for disease phenotype, age at cohort entry, disease duration at cohort entry, sex, 

and current smoking status. Estimates of fixed effects and corresponding 95% confidence 

intervals (CI) were obtained. A p value of < 0.05 was considered statistically significant. All 

analyses were performed using SPSS (IBM Corp, Version 27.0).

Prospective stress cohort—Colonoscopy was performed in a cohort of 63 

prospectively recruited IBD patients. All participants filled out a standardized questionnaire 

(perceived stress scale49). Biopsies with sufficient mRNA yield were available for 41 

individuals. The colonoscopy score was determined based on the endoscopy report (0 = 

no inflammatory signs, 1 = erythema, 2 = friability/erosions, 3 = ulcerations/spontaneous 

bleeding). The biosample collection study was approved by the University of Pennsylvania 

Institutional Review Board, protocol number 833338.

METHOD DETAILS

DSS colitis model—To induce colitis, mice were treated with 2% Dextran sulfate sodium 

(DSS) in drinking water for 7 days (MP Biomedicals, 160110). Mice were monitored for 

weight loss daily to assess disease progression. In addition, colonoscopy assessment was 

performed in a blinded fashion after completion of the 7 days of DSS treatment (day 7 or 8).

Restraint stress model—To induce restraint stress, mice were placed into 50 ml 

polypropylene conical tubes with ventilation caps for 3 hours on 7-10 consecutive days. 

Stress sessions were started daily between 8-9 AM.

Experimental stress paradigm—8-12 weeks old mice were exposed to 3 h of restraint 

stress for 7 days followed by 7 days of treatment with 2% DSS in drinking water. 

Afterwards, mice were followed up for up to 7 days, under continuation of daily restraint 

stress.

Experimental paradigm with limited DSS supply—Mice were supplied with 2% 

DSS drinking water overnight at a dosage of 4 ml (day 1-3), 3 ml (day 4), 2 ml (day 5-6) 

and 1 ml (day 7) per mouse and provided with normal drinking water ad libitum during 

the light cycle to ensure equal amounts of consumed DSS between control and stress mice. 

Colonoscopy was performed on day 5 of DSS treatment.
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IL-10−/− colitis model—Il-10−/− mice (B6.129P2-Il-10tm1Cgn/J) were purchased from 

Jackson Laboratories and allowed to acclimatize to the animal facility environment for 

2 weeks before being used for experimentation. IL-10−/− mice spontaneously develop 

a chronic IBD phenotype under specific pathogen-free conditions in our animal facility. 

Starting at 8-12 weeks of age, respective treatments were initiated, and mice were monitored 

for weight loss regularly to assess disease progression. In addition, colonoscopy assessment 

was performed in a blinded fashion after 30 days.

αIL-10R mAb colitis model—To induce colitis, mice (8-12 weeks old) were treated with 

αIL-10R mAb (1 mg/mouse, four weekly injections, i.p., BioXcell, BE0050). One week 

after the fourth injection, colitis severity was assessed by the following parameters: (A) 

Colonoscopy (B) colon length (C) survival (D) qPCR analysis of genes of interest.

Social defeat stress model—4-6 months old CD-1 retired breeder mice (aggressor 

mice) were singly housed for a minimum of 7 days with free access to food and water. To 

select CD-1 mice with consistent levels of aggressive behaviors, these aggressor mice were 

exposed to a C57BL/6J screener mice during the screening process. To this end, the screener 

mice were placed directly into the home cage of the aggressor for 180 s with the aggressor 

present. Regardless of latency to aggression, the screener mouse was kept in the cage for 

the full 180 s. The screening was performed 3 consecutive times. Only aggressor mice 

that showed consistent aggressive behavior were included in the experiments. To induce 

social defeat stress, experimental mice were housed in the same cage with a CD-1 aggressor 

separated by a divider. Every day the divider was removed for 5 minutes and experimental 

mice were subjected to direct exposure to the CD-1 aggressor mouse. After each cycle, 

experimental mice rotated into a new aggressor cage and were separated by a divider. Mice 

were exposed to at least 7 cycles (days) before the start of DSS treatment. Control mice 

underwent the same procedure but were housed with C57Bl/6J mice.

Adrenalectomy—C57BL6/J mice with surgically removed adrenal glands (ADREX) or 

sham controls were purchased from Charles River and allowed to acclimatize to the animal 

facility environment for 2 weeks before being used for experimentation. In brief, a midline 

incision was made, and the abdominal cavity was entered through the abdominal wall, lateral 

to the dorsal incision. The adrenal gland with the attached fat pad was individually pulled 

out of the abdominal cavity. The adrenal gland was dissected, and the fat pad returned to 

the abdominal cavity. The process was repeated on the opposite side. The skin incision 

was closed with wound clips. After surgery, the mice were supplied with 0.9% saline 

solution as drinking water. Success of the surgical procedure was determined by measuring 

corticosterone levels of randomly selected ADREX and sham mice.

Food and water consumption measurement—Food and water consumption were 

measured using the BioDAQ food-intake monitoring system (Research Diets). Age- 

and weight-matched mice were acclimatized in the BioDAQ cages for 1 week. After 

acclimatization, food and water intake were measured continuously for each mouse.

Drug administration—6-hydroxydopamine hydrochloride (6-OHDA) was diluted in 

0.1% sodium-ascorbate immediately before administration and protected from light. For 
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depletion of sympathetic neurons mice were i.p. injected with 6-OHDA at a dose of 150 

mg/kg body weight followed by another injection of 100 mg/kg body weight on two 

consecutive days prior to the start of restraint stress. Mice were treated with an additional 

100 mg/kg body weight dose after 7 days of stress treatment before initiation of DSS 

treatment. PBS was used for control injections. Dexamethasone (Med Chem Express, 

HY-14648) solved in corn oil was administered by i.p. injection at a dose of 2.5 mg/kg 

body weight or at a lower dose of 2.5 μg/kg were indicated. Mice were injected daily i.p. 

with ICI118,551 (Sigma, I127) solved in PBS at a dose of 1.25 mg/kg body weight.

