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ABSTRACT Rotavirus infection is highly prevalent in children, and the most severe effects
are diarrhea and vomiting. It is well accepted that the enteric nervous system (ENS) is acti-
vated and plays an important role, but knowledge of how rotavirus activates nerves within
ENS and to the vomiting center is lacking. Serotonin is released during rotavirus infection,
and antagonists to the serotonin receptor subtype 3 (5-HT3 receptor) can attenuate rotavi-
rus-induced diarrhea. In this study, we used a 5-HT3 receptor knockout (KO) mouse model
to investigate the role of this receptor in rotavirus-induced diarrhea, motility, electrolyte
secretion, inflammatory response, and vomiting reflex. The number of diarrhea days
(P=0.03) and the number of mice with diarrhea were lower in infected 5-HT3 receptor
KO than wild-type pups. In vivo investigation of fluorescein isothiocyanate (FITC)-dextran
transit time showed that intestinal motility was lower in the infected 5-HT3 receptor KO
compared to wild-type mice (P=0.0023). Ex vivo Ussing chamber measurements of poten-
tial difference across the intestinal epithelia showed no significant difference in electrolyte
secretion between the two groups. Immediate early gene cFos expression level showed
no difference in activation of the vomiting center in the brain. Cytokine analysis of the
intestine indicated a low effect of inflammatory response in rotavirus-infected mice lack-
ing the 5-HT3 receptor. Our findings indicate that the 5-HT3 receptor is involved in rotavi-
rus-induced diarrhea via its effect on intestinal motility and that the vagus nerve signaling
to the vomiting center occurs also in the absence of the 5-HT3 receptor.

IMPORTANCE The mechanisms underlying rotavirus-induced diarrhea and vomiting are
not yet fully understood. To better understand rotavirus pathophysiology, characterization
of nerve signaling within the ENS and through vagal efferent nerves to the brain, which
have been shown to be of great importance to the disease, is necessary. Serotonin (5-HT),
a mediator of both diarrhea and vomiting, has been shown to be released from entero-
chromaffin cells in response to rotavirus infection and the rotavirus enterotoxin NSP4.
Here, we investigated the role of the serotonin receptor 5-HT3, which is known to be
involved in the nerve signals that regulate gut motility, intestinal secretion, and signal
transduction through the vagus nerve to the brain. We show that the 5-HT3 receptor
is involved in rotavirus-induced diarrhea by promoting intestinal motility. The findings
shed light on new treatment possibilities for rotavirus diarrhea.

KEYWORDS 5-HT3 receptor, diarrhea, disease mechanisms, disease symptoms, motility,
rotavirus, serotonin, vomiting

Rotavirus infection causes severe diarrhea and vomiting and causes up to 200,000
child deaths each year that are caused by severe dehydration and organ failure

associated with the infection (1, 2). Although diarrhea and vomiting are natural defense
mechanisms, they sometimes end up doing more harm than favor in rotavirus-infected
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young children, who rapidly can become severely dehydrated because both vomiting and
diarrhea contribute to loss of water and electrolytes. Oral rehydration solution is commonly
used, but it could be unsuccessful on account of extensive vomiting and is often replaced
by intravenous therapy.

In mice, rotavirus has been shown to activate the enteric nervous system (ENS) (3) and to
infect enterochromaffin (EC) cells in the small intestine and stimulate them to secrete sero-
tonin (5-hydroxytryptamine, or 5-HT) (4). In the gut, 5-HT is synthesized by both EC cells and
neurons of the ENS, modulating a wide repertoire of physiological responses, including
inflammatory responses (5, 6), intrinsic peristaltic and secretory reflexes (7), and activation of
extrinsic sensory nerves that transmit information to the brain that leads to the sensation of
nausea and discomfort to the central nervous system (CNS) (4, 8). 5-HT predominantly acts
on 5-HT receptors, which are divided into seven subclasses (9), of which 5-HT3 and 5-HT4 are
the most relevant to functional gastrointestinal diseases (10). In particular, the 5-HT3 receptor
belongs to a family of ligand-gated ion channels that include nicotinic, glycine, and GABAA

receptors (11). It is structurally and functionally distinct from the other six classes of 5-HT
receptors, whose actions are mediated via G proteins (9).

