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Abstract

BACKGROUND & AIMS: Constipation is commonly associated with diabetes. Serotonin (5

HT), produced predominantly by enterochromaffin (EC) cells via tryptophan hydroxylase 1 

(TPH1), is a key modulator of gastrointestinal (GI) motility. However, the role of serotonergic 

signaling in constipation associated with diabetes is unknown.

METHODS: We generated EC cell reporter Tph1-tdTom, EC cell depleted Tph1-DTA, combined 

Tph1-tdTom-DTA, and interstitial cell of Cajal (ICC)-specific Kit-GCaMP6 mice. Male mice and 

surgically ovariectomized female mice were fed a high-fat high-sucrose diet to induce diabetes. 

The effect of serotonergic signaling on GI motility was studied by examining 5-HT receptor 

expression in the colon and in vivo GI transit, colonic migrating motor complexes (CMMCs), and 

calcium imaging in mice treated with either a 5-HT2B receptor (HTR2B) antagonist or agonist.

RESULTS: Colonic transit was delayed in males with diabetes, although colonic Tph1+ cell 

density and 5-HT levels were increased. Colonic transit was not further reduced in diabetic 

mice by EC cell depletion. The HTR2B protein, predominantly expressed by colonic ICCs, was 

markedly decreased in the colonic muscles of males and ovariectomized females with diabetes. 

Ca2+ activity in colonic ICCs was decreased in diabetic males. Treatment with an HTR2B 

antagonist impaired CMMCs and colonic motility in healthy males, while treatment with an 

HTR2B agonist improved CMMCs and colonic motility in males with diabetes. Colonic transit in 

ovariectomized females with diabetes was also improved significantly by the HTR2B agonist.
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CONCLUSION: Impaired colonic motility in mice with diabetes was improved by enhancing 

HTR2B signaling. The HTR2B agonist may provide therapeutic benefits for constipation 

associated with diabetes.
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Type 2 diabetes mellitus (T2DM) is an increasingly prevalent medical condition affecting 

approximately 27 million adults in the US.1 Moreover, it is estimated that up to 7 

million diabetic individuals remain undiagnosed and that nearly 90 million US adults 

are prediabetic.1 As the number of individuals affected by T2DM continues to grow, 

understanding the pathophysiology of the disease process and related symptoms remains 

essential to enable exploration of novel options to improve the medical management 

of patients’ conditions. In addition to the severe complications of vascular compromise, 

nephropathy, neuropathy, infection, and blindness,2 an estimated 50% of T2DM patients 

suffer from some type of gastrointestinal (GI) motility disorder, ranging from esophageal 

dysmotility to gastroparesis and constipation.1,2 The relationship between T2DM and GI 

dysfunction, especially constipation, has been widely observed;3 however this relationship is 

complex and not well understood.

Serotonin (5-hydroxytryptamine, 5-HT) is a monoamine that acts as a hormone and 

neurotransmitter.4,5 The largest amount of 5-HT in the body (~95%) is synthesized in 

enterochromaffin (EC) cells within the GI mucosal layer via the rate-limiting enzyme 

tryptophan hydroxylase 1 (TPH1).4,5 On a much smaller scale, 5-HT is synthesized in the 

central nervous system (CNS) and enteric nervous system (ENS) via another isoform of 

this rate-limiting enzyme, TPH2.5,6 The role of 5-HT in regulating GI motility has been 

extensively examined but is still under debate.7,8,9,10

5-HT is believed to regulate GI motility through its receptors in enteric neurons and GI 

smooth muscle cells. There are seven families (5-HT1 to 5-HT7) and multiple subtypes of 

5-HT receptors.11 Six of the seven families are G-protein-coupled receptors while the 5-HT3 

receptor is a ligand-gated ion channel.11 5-HT induces inhibitory (via 5-HT1A) or excitatory 

(via 5-HT3 and 5-HT4) neurotransmission.12,13 5-HT also affects smooth muscle contraction 

(via 5-HT2A) or relaxation (via 5-HT4 and 5-HT7).13 However, the role of 5-HT and its 

receptors on the function of interstitial cells of Cajal (ICCs) is not well studied.

ICCs are pacemaker cells that generate slow waves (continuous rhythmic electrical 

oscillations) in the GI tract.14 Ca2+ transients in ICCs initiate active propagation of slow 

waves via spontaneous transient depolarizations (STDs) that travel to neighboring ICCs or 

smooth muscle cells through gap junctions to coordinate smooth muscle contraction.14,15 

Thus, impaired functioning of ICCs is associated with GI dysmotility symptoms, such 

as constipation and gastroparesis.16,17 5-HT induces the proliferation of ICCs through 

the 5-HT2B receptor (HTR2B).18,19 However, it is unknown how T2DM impacts HTR2B 

signaling and therefore influences Ca2+ transients in ICCs.
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In this study, we used multiple mouse lines: the EC cell reporter Tph1-tdTom, EC cell 

depleted Tph1-DTA, combined Tph1-tdTom-DTA, and ICC-specific Kit-GCaMP6 mice. 