Mice were injected daily i.p. with RU486 (Cayman Chemicals, 10006317) solved in corn 

oil at a dose of 70 mg/kg body weight. Treatment was initiated on day 1 of DSS treatment. 

Antalarmin (Sigma, A8727-50MG) was administered daily via i.p. injection at a dose of 20 

mg/kg body weight. Nicotine (Sigma, N3876) was administered twice a day (8 am and 8 

pm) at a dose of 0.6 mg/kg body weight.

Anti-mouse TNF monoclonal antibody (BioXCell, BP0058) was injected i.p. at a dose of 

25 mg/kg body weight 1 day before the start of DSS treatment and on day 3. Anti-mouse 

IL-23 (p19) monoclonal antibody (BioXCell, BE0313) was injected i.p. at a dose of 5 mg/kg 

body weight every 72h 1 day before the stress intervention and throughout the experiment. 

Anti-mouse CSF1 monoclonal antibody (BioXCell, BE0204) was injected i.p. at a dose of 

6 mg/kg body weight every other day throughout the experiment. Anti-mouse TGF-β was 

injected i.p. at a dose of 8 mg/kg body weight every other day throughout the experiment. 

Anti-IL-6 Ab (BioXCell, BE0046) was injected i.p. at a dose of 8 mg/kg body weight every 

other day throughout the experiment. PBS, corn oil or respective isotype controls were used 

for control injections where indicated.

Measurement of gastrointestinal transit times—Carmine red dye (Sigma-Aldrich, 

C1022) was prepared as a 6% (w/v) solution in 0.5% methylcellulose (Sigma-Aldrich). Mice 

were gavaged with 200 μl of the carmine solution between 09:00 am and 09:15 am local 

time. Animals were not fasted beforehand. Mice were separated into individual cages and 

monitored. Feces were collected and streaked across a sterile white napkin to assay for the 

presence of the red carmine dye. The time from gavage to the initial appearance of carmine 

in the feces was recorded as the total intestinal transit time for that animal

Induction of glia depletion—Mice expressing iDTR (ROSA26iDTR) were crossed 

to Sox10-creERT or Plp1-cre mice for specific depletion of glia cells. Mice were i.p. 

injected with 100 mg/kg body weight tamoxifen on two consecutive days followed by 

2 i.p. injections of diphtheria toxin (DT) at a dose of 10 ng/kg body weight on 2 

consecutive days. For specific depletion of peripheral glia cells mice were injected twice 

with BRAINSPAReDT at a dose of 10 ng/kg body weight on 2 consecutive days. Glia 

depletion was performed before initiation of stress and DSS treatment, respectively.

Induction of enteric neuron depletion—Mice expressing iDTR (ROSA26iDTR) were 

crossed to Hand2-cre mice for specific depletion of enteric neurons and glia. Mice were i.p. 

injected with 100 mg/kg body weight tamoxifen on two consecutive days followed by 2 i.p. 

injections of diphtheria toxin (DT) at a dose of 10 ng/g body weight on 2 consecutive days.
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Induction of CCR2+ leukocyte depletion—Mice expressing the diphtheria toxin 

receptor in CCR2+ cells (CCR2 DTR) were i.p. injected with 10 ng/g body weight 

diphtheria toxin (DT) 1 day prior and every 72 h throughout the experiment.

Serum collection—Blood was collected from the submandibular vein by cheek punch. 

Blood was collected in 1.1-ml z-gel micro tubes (SARSTEDT AG &Co. KG, 41.1500.005) 

and centrifuged at 10,000 × g for 5 min. The serum was removed and stored at −80°C until 

use.

Lipocalin-2 ELISA—Lipocalin-2 concentrations in fecal samples were measured using a 

mouse lipocalin-2 ELISA kit (R&D Systems) according to the manufacturer’s protocol. 10 

μl PBS were added per mg of stool, and a 1:1000 dilution was measured by ELISA.

Norepinephrine ELISA—Norepinephrine concentrations were measured in serum 

samples and tissue lysates using a norepinephrine ELISA kit (IBL-America, IB89537) 

according to the manufacturer’s instructions.

Acetylcholine assay—Acetylcholine concentrations were measured using a kit 

(Invitrogen Amplex® Red Acetylcholine Assay Kit, A12217) according to the 

manufacturer’s instructions.

Two centimeters of the mid colon, 4 cm distal to the ceco-colonic junction, was dissected 

and then homogenized in a bead tube at a concentration of 100 mg/ml in the reaction buffer. 

The tubes were centrifuged for 10 min at 4°C, 10,000 × g, and the supernatant was diluted 

1/10 in the same buffer and measured according to the manufacturer’s instructions.

Corticosterone ELISA—Corticosterone concentrations were measured with an 

ultrasensitive corticosterone enzyme-linked immunosorbent assay (ELISA) kit (DRG 

International, EIA-4164) according to the manufacturer’s instructions.

Two centimeters of the mid colon, 4 cm distal to the ceco-colonic junction, was dissected 

and then homogenized in a bead tube at a concentration of 100 mg/ml in the reaction buffer. 

The tubes were centrifuged for 10 min at 4°C, 10,000 × g, and the supernatant was diluted 

1/10 in the same buffer and measured according to the manufacturer’s instructions.

Dexamethasone ELISA—Dexamethasone concentrations were measured using an 

enzyme-linked immunosorbent assay (ELISA) kit (Elabscience, E-FS-E009) according 

to the manufacturer’s instructions. Whole colon was homogenized in a bead tube at a 

concentration of 100 mg/ml in PBS. Dexamethasone was extracted from serum or tissue 

lysate using ethyl-acetate and resuspended in ELISA buffer according to the manufacturer’s 

instructions.

IL-6 ELISA—IL-6 concentrations were measured in serum samples using an enzyme-

linked immunosorbent assay (ELISA) kit (R&D Systems, DY406-05) according to the 

manufacturer’s instructions.
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TNF ELISA—TNF concentrations were measured in cell culture supernatants using an 

enzyme-linked immunosorbent assay (ELISA) kit (Thermo Fisher Scientific, 88-7324-22) 

according to the manufacturer’s instructions.

