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The diet and gut microflora influence the distribution of enteroendocrine cells in the rat
intestine
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Abstract. Several functions of the gut are locally influenced by peptides and biogenic amines released from
enteroendocrine cells. The aim of the present study was to assess whether the luminal stimulus of diet or microbial
flora or diet-microbial interactions have an influence on the distribution of enteroendocrine cells along the
crypt-surface axes of the small and large intestine. The effects of diet and indigenous flora were investigated by
comparing the numbers of argyrophil and serotonin immunoreactive cells in the jejunum and colon of germ free
and conventional rats fed either a purified diet containing fine ingredients or a commercial diet containing crude
fibre of cereal origin. The effects of human flora were analysed in germ-free rats inoculated with human faecal
organisms. 1. Feeding the commercial diet reduced the number of argyrophil endocrine cells.in the jejunum and
serotonin immunoreactive cells in the colon of germ-free animals but increased the serotonin immunoreactive cells
in the colon of conventional animals. 2. The rat flora increased the serotonin immunoreactive cells in the colon of
animals fed a commercial diet and decreased in those fed a purified diet. 3. Inoculation of human flora increased
the numbers of serotonin immunoreactive cells both in the jejunum and colon. The results provide evidence that

the dietary changes and diet-microbial interactions can affect the regional number of enteroendocrine cells.
Key words. Jejunum; colon; diet-microflora interactions; gastroenteric peptides; serotonin; human flora.

Enteroendocrine cells are scattered in the epithelium of
the mammalian gastrointestinal tract, and each individ-
ual cell type is capable of producing and secreting a
specific biologically active peptide and/or amine'?
Studies using immunohistochemical methods have iden-
tified at least 16 different subpopulations of enteroen-
docrine cells based on the nature of their stored
peptides and biogenic amines and each maintains a
distinctive distribution along the gastrointestinal tract
from stomach to the anal canal®. Since most of the
enteroendocrine cells in the intestinal tract are of ‘open
type™ and reach the gut lumen by apical processes, it
has been suggested that these cells may respond to
intraluminal stimuli such as pH and nutrients®. A few
studies are available in which the in vivo release of
gastroenteric peptides has been shown to be influenced
by the ingestion of proteins and lipids>® and by the
presence of the conventional flora in the intestinal lu-
men’. Investigations using in vivo techniques, however,
must be correlated with analysis of changes in gastro-
enteric peptides in situ.

Much of the research on the effects of luminal stimuli
on intestinal mucosa has been concerned with the mod-
ification of the diet and bacterial flora and there is
evidence that the diets containing fibre®® and the pres-
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ence of flora in the intestinal lumen'®! stimulate the
cell turnover rates of the intestinal crypts and alter the
composition of intestinal mucins. However, the precise
mechanism by which these changes occur in the gastro-
intestinal mucosa is not known and whether the activity
of enteroendocrine cells is influenced by the interactions
between the diet and gut microflora in the intestinal
lumen remains to be investigated.

Investigating the in situ changes in endocrine cell popu-
lation in response to luminal stimuli has been limited by
a lack of an appropriate model system. The use of
germ-free rats fed different diets and harbouring either a
conventional flora or a flora of human origin in our
laboratory has provided means for characterising the
changes in the synthesis and secretion of intestinal
mucins''. Because the composition of the indigenous
gut microflora is characteristic of each species, the
validity of transposing data from animals to man is
open to question. In an attempt to simulate the human
condition more closely in rats we included a group of
animals born germ-free and inoculated after weaning
with a human microflora. The present study utilises this
experimental model to evaluate the effects of diet and
microflora -on distribution - of enteroendocrine -cells
along the gastrointestinal tract. Since enteroendocrine
cells contain biogenic amines in addition to their pep-
tides, we focused our investigation on quantification of



Research Articles

Table 1. Composition of diets fed to rats.

Purified diet (P)?

