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Summary

Dietary, microbial, and inflammatory factors modulate the gut-brain axis and influence 

physiological processes ranging from metabolism to cognition. The gut epithelium is a principle 

site for detecting such agents, but precisely how it communicates with neural elements is poorly 

understood. Serotonergic enterochromaffin (EC) cells are proposed to fulfill this role by acting as 

chemosensors, but understanding how these rare and unique cell types transduce chemosensory 

information to the nervous system has been hampered by their paucity and inaccessibility to single 

cell measurements. Here, we circumvent this limitation by exploiting cultured intestinal organoids 

together with single cell measurements to elucidate intrinsic biophysical, pharmacological, and 

genetic properties of EC cells. We show that EC cells express specific chemosensory receptors, are 

electrically excitable, and modulate serotoninsensitive primary afferent nerve fibers via synaptic 

connections, enabling them to detect and transduce environmental, metabolic, and homeostatic 

information from the gut directly to the nervous system.
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Use of organoids to characterize rare chemosensory cells in the gut elucidated their biophysical, 

pharmacological and genetic properties, and showed that they communicate directly with neural 

sensory pathways.

Introduction

The gut epithelium forms one of the largest exposed surfaces of the human body, 

representing a unique interface for integrating environmental information with physiologic 

signals from nervous, immune, and vascular systems (Furness et al., 2013; Ohman et al., 

2015). Dietary nutrients and irritants, microbiota products, and inflammatory agents have 

been proposed to act on the gut epithelium to modulate downstream signaling pathways 

controlling digestion, immunity, metabolism, and pain (Brierley and Linden, 2014; Furness 

et al., 2013; Gribble and Reimann, 2016). Hormone-producing epithelial endocrine cells 

within the gut form anatomical connections with neurons (Bohorquez et al., 2015), 

consistent with the idea that the epithelium participates in neural monitoring of the gut 

environment. Despite growing interest in the gut-neural axis, relatively little is known about 

molecular mechanisms underlying chemosensory transduction by the gut epithelium, or how 

this information is transmitted to the nervous system.

The enterochromaffin (EC) cell is an intestinal endocrine cell subtype that represents one of 

the major proposed epithelial chemosensors. Though relatively rare (<1% of total intestinal 

epithelia), these unique cells produce >90% of the body’s serotonin and have been suggested 

to affect a variety of physiological and pathophysiological states, such as gastrointestinal 

(GI) motility and secretion, nausea, and visceral hypersensitivity (Gershon, 2013; Mawe and 

Hoffman, 2013). Previous studies suggest that EC cells express sensory receptors whose 

activation promotes release of 5-HT with consequent stimulation of gut contractility. While 

informative, these initial insights have generally been gleaned from model endocrine tumor 
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cell lines or ex vivo whole tissue preparations (Braun et al., 2007; Doihara et al., 2009; 

Fukumoto et al., 2003; Hagbom et al., 2011; Kim et al., 2001; Nozawa et al., 2009), leaving 

fundamental questions unanswered. For example, what stimuli or downstream signaling 

pathways promote serotonin release from EC cells, and how do EC cells communicate with 

the nervous system?

To address such questions it is necessary to directly interrogate single EC cells, but this is 

technically challenging given their relatively small size (<10µm) and paucity. We therefore 

generated intestinal organoids in which EC cells are genetically tagged to facilitate their 

detailed physiologic, pharmacologic, and molecular characterization in a ‘native’ 

environment. We show that EC cells are electrically excitable because they express 

functional voltage-gated sodium (Na+) and calcium (Ca2+) channels, akin to other primary 

sensory cells. Moreover, EC cells use specific receptors and signal transduction pathways to 

detect relevant stimuli: the transient receptor potential A1 (TRPA1) ion channel serves as an 

irritant receptor, olfactory receptor 558 (Olfr558) serves as a microbial metabolite sensor, 

and an α2A adrendoreceptor (Adrα2A)-TRPC4 channel signaling cascade detects stress 

response-related catecholamines. These sensory transduction pathways stimulate P/Q-type 

voltage-gated Ca2+ channels to control serotonin release onto 5HT3 receptor-expressing 

primary afferent nerve fibers that extend into intestinal villi and engage in synaptic-like 

contacts with EC cells. Our findings establish EC cells as specialized, polymodal stimulus 

detectors that constitute a direct line of communication between the gut epithelium and 

specific primary afferent nerve fibers. This signaling system represents a key pathway for 

monitoring GI commensal or infectious microbes, injury, or other changes to the luminal 

environment that stimulate physiologic responses such as emesis, motility, and visceral pain.

Results

EC cells are electrically excitable

We used mice expressing a genetically encoded fluorescent protein (hrGFP) under control of 

the chromogranin A (ChgA) promoter to selectively label EC cells for single-cell 

characterization (Fig. 1A). Consistent with previous results (Engelstoft et al., 2015), we 

found that ChgA-GFP co-localized with serotonin, but not with lysozyme or GLP-1, which 

mark Paneth or peptide hormone-producing enteroendocrine cells, respectively (Fig. 1A and 

S1A–C). Furthermore, transcriptional profiling of ChgA-GFP+ cells revealed enrichment of 

EC cell markers, but not markers for hormone-producing enteroendocrine cells (Fig. S1D). 

We used whole-cell patch-clamp recording to analyze the electrophysiological properties of 

single EC cells from native intestinal tissue or intestinal organoids derived from these 

animals (Fig. 1B, C). We first observed a large outward current in response to voltage ramps 

that was blocked by tetraethylammonium (TEA+) (Fig. 1B), indicating that the current is 

carried by K+ channels, several subtypes of which were expressed at high levels in EC cells 

(Fig. S2A). Acute TEA+ treatment revealed small voltage-activated inward currents that we 

further characterized in the presence of intracellular Cs+ to block K+ channels (Fig. 1B). 

Under these conditions, voltage-steps elicited rapidly-inactivating tetrodotoxin-sensitive 

inward currents in EC cells from intestinal organoids or native intestine, suggesting the 

presence of voltage-gated sodium (NaV) channels (Fig. 1C, D). Steady-state activation and 
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inactivation properties of this current were consistent with properties of the NaV1.3 subtype 

of voltage-gated Na+ channels (Catterall et al., 2005a), whose transcripts were highly 

enriched in EC cells (Fig. 1E and S2B). Furthermore, we found that EC cells are electrically 

excitable, producing tetrodotoxin-sensitive action potentials (Fig. 1F).

In addition to the transient NaV current, we observed a small voltage-activated slowly-

inactivating current (Fig. S2C). We reasoned that voltage-gated Ca2+ channels (CaV) might 

contribute to this current because of its slow inactivation kinetics and the fact that CaV 

channels have been previously implicated in EC cell function (Racke and Schworer, 1993; 

Raghupathi et al., 2013). Indeed, when intestinal epithelial cells were depolarized with high 

extracellular K+, we observed large increases in intracellular Ca2+ predominantly within EC 

cells (Fig. 1G, H). Moreover, depolarization-evoked Ca2+ responses were inhibited by ω-

agatoxin IVA, which blocks presynaptic P/Q-type CaV channels (Catterall et al., 2005b) 

(Fig. 1H, I). A subset of EC cells were basally active, exhibiting spontaneous Ca2+ bursts 

that were attenuated by tetrodotoxin or blocked by ω-agatoxin IVA (Fig. S2D). Consistent 

with this pharmacological profile, P/Q-type CaV2.1 channel transcripts were selectively 

expressed in EC cells (Fig. 1J). Transcripts for the low voltage threshold T-type channel, 

CaV3.2, were also highly enriched in EC cells. Perhaps not surprisingly, a T-type CaV 

channel inhibitor did not significantly affect K+-induced responses (Fig. 1I), consistent with 

the fact that CaV3.2 often functions in amplifying signals from low threshold stimuli or 

regulating membrane potential (Catterall et al., 2005b). In summary, our results show that 

EC cells express voltage-gated ion channels, rendering them electrically excitable - a 

hallmark of sensory cell types.

EC cells are polymodal chemosensors

To ask if EC cells serve a specific chemosensory role, we screened 30 potential agonists, 

focusing on compounds known to be present in the gut, including microbial products, 

irritants and inflammatory agents, and neurotransmitters. Among these, only allyl 

isothiocyanate (AITC), isovalerate, and the catecholamines dopamine, epinephrine, or 

norepinephrine specifically and consistently activated EC cells (Fig. 2A). Additionally, 

isobutyrate and butyrate elicited small, but consistent responses (Fig. 2A). Each of these 

compounds evoked Ca2+ transients, or in some cases oscillatory responses resembling the 

NaV and CaV-dependent bursting activity that we observed in subsets of EC cells (Fig. 