Measuring of cell proliferation—Proliferating cells in the colon of mice were visualized 

using the Click-iT™ EdU Alexa Fluor™ 647 Imaging Kit according to the manufacturer’s 

instructions. Mice were exposed to restraint stress for 21 consecutive days and injected with 

EdU i.p. (33 mg/kg body weight) on days 8 and 9. Mice were sacrificed on day 21 and the 

colon was dissected and further processed for whole-mount immunofluorescence imaging.

Whole-mount intestine immunofluorescence—In brief, mice were sacrificed by 

cervical dislocation, the colon was removed, and placed in ice-cold PBS. The intestine 

was cut open longitudinally and the luminal contents were gently washed away in PBS. The 

tissue was pinned down in a plate coated with Sylgard and then fixed for 30 minutes using 

4% paraformaldehyde (PFA) with gentle agitation. After washing in PBS, whole-mount 

samples were dehydrated in 100% Methanol and permeabilized in Dent’s Bleach for 1 h 

at room temperature with gentle shaking. Samples were then blocked for 12 h in blocking 

buffer (0.5% PBST + 0.02% NaN3 with 5% donkey serum) at 4°C with gentle agitation. 

Next, antibodies were diluted in blocking buffer at appropriate concentrations and added 

to tissue samples for three days at 4°C. After primary antibody incubation, the tissue was 

washed three times in PBS and then incubated in blocking buffer with secondary antibodies 

(1:400 in blocking buffer) for 24 hours at 4°C. Samples were again washed three times 

in PBS, dehydrated in an ascending methanol series (50%, 70%, 80%, 95%, 100%, 100%, 

100%) at room temperature, then cleared with BABB (Murray’s Clear) and mounted in 

Murray’s Clear on slides. Slides were kept in the dark at 4°C until they were imaged.

Whole-mount intestine samples were imaged on an inverted LSM 710 laser scanning 

confocal microscope.

Quantification of enteric neurons—Tile scans of 1 cm x 1 cm pieces of whole-mount 

colons were imaged at 10x magnification. Alternatively, at least 5 view fields (size 502021 

μm2) at 20x magnification were imaged. Images were then analyzed using ImageJ. Image 

brightness was adjusted, auto thresholding on single channels (Otsu) was applied and 

HuC/D+ cells were counted automatically. Count data was then divided by the size of 

the surveyed area (size 502021 μm2) and multiplied by 100,000 to calculate the number 

of counted neurons per 0.1 mm2. In case of insufficient staining quality for automatic 

quantification, nNOS1+ and ChAT+ neurons as well as Nestin+ cells were counted manually. 

All investigators were blinded during quantifications. Every data point of a given graph 

corresponds to a single animal. ChAT+ neurons and nNOS+ were normalized to the count of 

HuC/D+ neurons.

Colonoscopy in mice—Colonoscopy was performed using a high-resolution mouse 

video endoscopic system (Carl Storz, Tuttlingen, Germany). The colonoscope was advanced 

until the proximal colon. Macroscopic grading of colitis severity was determined based on 

translucency (0-3), vascularity (0-3), granularity (0-3), fibrin (0-3) and appearance of fecal 

content (0-3). Colonoscopy scores reflect composite scores (0-15).
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Isolation of colonic leukocytes—The intestine was flushed with cold PBS, opened 

longitudinally, and cut into 0.5 cm pieces. Epithelial cells and mucus were removed by 

incubation (45 min) with dissociation buffer at 37°C (HBSS (without Ca2+ and Mg2+), 

5% FBS, 2 mM EDTA, and 0.15 mg/ml (1 mM) DTT (Sigma)). After removing epithelial 

cells, the remaining intestinal pieces were washed thoroughly in cold PBS and then digested 

in HBSS containing 5% FBS, 0.6 mg/ml Collagenase V (Sigma), 1.25 mg/ml collagenase 

D (Sigma), 1 mg/ml Dispase II (Sigma) and 0.1 mg/ml DNase I (Roche) for 45 min at 

37°C shaking at 250 rpm. The digested cell suspension was washed with PBS and passed 

sequentially through 100 and 40 μm cell strainers. Lamina propria leukocytes were then used 

for FACS analysis or cell sorting.

Flow cytometry analysis of intestinal leukocytes—Leukocytes were isolated from 

the colon (as described above). Cell viability staining was performed using the LIVE/DEAD 

Fixable Aqua Cell Stain Kit (ThermoFisher) according to the manufacturer’s protocol. 

Intestinal lamina propria cells were stained with antibodies against CD45, TCRB, CD90, 

CD3, CD5, CD19, CD11b, CD11c, MHCII, CSF1-R, CX3CR1, Ly6C, Ly6G, CD64, CD103 

(see antibody table for details). All samples were acquired by flow cytometry (FACS LSR 

D; BD Biosciences) and analyzed using the FlowJo software (Tree Star Inc, Ashland, OR, 

USA).

RNA extraction and RT–qPCR analysis—Total RNA was extracted using TRIzol™ 

(Invitrogen, 15596026) according to the manufacturer’s protocol and reverse transcribed 

using the High-Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosystems). 

RT–qPCR was performed with the QuantiFast SYBR Green PCR Kit 2000 (204056, 

Qiagen) on an Applied Biosystems CFX96 machine. Expression data were normalized to 

Gapdh mRNA levels unless stated otherwise. The data are presented in arbitrary units and 

were calculated using the delta CT method.

H&E histology & pathological scoring—For histology, the colon was fixed with 10% 

buffered formalin immediately after euthanasia and kept overnight at 4°C. After fixation, 

the samples were transferred into 70% ethanol before paraffin embedding. 5 μm thick 

sections were cut in the sagittal plane for staining with hematoxylin and eosin (H&E). 

Colitis severity was evaluated based on pathological grading of H&E-stained sections by a 

board-certified pathologist in a blinded fashion. Composite scores are divided in 4 grades: 

Acute inflammation (0-3), crypt distortion (0-3), erosion (0/1), ulceration (0/1), apoptosis 

(0-3).