Component concentration (g/kg)

Casein 250

Maize starch 380

Potato starch 100

Sucrose 50

Cellulose powder 80

Soya bean oil 60

Mineral mix 60

Vitamin mix 20

Commercial diet (C)®

Cereal products

(barley, maize, wheat and wheatfeed) 775
Extracted soya bean meal 107
Fish meal 98
Mineral and vitamin supplement 20

#Kindly provided by Dr Yoshio Saito, Calpis Intestinal Flora
Laboratory, Kanagawa (Japan).
bCalculated crude fibre content 4.1%.

these cells by using the Grimelius argyrophilic method
and immunohistochemistry using antiserum against
serotonin. The Grimelius technique stains most en-
docrine cell types except the peptide YY cells and so-
matostatin and cholecystokinin producing cells'.
Serotonin is not localised in all enteroendocrine cells and
is present in non-peptide producing endocrine cells'?.

Materials and methods

Animals, association of intestinal microflora and diets. A
total of twenty five male Lister hooded rats was used for
the study. The germ-free animals (n = 10) were weaned
on the appropriate sterile diet when 3 weeks old and
maintained in plastic isolators. The conventional con-
trols (n =10) were born and maintained in the open
laboratory. Another five germ-free rats were inoculated
one week after weaning (i.e. at 4 weeks of age) with a
suspension of human faecal organisms by oral intuba-
tion (HFA) which is the standard procedure for
colonising rat gut with human flora'®. They were also
maintained in an isolator. All rats were killed at 9 weeks
of age.

Two nutritionally adequate diets, which differed
markedly in constituents and consequently in texture,
were used (table 1). Five germ-free and five conven-
tional animals were fed on a commercial rat diet (diet
GR3; Special Diets Service, Witham, Essex); the fibre
content of this diet was derived from coarsely milled
cereal products. Five germ-free rats and five conven-
tional rats were maintained on a diet prepared in the
laboratory from purified ingredients which contained
8% powdered cellulose as the source of fibre (table 1).
Both diets were sterilised by gamma-irradiation at
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50 kGy. The five HFA rats received the purified diet;
isolator space was inadequate to accommodate a similar
group given the commercial diet.

Tissue preparation and staining procedure. Animals were
killed at 9 weeks of age and samples from the mid-
region of the small intestine (jejunum) and proximal
large intestine (colon, 2 cm from the ileocecal junction)
were fixed in 10% buffered formalin and embedded in
paraffin wax. Serial 5 pm sections were stained with the
Grimelius silver nitrate technique'® for the study of
argyrophilia of endocrine cells. For immunocytochemi-
cal demonstration of serotonin the sections were stained
by the avidin-biotin-complex (ABC) procedure'¢ using
primary antiserum goat antiserotonin conjugated to
bovine serum albumin (Incstar, Wokingham, Berkshire,
UK). Sections were dewaxed and placed in 100%
ethanol, and endogenous peroxidase was blocked using
1.6% hydrogen peroxide in methanol. After rehydra-
tion, sections were washed in 0.15 M Tris-buffered
saline, pH 7.3 (PBS) and incubated for 20 min in 10%
nonimmune rabbit serum. Incubation with the primary
antiserum (1:1000) in PBS/0.3% Triton x-100 contain-
ing 1% normal rabbit serum was carried out overnight
at 4 °C in a moist chamber. This was followed by a brief
wash in PBS, and incubation for 30 min in the sec-
ondary antiserum (biotinylated rabbit anti-goat im-
munoglobulin, 1:200). After a further wash in PBS,
sections were treated with ABC complex from Peroxi-
dase standard PK-4000 (Vector Laboratories, Peterbor-
ough, UK) for 30-90 min, washed again in PBS, and
then incubated in diaminobenzidine tetrahydrochloride
(DAB) in Tris HCI buffer pH 7.3 with 0.001% hydrogen
peroxide for 5—10 min. The controls included: 1. Use of
nonimmune goat serum in place of the primary anti-
serum. 2. Pretreatment of antiserum with Serotonin/
BSA conjugate. Sections were lightly counterstained
with Harris haematoxylin, mounted in DPX and exam-
ined by light microscopy.

