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Background and purpose: ATP plays an important role as an extracellular messenger

acting via different types of purinoceptors. Whereas most of the actions of ATP at

intestinal epithelia are thought to be mediated by metabotropic P2Y receptors, the

role of ionotropic P2X receptors remains unclear. Consequently, we investigated the

role of P2X4 and P2X7 receptors on ion transport across rat colonic epithelia by

using BzATP, a potent agonist at P2X7 (and weak agonist at P2X4).

Experimental approach: Ussing chamber and Ca2+ imaging experiments were per-

formed on rat colonic epithelia, combined with P2X receptor expression studies.

Key results: Ussing chamber experiments revealed that serosal BzATP induced a neu-

ronally mediated increase in short-circuit current caused by Cl� secretion. In contrast,

the effect of mucosal BzATP was smaller, insensitive to tetrodotoxin and Cl�-inde-

pendent. When epithelia were basolaterally depolarized to measure currents across

the apical membrane, BzATP stimulated a cation current consistent with the activa-

tion of apical nonselective cation channels. Experiments with isolated colonic crypts

revealed a BzATP-induced increase in the cytosolic Ca2+ concentration. Sensitivity

to antagonists indicates stimulation of P2X4 and P2X7 receptors by serosal BzATP

and of P2X7 receptors by mucosal BzATP. A similar pattern was observed with native

ATP, which induced larger transepithelial currents in comparison to BzATP. RT-PCR

and immunohistochemistry experiments confirmed the expression of P2X4 and P2X7

receptors in the colon localized in the epithelium and in submucosal ganglia.

Conclusions and implications: Epithelial and neuronal ionotropic P2X receptors are

involved in the regulation of intestinal ion transport.
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1 | INTRODUCTION

Adenosine 5´-triphosphate (ATP) is not only the key energy source

for cellular metabolism, but also plays an important role as an extracel-

lular messenger. Since the seminal work of Burnstock's group, ATP is

established as a neurotransmitter released from myenteric neurons to

induce intestinal smooth muscle relaxation (Burnstock & Wong, 1978).

Signalling by purine analogues has been described as a ‘primitive

evolutionary system’ (Burnstock, 2018), because ATP release is not

restricted to purinergic neurons (Burnstock, 2016). Instead, most cells,

including immune cells, can release ATP acting as a ‘danger signal’
during tissue damage or inflammation (Stokes & Surpreanant, 2009).

Also in the gut, ATP is released under inflammatory conditions (Brown

et al., 2016). If ATP is not set free nonspecifically during cellular

damage, controlled release of ATP is mediated predominantly either

by exocytosis or by hemichannels in the membrane belonging to the

families of connexin or pannexin proteins (Dosch et al., 2018). For

example, experimental ileitis in rats causes an increase in the ATP

release from activated glial cells via pannexin-1 hemichannels,

which—together with changes in ATP degradation—plays an essential

role, for example, in modulation of cholinergic neurotransmission and

acceleration of the gastrointestinal transit (Vieira et al., 2014, 2017).

Two main classes of membrane receptors mediate the effects of

extracellular ATP: metabotropic G protein-coupled P2Y receptors and

ionotropic P2X receptors acting as ligand-gated nonselective cation

channels. For P2Y receptors, eight subtypes (P2Y1/2/4/6/11/12/13/14)

are known, whereas for P2X seven subtypes (P2X1–7) have

been found, which can be organized as homotrimers or

heterotrimers resulting in different functional subunit combinations

(Burnstock, 2018).

In the intestinal mucosa, ATP is known to induce a strong anion

secretion, which teleologically can be considered as a defence mecha-

nism serving the accelerated expulsion of potentially harmful agents

after tissue damage or after stimulation of secretomotor purinergic

neurons. Up to now, the effects of ATP at the intestinal epithelium

have been exclusively attributed to the stimulation of G protein-

coupled P2Y receptors. For example, based on the potency of differ-

ent purinergic agonists, the actions of ATP at the basolateral (Köttgen

et al., 2003; Leipziger et al., 1997) or the apical membrane (Kerstan

et al., 1998; Yamamoto & Suzuki, 2002) have been concluded to be

mediated by P2Y receptors such as P2Y2 or P2Y6, which are indeed

expressed by the intestinal epithelium (Köttgen et al., 2003). In con-

trast, P2X receptors in the intestine such as, for example, P2X2 are

predominantly considered to modulate the activity of enteric neurons

(see, e.g., Ohta et al., 2005), which express, for example, P2X6 (Yu

et al., 2010) or P2X7 (Palombit et al., 2019; Valdez-Morales

et al., 2011).

However, recent data indicate that different epithelia express

P2X receptors. Hodges et al. (2009) showed that epithelial cells

from rat lacrimal gland express P2X7 and the comparison of poten-

cies of different purinergic agonists suggested the involvement of

P2X receptors in the secretory response of bovine oviduct epithe-

lium towards luminal ATP (Keating et al., 2019). In the present

study, we asked the question whether stimulation of P2X receptors

with the P2X agonist BzATP, which stimulates predominantly P2X7

and with a lower potency also P2X4 receptors (Emmett

et al., 2008; Haanes et al., 2012), evokes changes in ion transport

across a typical colonic epithelium, such as the rat distal colon,

which is able to switch between ion absorption and secretion.

This question was addressed by Ussing chamber experiments with

mucosal and serosal BzATP (or native ATP) application in the

presence or absence of selective P2X receptor blockers and by

Ca2+ imaging experiments. The colonic mRNA and protein

expression of P2X4 and P2X7 was investigated by RT-PCRand

immunohistochemistry.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures were approved by the

named animal welfare officers of the Justus Liebig University (admin-

istrative number 577_M) and performed according to the German and

European animal welfare law. Animal studies are reported in compli-

ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with

the recommendations made by the British Journal of Pharmacology

(Lilley et al., 2020). Male and female Wistar rats (RRID:RGD_

13508588) with an age between 6 and 8 weeks (about 200- to 300-g

What is already known?

• ATP is both a neurotransmitter as well as a ‘danger
signal’ in the gut.

• Neuronal ionotropic P2X receptors are involved in

control of gastrointestinal functions.

What does this study add?

• The colonic epithelium expresses ionotropic P2X4 and

P2X7 receptors.

• These receptors are involved in the regulation of epithe-

lial ion transport.

What is the clinical significance?

• Purines released from immune cells are involved in the

pathophysiology of inflammatory bowel diseases (IBD).

• Epithelial as well as neuronal P2X receptors may be ther-

apeutic targets for inflammatory conditions.
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body mass) were used. The animals were bred and housed at the Insti-

tute of Veterinary Physiology and Biochemistry of the Justus Liebig

University under specified pathogen free conditions. They had free

access to a standard rat diet (ssniff® R-Z; Sniff, Soest, Germany) and

water. Animals were housed in macrolone type IV cages using stan-

dard bedding material (LT E-001; Abedd, Vienna, Austria) with two to

three animals per cage at 22�C, 50% air humidity and a light–dark

cycle of 12:12 h. Animals were killed after CO2 narcosis by cervical

dislocation followed by exsanguination.

2.2 | Solutions

Ussing chamber experiments were carried out in Parsons solution of

the following composition (in mmol�L�1): 107 NaCl, 4.5 KCl,

25 NaHCO3, 1.8 Na2HPO4, 0.2 NaH2PO4, 1.25 CaCl2, 1 MgSO4, 12.2

glucose. The solution was gassed with 5% (v/v) CO2 and 95% (v/v) O2

at 37�C and had a pH of 7.4 (adjusted by 1 N NaOH/HCl). For baso-

lateral depolarization, NaCl was equimolarly replaced by KCl

(111.5-mmol�L�1 KCl buffer) in the serosal buffer. When Na+ currents

across the apical membrane had to be eliminated during basolateral

depolarization experiments, NaCl in the mucosal buffer was equimo-

larly substituted by NMDG (N-methyl-D-glucamine) Cl (107-mmol�L�1

NMDG Cl/4.5-mmol�L�1 KCl buffer).

For crypt isolation, Ca2+- and Mg2+-free Hanks balanced salt solu-

tion (HBSS; Thermo Fisher Scientific, Darmstadt, Germany) containing

10-mmol�L�1 ethylenediaminotetraacetic acid (EDTA) was used. The pH

was adjusted to 7.4 by tris (hydroxymethyl)-aminomethane. The isolated

crypts were stored in a high potassium Tyrode's solution consisting of (in

mmol�L�1): 100 K gluconate, 30 KCl, 20 NaCl, 1.25 CaCl2, 1 MgCl2,

10 HEPES (N-[2-hydroxyethyl] piperazine-N0-2-ethanesulfonic acid),

12.2 glucose, 5 Na pyruvate and 1-g�L�1 bovine serum albumin (BSA);

pH was set to 7.4 (adjusted by KOH). Imaging experiments were per-

formed in Tyrode's solution containing (in mmol�L�1) 140 NaC1, 5.4

KC1, 1.25 CaC12, 1 MgCl2, 12.2 glucose, 10 HEPES, 5 Na pyruvate and

1-g�L�1 BSA, adjusted to pH of 7.4 with NaOH/HCl.