There are five 5-HT3 receptor subunits (A to E), and all functional receptors require
at least one A subunit (9, 12). In the periphery, the 5-HT3 receptors regulate gut motil-
ity, secretion, and peristalsis through the ENS and also transfer signals from the gastro-
intestinal tract to the CNS (4, 8, 13). The vomiting mechanism has been thoroughly
studied through the effects of chemotherapy drugs (14). The studies indicate that EC
cells leak 5-HT, which activates 5-HT3 receptors on vagal afferent nerves in the intestine
and sends signals to the brain that induce the vomiting reflex (4, 12, 15). Additionally,
enteric glia cells (EGCs) within the ENS, which have been shown to regulate motility,
permeability, and inflammatory responses, also express 5-HT receptors (16–18). Most
recently, EGCs and 5-HT were shown to be involved in the regulation of the epithelial
barrier during rotavirus infection (19). Additionally, 5-HT3 receptor antagonists have
been used to treat diarrhea in irritable bowel disease (20–22) and to treat nausea and
vomiting caused by chemotherapy (12, 23, 24), radiation (24), and surgery (24). Yet the
5-HT receptor-related mechanisms involved in rotavirus-induced diarrhea and vomit-
ing are not fully understood yet.

In this study, we investigated the specific role of the 5-HT3 receptor in rotavirus dis-
ease since this receptor is involved in nerve signaling within the ENS, and antagonists
are effective to treat diarrhea and vomiting. By using a 5-HT3 receptor knockout (KO)
mouse model, we found that this receptor is involved in rotavirus-induced intestinal
motility but is not required for signaling to the vomiting center in the brain. This infor-
mation provides new insight into the complex mechanisms of the pathophysiology of
rotavirus infection and indicates that other targets than the 5-HT3 receptor may be
suitable for symptom treatment. More studies of receptor signaling in the complex
nerve system need to be performed to find good treatments for diarrhea, vomiting,
and other sickness symptoms mediated by nerves.

RESULTS
Rotavirus-induced diarrhea is partly regulated by 5-HT3 receptors. In the first

set of experiments, we investigated whether the absence of the 5-HT3 receptor provides
protection against diarrhea during rotavirus infection. Five- to 7-day-old mice were orally
infected as previously described (4, 25) with the epizootic diarrhea of infant mice (EDIM)
rotavirus, and diarrhea response was recorded twice a day starting at 24h postinfection
(hpi) and up to 120hpi. On the second day of infection, fewer 5-HT3 receptor KO mice than
wild-type mice had diarrhea (P=0.012; Fig. 1A). Moreover, the mean number of diarrhea
days was also lower (P=0.03) in the KO mice than in the wild-type mice (Fig. 1B), as was the
mean number of total diarrhea episodes (P=0.07) (Fig. 1C). These findings indicate that the
5-HT3 receptors are partly contributing to rotavirus-induced diarrhea.

Mice were genotyped for the 5-HT3A receptor according to Jackson Laboratory protocol
after diarrhea recording. Infection was confirmed by immunofluorescence localization of
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rotavirus-infected cells in the duodenum, jejunum, and ileum. No significant difference in
infected cell area could be observed between wild-type and KO mice (Fig. 2). Therefore, the
reduced level of diarrhea in KO mice is not explained by lower degree of infection.

Rotavirus-induced gut motility is dependent on the 5-HT3 receptor. Rotavirus
infection has previously been shown to increase gut motility in mice via activation of
the ENS (25). To determine the role of 5-HT3 receptors in gut motility, wild-type (n=7)
and 5-HT3 receptor KO infant mice (n=6) were infected and motility determined based
on the transit time of 4 kDa fluorescein isothiocyanate (FITC)-dextran along the gastro-
intestinal tract at 48 hpi as described previously (25). As reported before (25), rotavirus-
infected wild-type mice displayed greater motility than noninfected, but interestingly,
infected 5-HT3 receptor KO mice had less motility (P=0.0023) than infected wild-type
mice, although 5-HT3 receptor KO displayed high basal motility (Fig. 3). This indicates
that the 5-HT3 receptor contributes to gut motility during rotavirus infection.

