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Abstract. We recently reported that ATP is released Key words: Nucleotides — Purinoceptor — Suramin —
from Necturuserythrocytes via a conductive pathway Potassium channel — Cell volume regulation

during hypotonic swelling and that extracellular ATP

potentiates regulatory volume decrease (RVD). This i

study was designed to determine whether extracellulafntroeduction

ATP exerts its effect via a purinoceptor. This was ac- . . . .
The ability of animal cells to regulate their volume is a

complished using three different experimental ap-f q al " 04l ber of cell
proaches: 1) hemolysis studies to examine osmotic fraiundamental property common 1o a largeé number ot ce

gility, 2) a Coulter counter to assess RVD, and 3) thelyPes and has been _ext(_ansi\(ely reviewe_d [16, 18, 24, 27,
whole-cell patch-clamp technigue to measure membranéz]' \_/olume_ regulation is of Importance in cells exposed
currents. We found extracellular ATP and AJ®, two to anisotonic extracellular media and in cells where
P2 agonists, decreased osmotic fragility, enhanced ceffansport of solutes could change '““ace”“'af osmol_all—
volume recovery in response to hypotonic shock, andY" Exppsure .Of. \_/ert_ebrate ce]ls to a hypotonic solution
increased whole-cell currents. In addition, 2-methylthio-re‘°’u!ts n an'|n|'t|al Increase in ceII. volume' due to the
ATP potentiated RVD. In contrast, UTPq,B- relatively rapid influx of water. During continuous hy-
methylene-ATP, and '2& 3’-O-(4-ben2(')yl-benz’oyl) potonic stress, increases in cell volume are followed by a

adenosine 5triphosphate and the P1 agonist adenosinjslov‘;er’ spontanekous recovery ltowards lthe p(;e—shock
had no effect regardless of experimental approach. Fu _ev\t/a[,) a_IE)rrlpcess nown as regl:_a;oré/bvo urlne . elcrgase
thermore, the P2 antagonist suramin increased osmotf VD)- This recovery is accomplished by selectively in-

fragility, inhibited RVD, and reduced whole-cell conduc- €r€@sing the permeability of the plasma membrane dur-

tance in swollen cells. Consistent with a previous studyNd Cell swelling to allow for efflux of specific intracel-

that indicated cell swelling activates & Konductance, 'Ular osmolytes, thereby generating a driving force for
g water efflux [16, 18, 24, 27, 32]. Most vertebrate cells

suramin had no effect in the presence of gramicidin (ﬁose K" and CT during RVD [16, 18, 24, 27, 32]. This

cationophore used to maintain a highi ermeability). :
We also found the P2 antagonist pyridoxal-5-phosphate[nay occur by electroneutral ion transport pathways [24]
or by the separate activation of'Kand CI' channels [2,

6-azophenyl-2-disulfonic acid (PPADS) increased os- . .

motic fragility; however, reactive blue 2 and the P1 an-16. 18, 24, 28]. Loss of organic anions and osmolytes
tagonists caffeine and theophylline had no effect. OUtalso may occur during RVD [23, 32, 33]. . I
results show that extracellular ATP activated a P2 recep: Itis well known that intracellular ATP is a.ub|qU|—
tor in Necturuserythrocytes during hypotonic swelling, tpus intracellular source of energy and that this nucleo-
which in turn potentiated RVD by stimulatinglefflux. ~ 1de may be used to regulate ion channels [19]. How-