All immunohistochemical stainings were performed with phos-

phate buffer (PB), consisting of 80-mmol�L�1 Na2HPO4 and

20-mmol�L�1 NaH2PO4 with pH of 7.4 (adjusted by 1 N NaOH/HCl).

2.3 | Tissue preparation

The distal colon, which is a well-established model to study epithelial

anion secretion, was dissected and its lumen was flushed several

times with ice cold Parsons solution before it was mounted on a thin

plastic rod. A circular incision was made with a scalpel near the distal

end. The serosa and the tunica muscularis were stripped off manually

in order to obtain mucosa-submucosa preparations. Two segments of

the distal colon of each rat were used for Ussing chamber experi-

ments. One segment was treated with putative inhibitors; the other

segment was only treated with the solvent of the respective inhibitor.

Segments were randomly distributed by a technician and calculation

of drug effects were performed by programmed scripts in ExcelR, so

that no blinding was necessary for these experiments.

For isolation of intact crypts, the mucosa-submucosa preparations

of distal colon were mounted on a holder with tissue adhesive (cyano-

acrylate) and incubated for approximately 8 min in EDTA-containing

HBSS at 37�C gassed with ambient air. After incubation, the holder

was fixed on a vibrating machine (Chemap, Volketswil, Switzerland)

and vibrated once for about 30 s in order to release crypts. Isolated

crypts were collected and stored in a high K+ Tyrode's buffer with a

low Cl� content (Del Castillo, 1987) before they were attached to

poly-L-lysine (0.1 mg�ml�1; Cell Systems, Troisdorf, Germany) coated

cover slips with a diameter of 22 mm for imaging experiments. For fix-

ation of the tissue for immunohistochemical experiments, whole-

mount segments from rat distal colon were rinsed with ice cold

Parsons solution, opened longitudinally and mounted on a holder with

tissue adhesive (cyanoacrylate).

2.4 | Ussing chamber experiments

The mucosa-submucosa preparations were mounted in a modified

Ussing chamber, bathed with a volume of 3.5 ml on each side and

gassed with carbogen (5% CO2, 95% O2, v/v). The tissue was incu-

bated at 37�C and short-circuited by a computer-controlled voltage-

clamp device (Ingenieur Büro für Mess- und Datentechnik Mussler,

Aachen, Germany) with correction for solution resistance. The

exposed surface of the tissue was 1 cm2. The electrodes used for volt-

age measurement and current application were Ag/AgCl electrodes in

3 mol�L�1 KCl, which were separated from the chamber lumen by agar

bridges (46.7 g�L�1 agar in the standard bathing solution). Short-circuit

current (Isc) was continuously recorded, and tissue conductance (Gt)

was measured every minute by applying a current pulse of

±50 μA�cm�2 with a duration of 200 ms. Isc is expressed as

μEq�h�1�cm�2, that is, the flux of a monovalent ion per time and area

with 1 μEq�h�1�cm�2 = 26.9 μA�cm�2. An increase of Isc reflects an

enhanced anion secretion or cation absorption, respectively. Drugs

were administered after an equilibration period of about 60 min. The

maximal increase in Isc evoked by an agonist is given as the difference

to the baseline value just prior administration of the drug (ΔIsc). In

order to quantify the effects of putative inhibitors on baseline Isc

(Table S1), the Isc was averaged during a 3-min interval starting 5 min

after administration of the putative inhibitor and expressed as the dif-

ference to the baseline value just prior administration of the drug

(ΔIsc).

2.5 | Imaging experiments with fura-2

Isolated crypts were attached to poly-L-lysine coated cover slips and

loaded for at least 120 min with 6-μmol�L�1 fura-2 acetoxymethy-

lesther (fura-2/AM, Thermo Fisher Scientific) mixed with an equal vol-

ume of pluronic F-127 (20% [w/v] stock solution in DMSO; Thermo

Fisher Scientific) at room temperature. After the loading period, the
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dye not taken up by the cells was washed away. The cover slip was

transferred into an imaging chamber with a volume of 2 ml, and the

experiments were carried out in Tyrode's solution at room

temperature.

The imaging experiments were performed with an inverted micro-

scope (Olympus IX-50; Olympus, Hamburg, Germany), equipped with

an epifluorescence set-up and an image analysis system (Till Photon-

ics, Martinsried, Germany). The isolated crypts were excited with

340 and 380 nm and emission was measured at wavelength >440 nm.

The fura-2 ratio (emission at the excitation wavelength of 340 nm per

emission at the excitation wave length of 380 nm) was used to moni-

tor changes in cytosolic Ca2+ concentration. Several regions of inter-

est (ROI), each with the size of about one individual cell, were

selected in each crypt. Data were sampled at 0.2 Hz. The baseline of

the fluorescence signal was measured for several minutes before any

drug was added. A response to a purinergic agonist was accepted by

definition when two conditions were fulfilled simultaneously:

1. The amplitude of the change exceeded the 4-fold standard devia-

tion of the scattering in the fura-2 ratio during the control period

just prior to addition of the drug.

2. The amplitude of the change in the fura-2 ratio exceeded an abso-

lute value of 0.1.

At the end of each experiment, cyclopiazonic acid (CPA,

5�10�6 mol�L�1), a blocker of sarcoplasmic/endoplasmic reticulum

Ca2+-ATPase (SERCA), was administered as a viability control. Cells

were accepted as viable if either a purinergic agonist or CPA induced

an increase in the fura-2 ratio.

2.6 | RT-PCR experiments

For RT-PCR studies, samples from whole colonic wall, colonic mucosal

scrapings, kidney, spinal cord, dorsal root ganglia or liver were trans-

ferred into lysis buffer (Macherey-Nagel, Düren, Germany) and

homogenized using a mixer mill (NM301; Retsch, Haan, Germany)

with a frequency of 30 Hz for about 2 min. Total RNA was extracted

using the Nucleo Spin® RNA Plus kit (Macherey-Nagel). RNA was

transcribed into cDNA with Tetro cDNA synthesis Kit (Bioline, Luck-

enwalde, Germany).

For the PCR reaction, Bioline®Mangomix (Bioline, Germany) was

used with 5 mmol�L�1 MgCl2. Primers (for sequences and references,

see Table 1) were obtained from Eurofins MWG Synthesis, Ebersberg,

Germany. Each PCR started with a denaturation period of 0.5 min at

95�C, followed by an annealing phase of 0.5 min at 58�C and an elon-

gation phase of 1 min at 72�C; the whole cycle was repeated 35 times.

For control of the PCR reaction glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) was used; negative controls were performed with

RNA/DNA-free water. The reaction product was visualized after elec-

trophoresis in a 3% (w/v) high-resolution agarose gel (Carl Roth,

Karlsruhe, Germany) and staining with Roti®-Gel Stain (Carl Roth). At

least three different biological replicates and two technical replicates T
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were performed for each target gene in the RT-PCR. The PCR products

were manually excised from the gel and isolated using the MinElute Gel

Extraction Kit (QIAGEN, Hilden, Germany) according to the manufac-

turer's instructions. Purified products were sequenced by a custom

sequencing service (Eurofins MWG Operon, Ebersberg, Germany).

2.7 | Immunohistochemistry

Details of immunohistochemical protocols are described in the follow-

ing, according to BJP guidelines (Alexander et al., 2018). Segments of

rat distal colon were fixed in phosphate buffer (PB) containing 4%

(w/v) paraformaldehyde at 4�C overnight, rinsed three times in PB for

1 h, embedded in gelatine (100 g�L�1) and frozen in N2-cooled isopen-

tane. The 4-μm thick sections were mounted on microscope slides

(Superfrost® Plus, Thermo Fisher Scientific). After three washing steps

with PB for 5 min each, sections were incubated for 2 h in a blocking

solution containing PB with 0.2% (v/v) Triton-X-100, 3% (w/v) BSA

and 10% (v/v) donkey serum. The primary antibodies were dissolved

in PB containing 0.1% (v/v) Triton-X-100, 1% (w/v) BSA, 0.5% (w/v)

milk powder and 1% (v/v) donkey serum. The sections were incubated

with the primary antibodies overnight at 4�C. Primary antibodies were

anti-P2X4 (rabbit polyclonal IgG; Alomone Labs, Jerusalem, Israel,

#APR-002, RRID:AB_2040058; dilution 1:200), anti-P2X7 (rabbit

polyclonal IgG; Alomone Labs, Jerusalem, Israel, #APR-004, RRID:AB_

2040068; dilution 1:200) and anti-MAP 2 (mouse antibody against

microtubule associating protein-2; Sigma, #M1406, RRID:AB_477171;

dilution 1:250). Both antibodies used for P2X detection have been

validated in knock-out mice (Apolloni et al., 2013; Sim et al., 2006).