Chloride secretion induced by rotavirus is not dependent on the 5-HT3

receptor. Rotavirus-induced diarrhea results from a combination of electrolyte-driven
water secretion, intestinal pathology, and increased motility. Next, we investigated whether

FIG 2 Immunofluorescence staining showing rotavirus infection in the small intestine of wild-type and 5-HT3 receptor KO mice. The images depict rotavirus
infection in the duodenum (A and D), jejunum (B and E), and ileum (C and F) of wild-type (A to C) and 5-HT3 receptor KO (D to F) pups at 16 hpi. The
intestine samples were stained with a primary antibody against viral protein 6 (an in-house guinea pig antibody) followed by goat anti-guinea-pig
Alexa594 (red, virus). Nuclear staining with DAPI (blue). (G) Rotavirus fluorescence quantification was performed on a surface area with minimum of seven
intestinal villi from each segment of wild-type and 5-HT3 receptor KO mice. The graph presents the percentage of rotavirus fluorescence correlated with
the total surface area. ns, no significance; n= 7 villi.

FIG 1 Severity of diarrhea in rotavirus-infected wild-type and 5-HT3 receptor KO mice. (A) Percentage of KO pups and wild-type pups with diarrhea on day
2 (*, P=0.012), which is the time point when the most severe diarrhea occurs in infant mice. (B) Number of mean diarrhea days in KO and wild-type mice
(*, P= 0.03). (C) The mean number of diarrhea episodes in wild-type and KO pups show that there were fewer diarrhea episodes in the KO pups (P= 0.07).
Wild-type mice, n= 18; KO mice, n= 27. Data are expressed as mean with SEM. (A) Fisher’s exact test; (B and C) Mann-Whitney test.
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the 5-HT3 receptor contributes to electrolyte secretion during infection. We used the Ussing
chamber as an ex vivomethod to determine electrolyte secretion (3, 19). As shown in Fig. 4,
jejunal segments obtained from infected mice (at 48 hpi), irrespective of whether they were
from wild-type (n=4) or 5-HT3 receptor KO mice (n=4), exhibited similar increased electro-
lyte secretion, as indicated by the potential difference (PD; measured in mV) across the intes-
tinal epithelium. As shown in the figure, noninfected mice had significantly less electrolyte
secretion than infected mice. This indicates that electrolyte secretion in the jejunal segments
of rotavirus-infected mice may not be dependent on the 5-HT3 receptor.

The 5-HT3 receptor modulates the IL-6 response to rotavirus infection. Since 5-
HT is involved in inflammation (5, 26), we investigated whether the inflammatory responses to
rotavirus infection were modulated by the 5-HT3 receptor by measuring the levels of pro- and
anti-inflammatory cytokines. Previous studies have shown that the inflammatory response to
rotavirus is low (27–29). We examined the cytokine responses between noninfected and
infected, 5-HT3 receptor KO, and wild-type mice at 16 hpi. The levels of the proinflammatory
cytokines tumor necrosis factor alpha (TNF-a), interleukin 1 beta (IL-1b), and IL-6 and the anti-
inflammatory cytokines IL-4 and IL-10 were measured in the duodenum, jejunum, and ileum
using enzyme-linked immunosorbent assays (ELISAs). The TNF-a values were not detectable
(data not shown). Only the IL-6 levels were found to differ in ileum between rotavirus-infected
KO and wild-type mice (P=0.0006) (Fig. 5A to C), but the noninfected KOmice also had higher

FIG 3 Rotavirus-induced intestinal motility in wild-type and 5-HT3 receptor KO mice. The percentage
transit of a 4-kDa FITC-dextran probe through the intestinal tract (from the pylorus to the rectum)
(left) was visualized by a UV spectrophotometer as a fluorescence-dependent white color (right). The
infected wild-type mice showed higher percentage of transit than infected 5-HT3 receptor KO mice.
This indicate that increased motility due to rotavirus infection is partly dependent of the presence of
the 5-HT3 receptor. Data are expressed as median with interquartile range. **, P= 0.0023; Mann-
Whitney test.

FIG 4 Role of the 5-HT3 receptor in intestinal secretion induced by rotavirus infection. Potential
difference (PD) was measured in jejunal segments (4 mice per group) from wild-type and 5-HT3
receptor KO pups at 48 hpi. PD was measured every 30min over 2 h in Ussing chambers. There was
no significant difference between infected wild-type and 5-HT3 receptor KO mice. This suggests that
the 5-HT3 receptor does not play a major role in rotavirus-induced electrolyte secretion. mV, millivolt.
Data are expressed as mean with SEM. Two-way ANOVA test.