Pharmacological evidence suggested the presence of er, over 25 years ago it was proposed that extrgcellular
P2X receptor subtype ATP acts as a transmitter substance at autonomic neuro-

muscular junctions [3]. Since then, there has been a

growing body of evidence indicating extracellular ATP
I plays a significant role in a number of other biological
Correspondence tdD.B. Light processes [6, 9, 11, 17, 21, 26, 37, 38]. For example,
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extracellular ATP has been implicated with the control of extracellular control through UTP binding to P2Y recep-
fluid secretion by salivary gland cells [31], ion and water tors [21].
balance of cochlear fluids [29], secretion of histamine by ~ Despite recent reports concerning the physiology of
mast cells [17], vasodilation of coronary blood vesselsextracellular ATP, there is still a paucity of data on the
[17], production of prostacyclin [17], and stimulation of role of P2 receptors, especially concerning RVD. Thus,
ClI” and fluid secretion in airway epithelia [30, 34]. In the potential connections between these receptors and
addition, ATP release is necessary for platelet selfcell volume regulation remain to be elucidated. Re-
aggregation and pain perception via neurotranmission igently, we reported that ATP efflux occurs through a
dorsal root ganglia [17]. Extracellular ATP also has conductive pathway that is activated by hypotonic chal-
been shown to stimulate cell volume decrease [35, 37]lenge in Necturuserythrocytes, and that extracellular
and a number of studies have demonstrated extracelluldTP stimulates K efflux during cell swelling [26]. The
nucleotides are important for regulating ion channels [11purpose of the present study was to evaluate the contri-
29, 31, 34]. bution of P2 receptor activation to RVD. To th|s end,_ we
Extracellular ATP exerts its influence by acting as Used three different approaches: 1) hemolysis studies to
an autocrine/paracrine signal, binding to specific cell sur-£xamine osmotic fragility, 2) a Coulter counter to mea-
face receptors [4, 7, 9, 12, 13, 22, 38]. Receptors foSure the volume of osmot|cally_ stressed cells, and 3) the
nucleosides and nucleotides are subdivided into twd'nole-cell patch-clamp technique to study membrane

main categories: P1 receptors recognize nucleoside§Urrents:

such as adenosine, and P2 receptors bind ATP and other

purine and pyrimidine nucl_eptides_ [7, 12, 13, _38]. The pmaterials and Methods

P2 receptors are further divided into two families: one

family of ligand-gated, C&-permeable, cation-

nonselective channels (P2X subtype) and another familfANIMALS

of G protein-coupled receptors (P2Y subtype, [4, 12,

ﬁ;ye g]ezid;ﬂaﬂ’efas%hp;argiﬁﬂaz)zé ini}ggrgfiﬁ%@ﬁe Lemberger Co., Oshkosh, WI) and kgpt in well-aerated, aged tap w_ater
= . i - 8 5-10°C for no more than 6 days prior to use. They were anesthetized

distinguished by their pharmacological properties [7, 12 th 3-aminobenzoic acid ethyl ester (MS-222, 1%) and sacrificed by

38]. Based on studies that have cloned P2 receptorslecapitation. Blood was obtained from a mid-ventral incision and col-

there appear to be at least seven isoforms for both thtected into heparin (10,000 units/ml)-coated tubes. Immediately fol-

P2X and P2Y families [4, 13, 22, 38]. lowing esa}nguination, the blood was spun in a centrifuge (Hermel—

Nucleotide receptors modulate a number of divers 230, National Labnet Co., Woodbridge, NJ) at01® g for 1 min.

. he supernatant was aspirated and replaced with an equal volume of
processes. P2X receptors, for example, mediate fast ex;