Monocyte stimulation—Bone marrow was harvested, and red blood cells were lysed 

using ACK lysis buffer according to the manufacturer’s instructions. Monocytes were 

isolated by Magnetic-activated cell sorting (MACS) using the Miltenyi Monocyte Isolation 

kit. Monocytes were plated in a TC treated 24 well plate (~150.000 cells per well) in D10 

media (DMEM, 10% FBS, 1% Penicillin-Streptomycin) supplemented with 10 ng/μl of 

recombinant mouse CSF-1 or no CSF-1 and incubated for 16 h at 37°C. Then cells were 

stimulated with LPS (1 μg/ml) for 6 h where indicated before supernatant was collected for 

further analysis.
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RNA library preparation and sequencing—Libraries were prepared using the 

Illumina TruSeq stranded mRNA kit with Illumina TruSeq unique dual indices according 

to the manufacturer’s instructions. Quality and quantity control of RNA and libraries were 

performed using an Agilent 4200 TapeStation and Qubit 4, respectively. Libraries were 

sequenced on an Illumina NextSeq 550 instrument to produce 75–base pair single-end 

reads with an average sequencing depth of 14 M reads per sample. Raw reads were 

mapped to the mouse reference transcriptome (Ensembl; Mus musculus version 67) using 

Kallisto50 version 0.46. Subsequent analysis was carried out using the statistical computing 

environment R version 3.6.1 in RStudio and Bioconductor51 version 3.8. Briefly, transcript 

quantification data were summarized to genes using the tximport package52 and normalized 

using the trimmed mean of M values (TMM) method in edgeR53. Genes with <1 CPM in 

n+1 of the samples, where n is the size of the smallest group of replicates, were filtered out. 

Differential Gene Expression was tested with limma-voom54,55 by fitting a linear model and 

extracting empirical Bayes statistics.

Single-Cell RNA-seq—For single-cell RNA sequencing paired total colon samples of 

control (n=2) and stressed (n=2) mice were collected after 7 days of restraint stress. 

Total colonic leukocytes were isolated as described above and brought into single-cell 

suspensions. Cell suspensions were stained with DAPI and sorted on a BD FACSAria 

Fusion sorter (BD Biosciences). Sorted cells were then immediately encapsulated into 

droplets and libraries prepared using the 10X Genomics platform and libraries sequenced 

on an Illumina NextSeq. BCL files were demultiplexed, aligned to Mus musculus mm10 

genome, filtered, and UMI counted using CellRanger software v5.0 (10X Genomics), and 

downstream analysis performed with Seurat v4 (Stuart et al., 2019). Data were filtered to 

remove cells with high mitochondrial reads (>20%), low gene detection (<200), and high 

gene detection (>4,000). Since certain B-cell and plasma cell genes (e.g. Igkc and Jchain) 

were highly expressed by lots of cells, we removed the contaminating reads using the 

decontX workflow56.

Normalization was performed with SCTransform57 and integrated58. Subsequently, cells 

were clustered using Louvain clustering (resolution = 0.5), and UMAP was used for 

visualization (assay = “SCT”, dims = 1:30). After normalization and clustering, we used 

ALRA (Adaptively thresholded Low-Rank Approximation)59 to impute the RNA count 

matrix and fill in technical dropouts.

Single-Nucleus RNA-seq of the ENS—For single-nuclei RNA sequencing paired 

total colon samples of control (n=2), stress (n=3), and dexamethasone-treated Sun1-
GFP(INTACT)Sox10 mice were collected after 7 days of restraint stress. Total colon tissue 

samples were rinsed, washed in cold PBS, and immediately placed on a Petri dish containing 

5 ml nuclei isolation buffer (10 mM Tris pH 7.5, 25 mM KCL, 5 mM MgCl2, 250 mM 

sucrose, 0.1 mM DTT, 1x Complete protease Inhibitors (Roche), RNasin Plus 0.1 U/μl, 

0.1% Triton) on top of a crushed ice bed. Tissue samples were chopped with a razor blade 

into small pieces, transferred into a 15 ml Falcon tube containing Triton, and mixed by 

pipetting up and down. Samples were incubated 5 min on ice with shaking every minute. 

After incubation 10 ml nuclei isolation buffer was added, and samples were filtered through 
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a 40 μm cell strainer into a 15 ml Falcon tube. Samples were centrifuged for 10 min 

at 4°C, supernatant gently aspirated leaving about 50 μl that was resuspended with 400 

μl PBS + 1% BSA. Before sorting samples were filtered through a 40 μl mesh into a 

FACS tube and DAPI was added before loading. Samples were sorted on a BD FACSAria 

Fusion sorter (BD Biosciences) (Gating see Fig. S.5A). Sorted nuclei were then immediately 

encapsulated into droplets and libraries prepared using the 10X Genomics platform and 

libraries sequenced on an Illumina NextSeq. BCL files were demultiplexed, aligned to 

mouse mm10 genome, filtered, and UMI counted using CellRanger software v5.0 (10X 

Genomics). Data was read into the Seurat single cell genomics software (v. 3.2.2) in R 

(v. 4.1.0). Quality control of libraries was performed to remove: (1) low-quality cells or 

empty droplets, (2) cell doublets or multiplets, and (3) low-quality/dying cells with extensive 

mitochondrial contamination. Cells expressing less than 20% mitochondrial genes with 

unique feature counts over 200 and less than 4000 were kept. Cell-cell normalization was 

performed using the LogNormalize method. Highly variable features were found using the 

“vst” selection method, and data was scaled to standardize the range of features, giving 

equal weight to each gene so highly expressed genes did not dominate analyses. This was 

also a preprocessing step for principal component analysis (PCA). PCA was performed on 

scaled data as a form of linear dimensional reduction; 50 principal components (PCs) were 

computed and stored. The majority of true signal (dimensionality of the dataset) was found 

to be captured in the first 20 PCs evidenced by an ElbowPlot. Clustering was performed 

on the PCA-reduced expression data at a resolution of 0.25 for the first 20 PCs. This was 

done using the nearest neighbor method based on Jaccard similarity. The resolution was 

selected based on results from analysis using the clustree package (v. 0.4.3). Resolutions 

tested were 0.1, 0.25, 0.3, 0.4, 0.5, 0.6, 0.75, and 0.9. Clustering for the first 20 PCs 

was visualized using uniform manifold approximation and projection (UMAP), a nonlinear 

dimensionality reduction technique, which places similar cells together in a low-dimensional 

space. Cells were annotated manually and automatically. For automatic annotation, SingleR 

(v. 1.4.0), an unbiased, reference-based single-cell RNA seq annotation algorithm, was used. 