Hagbom et al. Journal of Virology

August 2021 Volume 95 Issue 15 e00751-21 jvi.asm.org 4

https://jvi.asm.org


FIG 5 Role of the 5-HT3 receptor in modulating the immune response during rotavirus infection. The levels of pro- and anti-inflammatory
cytokines were measured in segments of the small intestine. No difference was detected in the anti-inflammatory response of IL-4 (A) and IL-
10 (B) nor the proinflammatory cytokines IL-1b (C) or TNF-a (below the detection limits). The levels of IL-6 (D), which can act as both a pro-
and anti-inflammatory cytokine, were higher in the infected and noninfected 5-HT3 receptor KO mice, but infected KO mice had higher IL-6
levels than the infected wild-type pups (P= 0.0006). This difference was also observed between noninfected 5-HT3 receptor KO mice and
wild-type mice. This indicates that the 5HT3 receptor may not be of importance for inflammatory response during rotavirus infection. n= 5 to
8 mice per group. Data are expressed as mean with SD. One-way ANOVA.
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IL-6 levels than the noninfected wild-type mice. There was no significant difference in IL-6 lev-
els between noninfected and infected KOmice (P=0.0649).

Rotavirus infection activates the vomiting center of the brain independent of
the 5-HT3 receptor. A major symptom of rotavirus infection is vomiting, and we have
previously shown that rotavirus infection activates the nucleus of the solitary tract
(NTS) and area postrema (AP), which are parts of the vomiting center in the brain (4).
Since the vomiting reflex is attenuated by 5-HT3 receptor antagonists (12, 30), we
wanted to investigate whether rotavirus signaling to the vomiting center was depend-
ent on the 5-HT3 receptor. Nerve activation in the NTS and AP was investigated in rota-
virus-infected and noninfected wild-type as well as 5-HT3 receptor KO mice pups at 16
hpi. Activation was assessed by immunofluorescence staining of brain sections with
anti-cFos antibody that targets activated neurons (4, 31). Rotavirus infection led to
nerve activation in the NTS (Fig. 6), but absence of the 5-HT3 receptor did not abolish
or diminish this activation (Fig. 6D). These findings indicate that this particular ascend-
ing vagal signaling is not dependent on the 5-HT3 receptor.

DISCUSSION

5-HT has been shown to play a role in the pathophysiological mechanisms of rotavi-
rus infection (4, 19, 32–34). It has also been shown that rotavirus infection activates the
ENS (3, 32) and increases intestinal motility in pups with rotavirus diarrhea (25). In the
present study, we used a 5-HT3 receptor KO mouse model to specifically investigate
the role of the 5-HT3 receptor in rotavirus-induced diarrhea, motility, inflammatory
response, and the vomiting reflex via signaling to the brain.

We found that fewer KO than wild-type mice had diarrhea on the second day of
infection, which previously has been reported to be the time point at which the most
severe diarrhea occurs in infant mice (25). Additionally, the KO mice spent fewer days
with diarrhea and had a lower number of diarrhea episodes during the entire observation
period. Next, we investigated whether the severity of diarrhea was associated with intestinal
motility, which we found to be reduced in infected mice lacking the 5-HT3 receptor com-
pared to infected wild-type mice. We used our well-established FITC-dextran model (25) to
study intestinal transit time through the gastrointestinal tract. Wild-type mice pups at 48
hpi, the time point of most severe diarrhea, had increased intestinal motility, as had previ-
ously been reported (25). We observed that the 5-HT3 receptor KO mice model has a higher
basal intestinal motility which is decreased during rotavirus infection. An explanation of this
phenomenon cannot currently be concluded. Nevertheless, infected KO had significantly