The mice were fed a high-fat high-sucrose diet (HFSHD) to induce diabetes and changes 

in serotonergic signaling were examined. We found that colonic motility is improved by the 

activation of HTR2B signaling in mice with diabetes.

Methods

Note: The full Methods section is included in the Supplementary Material.

Animals

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Nevada, Reno.

In Vivo Functional GI Motility Tests

To measure total GI transit time, overnight fasted mice were orally gavaged with 0.1 mL 

of Evans blue semi-solid solution and monitored every 10 minutes until the first blue fecal 

pellet appeared.20 To measure colonic transit time, a 3 mm glass bead was inserted into the 

colon (3 cm from the anus) of overnight fasted mice.20 To measure effects of agonist or 

antagonist treatment, overnight fasted and isolated mice were treated with either the HTR2B 

agonist (BW723C86, Sigma, 1 μg/40 g body weight) or HTR2B antagonist (LY266097, 

Tocris, 5 μg/40 g body weight), which were diluted with saline and delivered to the mice 

via IP injection. The glass bead was inserted, and the colonic transit time was measured on 

the same day before and 15 minutes after IP injection. To compare the effects of long-term 

agonist treatment to saline treatment on colonic transit time, saline or the HTR2B agonist 

diluted with saline (BW 723C86, Sigma, 0.5 μg/40 g body weight) was delivered to the mice 

via IP injection daily for seven days. Colonic transit time was measured on the eighth day.

Tension Recording of Colonic Migrating Motor Complexes (CMMCs)

Colonic muscle contractions were measured as previously described.10 On-going tension 

was recorded with Acqknowledge 3.2.6 (Biopac Systems). 0.05 μM of HTR2B agonist 

(BW723C86, Tocris) and 0.05 μM HTR2B antagonist (LY 266097, Tocris) were used for 

drug treatments. Each drug was dissolved in Krebs buffer and continuously perfused into 

colonic tissue using a peristaltic pump (model MINIPULS 3; GILSON Inc). Acqknowledge 

software was used for the frequency and amplitude measurements of the colonic motor 

complex (CMC) for a 30-minute period and the percent propagation was measured as [(the 

frequency of distal colon CMC for 30 minutes/the frequency of proximal colon CMC for 30 

minutes) X 100].

Data Analysis

Data are expressed as mean ± standard error of the mean (SEM). GraphPad Prism, version 

8.0 (GraphPad Software) was used for data visualization.
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Results

Colonic 5-HT is Increased in Male Mice with Diabetes

The phenotypic characteristics of mice fed a ND and HFHSD are shown in Figure 1. 

The body weight of male and female C57BL/6J mice fed a HFHSD for four months was 

significantly greater than the body weight of male and female mice fed a ND (Figure 

1A). However, only the males fed the HFHSD became hyperglycemic (≥170 mg/dL fasting 

blood glucose level), while females fed the HFHSD did not (Figure 1B). This was further 

confirmed by glucose intolerance and insulin resistance in HFHSD-fed male mice when 

compared to ND-fed male mice (Figure 1C and D). Additionally, female mice did not 

develop glucose intolerance or insulin resistance after being fed a HFHSD. These data 

indicate that a HFHSD induced obesity in both male and female mice, but only induced 

diabetes in the male mice.

To investigate if 5-HT levels are changed in the HFHSD-fed mice, we measured 5-HT levels 

in the sera and GI mucosal tissues using ELISA. We observed that although there was 

no statistically significant difference in serum and duodenal 5-HT levels between ND- and 

HFHSD-fed male and female mice (Figure 1E; Supplementary Figure 1A), HFHSD-induced 

diabetic male mice had significantly increased 5-HT levels in the colon compared to ND-fed 

male mice (Figure 1F). To determine whether this increase reflected an increased number 

of 5-HT-secreting EC cells, we measured the density of these cells by using the tamoxifen

inducible Tph1-tdTom mice that we previously generated.56 Upon tamoxifen injection, EC 

cells in the small intestine and colon expressed tdTom robustly (Supplementary Figure 1B). 

Similar to C57BL/6J male mice, Tph1-tdTom (C57BL/6 background strain) male mice fed a 

HFHSD for four months had significantly increased body weight and developed diabetes as 

defined by impaired glucose tolerance and reduced insulin sensitivity compared to ND-fed 

male mice. Tph1-tdTom female mice fed a HFHSD for four months gained weight modestly 

and did not become diabetic (data not shown). Tph1-tdTom male, but not female, mice with 

HFHSD-induced diabetes had increased Tph1+ cell density in the colon (Figure 1G and H). 

These data suggest that the elevated levels of colonic 5-HT result from an increased density 

of Tph1+ cells in the HFHSD-induced diabetic male mice.

