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Abstract

Epithelial tuft cells are named for their characteristic microtubule bundle located at the cell apex
where it is exposed to the luminal environment. As such, tuft cells are found in multiple organs,
including the gastrointestinal (Gl) tract where the apical “tuft” is hypothesized to detect and
transmit environmental signals. Thus, the goal of our study was to characterize gastric tuft cells
during Gl tract development, then subsequently in the normal and metaplastic adult stomach. Gl
tracts from mouse embryos, newborn and post-natal mice were analyzed. Tuft cells were identified
by immunohistochemistry using acetylated-a-tubulin (acTub) antibody to detect the microtubule
bundle. Additional tuft cell markers, e.g., doublecortin-like kinase 1 (DCLK1), were used to co-
localize with acTub. Tuft cells were quantified in human gastric tissue arrays and in mouse
stomachs with or without inflammation. In the developing intestine, tuft cells in both the crypts
and villi expressed all markers by E18.5. In the stomach, acTub co-localized with DCLK1 and
other established tuft cell markers by E18.5 in the antrum but not until postnatal day 7 in the
corpus, with the highest density of tuft cells clustered at the forestomach ridge. Tuft cell numbers
increased in hyperplastic human and mouse stomachs. In the adult Gl tract, the tuft cell marker
acTub co-expressed with DCKL1 and chemosensory markers, e.g., TRPM5. In summary, tuft cells
appear in the gastric antrum and intestine at E18.5, but their maximal numbers in the corpus are
not achieved until after weaning. Tuft cell numbers increase with inflammation, hyperplasia and
metaplasia.
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Introduction

The solitary chemosensory system is composed of single epithelial cells that connect to
nerve fibers and function as transducers of chemical sensing in different organs (Sharbati et
al. 1998). Tuft cells are also called brush, caveolated, or fibrillovesicular cells, and are
considered to be part of the solitary chemosensory system (Sbharbati et al. 2010). Tuft cells
are an epithelial cell type present in several organs, including the olfactory epithelium,
gustatory papillae, lung, pancreatic duct, gall bladder, and luminal gastrointestinal (Gl) tract.
These cells are characterized by a narrow apex, long and blunt microvilli comprised of
numerous microtubules, a complex apical tubulovesicular system, long basal processes,
lateral cytoplasmic branches, and associated nerve endings at the basal membrane (Luciano
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et al. 1990; Sato et al. 1997; Sato et al. 2002). Tuft cells were originally identified in the Gl
tract (Jarvi et al. 1956), and characterized by electron microscopy as a distinct cellular
lineage (Isomaki 1973; Nabeyama et al. 1974).

Tuft cells express different molecules related to chemosensory perception, e.g., the guanine
nucleotide binding protein alpha transducing 3 (GNAT3), also known as a.-gustducin (Hofer
et al. 1998); the transient receptor potential cation channel, subfamily M, member 5
(TRPM5) (Kaske et al. 2007), the G protein coupled taste receptor type 1 member 3
(TAS1R3) (Young et al. 2009), and the calcium signal transducer phospholipase Cp2
(PLCP2) (Ogura et al. 2010), among others. Thus, some studies suggest that tuft cells are
part of the diffuse chemosensory system (Sbarbati et al. 2005). However, these studies do
not use a marker to characterize the cells. Moreover, there is the possibility that tuft cells
named for their structurally distinct apical microtubular bundle will share markers with
solitary chemosensory cells.

Recently, several studies have reported the expansion of doublecortin-like kinase 1
(DCLK1) positive cells in regenerating, metaplastic or injured stomachs (Jin et al. 2009;
Kikuchi et al. 2010; Okumura et al. 2010; Zhang et al. 2010). Similarly, tuft cells have been
shown to become more numerous during injury in the stomach and intestine (Kikuchi et al.
2010; Zhang et al. 2010). DCLKZ1 has been suggested to be a marker for progenitor cells in
the Gl tract (Giannakis et al. 2006), while other reports have cast doubt on the specificity of
DCLK1 as a progenitor cell marker, suggesting instead that this protein kinase identifies
intestinal tuft cells (Gerbe et al. 2009). However no information regarding gastric tuft cells
has been reported. Thus, we analyzed the expression of tuft cell markers and DCKLL1 in the
developing, normal and injured mouse stomach, and in tissue arrays of human stomach.

Materials and Methods

Animals and tissue preparation

Various tissues were collected from 8 week-old wild type (WT) C57BL/6 mice. Stomach
and intestine from embryos of pregnant C57BL/6 mice on days 14.5, 16.5 and 18.5 after the
vaginal plug was detected; and from postnatal animals on the day of birth (P0), then before
weaning at 1, 2, 3 (weaned), and 5 weeks after birth. After washing in phosphate-buffered
saline (PBS), the tissues were fixed overnight in 4% paraformaldehyde at 4°C, then paraffin-
embedded. The University of Michigan Committee on the Use and Care of Animals
approved all mouse protocols used.