FIG 6 Role of the 5-HT3 receptor in rotavirus-induced cFos expression in the nucleus of the solitary tract of wild-type and 5HT3R receptor KO mice.
Representative wide-field low-power fluorescence micrographs of coronal mouse brain sections from 5- to 7-day-old noninfected (A and C) and infected (B
and D) wild-type (A and B) and 5HT3 receptor KO (C and D) pups. The sections were stained for the immediate early gene cFos (green) and 49,6-diamidino-
2-phenylindole (DAPI; blue). The inserts (B, C, and D) present magnified views of the marked regions. cFos immunoreactive cell nuclei (arrows) can be
observed in the nucleus of the solitary tract (NTS) of the infected mice (B and D) but not the noninfected mice (A and C). The micrograph indicates that
there was no difference in cFos expression in the vomiting center of the brains of infected wild-type and 5-HT3 receptor KO-infected mice. This means that
the receptor was not involved in the neural vomiting reflex mechanism. The number of animals (n) with cFos activity in the NTS is denoted in the bottom
left corner. AP, area postrema; cc, central canal; NTS, nucleus of the solitary tract. Scale bar in panel D, 100mm for panels A to D.
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less (P=0.0023) motility than wild-type infected mice. The observations that mice that lack
the 5-HT3 receptor had less diarrhea and reduced intestinal motility are consistent with pre-
vious reports that 5-HT3 receptor antagonists can attenuate rotavirus-induced diarrhea in
mice (32) and children (34), indicating that the 5-HT3 receptor contributes to rotavirus-
induced diarrhea by promoting intestinal motility.

Active chloride secretion occurs via neural reflexes within the ENS and can be initi-
ated by 5-HT through both 5-HT3 and 5-HT4 receptor binding on intrinsic nerves pro-
jecting into the submucosal plexus, where interneurons activate vasomotor neurons to
release acetylcholine and/or vasoactive intestinal peptide (VIP), both of which signal
via crypt epithelial cells to stimulate ion and water secretion (35). Rotavirus intestinal
secretion has been shown to be induced by enteric nerve signaling (3) and can be atte-
nuated by VIP and 5-HT3 receptor antagonists (32). The 5-HT3 receptor has also been
shown to be involved in secretory responses induced by cholera toxin (36), and administra-
tion of 5-HT to mice resulted in diarrhea within 30min (4). In our study, we measured PD
across the intestinal epithelium of infected wild-type and 5-HT3 receptor KO mice ex vivo in
order to determine if the 5-HT3 receptor is crucial for electrolyte secretion. We observed no
significant difference in PD across the intestinal epithelia between rotavirus-infected wild-
type and 5-HT3 receptor KO mice. In our model, these results indicate that rotavirus-induced
electrolyte secretion was not entirely dependent on the 5-HT3 receptor. However, we cannot
exclude the possibility that released 5-HT may bind with higher affinity to the 5-HT4 receptor
due to higher availability of unbound 5-HT.

It has previously been reported that infected 5-HT3 receptor KO mice exhibit
increased intestinal permeability during rotavirus infection compared to infected wild-
type mice (19). This implies the importance of the 5-HT3 receptor in the control of the
epithelial barrier. Accordingly, increased permeability has been shown in inflammatory
bowel dysfunction with 5-HT imbalance (26, 37) and in inflammatory bacterial gastroin-
testinal infections (38). Since 5-HT is involved in inflammation and an increase in per-
meability has been proposed to cause an inflammatory response (26), we investigated
whether lack of the 5-HT3 receptor and increase in permeability may lead to an
increase in inflammation by measuring the levels of pro- and anti-inflammatory cyto-
kines. We found no major difference in cytokine response, except in ileum where the
infected 5-HT3 receptor KO mice had higher IL-6 levels than infected wild-type mice
(Fig. 5D). However, the fact that also noninfected KO mice had higher levels than non-
infected wild type makes it difficult to draw any conclusions of its importance (Fig. 5D).
Moreover, as IL-6 can act as both pro- and anti-inflammatory cytokine (39), and since
other measured pro- and anti-inflammatory were unchanged, the 5HT3 receptor may
not be of importance for inflammatory response during rotavirus infection.

In accordance with our previous findings (4), oral rotavirus infection in pups resulted in an
increase in cFos in the NTS (Fig. 6), which is a brain area known to be part of the vomiting cen-
ter (40). The cFos data presented here confirm previous findings (4) and strengthen the model
wherein peripheral infections in the gut lead to altered brain activity. The data we present
here are suggestive of the existence of gut-brain cross-talk independent of the 5-HT3 receptor.

