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Abstract

Background—~Peptic ulcers recur, suggesting that ulcer healing may leave tissue predisposed to
subsequent damage. In mice, we have identified that the regenerated epithelium found after ulcer
healing will remain abnormal for months after healing.

Aim—To determine whether healed gastric mucosa has altered epithelial function, as measured by
electrophysiologic parameters.

Method—UIcers were induced in mouse gastric corpus by serosal local application of acetic acid.
Thirty days or 8 months after ulcer induction, tissue was mounted in an Ussing chamber.
Transepithelial electrophysiologic parameters (short-circuit current, k. resistance, /) were
compared between the regenerated healed ulcer region and the non-ulcerated contralateral region,
in response to luminal hyperosmolar NaCl challenge (0.5 M).

Results—In unperturbed stomach, luminal application of hyperosmolar NaCl transiently dropped
/s followed by gradual recovery over 2 h. Compared to the starting baseline /., percent /.
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recovery was reduced in 30-day healing mucosa, but not at 8 months. Prior to NaCl challenge, a
lower baseline /¢, was observed in trefoil factor 2 (TFF2) knockout (KO) versus wild type (WT),
with no /s recovery in either non-ulcerated or healing mucosa of KO. Inhibiting Na/H exchanger
(NHE) transport in WT mucosa inhibited /¢ recovery in response to luminal challenge. NHE2-KO
baseline / was reduced versus NHE2-WT. In murine gastric organoids, NHE inhibition slowed
recovery of intracellular pH and delayed the repair of photic induced damage.

Conclusion—Healing gastric mucosa has deficient electrophysiological recovery in response to
hypertonic NaCl. TFF2 and NHE2 contribute to /. regulation, and the recovery and healing of
transepithelial function.

Keywords

Ulcer; Gastric; Epithelial cell; Repair; TFF2; NHE2; Ussing chamber; Confocal microscopy;
Photodamage; Actin

Introduction

Peptic ulcers are a major burden in health care and despite a decreasing incidence are still
diagnosed in about 5-10% in the general population [1, 2]. Although H. pylorieradication or
antacid medication facilitates ulcer healing and reduces ulcer recurrence, past clinical
observations have reported a cumulative 20% probability of ulcer recurrence at 6 months [3]
and 5% at 5 years [4] among patients previously diagnosed and treated for H. pylori
infection. Seo et al. [4] also reported the 5-year cumulative probability of ulcer recurrence in
the absence of H. py/loriinfection was 36.4%. Our previous work in animal models
suggested that even after visual confirmation of ulcer healing, the restored mucosa is
physiologically dysfunctional [5].

Previous studies in mice suggest that after ulcer healing, residual abnormalities in the
regenerated epithelium could increase the risk of further damage or continued peptic ulcer
disease [5-9]. These abnormalities included poorly differentiated cells, degenerative changes
in the glandular cells, increased connective tissue, and a disorganized microvasculature [6—
9]. Indeed, the presence of nonsteroidal anti-inflammatory drugs (NSAIDSs) or H. pylori
infection contributes to ulcer relapse in experimental animal models [5, 10, 11] and in
patients [3, 4].

Trefoil factor 2 (TFF2), a peptide secreted into mucus, protects the gastric mucosa and
promotes cell migration in response to injury in vivo [12]. TFF2 gene and protein expression
are upregulated in the healing epithelium following ulcer induction [5, 13, 14]. Interestingly,
TFF2-KO mice are susceptible to NSAID-induced gastric mucosal injury and display
delayed ulcer healing [12, 14], suggesting that in TFF2 replete tissue, TFF2 strengthens the
epithelial barrier in order to prevent further disease progression during ulcer healing. In
addition, solute carrier family (SLC) 9 (sodium/hydrogen exchanger [NHE]) isoforms
facilitate and regulate epithelial sodium absorption, intracellular pH (pH;), cell volume,
migration, and wound repair [15-19]. Our laboratory has shown that TFF2 requires NHE2
activity to facilitate the repair of gastric epithelial micro-injury induced by two-photon laser
irradiation [19]. Interestingly, following induced injury TFF2 is upregulated in the
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regenerating gatric epithelium while NHE2 expression is downregulated [5]. Although the
impact of these observations on epithelial barrier function is unknown, we and others
observed that following repair from an initial ulcer, ulcer relapse was enhanced by further
administration of H. pylorior NSAIDs [5, 10, 11].

Hagen et al. [20] reported that gastric restitution is Na*-dependent in bullfrog, and EGF-
induced restitution is mediated in part by NHE in guinea pigs [17]. On the basis of these
prior observations, we hypothesized that the healing mucosa would have abnormal ion
transport activity possibly due to the downregulation of NHE2 following induced ulceration,
which could make the healing mucosa more susceptible to ulcer relapse. We sought to test
our hypothesis using electrophysiology to study active transport in the healing mucosa.

Gastric transepithelial resistance (/) and short-circuit current (%), a measure of active ion
transport, are classically measured in Ussing chambers [21, 22] using isolated bullfrog or
guinea pig gastric mucosa [23-25]. In the present study, we investigated events, detected by
Iscand R, during repair of mild murine gastric mucosal damage in response to hyperosmolar
NaCl. We compared tissues that had healed from experimentally induced ulcers for short (30
day) and long (8 months) periods and also investigated pH; in gastric organoids exposed to
photic injury.