After threefold washing with PB for 5 min, sections were loaded with

secondary antibodies for 1 h at room temperature. Primary antibodies

for P2X4 and P2X7 were combined with Cy3 donkey anti-rabbit

immunoglobulins (Dianova, Hamburg, Germany, #711-165-152, RRID:

AB_2307443; dilution 1:1000), whereas MAP 2 was combined with

Alexa488 goat anti-mouse immunoglobulins (Thermo Fisher, #A-

11029, RRID:AB_2534088; dilution 1:500). RotiFluo with DAPI

(4,6-diamidio-2-phenylindoldilactate, Roth, Karlsruhe, Germany) was

used for nucleus staining and coverslipping. Pictures were taken with

the fluorescence microscope Nikon 80i (Nikon, Düsseldorf, Germany).

2.8 | Materials

Tetrodotoxin (CAS 4368-28-9) was dissolved in 2 � 10�2-mol�L�1 cit-

rate buffer. Bumetanide (CAS 28395-03-1) and forskolin (CAS

66575-29-9; Tocris) were dissolved in ethanol (final ethanol concen-

tration 0.3 ml�L�1). A438079 (3-(5-[2,3-dichlorophenyl]-1H-tetrazol-

1-yl)methyl pyridine hydrochloride; CAS 899507–36-9; Tocris),

AZ10606120 (N-[2-[[2-[[2-ydroxyethyl]amino]ethyl]amino]-5-quinoli-

nyl]-2-tricyclo[3.3.1.13,7]dec-1-ylacetamide dihydrochloride; CAS

607378-18-7; Tocris), 5-BDBD (5-[3-bromophenyl]-1,3-dihydro-2H-

benzofuro[3,2-e]-1,4-diazepin-2-one; CAS 768404–03-1; Tocris),

cyclopiazonic acid (CAS 18172–33-3) and ivermectin

(22,23-dihydroavermectin B1; CAS 70288–86-7; Tocris) were dis-

solved in DMSO (final maximal DMSO concentration 4 ml�L�1). ARL

67156 (6-N,N-diethyl-D-ß,γ-dibromomethyleneATP trisodium salt;

CAS 1021868–83-6; Tocris), ATP (adenosine 50-triphosphate diso-

dium salt; CAS 987–65-5), atropine sulphate (CAS: 5908-99-6), BaCl2,

BzATP (20/30-O-(4-benzoylbenzoyl)adenosine-50-triphosphate

(triethylammonium) salt; CAS 112898-15-4; Jena Bioscience, Jena,

Germany), carbachol (CAS 51-83-2) and hexamethonium chloride

(CAS 60-25-3) were dissolved in distilled water. If not indicated differ-

ently, salts/reagents were obtained from Sigma.

2.9 | Data and statistical analysis

The data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology (Curtis et al., 2018).

Results are given as mean ± SEM with the number (n) of investigated

tissues. For all Ussing chamber experiments, a group size of n = 6–8

was designed. In imaging experiments, n refers to the number of mea-

sured cells in isolated crypts, which were prepared from at least three

different individual animals for each experimental series. For the com-

parison of two groups, either Student's t test (paired or unpaired as

appropriate) or Mann–Whitney U-test was applied. An F-test decided

which test method had to be used. Fittings of the Isc data to non-linear

functions were performed with GraphPad Prism 7.02 (GraphPad Soft-

ware, La Jolla, CA, USA). Statistical analysis was only performed when

group size was at least n = 5 independent biological samples.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the com-

mon portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2021/22

(Alexander et al., 2021).

3 | RESULTS

3.1 | Side-dependent effect of BzATP in rat
colonic mucosa-submucosa preparations

The P2X7 agonist, BzATP (10�7–10�4 mol�L�1), induced a

concentration-dependent increase in Isc across rat colonic mucosa-

submucosa preparations (Figure 1). When administered at the serosal

side, the agonist induced a transient peak in Isc, which decayed with a

time constant of 6.6 min (measured for a concentration of

10�4 mol�L�1) when the data were fitted to a monoexponential decay

function (Figure 2a). In contrast, when administered to the mucosal

side, the increase in Isc developed more slowly within 10–15 min and

also the maximal increase was smaller compared to that induced by
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serosal administration of the agonist (Figure 2b). The increase in Isc

was paralleled by a modest increase in tissue conductance

(Gt; Figure 2c,d), especially after mucosal administration. This increase

was completely reversible upon washout of the drug (Figure 2c,d),

excluding damage of the epithelium by the formation of large pores

which has been reported to occur after prolonged exposure of cells to

BzATP (see, e.g., Virginio et al., 1997).

Different ionic mechanisms underlie these two current responses.

The effect of serosally administered BzATP (5�10�5 mol�L�1) was

reduced by 85% (P < 0.05), when Cl� was replaced on both sides of the

tissue by the impermeant anion, gluconate (Table 2). A significant inhibi-

tion (by about 65%; P < 0.05) of the Isc response also was observed

when tissues had been pretreated with bumetanide (10�4 mol�L�1 at

the serosal side), a potent inhibitor of the Na+-K+-2Cl�-cotransporter

(NKCC) in the basolateral membrane, which is the predominant trans-

porter for Cl� uptake in secretory epithelia. As expected, the increase

in Isc evoked by the viability controls at the end of the experiments, that

is, the Ca2+-dependent secretagogue, carbachol (5�10�5 mol�L�1 at the

serosal side) and the cAMP-dependent secretagogue, forskolin

(9 � 10�6 mol�L�1 at the mucosal and serosal sides), also was inhibited

by gluconate and butmetanide, although the reduction of the forskolin-

stimulated current did not reach statistical significance in case of bume-

tanide (Table 2). Consequently, the Isc induced by serosal BzATP is car-

ried by Cl� secretion. In contrast, neither substitution of Cl� by an

impermeant gluconate nor by bumetanide had a significant effect on

the current evoked by mucosally administered BzATP (5 � 10�5 mol�L�1

at the mucosal side; Table 3).

Chloride secretion across anion channels needs a negative mem-

brane potential (generated by a K+ diffusion potential) as driving force

for cellular extrusion of Cl� via anion channels. Thus, we investigated

whether the current induced by BzATP was inhibited by Ba2+, a broad

F IGURE 2 Time course of the effect of serosal (a, c) or mucosal (b, d) BzATP on short-circuit current (Isc; a, b) or tissue conductance (Gt; c, d)
across mucosa–submucosa preparations from rat distal colon. Line interruptions are caused by omission of washing phases. Values are means
(solid lines) ± SEM (dotted lines); n = 5 for both experimental series.

F IGURE 1 Concentration-dependent effect of serosal (closed
circles) or mucosal (open circles) BzATP on short-circuit current (Isc)
across mucosa-submucosa preparations from rat distal colon. The
curves were constructed from two independent experimental series,
in which concentrations from 10�7–5 � 10�6 or 10�5–10�4 mol�L�1

were administered, respectively. Values are means (symbols) ± SEM
(lines; partially covered by the symbols); n = 5 for concentrations
≥10�5 mol�L�1 and n = 6 for concentrations <10�5 mol�L�1 (both for
mucosal and serosal administration).
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blocker of many types of K+ channels. As expected, the Isc induced by

serosal BzATP (5�10�5 mol�L�1) was inhibited by 95% (n = 8,

P < 0.05) in the presence of serosal Ba2+ (10�2 mol�L�1), whereas

mucosal Ba2+ in the same concentration was ineffective (Table 2).

Interestingly, in the case of mucosally administered BzATP

(5�10�5 mol�L�1), serosal Ba2+ inhibited the Isc induced by the puriner-

gic agonist by about 75% and mucosal Ba2+ even reverted the Isc

induced by BzATP into a negative current (Table 3). This paradox neg-

ative current cannot be explained by blockade of apical K+ channels,

because electrogenic K+ secretion itself would lead to a negative Isc,

so indicating that other mechanisms must be involved (see Section 4).

3.2 | Involvement of secretomotor neurons

In case of serosal BzATP (5�10�5 mol�L�1), the secretory response

was inhibited by about 85% (P < 0.05, Table 2) when tissues were

pretreated with tetrodotoxin (10�6 mol�L�1 at the serosal side), a

blocker of neuronal voltage-dependent Na+ channels

(Catterall, 1980) indicating the activation of submucosal secretomo-

tor neurons by the purinergic agonist. Obviously, cholinergic neurons,

which play a prominent part in the neuronal regulation of epithelial

ion transport (Diener et al., 1989), were not involved, because nei-

ther the muscarinic antagonist, atropine (10�5 mol�L�1 at the serosal

side), nor the nicotinic antagonist, hexamethonium (10�4 mol�L�1 at

the serosal side), inhibited the current induced by serosal BzATP

(Table 2).