Tuft cells were also analyzed in the following mouse models showing abnormal gastric
mucosa: 1) 11 month-old gastrin knockout (GKO) mice (Friis-Hansen et al. 1998; Kang et
al. 2008), 2) Huntingtin interacting protein 1 related deficient mice (Hip1rKO) (Jain et al.
2008; Keeley et al. 2010), 3) 2 month-old mice infected for 1 month with Helicobacter felis
(Waghray et al. 2010), 4) 10 month-old somatostatin null mice (Mensah-Osman et al. 2008),
5) mice with the sonic hedgehog gene conditionally deleted from the parietal cells using the
H,K-ATPaseCre mouse line (HKCrexShhFL/FL) (Xiao et al. 2010).

Electron microscopy—Gastric corpus and antrum pieces approximate 5 mms3 were fixed
overnight in 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in
Sorenson’s buffer at 4°C. The samples were post-fixed in 0.5% OsOy4, dehydrated then
embedded in Epon resin. Ultrathin sections were made using a RMC Ultramicrotome4,
stained with 1% uranyl acetate and examined with a Philips CM-100 Electron Microscope.

BrdU injection—Mice were injected intraperitoneally (50 mg/kg) 1.5 h before euthanasia
with 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich, St. Louis, MO, USA) freshly prepared
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in normal saline (0.9% NaCl, pH 7.0). Proliferating cells were identified in paraffin sections
by immunostaining for BrdU.

gRT-PCR—RNA was isolated from WT and HipZlr-deficient whole stomach (PO and 1
week) or gastric corpus (3 week, 5 week and 8 week) (n = 3-9 per genotype), as previously
described (Lopez-Diaz et al. 2006). Reverse transcriptase reactions were performed with I-
script (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions, and
triplicates for each sample were amplified by PCR to measure specific mRNA
concentrations. The primer sequences for PCR amplification of DCLK1 were forward 5’-
TGAACAAGAAGACGGCTCACTCC-3', reverse 5'-
GCTGGTGGGTGATGGACTTGG-3'. Expression levels were normalized to the expression
of Gapdh, which remained the same in WT and Hiplr-deficient samples. All PCR amplicons
were confirmed by sequencing.

Tissue arrays

Two human gastric tissue arrays were purchased from Biomax, Inc. (#ST1001 and ST805,
Biomax Inc., Rockville, MD). The ST1001 array contained a single core of 22 different
cases of adenocarcinomas, 10 signet-ring cell carcinomas, 8 undifferentiated carcinomas, 5
carcinoids, 10 metastatic carcinomas, 5 intramucosal carcinomas, 9 gastric ulcers, 7
stomachs with atrophic gastritis, 6 with hyperplasia, 10 stomachs with inflammation and 8
normal stomach samples. The ST805 tissue array contained a single core of stomachs with a
wide spectrum of disorders: 10 normal, 10 inflammation, 10 atypical hyperplasia, 32
adenocarcinomas, 8 gastric squamous cancers at different stages and 10 cases of metastatic
gastric cancer. Information regarding the gender, age, grade, type, and image of each sample
in the array is available through Biomax, Inc. (http://www.biomax.us/tissue-arrays/
Stomach/).

Tissue arrays were analyzed for the presence of tuft cells by immunostaining. The number of
cores positive for the indicated tuft cell marker was expressed as a function of the total
number of cores for each condition on the tissue array. Also, the number of positive cells
was expressed as a function of the total number of epithelial cells counted.

