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ATP and ADP but not AMP lead to sustained hyperpolarization of Madin Darby canine kidney (MDCK)
cells. The present study has been performed to test for an influence of other nucleotides on the potential
difference across the cell membrane (PD) in subconfluent MDCK cells. PD has been continuously
monitored with conventional microelectrodes during rapid exchange of extracellular fluid. Application of 1
pmol /1 UTP leads to 2 rapid (<2 s) hyperpolarization of the cell membrane by —17.0 + 0.4 mV (from
—~50.1+ 0.6 mV), a reduction of cell membrane resistance and an increase of the sensitivity of PD to
alterations of extracellular potassium. The concentration needed for half maximal effect of UTP is =0.2
pmol /1. ITP is similarly effective, whereas UDP, GTP and GDP are less effective. Up to 1 mmel /1 UMP,
GMP, TTP or CTP do not significantly alter PD. In calcium-free extracellular fluid the hyperpolarizing
effect of UTP is blunted (—11.6+ 2.3 mV) and only transient. In conclusion, UTP similar to purine
triphosphates hyperpolarizes MDCK cells by increasing the potassium conductance. The activation of

potassium channels requires calcium, which is apparently recruited from both intra- and extracellular

sources.

Introduction

In the past, purines such as ATP have been
recognized as transmitters in a variety of tissues
[3,4,11,17]. Reports on effects of purines on epi-
thelia, however, are scarce: Extracellular applica-
tion of ATP has been shown to increase transepi-
thelial potential difference in rat jejunum [26] and
to enhance rubidium efflux as well as amylase
secretion in parotid acinar cells {15}

In Madin Darby canine kidney (MDCK) cells,
a permanent cell line from a dog kidney
[16,18,42,43,47,50], transepithelial chloride secre-
tion is stimulated by both, ATP and UTP [45,46),
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pointing to both purinergic and pyrimidinergic
regulation of ion transport. In a separate study,
we have shown that ATP leads to a sustained
hyperpolarization of the cell membrane in subcon-
fluent MDCK cells by calcium dependent en-
hancement of potassium conductance [25]. In iso-
lated perfused liver, both, ATP and UTP stimulate
potassium and calcium movements across the cell
membranes. However, the effects of the two sub-
stances differ both quantitatively and qualita-
tively. Thus it was suggested that the two media-
tors may exert their efiects via different cellular
mechanisms 20]. ’

The present study was performed to test for an
effect of nucleotides on the cell membrane poten-
tial in subconfluent MDCK cells and to possibly
disclose differences between their effects.
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Methods

The techniques employed have been describzd
in previous papers in detail [35]. In short, MDCK
cells from the Amer::=a Type Culture Collection
[18,32] were used from passage 70 to 9U. Serial
cultures were maintained in Dulbecco’s moditied
Eagle’s medium (DMEM) with 10% fetal calf
serum, 100 U/ml penicillin and 160 pg/ml strep-
tomycin [49], equilibrated with 95% humidified air
and 5% carbondioxide at 37°C. After growing to
confluency monolayers were dispersed by incuba-
tion in a calcium and magnesium free, trypsin-
EDTA containing balanced salt solution (pH 7.4)
[46], plated on sterile cover glasses and incubated
again in the same medium as above for at least 48
hours. Cover glasses with incompletely confluent
cell layers were mounted in a perfusion chamber
allowing for rapid fluid exchange (chamber volume
0.1 ml, perfusion rate 20 ml/min).

Extracellular perfucates were composed of (in
mmol/1): 114 NaCl, 54 KCl, 0.8 MgCl,, 1.2
CaCl,, 1.2 Na,HPO,/NaH,PO, (4:1), 20
NaHCQ,, 5.5 glucose. The solutions were equi-
librated with 5% carbondioxide and 95% air (pH
7.4) and kept at 37°C. Whete indicated, KCl was
increased to 20 mmol/1 replacing equal amounts
of NaCl, or calcium omitted. The nominally
calcium-free solutions had calcium activities of
less than 0.1 pmol/l, as verified with the use of a
calcium selective electrode. UTP, UDP, UMP,
ATP, ITP, GTP, GDP, GMP, TTP, CTP (all from
Sigma, Munich, F.R.G.) were added at the con-
centrations, as specified.

