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Abstract

5-Hydroxytryptamine (5-HT) produced by
enterochromaffin (EC) cells is an important
enteric mucosal signaling ligand and has been
implicated in several gastrointestinal diseases,
including inflammatory bowel disease and func-
tional disorders such as irritable bowel syn-
drome. The present study reports a new, simple
and rapid visualization method of 5-HT-produc-
ing EC cells utilizing detection of fluorescence
in paraffin-embedded tissue sections after for-
malin fixation. In human samples, there was a
high incidence of fluorescence* cells in the 5-
HT+ cells in the pyloric, small intestinal and
colonic glands, while co-localization was lacking
between fluorescence* and gastrin* cells in the
pyloric and small intestinal glands.
Fluorescence* EC cells were detected in the
colon of mice and rats. Fluorescence* cells were
also observed in 5-HT* {3 cells in the pancreatic
islets of Langerhans in pregnant mice, while
non-pregnant mouse pancreatic islet cells
showed no 5-HT immunoreactivity or fluores-
cence. These results suggest that fluorescence*
cells are identical to 5-HT+ cells, and the source
of fluorescence may be 5-HT itself or molecules
related to its synthesis or degradation. This flu-
orescence signal detection method may be
applicable for monitoring of inflammatory sta-
tus of inflammatory bowel diseases in both the
experimental and clinical settings.

Introduction

There are a variety of different types of
enteroendocrine cell, each of which synthe-
sizes different types of hormones, and some of
them contain multiple hormones within one
cell.'? Enteroendocrine cells distributed dif-
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fusely throughout the gastrointestinal tract
collectively constitute the neuroendocrine tis-
sue of the tract. Enterochromaffin (EC) cells
are enteroendocrine cells providing up to 95%
of total body 5-hydroxytryptamine (5-HT, sero-
tonin).? Gastrointestinal-tract-derived 5-HT
has diverse neuroendocrine roles in blood clot-
ting, liver regeneration, bone formation, and
embryo development,*® and 5-HT secretion in
pancreatic {3 cells is increased during gesta-
tion to control glucose homeostasis for preven-
tion of gestational diabetes.” 5-HT secreted by
EC cells also plays multiple paracrine roles in
the gastrointestinal tract by modulating peri-
staltic and secretory reflexes, as well as by acti-
vating extrinsic sensory nerves.>$? It is also
known that 5-HT secretion is increased in
inflammatory bowel diseases such as Crohn’s
disease!” and experimental models of colitis.!!
It is also reported that 5-HT availability is a
negative effector of the severity of inflamma-
tion in rodent models of inflammatory bowel
diseases.!!

The original Falck-Hillarp method involves
the exposure of freeze-dried tissue to
formaldehyde vapor, allowing dopamine and
noradrenaline to be converted to isoquinoline
molecules that emit a yellow-green autofluo-
rescence.’> By this treatment, cate-
cholamines and 5-HT can form intensely fluo-
rescent compounds in freeze-dried specimens,
avoiding any dislocation of fluorescent signals
that can be identified by observation under the
fluorescence microscope. Later modification
by Lindvall and Bjorklund,"” notably the gly-
oxylic acid method, where the fluorophore for-
mation is carried out in an autocatalyzed reac-
tion in aqueous solution, provided improved
sensitivity and precision.

In the present study, we report a new visual-
ization method of 5-HT-producing cells utiliz-
ing detection of fluorescence in paraffin-
embedded tissue sections after formalin fixa-
tion. By this method, EC cells of the gastroin-
testinal tract can easily be detected in humans,
rats and mice, and therefore, it may be applica-
ble for monitoring of inflammatory status of
inflammatory bowel diseases.

Materials and Methods

Tissue samples

We used formalin-fixed, paraffin-embedded,
normal human gastric tissue (pyloric glands)
array sections (US Biomax Inc., Rockville, MD,
USA), normal human small intestine tissue
array sections (US Biomax), normal human
colon tissue array sections (US Biomax),
Sprague-Dawley rat colon tissue sections
(GeneticLab Co. Ltd., Sapporo, Japan), ICR
mouse colon tissue sections (GeneticLab),
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C57BL/6J normal mice pancreatic tissue sec-
tions and those of pregnant mice at gestation
day 12 (GeneticLab), and heart and liver sec-
tions of a aged common squirrel monkey
(Laboratory of Veterinary Pathology, Tokyo
University of Agriculture and Technology). We
also used acetone-fixed cryosections of human
colonic tissues (US Biomax) for comparison.