Animals and Surgery

C57BL/6 J mice (Jackson Lab, Bar Harbor, ME), trefoil factor 2 knockout (TFF2-KO) mice
backcrossed onto a C57BL/6J background, solute carrier family 9 (sodium/hydrogen
exchanger), and member 2 knockout (NHE2-KO) mice on a FVB/N background were used
in Ussing chamber experiments. Two-photon laser-induced microlesion experiments were
performed in HUGE heterozygous mice [26]. HUGE mice carry one green fluorescent protein
(GFP)—human actin knock-in allele in the profilin 1 locus [26], confirmed by PCR
genotyping. Male and female mice were used for experimentation at 2-4 months of age,
except one group of gastric ulcer mice were not analyzed until 8 months after ulcer
induction. All mice were bred in-house. Animals were fed a standard rodent chow diet and
had free access to water. Mice were maintained in an Association for Assessment,
Accreditation of Laboratory Animal Care (AAALAC)-approved facility, and all animal
studies were approved by the Institutional Animal Care and Use Committee of the
University of Cincinnati.

Gastric ulcers were produced by acetic acid, as previously described [5, 7]. Under
isoflurane-inhaled anesthesia, the abdomen was incised and the intact stomach was exposed.
A microcapillary tube (0.7 mm in diameter; Drummond Scientific, Co, Broomall, PA) filled
with acetic acid (99%) was placed in contact with the exterior surface of the stomach corpus
region and left in place for 25 s. After the acetic acid was removed, the exterior of the
stomach was wiped with gauze and the stomach was reinserted into the abdomen and closed
with absorbable suture obviating the need for gastric incision. Buprenorphine hydrochloride
(0.1 mg/kg intraperitoneal (Buprenex; Reckitt Benckiser Pharmaceuticals, Inc., Richmond,
VA) was given as analgesia. The animals were maintained with regular food and water.
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Tissue Preparation

The mouse stomach was isolated 30 days or 8 months after ulcer induction, or from non-
ulcerated controls, and immediately placed in warmed 37 °C HEPES-buffered Krebs—Ringer
solution (hereafter called nutrient solution). The stomach was opened along the greater
curvature, and the muscle was removed. The ulcer-induced area was visually located by
serosal observation of white discolored muscle tissue; as previously described with a
photograph [5]. Then the region of gastric corpus was mounted into an Ussing chamber (0.1
cm? area slider, P2303A, Physiological Instruments, San Diego, CA). Intact gastric mucosa
was obtained, from the same mouse, from mucosa opposite to the ulcerated tissue. The
mucosal and serosal tissue surfaces were bathed in the same nutrient solution (5 mL in the
reservoirs) containing 100 mM NacCl, 5.4 mM KCI, 1.2 mM CaCl,, 1.2 mM MgCl,, 25 mM
NaHCO3, 20 mM HEPES, 10 mM glucose. Mucosal and serosal reservoir solutions were
gassed with 95% O,-5% CO», and maintained at 37 °C by a circulating water bath behind
the reservoir chambers.

Recording Electrophysiology Parameters

The instrument gain (VCC MCS8; Physiological Instruments, San Diego, CA) was set to 10;
the fluid resistance control (FRC) master was set to 100, making a capacity of 1000 Q, and
fast (every 1 s) pulsing. Sets of voltage and current electrodes connected the Ussing
chambers to a digital recorder via 3 M KCl-agar bridges.

After compensating for fluid resistance, tissues were mounted, the remote electronic
monitoring (REM) was engaged, and a reference was taken. /. was measured by clamping
the voltage to zero and was reported as pA/cm? to account for the area of the exposed
mucosa. /R was calculated by Ohm’s law with a rectangular pulse of 3 mV and the change in
R, was measured in ohms (Q) and reported as Q cm? to account for mucosal surface area.
Transmural voltage difference was calculated by Ohm’s law. With the voltage clamped, the
tissue was allowed to equilibrate to a basal steady state for a minimum of 30 min.

Induction of Surface Epithelial Damage

Nutrient solution was applied to the mucosal side with variable additions of NaCl (0-1 M) in
order to determine a NaCl concentration sufficient to induce damage to the gastric
epithelium. The tissue was challenged with a hypertonic NaCl solution for 5 min and then
removed with one rinse of normal mucosal nutrient solution. After the hypertonic NaCl
challenge, the /4 and R were monitored for a minimum of 135 min. In some cases, the
luminal and serosal chambers also included HOE 694 (3-methylsulphonyl-4-
piperidinobenzoyl, guanidine hydrochloride, 20 uM to assure inhibition of apical NHE2 and
basolateral NHE1) [27, 28], or omeprazole [29] (OMZ, 100 uM applied a minimum of 30
min prior to the NaCl challenge, Sigma-Aldrich, St. Louis, MO, to inhibit gastric acid
secretion by blocking H,K-ATPase activity [29]). Final dimethyl sulfoxide (DMSO)
concentration was < 0.2%; an equal amount of DMSO was added to nutrient solution in the
control group. In a preliminary study, either ion-permeable plastic wrap (Kroger Home
Sense, Cincinnati, OH) or a non-permeable plastic coverslip (Electron Microscopy Sciences,
Hatfield, PA) was mounted into the Ussing chamber followed by a hypertonic NaCl (0.5 M)
challenge. Relative /. recovery was calculated by the following formula [30]: percent /¢
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recovery = (C - B) x 100%/(A — B), where A is the basal-state /. before mucosal damage,
Bis the /¢ nadir after hypertonic NaCl exposure, and Cis the /¢ at time 135 min (or 2 h
after hypertonic NaCl exposure).