Immunohistochemistry

The following antibodies were used for immunofluorescence: mouse anti-acetylated-
atubulin (acTub) (1:1000, Sigma-Aldrich, St. Louis, MO, USA) (Slepecky et al. 1995; Saha
et al. 2000), rabbit anti-p-catenin (1:200, Abcam, Cambridge, MA, USA) (Norwood et al.
2010), rabbit anti-TRPM5 (1:500, a kind gift from Vladimir Chubanov, Ludwig
Maximilians Universitaet Muenchen (Kaske et al. 2007)), rabbit anti-PLC2 (1:200, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) (Hass et al. 2007), rabbit anti-DCLK1 (1:50,
Abcam, Cambridge, MA, USA)(May et al. 2008; Kikuchi et al. 2010), rabbit anti-a.-
gustducin (1:150, Santa Cruz Biotechnology, Santa Cruz, CA, USA)(Hass et al. 2007; Jang
et al. 2007), goat anti-villin (1:150, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
(Rozengurt et al. 2006), rabbit anti-glucagon like peptide 1 (1:100, Santa Cruz
Biotechnology, Santa Cruz, CA, USA)(Rozengurt et al. 2006; Jang et al. 2007), rabbit anti-
taste receptor type 1 member 3 (TAS1R3) (1:100, Abcam, Cambridge, MA, USA)(Hass et
al. 2010), rabbit anti-TFF2 (1:200, a gift from Nicholas A. Wright, Barts and The London
Medical School, Histopathology Unit, Cancer Research UK London Research Institute,
London, United Kingdom) (Elia et al. 1994; Kang et al. 2008), mouse anti-BrdU (1:50,
Sigma-Aldrich, St. Louis, MO, USA)(Keeley et al. 2010), mouse anti-H*,K*-ATPase alpha
subunit (1:1000; Medical and Biological Laboratories)(Keeley et al. 2010), rabbit anti-
chromogranin A (1:200, Abcam, Cambridge, MA, USA)(Hass et al. 2007), rabbit anti-
serotonin (1:1000, Sigma-Aldrich, St. Louis, MO, USA)(Rozengurt et al. 2006; Hass et al.
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2007), rabbit anti-somatostatin (1:50, Abcam, Cambridge, MA, USA)(Mensah-Osman et al.
2008), rabbit anti-intrinsic factor (1:500, a gift from David Alpers, Washington University)
(Howard et al. 1996), Alexa 488 conjugated- Griffonia simplicifolia lectin 11 (GSII) (1:1000,
Vector Laboratories, Olean, NY, USA)(Kang et al. 2008; Keeley et al. 2010). Secondary
donkey anti-rabbit antibody conjugated to Alexa-488, goat anti-mouse Cy3, or goat anti-
rabbit Cy3 (1:500 or 1:400, Jackson ImmunResearch, West Grove, PA, USA) and goat anti-
rabbit conjugated to Alexa-488 (1:400 Invitrogen, Carlsbad, CA, USA) were used for
fluorescence. AcTub antibody was conjugated to DyLight-594 using the DyL.ight
Microscale Antibody Labeling kit (Thermo Scientific, Waltham, MA, USA). Sections were
counterstained with nuclear 4,6-diamidino-2-phenylindole dihydrochloride (DAPI). For light
microscopy staining, the rabbit HRP/DAB detection IHC kit (Abcam, Cambridge, MA,
USA), and the Vectastain kit for mouse-1gG (Vector Laboratories, Olean, NY, USA) were
used.

Paraffin-embedded tissue sections were deparaffinized and rehydrated, then antigen retrieval
was performed in 10mM citrate buffer pH 6.0. All tissues were blocked for 30 min with
20% donkey serum (Jackson ImmunoResearch) or 10% goat serum (Sigma-Aldrich, St.
Louis, MO, USA) in Tris-buffered saline (TBS) pH 7.4 with 0.1% Triton-X (TBS-T).
Excess blocking solution was removed, and primary antibodies were applied for 2 h at room
temperature or at 4°C for an overnight incubation. The samples were washed with TBS-T (3
x 5 min) and then incubated with the corresponding secondary antibodies. For light
microscopy, kits were used following antigen retrieval and according to the manufacturer
instructions. Images were captured using an Olympus BX60 fluorescent microscope or
Olympus FluoView 500 confocal microscope.

Tuft cells in gastric, intestinal and colonic sections were counted, and the total epithelial
area measured in 30 microscope fields per sample (n=5) at a magnification of 400X (average
0.032 mm?/field). Tuft cells were also quantified on stomach sections from 9 GKO mice and
5 age-matched controls. The areas with hyperplasia, spasmolytic peptide expression
metaplasia (SPEM), and surrounding normal areas were counted in the same mice. The
mean number of tuft cells observed in 10 normal, hyperplastic or metaplastic glands per
mouse was compared using one-way ANOVA with Dunnet’s post-test (GraphPad Prism,
San Diego, CA, USA). In the embryonic small intestine and post-natal stomach, the number
of tuft cells counted per 200 epithelial cells was compared to the numbers observed in the
adult organs (8 week old). To compare different time points during gastric development and
in the Hip1rKO versus WT (5 week old) mice, DCLK1 mRNA expression in the mouse
stomach was determined by gRT-PCR and shown as the mean £S.E.M. using the Student’s t
test (GraphPad Prism).

Identification of tuft cells in the gastric mucosa

When immunostaining the mouse stomach using anti-acTub antibody, two different
epithelial cell types are marked: cells with prominent apical staining (Fig. 1A, yellow arrow
and Suppl. Fig 1) that we further identified as tuft cells by electron microscopy (Fig. 1B
yellow arrow), and cells showing primary cilia (Suppl. Fig 1). It is important to note that tuft
cells did not have centrosomes associated with the microtubules (Fig. 1B), and were
negative for specific cilia markers such as Arl13b and IFT88 (data not shown), confirming
that the microtubules in tuft cells are not cilia. Gastric tuft cells also possessed lateral
branches (Fig. 1B red arrow). The greatest density of tuft cells was found at the squamo-
columnar epithelial junction in the proximal stomach (Fig. 1C). We observed up to 15 tuft

Histochem Cell Biol. Author manuscript; available in PMC 2013 February 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saqui-Salces et al.