A ) ) . mphibian Ringer. This process of centrifuging and washing the cells
citatory postsynaptic currents in cultured myenteric NneUwas repeated twice.
rons [40], elicit an increase in intracellular €an cul-
tured Perkinje neurons [15] and Deiters’ cells [6], and
induce inward currents in rat pelvic ganglion neurons©OSMOTIC FRAGILITY
[39]. In addition, P2X receptors mediate the effects of - . . . .
ATP in smooth muscle leading to contraction in bIadderA turbidity shift occurs in a suspension of RBCS when 'the mtegnt_y of
the plasma membrane is compromised during hemolysis. Accordingly,
[36] and vas deferens [7]. In contrast, P2Y receptor aCye ysed optical density (OD), which is related to the degree of cell
tivation leads to relaxation of smooth muscle in guinealysis, to assess osmotic fragility. This was accomplished with a spec-
pig taenia coli [7]. Activation of P2Y receptors with trophotometer (Spectronic 20D, Milton Roy Co) 10, 15, or 20 min after
UTP stimulates cation,Kand CI currentsin a liver cell  blood (30-50ul) was added to saline solutions (3 ml) of different
line presumably contributing to regulation of hepatic osmolalities and compositions. Spectrophotometric experiments were
' . - . conducted at 625 nm because this wavelength provided the greatest
egcogenonS|s [ll]' In addition, purlno'ceptors have difference in optical density (OD) between intact and lysed cells (2).
been linked to control of cell volume. For instance, ATP A percent hemolytic index (HI) was determined using the for-
couples increases in cell volume to opening of €lan-  mula: HI(%) = (OD of Test Compound — OD of Negative Control)/
nels through stimulation of P2 receptors in HTC rat hep-(OD of Positive control — OD of Negative Control) x 100, whé@®
atoma cells [37]. Human hepatocytes exhibit volume-of Test Compoundefers to the OD of a cell suspension in diluted
dependent ATP release, which stimulates @rmeabil- R'fngerttot‘gh'cc;‘Da t‘:St CO’ITI‘pOU”d was a_ddg?t"f dNFj,gat'Ve g%””?'
. . . refers to the of a cell suspension in diluted Ringer, 0
ity and cell volume regulat!on .Vla a p2 re(_:ept(_)r [101' Positive Controrefers to the OD of a cell suspension in distilled water.
_Furthe_r_, cell volume regl_JIat_lon in human epithelial cells All reported hemolytic indices were calculated using a concentration of
is facilitated by ATP binding to P2Y receptors [8], Ringer (30 to 35 mosm/kg D) that gave an OD reading between
whereas RVD in salivary gland duct cells is subject t00.025 and 0.040. We chose this concentration because it was suffi-

Mudpuppies Kecturus maculosisvere obtained from a local vendor
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ciently dilute to lyse approximately half the cells in suspension (esti-voltage (>200 mV) to the patch. A sudden increase in the capacitance
mated by microscopic observation of samples at different concentraeurrent transient accompanied disruption of the membrane.

tions). Consequently, we could assess whether a test compound in-

creased osmotic fragility by a subsequent reduction in OD compared t%OLUTIONS

the negative control solution. Conversely, a rise in OD indicated that a

test compound decreased osmotic fragility.
P gility Amphibian Ringer solution consisted of (inmj 110 NaCl, 2.5 KCl,

1.8 CaCl}, 0.5 MgCl, 5 glucose, and 10 HEPES (titrated to pH 7.4 with

NaOH, 235 mosm/kg D). A low Na" Ringer was prepared by sub-
CouLTER COUNTER stituting choline chloride for NaCl (used for all experiments with

gramicidin), and a 0.5x or 0.67x Ringer were obtained by reducing
Cell volume distribution curves were obtained by electronic sizing NaCl accordingly. A stock solution of gramicidin was dissolved in

using a Coulter counter model Z2 with channelyzer (Coulter Electron-?et?anlol' All otthe; nor_1—aqtl;eouT; StODC:\(AZ%UUOSStAN erz_:mtxzdl%to%zotox
ics, Hialeah, FL). Mean cell volume was taken as the mean volume ofne final concentration in ethanol or and then dilute 0

the distribution curves. The diameter of the aperture tube orifice wasqive an appropriate working concentration, thereby diluting the vehicle
200 wm and the metered volume was 0.5 ml. Absolute cell volumes®" equivalent amount. All stock agueous solutions were diluted 100x

were obtained using polystyrene latex beads (2Qui8 diameter or to give an appropriate final concentration.