Hematoxylin and Eosin (H&E) Staining

Muscle-stripped non-ulcerated gastric tissue was mounted in an Ussing chamber with
nutrient solution. Either 0 M or 0.5 M NaCl was then added to the mucosal side for 5 min.
After 5 min, the solution was changed back to nutrient solution, after which the tissue was
immediately removed from the chamber and fixed in 4% paraformaldehyde for 2 h. Next,
the tissue was rinsed with phosphate-buffered saline, sucrose saturated to 30% at 4 °C, and
then embedded into Optimal Cutting Temperature solution (Sakura Finetek, Inc., Torrance,
CA). Tissue sections (10 um) were prepared by cryostat and were stained with H&E (Sigma-
Aldrich, St. Louis, MO).

Gastroid Generation

To generate gastric organoids (gastroids), mouse gastric mucosa from the corpus was
isolated and incubated, with gentle rocking, at 4 °C for 2 h in 10 mM EDTA in Dulbecco’s
phosphate-buffered saline (DPBS) pH 7.4 without Ca?* and Mg?2*. To dissociate the
individual glands, the tissue was incubated and shaken in ice-cold buffer (43.3 mM sucrose
(Thermo Fisher Scientific, Waltham, MA), and 54.9 mM D-sorbitol, (Sigma-Aldrich, St.
Louis, MO), in DPBS). Glands were centrifuged at 150 xg for 5 min at 4 °C, and the pellet
was re-suspended in Matrigel® (Corning, Corning, NY) and added to an eight-well Lab-Tek
chamber with coverglass (Thermo Fisher Scientific, Waltham, MA). The Matrigel® was
allowed to polymerize at 37 °C. Then medium was added to the wells and replaced every 4
days and cultured in a 5% CO» incubator at 37 °C. Gastroid media consisted of advanced
DMEM/F12 supplemented with 2 mM GlutaMax® (Thermo Fisher Scientific, Waltham,
MA), 10 mM HEPES (Research Organics, Cleveland, OH), 100 U/mL penicillin/100 pg/mL
streptomycin, 1 x N2 and 1 x B27 supplements (Thermo Fisher Scientific, Waltham, MA),
Whnt3a-conditioned medium (50%), R-spondin-conditioned medium (10%), Noggin-
conditioned medium (10%), [Leul5]-Gastrin | (10 nM, Sigma-Aldrich, St. Louis, MO), and
epithelial growth factor (50 ng/mL, PeproTech, Rocky Hill, NJ) [31-33].

In Vitro Gastroid Induction of Two-Photon Laser-Induced Microlesion

Experiments were performed as previously described [33] in gastroid culture medium under
5% CO» at 37 °C (incubation chamber, PeCon, Erbach, Germany) on an inverted confocal
microscope (Zeiss LSM 510 NLO) and imaged with a C-Achrophan NIR 40 x objective.
Gastroids were pre-incubated with Hoechst 33342 (10 ug/mL, Thermo Fisher Scientific,
Waltham, MA) for 30 min to visualize nuclei. Images of Hoechst 33342 (Ti-Sa laser,
excitation of 730 nm, emission of 435-485 nm) and GFP-actin (excitation 488 nm, emission
500-550 nm) in the gastroid were collected simultaneously with a transmitted light. To
measure pH; [33, 34], SNARF-5F-AM (5 uM, excitation 543 nm, emission 550-600 and
620-680 nm, Thermo Fisher Scientific, Waltham, MA) was added to the medium of the
HUGE gastroids. To induce a single-cell microlesion within a gastroid, located ~ 150-300
um from the cover glass in the Matrigel®, a rectangular region (~ 5 um?) of a single cell was
repetitively scanned at high Ti-Sa laser power (730 nm; 650 mW average) for 500 iterations
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(duration, 2-3 s). In some cases 5-(N-ethyl-A-isopropyl) amiloride (EIPA, 100 uM), potent
inhibitor of several NHE isoforms including NHE2, was added to the medium. Final DMSO
concentration was < 0.1% and an equal amount of DMSO was added to medium in the
control group. The damage-repair cycle was measured once per gastroid, and outcomes
from at least six different gastroids were compiled for each experimental protocol.

Image Analysis

Images were analyzed usinglmage J [35] and/or Meta-Morph software (Molecular Devices,
Downingtown, PA) as previously described [33, 34]. To measure pH;, back-ground-corrected
SNARF-5F fluorescence was measured directly in the migrating cells adjacent to the
damaged site. Then ratio values of SNARF-5F (F620-680/F550-600) were converted to pH
using a standard curve of the relevant pure dye in different pH of solution. To measure actin
dynamics in the HUGE mice expressing GFP-actin as performed previously [33],
background-corrected GFP intensity was measured in the basal site of the damaged area.
Then the value was normalized to a value of 1 set for the averaged pre-damage baseline
condition. Furthermore, the damaged area was measured as the region with cellular loss of
GFP or SNARF-5F fluorescence.