S2D). Remarkably, this activity profile is directly relevant to the etiology of GI 

inflammation. For instance, AITC, the pungent agent in wasabi and other mustard plants, is 

representative of a class of reactive chemical irritants that elicit cutaneous and visceral 

inflammatory pain (Bautista et al., 2006; Brierley et al., 2009). Isovalerate, isobutyrate, and 

butyrate are volatile fatty acid fermentation products produced by gut microbiota that 

modulate serotonin biosynthesis (Yano et al., 2015) and are linked to several 

pathophysiological states (Koh et al., 2016). Lastly, homeostatic regulation of sympathetic 

signaling increases norepinephrine levels in the gut following infection, injury, and other 

types of GI stress (Gabanyi et al., 2016). Together, these results support the idea that EC 

cells serve as sentinels of noxious chemical stimuli or other insults affecting the GI tract.
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Our EC cell transcriptional profile showed that sensory receptors are among the most 

enriched transcripts, with relative expression rivaling the EC cell marker tryptophan 

hydroxylase 1 (Tph1) or the pore-forming subunit of NaV1.3 (Scn3a) (Fig. 2B). Moreover, 

three of the most enriched sensory receptors are known to be involved in the detection of 

molecules identified in our screen. For example, transcripts encoding the AITC receptor, 

TRPA1, were enriched in EC cells (Fig. 2B), consistent with previous histological analysis 

of intestinal tissue sections (Nozawa et al., 2009). Transcripts encoding olfactory receptors 

have been previously detected in EC cells (Braun et al., 2007) and our analysis similarly 

identified Olfr558 as a prevalent sensory receptor in these cells (Fig. 2B). Indeed, 

orthologues of Olfr558 are widely expressed outside of the olfactory epithelium, including 

in endocrine cells of the GI tract, where expression is modulated by microbiota (Flegel et al., 

2013; Priori et al., 2015). Consistent with our pharmacological screen, isovalerate has been 

identified as a putative agonist for Olfr558 (Audouze et al., 2014). Finally, the receptor-

operated ion channel, TRPC4, is also preferentially expressed in EC cells (Fig. 2B), where it 

functions as a key component of the catecholamine signal transduction pathway (see below). 

Transcripts encoding these sensory receptors and transducers were also expressed in EC 

cells from native intestine (Fig. S3) (Nozawa et al., 2009). Thus, EC cells are polymodal 

chemosensors that are molecularly tuned to detect physiologically relevant stimuli.

Mechanism of EC cell activation by chemical irritants or microbial metabolites

Expression of TRPA1 channels is sufficient to account for sensitivity of EC cells to AITC 

and other electrophilic irritants. These responses were blocked by the selective antagonist 

A967079, further substantiating expression of functional TRPA1 channels by EC cells (Fig. 

2C).

To determine whether Olfr558 exhibits a pharmacological profile consistent with metabolite 

sensitivities observed in EC cells, we expressed mouse Olfr558 in HEK293 cells together 

with chimeric Gαolf/15, which couples olfactory receptors to intracellular Ca2+ release as a 

proxy for receptor activity (Zhuang and Matsunami, 2008). Isovalerate evoked large Ca2+ 

responses in these cells, but not in Gαolf/15-transfected controls lacking Olfr558 (Fig. 2D, 

E). Consistent with native EC cell responses, isobutyrate or butyrate evoked smaller 

responses in fewer cells, while propionate or acetate were inactive (Fig. 2D, E). Human 

Olfr558 exhibited similar metabolite sensitivities (Fig. S4A). In EC cells, isovalerate-evoked 

responses were abolished by pretreatment with the Gαolf/s regulator cholera toxin or the 

adenylyl cyclase inhibitor SQ22536, but were not perturbed by inhibitors of other signaling 

cascades (Fig. 2F). Furthermore, responses were not observed in Ca2+-free extracellular 

solution and were significantly reduced by the P/Q-type CaV channel inhibitor ω-agatoxin 

IVA (Fig. 2F). Together, these results suggest that isovalerate activates a Gαolf/s-adenylyl 

cyclase signaling cascade in EC cells (akin to the cannonical transduction pathway in 

olfactory epithelium), promoting Ca2+ influx through downstream CaV channels.

Finally, to ask if Olfr558 is required for isovalerate-induced responses in EC cells, we used 

CRISPR/Cas9 to disrupt the Olfr558 gene in ChgA-GFP intestinal organoids (Fig. S4B, C). 

Doing so abolished isovalerate-evoked responses but did not affect AITC sensitivity, 

demonstrating that Olfr558 is required for isovalerate signaling in EC cells (Fig. 2F, G and 
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Fig. S4D). Collectively, our data suggest that EC cells use Olfr558 to detect specific 

microbial metabolites present in gut and that the receptor is most selective for isovalerate.

Catecholamine signal transduction in EC cells

Gut catecholamine levels, particularly norepinephrine, fluctuate with infection, 

inflammation, or altered sympathetic tone (Gabanyi et al., 2016). Consistent with a 

connection to sympathetic signaling and stress, EC cells were most sensitive to epinephrine 

and norepinephrine, which evoked large EC cell-specific responses (Fig. S5A). Dopamine 

was ~100-fold less potent, suggesting that an adrenergic receptor(s) underlies catecholamine 

sensitivity in these cells. Indeed, yohimbine, an α2-adrenoreceptor subtype-selective 

antagonist, inhibited responses to all catecholamines (Fig. 3A,B). Furthermore, EC cells 

were activated by clonidine, an α2-adrenoreceptor-selective agonist, but not by agonists for 

other adrenoreceptor subtypes (Fig. S5B, C). Among α2-adrenoreceptors, only Adrα2A was 

transcriptionally expressed in EC cells, albeit at relatively low levels and in other intestinal 

epithelial cells (Fig. S5D). However, Adrα2A immunoreactivity was specific to EC cells and 

localized to the basolateral surface, suggesting that protein expression is enriched in EC cells 

due to preferential translation or enhanced protein stability (Fig. 3C). Tyrosine hydroxylase 

(TH), a marker for norepinephrine-producing sympathetic fibers, was localized adjacent to 

EC cells (Fig. 3D), suggesting that sympathetic output can stimulate EC cells by acting on 

basolateral Adrα2A.

How does adrenergic signaling activate EC cells? Inhibition of GαI by pertussis toxin 

blocked epinephrine-evoked Ca2+ responses (Fig. S5E, F). Furthermore, responses were 

attenuated in the absence of extracellular Ca2+, but Ca2+ influx was not dependent on NaV or 

CaV channels since neither tetrodotoxin nor ω-agatoxin IVA abolished responses (Fig. 3E 

and S5G). Another candidate transducer, namely TRPC4, is a Ca2+-permeable channel that 

can be activated downstream of Gαi-coupled receptors (Jeon et al., 2012) and is highly 

enriched in EC cells (Fig. 2B). Indeed, the pan-TRPC blocker, 2-aminoethoxydiphenyl 

borate (2-APB), or the TRPC4-specific inhibitor, ML204, abolished epinephrine-evoked 

responses, whereas the TRPA1-selective inhibitor, A967079, had no effect (Fig. 3E and 

S5H). These results suggest that TRPC4 contributes to the Ca2+-permeable conductance 

stimulated downstream of adrenoreceptor activation in EC cells.

As further evidence that Adrα2A and TRPC4 can form a catecholamine-sensitive signaling 

cascade, we measured large epinephrine-evoked Ca2+ responses in HEK293 cells 

heterologously expressing both proteins, whereas no responses were seen in cells expressing 

Adrα2A or TRPC4 alone, or Adrα2A plus TRPC1, TRPC3, or TRPC6 (Fig. S5I, J). We also 

observed large, ML204-sensitive epinephrine-evoked currents in HEK293 co-expressing 

Adrα2A and TRPC4, but not in cells individually expressing these proteins (Fig. 3F–H). 

