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Abstract. Serotonin (5-hydroxytryptamine; 5-HT) may be a 
key player in gastrointestinal (GI) motility and the GI immune 
system. In the present study, the effect of gut microbiota on 
the association between GI motility, and 5-HT expression 
and macrophage abundance in the GI tract was examined. 
Germ-free (GF) mice (6 weeks old) were orally administered a 
fecal bacterial suspension prepared from specific pathogen‑free 
mice and their GI tissues were evaluated 4 weeks later. The 
expression of 5-HT and mannose receptor (MR) was exam-
ined by immunohistochemistry, and GI transit time (GITT) 
was measured by administration of carmine red solution. The 
numbers of 5-HT-positive endocrine cells and muscularis 
MR-positive macrophages were significantly increased in 
the upper GI and colon of GF mice subjected to fecal trans-
plantation (FT) compared with control GF mice without FT. 
GITT was significantly decreased in GF mice subjected to FT 
compared with GF mice without FT, and negatively correlated 
with the numbers of 5-HT-positive cells in the upper GI and 
muscularis MR-positive macrophages throughout the GI tract. 
The numbers of 5-HT-positive endocrine cells and muscu-
laris MR‑positive macrophages were significantly correlated 
throughout the GI tract. The present results suggest that the gut 
microbiota is involved in the association between accelerated 
GI motility and induction of the 5-HT/muscularis MR-positive 
macrophage axis in the GI tract.

Introduction

It is widely accepted that microbiota in the gut serves a pivotal 
role in host physiology by interacting with the immune and 
neuroendocrine systems in gastrointestinal (GI) tissues (1-4). In 
addition, gut hormones, which are key players in the neuroen-
docrine system, have various important functions in secretion, 
metabolism and motility (5,6). Therefore, it is hypothesized 
that gut microbiota may be involved in the fine‑tuning of GI 
motility through modification of neuroendocrine signaling; 
however, this hypothesis has not been completely tested to 
date.

Serotonin or 5-hydroxytryptamine (5-HT), predomi-
nantly synthesized by GI enterochromaffin cells (7), acts 
as a neurotransmitter and/or local hormone in the enteric 
nervous system, resulting in alteration of GI motility (7,8). Gut 
microbiota is known to affect the behavior of 5-HT-producing 
enterochromaffin cells in the GI mucosa (9), and have been 
reported to regulate GI motility by modifying 5-HT expres-
sion in the GI tract (10). Previously, evidence that 5-HT 
signaling affects the enteric nervous system and the immune 
system in the GI wall has been reported (8). 5-HT is important 
in M2 macrophage polarization and cytokine production in GI 
tissues (11). In addition, it has been reported that macrophages 
in the muscular layer may act on the enteric nervous system 
via the GI wall (2), although the mechanism underlying the 
5-HT/muscularis macrophage axis and its effect on GI motility 
remains unclear. 5-HT has been extensively studied as a 
therapeutic target for functional GI disorders, which involve 
a significant disturbance in GI motility (7). In this regard, it 
would be meaningful to clarify the role of the 5-HT/muscu-
laris macrophage axis in GI motility in humans. However, 
GI muscular layer tissues cannot be collected from humans, 
therefore animal experiments are required to approach these 
issues. In addition, it would be of interest to determine how 
gut microbiota are involved in the 5-HT/muscularis macro-
phage axis in GI motility in humans. However, this theme is 
also difficult to examine in the human body, and therefore 
germ-free (GF) animals are vital to examine the effect of gut 
microbiota on GI physiology. In the present study, intestinal 
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microorganisms were transplanted into GF mice in order to 
examine how gut microbiota affects the association between 
GI motility, and 5-HT expression and M2 macrophage abun-
dance in the GI tract.