Data Analysis

Results

All data are presented as the mean + SEM. Statistical significance was determined using
either paired or unpaired Student’s #test, one-way ANOVA with Dunnett’s Multiple
Comparison Test, or column statistics to test whether the mean of a column was different
from zero. A Pvalue of < 0.05 was considered significant. Data statistics were performed
using GraphPad Prism 5 (GraphPad Software, San Diego, CA).

Damage Recovery in Control Gastric Mucosa

We first determined the concentration of NaCl that mildly damaged the mouse gastric
epithelium in order to monitor events after damage. Figure 1a—d depicts representative time
course plots of /. in response to each NaCl concentration. Figure 1e compiles the observed
change in (&) /s (MA/cm?) from baseline at time 135 min (2 h after hypertonic NaCl
exposure, /1= 4-5). For simplicity, after reaching a steady state, only the 10 min of basal /c,
immediately preceding hypertonic NaCl addition are shown and used in the calculations
(Fig. 1e). The control (0 M additional NaCl) showed no change in /. after a mock challenge
of removing and adding fresh nutrient solution (Fig. 1a, €). After 0.25 M NaCl, /. showed a
mean recovery of 22 + 3 pA/cm? increase over baseline (Fig. 1b, e). After exposure to 0.5 M
NaCl, a rapid recovery in k. was followed by a decline termed the nadir [30], and then an
increase back to the basal /4. over 2-3 h (Fig. 1¢). In contrast, 1.0 M NaCl produced a
varying range of functional loss that, in most cases, lacked a nadir or /. recovery, outcomes
considered indicative of more extensive damage (Fig. 1d, e). The extent of damage in these
conditions was compared by measuring the change in (A) R from basal to 15 min after the
NaCl challenge (Fig. 1F and Supplementary Fig. 1). At 15 min after 0 or 0.25 M NaCl
challenge, Rwas not significantly different from basal levels. At 15 min after 0.5 M or 1 M
NaCl challenge, a significant decrease in R was observed (AR of — 10 + 0.64 Q cm2 or — 15

Dig Dis Sci. Author manuscript; available in PMC 2021 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matthis et al.

Page 7

+0.90 Q cm?, respectively, 7= 4). Results show that the 0.5 M NaCl challenge was the
lowest salt concentration that produced a significant AR in the short term (demonstrating
damage) and that allowed a recovery of /,; over the measurement period of 2 h.

We also evaluated morphology of tissue mounted into the Ussing chamber by H&E staining
(Methods), to confirm that the 0.5 M NaCl challenge mildly damaged the gastric surface
epithelium. Figure 1g shows control gastric epithelium, after a 0 M NaCl mock challenge,
with no surface epithelial damage, whereas Fig. 1h shows gastric epithelium with mild
surface damage immediately after a 0.5 M NaCl challenge (5 min) with patchy loss of
surface epithelial cells. In all subsequent experiments, application of 0.5 M NaCl for 5 min
was used to induce mild tissue damage.

The immediate drop in /. during hypertonic NaCl was tested to determine whether the drop
was an artifact or was generated by ions flowing across the mucosa. A plastic cover slip
(with no ion permeability) was inserted into the Ussing chamber with resultant steady state
Isc = 0. No /¢ was generated during or after hypertonic NaCl addition to the reservoir that
we designated and used as our standard luminal side when inserting tissue (Supplementary
Fig. 2A). To demonstrate that the drop in /¢ was due to asymmetric salt concentrations
during hypertonic challenge (diffusion potentials), we mounted ion-permeable plastic wrap
into the Ussing chamber and observed an immediate drop in /¢ during hypertonic NaCl with
an immediate return to the initial steady state /¢ = 0 after one chamber rinse and addition of
normal nutrient solution (Supplementary Fig. 2B). lons spontaneously move down a
concentration gradient by passive diffusion; therefore, we hypothesize, based on work by
Silen’s group [23, 24], that the drop in /. observed after the addition of hypertonic NaCl
was due to an electrical gradient generated by the combination of ion diffusion and possibly
active sodium transport activity across the gastric mucosa. Results clarify that the drop is an
artifact of the challenge, but that it recovers such that tissue data after the nadir can be used
to reliably report on tissue activity.

Effect of Hypertonic NaCl on the Regenerating Epithelium

Serosal application of acetic acid to one side of corpus induces necrosis locally and is a
well-established mouse model used to mimic human ulcers, where the other side of the
corpus remains intact and undamaged [7]. We previously demonstrated that the ulcerated
area was visually covered by newly generated healing epithelium 30 days after ulcer
induction, although the regenerated gastric tissue was significantly thinner than the normal
epithelium [5]. Mouse corpus stomach tissue, 30 days after ulceration (labeled as Regen)
and non-ulcerated tissue (labeled as Intact) from the same stomach were mounted in an
Ussing chamber. Figure 2a depict 0.5 M NaCl challenge representative plot of /
measurements for both 30-day regenerated (Regen, red) and non-ulcerated (Intact, black)
tissue. Basal /¢ values trended lower, but not significantly, in the regenerated epithelium
(Fig. 2b). The percent (%) k. recovery of the regenerated mucosa (Methods), measured 2 h
after hypertonic saline exposure, was significantly lower (25 £ 14%) than in non-ulcerated
intact mucosa (185 + 36%) (Fig. 2c).