Quantitative and statistical methods. The expression of
argyrophilic reaction and serotonin was correlated with
the position of cells occupied along the crypt-to-surface
epithelial axis. Therefore the crypts and villi of jejunum
and colon were divided in three domains: the lower half
of the crypt, the upper half of the crypt and the surface
epithelial cells. The numbers of Grimelius-positive and
serotonin-immunoreactive endocrine cells per unit
length of mucosa (4 mm), delineated by an eyepiece
graticule, were counted with an eyepiece of magnifica-
tion x 10 and an objective lens of magnification x 20 in
sections of the jejunum and colon from each of the
animals. Cells were randomly selected from 1015 vi-
sual fields from each rat showing the longitudinaily
oriented villi and crypts along the entire length of the
mucosa. A similar method to express the number of
enteroendocrine cells per unit length of mucosa has
been used by previous authors!”-'®, The results are ex-
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Figure 1. Effects of diet and microflora on the total number of
enteroendocrine cells in the jejunum. Values are expressed as
mean + SE per experimental group. For abbreviations of experi-
mental groups see ‘Materials and methods’.

*Significantly different at p < 0.02 from the corresponding value
for germ-free rats fed the commercial diet, **significantly different
at p <0.05 from corresponding value for germ-free rats fed the
commercial diet, ***significantly different at p <0.01 from the
corresponding value for conventional rats fed the purified diet.

pressed as mean + standard error of the mean. Students
t test for unpaired data was used to evaluate differences
between groups. Differences were considered significant
at the p < 0.05 level.

Results

The number of argyrophil endocrine and serotonin im-
munoreactive (SIR) cells in the surface epithelium,
lower crypt, and upper crypt of the jejunum are shown
in tables 2 and 4 and those of the colon in tables 3 and
5. Figures | and 2 show the total number of argyrophil
and SIR cells in the jejunum and colon.

Effects of diet. The influence of diet was assessed by
comparing the germ-free and conventional rats receiv-
ing either the commercial or the purified diet.
Argyrophil endocrine cells. Jejunum (table 2). The num-
ber of argyrophil endocrine cells in the surface epithe-

B Argyrophil cells 777 SIR cells

Figure 2. Effects of diet and microfiora on the total number of
enteroendocrine cells in the colon. Values are -expressed as
mean + SE per experimental group. For abbreviations of experi-
mental groups see ‘Materials and methods’.

*Significantly different at p < 0.005 from the corresponding value
for germ-free rats fed the purified diet, **significantly different at
p <0.001 from the corresponding value for conventional rats fed
the purified diet, ***significantly different at p < 0.001 from the
corresponding value for germ-free rats fed the commercial diet,
dsignificantly different at p < 0.0 from the corresponding value
for germ-free rats fed the commercial diet, §at p < 0.05 from the
corresponding value for conventional rats fed the commercial diet,
tsignificantly different at p < 0.05 from the corresponding value
for germ-free rats fed the purified diet, §significantly different at
p <0.01 from the corresponding value for conventional rats fed
the purified diet.

lium of the jejunum was significantly less in the germ-
free rats fed on the commercial diet when compared to
those fed on the purified diet. In conventional rats, the
number was significantly less in the lower crypt of the
jejunum in animals fed the commercial diet as compared
to those fed on the purified diet. There were numerous
argyrophil endocrine cells in the lower and upper crypt
as well as surface epithelium of jejunum in the conven-
tional rats fed the purified diet (fig. 3). The highest total
number of argyrophil endocrine cells was found in
germ-free animals fed the purified diet (fig. 1).

Colon (table 3). The numbers of argyrophil endocrine
cells in the colon of germ free and conventional rats fed
on two different diets were similar.

Table 2. Effects of diet and intestinal microflora on number of argyrophil endocrine cells in the jejunum of the rat.

Commercial diet

Purified diet

germ-free rats conventional flora rats

germ-free rats

conventional flora rats human flora rats

Surface 13.40+1.9 5.80+1.7% 29.00 + 3.8** 6.80+ 1.8 20.80 +2.3¢
Upper crypt 118146 1640+ 2.6 17.60+24 17201 1.7 1820 +2.1
Lower crypt 3.40+0.9 3.60+2.2 500+22 11.00 4 0.8bce 02+0.2

Values are means + SE. For feeding regimes and experimental groups see table 1 and ‘Materials and methods’.
Significantly different at p < 0.01 from corresponding value for germ-free rats fed a commercial diet.
bSignificantly different at p < 0.02 from corresponding value for conventional rats fed a commercial diet.
°Significantly different at p < 0.05 from corresponding value for germ-free rats fed a purified diet.
dSignificantly different at p < 0.002 from corresponding value for conventional rats fed a purified diet.
*Significantly different at p < 0.002 from corresponding value for rats inoculated with human faecal flora.