4.271 x 16 fl volume) as standards (Coulter). Experiments with the l?a_tch pipettes were filled with an intracellular Ringer solution
latex beads showed that measured volumes were unaffected by chang%%ntammg (in nm) 100 KCl, 3.5 NaCl, 1.0 MgGl 1.0 Cac}, 2.0 .
EGTA, 5 glucose, 1.0 Mg-ATP, 0.5 GTP, and 5.0 HEPES (pH 7.4 with

in osmolality and ionic composition within the ranges used for this ; .
study [25]. Cell suspensions were diluted to give a final cell count of KOH_’ 285 m‘_’sm’kg"?o)- During seal formation, the extracellular
5,000~7,000 cells per ml solution contained (in m) 110 NacCl, 2.5 KClI, 1.8 CaGJ 0.5 MgCl,
' - - ' 5 glucose, and 10.0 HEPES (pH 7.4). An isosmotic highbth con-
Relative cell volume is defined as the average volume of cells
9 tained (in 1) 110 KCI, 2.5 NaCl, 1.8 CaGJ 0.5 MgCl, 5 glucose,

compared to that in an isotonic medium. As described by others [20, . . )
) : d 10.0 HEPES (pH 7.4). A hypotonic (0.5x) high-ath contained
37], a percent volume recovery Xtmin after hypotonic exposure was "
lap y yp P (in mw) 2.5 NaCl, 50 KCI, 1.8 CaGJ 0.5 MgCh, 5 glucose, and 10.0

calculated as Mmax = Vimin)/(Vmax = Vo)l x 100, whereV,, ., is the

peak relative cell volumeéy, is the initial relative volume (or one), and HEPES (EH 7'?’ ].'20 mos_m/kgtéﬂ).h logical " thei

Vymin 1S the relative cell volume measured X min following hypotonic . or hemolysis e'xpenmen S: p_armaco ogical agents or their ve-
}eucle were present prior to the addition of cells. For cell volume stud-

exposure. A percent volume decrease was calculated as [(percent r ) . .

COVENY, pormena (PEFCENE reCOVERy,o)] X 100, where maximal re- ies, pharmacological agents were added with hypotonlc exposure (]

covery in hypotonic Ringer is 100%. min) or _at peak cell volume (5_m|n after hypotonic stress). Osmolality
of solutions was measured with a vapor pressure osmometer (#5500,
Wescor, Logan, UT). Chemicals were purchased from Sigma
(St. Louis, MO), Alexis Biochemicals (San Diego, CA), and ICN

PatcH CLAavP (Costa Mesa, CA). All experiments were conducted at room tempera-
ture (21-23°C).

Patch pipettes were fabricated from Kovar sealing glass (Corning

model 7052, 1.50 mm OD, 1.10 mm ID; Garner Glass, Claremont, CA)STATISTICS

using a two-pull method (Narishige PP-7). Pipette tips were fire pol-

ished (Narishige MF-9) to give a direct current resistance of approxi-Data are reported as meanssém. The statistical significance of an
mately 5-8 M) in symmetrical 100 m KCI solutions. All pipette  experimental procedure was determined by a paired Studetats or
solutions were filtered immediately before use with a 0,28 mem-  |east significant difference test with paired design of analysis of vari-
brane filter (Millex-GS, Bedford, MA), and the pipettes were held in a ance (ANOVA)/multivariate ANOVA (MANOVA), as appropriate
polycarbonate holder (E.W. Wright, Guilford, CT). Membrane cur- (Data DesR software, Ithaca, NY). AP < 0.05 was considered sig-
rents were measured with a2} feedback resistor in a headstage nificant. Each animal served as its own control, and cell volumes at
(CV-201A, Axon Instruments, Foster City, CA) with a variable gain specific times were tested against each other. For patch-clamp studies,
amplifier set at 1 mV/pA (Axopatch 200A, Axon Instruments). The each cell served as its own control.

current signals were filtered at 1 kHz through a 4-pole low-pass Bessel

filter and digitized at 5 kHz with an IBM-486 computer.

Acquisition and analysis of data were conducted with P-Clamp Results
(version 6, Axon Instruments). Data were acquired during 100 msec
voltage pulses and the command potential was set to =15 mV (close t
the resting potential for RBCs) for 100 msec between each pulse. Al
voltage measurements refer to the cell interior.