Ex Vivo and In Vivo Colonic Motility Are Impaired in Diabetic Male Mice

In order to investigate the effects of a HFHSD on GI motility, we measured GI motility in 

both ex vivo preparations as well as in in vivo models (Figure 2). In ex vivo preparations 

of isolated colon, we analyzed colonic migrating motor complexes (CMMCs), which are 

rhythmic propagating contractions thought to underlie peristalsis in the colon of many 

mammals.21,22 In HFHSD-induced diabetic male mice, the mean contractile frequency was 

reduced in the distal colon (Figure 2A and B). Moreover, the percentage of CMMCs that 

propagated to more distal colonic segments was lower in HFHSD-induced diabetic male 

mice than in ND-fed male mice (Figure 2C). However, the contraction amplitude in the 

proximal colon of HFHSD-fed male mice was higher than that of ND-fed male mice 

(Figure 2D). The use of CMMCs, which are neurogenic in nature, to examine the effects 

of manipulations to cells other than neuronal cells may have limitations, as many of the 

spatiotemporal features of CMMCs are largely dictated by the ENS. To overcome these 
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limitations and study GI motility without GI damage, we examined motility in vivo by 

measuring total GI transit and colonic transit times in mice fed a ND or HFHSD. We 

observed that HFHSD-induced diabetic male mice had significantly delayed total GI and 

colonic transit times compared to ND-fed male mice (Figure 2E and F). In contrast, we 

did not observe significant differences in GI motility between ND- and HFHSD-fed female 

mice in either ex vivo preparations (Supplementary Figure 2A–D) or in vivo models (Figure 

2E and F). Taken together, these studies suggest that HFHSD-induced diabetic male mice 

exhibit impaired GI motility.

Depletion of EC Cell-Derived 5-HT Alters GI Motility in Healthy Mice, but not in Diabetic 
Mice

To examine whether mucosal 5-HT plays a critical role in GI motility, we used tamoxifen

inducible Tph1-DTA mice.56 Following tamoxifen injection, Tph1+ EC cells robustly 

expressed diphtheria toxin A (DTA), leading to death of EC cells by apoptosis.56 We found 

a significant reduction in serum 5-HT levels in Tph1-DTA mice fed a ND and a HFHSD on 

day 3 and 10 following five consecutive days of tamoxifen injections. Serum samples taken 

15 and 20 days after the last tamoxifen injection showed gradual recovery of 5-HT levels 

(Figure 3A and B; Supplementary Figure 3A). Similar to the reduction in serum 5-HT levels, 

tamoxifen injected Tph1-DTA mice displayed decreased colonic 5-HT levels 3 days after 

the last tamoxifen injection (Supplementary Figure 3B). We also confirmed that there was 

a significant reduction of Tph1+ cell density in tamoxifen injected Tph1-tdTom-DTA mice 

3 days after the last tamoxifen injection compared to tamoxifen injected Tph1-tdTom mice 

(Figure 3C and D).

Next, we measured GI motility in vivo in Tph1-DTA mice fed a ND or a HFHSD. Total GI 

transit was measured 3 days after the last tamoxifen or oil injection, and colonic transit was 

measured 10 days after the last tamoxifen or oil injection (Figure 3E). Tamoxifen injected 

Tph1-DTA male and female mice fed a ND showed a significant delay of total GI transit 

and colonic transit times compared to Tph1-DTA mice that were fed a ND and injected with 

oil (Figure 3F and G). Interestingly, Tph1-DTA male mice fed a HFHSD and injected with 

tamoxifen showed no significant alterations in GI motility compared to Tph1-DTA male 

mice fed a HFHSD and injected with oil. In contrast, Tph1-DTA females fed a HFHSD 

and injected with tamoxifen had decreased motility in comparison to Tph1-DTA females 

fed a HFHSD and injected with oil (Figure 3H and I). These observations demonstrate that 

reduction in mucosal 5-HT decreased GI motility in non-diabetic mice, but this procedure 

did not further decrease motility in diabetic mice, which already exhibit impaired motility 

compared to normal mice. Instead, these studies, together with the elevated levels of 5-HT 

observed in diabetic male mice described above, suggest that GI motility in diabetic male 

mice may be reduced by an alternative serotonergic signaling mechanism.

Protein Expression of HTR2B is Significantly Decreased in Diabetic Mice

Our findings that the levels of 5-HT are elevated, yet GI motility is reduced, in male diabetic 

mice suggest that alterations of 5-HT levels per se do not affect motility in these mice. 

These results may indicate that 5-HT levels fail to regulate motility in any model or context. 

However, our finding that depletion of EC cells and the concomitant reduction of 5-HT 
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levels lead to decreased motility in ND-fed mice argues against this idea. Alternatively, 

diabetic mice may fail to exhibit enhanced GI motility in the face of elevated 5-HT levels 

because their responsivity to 5-HT is impaired. In order to address this issue, we examined 

5-HT receptors expressed in the colon of mice. ICCs, smooth muscle cells (SMCs), and 

enteric neurons play a central role in the regulation of intestinal motility.16,17 We previously 

reported a GI smooth muscle transcriptome browser to provide transcript expression profiles 

of SMCs, ICCs, and PDGFRα cells in the jejunum and colon.23 The transcriptome browser 

data showed high levels of Htr2b and Htr3a gene expression in colonic muscles (Figure 4A). 

Within colonic ICCs, Htr2b was the most highly expressed 5-HT receptor (Figure 4B). On 

the other hand, it was verified through the transcriptome browser that the gene expression of 

Htr2b was very low in colonic mucosa (Supplementary Figure 4A).