Consistent with our results from EC cells implicating Gαi-dependent signaling, these 

currents were blocked by pertussis toxin or by co-expression of a dominant-negative Gαi 

protein. Furthermore, co-expression of a constitutively active Gαi induced ML204-sensitive 

TRPC4 currents that occluded epinephrine-evoked responses (Fig. 3F, H). Taken together, 

our results demonstrate that Adrα2A and TRPC4 mediate catecholamine sensitivity in EC 

cells via a Gαi-dependent signaling cascade.
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EC cell stimulation promotes CaV-dependent serotonin release

EC cells are serotonergic, but given their low abundance, serotonin release has typically 

been measured in bulk from intact tissue or model endocrine cell lines (Bertrand et al., 2008; 

Hagbom et al., 2011; Kim et al., 2001; Nozawa et al., 2009; Yano et al., 2015). To measure 

release from single EC cells directly, we monitored stimulus-evoked changes in cytoplasmic 

Ca2+ in GFP+ EC cells within intact organoids, while simultaneously measuring whole-cell 

currents in adjacent biosensor cells expressing a serotonin-gated ion channel (5-HT3R) (Fig. 

4A). Robust epinephrine-evoked Ca2+ responses in EC cells were quickly followed by large 

5HT3R currents in adjacent biosensor cells (Fig. 4B). Epinephrine-dependent currents were 

comparable to maximal currents evoked by a saturating concentration of the 5HT3R agonist, 

mCPBG (Fig. 4B). High extracellular K+ also evoked large Ca2+ responses and 5HT3R 

currents, suggesting that EC cell depolarization is sufficient to induce serotonin release (Fig. 

4B). Importantly, when biosensor cells were relocated to GFP-negative epithelial cells, 

neither epinephrine nor K+ elicited epithelial cell Ca2+ responses or 5HT3R currents. As 

expected, direct activation of 5HT3R by mCPBG evoked large currents in biosensor cells, 

but did not elicit Ca2+ responses in EC cells (Fig. 4A, B). Together, these data show that 

epinephrine promotes serotonin release directly and efficaciously from EC cells to produce 

local effects.

To determine how receptor-mediated signaling drives serotonin release, we perturbed major 

components of relevant transduction cascades while simultaneously measuring EC and 

biosensor cell responses. For example, yohimbine or ML204 blocked epinephrine-induced 

Ca2+ responses and 5HT3R currents, confirming that the EC catecholamine signal 

transduction pathway controls serotonin release (Fig. 4B, C, F). Inhibition of NaV channels 

with tetrodotoxin had no significant affect, whereas blockade of Ca2+ channels by ω-

agatoxin IVA reduced Ca2+ responses in EC cells only slightly while completely abrogating 

5HT3R currents in biosensor cells (Fig. 4C, F and Fig. S6A, B). Similar results were seen 

with AITC (Fig. 4D, F). Isovalerate also evoked EC cell Ca2+ responses that correlated with 

5HT3R currents (Fig. 4E, F). In this case, both Ca2+ responses and 5HT3R currents were 

markedly reduced by ω-agatoxin IVA (Fig. 4E, F), consistent with the involvement of CaV 

channels in isolvalerate-evoked EC cell Ca2+ responses (Fig. 2F). Importantly, none of these 

inhibitors directly affected 5HT3R currents (Fig S6C, D). Thus, CaV channels are required 

for serotonin release, likely mediating a local increase in intracellular Ca2+ near vesicular 

release sites, as observed for P/Q-type CaV channels in neuronal presynaptic terminals 

(Catterall et al., 2005b). NaV channels are apparently not required for serotonin release, but 

may amplify responses to sub-threshold stimuli by generating action potentials.

EC cells regulate 5HT3R-expressing nerves via synaptic-like contacts

5HT3R is robustly expressed by intrinsic neurons of the gut within submucosal and 

myenteric plexi, as well as by a subset of primary afferent sensory nerve fibers, including 

some that innervate the intestinal villi (Tecott et al., 1995). Moreover, pharmacological 

experiments with isolated (ex vivo) ileum strips suggest that AITC-evoked release of 

serotonin from EC cells produces intestinal contractions in a 5HT3R-dependent manner 

(Nozawa et al., 2009). However, it is unclear whether such responses are mediated through 

diffuse, humoral spread of transmitter or a more direct, spatially restricted mechanism. In 
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fact, previous anatomical studies have suggested that peptide hormone-producing intestinal 

endocrine cells form synapses with neurons (Bohorquez et al., 2015). Using a reporter 

mouse expressing GFP under control of the 5HT3R promoter (Vucurovic et al., 2010), we 

confirmed that many 5HT3R-expressing nerve fibers innervate intestinal villi (Fig. 5A). 

Moreover, 5HT3R-expressing fibers co-localized with synaptic markers, consistent with a 

neural origin (Fig. S7A). Interestingly, we observed multiple instances where 5HT3R-

expressing fibers appeared to make contact with the basolateral side of serotonin-expressing 

EC cells (Fig. 5A). Because EC cells express presynaptic P/Q-type CaV channels, are 

enriched for gene ontology categories related to neurotransmitter secretion, and express 

transcripts for several presynaptic markers (Fig. 5B, C), we wondered if this contact 

resembles a neural synapse. Indeed, EC cells demonstrated basolateral expression of the 

presynaptic marker, synapsin, and dense labeling of the postsynaptic marker, PSD-95, was 

observed immediately adjacent to EC cells (Fig. 5D). Thus, EC cells are in close proximity 

with 5-HT3R-expressing nerve fibers and appear to form synaptic-like structures for 

transmitting signals in a restricted, point-to-point manner.

To determine if EC cells regulate activity of sensory fibers, we recorded from single, low 

threshold mechanosensitive pelvic fibers that project deep into the colonic tissue and access 

the mucosal layer containing EC cells. Epithelial application of norepinephrine evoked large 

responses in afferent nerves that were abolished by the TRPC4 inhibitor, ML204 (Fig. 6A). 

These responses were also blocked by the selective 5HT3R antagonist, alosetron (Fig. 6A), 

indicating that they are mediated by 5HT3R-expressing nerve fibers. Another EC cell 

agonist, isovalerate, evoked afferent nerve activity that was also blocked by alosetron (Fig. 

6A). Neither norepinephrine nor isovalerate directly activated isolated, retrogradely-traced 

colonic sensory dorsal root ganglion (DRG) neurons, many of which were sensitive to the 

5HT3R-selective agonist, mCPBG (Fig. 6B). Thus, norepinephrine and isovalerate modulate 

5HT3R-expressing primary afferent nerve fibers via synaptically-coupled EC cells.

Chronic mechanical hypersensitivity contributes to the development of visceral pain 

syndromes, such as irritable bowel syndrome (Brierley and Linden, 2014). Interestingly, we 

found that epithelial application of norepinephrine or isovalerate markedly enhanced 

sensitivity of nerve fibers to mechanical stimulation of the colonic epithelium (Fig. 7 and 

Fig. S8). Norepinephrine modulatory effects were blocked by ML204 and responses to 

norepinephrine or isovalerate were abolished by alosetron (Fig. 7 and Fig. S8). These results 

are consistent with a role for EC cell-5HT3R signaling in regulating mechanical sensitivity 

of the gut.

Discussion

EC cells as polymodal sensors of noxious stimuli

We show that EC cells are chemosensors that detect stimuli from three distinct sources 

including 1) ingested chemicals, 2) commensal organisms, and 3) endogenous regulatory 

pathways. Sensitivity to these agents is specified by receptors and transduction mechanisms 

that also contribute to other sensory or neural signaling systems. For example, TRPA1 is a 

well known somatosensory receptor for exogenous dietary irritants from mustard and allium 

plants, or endogenously produced inflammatory agents, such as 4-hydroxynonenal, 

Bellono et al. Page 8

Cell. Author manuscript; available in PMC 2018 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prostaglandins, and other lipid-derived metabolites (Bautista et al., 2006; Trevisani et al., 

2007). TRPA1 has been implicated in visceral hypersensitivity, but this has for the most part 

been attributed to its function on colonic nerve fibers (Brierley et al., 2009). However, since 

the gut epithelium provides a barrier between the lumen and nerve fibers, EC cell-localized 

TRPA1 may serve as the primary detector of luminal irritants prior to direct sub-mucosal 

damage.