Contrary to conditional KO models, the present model lacks the 5-HT3 receptor in all
organs and tissues over the entire development. Yet no general phenotype alteration is
observed (www.jax.org/strain/005251). Thus, it is plausible that certain 5HT3 receptor-depend-
ent functions are preserved via other compensatory pathways. As 5-HT acts on multiple recep-
tors with a variety of downstream signaling pathways, many redundant receptor candidates
exist. Thus, similar to chemotherapy-induced emesis (41, 42), which has been well studied in
the house musk shrew and Cryptotis parva, in animal models with vomiting response (14, 43),
other substances apart from 5-HT may be involved in the vomiting response to rotavirus infec-
tion. Substance P and activation of neurokinin receptors have been shown to be part of the
vomiting response (41, 42, 44).

The results from this study may have clinical implications for the treatment of rotavirus
diarrhea and support the published human clinical data which show that 5-HT3 receptor
antagonists may be useful as a treatment strategy in children with rotavirus diarrhea (34).
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Since diarrhea and vomiting from rotavirus illness contribute to severe dehydration in vul-
nerable groups such as in children and the elderly, treatments preventing fluid loss may be
of great benefit. Currently, there is no treatment to reduce diarrhea in children. In adults,
loperamide, an opioid receptor agonist that decreases the activity of the myenteric plexus, is
widely used for traveler’s diarrhea, but the drug is not recommended for infants and small
children (45). In contrast, 5-HT3-receptor antagonists such as ondansetron can be used even
in infants and small children, as they have few and mild side effects. According to the U.S.
Food and Drug Administration (FDA), ondansetron is safe for use in children from the age of
1month (https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/020007s043lbl.pdf).
Apart from attenuating the vomiting response, this treatment also facilitates oral rehydration
therapy (30, 46), as well as viral spread through aerosols after vomiting. Although further
studies are needed to fully understand the signaling pathways involved in the vomiting
response during rotavirus infection, our observations strengthen the role of 5-HT in rotavirus
pathophysiology and indicate that 5-HT3 receptors contribute to rotavirus-induced intestinal
motility.

To summarize, our present understanding of rotavirus pathophysiology strongly indicates
the involvement of 5-HT and activation of the ENS as well as CNS to give rise to diarrhea and
vomiting (3, 4, 19, 25, 34). This study gives further important insight into the signaling path-
ways to disease symptoms and realizes that the 5-HT3 receptor may be a possible target for
treatment of rotavirus diarrhea.

MATERIALS ANDMETHODS
Animals. Homozygous wild-type C57BL6J mice and C57BL6J mice that were heterozygous and

homozygous for the 5-HT receptor-3A (5-HT3A) (B6.129X1-Htr3atm1Jul/J; Jackson Laboratories, CA, USA)
were used and housed in standard cages with free access to food and water. Mice that are homozygous
for the targeted mutation are viable, fertile, and normal in size and do not display any gross physical or
behavioral abnormalities. Mutant mice have impaired response to pain.

The mice were bred to generate litters with mixed genotypes, namely, homozygous wild-type mice
and mice that were heterozygous and homozygous for the 5-HT3 receptor. Only the homozygous wild-
type, here referred to as just “wild type,” and homozygous 5-HT3A KO mice were used in the outcome
analysis. Pregnant females were transferred to individual cages 1 week before the expected day of birth,
and offspring remained with their mother during the experimental period. The animal experiments were
approved by the animal ethics committee in Linköping, Sweden (approval nos. N141/15 and 55-15).

Rotavirus infection of mice. Mice were infected with the EDIM rotavirus strain. They were orally
administered 100 diarrhea doses (100 DD50) in 10ml of 0.9% NaCl via a pipette as previously described
(4, 25). Mock-infected control mice were administered 10ml of 0.9% NaCl. Litters comprised of heterozy-
gous, wild-type, and KO pups. During the diarrhea observation period, mice were marked with colored
markers so that each mouse could be followed individually.

Definition of diarrhea. Mice were examined twice a day for signs of diarrhea, which was defined as
liquid yellow stools induced by gentle abdominal palpation, as described previously (3, 32). Individual
mice were followed each day after inoculation, and the total number of days with diarrhea was
recorded. The daily percentage of mice with diarrhea was calculated by dividing the number of mice
with diarrhea by the total number of mice in the group.