Page 5

cells arrayed along the first gastric gland. Tuft cells were also found scattered throughout the
oxyntic mucosa (52+58 cells/mm2), usually in the upper third of the glands. In the transition
zone and antrum, the density of tuft cells increased (174+131 cells/mm?2 and 167+197 cells/
mm? respectively) compared to the oxyntic mucosa. They were not present in the Brunner’s
gland, but were easily found along the small intestine (72+79 cells/mm?), becoming more
numerous in the distal colon (172+105 cells/mm?).

Gastric tuft cells express chemosensory markers

To further confirm that the cells identified in the stomach were tuft cells and express
chemosensory markers, we co-stained anti-acTub antibodies with known tuft cell markers
including GNATS3 (a-gustducin) (Suppl. Fig. 2A), villin-1 (Suppl. Fig. 2B), glucagon-like
protein-1 (GLP-1) (Suppl. Fig. 2C), and proteins related to chemical sensing and signaling
including TRPM5 (Kaske et al. 2007) (Fig. 2A), PLCB2 (Ogura et al. 2010) (Fig. 2B), and
TAS1R3 (Young et al. 2009) (Fig. 2C). We examined 30 fields in the stomach for acTub
positive cells and other markers (199+107 positive cells/sample). Nearly all acTub positive
cells co-stained with the other markers examined with the exception of TAS1R3. AcTub
was observed in 95% of cells positive for TRPM5, GNATS3 and villin-1, while 85% of
acTub positive cells were positive for PLCP2. GLP-1 was observed in 94% of acTub
positive cells, but also in other cell types, i.e. zymogenic and endocrine; tuft cells
represented 38% of the total GLP-1 positive cells in the gastric mucosa. The observation of
cells negative for acTub but positive for the various markers, was likely due to cell
orientation since the characteristic tuft was not observed without visualization of the apical
surface. AcTub-positive tuft cells did not co-localize with the TAS1R3 receptor in the
stomach. In addition, the few cells tuft cells and TAS1R3 positive-cells resided near each
other at the squamocolumnar junction (Fig. 2C), suggesting that these taste-sensing cells are
distinct and do not posses the apical microtubule bundle characteristic of tuft cells.

DCLK1 is a marker for gastric tuft cells

Gerbe et al. showed that DCLK1 identified tuft cells in the intestine (Gerbe et al. 2009).
However it is not known if tuft cells in the stomach and other tissues can be identified by
DCLKZ1. Therefore, we co-stained anti-acTub with DCLKZ1 in the mouse stomach (Fig. 3A
and 3B), small intestine (Fig. 3C), and colon (Fig. 3D), and in tissues where tuft cells have
been previously documented, e.g., the gustatory papillae of taste buds (Yee et al. 2001)
(Suppl. Fig 3A), the gall bladder (Luciano et al. 1979; Luciano et al. 1981) (Suppl. Fig 3B),
the lung (Kasper et al. 1994) (not shown), and the biliary ducts (Luciano et al. 1981) (not
shown). In all of these tissues, all cells with the characteristic apical acTub staining were
also positive for DCLK1. Cells staining for DCLK1 also exhibited the long basal processes
characteristic of tuft cells (Fig. 3A and 3B, yellow arrow).

We also co-stained acTub and DCLKZ1 with the markers for other mature gastric cell
lineages, e.g., the parietal cell marker H*K*-ATPase, beta subunit (Suppl. Fig. 4A), the
mucous neck cell marker GSII lectin (Suppl. Fig. 4B), the secretory lineage markers
intrinsic factor, chromogranin A, somatostatin and serotonin (data not shown). AcTub and
DCLK1 positive cells did not co-localize with any of these mature gastric markers,
suggesting that acTub and DCLK1 identify a distinct epithelial cell population. These results
suggest that tuft cells, as reported previously for the stomach (Kikuchi et al. 2010) and in the
intestine (Gerbe et al. 2011), do not belong to the enteroendocrine lineage but constitute a
unique cell type.

Tuft cells appear in the developing gastrointestinal tract

Since there is no information on tuft cells during development of the Gl tract, and DCLK1
has been suggested as a progenitor cell marker (Giannakis et al. 2006), we examined when
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tuft cells appear during development. Embryonic (E) intestine and stomach from days 14.5,
16.5, and 18.5 post coitus were examined (Table 1). Considering that stomach development
is completed only after birth (Keeley et al. 2010), we also analyzed stomachs on the day of
birth (P0O), and at 1, 3 and 5 weeks of age (Table 1).

In the intestine, villus formation and epithelial cytodifferentiation begins at day E14. At day
E14.5, acTub-positive epithelial cells were absent. In addition, we did not detect any
TRPMS5, GNATS3, or DCLK1-positive cells. At day E16.5, epithelial tuft cells staining
positively for acTub were found evenly distributed throughout the intestinal crypts and villi.
These acTub+ tuft cells co-localized with TRPM5, GNAT3 and PLCP2, although the
expression of these latter markers was not as intense as in the adult intestine. By day E18.5,
we observed tuft cells in the intestine stained for all the characteristic tuft cell markers with
similar intensity as in the adult tissue (Table 1) in contrast to the report by Gerbe ef al., tuft
cells marked with DCLK1 are detected only after birth (Gerbe et al. 2011). We also
observed some positive cells for GNAT3, and PLCP2 that were not positive for acTub, in
consistency with previous reports (Jang et al. 2007).