Materials and methods

Animal and experimental design. A total of 22 GF (6 or 
10 weeks old; male; ICR strain; weight, 26 to 40 g) and 
6 specific pathogen‑free (SPF; 7 to 9 weeks old; male; ICR 
strain; weight, 33 to 42 g) mice were purchased from CLEA 
Japan, Inc. (Tokyo, Japan). Fecal suspensions were freshly 
prepared from SPF mice by 10-fold dilution of colonic content 
with saline, as reported previously (12). GF mice at 6 weeks 
of age were orally administered these fecal suspensions to 
reconstitute the intestinal flora. Thereafter, the GF mice 
that had undergone fecal transplantation (FT) were housed 
under SPF conditions and sacrificed 4 weeks following FT. 
Non‑microflora‑reconstituted GF mice at 6 and 10 weeks of 
age were used as controls. The experimental protocol was 
approved by the Animal Use and Care Committee at Hyogo 
College of Medicine (Nishinomiya, Japan).

Histopathological evaluation. The GI tissues were removed 
from experimental mice and fixed in 10% buffered formalin 
overnight at room temperature, sliced perpendicularly to the 
surface, embedded in paraffin, and cut into sections 4‑µm 
thick. The sections were deparaffinized in xylene, rehydrated 
in a series of ethanol and stained with 100% hematoxylin 
(room temperature for 2 min) and 0.1% eosin (room tempera-
ture for 1 min) for histopathological observation under a light 
microscope (Olympus CX41; Olympus Corporation, Tokyo, 
Japan).

Immunohistochemistry. Immunohistochemical staining for 
5-HT and mannose receptor (MR; a marker of M2-polarized 
macrophages) was performed using the Envision Kit (Dako; 
Agilent Technologies, Inc., Santa Clara, CA, USA), according 
to the manufacturer's protocol. The primary antibodies used 
were: anti-5-HT (1:100,000 dilution; cat. no. IST-20080; 
ImmunoStar, Inc., Hudson, WI, USA) and anti-MR (1:1,000 
dilution; cat. no. ab64693; Abcam, Cambridge, UK). As 
previously described (13), the sections were deparaffinized, 
rehydrated, placed in 1X Dako REAL Target Retrieval 
Solution (Dako; Agilent Technologies, Inc.), and heated in 
the microwave for 20 min. The sections were subsequently 
preincubated with 0.3% H2O2 in methanol for 25 min at room 
temperature to quench endogenous peroxidase activity. The 
sections were incubated with primary antibodies for 1 h at 
room temperature. The slides were incubated with horseradish 
peroxidase-conjugated secondary antibodies (ready-to-use; 
cat. nos. K4001 or K4003; Dako; Agilent Technologies, Inc.) 
at room temperature for 30 min, visualized by 3,3'-diamino-
benzide tetrahydrochloride with 0.05% H2O2 for 3 min, and 
counterstained with Mayer's hematoxylin. Under a light micro-
scope (Olympus CX41; Olympus Corporation), 5-HT-positive 
epithelial cells were counted by eye in a 1,000 µm stretch of 
the entire length of well-oriented tissue sections in at least 5 
randomly selected fields from the stomach to colon of each 
mouse, and the average was calculated. Similarly, the number 

of MR-positive cells was evaluated in the lamina propria and 
muscle layer throughout the GI tract.

GI transit time (GITT). GITT was measured as described 
previously (14). The mice orally received 0.3 ml of 0.5% meth-
ylcellulose solution including 6% carmine red (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan). Following admin-
istration of the solution, the mice were allowed free access 
to food and water ad libitum until the first red fecal pellet 
appeared. GITT was determined as the time period between 
oral gavage and the appearance of the first red fecal pellet.