A reference dataset of samples with known labels is used by the algorithm to assign labels 

to the user’s dataset based on expression profile similarities. Here, the reference dataset used 

was MouseRNAseqData, containing mouse bulk expression data of sorted cell populations. 

The dataset was obtained through the celldex package (v. 1.0.0). SingleR returned labels 

for cell types within each cluster. For manual annotation, marker genes for glia (Sox10, 
Gfra1, Gfap, Plp1, Gas7), nNos+ neurons (Nos1, Vip, Etv1), ChAT+ neurons (Chat, Tac1, 
Penk, Casz1), and neurons (Casz1, Rbfox3, Gap43, Elavl3) were mapped onto the UMAP 

using the FeaturePlot() function in Seurat. Expression levels for each cluster were visualized 

using the VlnPlot() function in Seurat. Overall unbiased, automatic annotation and manual 

annotation were used in conjunction to annotate clusters. The glia cluster was subsetted from 

the full ENS UMAP. The same procedure was followed starting with cell-cell normalization, 

except Seurat v. 4.0.1 was used to allow us to perform multimodal reference mapping with 

the dexamethasone dataset.

Glia identified from the dexamethasone dataset were defined as the ‘query’ object, and 

glia from the restraint-stress dataset was defined as the ‘reference’ object. Transfer anchors 

were determined using log normalization, PCA as the reference reduction, and the first 
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30 dimensions. Data were then transferred to the reference dataset, also using the first 30 

dimensions. Transfer products were added as metadata to the query object, and query data 

was projected onto the UMAP structure of the reference object (glia from restraint stress).

NicheNet Ligand-Receptor Analysis—Ligand-receptor analysis was performed using 

NicheNet (v. 1.0.0), a method that predicts which ligands in a ‘sender cell’ population 

regulate gene expression in a ‘receiver’ population. NicheNet was the preferred method 

for ligand-receptor analysis, as it predicts which ligands influence gene expression in other 

cells and what target genes are affected by each ligand. It does this by first prioritizing 

ligands based on how well a ligand can predict observed differentially expressed genes in the 

receiver population. It then infers active-ligand target links to see which prioritized ligands 

regulate which differentially expressed genes in the receiver cells. This goes beyond other 

models that solely predict ligand-receptor interactions where specific gene targets are not 

considered.

Analysis Pipeline.: To perform NicheNet analysis, sender (eGAPS) and receiver (Mono1, 

Mono2, Mac1, Mac2) populations were defined. A geneset of interest was also defined, 

which are genes in the receiver population that may be affected by ligands in the senders. 

Here, the geneset of interest was defined as differentially expressed genes between stressed 

and control conditions in the receiver populations. Differentially expressed genes between 

control and stress (adjusted p-value < 0.05) were determined using Seurat (v. 3.2.2). 

Background genes were defined as any genes that were not differentially expressed. 

NicheNet network gene symbols were also converted from human to mouse. NicheNet 

first defined a set of potential ligands, which are ligands that are expressed by the sender 

cell population and bind to a putative receptor expressed by the target population. Ligand-

activity analysis was then performed, which ranked the previously defined potential ligands 

based on their level of regulation of genes in the geneset of interest compared to the 

background gene set. Pearson correlation was used to determine ligand activity; calculated 

coefficients were between the ligand’s target predictions and the observed transcriptional 

response. As there was overlap in terms of which cell types expressed which ligands/

receptors, ligands, and receptors were assigned to their respective cell types by observing 

which cell types expressed the respective ligand/receptor to a degree that was higher than the 

average plus the standard deviation. Active ligand target links (receptors and genes targeted 

by top-ranked ligands) were then determined.

Visualization Pipeline.: CircosPlot (from Circlize package v. 0.4.13) was used to display 

the most significant ligand-target links, links comprising the bottom 95% of lowest 

regulatory potential scores were removed. Each segment of ligands and targets was given 

a specific color and order and gaps were defined between the different segments. Links 

were made transparent based on ligand-target potential score; the lower the score, the more 

transparent the link.

ENS Diffusion Pseudotime—Diffusion pseudotime (DPT) was performed in Python (v. 

3.0), and DPT values were then loaded into Seurat (v. 3.2.2) for further analysis.
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DPT.: Control, restraint stress, and dexamethasone data (output of cellranger pipeline from 

10x) were imported into Python. Data were preprocessed, filtering out (1) cells with less 

than 200 genes expressed and (2) genes detected in less than three cells. Cells were then 

again filtered, keeping cells (1) with greater than 200 genes and less than 400 genes, and 

(2) expressing less than 20% mitochondrial genes. Variable features were then determined, 

and data were normalized and scaled. Annotations (cell identities) from Seurat were added, 

and PCA, neighbors, and UMAP dimensionality reduction were computed. The cell with the 

highest expression of Nestin was chosen as the root cell, and pseudotime was subsequently 

calculated. Pseudotime values were then exported.

Seurat finalization.: We first created a control/stressed/dexamethasone Seurat object 

following the pipelines outlined above. We then subsetted this object to only include mature 

neurons and enteric neuronal progenitor cells (ENPCs). ENPCs were defined as Nestin (a 

canonical ENPC marker) expressing cells without Plp1 expression in order to filter out 

overlapping glia cells. DPT values from Python were added to the object as metadata.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SEM. The significance of the differences between more 

than two groups was evaluated using ANOVA followed by Sidak’s multiple comparison 

test. Comparisons between two conditions were analyzed by paired or unpaired 2-tailed 

student’s t-test or Mann-Whitney U test dependent on normality of the data. Tests were 

two-sided unless a one-sided hypothesis was tested. The significance of differences in 

datasets consisting of repeated measurements over time (e.g., body weight development 

over time) were evaluated by multiple unpaired two-tailed t-tests (one per timepoint) 

with Holm-Sidak correction. If not indicated otherwise, asterisks in the respective figures 

indicate significant differences between the conditions “stress” and “stress + respective 

intervention”. Significance of differences between two groups in survival datasets was 

determined by Log-rank (Mantel-cox) test. A p-value < 0.05 was considered significant. 