Effects of microbiota on the gastrointestinal system have been described at the organismal 

level, but underlying physiological mechanisms remain obscure (Schroeder and Backhed, 

2016). For example, dietary fibers, proteins, and peptides are metabolized by commensal gut 

microbiota to produce volatile fatty acids, which in turn elicit diverse responses in the host 

through unknown mechanisms (Koh et al., 2016). Here we identify one such metabolite, 

isovalerate, as a potent EC cell stimulus that modulates sensory neurons via EC cell-neural 

signaling. Although isovalerate accounts for only a minor percentage of total fatty acid 

metabolites, high levels are toxic and associated with visceral pain and other gastrointestinal 

disorders, such as post-infectious irritable bowel syndrome (Brierley and Linden, 2014; 

Farup et al., 2016; Tanaka et al., 1966). EC cells may act as sensors for such potentially 

harmful dysbiosis.

As with other specialized sensory systems, EC cell chemosensation may adapt to detect 

stimuli that are most salient to an animal’s physiologic or environmental conditions, such as 

specific diet, intestinal microbiota, etc. In this regard, it is interesting that mouse EC cells 

use Olfr558 as a sensor for specific microbial metabolites, whereas mRNA encoding a 

different repertoire of olfactory receptors has been detected in human EC cells (Braun et al., 

2007), possibly reflecting species-specific sensory tuning to suit distinct commensal 

relationships. An important and fascinating future goal is to explore signaling diversity and 

plasticity in EC cells from different species or under a variety of physiologic or 

pathophysiologic states.

EC cells are also sensitive to endogenous regulatory molecules, including stress-associated 

catecholamine neurotransmitters. Interestingly, norepinephrine is a potent bacterial stimulus 

that upregulates proliferation, virulence, and adherence of various pathogenic bacteria to 

influence the course of infection (Everest, 2007). Norepinephrine-mediated stimulation of 

EC cells may be protective by activating neural pathways that promote gastrointestinal 

motility to expel infectious microbes, metabolites, or harmful chemicals. However, EC cell-

afferent nerve fiber stimulation resulting from prolonged infection or injury may also be 

maladaptive, eliciting chronic visceral hypersensitivity. Consistent with a link between gut 

catecholamine signaling and visceral pain, polymorphisms or deletions in Adrα2A and 

TRPC4 genes, respectively, are associated with visceral pain syndromes (Kim et al., 2004; 

Westlund et al., 2014). The gut is densely innervated by mechanosensory nerve fibers and 

enhanced afferent mechanical sensitivity is a hallmark of visceral pain (Brierley and Linden, 

2014). We have shown that EC cell-neural chemosensory signaling cascades modulate 

mechanosensory function, establishing a direct mechanistic link between chemo- and 

mechanosensory elements in the gut. A recent study suggests that EC cells may themselves 

be mechanosensitive (Wang et al., 2017), but whether this contributes to mechanosensitivty 

of the gut is unknown.
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EC cell signal transduction

Our results demonstrate that EC cells detect specific chemosensory stimuli using 

independent signaling pathways that converge on P/Q-type presynaptic voltage-gated Ca2+ 

channels to facilitate transmitter release onto afferent nerve fibers. Interestingly, while the 

Ca2+-permeable transduction channels TRPA1 and TRPC4 each support large increases in 

intracellular Ca2+, their activation is apparently insufficient to elicit serotonin release since 

inhibition of CaV channels completely blocks transmitter release while only slightly 

decreasing global Ca2+ responses. Voltage-gated sodium channels are not required for 

stimulus-evoked release, although they likely amplify responses by generating action 

potentials. These and other results suggest that CaV channels mediate obligatory changes in 

local Ca2+, likely near the site of transmitter release, demonstrating the importance of 

cellular excitability and voltage-gated channels in EC cell function. Future studies of EC cell 

synaptic proteins, vesicular pools and docking mechanisms, and state-dependent plasticity 

will enhance our understanding of this process. Crosstalk among signal transduction 

cascades may also come into play. For example, we have shown that Gαi-coupled Adrα 
receptors activate TRPC4, but Gαq-coupled receptors can also activate TRPC4, as well as 

TRPA1, providing opportunities for divergent and convergent effects of EC cell agonists on 

transmitter release.

Recent studies suggest a greater diversity of enteroendocrine cells than previously 

appreciated, arguing for the existence of genetically distinct EC cell subtypes (Diwakarla et 

al., 2017; Grun et al., 2015; Gunawardene et al., 2011). Indeed, we found that only a fraction 

of EC cells (7 of 62, Fig. 2A) were GABA-responsive, indicative of some degree of 

functional specification. However, other compounds elicited cellular responses in nearly all 

EC cells (Fig. 2A): AITC-evoked responses were observed in 15 of 15 high K+-responsive 

cells, norepinephrine responses in 30 of 30 cells, and isovalerate responses in 16 of 17 cells, 

suggesting that some functional attributes are conserved across most, if not all, putative EC 

cell subsets.

EC cell-neural communication

Signaling diversity or plasticity may also manifest at the level of neural circuitry. Our data 

show that EC cells make contact with 5HT3R-expressing nerve fibers to mediate relatively 

local effects of serotonin. Consistent with previous reports (Aiken and Roth, 1992; Heitz et 

al., 1976), we found that EC cells are peptidergic, and that substance P expression is most 

prevalent in cells within crypts, decreasing upwards along the crypt-villus axis (Fig. S7B–

D). Thus, EC cells may also release peptide transmitters to regulate synaptically-coupled 

sensory neurons. Moreover, hormone-producing enteroendocrine cells also form synaptic 

connections with nerve fibers (Bohorquez et al., 2015), although it is unknown if these 

neurons are of enteric or sensory origin. Therefore, sensory molecules could act on multiple 

enteroendocrine cell types to induce diverse signals (peptide hormones, serotonin) to 

regulate afferent nerve activity, conceivably transmitting specialized information through 

activation of specific fiber types or differential modulation of neural activity (Gribble and 

Reimann, 2016). Furthermore, discrete subclasses of DRG or vagal sensory nerves may 

communicate with specific resident EC cell populations (Williams et al., 2016). Finally, EC 

cell-derived serotonin may, in some cases, act on enteric neurons, immune cells, or be taken 
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up by circulating platelets to mediate diverse actions within or outside of the gut (Gershon, 

2013; Veiga-Fernandes and Mucida, 2016).

EC cells and GI disorders

Alterations in EC cell-derived serotonin have been implicated in GI dysmotility, nausea, and 

visceral hypersensitivity disorders (Gershon, 2013; Mawe and Hoffman, 2013), and 

medications affecting norepinephrine or serotonin levels are associated with beneficial 

peripheral gut effects, such as relaxed fasting colonic muscle tone and reduction in 

mechanical hypersensitivity (Chial et al., 2003; Winston et al., 2010). Indeed, 5HT3R-

targeted therapeutics are used to treat chemotherapy-induced emesis, chronic nausea, and 

other visceral pain disorders (Mawe and Hoffman, 2013). Microbial metabolites also 

influence GI status and recent studies have noted beneficial effects of probiotics and 

differences in volatile fatty acids in patients with irritable bowel syndrome (Didari et al., 

2015; Treem et al., 1996). Furthermore, intestinal inflammation is a key risk factor for the 

development of irritable bowel syndrome, and inflammatory molecules are associated with 

enhanced mechanical hypersensitivity of the gut (Brierley and Linden, 2014).

Our findings highlight EC cells as polymodal chemosensors that integrate extrinsic and 

intrinsic signals within the gut and convey this information to the nervous system. By 

exploiting intestinal organoid technology to access these rare, but important cells, we have 

gleaned new mechanistic insights into their function, which should facilitate EC cell-

targeted therapeutics to treat irritable bowel syndrome and other disorders associated with 

gut hypersensitivity and pathophysiology.

Methods

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, David Julius (david.julius@ucsf.edu).

Experimental model and subject details

Animals—Mouse breeding, housing, and use was approved by the UCSF Animal Care and 

Use or University of Adelaide and Flinders University Animal Ethics Committees. Adult 

male mice of C57BL/6 background (Jackson Labs) aged 12–16 weeks with an average 

weight of ~29 grams were used for ex vivo afferent nerve recordings and colonic sensory 

neuron imaging. Male mice were used in all studies to account for effects from sex or 

genetic background. Animals were housed in groups (2–5 mice/cage) in a specific and 

opportunistic pathogen free facility, fed Jackson lab diet (5K52 JL RAT & MOUSE/AUTO 

6F), provided with environmental enrichment (shelter, nesting material, etc.), and had 

normal immune status. Reporter mice were gifts from T. Schwartz (ChgA-GFP) and M. 