To compare the Htr2b gene expression levels between ICCs and other cells in the ENS, 

we sorted fluorescent cells from the colon of KitCreERT2/+;Rosa26tdTom/+ (Kit-tdTom) mice, 

which drives expression of tdTom in ICCs, and Sox10Cre/+;Rosa26tdTom/+ (Sox10-tdTom) 

mice, which drives expression of tdTom in enteric neurons and glia. These mouse lines have 

been widely used for the study of ICCs and enteric neurons and glia within the ENS.20,24,25 

We then examined Htr2b gene expression in each of these sorted cells by RT-qPCR. Frist, 

we confirmed that the expression of the Kit gene was low in cells in the ENS and that Sox10 
expression was low in the Kit+ sorted cells (Supplementary Figure 4B and C). Second, we 

found that expression of the Htr2b gene was much higher in Kit+ cells than in neuronal 

and glial cells of the ENS (Figure 4C). These data demonstrate that the Htr2b gene is 

significantly more expressed in ICCs than enteric neurons and glia.

Because of the role of ICCs in motility, and the robust and selective expression of Htr2b 
expression within these cells, we decided to examine the expression levels of this receptor in 

diabetic mice as a potential mediator of impaired 5-HT responsivity. We measured HTR2B 

protein levels in ND- and HFHSD-fed male (Figure 4D and E) and female mice (Figure 4F 

and G). Protein assays showed that HTR2B levels were significantly decreased in colonic 

muscles, in which ICCs reside, of diabetic male mice (Figure 4E). HTR2B levels were also 

decreased in female mice, but the reduction was not statistically significant (Figure 4G). 

These results suggest that the reduction of HTR2B expression, presumably within ICCs, 

may underlie the failure of elevated 5-HT levels to maintain normal motility in diabetic male 

mice.

The Frequency of Ca2+ Transients in ICCs of Diabetic Mice is Reduced and Can Be 
Increased by Activation of HTR2B Signaling

To directly measure the functional activity of ICCs in the GI tract, we generated a Kit
GCaMP6 mouse (Figure 5A–D; Supplementary Figure 5A). GCaMP6f is a genetically 

encoded Ca2+ sensor used to image Ca2+ dynamics.26 In order to measure the activity of 

ICCs in diabetic mice, Kit-GcaMP6 male mice were fed a HFHSD for four months. These 

mice had increased body weight, glucose intolerance, and insulin resistance compared to 

ND-fed Kit-GCaMP6 male mice (Supplementary Figure 5B–D). ND-fed mice displayed 

a Ca2+ transient frequency of 0.71 ± 0.03 /sec, whereas the Ca2+ transient frequency 

was significantly reduced to 0.46 ± 0.04 /sec in diabetic Kit-GcaMP6 mice (Figure 5E; 
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Supplementary Video 1 and 2). Moreover, we found that pharmacological modulation 

of HTR2B receptor activity affects the frequency of Ca2+ transients in ICCs: in ND-fed 

Kit-GCaMP6 male mice, the HTR2B antagonist (LY266097) decreased the Ca2+ transient 

frequency (Figure 5F; Supplementary Video 3), whereas in HFHSD-fed Kit-GCaMP6 male 

mice, the HTR2B agonist (BW723C86) increased the Ca2+ transient frequency (Figure 5G; 

Supplementary Video 4). Taken together, the data in Figures 4 and 5 show that the reduction 

of HTR2B expression in HFHSD-induced diabetic mice is accompanied by a decrease 

of Ca2+ signaling in colonic ICCs. This impairment of ICC activity can be improved by 

treatment with an HTR2B agonist.

The HTR2B Antagonist Impairs CMMCs and Colonic Motility in ND-Fed Mice and the 
HTR2B Agonist Improves CMMCs and Colonic Motility in HFHSD-Induced Diabetic Mice

To determine whether the acute perturbation of HTR2B signaling in ND-fed male mice 

affects motility, CMMCs in the intact colon from these mice were assessed before and 

after bath application of LY266097 (Figure 6A–D). LY266097 treatment decreased CMMC 

frequencies in all regions of the colon of ND-fed male mice (Figure 6B). LY266097 

treatment selectively reduced the amplitude of CMMCs in the proximal colon (Figure 6D) 

and exerted no change in CMMC propagation (Figure 6C). In contrast, bath application of 

BW723C86 failed to affect the frequency, propagation and amplitude of CMMCs in ND-fed 

mice (Supplementary Figure 6A–D).

Next, to investigate whether the manipulation of HTR2B signaling in HFHSD-fed male 

mice, which exhibit elevated 5-HT levels and reduced HTR2B expression, CMMCs in the 

intact colon from these mice were assessed before and after bath application of BW723C86 

(Figure 6F–I). This compound increased CMMC frequencies in the middle and distal 

colon (Figure 6G) and increased CMMC propagation (Figure 6H). We also noted a 14% 

decrease in amplitude of CMMCs in the proximal colon (Figure 6I). Conversely, LY266097 

treatment of colonic tissue from HFHSD-induced diabetic male mice led to decreased 

CMMC frequencies in all regions of the colon and a 20.7% decrease in the proximal colonic 

CMMC amplitude (Supplementary Figure 6E–H).