Tissue section preparation and
fluorescence detection

Tissue slides were immersed in xylene for
10 min, and then in 100% ethanol, 95%
ethanol, 70% ethanol, and water each for 5
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min. After air-drying for 10 min, microscopic
observation was performed with a fluores-
cence microscope (BX63; Olympus Corp.,
Tokyo, Japan) either with ultraviolet filter
(Olympus Corp.; excitation 340-390 nm, pho-
tography 420-700 nm), blue filter (Olympus
Corp.; excitation 460-495 nm, photography
510-700 nm), green filter (Olympus Corp.;
excitation 530-550 nm, photography 570-700
nm), and microphotographs were taken with a
DP73 CCD camera (Olympus Corp.). After rins-
ing the slides for 5 min in water, immunostain-
ing or hematoxylin and eosin (HE) staining
was carried out.

In the heart and liver tissues of a common
squirrel monkey, serially cut sections were
either subjected to autofluorescence detection,
HE staining or periodic acid-Schiff (PAS)
staining.

Detection of fluorescence was similarly per-
formed in acetone-fixed cryosections of
human colonic tissues. Serially cut sections
were either subjected to fluorescence detec-

tion or hematoxylin staining. Figure 1. Fluorescence imaging of formalin-fixed paraffin-embedded human colon tissue sec-
tions. A-C) Arrows indicate fluorescence signals; scale bar: 50 um. The same section was sub-

Measurement of fluorescence jected to fluorescence imaging through UV filter (A), blue filter (B) and green filter (C) after

hyperspectrum in tissue sections deparaffinization, and then, the section was stained with hematoxylin and eosin (D).

Fluorescence hyperspectrum in tissue sec-
tion was measured using hyperspectral cam-
era (NH-7; EBA Japan, Tokyo, Japan) connect-
ed with a fluorescence microscope (BX63;
Olympus corp.).

Immunohistochemistry

Fluorescence

For immunohistochemistry, sections were
pretreated with peroxidase-blocking solution
(Dako, Glostrup, Denmark) for 5 min at room
temperature to quench endogenous peroxi-
dase. After several rinses in 1x phosphate-
buffered saline (PBS; pH 7.4), tissue sections
were incubated with 10 mM citrate buffer, pH
6.0, at 95°C for 20 min for antigen retrieval.
After several rinses in PBS, the sections were
blocked with 5% horse serum in PBS for 30
min at room temperature to eliminate non-
specific antibody binding. The sections were
then incubated at room temperature with rab-
bit anti-5-HT antibody (Nichirei Biosciences
Inc., Tokyo, Japan; ready-to-use) for 60 min,
monoclonal anti-human 5-HT antibody (Dako;
1:50 dilution) for 30 min, monoclonal anti-
human chromogranin A (CGA) antibody
(Dako; 1:100 dilution) for 30 min, or rabbit
anti-human gastrin antibody (Dako; ready-to-
use) for 20 min. After several rinses in PBS,
the sections were incubated with the second
antibody: goat anti-mouse or anti-rabbit
immunoglobulins conjugated to horseradish-
peroxidase-labeled polymer (EnVision™ +
Dual Link System-HRP; Dako) for 30 min at
room temperature. After several rinses in PBS,
immunodetection was carried out using
Histofine DAB Substrate Kit (Nichirei

Figure 2. Co-localization of fluorescence* cells with neuroendocrine cell markers in the
human colonic glands. Red arrows indicate identical cells. Scale bar: 50 pum.
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Biosciences) as the chromogen. Sections were
then counterstained using Mayer’s hema-
toxylin solution (Wako Pure Chemical
Industries Ltd., Osaka, Japan).

Distribution of fluorescence* and
immunolocalized cells

In each of the pyloric, small intestinal and
colonic glands, incidence of fluorescence* cells
within the population of immunoreactive cells
for CGA, 5-HT and gastrin in the whole tissue
area was estimated (n=3-5 in each tissue). In
the pancreatic tissue, incidence of fluores-
cence* cells within the population of 5-HT+*
cells in the whole tissue area was estimated
(n=1 of non-pregnant mouse and n=3 of preg-
nant mice).

Results

Fluorescence imaging of human
colon tissue sections

Fluorescence signals were detected sparsely
in epithelial cells of the colonic crypts (Figure
1 A-D). Fluorescence was detected under a vis-
ible wavelength range showing green in color
through an ultraviolet filter (Figure 1A), yellow
in color through a blue filter (Figure 1B), and
red in color through a green filter (Figure 1C).