Scanziani (5HT3R-GFP).

Intestinal organoids—Adult male ChgA-GFP mice aged 6–10 weeks were used to 

generate intestinal organoids, as previously reported (Sato et al., 2009). Briefly, the small 

intestine was isolated and washed with cold PBS and crypts were isolated following 
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dissociation in EDTA. Isolated crypts were suspended in Matrigel. Following 

polymerization, organoid growth media containing murine epidermal growth factor 

(Peprotech), noggin (Peprotech), and 10% R-spondin conditioned media was added and 

refreshed every 3–4 days. Organoids were maintained at 37°C, 5% CO2 and propagated 

weekly. For Ca2+ imaging, Matrigel was removed from organoids, they were loaded with 

Fura-2AM, fenestrated by mechanical disturbance, and then immediately placed in the 

imaging chamber containing Cell-Tak (Corning)-coated coverslips. For electrophysiology, 

organoids were mechanically dissociated and placed on Cell-Tak coated coverslips in the 

recording chamber.

Cultured cells—Retrogradely traced colonic sensory neurons neurons were isolated from 

adult male mice following injection of cholera toxin subunit B conjugated to AlexaFluor 488 

(CTB-488; Invitrogen, Carlsbad, CA) at three sites sub-serosally within the wall of the distal 

colon. After 4 days, lumbosacral (LS) dorsal root ganglion neurons were isolated and 

cultured as previously described (Brierley et al., 2009). Briefly, mice were euthanized by 

CO2 inhalation and lumbosacral dorsal root ganglia (DRGs) (L6-S1) from retrogradely 

traced mice were surgically removed and were digested with 4 mg/mL collagenase II 

(GIBCO, Life Technologies) plus 4 mg/mL dispase (GIBCO) for 30 minutes at 37°C, 

followed by 4 mg/mL collagenase II for 10 minutes at 37°C. Neurons were then 

mechanically dissociated into a single-cell suspension via trituration through fire-polished 

Pasteur pipettes. Neurons were resuspended in DMEM (GIBCO) containing 10% FCS 

(Invitrogen), 2mM L-glutamine (GIBCO), 100 µM MEM non-essential amino acids 

(GIBCO), 100 mg/ml penicillin/streptomycin (Invitrogen) and 100ng/ml NGF (Sigma). 

Neurons were spot-plated on coverslips coated with poly-D-lysine (800µg/ml) and laminin 

(20 µg/ml) and maintained at 37°C in 5% CO2. Comparisons were made between 

retrogradely labeled colonic DRG neurons and non-labeled DRG neurons.

HEK293T (ATCC) were grown in DMEM, 10% fetal calf serum, and 1% penicillin/

streptomycin at 37°C, 5% CO2 and transfected using Lipofectamine 2000 (Invitrogen/Life 

Technologies) according to manufacturer’s protocol. 1 µg of human Adrα2A or TRPC4β 
was transfected for independent expression with 0.2 µg GFP. For coexpression experiments, 

equal concentrations of Adrα2A and TRPC1, TRPC3, TRPC4, or TRPC6 were used. 

Constitutively active (Q205L) or dominant-negative (G203T) Gαi2 mutants were included in 

the transfection mix for some experiments. For Olfr558 experiments, 1.5 µg of Olfr558 was 

transfected with several constructs used enhance expression and signaling of olfactory 

receptors in heterologous systems: 1 µg of receptor-transporting protein 1 short (RTP1S), 

guanine nucleotide exchange factor B (Ric8b), and Gαolf/15, and 0.2 µg GFP for cellular 

identification. Mock transfection experiments were performed by transducing all constructs 

except Olfr558. Human Adrα2A was from Genscript (Piscataway, NJ), Gαi2 mutants from 

cDNA Resource Center; TRPC1, TRPC3, and TRPC6 were cloned into pcDNA3 in the 

Julius lab; TRPC4 was a gift from J. Jeon and M. Zhu; Olfr558 constructs were gifts from 

H. Matsunami (Addgene) and were tagged with the first 20 residues of human rhodopsin to 

increase expression; RTP1S, Ric8b, and Gαolf/15 were gifts from A. Chang. lentiCRISPR v2 

was a gift from F. Zhang (Addgene).
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Method details

CRISPR-mediated gene disruption—gRNA sequences were designed with the Cas9 

design target tool (http://crispr.mit.edu) and inserted into the Cas9-containing lentiCRISPR 

v2 vector (Sanjana et al., 2014). Primers used to design the specific gRNA target were: 

Olfr558 forward (5’ to 3’) CACCGagcacagtggcatgccgtag; Olfr558 reverse (5’ to 3’) 

AAACctacggcatgccactgtgctC. Lentivirus was produced by transfecting HEK293T cells with 

psPAX2, pVSVG and LentiCRISPR v2 with Olfr558 gRNA using Fugene HD (Roche) 

according to the manufacturer’s instructions. Virus was concentrated and re-suspended in 

organoid growth medium. As a control for both sequencing and functional experiments, 

organoids were infected with empty Cas9-containing LentiCRISPR v2 vector. Vector-

infected organoids expressed wild-type Olfr558 sequence and exhibited similar isovalerate-

induced Ca2+ responses compared with wild-type organoids, so were grouped with other 

controls in some analyses.

Two days before infection, intestinal organoids were grown in a 24-well culture plate with 

growth medium supplemented with 5 µM CHIR99021 (Sigma) and 10 mM nicotinamide 

(Sigma) to increase stem cell population. Stem cell-enriched organoids were broken down 

into single-cells, viral mix was added, and cells were transferred to a 48-well plate that was 

centrifuged at 600g for 60 min (spinoculation) and placed in the incubator for another 6 hr at 

37 °C. Cells were collected, re-suspended in Matrigel, and transferred into a 24-well culture 

plate. After two days of recovery, selection was carried out using puromycin (6 µg/ml) for 

three days. After selection, growth medium was supplemented with 5 µM CHIR99021 and 

10 mM nicotinamide. Organoids were then treated with TrypLE (Life Technologies) at 

37 °C for 5 min to achieve single cells which were plated onto 96-well culture plates for 

clonal selection. Growth medium was supplemented with 5 µM CHIR99021, 10 µM 

Y-27632 (Sigma) and 10 mM nicotinamide during the first two days after plating to enrich 

for stem cells and prevent apoptosis. The medium was then changed to growth medium 

supplemented with 5 µM CHIR99021 and 10 mM nicotinamide for another three days and 

then normal growth medium afterwards. Single organoids were then collected and used for 

clonal expansion. To verify clonal populations genetic disruption, genomic DNA was 

isolated using QuickExtract DNA extraction solution (Epicenter) and PCR amplified using 

Phusion polymerase (NEB) and the following primers for Olfr558: F: ctttgcatgctttctggcct; R: 

tgcaggtgttcttccattcca. Products were cloned into Topo vectors (Agilent) and sequenced.

Electrophysiology—Recordings were carried out at room temperature using a 

MultiClamp 700B amplifier (Axon Instruments) and digitized using a Digidata 1322A 

(Axon Instruments) interface and pClamp software (Axon Instruments). Data were filtered at 

1 kHz and sampled at 10 kHz and leak-subtracted online using a P/4 protocol for voltage 

step protocols. Membrane potentials were corrected for liquid junction potentials. EC cells 

were identified by GFP expression and recordings were made using borosilicate glass 

pipettes polished to 7 – 9 MΩ. Recording pipettes used for HEK293 were 3 – 4MΩ. Unless 

stated otherwise, a standard Ringer’s extracellular solution for EC and HEK293 cell 

experiments contained (mM): 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose, 

pH 7.4. Intracellular solution for recording K+ currents from EC cells contained: 140 K-

gluc, 5 KCl, 1 MgCl2, 10 K-EGTA, 10 HEPES, 10 sucrose, pH 7.2. Intracellular solution for 
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current-clamp recordings contained: 140 K-gluc, 5 NaCl, 1 MgCl2, 0.02 K-EGTA, 10 

HEPES, 10 sucrose, pH 7.2. Other EC cell and 5HT3R recordings used the following 

intracellular solution: 140 CsMeSO4, 5 NaCl, 1 MgCl2, 10 Cs-EGTA, 10 HEPES, 10 

sucrose, pH 7.2. Intracellular solution for Adrα2A-expressing cells contained 0.1 Cs-EGTA. 