Well-known excitatory purinergic receptors on enteric neurons

are P2Y1 receptors (Hu et al., 2003). Consequently, we tested

whether the tetrodotoxin-sensitive component of the response to

serosal BzATP was preserved after pretreatment with the P2Y1

blocker MRS2500. BzATP (5�10�5 mol�L�1 at the serosal side) evoked

an increase in Isc in the presence of MRS2500 (1 μmol�L�1 at the sero-

sal side), which amounted to 0.90 ± 0.36 μEq�h�1�cm�2 (n = 6). This

TABLE 2 Effect of BzATP administered to the serosal side of distal colon

Change in BzATP

response

BzATP

(5�10�5 mol�L�1)

Carbachol

(5�10�5 mol�L�1)

Forskolin

(9�10�6 mol�L�1) n

ΔIsc (μEq�h�1�cm�2)

Mucosal + serosal side

+ Cl� 5.18 ± 1.04 11.63 ± 1.02 4.12 ± 0.81 6

� Cl� # 0.78 ± 0.45* 1.65 ± 0.60* 0.98 ± 0.33* 6

Mucosal side

� Ba2+ 2.81 ± 0.64 10.86 ± 1.55 2.12 ± 0.25 8

+ Ba2+ (10�2 mol�L�1) 1.55 ± 0.47 10.95 ± 1.06 1.71 ± 0.25 7

Serosal side

� Bumetanide 3.29 ± 0.47 9.63 ± 1.07 2.92 ± 0.79 8

+ Bumetanide (10�4 mol�L�1) # 1.15 ± 0.31* 1.68 ± 0.32* 0.96 ± 0.23 7

� Tetrodotoxin 4.59 ± 1.17 8.94 ± 1.09 2.14 ± 0.52 5

+ Tetrodotoxin (10�6 mol�L�1) # 0.57 ± 0.08* 7.29 ± 1.26 2.55 ± 0.55 6

� Atropine 3.77 ± 0.63 8.57 ± 1.23 3.31 ± 0.89 7

+ Atropine (10�5 mol�L�1) 4.23 ± 1.03 2.32 ± 0.62* 5.27 ± 1.23 7

� Hexamethonium 3.73 ± 0.57 9.88 ± 0.83 3.22 ± 0.26 6

+ Hexamethonium (10�4 mol�L�1) 3.66 ± 0.84 10.22 ± 1.70 2.53 ± 0.60 6

� Ba2+ 3.40 ± 0.65 9.14 ± 1.06 1.57 ± 0.11 8

+ Ba2+ (10�2 mol�L�1) # 0.12 ± 0.07* 9.00 ± 0.63 0.11 ± 0.07 8

� A438079 3.01 ± 0.56 12.77 ± 1.15 1.32 ± 0.32 6

+ A438079 (10�4 mol�L�1) 3.35 ± 0.97 10.72 ± 1.13 0.27 ± 0.16* 6

� AZ10606120 2.54 ± 0.92 11.31 ± 1.10 1.24 ± 0.27 6

+ AZ10606120 (5�10�5 mol�L�1) # 0.27 ± 0.12* 9.84 ± 1.47 1.19 ± 0.35 6

� 5-BDBD 4.23 ± 1.00 12.67 ± 1.03 2.02 ± 0.18 8

+ 5-BDBD (10�5 mol�L�1) # 1.24 ± 0.37* 10.94 ± 1.58 1.02 ± 0.24 8

Note: Increase in Isc induced by BzATP (at the serosal side), carbachol (at the serosal side) and forskolin (at the mucosal and serosal side) in rat distal colon.

Responses were tested in the presence and absence of different drugs administered on either the mucosal or serosal side, or both. A438079 and

AZ10606120 are used as P2X7 antagonists, 5-BDBD as P2X4 antagonist. Effects of drugs or anion replacement on baseline Isc are shown in Table S1

(pooled data from all experiments depicted in Tables 2–5 with the same inhibitor). Values are given as change in Isc versus baseline just prior administration

of the individual secretagogue (ΔIsc) and are means ± SEM.

*P < 0.05 versus response of the same secretagogue in the corresponding control series.
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response was reduced significantly to 0.17 ± 0.07 μEq�h�1�cm�2

(n = 6), when the tissues were pretreated with tetrodotoxin

(1 μmol�L�1 at the serosal side) in addition. This suggests that a stimu-

lation of neuronal P2Y1 receptors is not responsible for the effect of

BzATP.

Moreover, the Isc induced by mucosal BzATP (5�10�5 mol�L�1)

was not significantly inhibited by tetrodotoxin, indicating a direct

effect on the epithelium (Table 3).

3.3 | Apical cation currents activated by BzATP

Resistance against bumetanide and the observation that replacement

of Cl� by gluconate did not affect the Isc induced by mucosal BzATP

indicated that anion secretion does not underlie the BzATP-induced

Isc. In order to find out whether this current might directly reflect the

cation flow across activated P2X receptors, which work as nonselec-

tive cation channels (for review, see Burnstock, 2018), currents across

the apical membrane were measured after mucosal application of

BzATP. The basolateral membrane potential was ‘electrically elimi-

nated’ by depolarization with a buffer containing a high K+

concentration. Due to the high basolateral K+ conductance, the elec-

trical properties of the tissue, which are normally characterized by

two batteries in series, are then dominated by the apical membrane

(Fuchs et al., 1977; Schultheiss & Diener, 1997). Serosal administra-

tion of a high K+ buffer led to a large negative Isc, which has to be

expected from the resulting diffusion potential (Figure 3a). When

BzATP was administered to the basolaterally depolarized epithelia in

the presence of mucosal Na+, a large positive Isc was induced

(Figure 3a). On average, BzATP (10�4 mol�L�1 at the mucosal side)

induced a sustained positive Isc, which would be in accordance with a

flow of Na+ into the epithelial cells, amounting 1.94

± 0.31 μEq�h�1�cm�2 (n = 8; P < 0.05 vs. time-dependent control),

whereas in time-dependent control experiments (n = 8) Isc remained

stable during the basolateral depolarization. In order to prove that the

BzATP-induced positive Isc across the apical membrane was carried by

Na+, cation replacement experiments where performed in which Na+

in the mucosal compartment was substituted by the impermeant cat-

ion, NMDG+. Under these conditions, BzATP (10�4 mol�L�1 at the

mucosal side) could not induce a stable increase in Isc anymore but led

to a transient stimulation of a negative Isc (Figure 3b). This would be

consistent with the transient activation of an apical K+ conductance.

TABLE 3 Effect of BzATP administered to the mucosal side of distal colon

Change in BzATP

response

BzATP

(5�10�5 mol�L�1)

Carbachol

(5�10�5 mol�L�1)

Forskolin

(9�10�6 mol�L�1) n

ΔIsc (μEq�h�1�cm�2)

Mucosal + serosal side

+ Cl� 0.33 ± 0.11 9.77 ± 1.54 3.12 ± 0.71 6

� Cl� 0.29 ± 0.16 1.72 ± 0.33* 1.33 ± 0.21* 6

Mucosal side

� Ba2+ 0.19 ± 0.06 14.32 ± 1.27 2.71 ± 0.36 7

+ Ba2+ (10�2 mol�L�1) # �0.03 ± 0.04* 10.43 ± 0.98* 1.46 ± 0.19* 8

� A438079 0.20 ± 0.15 15.47 ± 2.18 1.81 ± 0.29 6

+ A438079 (10�4 mol�L�1) 0.11 ± 0.10 14.28 ± 1.63 1.03 ± 0.23 6

� AZ10606120 0.29 ± 0.11 11.97 ± 1.59 2.37 ± 0.46 7

+ AZ10606120 (5�10�5 mol�L�1) # 0.01 ± 0.01* 12.61 ± 0.78 2.57 ± 0.34 7

� 5-BDBD 0.30 ± 0.13 11.89 ± 1.47 3.32 ± 1.26 8

+ 5-BDBD (10�5 mol�L�1) 0.13 ± 0.06 14.36 ± 1.13 0.79 ± 0.31 8

Serosal side

� Bumetanide 0.37 ± 0.09 13.34 ± 2.10 2.06 ± 0.49 7

+ Bumetanide (10�4 mol�L�1) 0.60 ± 0.25 2.30 ± 0.29* 1.40 ± 0.29 7

� Tetrodotoxin 0.75 ± 0.24 7.41 ± 1.25 2.00 ± 0.45 6

+ Tetrodotoxin (10�6 mol�L�1) 0.43 ± 0.12 8.42 ± 0.91 3.73 ± 0.38* 6

� Ba2+ 0.89 ± 0.43 11.63 ± 2.29 1.60 ± 0.31 6

+ Ba2+ (10�2 mol�L�1) # 0.20 ± 0.07* 8.88 ± 1.11 0.33 ± 0.09* 6

Note: Increase in Isc induced by BzATP (at the mucosal side), carbachol (at the serosal side) and forskolin (at the mucosal and serosal side) in rat distal colon.

Responses were tested in the presence and absence of different drugs administered on either the mucosal or serosal side or both. A438079 and

AZ10606120 are used as P2X7 antagonists, 5-BDBD as P2X4 antagonist. Effects of drugs or anion replacement on baseline Isc are shown in Table S1

(pooled data from all experiments depicted in Tables 2–5 with the same inhibitor). Values are given as change in Isc versus baseline just prior administration

of the individual secretagogue (ΔIsc) and are means ± SEM.