Statistical analysis. Statistical analyses were performed using 
StatView 5.0 software (SAS Institute, Inc., Buckinghamshire, 
UK). All values were expressed as the mean ± standard 
error of the mean. Differences between two animal groups 
were analyzed using the Mann-Whitney U-test. The correla-
tion among GITT, 5-HT expression and MR expression was 
assessed by linear regression analysis. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Expression of 5‑HT in the GI tract of FT‑treated mice. In GF 
mice, 5-HT-positive cells were observed throughout the GI 
epithelium (Fig. 1). The 5-HT immunoreactivity was local-
ized in the cytoplasm of ovoid or pyramidal epithelial cells 
throughout the GI mucosa, a staining pattern that was morpho-
logically compatible with endocrine cells (Fig. 1). Expression 
of 5-HT protein was subsequently evaluated in the GI tissues 
of 6-week-old GF mice at 4 weeks post-FT, and age-matched 
control mice that did not receive FT (Figs. 1 and 2). The 
results demonstrated that the number of 5-HT-positive cells 
was significantly increased in the colonic mucosa (proximal 
and distal colon) of GF mice with FT, compared with mice 
without FT (Fig. 2). In addition, the number of 5-HT-positive 
cells was significantly increased in not only the gastric mucosa 
(stomach), but also the proximal small-intestinal mucosa 
(jejunum) in mice with FT compared with mice without FT 
(Fig. 2).

Expression of MR in the GI tract of FT‑treated mice. MR 
protein expression, as a marker of M2-polarized macrophages, 
was evaluated in GI tissues by immunohistochemistry. In GF 
mice, immunoreactivity for MR was detected in immune cells 
of, not only the lamina propria (mucosal layer), but also the 
muscular layer throughout the GI tract (Fig. 3). Following FT, 
the number of MR‑positive cells was significantly increased 
in the lamina propria of the stomach and colon in GF mice, 
compared with mice without FT (Fig. 4). The number of 
MR-positive cells was also significantly increased in the 
muscular layer of the upper GI tract (stomach and jejunum) 
and colon (proximal and distal) of FT-treated mice, compared 
with mice without FT (Fig. 4). Notably, MR-positive cells were 
frequently present around the myenteric neural cells between 
the circular and longitudinal muscle layers throughout the GI 
tract (Fig. 3). These results suggest that treatment with FT is 
associated with increased infiltration of MR‑positive cells, 
presumably M2 macrophages, into both the mucosal and the 
muscular layers throughout the GI tract.
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GITT and its association with 5‑HT or MR expression in GF 
mice. GITT was significantly decreased in GF mice subjected 
to FT compared with age-matched GF mice without FT (Fig. 5). 
The correlation between GITT and 5-HT or MR expression was 

investigated in the experimental mice (FT-treated and untreated) 
by linear regression analysis. GITT was negatively correlated with 
the number of 5-HT-positive cells in the gastric and small-intes-
tinal mucosa (Fig. 6), whereas no correlation was evident for 
GITT with 5-HT-positive cells in the colonic mucosa (Fig. 6). 
GITT was negatively correlated with the number of MR-positive 
cells in the lamina propria and the number of MR-positive cells in 
the muscular layer throughout the GI wall (Fig. 7).

Association between 5‑HT and MR expression in GI tissues 
of GF mice. The association between 5-HT and MR expres-
sion in the experimental mice (FT-treated and untreated) was 
also investigated by linear regression analysis. In the stomach 
and small intestine, the number of MR-positive cells in the 
mucosal layer was positively correlated with the number of 
5-HT-positive cells, whereas no such correlation was evident 
in the colon (Fig. 8). The number of MR-positive cells in the 
muscular layer was positively correlated with the number of 
5-HT-positive cells throughout the GI wall (Fig. 8).

Discussion

In the present study, 5-HT was demonstrated to be expressed 
in endocrine cells throughout the GI mucosa in GF mice, and 

Figure 1. Expression of 5-HT in the gastrointestinal tract of GF mice without or with FT. 5-HT expression was examined by immunohistochemistry in sections 
from stomach, small intestine and colon tissues of GF mice treated with FT and of age-matched untreated mice (GF without FT). 5-HT is expressed in the 
cytoplasm of ovoid or pyramidal epithelial cells in the epithelium of stomach, small intestine and colon. 5-HT, 5-hydroxytryptamine; GF, germ free; FT, fecal 
transplantation.