Measurements of potential difference across the
cell membrane (PD) were made using conven-
tional microelectrodes (tip diameter < 0.5 pm, in-
put resistance 100-200 M{2, tip potential < 5 mV),
back filled with 1 mol/1 KXCl. The microelectrodes
were made by pulling filament containing bero-
silicate tubes (o.d. 1 mm, i.d. 0.5 mm, Hilgenberg,
Malsfeld, F.R.G.} and connected with a high input
impedance electrometer (FD 223, W.P.1, Hamden,
C.T., US.A)). Measurements were made versus an
Ag/AgCl electrode connected with the bath via a
flowing 3 mol/l KCi-Agar bridge. Impalements
were made under an inverted phase-contrast mi-
croscope (Invertoscop ID Zeiss, ¥.R.G.), using a
piczostepper (PM 20 M, Frankenberger, 8034

Germering, F.R.G.) mounted on a Leitz micro-
manipulator (Leitz, Wetzlar, F.R.G.). Measure-
ments were performed on a vibration-damped ta-
ble. The potential differences were recorded on a
chart recorder (Linseis, Selb.,, F.R.G.). To de-
termine the resistance of the microelectrodes be-
fore, during and after micropuncture, square wave
pulses up to 50 pA were injected by a stimulator
and the voltage deflection was used to calculate
the respective resistance. Experimental maneuvers
were performed only, if the impalement resulted
in rapid establishment of PD readings above —40
myV, stable (+2 mV) for at least 30 s, and if
electrode resistance and tip potential were similar
(+2 mV, +10 M) before and after intracellular
recerding. The transference number for potassium
{tk = slope potassium conductance/ slope cell
membrane conductance) was calculated from [21]:

tk = (dPD/61.5 mV)/Ig(5.4/20)

where dPD is the depolarization following in-
crease of extracellular potassium concentration
from 5.4 to 20 mmol /1.

Data are given as arithmetic means + standard
ersor {S.E.). Statistical analysis was made by paired
t-test, where applicable. Statistically significant
differences were assumed at P < 0.05.

Resuits

In the absence of extracellular nucleotides the
potential difference across the cell membrane (PD)
approaches —350.1 + 0.6 mV (n=105). Impale-
ment leads to a reversible increase of microelec-
trode input resistance by 67.3 + 3.8 M@ (n =45).

Application of 1 gmol/1 UTP leads to a rapid
(<2 5), sustained, but fully reversible hyperpolari-
zation of the cell membrane by —17.0 + 0.4 mV
(n=87) 2nd reduces the input resistance by 35.1
+ 4.9 M (n = 41). The concentration needed for
hailf-maximai hyperpolarization (X ;) of UTP is
approx. 0.2 gmol/1 (Figs. 1, 4). Inosine triphos-
phate (ITP) is similarly effective (Figs. 2-4),
whereas higher concentrations of UDP, GTP, GDP
and TTP are required to elicit similar effects (Fig.
4). Up to 1 mmol/1 CTP, UMP and GMP do not
significantly alter PD (—1.2+09 mV, n=5; 0.0
+05 mV, n=7; 0.5+0.5 mV, n=35; respec-
tively).



Fig. 1. Effect of 10 nruo]/l, 100 nmol/l, 1 pmol/1 and 10
pmol/1 uridine triphosphate (UTP) on the potential difference
(PD) across the cell membrane {original tracing).

Increase of extracellular potassium concentra-
tion from 5.4 to 20 mmol/l depolarizes the cell
membrane by 11.0+ 0.8 mV (n=8), in the ab-
sence and by 24.6 + 0.5 mV (n=1) in the pres-
ence of UTP (Fig. 5). The values allow calculation
of the apparent transference numbers for potas-
sium (k). i.e. the apparent contribution of potas-
sium conductance to the cell membrane conduc-
tance (see Meihods). UTP increases tk from 0.31
+0.02 (n=28) 10 0.70 1 0.01 (n =8).