In figures, asterisks denote statistical significance (* p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001), unless indicated otherwise. Experiments were repeated at least twice. Statistical 

analysis was performed in GraphPad PRISM 8. For clinical UKB data, all continuous 

variables were analyzed by unpaired, two-tailed t-tests or Mann-Whitney U test, and by an 

appropriate multivariable model corrected for age, sex and BMI. The results are presented as 

mean ± SEM (normal distribution). All categorical variables were displayed as relative (%) 

frequencies and the corresponding contingency tables were analyzed using the Chi-square 

test. HRs were calculated using Cox proportional hazard regression models. Multivariable 

logistic regression was performed to test for independent associations. Differences were 

considered to be statistically significant when p<0.05. The data were analyzed using R 

version 4.0.2 (R Foundation for Statistical Computing; Vienna, Austria), SPSS Statistics 

version 26 (IBM; Armonk, NY, USA) and Prism version 8 (GraphPad, LaJolla, CA, USA).

ADDITIONAL RESOURCES

The clinical trial identifier for the myIBDcoach study is NCT02173002.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Psychological stress leads to monocyte-mediated exacerbation of gut 

inflammation

• Chronic glucocorticoid signaling drives the effect of stress on IBD

• Stress induces inflammatory enteric glia that promote monocyte recruitment 

via CSF1

• Stress provokes transcriptional immaturity in enteric neurons and dysmotility
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Figure 1. Psychological stress exacerbates intestinal inflammation via colonic myeloid cells.
(A) Schematic of experimental stress-colitis paradigm.

(B-E) Colitis severity readouts.

(F) UMAP embedding of 23,696 colon leukocytes after 7 days of stress, including 

subclustering of myeloid cell populations.

(G) Pseudotime trajectory analysis comparing control vs. stressed myeloid cells as well as 

TNF expression in Mono1 and Mac1 subclusters.

(H) Flow cytometry of CD45+ Ly6G−CD11b+ live colonic leukocytes. Bar charts depict 

relative abundances of cells in the respective quadrants (Q1-Q3).

(I-K) Absolute numbers of Ly6C+ MHCII− cells (I), Ly6C+ MHCII+ (J), Ly6C− MHCII+ 

cells (K) from panel H.

(L-N) Colitis readouts in CCR2-DTR mice.

(O-Q) Colitis readouts in anti-TNF-treated mice.
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See also Figures S1–S4.
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Figure 2. Psychological stress impacts intestinal inflammation through glucocorticoid signaling.
(A) Serum corticosterone after 1, 7, and 14 days of stress.

(B-I) Colitis readouts in RU-486-treated (B-D) and dexamethasone-treated (E-I) stressed 

mice.

(J) Flow cytometry of CD45+ Ly6G− CD11b+ live colonic leukocytes after 7 days of 

dexamethasone treatment. Bar charts depict relative abundances of cells in the respective 

quadrants (Q1-Q3).

(K-M) Absolute abundance of cells in Q1-Q3 from panel J.

(N-Q) Colitis readouts of anti-TNF treated mice receiving dexamethasone.

See also Figure S5.
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Figure 3. The ENS relays the detrimental effect of glucocorticoids on intestinal inflammation.
(A-F) Colitis readouts (A-D) and relative gene expression levels of Il1b (E) and Tnf (F) in 

Nr3c1fl/fl, Nr3c1Hand2, and Nr3c1LysM mice.

(G) Relative abundance of Ly6C+ MHCII− cells determined by flow cytometry after an 

adjusted experimental paradigm (only 4 days of 2% DSS).

(H-K) Colitis readouts in Nr3c1fl/fl and Nr3c1Sox10/Plp1 mice.

(L) UMAP embedding of 9,858 enteric nuclei from Sox10Cre-INTACT mice after 7 days of 

stress with subclustering of glia cells.

(M) UMAP embedding showing the distribution of cells from control (grey), stress (red) and 

dexamethasone-treated (blue) mice.

(N) Ridgeline plot showing relative transcript levels of Nr4a2 in individual glia cell clusters.

(O) Spearman correlation of the avg log2FC expression of significantly regulated genes in 

stress compared to control and dexamethasone-treated compared to control nuclei.
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(P and Q) Whole-mount IF staining for HuC/D, GFAP and pSTAT3 (arrows indicate 

pSTAT3+ nuclei) (P), and quantification of pSTAT3+ enteric glia cell nuclei normalized to 

the GFAP+ area (Q) after 7 days of stress or dexamethasone treatment.

See also Figure S6 and S7.
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Figure 4. Psychological stress drives colitis exacerbation via inflammatory enteric glia and CSF1.
(A-D) Colonoscopy readouts of stressed iDTRSox10 and iDTRfl/fl mice (A and B) and of 

dexamethasone-treated iDTRPlp1 and iDTRfl/fl mice (C and D)

(E-G) Colitis readouts of BRAINSPAReDT-treated stressed mice.

(H and I) Flow cytometry of CD45+ Ly6G− live colonic leukocytes (H) and relative 

abundance of CD11b+Ly6Chi cells

(I) from iDTRplp1 or iDTRfl/fl mice after 7 days of stress.

(J) Circos plot showing significant cell-cell interactions determined by NicheNet.

(K) Relative expression of Csf1 in enteric glia of control and stress mice determined by 

snRNA-seq.

(L) CSF1 protein concentration in the colonic muscularis layer after 7 days of stress.
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(M) Percentage of colonic lymphocytes (live CD45+ CD19+/CD3+/CD5+) or Ly6Chi 

monocytes (live CD45+ Ly6G−, CD11b+ Ly6Chi) expressing CSF1R as determined by flow 

cytometry.

(N) Relative abundance of Ly6Chi MHCII− (as a percentage of living CD45+ Ly6G− 

CD11b+) cells in anti-CSF1 treated mice.