In the stomach, gastric gland morphogenesis occurs after birth, and epithelial cell lineages
appear during the first postnatal weeks (Keeley et al. 2010). Similar to the intestine at E14.5,
acTub positive epithelial cells were not observed. At day E16.5, tuft cells positive for acTub
were observed only in the distal gastric epithelium, but these were not positive for the other
tuft cell markers, e.g., TRPM5, GNAT3 or PLCB2 (Table 1). The shape of these fetal tuft
cells was slightly rounder than in the adult, reminiscent of tuft cells in the rat submandibular
gland during postnatal development (Sato et al. 1998). At E16.5, in addition to the cells with
the apical tuft (Suppl. Fig. 5A), we observed the presence of distinct acTub+ multi-ciliated
cells (Suppl. Fig. 5B). The multi-ciliated cells were found only in the middle of the lesser
curvature, close to the esophageal junction. However, no multi-ciliated cells were observed
in the normal adult gastric mucosa.

By day E18.5, gastric tuft cells were found only in the distal stomach and these were
identified by co-staining acTub, TRPM5, and GNAT3. Interestingly, GNAT3 staining was
quite faint in the stomach compared to the intestine in the same tissue section. PLCp2
positive cells were found in the stomach, however, the staining was not observed in tuft cells
at this time point (Fig. 4A). PLCB2 expression in gastric tuft cells (acTub positive cells) was
not detected until after birth (Table 1). At PO, tuft cells were primarily found in the distal
stomach (antrum) and were scarce in the proximal stomach.

The pattern of tuft cell development in the luminal Gl tract was in a distal-proximal

gradient, with mature cells appearing first in the intestine and subsequently in the distal and
then proximal stomach (Table 1). Accordingly in the stomach, we observed an increase in
DCLK1 mRNA after birth, which peaked at 3 weeks (Fig. 4B). The increase over time in
DCLK1 expression was mirrored by the increase in tuft cells in the corpus, as demonstrated
also by TRPMS5 expression (compare 2 to 3 weeks of age in Fig. 4C and 4D respectively).
The maximal number of tuft cells observed at the squamo-columnar epithelial junction in the
adult stomach was reached only after 3 weeks of age, when the gastric mucosa had achieved
its mature glandular architecture. Tuft cells appeared late in the embryonic intestine, and did
not achieve their maximum quantity and location in the stomach until after weaning.

Gastric tuft cells expand in hyperplasia

It has been reported that DCLK1-positive cells expand in gastric and intestinal injury and
hyperplasia (Kikuchi et al. 2010; Okumura et al. 2010; Zhang et al. 2010). Therefore, we
hypothesized that those DCLKZ1 positive cells observed under hyperplastic conditions in the
stomach were also tuft cells. To test this, we determined the expression of acTub, DCLK1,
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GNAT3, TRPM5, and PLCB2 in mouse models of gastric pathology, e.g., gastritis, mucous
cell hyperplasia and spasmolytic peptide-expressing metaplasia (SPEM). These models
include the gastrin-deficient mouse (GKO), which develops hypochlorhydria and mucous
neck hyperplasia in the corpus by 6 months, then antral tumors after 9 months (Zavros et al.
2005; Kang et al. 2008), and the Huntingtin interacting protein 1 related-deficient mice
(Hip1rKO), which exhibit glandular hyperplasia with increased cellular proliferation,
increased numbers of surface mucous cells, loss of zymogenic cells and extensive SPEM
(Jain et al. 2008; Keeley et al. 2010).

The GKO mouse corpus showed an increase in the number of tuft cells documented by the
co-localization of acTub (Fig. 5A) in serial sections with DCKL1 (representative images
shown in Suppl. Fig 6A and 6E), TRPM5 (Suppl. Fig. 6B and 6D), PLCB2 (Suppl. Fig 6C),
and GNAT3 (data not shown). This increase occurred in both the hyperplastic and
metaplasic mucosa (SPEM) (P<0.01 and P<0.05 compared to normal, respectively) (Fig.
5B). There were 4 times as many tuft cells observed in the hyperplastic corpus of GKO mice
compared to the number of tuft cells in SPEM samples (Fig. 5B). In the Hip1rKO mouse, an
increase in tuft cells was also observed (data not shown), as well as a significant increase in
DCLK1 mRNA expression (P<0.005) (Fig. 5C). Interestingly, DCLK1+ tuft cells did not
exhibit the proliferation marker BrdU (Fig. 5D).