RBCs, attached to glass coverslips (5 mm diam., Bellco Biotech.,Although osmotic fragility depends on several factors,
Vineland, NJ) with poly-D-lysine (mol. wt. 150,000-300,000; 1 mg/ e first examined this property as one assessment of a
ml), were placed in a specially designed open-style chamber 50 ce|1's apility to regulate volume in a hypotonic medium.
volume, Warner Instruments, Hamden, CT). The bath solution couId.I.he OD, measured at a concentration of amphibian

be changed by a six-way rotary valve (Rheodyne Inc., Cotati, CA). __. . .
The whole-cell configuration was achieved following formation of a Ringer, where approximately 50% of the cells in suspen-

gigaohm seal (cell-attached configuration) by applying suction to dis-Sion were intact (30.7 + 1.3 mosmol/Kg,8), was 0.036
rupt the patch of membrane beneath the pipette or by applying a largee 0.003 6 = 16 experiments, Fig. 1). To determine

E)SMOTIC FrRAGILITY STUDIES
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Fig. 1. Effects of P1 and P2 receptor agonists and antagonists on Time (min)

osmotic fragility. Thecontrol solution was diluted amphibian (high-
Na") Ringer and theexperimentalsolution was diluted Ringer with
pharmacological agent. Adenosine (ADO), ATP, A UTP, and
ADP, all at 50pMm, andn = 16; suramin (SUR, 10Qm, n = 16), and
pyridoxal-5-phosphate-6-azophenyéadisulfonic acid (PPADS, 100
wM, n = 8). Values are means s£m of optical density, obtained at
concentrations of Ringer with approximately 50% lysed cells for the
control. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 2. Effect of extracellular adenosine (ADO) and ATP on cell vol-
ume following hypotonic shock. At time 0, cells were abruptly exposed
to a hypotonic (0.5x) high NaRinger, which caused a rapid initial
increase in volume followed by a gradual recovery toward basal values,
despite the continued presence of hypotonic buffé). Cell volume
recovery was enhanced by addition of extracellular ATP(&Qn =

12, A) to the extracellular medium at 5 min (arrow) but not by addition
of ADO (50 um, n = 12,0). Inset: Percent volume recovery at 40 min;
con, control. Values are meanssgm.

whether osmotic fragility depended on activation of a P1P2Y antagonist reactive blue 2 (RB2, i®, n = 8 [21])
receptor, we repeated this assay with adenosine (ADChad no significant effect. Additionally, caffeine (204,
50 um) in the extracellular medium [8, 12, 38]. In this n = 6) and theophylline (2p.m, n = 6), two antagonists
case, the OD measured at the same concentration as the P1 receptors [7, 12], did not alter osmotic fragility.
control was 0.037 + 0.004(= 16, Fig. 1), a value that (N.B. variation in the average OD between control
was not different from the control. In contrast, the P2 groups resulted from an unusually wide range of normal
receptor agonist ATP (50m [7, 12, 37]) increased OD hematocrits found in this species, which extends from 12
from 0.037 + 0.002 to 0.047 + 0.008 = 16,P <0.01, to 35, with an average of 20 (ref. [2]). However, each
Fig. 1). Adenosine 50-(3-thiotriphosphate) (AT#S,  animal served as its own control when assessing the ef-
50 um, a poorly hydrolyzable analog of ATP [37]) also fect of a pharmacological agent.)
increased OD, from 0.041 + 0.002 to 0.053 + 0.002
16, P < 0.001, Fig. 1). Furthermore, UTP (50, n =
16) and ADP (50uMm, n = 16), two agents known to CELL VOLUME STUDIES
activate a number of P2Y receptor subtypes [4, 12, 22],
had no significant effect on osmotic fragility (Fig. 1). When RBCs were placed in a hypotonic ‘NRinger,
Additionally, 2-& 3’'-O-(4-benzoyl-benzoyl)adenosine they quickly swelled, and then slowly and spontaneously
5'-triphosphate (BzBz-ATP, 5w, n = 6), a P2%-  decreased in volume (Fig. 2). As illustrated in Fig. 2, the
selective agonist that stimulates several P2X subtypes [4glative volume with ADO (5Q.Mm) was not significantly
22], did not alter osmotic fragility. different from the controlf = 12). In contrast, cell
We next examined the effect of inhibiting P1 and P2 volume recovery was enhanced with ATP (5@) when
receptors on osmotic fragility. The general P2 receptoradded 5 min after exposure to a hypotonic median=(
antagonist suramin (10@m [7, 12, 38]) decreased OD 12, P < 0.05= 10 min compared to control, Fig. 2).
from 0.039 + 0.003 to 0.026 + 0.008 < 16,P<0.001, For example, by 40 min the percent volume decrease of
Fig. 1), giving a hemolytic index of 33%. Similarly, the the control was only 49% that of ATP (Fig. 2).