*P < 0.05 versus response of the same secretagogue in the corresponding control series.
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On average, the negative Isc induced by BzATP amounted to �0.25

± 0.09 μEq�h�1�cm�2 (n = 8; P < 0.05 vs. baseline).

3.4 | Sensitivity of the BzATP response to
antagonists of P2X receptors

Experiments with receptor antagonists were performed in order to

functionally characterize the P2X receptors stimulated by BzATP

(5�10�5 mol�L�1). A438079 (10�4 mol�L�1 at the serosal side), a com-

petitive P2X7 pore inhibitor (Haanes & Edvinsson, 2014), did not

reduce the current induced by serosal BzATP (Table 2). In the pres-

ence of this inhibitor, however, the response evoked by the cAMP-

dependent secretagogue forskolin, but not that induced by the Ca2+-

dependent secretagogue carbachol, was significantly reduced, which

might suggest that either the action of forskolin possibly involves the

stimulation of ATP release from cells in the mucosa or the submucosa

or that the P2X7 antagonist nonspecifically interferes with cAMP sig-

nalling. In contrast, in the presence of AZ10606120 (5�10�5 mol�L�1

at the serosal side), a noncompetitive P2X7 antagonist, which acts as

negative allosteric modulator (Haanes & Edvinsson, 2014), the current

evoked by serosal BzATP was inhibited by >85% (P < 0.05; Figure 4a,

b). BzATP also is known to stimulate P2X4 receptors, for example, in

rat liver (Emmett et al., 2008). Therefore, the sensitivity of the Isc

response evoked by serosal BzATP to 5-BDBD, a P2X4 antagonist

(Coddou et al., 2019), was tested. Indeed, 5-BDBD (10�5 mol�L�1 at

the serosal side) significantly inhibited the current induced by serosal

BzATP by about 70% (Table 2 and Figure 4c,d). When BzATP was

administered at the mucosal side, AZ10606120 (5�10�5 mol�L�1 at

the mucosal side) completely suppressed the Isc evoked by the

purinergic agonist, whereas mucosal 5-BDBD did not inhibit the

BzATP-induced current significantly (Table 3).

3.5 | BzATP effects on cytosolic Ca2+

concentration

The tetrodoxin-resistant response to mucosal BzATP (Table 3) sug-

gests the presence of ionotropic P2X receptors on the colonic epithe-

lium. In order to prove this assumption, experiments with isolated

colonic crypts loaded with the Ca2+-sensitive fluorescent dye, fura-2,

were performed. Indeed, BzATP (5�10�5 mol�L�1) induced a prompt

increase in the fura-2 fluorescence ratio indicating an increase in the

cytosolic Ca2+ concentration (Figure 5). This has to be expected when

P2X receptors, that is, ligand-gated nonselective cation channels, are

activated and Ca2+ enters the cytosol. From 132 measured cells, 80%

responded with an increase in the fura-2 ratio (for definition of

responders, see Methods), which on average amounted to 0.73 ± 0.05

(n = 105). Administration of the SERCA inhibitor cyclopiazonic acid

(CPA; 5�10�6 mol�L�1) as a viability control at the end of the experi-

ments induced a prompt increase in the fura-2 ratio (Figure 5).

3.6 | Comparison with native ATP

The question arises whether native ATP, the physiological agonist for

purinoceptors, also activates ionotropic P2X receptors in colonic

mucosa. Therefore, concentration–response curves were performed

with serosal or mucosal administration of ATP. As for BzATP, serosal

ATP had a higher efficiency to induce an increase in Isc in comparison

F IGURE 3 Effect of BzATP (10�4 mol�L�1 at
the mucosal side) on currents across the apical
membrane after basolateral depolarization
(serosal solution: 111.5-mmol�L�1 KCl).
(a) BzATP-induced currents across a Na+-
permeable, presumably nonselective cation
conductance were measured in the presence of
107-mmol�L�1 NaCl/4.5-mmol�L�1 KCl at the
mucosal side (as indicated by the schematic

inset). (b) Transient stimulation of a K+-
permeable apical conductance measured in the
presence of 107-mmol�L�1 NMDG
Cl/4.5-mmol�L�1 KCl at the mucosal side
(as indicated by the schematic inset). Values are
means (solid lines) ± SEM (dotted lines); n = 8
for both experimental series. Time-dependent
controls (n = 8) show no changes in Isc.
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to mucosal ATP (Figure 6). In contrast to BzATP, ATP (10�4 mol�L�1)

induced a stronger increase in Gt after serosal administration (5.71

± 0.83 mS�cm�2, P < 0.05, n = 6) in comparison to mucosal adminis-

tration (0.52 ± 0.14 mS�cm�2, P < 0.05, n = 6). As initially observed

by Cuthbert and Hickman (1985), the increase in Isc induced by serosal

ATP was inhibited by tetrodotoxin by about 65% (P < 0.05, n = 6,

Figure 7 and Table 4), whereas—similar to BzATP—the current

induced by mucosal ATP was not significantly affected by the tetrodo-

toxin (Table 5). Cholinergic neurotransmission seems to be involved in

the stimulation of secretomotor submucosal neurons because hexa-

methonium (10�4 mol�L�1 at the serosal side) diminished the current

induced by serosal ATP by 30% (P < 0.05, n = 6), although atropine

was ineffective (Table 4). These results might indicate that predomi-

nantly non-cholinergic secretomotor neurons are activated by ATP. A

putative candidate contributing to the communication between the

secretomotor neurons and the epithelium may be vasoactive intestinal

peptide (VIP), which beside acetylcholine is often the predominant

prosecretory neurotransmitter found in the submucosal plexus of dif-

ferent species and different intestinal segments (Krueger et al., 2016).

Another plausible candidate may be nitric oxide (NO), as it has been

shown in rat colon that nearly all neurons expressing NO synthase are

also immunoreactive for P2X7 (Girotti et al., 2013). As for BzATP, the

effect of serosal ATP was significantly diminished by the P2X4 recep-

tor blocker, 5-BDBD, as well as by the P2X7 receptor blocker,

AZ10606120, with A438079 being ineffective (Table 4). In the case

of mucosal ATP, only AZ10606120 numerically reduced the ATP-

induced Isc by about one third (without reaching statistical signifi-

cance), whereas A438079 and 5-BDBD had no effect (Table 5).

F IGURE 4 Effect of BzATP (5�10�5 mol�L�1 at the serosal side) on Isc in the absence (a) or presence (b) of the P2X7 receptor blocker
AZ10606120 (5 � 10�4 mol�L�1 at the serosal side) or in the absence (c) or presence (d) of the P2X4 receptor antagonist 5-BDBD (10�5-mol�L�1

serosal). At the end of each experiment, carbachol (CCh; 5 � 10�5-mol�L�1 serosal) and forskolin (9 � 10�6-mol�L�1 mucosal and serosal) were

administered as viability controls. Control tissues were treated with the solvents for the individual receptor blockers (DMSO in case of 5-BDBD,
water in the case of AZ10606120). Line interruptions are caused by omission of time intervals in order to synchronize the tracings of individual
records to the administration of the next drug. Values are means (solid lines) ± SEM (dotted lines); n = 8 for all experimental series; for statistics,
see Table 2.

F IGURE 5 Effect of BzATP (5�10�5 mol�L�1) on the fura-2 ratio
signal of epithelial cells located in an isolated colonic crypt. At the end
of the experiment, cyclopiazonic acid (CPA; 5�10�6 mol�L�1) was
administered as viability control. Values are means (solid line) ± SEM
(dotted lines); n = 12; for statistics, see text.
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Ivermectin is known to potentiate the actions of agonists at P2X4

receptors (see, e.g., Stokes & Surprenant, 2009). Consequently, it was

tested in orientating experiments whether ivermectin in different con-

centrations (ranging from 3 to 50 � 10�6 mol�L�1 at the mucosal side)

might be able to enhance the effect of mucosal ATP. However, the

‘most efficient’ combination of 10�5 mol�L�1 ivermectin with

10�4 mol�L�1 ATP only tended to enhance the effect of ATP (Table 5)

suggesting that apical P2X4 receptors do not play a major role in the

control of transepithelial ion transport.

As for BzATP (see above), we tested for the possible involvement

of neuronal P2Y1 receptors in the effect of serosal ATP. In the pres-

ence of the P2Y1 antagonist MRS2500 (10�6 mol�L�1 at the serosal

side), ATP (10�4 mol�L�1 at the serosal side) induced an increase in Isc

of 4.09 ± 0.39 μEq�h�1�cm�2 (n = 6), which was significantly

(P < 0.05) reduced to 2.45 ± 0.58 μEq�h�1�cm�2 (n = 6), when the tis-

sues also were pretreated with tetrodotoxin (10�6 mol�L�1 at the

serosal side), indicating a prominent contribution of P2X receptors to

the excitation of secretomotor neurons.