Immunoreactivity of neuroen-
docrine cell markers in fluores-
cence+cells

Distribution of fluorescence* digestive glan-
dular cells was compared with that of neuroen-
docrine cell markers using identical sections
of the colon in humans (Figure 2). Many, but
not all, of fluorescence* cells showed CGA
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immunoreactivity. In contrast, all of fluores-
cence* cells were identical to 5-HT+ cells dis-
tributed in the pyloric glands, small intestinal
glands, and the colonic glands. Conversely,
gastrin* cells were lacking in the colonic
glands (Figure 2), while they were distributed
mainly in the pyloric glands.

Fluorescence

Pyloric glands

Small intestine
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Distribution of fluorescence* digestive glan-
dular cells was compared with that of 5-HT
using identical sections of the pyloric and
small intestinal glands in humans (Figure 3).
All of fluorescence* cells were identical to
5-HT+ cells in these glands.

Incidence of CGA* cells showing fluores-
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Figure 3. Co-localization of fluorescence* and 5-HT* cells in the human pyloric and small
intestinal glands. Red arrows indicate identical cells. Scale bars: 50 pm.
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Figure 4. Incidence of CGA*, 5-HT* or
gastrin+ cells showing fluorescence in the Figure 5. Co-localization of fluorescence* and 5-HT* cells in the colon across the species.
human pyloric, small intestinal and A) Co-localization in the colon of a human, mouse and rat; red arrows indicate identical
colonic glands. cells; scale bars: 50 um. B) Incidence of 5-HT" cells showing fluorescence.
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cence was 31% in the pyloric glands, 73% in
the small intestinal glands, and 70% in the
colonic glands (Figure 4). Incidence of 5-HT+
cells showing fluorescence was 83% in the
pyloric glands, 93% in the small intestinal
glands, and 97% in the colonic glands.
Incidence of gastrin* cells showing fluores-
cence was 0% in all of the pyloric, small intes-
tinal and colonic glands.

Distribution of fluorescence* colonic glandu-
lar cells was compared with that of 5-HT+ cells
between humans, mice and rats (Figure 5A).
Incidence of 5-HT* cells showing fluorescence
was 97% in humans, 93% in mice, and 93% in
rats (Figure 5B).

Distribution of fluorescence* islet cells was
compared with that of 5-HT* cells in the pan-
creas between pregnant and non-pregnant
female mice (Figure 6A). While non-pregnant
mice did not have any fluorescence* and 5-HT*
cells in the pancreatic islets, pregnant mice
showed that 95% of 5-HT+ cells were fluores-
cence* (Figure 6B).

Detection of fluorescence in
acetone-fixed cryosections

Acetone-fixed cryosections of human
colonic tissues did not show fluorescence sig-
nals (Figure 7).

Lipofuscin fluorescence signals in
lipofuscin-deposited heart and liver
tissue sections

Fluorescence signals of lipofuscin in the
heart and liver were detected under a visible
wavelength range showing orange to yellow in
color through an ultraviolet filter (Figure 8).
PAS-positive lipofuscin deposits in myocardial
fibers and liver cells showed mostly fluores-
cence signals.

Hyperspectral fluorescence in tis-
sue sections

Shape of hyperspectral fluorescence curve
was different between 5-HT* cells of human
colon and lipofuscin deposited in the heart and
liver of a common squirrel monkey (Figure 9).

Discussion

In the present study, fluorescence signals
were detected sparsely in the gastrointestinal
tract cells, which are CGA+, and collectively
constitute the gastrointestinal neuroendocrine
tissue. CGA is co-stored and co-released with
monoamines and peptide hormones of the
adrenal medulla, pituitary gland, parathyroid,
thyroid C-cells, pancreatic islets, endocrine
cells of the gastrointestinal tract and sympa-
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thetic nerves.!¥19 EC cells also express CGA;?
and therefore, fluorescence signals in subpop-
ulation of CGA* cells may be related to
endocrine secretion system. In the present
study, fluorescence* cells showed the highest
concordance with 5-HT+ cells in each of the
pyloric, small intestinal and colonic glands,
while fluorescence did not appear in any of the
gastrin* cells that are known to be mainly dis-
tributed in the pyloric antrum of the stomach
to stimulate secretion of HCI by the parietal
cells of the stomach.?? Furthermore, there
were no species differences in the incidence of
5-HT+* cells in colonic glandular cells among
humans, rats and mice, in the present study.
The fluorescence* cells were identically
observed in 5-HT* f cells in the pregnant
mouse pancreatic islets of Langerhans, while
non-pregnant mouse [3 cells lacked both fluo-

A

Fluorescence
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Non-pregnant

rescence and 5-HT expression. These results
suggest that fluorescence* cells are identical
to 5-HT* cells. The source of fluorescence may
be 5-HT itself or molecules related to its syn-
thesis or degradation.