P2X inhibitor pyridoxal-5-phosphate-6-azopheny4-2 We next determined whether additional nucleotides
disulfonic acid (PPADS, 10Qum, [13, 21]) decreased would alter cell volume recovery. Both UTP (304, n
OD from 0.023 + 0.004 to 0.015 + 0.004 (= 8, P < = 12) and ADP (50puM, n = 12) had no significant

0.05, Fig. 1), a hemolytic index of 35%. In contrast, the effect (Fig. 3). In contrast, addition of ARS (50um) 5
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Fig. 3. Effect of extracellular UTP, ADP, and AR on cell volume  Fig. 4. Effect of extracellular 2-methylthio-ATP (2-MeS-ATP) and
following hypotonic shock. At time 0, cells were abruptly exposed to a «,8-methylene-ATP ¢,3-Me-ATP) on cell volume following hypo-
hypotonic (0.5x) high NaRinger, which caused a rapid initial increase tonic shock. At time 0, cells were abruptly exposed to a hypotonic
in volume followed by a gradual recovery toward basal valtgs Cell (0.5x%) high-Nd Ringer, which caused a rapid initial increase in volume
volume recovery was enhanced by addition of extracellular4S %0 followed by a gradual recovery toward basal values. (Cell volume

uM, n = 12, A) to the extracellular medium at 5 min (arrow), but not recovery was enhanced by addition of extracellular 2-MeS-ATP (50
by addition of UTP (5Qum, n = 12,0) and ADP (50um, n = 12, A). wM, n = 10, A) to the extracellular medium at 5 min (arrow) but not
Inset: Percent volume recovery at 40 min; con, control. Values areby addition ofa,3-Me-ATP (50uM, n = 10,0). Inset: Percent volume
means SEm. recovery at 40 min; con, control. Values are mearset.