Genotyping. Genotyping was performed on ear biopsy samples of a few millimeters taken at the
end of the experiment when the mice were sacrificed. Genomic DNA from ear biopsy samples was
extracted using Bimake direct PCR kit (Bimake, Stockholm, Sweden) as per the manufacturer’s guidelines.
Briefly, 100ml of buffer L and 2ml of Protease Plus were added into a 1.5-ml microcentrifuge containing
each ear biopsy sample and subsequently incubated at 55°C for 30 min, followed by protease inactiva-
tion at 95°C for 5 min. Genotyping was done using PCR, and the 20-ml PCR contained 1� M-PCR Opti
Mix (provided in the Bimak Direct PCR kit); 500 nM (each) oIMR3633, oIMR3634, and oIMR8162 primers;
and 1ml of the extracted mouse DNA. The PCR cycling conditions were provided by The Jackson
Laboratory, which is the supplier of the mice. The PCR amplicons were subsequently separated by elec-
trophoresis using 1.5% agarose gel to determine homozygous wild-type (based on detection of a single
400-bp amplicon) and heterozygous (detection of 400-bp and ;210-bp amplicons) and homozygous
(detection of a single;210-bp amplicon) mice for the 5-HT3 receptor.

Motility study. Infected and noninfected infant (5- to 7-day-old), wild-type, and 5-HT3 receptor KO
C57BL6 mice were orally administered 10ml of 4-kDa FITC-dextran probe at a dose of 0.25mg/pup (FD-
4; Sigma) at 48 h after infection. FITC-dextran was dissolved in Milli-Q water, and the solutions were
freshly prepared before each experiment. After 15min, the pups were sacrificed, and the entire intestine,
from the stomach to the rectum, was used for determination of transit time by UV light measurements
in a ChemiDoc XRS system (Bio-Rad, Sweden). The front of the accumulating FITC-dextran was defined
from the photo, and the software program Illustrator CS6 was used to measure the intestinal length and
migration of the FITC-dextran probe. The percentage of intestinal transit was calculated as a measure of
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how far the FITC-dextran probe had passed through the entire length of the intestine, from the pylorus
to the rectum (25).

Ussing chamber experiments. We employed Ussing chambers to investigate PD across the epithe-
lium in noninfected and rotavirus-infected wild-type and 5-HT3 receptor KO mouse pups. The small
intestine was dissected, directly placed in oxygenated Krebs buffer, and transported to the laboratory.
Segments of the villus epithelium from the jejunum were identified, dissected, and mounted in Ussing
chambers (Harvard Apparatus Inc., Holliston, MA, USA) as previously described (47, 48). Mucosal com-
partments were filled with 1.5ml of cold 10mM mannitol in Krebs buffer, and the serosal compartments
were filled with 1.5ml of 10mM glucose in Krebs buffer. The exposed surface area between the mucosal
and serosal sides was set at 4.9mm2. After the tissue was mounted, the chambers were kept at 37°C and
continuously oxygenated in a 95% O2/5% CO2 atmosphere via gas flow circulation. Before the experi-
ments were started, tissues were equilibrated for 30min in the chambers to achieve transepithelial PD
under steady-state conditions; at 10min and 20min, mannitol/glucose buffer (37°C) was replaced. Short-
circuit current (Isc), transepithelial resistance (TER), and PD were monitored throughout the experiments
to verify tissue viability. PD was analyzed as a measure of chloride secretion. For more details on the
Ussing chamber experiments, please refer to reference 48.

Immunofluorescence analysis of the small intestine. Rotavirus infection in mice was detected by
immunofluorescence staining of tissue segments from the duodenum, jejunum, and ileum. The biopsy
samples were embedded in paraffin, and 4-mM-thin sections were cut using a microtome, placed on
glass slides (SuperFrost Plus, catalog no. J1800AMNZ; Fisher Scientific), and dried at 60°C for a minimum
of 30min. Before staining, paraffin was removed from tissue slides by treatment with Aqua dePar (cata-
log no. ADP1002M; BiocareMedical, CA, USA) at 80°C for 10min. Antigen retrieval was performed in a
pressure cooker at 121°C with the Rodent Decloaker solution (catalog no. RD913M; BiocareMedical).
Slides were washed in running water and incubated in 1� Tris-buffered saline (TBS) for 10min.
Unspecific binding was blocked with Rodent Blocker (catalog no. RBM961; BiocareMedical) for 15min,
and an in-house polyclonal and guinea pig anti-VP6 primary antibody against rotavirus diluted 1:200 in
1� TBS were added and incubated for 2 h at room temperature (RT). After three washes with 1� TBS, tis-
sue was incubated with Alexa 594 goat anti-guinea pig secondary antibody (code 106-585-003; Jackson
ImmunoResearch) diluted to 1:200 in 1� TBS for 1 h at RT. Following three washes with 1� TBS, DAPI
(49,6-diamidino-2-phenylindole) nuclear staining was performed for 2min, and the slides were washed
four times and mounted with a cover glass using fluorescent mounting media (catalog no. P36980;
Invitrogen). Immunofluorescence was detected with a Leica DM6000 B fluorescence microscope, and
images were captured with a Leica camera DFC425 (Leica, Germany).