All other markers were observed in the hyperplastic and metaplastic tissue samples.
TRPM5, PLCB2, and DCLK1 staining in metaplastic/inflamed areas had the same intensity
and frequency of co-staining as acTub in the normal adjacent mucosa. However, co-
localization of GNAT3 with acTub was observed in <85% of acTub positive cells, and the
intensity of the stain was weaker in metaplastic areas compared to adjacent normal mucosa.

We also examined somatostatin null mice which exhibit antral-pyloric hyperplasia (Mensah-
Osman et al. 2008), parietal cell-directed Shh knockout (HKCrexShhFLFLY mice that show
mucous pit hyperplasia as reported previously (Xiao et al. 2010) and H. felis-infected mice
that develop gastritis and SPEM (Waghray et al. 2010), which all showed increased tuft cell
numbers (data not shown). Overall, these results suggested that the tuft cell compartment
expands during hyperplasia independently of the insult (inflammation) or gastric physiology
(hypochlorhydria and hypergastrinemia; hyperproliferation, or cell atrophy).

Human and mouse gastric tuft cells exhibit similar patterning

We next asked if the changes observed in the injured mouse stomach mucosa were also
found in the human stomach. Therefore, we immunostained two human tissue arrays that
contained tissue cores from normal and inflammed stomachs with acTub, (Fig. 6A),
intestinal metaplasia, dysplasia (Fig. 6B) and cancer (Fig. 6C). Similar to the mouse models,
we observed a decrease in the number of tuft cells as the mucosa became less differentiated
(dysplastic and transformed). The frequency of tuft cells observed in areas showing
intestinal metaplasia (Fig. 6B, gland 1) was higher than that observed in dysplastic glands
(compare glands 2 and 3 in Fig. 6B and Table 2), with an eventual absence of tuft cells in
cancer tissue (Fig. 6C and Table 2), similar to what has been reported in intestinal lesions
using DCLK1 as marker (Gerbe et al. 2011). These results suggested that the tuft cell
compartment expands during gastric hyperplasia but tends to disappear in advanced
pathological lesions.

Discussion

Tuft cells in the stomach were first described by Jarvi (Jarvi et al. 1956) as a unique cell type
based on its morphologic characteristics observed in electron micrographs. Subsequently,
the morphologic features became associated with specific protein markers, e.g., villin and
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tubulin (Hofer et al. 1996). However, the physical characteristic (apical microtubular
bundle) was not consistently linked to specific gene products making it difficult to define
consistent markers for this cell lineage. As a result, assigning a function to this cell type
became hampered by the inconsistent application of recognizable markers. Therefore the
major goal for our study was to consistently identify the gastric tuft cell by its apical
microtubular feature using acTub, then determine what additional protein gene products co-
localized with the “tuft-containing” cell and determine under what conditions the cells
appeared or altered their quantity.

In the stomach, Hass ef al. reported that the TAS1R3 is expressed in tuft cells and ghrelin-
producing endocrine cells (Hass et al. 2010). Although we cannot rule out the possibility
that other taste receptors are present on tuft cells, we found that tuft cells identified with
acTub do not co-localize with TAS1R3 in the stomach nor ghrelin-secreting cells. This
discrepancy suggests that there might be two different sensory cell populations in the
stomach: 1) tuft or chemosensory cells marked by acTub and expressing TRPM5, DCLK1,
GNATS, Villin, GLP-1, and PLCp2; and 2) taste-sensing cells, negative for acTub but
positive for TAS1R3 and ghrelin. Apart from their presence on the epithelial side of the
murine squamo-columnar junction, the distribution of these two cell types might also be
slightly different given that acTub positive tuft cells tend to reside in the upper half of the
oxyntic mucosal glands and ghrelin-secreting cells tend to localize to the lower half.
Furthermore, we observed tuft cells to be abundant in the transition zone and less so in the
antrum where there are very few ghrelin-secreting cells. We also observed a small number
of cells that were positive for the chemosensory markers but did not exhibit the
characteristic apical microtubule cluster. These results supports that although tuft cells are a
distinct cell lineage, there are other cells types expressing chemosensory markers in the
stomach, similar to what has been shown in the intestine. Consequently, additional structural
markers need to be developed to distinguish between these various chemosensory cell types.

Previous studies have used tubulin as a marker for tuft cells (Hofer et al. 1996; Gerbe et al.
2009; Gerbe et al. 2011), and the unique shape of these cells has been discussed elsewhere
(Luciano et al. 1979; Karam et al. 1993; Sato et al. 1997). Since the characteristic
microtubules defining these cells are always directed towards the apex and do not extend to
the basal membrane, the orientation of the cell becomes crucial in defining whether other
markers co-localize with tubulin in polarized epithelia such as in the stomach and intestine.
Moreover, the cell structure suggests that the multi-vesicular apical tuft region is important
in sensing the lumen then subsequently transmitting the signal either by direct contact to
neighboring cells through basolateral membrane extensions or nerve endings.