In order to exclude that ATP might have been converted to

adenosine by ectoATPases in the apical membrane of the epithelium,

it was tested whether the ectoATPase inhibitor, ARL67156

(10�4 mol�L�1 at the mucosal side), did reduce the Isc evoked by

mucosal ATP. However, this was not the case suggesting that cleav-

age products of ATP are not involved in the induction of electronic

response of the epithelium (Table 5).

3.7 | Apical ion currents induced by native ATP

Besides the expected activation of a nonselective cation conductance

after P2X receptor stimulation (Figure 3a), the experiments with baso-

laterally depolarized epithelia suggested the activation of a small K+

current across the apical membrane (Figure 3b). In order to prove this

with an obviously more efficient agonist, mucosal ATP was adminis-

tered under the same ionic conditions as depicted in Figure 3b, that is,

with 107 mmol�L�1 NMDGCl/4.5 mmol�L�1 KCl at the mucosal and

111.5 KCl mmol�L�1 at the serosal side. Under these conditions,

native ATP (10�4 mol�L�1 at the mucosal side) also induced a transient

negative Isc which amounted to �0.64 ± 0.19 μEq�h�1�cm�2 (n = 8;

P < 0.05 vs. time-dependent control), whereas the current remained

stable in time-dependent control experiments performed at the same

time (n = 7).

3.8 | Expression of P2X receptors on mRNA level

In order to prove the expression of different P2X receptors

(P2X1 - P2X7) in rat colon, RT-PCR experiments were performed.

Because both tetrodotoxin-sensitive effects, that is, neuronally

F IGURE 7 Effect of adenosine triphosphate (ATP) (10�4 mol�L�1 at the serosal side) on Isc in the absence (a) or presence (b) of tetrodotoxin
(TTX, 10�6 mol�L�1 at the serosal side). At the end of each experiment, carbachol (CCh; 5�10�5 mol�L�1 serosal) and forskolin (9�10�6 mol�L�1

mucosal and serosal) were administered as viability controls. Line interruptions are caused by omission of time intervals in order to synchronize
the tracings of individual records to the administration of the next drug. Values are means (solid lines) ± SEM (dotted lines); n = 6 for all
experimental series; for statistics, see Table 4.

F IGURE 6 Concentration-dependent effect of adenosine

triphosphate (ATP) on Isc administered at the serosal (black circles) or
mucosal (open circles) side of rat distal colon. After each
administration, the compartment to which ATP had been applied was
washed three times with 5� the chamber volume. The curves were
constructed from two independent experimental series, in which
concentrations from 10�7–10�6 or 10�6–10�4 mol�L�1, respectively,
were administered. Data are given as difference to the baseline Isc just
prior administration of ATP (ΔIsc) and are means (symbols) ± SEM
(lines; within the size of the symbols for mucosal ATP); n = 6 for each
group (except for the concentration of 10�6 mol�L�1, where the data
from both experimental series were pooled, i.e., n = 12).
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TABLE 4 Effect of ATP administered to the serosal side of distal colon

Change in ATP

response ATP (10�4 mol�L�1)

Carbachol

(5�10�5 mol�L�1)

Forskolin

(9�10�6 mol�L�1) n

ΔIsc (μEq�h�1�cm�2)

Serosal side

� Tetrodotoxin 7.50 ± 1.20 14.85 ± 1.50 1.72 ± 0.32 6

+ Tetrodotoxin (10�6 mol�L�1) # 2.75 ± 0.67* 8.69 ± 2.49* 8.61 ± 1.40P = 0.06 6

� Hexamethonium 7.68 ± 0.84 14.15 ± 1.20 3.49 ± 0.51 7

+ Hexamethonium (10�4 mol�L�1) # 5.34 ± 0.57* 14.15 ± 1.88 3.43 ± 0.71 6

� Atropine 8.02 ± 1.53 14.65 ± 1.40 3.93 ± 1.30 8

+ Atropine (10�6 mol�L�1) 7.33 ± 0.70 3.75 ± 0.73* 11.97 ± 0.74* 8

� A438079 6.29 ± 0.62 9.94 ± 1.28 3.32 ± 0.55 6

+ A438079 (10�4 mol�L�1) 5.90 ± 0.80 10.23 ± 1.07 2.36 ± 0.34 6

� AZ10606120 5.03 ± 0.84 11.21 ± 1.25 2.42 ± 0.54 7

+ AZ10606120 (5�10�5 mol�L�1) # 0.87 ± 0.21* 8.89 ± 1.52 3.32 ± 0.48 7

� 5-BDBD 6.18 ± 0.89 11.37 ± 1.16 2.43 ± 0.40 8

+ 5-BDBD (10�5 mol�L�1) # 2.84 ± 0.57* 12.52 ± 1.64 0.53 ± 0.16* 8

Note: Increase in Isc induced by adenosine triphosphate (ATP) (at the serosal side), carbachol (at the serosal side) and forskolin (at the mucosal and serosal

side) in rat distal colon. Responses were tested in the presence and absence of different drugs administered on the serosal side. A438079 and

AZ10606120 are used as P2X7 antagonists, 5-BDBD as P2X4 antagonist. Effects of drugs on baseline Isc are shown in Table S1 (pooled data from all

experiments depicted in Tables 2–5 with the same inhibitor). Values are given as change in Isc versus baseline just prior administration of the individual

secretagogue (ΔIsc) and are means ± SEM.

*P < 0.05 versus response of the same secretagogue in the corresponding control series.

TABLE 5 Effect of ATP administered to the mucosal side of distal colon

Change in ATP
response

ATP
(10�4 mol�L�1) Carbachol(5�10�5 mol�L�1)

Forskolin
(9�10�6 mol�L�1) n

ΔIsc (μEq�h�1�cm�2)

Mucosal side

� ARL67156 1.45 ± 0.17 12.10 ± 1.09 2.23 ± 0.25 6

+ ARL67156 (10�4 mol�L�1) 1.30 ± 0.31 13.52 ± 1.71 1.11 ± 0.40* 6

� A438079 1.64 ± 0.35 13.78 ± 0.35 1.68 ± 0.50 6

+ A438079 (10�4 mol�L�1) 1.55 ± 0.30 14.35 ± 1.52 2.05 ± 0.15 6

� AZ10606120 1.55 ± 0.25 11.97 ± 1.66 3.78 ± 0.54 7

+ AZ10606120 (5�10�5 mol�L�1) (#) 0.97 ± 0.16P = 0.08 8.39 ± 1.81 3.53 ± 0.50 6

� 5-BDBD 0.81 ± 0.12 11.17 ± 1.47 1.93 ± 0.24 7

+ 5-BDBD (10�5 mol�L�1) 0.82 ± 0.29 11.55 ± 1.50 1.21 ± 0.23 7

� Ivermectin 1.15 ± 0.27 9.89 ± 2.12 1.17 ± 0.24 7

+ Ivermectin (10�5 mol�L�1) 1.92 ± 0.31 13.12 ± 1.37 1.58 ± 0.40 8

Serosal side

� Tetrodotoxin 1.58 ± 0.42 13.15 ± 0.97 2.99 ± 0.71 6

+ Tetrodotoxin (10�6 mol�L�1) 0.66 ± 0.13 12.22 ± 2.52 2.77 ± 0.43 6

Note: Increase in Isc induced by adenosine triphosphate (ATP) (at the mucosal side), carbachol (at the serosal side) and forskolin (at the mucosal and serosal

side) in rat distal colon. Responses were tested in the presence and absence of different drugs administered on either the mucosal or serosal side.

ARL67156 was used as ectoATPase blocker, A438079 and AZ10606120 as P2X7 antagonists, and 5-BDBD as P2X4 antagonist. Effects of drugs on

baseline Isc are shown in Table S1 (pooled data from all experiments depicted in Tables 2–5 with the same inhibitor). Values are given as change in Isc
versus baseline just prior administration of the individual secretagogue (ΔIsc) and are means ± SEM.

*P < 0.05 versus response of the same secretagogue in the corresponding control series.
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mediated responses, as well as putatively direct epithelial effects

(e.g., evoked by mucosal administration of ATP or BzATP) had

been observed, homogenates both from intact colonic wall (con-

taining plexus of the enteric nervous system) as well as mucosal

scrapings were used as starting material for mRNA isolation. Differ-

ent tissues such as spinal cord, dorsal root ganglia, kidney or liver

were used as positive controls. With the exception of P2X6,

amplificates of the expected size (Table 1) of all P2X receptor

subtypes were found in the colonic samples (Figures 8 and 9).

P2X6 mRNA, however, was neither found in the colonic samples

nor in the reference tissues used (Figure 8b). P2X7 receptors

can be quite divergent with profound species differences

(Donnelly-Roberts et al., 2009) and expression of different splice

variants - albeit often with impaired function (Shokoples

et al., 2021). However, one of these isoforms, P2X7(k), with an

alternative exon 1, shows a higher sensitivity to BzATP in compari-

son to the full-length receptor P2X7(a) (Liang et al., 2019; Nicke

et al., 2009). Amplificates for this isoform were detected in the

colonic samples, too (Figure 9b). The efficiency of RNA isolation

and cDNA synthesis was verified by using GAPDH-specific

primers. The water control without template cDNA showed no

amplificates (Figure 9). Sequencing of the PCR products revealed

an identity of ≥97.3% with the corresponding target structures for

all products.