(O-Q) Colitis readouts of mice treated with anti-CSF1.

(R) Schematic of proposed pathway linking psychological stress to exacerbated colitis.

See also Figures S6 and S7.
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Figure 5. Psychological stress causes dysmotility via transcriptional immaturity in enteric 
neurons.
(A and B) Intestinal transit time after 7 days of stress (A) or dexamethasone treatment (B).

(C) UMAP embedding of enteric nuclei isolated from colon of control and stressed 

Sox10Cre-INTACT mice after 7 days of stress.

(D) Heatmap of differentially expressed genes across pseudotime.

(E) Diffusion pseudotime after 7 days of stress.

(F) Relative Nestin expression in bulk RNA-sequencing of total colon after 7 days of stress.

(G and H) Whole-mount IF staining for HuC/D and Nestin (G) and quantification of Nestin+ 

cells (H).

(I and J) Immunoblot analysis of colonic muscularis for Nestin (I) and quantification of 

relative Nestin protein levels

(J) after 7 days of stress.

(K-N) Whole-mount IF staining and quantifications of HuC/D, nNOS and ChAT (GFP) 

(K-L) and acetylcholine (ACh) concentrations in total colon tissue (N) after 7 days of stress.
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(O) Relative abundance of cells with pseudotime<0.3 after 7 days of dexamethasone 

treatment (determined by snRNA-seq).

(P-S) Whole-mount IF staining and quantifications of HuC/D, nNOS and ChAT (GFP) 

(P-R), and acetylcholine (ACh) concentrations in total colon tissue (S) after 7 days of 

dexamethasone treatment.

(T) Intestinal transit time after 7 days of stress in nicotine-treated mice.

See also Figure S8.
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Figure 6. Enteric neuronal immaturity contributes to stress-induced dysmotility via TGFβ2.
(A-D) Whole-mount IF staining and quantification of HuC/D, nNOS and Nestin in Nr3c1fl/fl 

and Nr3c1Hand2 mice exposed to stress for 7 days followed by 4 days of 2% DSS in drinking 

water.

(E) Volcano plot of differentially expressed genes in neurons in low vs. high diffusion 

pseudotime.

(F) Normalized Tgfb2 expression in the ENS nuclei of control, stress, and dexamethasone-

treated mice (determined by snRNA-seq).

(G and H) Relative Tgfb2 expression in colon determined by bulk mRNA sequencing (G) 

and TGFβ2 protein concentrations in colon muscularis layer (H) after 7 days of stress.

(I-K) Whole-mount IF staining and quantifications of HuC/D, nNOS and Nestin in anti-

TGFβ treated mice after a shortened experimental paradigm (only 4 days of 2% DSS).
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(L) Intestinal transit time after 7 days of stress and anti-TGFβ treatment.

(M-O) Colitis readouts of anti-TGFβ treated mice.

(P) Schematic of the proposed mechanism linking psychological stress to enteric 

dysmotility.

See also Figure S8.
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Figure 7. Psychological stress exacerbates IBD in humans.
(A) Workflow of data analysis from the UK Biobank.

(B) Cumulative risk (adjusted for age, sex, BMI) for developing IBD in control vs. stressed 

participants.

(C) Serum levels of C-reactive protein in control vs. stressed IBD patients.

(D) Kaplan-Meier survival curve of control and stressed IBD patients with adjusted hazard 

ratio for age, sex, BMI.

(E and F) Leukocyte (E) and monocyte (F) counts in the blood of control vs. stressed 

participants with IBD.

(G) Dissatisfaction with bowel habits (scale max 10) in control vs. stressed IBD patients.

(H) Presence of obstipation (in %) in control vs. stressed IBD patients.

(I) Schematic of real-world telehealth study evaluating the effect of psychosocial stress on 

IBD severity.
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(J) Spearman’s correlation of questionnaire-based stress score and IBD activity score 

(MIAH).

(K) Schematic of prospective study evaluating the effect of emotional stress on IBD severity.

(L) Spearman’s correlation of perceived stress score and colonoscopy score (0-3).

(M-R) Spearman’s correlation of perceived stress score with expression of the indicated 

genes.

See also Figure S9 and Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GFAP (dilution 1:400) Novus Biologicals AB_10001722

Anti-GFP (dilution 1:1000) Aves labs AB_2307313

Anti-NOS1 (dilution 1:400) Millipore Sigma AB_91824

Anti-HuC/D/ANNA-1 (dilution 1:20000) Gift from Vanda Lennon AB_2313944

Anti-ChAT (dilution: 1:100) Novus Biologicals AB_1968484

Anti-Nestin (dilution: 1:200) Santa Cruz AB_627994

Donkey Anti-rabbit Cy2 (dilution 1:400) Jackson Immuno Research AB_2340612

Donkey Anti-rat Cy2, Cy5 (dilution 1:400) Jackson Immuno Research AB_2340673, AB_2340671

Donkey Anti-chicken Cy5 (dilution 1:400) Jackson Immuno Research AB_2340365

Donkey anti-goat AF647 (dilution 1:400) Jackson Immuno Research AB_2340436

Donkey anti-human Cy3 (dilution 1:400) Jackson Immuno Research AB_2340535

Rat APC/Cy7 anti-mouse CD45 (dilution 1:200) Biolegend 103116

Rat PE/Cy5 anti-mouse CD45 (dilution 1:200) Thermo Fisher Scientific 15-0451-82

Armenian Hamster PE/Cyanine5 anti-mouse TCR B (dilution 1:200) Biolegend 109209

Rat FITC anti-mouse CD64 (dilution 1:200) Biolegend 139316

Rat PE/dazzle anti-mouse CD3 (dilution 1:200) Biolegend 100245

Rat PE/dazzle anti-mouse CD5 (dilution 1:200) Biolegend 100643

Rat PE/dazzle anti-mouse CD19 (dilution 1:200) Biolegend 115553

Rat APC anti-mouse CD11c (dilution 1:200) Biolegend 117310

Rat PE/Cy7 anti-mouse CD11b (dilution 1:200) Biolegend 101216

Rat PE anti-mouse CSF1R (dilution 1:200) Thermo Fisher Scientific MA5-16531

Rat PerCP/Cy5.5 anti-mouse Ly6G (dilution 1:200) Biolegend 127616

Rat BV605 anti-mouse CD103 (dilution 1:200) Biolegend 121433

Rat BV421 anti-mouse MHCII (dilution 1:200) Biolegend 107632

Rat BV711 anti-mouse CX3CR1 (dilution 1:200) Biolegend 149031

Rat AF700 anti-mouse Ly6C (dilution 1:200) Biolegend 128024

Mouse APC-eFluor 780 anti-mouse CD90 (dilution 1:200) Thermo Fisher Scientific 47-0900-82