Figure 2. 5-HT-positive cells in the gastrointestinal tract of GF mice with 
or without fecal transplantation. Quantification of immunohistochemistry 
staining for 5-HT-positive cells in tissue sections from GF mice treated 
with FT and of age-matched untreated mice (GF without FT). Results are 
expressed as the mean ± standard error of the mean of 3 samples per group. 
*P<0.05 vs. GF without FT. 5-HT, 5-hydroxytryptamine; GF, germ free; FT, 
fecal transplantation; S, stomach; J, jejunum; I, ileum; PC, proximal colon; 
DC, distal colon.
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the number of 5-HT-positive cells was increased in GF mice 
following transplantation of gut microbiota, consistent with 
previous reports (10). Although in humans the population of 
5-HT-positive endocrine cells is larger in the upper GI and 
rectum (15), no significant differences were observed among 
the various parts of the GI tract of the GF mice examined in 
the present study. However, the number of 5-HT-positive endo-
crine cells increased in the upper GI and colon of FT-treated 
GF mice compared with untreated mice, resulting in a distri-
bution of 5-HT-positive cells in the GI tract that resembled 
that of humans. This finding suggests that gut microbiota 

may be essential in determining the distribution profile of 
5-HT-producing endocrine cells in the GI tract.

Figure 4. MR-positive cells in the gastrointestinal tract of GF mice with 
or without FT. Quantification of immunohistochemistry staining for 
MR-positive cells (counted separately for the mucosal and the muscular 
layers) of tissue sections from GF mice treated with FT and of age-matched 
untreated mice (GF without FT). Results are expressed as the mean ± stan-
dard error of the mean of 3 samples per group. *P<0.05 vs. GF without 
FT. MR, mannose receptor; GF, germ free; FT, fecal transplantation; S, 
stomach; J, jejunum; I, ileum; PC, proximal colon; DC, distal colon.

Figure 5. Gastrointestinal transit time in GF mice without or with FT. The 
mice in the two groups were age-matched (10 weeks old). Results are shown 
for 4 mice per group, with bars indicating mean values. *P<0.05 vs. GF 
without FT. GF, germ free; FT, fecal transplantation.

Figure 3. Expression of MR in the gastrointestinal tract of GF mice without or 
with FT. MR expression was examined by immunohistochemistry in sections 
from stomach, small intestine and colon tissues of GF mice treated with FT 
and of age-matched untreated mice (GF without FT). Arrows indicate neural 
cells and arrow heads indicate MR-positive cells in the muscular layer. MR, 
mannose receptor; GF, germ free; FT, fecal transplantation.
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The distribution of M2 macrophages was also investigated 
by immunostaining for MR (16), and the results revealed that 
MR-positive macrophages were present in the lamina propria 
and the muscular layer throughout the GI wall. Notably, 

MR-positive macrophages were also distributed around myen-
teric neural cells between the circular and longitudinal muscle 
layers of the GI wall, suggesting that these macrophages may 
serve a role in the physiology of the enteric nervous system. The 

Figure 6. Correlation between GITT and 5-HT expression in the stomach, small intestine and colon of GF mice. Results from FT-treated GF mice are presented 
in black circles, whereas results from age-matched GF mice without FT are presented in white circles. P-values were obtained by linear regression analysis 
comparing GITT with the number of 5-HT-positive cells in the stomach, small intestine and colon, respectively. GITT, gastrointestinal transit time; GF, germ 
free; FT, fecal transplantation.