* Significantly different at p < 0.003 from corresponding value for conventional rats fed a purified diet.
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Figure 3. Argyrophil endocrine cells in the jejunum of a conven-
tional rat fed the purified diet. Numerous argyrophil cells (arrows)
are seen in the epithelium of the upper (UC) and lower (LC)
crypts. Magnification x 265.

SIR cells. Jejunum (table 4). No significant differences
in the number of SIR cells were observed in the jejunum
between the two germ-free and the two conventional
dietary groups.

Colon (table 5). The number of SIR cells was signifi-
cantly higher in the surface epithelium and lower crypt
of germ-free rats fed the purified diet compared to those
fed the commercial diet. However, in conventional ani-
mals, the number of cells in the upper crypt was signifi-
cantly higher in the group fed the commercial diet than
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in their counterparts fed on the purified diet. In germ-
free rats fed the purified diet, the total number of SIR
cells was significantly higher than in their GF-C coun-
terparts. However, the number of SIR cells was signifi-
cantly lower in conventional animals fed the purified
diet than those fed the commercial diet (fig. 2).

Effects of the microflora and diet-microflora interac-
tions. The effects of conventional flora and the effects of
the interactions between the diet and the indigenous
flora on the number of enteroendocrine cells were as-
sessed by comparing the data from germ-free and con-
ventional rats receiving the commercial diet and of
germ-free and conventional rats receiving the purified
diet. The effects of human flora were assessed by com-
paring germ-free and HFA rats receiving the purified
diet. In groups fed on the purified diet, the effects of the
two different microfloras were assessed by comparing
the data between the conventional rats and rats associ-
ated with human flora.

Argyrophil endocrine cells. Jejunum (table 2), When the
germ-free and conventional rats were compared there
were significantly less argyrophil endocrine cells in the
surface epithelium of jejunum in conventional animals
fed both commercial and purified diets. The highest
number of argyrophil endocrine cells in the lower crypt
of the jejunum was observed in conventional rats fed on
the purified diet.

No significant differences in the number of jejunal argy-
rophil endocrine cells were found between the germ-free
and HFA animals fed the purified diet. However, the
HFA rats when compared with those harbouring the

Table 3. Effects of diet and intestinal microflora on number of argyrophil endocrine cells in the colon of the rat.

Commercial diet

Purified diet

germ-free rats conventional flora rats

germ-free rats

conventional flora rats human flora rats

Surface 13.004+ 3.3 560+1.2 20.40 + 4.0* 6.60 +3.3 47.40 + 6.2°°
Upper crypt 6.40+1.2 9.60+1.2 480+ 1.1 820428 1580 +2.9
Lower crypt 1.204+ 1.3 2.40+0.7 0 1.40 + 0.7 02402

Values are means + SE. For feeding regimes and experimental groups see table 1 and ‘Materials and methods’.
*Significantly different at p < 0.03 from corresponding value for conventional rats fed a purified diet.
®Significantly different at p < 0.01 from corresponding value for germ-free rats fed a purified diet.
“Significantly different at p < 0.001 from corresponding value for conventional rats fed a purified diet.

Table 4. Effects of diet and intestinal microflora on number of serotonin immunoreactive cells in the jejunum of the rat.

Commercial diet

Purified diet

germ-free rats conventional flora rats

germ-free rats

conventional flora rats human flora rats

Surface 3.00+0.7 50042 4.00+2.6 533+12 9.00 + 1.1
Upper crypt 2.7540.8 13.33+53 10.6 + 4.6 12.334+0.8 15.33 £ 0.6°
Lower crypt 22541 12.67+4.1* 900+6 3.674+0.3 19.67 + 3.5*

Values are means + SE. For feeding regimes and experimental groups see table 1 and ‘Materials and methods’.
2Significantly different at p < 0.03 from corresponding value for germ-free rats fed a commercial diet.
"Significantly different at p < 0.05 from corresponding value for conventional rats fed a purified diet.
*Significantly different at p < 0.01 from corresponding value for conventional rats fed a purified diet.
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Table 5. Effects of diet and intestinal microflora on number of serotonin immunoreactive cells in the colon of the rat.