min after hypotonic shock led to a rapid decrease in celPPADS (10QuMm) caused a slight reduction in the percent
volume i = 12, P < 0.05 at > 5 min compared to volume decrease, however this effect was shy of statis-
control, Fig. 3). In this case, the percent volume de-tical significanceif = 8). In contrast, RB2 (1M, n =
crease of the control was only 54% that of Ay$by 40  8) was inactive. Additionally, caffeine (2@m, n = 6)
min (Fig. 3). We also found addition of 2-methylthio- and theophylline (2Qum, n = 6) had no effect on cell
ATP (2-MeS-ATP, 50um) 5 min after hypotonic shock volume.
resulted in an enhanced cell volume recovery that was
significantly greater than the contral = 10,P < 0.05  patcH CLAMP STUDIES
at > 5 min, Fig. 4). In this instance, the percent volume
decrease of the control was only 12% that of 2-MeS-ATPWe previously reported that extracellular ATP activates
at 10 min and only 50% by 40 min (Fig. 4). In contrast, whole-cell currents under isotonic conditions [25]. In
o,B-methylene-ATP &,3-Me-ATP, 50 um) had no ef-  this study, we examined whether extracellular ATP also
fect on cell volumer§ = 10, Fig. 4). would activate whole-cell currents under hypotonic con-
To further examine the nature of endogenous PAlitions. For these experiments we used a high KCI
receptors, we used three different pharmacological anRinger in the pipette and a 0.5x KCI Ringer in the bath.
tagonists. As shown in Fig. 5, suramin (1Q6) inhib-  The only major ions of significance with these solutions
ited cell volume recovery following hypotonic shoak ( were K" and CT', and the equilibrium potentials for per-
= 16,P < 0.05 > 10 min compared to control), reducing fectly cation- and anion-selective conductances were
the percent volume decrease to 43% of control values at16.2 mV and +14.7 mV, respectivelyN B. these val-
40 min and 54% by 90 min. In addition, the cationo- ues assumed equilibration of the pipette’s contents with
phore gramicidin (uM, choline Ringer) prevented sura- the cell’'s cytoplasm, thereby imposing an artificial ionic
min from having an inhibitory effect on RVD, whether gradient across the membrane.) After addition of ATP
added at the time of hypotonic exposur®{ showf or (50 um) to the bath solution, the conductance gradually
5 min after hypotonic shock (Fig. 5). In either case,increased until a maximum stimulation occurred by ap-
mean values for relative cell volume with both suraminproximately 2-5 min (Fig. 6). No increase in current
and gramicidin were significantly below control values was observed in control cells over a similar time period.
for all measurements following addition of cationophore With ATP, the whole-cell conductance increased by
(n = 8, P < 0.05 compared to control). Furthermore, 41%, from 19.6 + 2.7 nSt0 27.6 +28n8 & 6,P <
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Fig. 5. Effect of suramin (sur) and gramicidin (gram) on cell volume control
following hypotonic shock. At time 0, cells were abruptly exposed to a —o— ATP
hypotonic (0.5x) high-NaRinger, which caused a rapid initial increase
in volume followed by a gradual recovery toward basal valués Cell -4
volume recovery was inhibited by the addition of suramin (160 n Current (nA)

= 16, O). In contrast, addition of gramicidin (am) at 5 min (arrow)
reversed the inhibitory effect of suramin & 8, A). Inset: Percent ~ Fig. 6. Effect of ATP on whole-cell currents. Cells were maintained at

volume recovery at 40 min; con, control. Values are meassit: a holding potential of 15 mV and stepped to potentials between ~100
to +100 mV in 20 mV intervals.A) whole-cell currents for a RBC

exposed to a hypotonic KCI Ringer and enhancement of these currents
by adding ATP (5Qum) to the bath. B) Corresponding current-voltage
0.05, Fig. 6). There also was a slight shift in the reVersakl}—lV) relagt]ionshi:) fccl:r c)ontrol (hypotlg)ni@) ang ATP gé)) solutions (19
potential €,,) towards the K equilibrium potential = 6). inset: Current levels at -100 and +100 mV. Values are means +
(Ex), from -4.4+£1.2mVto-69+26 mVn(=6,P  sem
<0.05). In contrast, ADO (50m, n = 6), UTP (50uM,
n = 6), and ADP (50um, n = 6) had no effect.

We next determined whether suramin would inhibit connection between extracellular ATP and cell volume
whole-cell currents under hypotonic conditions. Addi- has been established for this cell type. This study pro-
tion of suramin (10Qum) to the bath reduced whole-cell yjdes evidence that extracellular ATP exerts its influence
conductance by 45%, from 24.1 +3.2nS 10 13.2 + 3.1 nSja a P2 receptor. Key evidence for this conclusion was
(n=9,P<0.01,Fig. 7). This antagonist also shifted the ghtained from a series of experiments that examined the
E.ev towards the Cl equilibrium potential Ec), from  pharmacological activity of P1 and P2 receptor agonists

—6.2+1.4mVito-78+1.5mVi(= 9,P<0.05, Fig. and antagonists on osmotic fragility, cell volume, and
7) In add|t|0n, PPADS (10—1OQM, n = 6) caused a whole-cell currents.