To determine how LY266097 and BW723C86 treatment affects colonic motility in vivo 
in ND-fed and HFHSD-fed mice, we delivered LY266097 or BW723C86 to each group 

of mice through IP injection. Following one injection of LY266097, ND-fed mice, but 

not HFHSD-fed mice, had significantly increased colonic transit time (Figure 6E and J). 

Conversely, after just one injection of BW723C86 HFHSD-fed mice, but not ND-fed mice, 

had significantly decreased colonic transit time (Figure 6E and J). To examine the possible 

undesirable effects of BW723C86, such as impaired appetite or enhanced defecation, we 

performed daily injections of the HTR2B agonist for one week in diabetic mice. There were 

no differences in daily food intake and fecal pellet frequency in HFHSD-fed male mice 

receiving one week of HTR2B agonist or vehicle (saline) IP injections (Figure 6K and L). 

However, in vivo colonic transit time was significantly decreased in diabetic mice injected 

with the HTR2B agonist for one week (Figure 6M), similar to results after one injection. 

These results suggest that impaired colonic transit in HFHSD-induced diabetic mice can be 

improved by activating HTR2B signaling.
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Ovariectomized and HFHSD-Induced Diabetic Female Mice Develop Constipation, which is 
Restored by HTR2B Agonist Treatment

As previously observed, a HFHSD did not induce diabetes in female mice (Figure 1B–D). 

Female sex hormones protect against the development of diabetes in high-fat diet fed female 

mice.27,28,29 Therefore, we ovariectomized (OVX) 6 week-old female mice to rule out the 

possible protective effect of female sex hormones and to attempt to induce diabetes in these 

mice. Following OVX or sham surgery, female mice were fed a HFHSD for 4 months 

prior to measuring serum estrogen levels and performing glucose and insulin tolerance 

tests, HTR2B protein assays, and in vivo colonic transit tests (Figure 7A). Estrogen levels 

were significantly reduced in OVX female mice compared to control (sham surgery) female 

mice (Figure 7B). After feeding mice a HFHSD for 16 weeks following OVX or sham 

surgery, the body weight of OVX mice (37.9 ± 0.6 g) was significantly heavier than 

sham mice (30.2 ± 1.4 g) (Figure 7C). Moreover, OVX mice exhibited glucose intolerance 

and insulin resistance compared to sham mice, confirming OVX females were diabetic 

(Figure 7D and E). Of note, OVX mice with diabetes also had delayed colonic transit 

when compared to sham mice (Figure 7F). Additionally, OVX mice with diabetes displayed 

significantly decreased HTR2B protein expression in colonic muscles in comparison to 

sham mice (Figure 7G and H). The delayed colonic transit time and decreased HTR2B 

expression in colonic muscles are similar to the phenotypes we observed in HFHSD-induced 

diabetic male mice (Figure 2 and Figure 4). Following a single injection with the HTR2B 

agonist BW723C86, diabetic OVX mice displayed significantly improved colonic transit 

time (Figure 7I). These results suggest that without the protective effects of estrogen, female 

mice develop diabetes similar to male mice fed a HFHSD, and that treatment with an 

HTR2B agonist may improve colonic motility in postmenopausal females with constipation 

caused by diabetes.

Discussion

In this study, we showed that colonic motility was reduced in both male and female diabetic 

mice through the reduction of serotonergic HTR2B signaling. Moreover, colonic motility 

was impaired by the HTR2B antagonist LY266097 in healthy male mice and improved by 

the HTR2B agonist BW723C86 in diabetic male mice as well as diabetic ovariectomized 

female mice. These data therefore suggest that HTR2B may represent a therapeutic target for 

improving constipation seen in many diabetic patients.

Multiple cross-sectional studies observing patients with T2DM have documented the notable 

prevalence of GI dysmotility.30,31 The prevalence of constipation among patients with 

non-insulin dependent diabetes is reported between 15 to 30%, and is observed more 

frequently in patients with poor glycemic control and in those who were diagnosed more 

than 10 years ago.31 Despite the high prevalence, few options exist in a physician’s 

repertoire to treat constipation in patients with diabetes.3,32 Some treatments that do exist 

leverage serotonergic signaling, as serotonergic mechanisms have been shown to play an 

important role in regulating GI motility.10,33 Current pharmaceuticals developed to treat 

functional bowel disorders target subfamily receptors 5-HT1, 5-HT3, and 5-HT4; however, 

treatment options are limited and many patients fail to respond to the available agents.34 
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The physiological complexities of constipation coupled with the limited treatment options 

necessitate further elucidation of the physiological underpinnings of and potential treatment 

targets for constipation seen in patients with diabetes.