To determine the effect of acid secretion on the events, we monitor after mild damage, we
added the H,K-ATPase inhibitor omeprazole (OMZ, 100 uM) [29] to the serosal and luminal
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chambers a minimum of 30 min prior to the challenge. In WT mice, addition of OMZ
increased /g significantly from basal (Supplementary Fig. 3A) with no change in R (data not
shown). The % /. recovery was similar between WT mice treated with OMZ versus
untreated WT intact tissue previously reported in Fig. 2¢c (Supplementary Fig. 3B). Results
suggest acid secretion is not a component of the /s, response during damage recovery.

We asked if a longer healing time would normalize the electrophysiological response of the
recovering epithelium to hypertonic saline challenge. Previously, we observed that the
epithelium 8 months after ulcer induction contained normally differentiated cells [5]. In
Ussing chamber measurements, we noted that tissues in these older animals tended toward
reduced nadir and /. recovery phases after NaCl challenge (Fig. 2d, e and data not shown),
compared to 30-day recovery tissues (Fig. 2b, ¢). However, the 8-month regenerated
epithelium showed no difference in basal or % /. recovery versus the non-ulcerated mucosa
from the same animals (Fig. 2d, e).

The basal 7, 30 days and 8 months after ulcer induction, was the same between the intact
and regenerated epithelium (Fig. 3a, d, respectively). Figure 3c depicts a representative time
course plot of R measurements taken every second for both regenerated (Regen, red) and
non-ulcerated (Intact, black) tissue exposed to 0.5 M NaCl challenge. R dropped to zero
during a 5 min hypertonic saline exposure followed by rapid / recovery, after which R
slowly decreased. We compared R at 120 min after hypertonic challenge as a surrogate
measure of repair reported at the same time that /;. recovery was evaluated. The ARat 2 h
after hypertonic saline exposure was the same comparing between post-ulcer regenerated
mucosa and intact mucosa for both for 30 day and 8 months recovered tissues (Fig. 3b, e,
respectively).

Involvement of TFF2 and NHE in Regulation of Active lon Transport

TFF2 has been implicated in gastric injury repair through its ability to promote restitution of
a damaged epithelium [5, 14]. In addition, we previously observed TFF2 expression was
upregulated at 30 days and decreased at 8 months post-ulceration, with this transient
expression most pronounced in the bottom of the glands in the regenerating mucosa [5].

TFF2-KO intact mucosa had a significantly lower basal 4 (5.9 + 3.1 pA/cm?) than TFF2-
WT intact mucosa (20 + 4 pA/ cm?) (Fig. 4a), yet with no difference in basal R (data not
shown). Examining TFF2-KO mucosa 30 days after ulceration, and subjecting both intact
and healing mucosa to 0.5 M NaCl challenge, we observed /s recovered only an average of
18.8 £ 9.6% and 23.4 + 37%, respectively (Fig. 4b). Interestingly, TFF2-KO intact % /s,
recovery (18.8 + 9.6%) was significantly (P=0.0017) lower than WT intact (186 + 36%) /.
recovery (Figs. 4b, 2c, respectively). The TFF2-KO had no difference between basal /., %
/s recovery, and basal /R between TFF2-KO intact and 30-day regenerated epithelium (Fig.
4a—c, respectively).

The % /s recovery of TFF2-KO mice pre-treated with OMZ was similar to the TFF2-KO
intact tissue previously reported in Fig. 4b (Supplementary Fig. 3C). Results suggest that /.
recovery in response to NaCl does not involve gastric acid secretion in C57BL/6 mice (with
or without functional TFF2).

Dig Dis Sci. Author manuscript; available in PMC 2021 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matthis et al.

Page 9

We previously reported downregulated NHE2 protein and gene expression in the regenerated
epithelium 30 days after ulceration [5], and we also demonstrated that NHE2, but not NHE1,
is involved in gastric repair [19, 36]. Therefore, we hypothesized that downregulation of
NHE2 may be the reason why the healing mucosa does not recover after NaCl challenge. We
tested /¢ recovery in the presence of the NHE1-2 inhibitor HOE 694 (20 uM), using non-
ulcerated C57BL/6J mice. HOE 694 was applied 25 min after luminal hypertonic saline
exposure for 5 min (Fig. 5a), as shown by an arrow in the representative plot. The addition
of DMSO or HOE 694 did not alter basal /. in control experiments (data not shown). HOE
694 significantly inhibited the % /£ recovery (- 9.6 £ 7.6%) versus control (DMSO only)
mice 84.7 + 7.57%) (Fig. 5b); we also observed that NHE inhibition did not alter the change
in R 2 h after hypertonic NaCl exposure (Fig. 5¢).