Rat Anti-mouse TNFα monoclonal antibody BioXCell AB_1107764, BP0058

Rat Anti-mouse IL-23 (p19) monoclonal antibody BioXCell AB_2754551, BE0313

Rat Anti-mouse CSF1 monoclonal antibody BioXCell AB_10950309, BE0204

Mouse Anti-mouse TGFβ monoclonal antibody BioXCell AB_1107757, BP0057

Rat anti-mouse IL-6 BioXCell AB_1107709, BE0046

Rat anti-mouse IL-10R (CD210) BioXcell AB_1107611, BE0050

Chemicals, Peptides, and Recombinant Proteins

Dextran sulfate sodium MP Biomedicals 160110

Tamoxifen Sigma T5648-1G
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REAGENT or RESOURCE SOURCE IDENTIFIER

6-hydroxydopamine hydrochloride (6-OHDA) Sigma H4381-500MG

Dexamethasone Med Chem Express HY-14648

ICI118,551 Sigma 5052750001

RU486 Cayman Chemicals 10006317

Antalarmin Sigma A8727-50MG

Nicotine Sigma N3876

BRAINSPAReDT Gift from Ana Domingos (Oxford) N/A

Diphtheria Toxin Sigma D0564-1MG

clozapine N-oxide Sigma C0832

Carmine red dye Sigma C1022

Methylcellulose Sigma 94378-100G

4% paraformaldehyde Thermo scientific J19943.K2

Methanol Sigma 322415-1L

Donkey serum Jackson ImmunoResearch 017-000-001

Benzyl alcohol Sigma 305197-1L

Bezyl benzoate Sigma W213810-100G-K

Collagenase V StemCell 07430, 07431, 100-0681

DTT Sigma 10197777001

Collagenase D Sigma 11088866001

Dispase Sigma D4693-1G

DNase Roche 4716728001

TRIzol Invitrogen 15596026

DMSO Sigma-Aldrich cat. # D8418

Triton X-100 Sigma-Aldrich X100-100ML

Fetal bovine serum (FBS) Cell center Cat. #7210

LIVE/DEAD Fixable Aqua Cell Stain Kit ThermoFisher Cat. #L34957

Dulbecco’s Phosphate Buffered Saline Fisher Scientific Cat. #11593377

LPS Novus Biologicals NBP2-25295

Recombinant murine CSF-1 PeproTech 315-02

Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher Scientific #10569010

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific/Gibco #15140122

Critical Commercial Assays

Mouse Lipocalin-2 DuoSet ELISA R&D Systems DY1857-05

Norepinephrine ELISA Kit IBL-America IB89537

Amplex® Red Acetylcholine Assay Kit Invitrogen A12217

Corticosterone ELISA kit DRG International EIA-4164

IL-6 ELISA kit R&D Systems DY406-05

Dexamethasone ELISA kit Elabscience E-FS-E009

TNF ELISA kit Thermo Fisher Scientific, 88-7324-22
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REAGENT or RESOURCE SOURCE IDENTIFIER

Monocyte Isolation kit (BM, Mouse) Miltenyi 130-100-629

Click-iT™ EdU Alexa Fluor™ 647 Imaging Kit Thermo Fisher Scientific C10340

Illumina TruSeq stranded mRNA kit Illumina 20020594

Deposited Data

ENS snRNASeq GEO GSE229322

Leukocyte ScRNASeq GEO GSE229321

Bulk RNASeq Colon GEO GSE229320

Experimental Models: Organisms/Strains

C57BL6/J Jackson Laboratory #000664

C57BL6/J Charles River 027C57BL6/J

B6;CBA-Tg-Sox10-cre 1Wdr/J Jackson Laboratory #025807

CBA;B6-Tg(Sox10-icre/ERT2)388Wdr/J Jackson Laboratory #027651

B6.Cg-Tg(Plp1-cre/ERT)3Pop/J Jackson Laboratory #005975

C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/ROSA26iDTR Jackson Laboratory #007900

B6;129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J Jackson Laboratory #021039

B6.129P2-Il10tm1Cgn/J Jackson Laboratory #002251

B6.Cg-Rag2tm1.1Cgn/J Jackson Laboratory #008449

B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J Jackson Laboratory #007902

B6.Cg-Tg(Vil1-cre)1000Gum/J Jackson Laboratory #021504

C57BL/6NTac.Cg-Rag2tm1FwaIl2rgtm1Wjl Taconic 4111-F/M

IL-17-GFP Gift from R. Flavell (Yale) N/A

Il22−/− Gift from R. Flavell (Yale) N/A

CCR2-DTR Gift from M. Abt (UPenn) N/A

Il22 tdTomato Gift from S. Durum (NIH/NCI) N/A

B6.129S6-Nr3c1tm2.1Ljm/J Jackson Laboratory # 012914

B6.129P2-Lyz2tm1(cre)Ifo/J Jackson Laboratory 004781

Software and Algorithms

GraphPad Prism version 9 GraphPad Software https://www.graphpad.com

Fiji ImageJ https://imagej.net

Microsoft Excel Microsoft https://
www.microsoft.com/en-us/
microsoft-365/excel

FlowJo 10 BD www.flowjo.com

Statistical computing environment R R core team www.r-project.org

Kallisto version 0.46 Pachter lab https://pachterlab.github.io/
kallisto/

Seurat Satija lab https://satijalab.org/seurat/

SingleR version 1.4.0 N/A Aran, Looney et al., 2019
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