3.9 | Immunohistochemical localization of P2X4
and P2X7 receptors

Immunohistochemical staining with primary antibodies directed

against P2X4 or P2X7, respectively, was performed to investigate the

expression and the localization within the colonic wall on the protein

level for both receptors. Immunopositive signals for both receptors

were found in the colonic epithelium with a predominant expression

in the more mature epithelial cells at the surface and the upper third

of the crypts (Figure 10). Immunoreactivity was found also in cells

within the submucosa or between the longitudinal and the circular

layer of the tunica muscularis. These cells also were immunopositive

for the neuronal marker, MAP 2, indicating that they represent neu-

rons of the submucosal and the myenteric plexus. Negative controls

F IGURE 8 Reverse transcriptase
polymerase chain reaction (RT-PCR)
detection of mRNA expression of P2X1–
P2X3 (a) or P2X4–P2X6 receptors (b) in
samples from intact colonic wall or colonic
mucosa. For expected size of the
amplificates, see Table 1. The cDNA from
spinal cord, dorsal root ganglia, kidney or
liver was used as positive control. Shown
are representative results from three
independent experiments (three biological
and two technical replicates).
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without the primary antibodies did not reveal in any signals

(Figure 10).

Attempts to characterize the P2X receptors in the submucosal

ganglia, which are found occasionally (depending on the cutting plane)

in the immunostainings of the colonic sections (Figure 10), more sys-

tematically in whole-mount preparations failed, as obviously the anti-

bodies, especially that used against P2X7, showed a strong

nonspecific background binding in these thick preparations. However,

the main aim of the present study was to clarify the question whether

also in the intestine epithelial P2X receptors are involved in the regu-

lation of ion transport (see Introduction) and both the expression of

P2X4 and P2X7 in rat enteric neurons has already been well docu-

mented in the literature (Bo et al., 2003; Girotti et al., 2013). Thus, no

further attempts were performed to characterize MAP 2-positive cells

expressing P2X4 or P2X7 in more detail.

4 | DISCUSSION

4.1 | Expression and functional significance of
ionotropic P2X in the colonic wall

The present results demonstrate that BzATP, a purine analogue

known to act on P2X7 and in addition on P2X4 receptors (Emmett

et al., 2008; Haanes et al., 2012), stimulates transepithelial currents

across rat distal colon. The colon has a typical intestinal epithelium

with the ability to switch between absorption and secretion in depen-

dence on various neuronal, endocrine or paracrine signals. Functional

experiments with tetrodotoxin, a neurotoxin, which suppresses the

propagation of action potentials in neurons via blockade of voltage-

dependent Na+ channels (Catterall, 1980), indicate that secretomotor

neurons within the submucosal plexus are the primary target of

F IGURE 9 Reverse transcriptase
polymerase chain reaction (RT-PCR)
detection of mRNA expression of P2X7
(a) and the splice variant P2X7(k) in
comparison to the full-length receptor
(termed P2X7(a) here in analogy to the
reference from Nicke et al., 2009; b) in
samples from intact colonic wall or colonic
mucosa. For expected size of the

amplificates, see Table 1. The cDNA from
spinal cord, dorsal root ganglia, kidney or
liver was used as positive control. The
efficiency of RNA isolation and cDNA
synthesis was verified by using GAPDH-
specific primers (303 bp). The water
control without template cDNA showed
no amplificates. Shown are representative
results from three independent
experiments (three biological and two
technical replicates).
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BzATP after serosal administration (Table 2), whereas mucosal BzATP

seems to act directly at the epithelium, inducing a transepithelial cur-

rent insensitive to tetrodotoxin (Table 3). Immunohistochemical label-

ling confirmed the expression of both P2X4 and P2X7 receptors in

submucosal neurons as well as in the epithelium, especially in the sur-

face region and the upper parts of the crypts (Figure 10). Conse-

quently, these data show that purinergic control of intestinal ion

transport is not solely mediated by metabotropic P2Y receptors,

which were known for more than 20 years to play an important role

in the regulation of epithelial transporters (Kerstan et al., 1998;

Köttgen et al., 2003; Leipziger et al., 1997; Yamamoto & Suzuki, 2002),

but also by ionotropic P2X receptors.

For native ATP, neuronal, that is, tetrodotoxin-sensitive effects

after serosal administration (Figure 7 and Table 4) as well as

tetrodotoxin-insensitive, presumably direct epithelial effects after

mucosal administration (Table 5) were observed, too. The ectoATPase

inhibitor ARL67156 did not reduce the Isc evoked by mucosal ATP

(Table 5). This finding is in contrast to the colonic tumour cell line,

T84, where degradation of ATP to adenosine with subsequent stimu-

lation of A2 receptors mediates the response to mucosal ATP (Stutts

et al., 1995). Experiments with antagonists for P2X4 and P2X7 recep-

tors confirm the involvement of both types of ionotropic receptors in

the neuronally mediated responses evoked by serosal BzATP or ATP.

Both were inhibited significantly by the P2X7 antagonist,

AZ10606120, as well as by the P2X4 antagonist, 5-BDBD (Figure 4

and Tables 2 and 4), suggesting the functional significance of the two

ionotropic receptor types for secretomotor neuron activation. The

epithelial effect of mucosal BzATP, however, was suppressed only by

the P2X7 antagonist, AZ10606120, but was not affected by 5-BDBD

(Table 3). Similarly, the response to native ATP proved to be resistant

against 5-BDBD, when the agonist was administered at the mucosal

side, whereas AZ10606120 reduced the response numerically by

about 35% (Table 5). The missing effect of 5-BDBD and the failure to

enhance the response evoked by mucosal ATP with ivermectin, which

F IGURE 10 Immunofluorescent
staining of rat distal colon with antibodies
against P2X4 and P2X7 (red, coupled with
Cy3) combined with the neuronal marker
MAP 2 (green, coupled with Alexa488).
The first row shows the red channel (Cy3),
the second row the green channel
(Alexa488) and the third row the overlay
with DAPI, which was used for nucleus

staining. Negative controls without the
primary antibodies were performed in
parallel (bottom). Scale bar is set to
100 μm. Representative staining from
three independent experiments.
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is known to potentiate the stimulation of murine P2X4 and also

human (but not murine) P2X7 (Nörenberg et al., 2012), suggest that

epithelial P2X4 receptors play no or only a very minor role in the con-

trol of colonic ion transport. The large AZ10606120-resistant

response evoked by mucosal ATP is consistent with the well-known

action of ATP on metabotropic P2Y2 or P2Y6 receptors expressed in

the apical membrane of the colonic epithelial cells (Köttgen

et al., 2003).

Surprisingly, another P2X7 antagonist, A438079, proved to be

completely ineffective against the actions of the mucosally or sero-

sally administered purinergic agonists (Tables 2–5). A similar pattern,

that is, inhibition of the proliferation of pancreatic stellate cells by

AZ10606120, but not by A438079, has already been observed by

Haanes et al. (2012). The reasons may lay in the different modes of

actions of both drugs. The competitive inhibitor A438079 seems to

act primarily via prevention of pore formation, whereas the noncom-

petitive inhibitor AZ10606120 acts as negative allosteric modulator

(Haanes et al., 2012).

A critical point in the pharmacological analyses of receptor func-

tions is the specificity and the selectivity of the agonists used

(recently reviewed by Illes et al., 2021). For example, BzATP, the pro-

totypical P2X7 agonist (being here more potent than the native ago-

nist, ATP), stimulates also P2X1, P2X2, P2X3 and P2X4 receptors

(Illes et al., 2021). Better is the situation for the antagonists. For exam-

ple, the IC50 values of 5-BDBD (used as P2X4 receptor antagonist)

are several times lower for P2X4 than for other P2X receptors, where

this drug has been investigated. In the case of the two P2X7 receptors

antagonists tested, A-438079 and AZ10606120, the affinity (based

on IC50 values) of A-438079 is much higher for P2X7 than for the

other six P2X receptors (Illes et al., 2021). Unfortunately, for

AZ10606120, that is, the inhibitor which proved to be effective in the

rat colon, no such comparisons are available yet (Illes et al., 2021).

Thus, it cannot be excluded with certainty that inhibition of the

response to serosal BzATP or mucosal BzATP by AZ10606120

(Tables 2 and 3) might be caused by nonselective inhibition of other

purinergic receptors. However, as stated above, AZ10606120 is pri-

marily a negative allosteric modulator and also in other biological sys-

tems such as pancreatic stellate cells discrepancies between

competitive inhibition by A438079 and AZ10606120 have been

observed (Haanes et al., 2012). The situation is further complicated by

the fact that the trimeric P2X receptors do not only occur as homo-

mers but can in addition form heteromers, which will probably

strongly affect sensitivity against different receptor blockers. Even

more, most data in the literature refer to human or mouse P2X recep-

tors, but strong species differences are known, for example, in

agonist-induced cation currents across P2X receptors (Jiang

et al., 2013) or pharmacological properties such as the interaction of

ivermectin, which potentiates the stimulation of human, but not rat

P2X7 (Nörenberg et al., 2012).