Our NHE2-KO mice were bred on a FVB/N and not a C57BL/6J background. We observed
that the FVB/N NHE2 wild-type (NHE2-WT) mucosa did not recover after 0.5 M NaCl
exposure; therefore, we only compared basal /; of NHE2-WT to NHE2-KO using non-
ulcerated mucosa. The NHE2-KO basal /. (5.3 + 1.8 pA/cm?) was significantly lower (P =
0.0228) than the NHE2-WT basal /¢ (13.7 + 1.8 uA/cm?) (Fig. 5d). The basal /£ was also
significantly increased (P < 0.0001) in NHE2-KO (FVBN-WT 85.4 = 7.6 and NHE2-KO
144 + 7.1 Q cm?) (Fig. 5€).

NHE Contributes to Intracellular pH

To clarify the contribution of NHE activity to epithelial restitution, we used a two-photon-
induced restitution model using gastric organoids [33]. Damage area, identified by
reflectance and lack of NAD(P)H, showed epithelial damage was repaired within ~ 10 min
in control organoids (black), but repair was inhibited by the NHE inhibitor EIPA (red) (Fig.
6a). In response to single cell damage, pH;j in the migrating cells adjacent to the damage area
decreased followed by recovery during repair after photon-induced damage (Fig. 6b).
Therefore, EIPA inhibited both pH; recovery (Fig. 6b) and damage repair (Fig. 6a, b).
Utilizing gastric organoids from mice expressing the human GFP-actin (HUGE) transgene
[26], actin dynamics, after photon-induced damage, at the damage site was followed by GFP
intensity. Yet, EIPA did not alter the initial rate of actin closure at the basal pole of the
damaged area (< 6 min), as GFP-actin intensity increased similar to control (Fig. 6c).
Results suggest that NHE activity regulates pH; and restitution in the organoid model.

Discussion

Several studies have reported that the site of ulcer healing is also the site of ulcer recurrence
[3, 5, 10, 11, 37] and that the regenerating mucosa is metaplastic for at least 4 months after
ulcer induction in animal models [5]. For this study, we chose the time points of 30 days and
8 months after ulceration based on our previous work which used these same time points [5].
By 30 days acetic acid-induced gastric ulcers were visually healed, yet with mucosal
imperfections (e.g., lack of parietal cells) that were sustained until at least 4 months. We
selected 8 months as the long-term healing period in the current study because this was the
earliest time point at which we had observed the return of parietal cells in the regenerating
mucosa [5]. Many ion transporters have upregulated gene expression in the metaplastic
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gastric epithelium such as the cystic fibrosis transmembrane regulator (CFTR), and SLCs, in
addition to mucus secretion [5, 38—41]. This upregulation led us to hypothesize that the 30
days regenerating epithelium would have increased electrogenic transport activity [42] and
strengthened barrier function. In contrast, we found that the post-ulcer healing epithelium
had impaired /. recovery after hypertonic NaCl-induced epithelial injury compared with
undamaged epithelium. This was similar to the observation that baseline /4. was lower in H.
pylori-infected Mongolian gerbils [43]. These data suggest that metaplastic gastric
epithelium lacks differentiated functions such as active ion transport that may contribute to
longstanding increased susceptibility to mucosal injury.

We assume our measurements of /s made in previously ulcerated tissue are largely
representative of the condition of the regenerated epithelium versus surrounding normal
tissue. As we reported, the ulcers we make are ~ 6.6 mm? at day 1 post-ulcer [13]. Assuming
that the healing/regenerating area is the entire area of the original ulcer, this area can be
readily identified by a white color compared to the pinkish red of normal tissue. This healing
area is reliably centered into the Ussing chamber slider by eye under a dissecting scope.
However, there may be some normal (intact) area exposed in the rectangular measurement
orifice, as the healing area is more rounded instead of rectangular, so the calculations for
healing mucosa (regen) /;cand R basal and % /. recovery may reflect this limitation.

High concentrations of luminal NaCl disrupt the mucosal barrier presumably through the
creation of a steep transmucosal osmotic gradient. [44]. Although hypertonic saline has been
used mostly in experimental injury models, the gastric osmolarity can approach 0.5 M
shortly after ingestion of sweetened or salty foods, providing clinical relevance to this
experimental intervention [45]. Because restitution rapidly occurs in vitro, without a
requirement for cell proliferation or blood flow, hypertonic NaCl is often used to damage the
gastric epithelium, which can be monitored in the Ussing chamber. Rutten et al. [46] studied
restitution in guinea pig gastric mucosa mounted in Ussing chambers using a more severe
damage model (1.25 M NaCl) where the mucosa showed extensive damage and exfoliation
of surface cells [46]. In contrast, our 0.5 M NaCl mildly damaged the epithelium with only
some sporadic loss of surface cells (Fig. 1h), yet in both damage models /2 was restored by 2
h [46]. Mucosal restoration is also confirmed by our AR at 2 h post-NaCl confirming the
mucosa is similarly restored in both intact and regen tissue, yet the activity measured by /g,
is disrupted in regenerated epithelium.