Reduciion of extracellular calcium to less than
100 nmol/] leads to a depolarization of the cell
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Fig. 3. Effect of 1 pmol/1 ATP, ITP, GTP and CTP on the
potential difference (PLs) across the cell membrane (original
tracing).

membrane to —22.6 +4.3 mV (n=7). With re-
duced extracellular calcium, the hyperpolarizing
effect of UTP is blunted (—11.6 £ 2.3 mV, n=8)
and only transient (Fig. 6).

Discussion

The present study shows that several nucleo-
tides hyperpolarize the cell membrane of Madin
Darby canine kidney (MDCK) cells by increasing
the potassium conductance of the cell membrane.
The increase of the potassium conductance is
calcium dependent and is most likely mediated by
increases of intracellular calcium activity.
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Fig. 2. Effect of 10 nmol/1, 100 nmol/l 1 pmol/1, 10 pmol/l and 100 pminl/1 inosine triphosphate (ITP) on the potential difference
(PD) across the cell membrane (original tracing).
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Fig. 4. Dose response curve of the nucleotides: The hyper-

polarization of the cell membrane (dPD) following application

of UTP, ITP, GTP, UDP and GTP at the respective concentra-

tions (mean valuestS.E.; in pareniheses, number of cells
tested).

In previous studies, we have shown that potas-
sium channels in subconfluent MDCK cells are
activated by increases of intracellular calcium ac-
tivity [14,27,37] and that a variety of hormones

Fig. 5. Effect of increasing extracellular potassium concentra-

tion from 5.4 to 20 mmol /1 on the potential difference across

the cell membrane (PD) both, in the absence and presence of 1
pmol/1 UTP (original tracing).

such as epinephrine (361, bradykinin [38],
acetylcholine [29] and serotonin [39] activate the
potassium channels at least in part by increasing
intracellular calcium activity. ATP, similarly,
activates potassium channels. Half-maximal ef-
fects are observed at 0.5 pmol/i AfP and 0.9
pmol/1 ADP, whereas AMP does not significantly
alter cell membrane potential [25). The effects of
UTP, UDP, ITP, GTP and GDP are indis-
tinguishable from the effects of ATP (see Figs.
1-3). This does of course not rule out that the
nucleotides exert their effects via different recep-
tors,

Purine receptors have been subdivided in P1
receptors (Al and A2), which are most sensitive to
adenosine and in P2 receptors (P2x and P2y) most
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Fig 6. Effect of 1 pmol/1 UTP on the potential difference across the cell membrane (PD) in the nominal absence of extracellular
calcium (original tracing).



sensitive to ATP [4,5.6]. Since the effect of ATP
cannot be mimicked by adenosine [23], we have
concluded that the hyperpolarizing effact of ATP
in MDCK-cells is mediated by P2 receptors. In
other tissues, two P2 receptor subtypes have been
described {5,6,9,22,24,33,41], the one being finked
to phospholipase C, the other to adenylate cyclase
via an inhibitory guanine nucleotide regulatory
protein {34].

In hepatocytes [2,8,23,48], perfused liver [7,20],
Ehrlich ascites tumor cells [12,13,28], cardiac
myocyies {10}, cidoiticlial cells {31}, fibrablasis
[40,51], thymocytes [40] and kidney tubules [44],
ATP has been shown to increase intracellular
calcium. In Ehrlich ascites tumor cells UTP, ITP
and GTP proved similarly effective as ATP in
raising intracellular calcium activity [12}). In those
cells, the increase of intracellular calcium was only
transient and probably due to release of calcium
from intracellular stores. The transient hyper-
polarization in the nominal absence of calcium
indeed indicaies it UTE similar o ATD is able
to release intracelfular calcium. In the prosence of
extracellular calcium, however, the hyperpolariz-
ing effect of UTP, UDP, ATP, ADP, ITP, GTP
and GDP is sustained, possibly pointing io ad-
ditional entry of calcium from the extracellular
space. An ATP-stimulated calcium channel has
indeed been identified most recently in smooth
muscle [1].

In conclusion, similar to ATP, other nucleo-
tides such as UTP, UDP, ITP, GTP and GDP
hyperpolarize MDCK-cells by activation of potas-
sium channels. The effect depends on calcium. No
differences can be observed among the effects of
the nucleotides tested.
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