For EC recordings, holding potential was −90 mV and currents were elicited by 500ms 

ramps from −100 mV to +100 mV or 200ms steps in 10 mV increments. G–V relationships 

were derived from I–V curves by calculating G: G = ICa / (Vm−Erev) and were then fit with a 

Boltzman equation. Voltage-dependent inactivation was measured during −10 mV voltage 

pulses following a series of 1 s prepulses ranging from −110 to 60 mV in 10 mV increments. 

Voltage-dependent inactivation was quantified as I / Imax, with Imax occurring at the voltage 

pulse following a −110 mV prepulse. Adrα2A-associated experiments were carried out 

using a protocol that consisted of 10 s holding voltage at −60mV followed by a 500 ms ramp 

from −100 mV to +100 mV that returned to −60 for an additional 10s, and this protocol was 

repeated consecutively for ~10 min or more. For 5HT3R biosensor recordings, whole-cell 

configuration was achieved and cells were lifted from coverslips and moved immediately 

adjacent to GFP-labeled EC cells. Voltage has held constant at −80 mV as solutions were 

washed on and off with local perfusion. Responses were normalized to peak current induced 

by mCPBG.

Calcium imaging—EC and HEK were loaded with 10 µM Fura-2-AM (Invitrogen) and 

0.01% Pluronic F-127 (wt/vol, Invitrogen) for 1 h in Ringer’s solution. 340 nm to 380 nm 

ratio was acquired using MetaFluor software. EC cells were identified by GFP expression 

and responses were normalized to increased fluorescence ratio elicited by high extracellular 

K+ (K+, 140 mM) at the end of the experiment. In most experiments, only one EC cell was 

identified in the field of view, thus we quantified data from single cells. In somewhat rare 

cases when two EC cells were observed in the same field of view, responses were averaged. 

Dorsal root ganglion neurons were cultured for 24 hours, incubated with 2.5 µM Fura2-AM 

and 0.02% (v/v) pluronic acid for 30 min at room temperature in modified Ringer’s solution 

containing (mM): 145 NaCl, 5 KCl, 1.25 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES. After a 

brief wash, coverslips were transferred to the recording chamber and Ca2+ responses were 

measured at room temperature. Colonic DRG neurons were identified by the presence of the 

488 tracer and viability was verified by responses to 25 mM KCl. All pharmacological 

agents were delivered by local perfusion with exception of 1 µM U73122, 100 µM gallein, 

200 ng/ml cholera toxin, or 200 ng/ml pertussis toxin, 10 µM SQ22536, which were 

preincubated. Associated vehicle control experiments were performed. In experiments using 

HEK293, construct-expressing cells identified by GFP expression were quantified and 

responses were normalized to maximal responses elicited by 1 µM ionomycin at the end of 

the experiment.

Concentrations and abbreviations of molecules used in Ca2+ imaging screening (in µM): 1 

Capsaicin, 500 allyl isothiocyanate (AITC), 50 1-(m-chlorophenyl)-biguanide (mCPBG), 1 

icilin, 200 N-butyryl-L-Homoserine lactone (C4-HSL), 200 N-hexanoyl-L-Homoserine 

lactone (C6-HSL), 200 N-3-oxododecanoyl-L-Homoserine lactone (3OC12-HSL), 1 or 10 

N-Formylmethionine-leucyl-phenylalanine (fMFL), 50 µg/ml lipopolysaccharide (LPS) 

from E. Coli, 500 indole, 500 sodium propionate, 500 sodium acetate, 500 sodium butyrate, 
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500 isobutyrate, 500 isovalerate, 500 sodium deoxycholate, 1 substance P, 100 histamine, 

1000 glutamate, 100 tryptamine, 100 serotonin, 100 glycine, 100 gamma-aminobutyric acid 

(GABA), 100 dopamine, 100 epinephrine, 100 norepinephrine. Unless stated otherwise, 

concentrations of other pharmacological agents (in µM): 0.5 tetrodotoxin (TTX), 10 

nifedipine, 0.3 ω-agatoxin IVA, 0.3 ω-conotoxin, 5 mibefradil, 1 epinephrine, 1 

norepinephrine, 5 yohimbine, 10 isoproterenol, 5 prazosin, 5 clonidine, 5 propranolol, 10 

phenylephrine, 5 U73122, 100 gallein, 200ng/ml pertussis toxin (PTX), 200ng/ml cholera 

toxin (CTX), 50 2-aminoethoxydiphenyl borate (2-APB), 10 ML204. Most drugs were from 

Tocris, HSLs and 4-hydroxynonenal were from Cayman Chemical, volatile fatty acids were 

from Sigma.

Transcriptome sequencing and analysis—Intestinal epithelial cells from organoids 

were dissociated and immediately sorted by fluorescence-activated cell sorting (FACS) by 

the Laboratory for Cell Analysis at UCSF. ~1% of total epithelial cells were GFP+ and 

collected. The remaining GFP− cells were retained for comparison. RNA from GFP+ and 

GFP− subgroups was then extracted and prepared for cDNA library generations using the 

SMARTer Ultra Low Input RNA kit followed by the Low Input Library Prep Kit (version 2, 

Clontech Laboratories, Inc.). cDNA quality was assessed via bioanalyzer using the High 

Sensitivity DNA kit (Agilent Technologies), and high quality samples were preserved for 

sequencing.

PolyA cDNA libraries were sequenced on the Illumina Hi-Seq 4000 platform (QB3 Vincent 

J. Coates Genomic Sequencing Library), generating 150 bp paired-end reads. More than 

100M reads were obtained. The quality of raw sequence reads was analyzed via FASTQC. 

Adapters were trimmed using Scythe, and sequence read ends were trimmed using Sickle. 

Reads were then aligned to the annotated mouse reference genome (mm10) using TopHat2 

(version 0.7). Transcripts were assembled and relative abundance was estimated using 

Cufflinks and Cuffdiff tools. Gene ontology-based (GO) analyses were carried out using 

DAVID (version 6.8) to categorize the top ~1000 transcripts annotated with ENSEMBL gene 

IDs that showed the greatest fold change between GFP+ and GFP− samples. The “biological 

process” set of GO terms was used in functional annotation of the enriched transcripts in the 

GFP+ sample over the GFP− sample, which was set as the background.

Histology—Immunofluorescence (IF) was performed using 5 µm cryosections. Blocking 

was performed with 10% normal serum corresponding to secondary antibody species in 

0.1% Triton-X and PBS at room temperature for 60 minutes. Primary antibodies were 

incubated overnight at 4 °C at the indicated dilutions. Antibodies used were against ChgA 

(1:200, Santa Cruz), serotonin (1:10,000, Immunostar), Adrα2A (1:200, Affinity 

Bioreagents), tyrosine hydroxylase (1:500, Millipore), Synapsin (1:500, from R. Edwards), 

PSD-95 (1:200, Neuromab), Lysozyme (1:200, Dako), GLP-1 (1:200, Abcam), Substance P 

(1:1000, Penninsula). Alexa Fluor-conjugated secondary antibodies were used at 1:300-1000 

(Millipore). In situ hybridization histochemistry was performed using digoxigenin- and 

fluorescein-labelled cRNA for mouse TRPC4 or Olfr558. Probes were generated by T7/T3 

in vitro transcription reactions using a 500-nucleotide fragment of TRPC4 (nucleotides 1553 

to 2053), and a 500-nucleotide fragment of Olfr558 cDNA (nucleotides 1000 to 1500). 
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Hybridization was developed using anti-digoxigenin and anti-fluorescein Fab fragments, 

followed by incubation with FastRed and streptavidin-conjugated Dylight 488 according to 

published methods (Ishii et al., 2004). Epifluorescence imaging was performed on an 

Olympus IX51 microscope equipped with a DP71 imager and Nikon Eclipse Ti with a DS-

Qi2 imager. Confocal imaging was performed on Nikon Ti microscope with Yokogawa 

CSU-22 spinning disk. Images were assembled in Photoshop and ImageJ. Surface rendering 

was performed using UCSF Chimera.