We used a lower NaCl concentration compared to prior reports in frog [25, 47] or guinea pig
[23, 46], and the mouse response to NaCl may not be as sensitive or may be very quick to
repair. We previously reported that in response to epithelial damage, the basal pole of
migrating cells meets quickly in the murine gastroid restitution model during cell exfoliation
and sustains epithelial barrier function, unless actin dynamics is inhibited [33]. It is not
known if mouse epithelial cells perform this function more efficiently (or in a different way)
versus other animal stomachs. R recovery was also more rapid than we expected, and we
observed /¢ recovery to be slower than R recovery suggesting that /. recovery is still
occurring even if epithelial repair has completed.
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Most reports, under severe damage conditions with frog or guinea pig gastric mucosa, use
potential difference under open circuit measurements and the change in /to measure
restitution [23-25]. Epithelial repair is an energy-requiring process [48]; therefore in our
current study, we wanted to see whether other energy-requiring processes, such as active ion
transport, were also affected during healing; hence, the voltage was clamped and /g,
measured. Our observations of rapid /2 recovery were identical in all our current gastric
study conditions with mice. We also found that the /s, response was a better model for mice,
suggesting that an electrogenic ion transport mechanism might be more sensitive to a mild
injury model; therefore, we report /. observing active ion transport, rather than potential
difference and restitution as past studies have reported.

After removal of luminal hypertonic NaCl, we observed in control mice an immediate
increase in /g followed by a decline (the nadir) and then an increase back to basal /. or
higher. Silen’s group [23, 24] hypothesized that during hyperosmolar NaCl exposure, a rapid
flow of isotonic serosal fluid crosses the mucosa, decreasing the damaging effect of NaCl
and reducing the extent of injury. This postulated serosal to luminal fluid flow appears to
contain ions that initially increase /. after hypertonic NaCl removal, suggestive of active ion
transport. As the rapid serosal flow dissipates, the /. returns to expected levels after injury
causing the nadir and the eventual /. increase back to basal-state levels.

TFF2, secreted by gastric neck cells, is important for the maintenance of gastric epithelial
barrier function, including restitution and ulcer healing, and may prevent further progression
to gastric cancer [5, 12, 14, 19, 49]. We observed that basal /. was significantly lower in
TFF2-KO mouse stomach compared with WT and lacks /¢ recovery in response to 0.5 M
NaCl-induced epithelial damage, suggesting that TFF2 is involved in the regulation of /.
recovery during restitution. TFF2 is upregulated in metaplastic gastric epithelium in a
specialized epithelium termed spasmolytic polypeptide-expressing metaplasia (SPEM) [5,
501, supporting the contribution of TFF2 to the regulation of /.. We previously reported that
NHE?2 activity, but not NHEL, is necessary for restitution and is a TFF2 effector in gastric
healing [14, 19, 36]. The NHE family of transporters are electroneutral and therefore cannot
themselves directly contribute to the electrogenic current reported as /5. However, since
NHE?2 is essential for restitution and is downregulated in healing epithelium, we speculated
that the lack of /. recovery is due to a lack of NHE2 activity. Here, we demonstrated that
NHE inhibition impaired k¢ recovery in response to 0.5 M NaCl-induced gastric epithelial
damage and that NHE2-KO mice had a lower basal £c. The NHE2-KO stomach lacks
parietal cells and has upregulated TFF2 protein expression, similar to regenerating
epithelium [5, 51]. Schultheis et al. [51] showed that NHE?2 is not required for parietal cell
acid secretion, whereas it is also well known that NHE is a major pH; regulator [52-54]. In
this study, we directly measured pHj; during restitution and observed that pH; decreased in
migrating cells in response to damage and that pH; recovered in a NHE-dependent manner
during restitution. Interestingly, we found that initiation of actin dynamics in response to
damage was normal, suggesting that any role of NHE occurred downstream of those
activating actin mobilization, although it is possible that pH; changes may affect actin
dynamics in the later phases of restitution. Thus, NHE2 may be important for restitution by
helping regulate pHi. The driving force of NHE activity is a sodium concentration gradient,
which is maintained by basolateral Na*:K*-ATPase (NKA). Since NHE2 electroneutrally
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exchanges Na* and H* in a 1:1 ratio, it cannot directly affect the /.. However, NHE2 affects
the cellular gradients of Na* and H* during restitution, suggesting that an electrogenic
transporter for one or both of these ions may be implicated in the generation of the /. that
we observe during restitution. For example, enhanced NHE activity may stimulate a
transmural electrogenic Na* absorption with excess intracellular sodium exported by the
electrogenic NKA, generating a potential difference and possibly activating other Na*-
dependent transporters, such as sodium-bicarbonate cotransporters and sodium-dependent
anion exchangers [55, 56], involved in electrogenic anion secretion, thereby increasing /.
Dissection of these mechanisms will require extensive work that can build upon the
observations and findings reported here.

In conclusion, post-ulcer healing mucosa has impaired electrophysiological recovery
following hypertonic saline exposure which may be tied to the downregulation of NHE2
activity in the regenerating mucosa. The inhibition of NHE in epithelial restitution also
impairs pHi regulation. Epithelial downregulation of NHE2 may contribute to increased
mucosal susceptibility leading to further ulcer relapse.
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Refer to Web version on PubMed Central for supplementary material.
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Hypertonic NaCl effects on transepithelial parameters. Wild-type mouse muscle-stripped
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baseline and 15 min after NaCl chalenge (#= 30 min), *£< 0.05, ***£ < 0.001 mean = SEM
(One-way ANOVA P=0.0023; Dunnett’s Multiple Comparison Test to 0 M NaCl). H&E of
tissue challenged 5 min with 0 M (g) or 0.5 M NacCl (h) while mounted in the Ussing
chamber, then tissue removed and fixed immediately. Scale bar = 100 pm. Inset in h shows
magnified representative region of mild epithelial damage
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Fig. 2.