Immunofluorescence quantification. Representative photos of �20 magnification, including a mini-
mum of seven villi, were used for rotavirus fluorescence quantification by ImageJ. The percentage of rotavirus
fluorescence was correlated with the total area that was measured and values given as percentage.

Protein extraction. Tissue samples were weighed prior to tissue lysis. A protein extraction reagent
(T-PER tissue protein extraction reagent; Thermo Fischer Scientific, USA) was mixed with a protease in-
hibitor (Roche cOmplete EDTA-free tablets, catalog no. 11697498001; Roche, Switzerland). Following
this, 1ml of extraction buffer was added to each tissue sample and homogenized using Qiagen
TissueLyser II (Qiagen, Sweden). All samples were centrifuged at 10,000� g for 5min at 4°C. The super-
natant was collected and stored in a 220°C freezer until cytokine analysis by ELISA.

Enzyme-linked immunosorbent assay. Cytokines in homogenized small intestinal tissues from
infected and noninfected 5-HT3 receptor KO and wild-type mice were measured by commercial ELISA
(Biosite, Sweden). TNF-a, IL-1b , IL-6, IL-4, and IL-10 were measured in accordance with the manufac-
turer’s instructions (Biosite, Sweden). Optical density was measured at an absorbance of 450 nm (Gemini
XPS fluorescence microplate reader; Molecular Devices LLC, USA) (SoftMax Pro software; Molecular
Devices LLC, USA).

Immunofluorescence analysis of mouse brain sections. At 16 hpi, animals were sacrificed, and
brains were resected and fixed in 4% formaldehyde solution (Histolab, Sweden) for 24 h and transferred
into 15% sucrose solution for 1week. Brains were embedded in cryoprotectant and kept frozen at 280°C
until they were cryo-sectioned into 14-mm sections, mounted on SuperFrost Plus glass slides (Fisher
Scientific, Sweden), and dried at 60°C for a minimum of 2h. Slides were incubated in 1� TBS for 10min,
and unspecific binding was blocked with rodent blocker (BiocareMedical) for 15min. Next, the tissues were
incubated with primary rabbit anti-cFos antibody (Santa Cruz) diluted to 1/200 in 1� TBS and incubated for
2h at RT. After three washes with 1� TBS, the tissue was incubated with Alexa 594 goat anti-rabbit secondary
antibody diluted to 1:200 in 1� TBS for 1h at RT. Following three washes with 1� TBS, DAPI nuclear staining
was performed for 2min, and the slides were washed four times and mounted with a cover glass using fluores-
cent mounting medium (Invitrogen). Immunofluorescence was detected with a Zeiss Axio Observer.Z1 micro-
scope with a Plan-Neofluar 20�/0.4 Corr objective, and micrographs were acquired with a Zeiss AxioCam HRM
Rev.3 charge-coupled-device (CCD)/low-dispersion (LD) camera.

Statistical analysis. Statistical analysis was performed with GraphPad Prism 8.3.0 and SPSS v26. For
continuous variables, unpaired t test or ANOVA was used to analyze differences between two or more
groups, respectively, if the variables followed normal distribution, as determined by the Shapiro-Wilks
test. The experiment with PD was analyzed with two-way ANOVA. In cases of variables not normally dis-
tributed, the Mann-Whitney U test was used to analyze differences between two groups. The number of
mice that experienced diarrhea 48 h after infection was compared between the wild-type and KO groups
with the Fisher exact test with two-tailed significance. A P value of ,0.05 was considered statistically
significant.
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