Synthesis of 5-HT by intestinal EC cells
begins with the conversion of dietary trypto-
phan to hydroxyl-L-tryptophan, which is cat-
alyzed by tryptophan hydroxylase (Tph).
Previous studies have identified two isoforms
of the Tph enzyme, Tphl, which is present in
mainly peripheral organs such as the gut, and
Tph2, which is associated with the nervous
system and present predominantly in the brain
stem.?** The second step for 5-HT synthesis is
catalyzed by L-amino acid decarboxylase,
which is also present in EC cells, and converts
5-hydroxy-L-tryptophan to 5-HT.?* Degradation
of 5-HT is done by monoamine oxidase A by

Figure 6. Co-localization of fluorescence* and 5-HT* cells in the pancreatic islets of
Langerhans of pregnant mice. A) Comparison between the pregnant and non-pregnant
mice; red arrows indicate identical cells; Scale bars: 50 pm. B) Incidence of 5-HT* cells

showing fluorescence.
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Figure 7. Fluorescence imaging of an acetone-fixed cryosection of a human colon tissue.

Scale bar: 50 pm.
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conversion into 5-hydroxyindole acetaldehyde
and then by aldehyde dehydrogenase for con-
version into 5-hydroxyindoleacetic acid
(5-HIAA).% Until now, no studies have reported
the presence of autofluorescence in Tph,
monoamine oxidase A, 5-hydroxyindole
acetaldehyde or L-amino acid decarboxylase. In
contrast, autofluorescence was observed with
5-HT, tryptophan, 5-hydroxy-L-tryptophan, and
5-HIAA under the UV wavelength region from
344 to 352 nm.% On the other hand, there are
studies reporting that autofluorescence sig-
nals of intact form of 5-HT can be detected in
the visible light wavelength region, when they
are accumulated in high concentration, utiliz-
ing special equipment.?®# Therefore, it is sug-
gested that the detection method of 5-HT+ cells
presented here has advantages in its easiness
and sensitivity.

As previously mentioned, 5-HT can be
changed to an intensely fluorescent derivative
by the Falck—Hillarp method or its modifica-
tion, suggesting that fluorescence can be
detected in formaldehyde-fixed tissues. In the
present study, we observed that acetone-fixed
cryosections of human colonic tissues did not
show fluorescence signals as observed in for-
malin-fixed paraffin-embedded colonic tis-
sues. 5-HT produced by EC cells is an impor-
tant enteric mucosal signaling molecule and
has been implicated in several gastrointestinal
diseases, including inflammatory bowel dis-
ease and functional disorders such as irritable
bowel syndrome.” On the other hand, colonic
preneoplastic proliferative lesions in humans  Figure 8. Fluorescence imaging of formalin-fixed paraffin-embedded heart and liver sec-
increases autofluorescence Signals as com- tions of a common squirrel monkey. Scale bars: 50 wm.
pared with the normal or hyperplastic colonic
epithelia due to increase of lysosomal lipofus-
cin granules.* There is also a pathological con-
dition, named as melanosis coli, characterized
by lipofuscin deposition in macrophages of the
lamina propria of intestinal mucosa.’! In the
present study, fluorescence signal of 5-HT*
cells in formalin-fixed tissue sections was
detected under a visible wavelength range
showing green/yellow in color through an
ultraviolet filter, in contrast to the orange to
yellow in lipofuscin granules. We also found
that shape of hyperspectral fluorescence curve
was different between 5-HT* cells and lipofus-
cin deposits. Therefore, autofluorescence sig-
nals derived from lipofuscin deposits can be
distinguished from 5-HT* cell-derived fluores-
cence signals. In the present study, we report a
new visualization method of 5-HT-producing
cells utilizing detection of fluorescence in
paraffin-embedded tissue sections after forma-
lin fixation. By this method, EC cells of the gas- 0
trointestinal tract can easily be detected in 420 470 520 570 620 670 720
humans, rats and mice, and therefore it may (nm)

be applicable for monitoring of inflammatory
status of inflammatory bowel diseases in both ~ Figure 9. Hyperspectral fluorescence curve of 5-HT* cells in a human colon and lipofuscin
the experimental and clinical settings deposits in the heart and liver of a common squirrel monkey.
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