AcTub+ tuft cells appear late in the developing intestine and distal stomach (antrum) around
day E18.5. However, they do not express the characteristic markers, neither achieve their
maximal numbers and distribution pattern in the stomach until after weaning. Although
weaker, we observed DCLK1 staining in the embryonic intestine at E18.5, (see Table 1),
and in a lower number of cells in the embryo compared to the adult. Overall, these data
suggest that the ultrastructural feature of tuft cells is established before functional markers
are expressed. In addition, since gastric tuft cells also express the chemosensory proteins
GNAT3, TRPM5 and PLCR2, they are likely to function as chemosensory cells in the Gl
tract.

It is interesting to note that tuft cells in the stomach corpus are observed only when the
mucosa achieves its mature structure, similar to what has been previously described for tuft
cells in the gall bladder (Iseki 1991), intestine (Gerbe et al. 2011), and taste buds (Sharbati et
al. 1998). It is also after birth when the Gl tract is exposed to nutrients, microorganisms, and
environmental pressures due to the presence of food.
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The role of tuft cells in the Gl tract is not yet well defined. There is some controversy as to
whether these cells are primarily solitary chemosensory or taste sensing cells. The presence
of taste receptor-expressing cells in the Gl tract has been reported (Hass et al. 2007; Young
et al. 2009; Hass et al. 2010). Two independent reports have shown the presence of cells that
express TRPM5, but not PLCB2 and GNATS in the olfactory epithelium (Hansen et al.
2008; Lin et al. 2008). Especially in the intestine, GNAT3, GLP-1, PLCB2, TAS1R3 and
TRPMS5 have been localized to L-cells (Jang et al. 2007). Whether tuft and L-cells share
some markers or are the same cell type requires further study. Since L-cells have not been
described in the stomach, and tuft cells are a distinct cell lineage present in diverse organs,
there is the possibility that different patterns of functional marker expression exist, probably
related to their organ specific roles.

Giannakis ef al. (Giannakis et al. 2006) reported the presence of DCLK1 in the Gl tract, and
suggested that this kinase might be a progenitor cell marker in the intestine and stomach. We
and others have shown that tuft cells are negative for proliferation markers (Karam et al.
1993; May et al. 2009; Kikuchi et al. 2010; Gerbe et al. 2011). Also it has been documented
elsewhere that tuft cells are negative for the progenitor cell marker Lgr5 in the intestine
(May et al. 2009; Barker et al. 2010), but this has not been examined in the stomach. Our
findings that tuft cells are positive for DCLK1 in different organs, appear late during the
course of Gl tract development, localize along the gastric glands and intestinal villi in non-
progenitor cell domains, express various markers indicative of chemosensation and are
conserved even in hyperplastic conditions, but not in transformed cells, is consistent with the
observation that DCLK1 marks tuft cells (Gerbe et al. 2009). Nevertheless, we acknowledge
that definitive determination of their progenitor cell capability requires cell lineage tracing.

In their study, Giannakis et a/. used laser micro-dissected samples from the expanded
isthmus of gastric glands from mice in which hyperplasia was induced after Paneth cell
ablation in the intestine (Giannakis et al. 2006). Given the evidence that tuft cells are
expanded under conditions of injury, this expansion might explain the observed enrichment
of DCLK1 mRNA in their study. It is interesting that these authors also observed enrichment
of G-protein-coupled receptor signaling, including pathways related to opioids and
glutamate metabolism, which have been associated with tuft cell sensory function in the Gl
tract (Kokrashvili et al. 2009; Nakamura et al. 2010).

Tuft cell function in the stomach has not been evaluated directly given the controversy
surrounding their identification. Satiety signals, exposure to nutrients and microbiota are all
possible activators of tuft cell signaling. Tuft cells might participate in mounting appropriate
responses to external stimuli in the GI tract. The mechanisms associated with their function
might include direct nutrient sensing, fatty acid metabolism (Iseki et al. 1989; Iseki et al.
1991), and endocrine regulation due to their proximity to endocrine cells (Hass et al. 2007)
or afferent neuronal signaling (Sato et al. 2002; Hass et al. 2007).

A somewhat unrelated finding in this study is the presence of multi-ciliated cells at the
esophageal junction of the developing stomach (Supplementary Fig 5B). These cells
resemble chemosensory cells in the airway tract that are known to express bitter taste
receptors (Shah et al. 2009). Ciliated metaplasia is a pathological condition characterized by
the presence of cysts within the gastric mucosa or submucosa, lined by a single layer of
multi-ciliated cells reminiscent of cells lining the respiratory tract. As such, these cystic
lesions containing multi-ciliated cells have been designated “airway tract metaplasia” (Judd
et al. 2005; Rau et al. 2005). Ciliated metaplasia tends to occur in the very proximal corpus,
but in the human tissue arrays analyzed, we observed multi-ciliated cells in some sections
exhibiting inflammation or intestinal metaplasia, suggesting that multi-ciliated cells might
be present more frequently than previously reported. Whether the multi-ciliated cells in the
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embryonic stomach are in the developmental continuum ultimately giving rise to the mature
tuft cell or are a distinct cell lineage contributing to ciliated metaplasia will also require
lineage-tracing experiments using cell-specific promoters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

A) Gastric tuft cell identified by microtubule staining (yellow arrow) with anti-acetylated-a.-
Tubulin (acTub, red). The dotted line indicates the apical border, and the dashed line the
basal membrane. B) Electromicrograph of a tuft cell in the stomach, showing the
characteristic narrow apex with blunt microvilli and numerous microtubules (yellow arrow)
that extend along the cell body, and lateral branches (red arrow). C) Tuft cells identified
with acTub (yellow arrows) were found in high numbers at the squamous/columnar
epithelium border of the stomach.
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Figure 2.