P2X7 receptors are known to need a relatively high concentration

of ATP to be activated and are more sensitive to BzATP than to native

ATP (Sluyter, 2017). In the present experiments, when fitting the con-

centration response curves of serosal BzATP (Figure 1) and serosal

ATP (Figure 6) to a Hill equation, the half-maximal concentration

needed for BzATP was even higher (8 μmol�L�1) compared to ATP

(2 μmol�L�1); thus, ATP seemed to be more effective. This discrepancy

might be explained by the assumption that BzATP stimulates in addi-

tion other ionotropic receptors such as P2X4 as suggested by the

inhibitor experiments (Tables 2–5).

4.2 | Ion transport mechanisms regulated by
ionotropic P2X receptors

Different ionic mechanisms are obviously involved in the induction of

transepithelial currents by serosal or mucosal BzATP. In the case of

serosal administration with the simultaneous stimulation of secreto-

motor neurons within the enteric nervous system, the BzATP-induced

Isc reflects secretion of Cl� as indicated by anion replacement experi-

ments. This is consistent with the sensitivity against bumetanide, an

inhibitor of the basolateral Na+-K+-2Cl�-cotransporter acting as the

dominant Cl�-loading transporter in the basolateral membrane

(Table 2). As the BzATP-induced Cl� secretion proved to be resistant

against atropine, neuronal P2X4 and P2X7 receptors seem to be

located on non-cholinergic secretomotor neurons. However, the

observation that a biological response (such as Cl� secretion) evoked

by a purinergic agonist is sensitive to tetrodotoxin does not necessar-

ily imply that the corresponding receptors stimulated by the agonist

must be localized on neurons. Instead, a stimulation of other cell types

(such as macrophages) releasing mediators finally stimulating the

secretomotor neurons might be possible as well.

In contrast, the current induced by mucosal BzATP was indepen-

dent from the presence of Cl� and resistant to bumetanide indicating

that ionic transport processes other than Cl� secretion must be the

underlying mechanism (Table 3). The most plausible explanation might

be the assumption that the Isc activated by mucosal BzATP is caused

by an ion flux across apical ionotropic P2X receptors, which function

as nonselective ligand-gated cation channels (Burnstock, 2018). Elec-

trically, both the secretion of anions (such as Cl�) as well as the elec-

trogenic flux of cations (such as Na+) from the mucosal to the serosal

side of the tissue induce a positive Isc. The stimulation of Na+ flux

across the apical membrane was proven in tissues which had been

basolaterally depolarized in order to bypass the basolateral membrane.

Under these conditions, BzATP induced a sustained positive Isc

(Figure 3a). This positive current was suppressed in the absence of

Na+ in the mucosal compartment. Thus, the Isc induced by mucosal

BzATP is carried by cation flux, either via P2X channels and/or via cat-

ion channels activated after P2X receptor stimulation (see below).

Furthermore, under these conditions a small negative Isc induced by

BzATP, which would be in accordance with the transient activation of

K+ secretion, was uncovered (Figure 3b).

The currents induced by serosal as well as by mucosal BzATP

were strongly inhibited by serosal Ba2+ (Tables 2 and 3). Ba2+, which

blocks most K+ channels in the basolateral membrane, leads to a

strong depolarization of the membrane (Böhme et al., 1991). Thereby,

the driving force for both Cl� secretion activated by serosal BzATP as
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well as electrogenic Na+ influx induced by mucosal BzATP will be

reduced. At first glance, it seems surprising that mucosal Ba2+ also

suppressed the electrogenic response evoked by BzATP administered

to the same compartment (Table 3). The transient K+ secretion

induced by the purinergic agonist suggested by the experiments with

basolaterally depolarized epithelia (Figure 3b) should induce a nega-

tive Isc and thereby reduce the positive Isc induced by an absorptive

Na+ flux. In other words, mucosal Ba2+ would be expected to

enhance rather than to inhibit the current stimulated by mucosal

BzATP (see Table 3). However, Ba2+ in the molar concentration range

obviously inhibits the binding of BzATP on P2X7 receptors (Virginio

et al., 1997), which might explain the unexpected observation.

Activation of the epithelial P2X receptors was concomitant with an

increase in the cytosolic Ca2+ concentration, as shown by experiments

at isolated colonic crypts loaded with the Ca2+-sensitive fluorescent dye,

fura-2 (Figure 5). These experiments do not allow to distinguish between

the activation of P2X receptors in the apical membrane (underlying the

response to mucosal BzATP in the Ussing chamber experiments) or in

the basolateral membrane (responsible for the small, albeit directly mea-

surable increase in Isc evoked by serosal BzATP in the presence of tetro-

dotoxoin; Table 2). However, these results are in accordance with the

known Ca2+-permeability of most P2X receptors (Ohta et al., 2005). An

increase in the cytosolic Ca2+ concentration is well known to activate

epithelial K+ channels, also in the apical membrane (Schultheiss &

Diener, 1997), which might underlie the transient negative current across

the apical membrane suggested by the experiments with basolaterally

depolarized epithelia (Figure 3b). Furthermore, the Ca2+ influx evoked by

activation of P2X7 also might stimulate other ion channels such as

TRPM4 or TRPM5, which function as Ca2+-activated Na+ channels

(Clapham et al., 2005) in intestinal epithelia (Murakami et al., 2003). Such

a (speculative) mechanism would enhance the cation current induced by

BzATP across the apical membrane measured in the basolateral depolari-

zation experiments (Figure 3a).

For several P2X receptors such as homomeric P2X2, P2X4 and

P2X7 as well as various heterometric subunit combinations, a so-

called pore dilatation is known, allowing a flux even of larger cations

such as, for example, NMDG+ after prolonged receptor activation

(Harkat et al., 2017). Such a delayed pore dilatation might be the rea-

son for the slowly developing time course of the Isc induced by muco-

sal BzATP, which was paralleled by an increase in Gt (Figure 2).

However, as the effect of BzATP was completely reversible upon

washout, this increase in tissue conductance was obviously not

accompanied by cellular damage.

4.3 | Clinical aspects of P2X4 and P2X7 receptors

During inflammatory responses including inflammatory bowel dis-

eases, both immune cells such as, for example, dendritic cells or mac-

rophages (Dosch et al., 2018) as well as activated glial cells (Vieira

et al., 2014, 2017) release ATP, which modulates gastrointestinal

functions such as motility, epithelial ion transport or neurotransmis-

sion in the enteric nervous system. In line with this, blockade of

purinergic receptors such as P2X7 ameliorates the symptoms of

experimental inflammatory bowel disease (Evangelinellis et al., 2022).

A similar situation is observed, for example, in the cardiovascular sys-

tem, where P2X7 receptors are assumed to contribute to the associa-

tion between hypertension and low-grade chronic inflammation

(Shokoples et al., 2021). Furthermore, several non-synonymous single

nucleotide polymorphisms of P2X7 receptors are known. Some of

them have been associated with human diseases such as bipolar disor-

der and depression, pain sensitivity, osteoporosis or pulmonary tuber-

culosis (Jiang et al., 2013). However, in the gut, no association of

these polymorphisms with, for example, inflammatory bowel disease

has been detected (Haas et al., 2007). Thus, P2X7 receptors, which

are shown in the present study to be expressed in the colonic epithe-

lium, too (Figures 8–10), play a central role in a great spectrum of dis-

eases. Consequently, inhibition of this ionotropic receptor may serve

as approach for the treatment of inflammatory bowel diseases

(Magalhães & Castelucci, 2021).

4.4 | Conclusions

Taken together, these results indicate that besides the well-known

neuronal P2X receptors expressed by enteric neurons (Ohta

et al., 2005; Valdez-Morales et al., 2011; Yu et al., 2010), glial cells

(Schneider et al., 2021) or many immune cells within the gastrointesti-

nal wall (Kolachala et al., 2008), colonic epithelial cells also express dif-

ferent P2X receptors including P2X4 and P2X7 functionally involved

in the control of electrogenic ion transport. Thus, these ionotropic

‘danger signal’ receptors (Stokes & Surprenant, 2009), which are well

known to be coupled to the activation of NLRP3 (nuclear oligomeriza-

tion domain like receptor family pyrin domain containing 3) inflamma-

some (Shokoples et al., 2021), cell death (Haanes et al., 2012) or

neuropathic pain (Zhang et al., 2020), obviously also are involved in

the regulation of intestinal ion transport at the level of the colonic epi-

thelium and may contribute to the pathogenesis of inflammatory

bowel diseases as ATP is released in the gut under inflammatory con-

ditions (Brown et al., 2016; Vieira et al., 2017).
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