Commercial diet

Purified diet

germ-free rats conventional flora rats

germ-free rats

conventional flora rats human flora rats

Surface 7.00+2.8 933133 15.00 + 2.5* 7.67+2.1 17.00 + 1°
Upper crypt 2.50+0.8 26.00 £ 2.6° 267+0.8 2.3340.8° 9.33 +0.8%**
Lower crypt 0 333+2 6.00 + 0.5* 2.00 + 0.5¢ 5.67+1.7

Values are means + SE. For feeding regimes and experimental groups see table 1 and ‘Materials and methods’.
Significantly different at p < 0.05 from corresponding value for germ-free rats fed a commercial diet.
bSignificantly different at p <0.001 from corresponding value for conventional rats fed a commercial diet.
Significantly different at p <0.002 from corresponding value for germ-free rats fed a commercial diet.
9dSignificantly different at p < 0.005 from corresponding value for germ-free rats fed a purified diet.
*Significantly different at p < 0.01 from corresponding value for conventional rats fed a purified diet.
*Significantly different at p < 0.001 from corresponding value for germ-free rats fed a commercial diet.
**Gignificantly different at p <0.01 from corresponding value for conventional rats fed a purified diet.

conventional flora had significantly reduced argyrophil
endocrine cells in the lower crypt but significantly in-
creased the number in the surface epithelium of the
Jejunum.

Colon (table 3). Apart from the highest number of
argyrophil endocrine cells observed in the surface ep-
ithelium of germ-free animals fed the purified diet there
were no other significant differences in the number of
colonic argyrophil endocrine cells between the germ-free
and the two conventional dietary groups.

The number of argyrophil endocrine cells was similar in
the colonic crypts of germ-free and HFA rats but their
number was significantly higher in the surface epithe-
lium of the colon in HFA rats (fig. 4) compared with
their germ-free and conventional counterparts fed the
purified diet. In HFA rats, the total number of argy-
rophil endocrine cells in the colon was significantly
higher when compared with germ-free and conventional
rats fed the purified diet (fig. 2).

SIR cells. Jejunum (table 4). The numbers of jejunal
SIR cells were similar in germ-free and conventional
rats fed the purified diet. However, in rats fed the
commercial diet the numbers were significantly higher
in the lower crypt (fig. 5) than in the germ-free rats and
there was a significantly higher number of total SIR
cells in conventional rats as compared to the corre-
sponding germ-free group (fig. 2). Although no signifi-
cant differences in the number of jejunal SIR cells were
found between HFA and germ-free rats, the number of
SIR cells in the upper as well as the lower parts of the
crypt and the total number of SIR cells was significantly
higher in HFA rats compared with their conventional
counterparts (figs. 1 and 2).

Colon (table 5). In rats fed the commercial diet the
number of SIR cells in the upper crypt and the total
number (fig. 2) of SIR cells was significantly higher in
the colon of the conventional group than in correspond-
ing germ-free rats. However, in rats fed the purified diet

Figure 4. Colonic crypts of a HFA rat fed the purified diet
showing argyrophil endocrine cells in the surface epithelium and
upper crypts {arrows). Magnification x 265.

Figure 5. Jejunum of a conventional rat fed the commercial diet.
Serotonin immunoreactive cells are seen in the epithelium of the
lower (arrows) crypts. Magnification x 265.
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Figure 6. Colonic crypts of a germ-free rat fed the purified diet
showing serotonin immunoreactive cells (arrows) in the lower
crypt (LC). Magnification x 530.

the number of SIR cells in the lower crypt and the total
number of SIR cells was significantly higher in the
colon of germ-free rats than in those harbouring a
conventional flora (figs 2 and 6). When compared with
the germ-free animals the presence of a human flora
significantly increased the number of SIR cells in the
upper crypt. The number of SIR cells in the surface and
upper crypt and the total number of SIR cells were
significantly higher in the colon of HFA rats than in the
corresponding conventional rats (fig. 2).