Gastric tuft cells identified by acTub (red) express chemosensory markers. A) The transient
receptor potential cation channel, subfamily M, member 5 (TRPMS5, green). B) Tuft cells in
the stomach also express phospholipase Cp2 (PLCB2, green). C) Gastric tuft cells (white
arrows) do not express TAS1R3 (yellow arrows). The epithelial basal membrane is marked
with white dashed lines in all merged panels.
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Figure 3.

DCLK1 (green) co-localized with acTub (red)-positive tuft cells in the stomach (A and a
higher power view in B), small intestine (C) and colon (D). The long basal processes of tuft
cells are also evident by staining with DCLK1 (yellow arrows in A and B). The epithelial
basal membrane is marked with white dashed lines.
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DCLK1 mRNA / Gapdh mRNA

Lumen

TRPMS

Figure 4.

A) In the embryonic stomach (E18.5), tuft cells (yellow arrows) were not positive for
PLCP2 (green). In the gastric corpus, DCLK1 mRNA abundance was increased after birth
(B) and tuft cells were found in low numbers by 2 weeks (C). The high number of tuft cells
in the squamous/columnar epithelium junction observed in the adult was reached only after
3 weeks of age (D). The epithelial basal membrane is marked with white dashed lines.

Histochem Cell Biol. Author manuscript; available in PMC 2013 February 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saqui-Salces et al.

Page 18

Tuft cells / field

Normal Hyperplasia  Metaplasia

Cc *

0.004

0.0034
0.002:
0.001
0. I I

Hip1rKO

DCLK1 mRNA / Gapdh mRNA

Figure5.

Tuft cells are expanded in hyperplasia in the stomach. A) A representative image of a
hyperplastic area in the corpus of an 11 month-old gastrin knockout mouse (GKO). Tuft
cells are identified with acTub (red, white arrows), and the hematoxylin-eosin stain of the
same area is shown in the insert. B) Quantification of tuft cells observed in GKO mice
corpus. GKO mice develop antral and corpus hyperplasia and corpus metaplasia. Areas in
which expanded expression of spasmolytic peptide were observed were considered
metaplastic. Tuft cells in the surrounding normal mucosa in the same sample were
quantitated. P values were calculated using One-way ANOVA with Dunnet’s post-test. C)
Increased expression of DCLK1 was also observed in 5 week-old Hip1lrKO mice, which
develop SPEM and corpus hyperplasia. Data presented are mean £S.E.M. (N = 3; *P<0.005
with Student’s T-test). D) DCLKZ1 positive cells (green) were not proliferating in Hip1lrKO 3
week old mouse corpus (BrdU staining in red).
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Figure6.
Tuft cells were expanded in human inflammation and hyperplasia (A), intestinal metaplasia

(B, gland 1), while their frequency was diminished in higher dysplastic glands (B, compare
glands 2 and 3), and were absent in carcinoma samples (C).
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Saqui-Salces et al.

Tuft cells observed in human tissue arrays.

Table 2

Sample?

Normal stomach
Normal donor
Cancer adjacent

Ulcer

Gastritis
Total

With intestinal metaplasia

With hyperplasia

With dysplasia
Dysplasia
Adenocar cinoma
Mucinous adenocar cinoma
Signet-ring cell carcinoma
Squamous cell carcinoma
Undifferentiated carcinoma

M etastatic adenocar cinoma

Total cores®  Coreswith tuft cell/evaluable cores¢  Tuft/total cellsd

10

34
17

©o

18

212
3/4
47

17/25

10/11#
112
0/2
1/4
3/28
1/6
0/11
1/4
0/4
0/11

15/739 (2.0%)
66/3129 (2.1%)
4/856 (0.5%)

54/2570 (2.25%)
49/1135 (4.3%)

5/486 (1.0%)
0/949 (0%)
8/672 (1.2%)
22/4632 (0.5%)
16/1045 (1.5%)
0/2869 (0%)
2/856 (0.2%)
0/1944 (0%)
0/1437 (0%)

aCOre as identified by the tissue arrays provider.

bTotaI number of cores present in the arrays.

cTotaI number of cores in the arrays that showed immunoreactivity (mesenchymal ciliated cells and nerves were used as staining control).
dTotaI number of epithelial cells in the sample.

#Ciliated metaplasia was observed in 5/11 cores.
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