Single nerve fiber recordings of pelvic colonic mucosal afferents—C57BL/6J 

male mice were humanely euthanized by CO2 inhalation. The colon and rectum with 

attached pelvic nerves were removed and recordings from mucosa afferents were performed 

as previously described (Brierley et al., 2004). Briefly, the colon was removed and pinned 

flat, mucosal side up, in a specialized organ bath. The colonic compartment was superfused 

with a modified Krebs solution (in mM: 117.9 NaCl, 4.7 KCl, 25 NaHCO3, 1.3 NaH2PO4, 

1.2 MgSO4, 2.5 CaCl2, 11.1 D-glucose), bubbled with carbogen (95% O2, 5% CO2) at a 

temperature of 34°C. All preparations contained the L-type calcium channel antagonist 

nifedipine (1 µM) to suppress smooth muscle activity and the prostaglandin synthesis 

inhibitor indomethacin (3 µM) to suppress potential inhibitory actions of endogenous 

prostaglandins. The pelvic nerve bundle was extended into a paraffin-filled recording 

compartment in which finely dissected strands were laid onto a mirror, and a single fiber 

placed on the platinum recording electrode. Action potentials recorded in response to 

mechanical or chemical stimuli were discriminated as single units based on Waveform, 

amplitude and duration using spike software (Cambridge Electronic Design, Cambridge, 

UK).

Colonic afferents were classified by identifying receptive fields by systematically stroking 

the mucosal surface with a still brush to activate all subtypes of mechanoreceptors. 

Categorization of afferents properties was in accordance with our previously published 

classification system (Brierley et al., 2004). In short, pelvic mucosal afferents respond to 

fine mucosal stroking (10 mg von Frey hairs; vfh), but not to circular stretch. Stimulus–

response functions were constructed by assessing the total number of action potentials 

generated in response to mechanical stimuli (mucosal stroking with 10, 200, 500 and 1000 

mg vfh). Norepinephrine (NE, 1 µM) was applied for 15 minutes via a small metal ring 

placed over the receptive field of interest and the TRPC4 inhibitor ML204 (10 µM) or the 5-

HT3R antagonist alosetron (10 µM) were pre-incubated for 10 minutes prior, and co-applied 

with NE. This route of administration has been previously shown to reproducibly activate 

afferent fibers (Brierley et al., 2009).

Quantification and statistical analysis

Data were analyzed with Clampfit (Axon Instruments) or Prism (Graphpad) and are 

represented as mean ± sem and n represents the number of cells or independent experiments. 

Data were considered significant if p < 0.05 using paired or unpaired two-tailed Student’s t-

tests or one- or two-way ANOVAs. Statistical parameters are described in figure legends. All 

significance tests were justified considering the experimental design and we assumed normal 

distribution and variance, as is common for similar experiments. Sample sizes were chosen 
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based on the number of independent experiments required for statistical significance and 

technical feasibility.

Data availability

Deep sequencing data have been deposited in Gene Expression Omnibus (GEO) database 

repository with accession number GSE98794. All other data are available from the authors 

upon request.

Supplementary Material

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

- Enterochromaffin (EC) cells are excitable and express voltage-gated ion 

channels

- EC cells use sensory receptors to detect irritants, metabolites, and 

catecholamines

- EC cell activation leads to voltage-gated Ca2+ channel-dependent serotonin 

release

- EC cells modulate sensory nerves via serotonin receptors and synaptic 

connections
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Figure 1. Enterochromaffin cells are electrically excitable
A. Co-localization of chromogranin A-driven GFP reporter (ChgA-GFP, green), ChgA (red), 

and serotonin (5-HT, blue) labels enterochromaffin (EC) cells in intestinal organoids. Scale 

bar: 10µm.

B. Dissociated EC cell (green) in a representative patch-clamp experiment. Scale bar: 10µm. 

In response to a voltage ramp, the representative K+ current was blocked by 10 mM TEA+ to 

reveal a voltage-activated inward current. Representative of n=4 cells.

C. Voltage-gated currents in EC cells were inhibited by the NaV antagonist tetrodotoxin 

(TTX, 500nM). Scale bars: 50pA vertical, 10ms horizontal.

Bellono et al. Page 22

Cell. Author manuscript; available in PMC 2018 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D. Average current-voltage relationship. n=7. p<0.0001 for basal versus TTX. Two-way 

ANOVA with post-hoc Bonferroni test.

E. mRNA expression profile of NaV pore-forming subunits in EC cells (green) compared 

with other intestinal epithelial cells (grey). Bars represent fragments per kilobase of exon per 

million fragments mapped (FPKM).

F. Spontaneous action potentials measured at resting membrane potential were inhibited by 

TTX. Representative of n=4. Inset: representative action potential, scale bar: 20mV, 10ms.

G. Representative calcium (Ca2+) imaging experiment from EC cells (GFP, green) in an 

intestinal organoid. High extracellular K+ increased cytosolic Ca2+, indicated by a change in 

fluorescence ratio of Fura-2AM.

H. Ca2+ responses to K+-elicited depolarization in EC (green) or neighboring cells (grey). 

The P/Q-type CaV inhibitor ω-agatoxin IVA abolished responses. Scale bar: 0.25 Fura-2 

ratio, 50s.

I. Pharmacological profile of CaV-mediated responses. n=6 per condition. Data represented 

as mean ± sem. p<0.0001 for control versus 300nM ω-agatoxin IVA. One-way ANOVA with 

post-hoc Bonferroni test. All data represented as mean ± sem.

J. mRNA expression profile of CaV pore-forming subunits in EC cells (green) compared 

with other intestinal epithelial cells (grey).
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Figure 2. Enterochromaffin cells use TRPA1 as an irritant receptor and Olfr558 as a metabolite 
sensor
A. Sensory molecule screen for EC cell-specific Ca2+ responses. High K+ was added at the 

end of each experiment to induce maximal Ca2+ responses used for normalization. n=6–62 

per condition. Data represented as mean ± sem.

B. mRNA expression profile of EC cells compared with other intestinal epithelial cells 

shown as a volcano plot. Trpa1 (red), olfr558 (green), and trpc4 (blue) were among the most 

enriched transcripts that encode sensory receptors or channels. EC cell marker tph1 and 

NaV1.3 pore-forming subunit scn3a are shown for comparison (purple).
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C. AITC (150µM)-elicited Ca2+ responses were inhibited by the TRPA1 antagonist 

A967079 (A96, 10µM). Scale bar: 0.1 Fura-2 ratio, 50s. Average peak Ca2+ responses 

evoked by TRPA1 agonists AITC, cinnamaldehyde (CA, (150µM), iodoacetamide (IA, 

150µM), or 4-hydroxynonenal (4-HNE, 200µM) were inhibited by A96 (10µM). n=5 per 

condition. p<0.0001 for agonists versus agonists + A96, two-way ANOVA with post-hoc 

Bonferroni test.

D. Ca2+ responses elicited by metabolites (200µM) in HEK293 cells expressing Olfr558. 

Ionomycin (iono, 1µM) was added at the end of each experiment to induce maximal Ca2+ 

responses. Black traces represent an average of all cells in the field shown in grey. Scale bar: 

0.2 Fura-2 ratio, 50s.

E. Dose-response comparing isovalerate (blue), isobutyrate (purple), butyrate (orange), 

propionate (light blue), or acetate (green) represented as % of cells that responded to the 

indicated concentration of each compound. n=6 per condition. EC50 for isovalerate was 

8.92µM with a 95% confidence interval of 7.32 to 10.51µM.

F. Isovalerate-evoked Ca2+ responses in EC cells. n=5 per condition. p<0.001 for control 

(vehicle-treated or empty Cas9-containing vector-infected organoids) versus cholera toxin 

(CTX), adenylyl cyclase inhibitor SQ22536 (10µM), Ca2+ free extracellular solution, ω-

agatoxin IVA (300nM), Olfr558 knockout (KO). All data represented as mean ± sem. n=5–8 

per condition, one-way ANOVA with post-hoc Bonferroni test.

G. Isovalerate (IVL, 200µM)-evoked responses were absent in Olfr558 knockout (KO) 

ChgA-GFP organoids generated using CRISPR. Scale bar: 0.1 Fura-2 ratio, 50s.
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Figure 3. Adrα2A and TRPC4 form a catecholamine-sensitive signaling cascade in 
enterochromaffin cells
A. Epinephrine (EP, 1µM)-evoked Ca2+ responses were blocked by the adrenoreceptor α2 

(Adrα2) antagonist yohimbine (yoh, 5µM). Scale bars: 0.1 Fura-2 ratio, 50s.