Discussion

The enteroendocrine cells provide a source of polypep-
tide hormones and biogenic amines which are involved
in modulation of secretory, absorptive and motor func-
tions of the gastrointestinal tract'?. Evidence that en-
teroendocrine cells respond to changes in the luminal
environment has emerged from in vitro experiments
with nutrients'” and immunohistochemical studies in-
volving transposition of intestinal segments®®. The re-
sults of in situ analysis of the occurrence and
distribution of enteroendocrine cells in different part of
the small and large intestine presented in this study
indicate for the first time that the number of enteroen-
docrine cells of the jejunum and proximal colon is also
influenced by the dietary composition, presence or ab-
sence of microflora and the interactions between the
diet and microflora in the intestinal lumen.

The regional differences in the distribution of enteroen-
docrine cells are well documented! and the results of the
present study confirm previous observations that en-
teroendocrine cells are more numerous in the small
intestine than in the large intestine'®?!. In addition to
previous studies our results also demonstrate that diet-
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microbial interactions influence the number and distri-
bution pattern of argyrophil cells and the number and
distribution pattern of serotonin immunoreactive cells
along the length of the intestinal tract and along the
crypt-surface axis. For instance, in response to the com-
mercial diet in the germ-free group there is a decrease in
the number of surface and total argyrophil endocrine
cells in the jejunum and of serotonin immunoreactive
cells in the colon. However, the commercial diet fed to
conventional animals results in an increase in the upper
crypt and the total number of serotonin immunoreac-
tive cells in the colon. These findings indicate that the
interactions between dietary components and mi-
croflora regulate the peptide synthesis of enteroen-
docrine cells in the small intestine and of biogenic
amines in the large intestine. In a previous study'' we
found a marked increase in the villus and crypt lengths
in the jejunum and a decrease in the length of colonic
crypts of germ-free and conventional rats fed the com-
mercial diet. Although the precise regulatory mecha-
nisms by which dietary components modify the cell
proliferation of intestinal mucosa are not known, the
results presented in this study when correlated with our
previous quantitative morphological data, suggest that
the mucosal response to diet may be mediated by pep-
tides and biogenic amine synthesised by the enteroen-
docrine cells. Our observations are consistent with the
findings that in rats fed different diets the gastrointesti-
nal peptides such as gastrin, PYY and enteroglucagon
play a role in altering the crypt cell proliferation
rates?* 23,

A recent study comparing germ-free and conventional
animals fed the same diet has shown an increased num-
ber of serotonin-containing cells in the distal small
intestine and colon of rats harbouring a rat flora’. This
is in contrast with our findings which show that in
conventional animals the number of serotonin immuno-
reactive cells increase in the jejunum and colon in re-
sponse to the commercial diet and decrease in response
to the purified diet. Our observations therefore indicate
that the effects of microflora on the distribution of the
enteroendocrine cells depend on the luminal interac-
tions between the flora and dietary constituents and not
on the flora alone as recently described’. Although the
significance of these effects is not yet clear, the possibil-
ity exists that dict and flora may influence intestinal
motility by modifying the gastroenteric products. The
microflora?® and the release of somatostatin® and
motilin?® have been implicated as luminal and systemic
factors involved in gastroenteric motility. Although the
effect of conventional flora on the number of enteroen-
docrine cells was dependent on the diet, the difference
between the conventional and HFA rats fed the same
diet point out the ability of human flora to increase the
activity of enteroendocrine cells both in the jejunum
and colon. The differences between the effects of
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two floras on the distribution of enteroendocrine cells pre-
sented in this study therefore emphasise the value of our
rat model to determine if different microbial species are
involved in the modulation of enteroendocrine cells.

In conclusion, the data presented in this study provide
strong evidence for the first time that dietary and micro-
bial luminal factors modify the enteroendocrine cells in
the intestinal epithelium. However, the molecular mech-
anisms which control the differentiation of endocrine
cells expressing different gastroenteric peptides remains
to be resolved.
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