Despite the fact that most 5-HT in the body is produced by EC cells, the role of EC 

cell-derived 5-HT on GI motility is still unclear and being investigated. Contrasting results 

have been reported; some studies showing that 5-HT is not necessary for peristalsis8,9 and 

other studies indicating that EC cell-derived 5-HT plays a critical role.7,10 Moreover, even 

in experiments using the same congenital Tph1−/− mouse model, different groups have come 

to different conclusions with regard to the role of EC cell-derived 5-HT on GI motility.35,10 

In our attempt to clarify the relationship between EC cell-derived 5-HT and GI motility 

using the inducible EC cell depleted Tph1-DTA mice that we generated previously,56 we 

found that ND-fed male and female mice developed delayed total GI transit and colonic 

transit when EC cells were conditionally depleted. This result is consistent with the view 

that EC cell-derived 5-HT is required for normal GI motility, although we cannot rule out 

the possibility that other EC cell-derived factors may contribute to the control of peristalsis. 

Interestingly, HFHSD-fed male mice did not exhibit a further delay in total GI transit and 

colonic transit time when EC cells were conditionally depleted (Figure 3). This observation 

led us to hypothesize that the cause of GI dysmotility in HFHSD-induced diabetic mice is 

dysregulation in serotonergic signaling pathways, the identification of which could provide a 

therapeutic approach to treat constipation in diabetic patients.

To identify the serotonergic signaling changes that affect colonic motility in diabetes, we 

focused on the 5-HT receptor protein expression in colonic muscles. From transcriptome 

data obtained from primary jejunal and colonic ICCs, we identified Htr2b as the most highly 

expressed serotonin receptor in ICCs.23 HTR2B signaling is important for ICC survival and 

proliferation.18,19 We found that the HTR2B protein was reduced significantly in the colonic 

muscles of HFHSD-induced diabetic male mice and diabetic ovariectomized female mice. 

Speculation as to the cause of this change in phenotype can be made based on previous 

studies: 1) increased colonic 5-HT in HFHSD-fed male mice might be attributable to 

intestinal inflammation commonly reported in mice fed a high-fat diet.36 In addition, males 

are more susceptible to intestinal inflammation than females under some conditions.37,38 

Moreover, EC cell-derived 5-HT can affect the onset of intestinal inflammation39 and the 

number of EC cells increases in intestinal inflammation.40 Therefore, the high-fat diet, 

intestinal inflammation, and EC cell-derived 5-HT appear interconnected, an idea supported 

by the observation of increased gut 5-HT levels in mice fed a high-fat diet.41 Elevated 

5-HT levels can lead to changes in the expression of 5-HT receptors;42,43 thus, decreased 

HTR2B in diabetic mice may be a phenotype linked to the increase in 5-HT; 2) microRNA 

(miRNA)-27a (miR-27a) may play a role in the reduction of HTR2B in ICCs of the 

colonic muscles in diabetic mice. We have published a comparison of miRNA expression 

in ICCs from diabetic and healthy mice using miRNA-sequencing. Based on these data, 

miR-27a expression is reduced in the ICCs of diabetic mice.20 Moreover, previous studies 

have shown that miR-27a directly targets runt related transcription factor 1 (RUNX1),44,45 

which represses Htr2b gene transcription in uveal melanoma cells.46,47 The exact pathways 

regulating Htr2b gene expression in ICCs have yet to be unraveled and the mechanism of 
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Htr2b gene regulation by miRNAs needs to be further studied. This signaling could explain 

the reduction of the number of colonic ICCs in diabetic mice.48,20

We demonstrated that pharmacological activation of HTR2B significantly increased the 

frequency of Ca2+ transients in ICCs from HFHSD-fed mice. On the other hand, 

pharmacological inactivation of HTR2B significantly impaired the generation of Ca2+ 

transients in ICCs from ND-fed mice. HTR2B is a Gαq/11-coupled serotonin receptor, 

and the activation of HTR2B through the binding of 5-HT initiates the generation of 

inositol triphosphate and release of Ca2+ from intracellular stores.49,50 Thus, effects due 

to modulation of HTR2B on Ca2+ transients in colonic ICCs may occur through the inositol 

triphosphate regulation of Ca2+ release. It might be suggested that changes in Ca2+ transients 

in ICC activity mediated by HTR2B signaling could be due to effects in enteric neurons 

and/or SMCs. However, we showed that Htr2b mRNA is dominantly expressed in ICCs 

rather than in cells in the ENS using Kit-tdTom and Sox10-tdTom mice (Figure 4). This 

does not mean that HTR2B is not expressed in cells other than ICCs, and it remains 

possible that the effects on Ca2+ transients in ICCs, modulated by HTR2B, could result 

from the activation of responses in additional cell types. Further studies are needed to 

determine whether HTR2B signaling affects cells other than ICCs in colonic muscles. Data 

from the current study suggest that HTR2B signaling regulates Ca2+ transients in ICCs, 

an important process initiating the generation and active propagation of slow waves and 

regulating smooth muscle contraction.14,51 Thus, the reduction of HTR2B expression in 

HFHSD-induced diabetic mice potentially interferes with the regulatory processes by which 

EC cell-derived 5-HT impacts GI motility. However, despite the reduction in its levels, the 

pharmacological activation of HTR2B with a specific agonist improves motility in diabetic 

mice both ex vivo and in vivo, suggesting that even these lower levels of HTR2B can still be 

stimulated.

Although EC cell-derived 5-HT and HTR2B on ICCs have independently been shown to be 

important regulators of colonic motility, the direct interplay between these two is unclear. 