B. Average peak catecholamine responses were inhibited by the Adrα2 antagonist 

yohimbine, but not the Adrα1 antagonist prazosin (5µM) or the Adrβ antagonist propranolol 

(5µM). n=5 per condition. p<0.0001 for control versus yohimbine for EP (1µM), 

norepinephrine (NE, 1µM), dopamine (DA, 100µM). Two-way ANOVA with post-hoc 

Bonferroni test.
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C. Adrα2A (blue) localized to the basolateral side of EC cells (indicated by ChgA in red or 

GFP reporter) and was specific among intestinal epithelial cells. Scale bar: 10µm.

D. Tyrosine hydroxlase (TH, blue), a marker for norepinephrine-producing sympathetic 

nerve fibers, localized on the basolateral side of EC cells (indicated by ChgA in red or GFP 

reporter). Scale bar: 10µm.

E. Pharmacological profile of EP responses. n=7 per condition. p<0.0001 for control versus 

Ca2+ free, TRPC inhibitor 2-APB (50µM), TRPC4 inhibitor ML204 (10µM); p<0.05 for 

control versus ω-agatoxin IVA (300nM). One-way ANOVA with post-hoc Bonferroni test.

F. EP-elicited currents were elicited from HEK293 coexpressing Adrα2A and TRPC4, but 

not cells independently expressing Adrα2A or TRPC4. EP-elicited currents were inhibited 

by pertussis toxin (PTX, 200ng/ml) or coexpression of dominant-negative (DN) Gαi. 

Coexpression of constitutively-active (CA) Gαi induced ML204-sensitive activity that 

occluded EP-elicited currents.

G. Representative current-voltage relationship shows the peak EP response (blue) and basal 

current (grey) from the representative cell expressing Adrα2A and TRPC4 shown in F.

H. Average peak current amplitude recorded at −60mV before (basal, grey) or during EP 

(blue) application. n=6 per condition. All data represented as mean ± sem. p<0.0001 for 

basal versus epinephrine-evoked currents in Adrα2A and TRPC4, two-way ANOVA with 

post-hoc Bonferroni test.
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Figure 4. Enterochromaffin cell activation mediates CaV-dependent 5-HT release
A. Representative 5-HT “biosensor” experiment. 5HT3R-expressing HEK293 (mCherry, 

red) adjacent to an EC cell (GFP, green) for simultaneous Ca2+ measurements from EC cells 

and whole-cell current measurements from biosensor cells.

B. Epinephrine (EP, 1µM) or high extracellular K+ induced a Ca2+ response in EC cells that 

correlated with a large 5HT3R current in biosensor cells. EP responses were inhibited by 

yohimbine (yoh, 5µM). The 5HT3R agonist mCPBG (10µM) elicited a large biosensor 

current, but no EC cell Ca2+ response. When biosensor cells were moved away from EC 

cells, neither epinephrine nor K+ induced Ca2+ responses in GFP− epithelial cells or 
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biosensor currents, but mCPBG elicited a large 5HT3R current. Scale bars: 0.6 Fura-2 ratio, 

50s, 500pA.

C. EP-evoked Ca2+ responses and 5HT3R currents were not affected by vehicle but were 

blocked by the TRPC4 inhibitor ML204 (10µM). The CaV inhibitor ω-agatoxin IVA 

(300nM) slightly reduced Ca2+ responses and abolished 5HT3R currents. Scale bars: 0.3 

Fura-2 ratio, 50s, 500pA.

D. AITC (150µM)-evoked Ca2+ responses and 5HT3R currents were blocked by the TRPA1 

antagonist A967079 (A96, 10µM). ω-agatoxin IVA (300nM) did not significantly affect 

Ca2+ responses, but abolished 5HT3R currents. Scale bars: 0.1 Fura-2 ratio, 25s, 500pA.

E. Isovalerate (IVL, 200µM)-evoked Ca2+ responses and 5HT3R currents. ω-agatoxin IVA 

(300nM) inhibited Ca2+ responses and abolished 5HT3R currents. Scale bars: 0.1 Fura-2 

ratio, 25s, 500pA.

F. Average agonist-evoked biosensor currents normalized to mCPBG-induced current 

(ImCPBG). n=4 – 5 per condition. Data represented as mean ± sem. Responses to epinephrine 

(EP, blue), AITC (red), and isovalerate (IVL, green) in the presence of indicated antagonists. 

p<0.001 for control versus treatments. One-way ANOVA with post-hoc Tukey’s test.
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Figure 5. Enterochromaffin cells form synaptic-like contacts with 5HT3R-expressing nerve fibers
A. (Left) Representative jejunal cryosection showing 5HT3R-expressing fibers (green) 

innervating intestinal villi near serotonin-expressing EC cells (5-HT, blue) with actin 

staining (red) to demonstrate intestinal architecture. Scale bar: 50 µm. (Right) 
Representative image demonstrating proximity between a 5-HT-positive EC cell (blue) and 

5HT3R-expressing fiber (green, baslateral side). Scale bar: 10µm.

B. Top 5 enriched Gene ontology (GO) categories in EC cells compared with other intestinal 

epithelial cells.
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C. Presynaptic marker mRNA expression profile in EC cells (green) versus other intestinal 

epithelial cells (grey). Bars represent fragments per kilobase of exon per million fragments 

mapped (FPKM).

D. A 5 µm section of intestinal epithelium showing a representative EC cell that expressed 

the presynaptic marker synapsin (blue, basolateral side) and made contact with a 

postsynaptic marker-positive fiber (PSD-95, red). Cell body is outlined (dashed white line). 

Three-dimensional rendering of EC cell (green) with synapsin-positive vesicles (blue) near 

postsynaptic-like structure (red). Scale bar: 10µm.
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Figure 6. Enterochromaffin cells modulate 5HT3R-expressing afferent nerves
A. Representative recordings from single mucosal afferent nerve fibers innervating intact 

colonic epithelium in an ex vivo preparation. Norepinephrine (NE, 1µM) applied to the 

epithelium elicited chemosensory responses that were blocked by the TRPC4 inhibitor 

ML204 (10µM) or the 5HT3R antagonist alosetron (10µM). Isovalerate (IVL, 200µM) also 

evoked alosetron-sensitive afferent activity. Scale bars: 500µV, 50s. Representative of n=8–9 

per condition. p<0.0001 for number of action potentials measured in response to NE 

(321.5±55.4 spikes, 4/8 responsive fibers) versus NE+ML204 (0 spikes, 0/8 responsive 

fibers) or NE+alosetron (0 spikes, 0/9 responsive fibers), one-way ANOVA with post-hoc 

Bonferroni test. p < 0.01 for number of action potentials measured in response to IVL 

(648.7±339.3 spikes, 3/8 responsive fibers) versus IVL+alosetron (0 spikes, 0/8 responsive 

fibers).

B. The 5HT3R agonist mCPBG (10µM), but not NE (1µM) or isovalerate (IVL, 200µM), 

evoked representative Ca2+ responses in retrogradely-labeled colonic sensory neurons 

isolated from lumbosacral dorsal root ganglia. All neurons quantified responded to high 

extracellular K+. Black traces represent an average of all cells in the field shown in grey. 

Scale bar: 0.1 Fura-2 ratio, 60s. Responsive neurons: n=0/16 for NE, n=0/62 for IVL, 

n=16/35 for mCPBG.
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Figure 7. Enterochromaffin cells induce mechanical hypersensitivity of colonic afferents
A. Representative mechanical responses from single low-threshold mechanoreceptive 

mucosal afferent fibers elicited by a 10mg von Frey hair stimulus to epithelium. Mechanical 

responses were enhanced following epithelial treatment with norepinephrine (NE, 1µM) and 

hypersensitivity was blocked by the TRPC4 inhibitor ML204 (10µM) or 5HT3R antagonist 

alosetron (10µM). n=8–9 per condition. Scale bars: 400µV, 10s. p<0.0001 for contribution of 

treatment to series variance for NE versus basal and no significant difference with NE

+ML204 or alosetron, two-way ANOVA with post-hoc Bonferroni test.
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B. Afferent mechanosensory responses were enhanced following epithelial treatment with 

isovalerate (IVL, 200µM) and hypersensitivity was blocked by alosetron (10µM). A 500mg 

von Frey hair was used as an epithelial mechanical stimulus for representative traces. n=8–9 

per condition. Scale bars: 500µV, 10s. p<0.0001 for contribution of treatment to series 

variance for IVL versus basal and no significant difference with IVL+alosetron, two-way 

ANOVA with post-hoc Bonferroni test. All data represented as mean ± sem.
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