Effect of hypertonic NaCl on the healing corpus /.. Experimental ulcers were induced to
one side of the gastric corpus in wild-type mice by acetic acid (Methods). 30 days or 8
months later, muscle-stripped tissue was mounted in the Ussing chamber from the
regenerated healed ulcer region (Regen, red) and the non-ulcerated contralateral region
(Intact, black). Tissues were exposed to 0.5 M NaCl challenge as in Fig. 1. a Representative
time course of /. for tissue 30 days after ulceration. b Baseline /5 of 30-day tissue after
ulcer induction. ¢ Percent (%) /o, recovery (Methods) of 30-day mucosa 2 h after 0.5 M
NaCl. d Baseline /,; of tissue 8 months after ulceration. e Percent (%) /. recovery of 8-mo
mucosa 2 h after hypertonic NaCl. Mean £ SEM (n7= 4 30-day or 8 months) for each tissue
condition **P< 0.01 Intact versus Regen (two-tailed #test)

Dig Dis Sci. Author manuscript; available in PMC 2021 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Matthis et al.

A

R (Q-cm?)

R (Q-cm?)

150 -

150

100

Page 19

B C
-40 1 150 ~
0.5 M NaCl ® |Intact
&g -30 ® Regen
G 201
(14
< -10
0 - 0 — T v T 1
Intact Regen Intact Regen 0 50 100 150
Time (min)
E
-40 4

A R (Q-cm?)
5

-10 4

0
Intact Regen Intact Regen

Fig. 3.

Ef%ect of hypertonic NaCl on the healing corpus transepithelial resistance. Using tissues
studied as in Fig. 2, Ussing chamber measurements of transepithelial #were made for
regenerated healed ulcer region (Regen, red) and the non-ulcerated contralateral region
(Intact, black). a Baseline transepithelial /2 of tissue 30 days after ulcer induction. b Change
in (A) R from baseline for tissue 30-day post-ulceration, 2 h after 0.5 M NaCl challenge. ¢
Representative time course of & of 30-day mucosa. d Basal R of tissue 8 months after ulcer
induction. e Change in (A) R from baseline for tissue 8 months post-ulceration, 2 h after 0.5
M NaCl challenge. Mean £ SEM (7= 4 30 day or 8 months)
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Fig. 4.
TFF2 effect on baseline and recovery of /. after hypertonic challenge. Experimental ulcers

were induced to one side of the gastric corpus in TFF2 knockout (TFF2-KO) mice by acetic
acid (Methods), and animals allowed to heal for 30 days. Tissue was then analyzed as in Fig.
2, examining regenerated healed ulcer region (Regen, red) and the non-ulcerated
contralateral region (Intact, black). a Baseline /;; of TFF2-WT intact taken from Fig. 2b
(Intact, gray), and TFF2-KO Intact and Regen mucosa, as defined above. *P < 0.05 TFF2-
WT intact versus TFF2-KO intact (two-tailed ftest). b Percent (%) /. recovery of TFF2-KO
tissues. ¢ Baseline /R of TFF2-KO tissues. Mean + SEM (n=5 TFF2-KO, n=4 TFF2-WT)
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Fig. 5.

HOE 694 NHE2-WT NHE2-KO

*k%k

NHE2-KO

NHE inhibition impairs /s recovery in response to hypertonic NaCl and NHE2-KO lowers
basal /5. Wild-type (Control, C57BL6/J), or NHE2-WT and NHE2-KO (FVB/N) tissues
were mounted into an Ussing chamber and WT challenged with 0.5 M NaCl at £= 10 min.
Results compared Control tissue in the absence (black) versus presence (blue) of 20 uM
HOE 694 added at #= 40 min (arrow) to both luminal and serosal bath, measuring a
representative time course of /g, b percent (%) /5. recovery 2 h after 0.5 M NaCl, or ¢
change in (A) transepithelial 2 h after 0.5 M NaCl. Mean £ SEM. (n=4 Control, n=5
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HOE 694) **P < 0.01 Control versus HOE 694 (two-tailed ¢test). d Baseline /5 or e
transepithelial R of FVB/N NHE2-WT (black, 7= 7) versus NHE2-KO (blue, 7= 8). Mean
+ SEM. *P< 0.01 and ***P < 0.001 NHE2-WT versus NHE2-KO (two-tailed ftest)
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Fig. 6.
Effect of NHE inhibition on intracellular pH and actin dynamics during restitution in mouse

gastroids in vitro. A single gastric organoid epithelial cell was photodamaged (PD) in the
presence of EIPA (red, n=7) or DMSO only (Control, black, 7= 7). Compiled results
showing time course of damaged area (a), with these results replicated in subsequent panels
to provide a reference time frame. b Time course of pH; measured in migrating cells
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repairing damage. C Time course of GFP-actin intensity measured in the lateral spaces of
migrating cells as previously [33]. Mean + SEM
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