Since 5-HT is produced in TPH1-expressing EC cells,5 TPH2-expressing enteric neurons,52 

mast cells,53 and stored and carried in platelets,54 the precise functional regulation of ICCs 

via EC cell-derived 5-HT remains unclear. A previous study revealed that TPH2-expressing 

enteric neurons maintain close proximity with a subset of ICCs in the colon;55 however, 

whether all ICCs are subject to modulation by TPH2-expressing enteric neurons is elusive.

In summary, this study describes a new role for serotonergic signaling in the regulation of 

colonic motility in diabetes. Loss or inhibition of HTR2B signaling, which is observed in 

diabetic mice, decreases colonic motility, while activation of the receptor restores colonic 

motility in diabetic mice. Restoration of HTR2B function may provide therapeutic benefits 

that can improve constipation in diabetic patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BACKGROUND AND CONTEXT

Constipation is overrepresented in patients with diabetes. Currently available medicine 

for constipation is often not effective for diabetic patients. Identification of new 

therapeutic options based on the disease pathogenesis is essential.

NEW FINDINGS

Expression of the 5-HT2B receptor (HTR2B) was significantly decreased in colonic 

muscles in diabetic mice with constipation. Activation of HTR2B signaling via the 

HTR2B agonist increased the frequency of Ca2+ transients in ICCs, which improved 

colonic migrating motor complexes (CMMCs) and colonic motility in diabetic mice with 

constipation.

LIMITATIONS

We demonstrated the role of 5-HT-HTR2B signaling in the colonic ICCs of mice. Human 

studies are warranted to elucidate the translational potential of this study.

IMPACT

The HTR2B agonist may be beneficial in the treatment of constipation manifested with 

diabetes.
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Figure 1. 
Colonic 5-HT is increased in male mice with diabetes. (A) Body weight and (B) fasting 

blood glucose levels of male and female C57BL/6J mice fed a ND or HFHSD measured for 

four months (n = 6 to 13 mice). (C) Glucose tolerance tests and (D) insulin tolerance tests 

of male and female C57BL/6J mice fed a ND or HFHSD (n = 7 to 10 mice). (E) Serum 

5-HT (n = 8 to 11 mice) and (F) colonic tissue 5-HT levels (n = 3 to 6 mice) of male and 

female C57BL/6J mice fed a ND or HFHSD. (G) Representative colonic tissue histology 

from tamoxifen injected Tph1-tdTom mice (scale bars = 300 μm). (H) Colonic Tph1+ cell 
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density of male and female Tph1-tdTom mice fed a ND or HFHSD (n = 3 to 5 mice). (A, 

B, C, D) 3-way ANOVA, Tukey’s multiple comparisons test, and (E, F, H) 2-way ANOVA, 

Sidak’s multiple comparisons test were used. *P < 0.05, **P < 0.01, ***P < 0.001 vs ND 

male mice; #P < 0.05, ###P <0.001 vs ND female mice.
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Figure 2. 
Ex vivo and in vivo colonic motility are impaired in diabetic mice. (A) Representative 

CMMCs and (B) colonic motor complex (CMC) frequencies in each colonic region (P- 

proximal, M- mid, D- distal), (C) percent propagation and (D) comparison of the relative 

amplitudes in each colonic region between ND- and HFHSD-fed C57BL/6J male mice (n = 

11 to 15 mice). (E) Total GI transit time (n = 5 to 6 mice), (F) colonic transit time (n = 5 to 7 

mice) of male and female C57BL/6J mice fed a ND or HFHSD. (B, D, E, F) 2-way ANOVA, 

Sidak’s multiple comparisons test, and (C) Student’s unpaired t-test were used. *P < 0.05, 

**P < 0.01
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Figure 3. 
Depletion of EC cell-derived 5-HT decreases GI motility in healthy mice, but not in diabetic 

mice. (A, B) Serum 5-HT levels in oil injected (n = 3 to 4 mice) and tamoxifen injected 

Tph1-DTA mice fed a ND (n = 5 to 6 mice). (C) Representative colonic tdTom+ cells (red) 

in Tph1-tdTom-DTA mice fed a ND or a HFHSD (Scale bars = 300 μm). (D) Relative Tph1+ 

cell density comparison between ND-fed Tph1-tdTom and Tph1-tdTom-DTA male mice (n 

= 3 mice). (E) Experimental design of the tamoxifen or oil injections and GI functional tests 

in Tph1-DTA mice. (F) Total GI transit time and (G) colonic transit time of Tph1-DTA (oil 
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or tamoxifen injected) mice fed a ND (n = 5 mice). (H) Total GI transit time and (I) colonic 

transit time of Tph1-DTA (oil or tamoxifen injected) mice fed a HFHSD (n = 5 to 7 mice). 