Figure 7. Correlation between GITT and MR expression in the mucosal and muscular layers of the stomach, small intestine and colon of GF mice. Results 
from FT-treated GF mice are presented in black circles, whereas results from age-matched GF mice without FT are presented in white circles. P-values were 
obtained by linear regression analysis comparing GITT with the number of MR-positive macrophages in the mucosal/muscular layer of the stomach, small 
intestine and colon, respectively. GITT, gastrointestinal transit time; MR, mannose receptor; GF, germ free; FT, fecal transplantation.
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numbers of M2 macrophages in the muscular layer were mark-
edly increased in the upper GI tract and colon of FT-treated 
GF mice, suggesting that gut microbiota may promote infiltra-
tion of macrophages into the GI muscular layer.

Furthermore, the role of gut microbiota in GI motility 
was examined and demonstrated to be suppressed in control 
untreated GF mice in comparison with mice with gut micro-
biota, consistent with previous reports (17,18). Conversely, 
this result may suggest that transplantation of gut microbiota 
accelerated GI motility in GF mice. To clarify the mechanism 
by which gut microbiota may have accelerated GI motility, the 
correlation between GITT and 5-HT expression or MR-positive 
macrophages in the GI tract was further examined. The results 
demonstrated that GITT was negatively correlated with the 
number of 5-HT-positive cells in the upper GI tract, suggesting 
that the increase of 5-HT expression is associated with accel-
eration of GI motility. A previous study has also reported that 
5-HT promotes motility of the GI tract (19). In addition, GITT 

was negatively correlated with the number of MR-positive 
macrophages in the muscular layer of the GI tract. Recently, 
Muller et al (20) have reported that musclaris macrophages are 
important in GI motility through cross-talk with enteric nerve 
cells through bone morphogenetic protein 2. In the present 
study, although the specific mediators produced by M2 macro-
phages were not identified, the numbers of M2 macrophages 
following FT were demonstrated to be significantly correlated 
with acceleration of GI motility.

Since the movement of the GI tract is orchestrated by 
the enteric nervous system (21,22), the mechanism by which 
endocrine-produced 5-HT acts on the enteric nervous system 
is of great interest. It is believed that the 5-HT secreted by 
enterochromaffin cells acts locally on the submucosal and the 
myenteric neural cells in a paracrine manner (7,23). In addi-
tion, as 5-HT may also act on immune cells that express its 
receptor (8), 5-HT-induced mediators from the immune cells 
may affect the enteric nervous system function (24). Notably, 

Figure 8. Correlation between 5-HT and mucosal/muscularis MR expression in the stomach, small intestine and colon of GF mice. Results from FT-treated 
GF mice are presented in black circles, whereas results from age-matched GF mice without FT are presented in white circles. P-values were obtained by linear 
regression analysis comparing the number of mucosal and muscularis MR-positive macrophages with the of number of 5-HT-positive cells in the stomach, 
small intestine and colon, respectively. 5-HT, 5-hydroxytryptamine; MR, mannose receptor; GF, germ free; FT, fecal transplantation.
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previous evidence suggests that 5-HT is important in the polar-
ization of macrophages toward an M2 phenotype (11). In this 
context, it was notable that in the present study the number of 
MR-positive cells in the muscular layer was positively corre-
lated with the number of 5-HT-positive cells throughout the 
GI wall. Therefore, it is speculated that 5-HT may act on the 
enteric nervous system directly or indirectly via macrophage 
stimulation.

In conclusion, the present study has demonstrated that 
the numbers of 5-HT-positive endocrine cells and muscularis 
MR-positive macrophages are positively correlated in the 
GI tract, and are significantly increased in the upper GI and 
colon of GF mice following transplantation of gut microbiota, 
compared with age-matched untreated mice. Furthermore, 
GITT was decreased in GF mice following FT compared 
with untreated mice, and it was negatively correlated with 
the number of 5-HT-positive endocrine cells and muscularis 
MR-positive macrophages. The precise mechanism by which 
gut microbiota accelerated GI motility remains unknown. 
However, the present data suggest that gut microbiota may be 
important in inducing increased numbers of 5-HT-producing 
endocrine cells and muscularis M2 macrophages in the GI 
tract, which may act on the enteric nervous system to modulate 
GI function.
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