(A, B) 1-way ANOVA, Dunnett’s multiple comparisons test, (D) Student’s unpaired t-test, 

and (F, G, H, I) 2-way ANOVA, Sidak’s multiple comparisons test were used. *P < 0.05, 

**P < 0.01, ***P < 0.001
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Figure 4. 
Protein expression of HTR2B is significantly decreased in diabetic mice. (A) mRNA 

expression levels of 5-HT receptor genes in the colonic muscles and (B) ICCs. (C) 

Comparison of Htr2b mRNA expression in sorted colonic cells from Sox10-tdTom and 

Kit-tdTom mice (n = 4 to 5 mice). (D) Comparison and (E) quantification of HTR2B 

protein in the colonic muscles in both ND- and HFHSD-fed male groups (n = 5 mice). (F) 

Comparison and (G) quantification of HTR2B protein in the colonic muscles in both ND- 

and HFHSD-fed female groups (n = 5 mice). (C, E, G) Student’s unpaired t-test was used. 

***P < 0.001
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Figure 5. 
Generation of the Kit-GCaMP6 mouse line to elucidate the activity of ICCs in diabetic mice. 

(A) Schematic genomic map of the Kit-GCaMP6 mouse line. (B) Long-range (LR) PCR 

performed with 5’ primers (5’gt-1/5’gt-1r: 5.6 kb) and 3’ primers (3’gt-1/3’gt-1r: 3.8 kb), 

indicated in c, in ES cells to identify targeted colonies. (C) Genotyping PCR performed with 

primers (Kit-1, WT-1r, and KI-1r: 368 bp and 268 bp) in the pups of Kit-GCaMP6 mice. 

(D) Kit-GCaMP6 wholemount immunohistochemistry within the circular (CM), myenteric 

(MP) layers of the colon and distribution of ICCs in cryostat cross sections in the colonic 

muscles (SM: submucosa, CM: circular muscle, MP: myenteric plexus and SS: subserosa) 
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from Kit-GCaMP6 mice (Scale bars = 50 μm). (E) Comparison of Ca2+ transient frequency 

between ND-fed and HFHSD-fed Kit-GCaMP6 mice, (F) Ca2+ transient frequency in ND

fed Kit-GCaMP6 mice before and after LY266097 (50 μM) treatment and (G) Ca2+ transient 

frequency in HFHSD-fed Kit-GCaMP6 mice before and after BW723C86 (20 μM) treatment 

(each dot represents a region of ICCs of interest, n= 3 to 4 male mice). (E) Student’s 

unpaired t-test, and (F, G) paired t-test were used. **P < 0.01, ***P < 0.001
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Figure 6. 
Treatment with the HTR2B antagonist impairs CMMCs and colonic motility in ND-fed 

mice, while treatment with the HTR2B agonist improves CMMCs and colonic motility 

in HFHSD-induced diabetic mice. (A) Representative CMMCs; LY266097 was added as 

indicated by the dotted line. (B) CMC frequencies in each region of the colon, (C) percent 

propagation and (D) relative amplitude in each colonic region before and after LY266097 

treatment in ND-fed C57BL/6J male mice (n = 5 mice). (E) Colonic transit time of ND-fed 

C57BL/6J male mice injected with LY266097 (5 μg/40 g body weight) or BW723C86 (1 
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μg/40 g body weight) (n = 5 to 6 mice). (F) Representative CMMCs; BW723C86 was added 

as indicated by the dotted line. (G) CMC frequencies in each region of the colon, (H) percent 

propagation (I) relative amplitude in each colonic region from the HFHSD-fed C57BL/6J 

male mice before and after BW723C86 treatment (n = 9 mice). (J) Colonic transit time from 

the HFHSD-fed C57BL/6J male mice injected with LY266097 (5 μg/40 g body weight) or 

BW723C86 (1 μg/40 g body weight) (n = 5 to 9 mice). (K) Comparison of relative food 

intake per day and (L) relative fecal frequency per day between the two groups during 

a 7-day period of injections with BW723C86 (0.5 μg/40 g body weight) or saline in the 

HFHSD-fed mice. (M) Comparison of in vivo colonic transit time 7 days after injection of 

BW723C86 (0.5 μg/40 g body weight) or saline. (B, C, D, E, G, H, I, J) paired t-test, and (K, 
L, M) Student’s unpaired t-test were used. *P < 0.05, **P < 0.01
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Figure 7. 
Ovariectomized and HFHSD-induced diabetic female mice develop constipation, which 

is restored by HTR2B agonist treatment. (A) Representative image of the sham or OVX 

experiments. (B) Comparison of serum estrogen levels between sham and OVX female mice 

fed a HFHSD (n = 8 mice). (C) Body weight (n = 5 mice), (D) glucose tolerance test (n 

= 6 mice) and (E) insulin tolerance test (n = 6 mice) in sham and OVX female mice fed 

a HFHSD. (F) Colonic transit time in sham and OVX female mice fed a HFHSD (n = 6 

mice). (G) Expression of the HTR2B protein in the colonic muscles between the sham and 

OVX female mice fed a HFHSD. (H) Quantification of HTR2B (n = 5 mice). (I) Colonic 

transit time of HFHSD-fed OVX mice injected with BW723C86 (1 μg/40 g body weight) (n 

= 3 mice). (B, F, H) Student’s unpaired t-test, (C, D, E) 2-way ANOVA, Sidak’s multiple 

comparisons test, and (I) paired t-test were used. *P < 0.05, **P < 0.01, ***P < 0.001
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