slight decrease in whole-cell conductance, however this Although we previously examined a role for extra-
effect was shy of statistical significance. Finally, RB2 ce|lular ATP in the regulation of cell volume [26], we
(10 pm, n = 6), caffeine (20um, n = 6), and theoph- jnjtially conducted experiments in this study to deter-
ylline (20 um, n = 6) did not alter whole-cell conduc-  mine whether a P1 receptor also was involved. We con-
tance nork,. sistently found ADO, a P1 receptor agonist [7, 12, 38],
had no effect on osmotic fragility and cell volume re-
) ] covery and on whole-cell currents. In addition, caffeine
Discussion and theophylline, agents known to inhibit P1 receptors
[7, 12, 38], were inactive for all experimental proce-
We recently reported thalecturuserythrocytes release dures. Thus, based on these observations, it is unlikely
ATP during cell swelling via a conductive pathway that that P1 receptors are important components of RVD in
is inactive under isosmotic conditions but stimulated dur-this cell type. This finding is not surprising considering
ing hypotonic stress [26]. Further, extracellular ATP en-we are not aware of any published study that shows a
hances a Kconductance that also is inactive under basakonnection between P1 receptors and RVD. Nonethe-
conditions but active during cell swelling [26]. Thus, a less, it has been shown that in response to ischemia,
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cells leads to efflux of ATP through a conductive path-
way. This nucleotide, in turn, acts as an autocrine by
stimulating P2 receptors, which couples increases in cell
volume to opening of Clchannels. Similarly, Kim et al.
[21] demonstrated a potentiation of RVD in human sub-
mandibular salivary gland duct cells in response to ex-
| tracellular UTP, which promotes €amobilization and
T“”{;ﬂ“” net K efflux. Dezaki et al. [8] reported that ATP is
Voltage (mV) released during cell swelling in human epithelial cells
and facilitates RVD by augmenting a rise in intracellular
Cé&". Taylor et al. [34] found that hypotonic shock trig-
gers ATP release from human airway epithelial cells and
2 suggest that extracellular ATP plays a role in RVD. Fer-
; anchak et al. [10] reported a volume-dependant ATP re-
lease in hepatocytes, which is a critical determinant of

~ mcontrol

Current (nA)

. i . . membrane Cl permeability and cell volume regulation.
-100 -50 50 100 Interestingly, our previous studies with human RBCs in-
» V?r']fﬁ?e dicate that these cells do not display a well-developed
: RVD response, nor does extracellular ATP effect their
@ﬁ/‘ 21 o :3':;:3!” volum_e [26]. Apparently, there is a fundamental differ-
ence in the way nucleated and anucleated RBCs regulate
-3 their volume, at least in response to hypotonic shock.
Current (nA) Having established the presence of a P2 receptor, we

next attempted to narrow down the subtype by using

Fig. 7. Ef_fect ofsura_lmm on whole-cell currents. Cells were maintained various nucleotides. For example, UTP and ADP are
at a holding potential of -15 mV and stepped to potentials between

-100 to +100 mV in 20 mV intervals A) whole-cell currents for a agonists in So_me systems for P2Y [4’ 22]’ yet these
RBC exposed to a hypotonic KCI Ringer and inhibition of these cur- 2J€nts were without effect dNecturusRBCs, suggest-

rents by adding suramin (10@m) to the bath. B) Corresponding ing the presence of a P2X receptor. In addition, the
current-voltage V) relationship for control (hypotonicd,)) and sura-  nucleotide analog 2-MeS-ATP had a stimulatory effect,
min (O) solutions ¢ = 9). Inset:Current levels at =100 and +100 mV. \vhereas there was a lack of activity farB-Me-ATP
Values are means $em. . . . . ’
which also is consistent with the pharmacology of some
P2X subtypes [4, 22]. To further characterize the recep-

administration of an adenosine receptor antagonisto’, We took into account that,3-Me-ATP stimulates
blocks cell shrinkage in rat cardiac cells [1]. P2X; and P2) in some systems, but not P2nd P2,

In contrast to ADO, addition of extracellular ATP [2, 22]. Becauser,3-Me-ATP had no observable activ-
and ATPyS consistently had a positive effect, indicating ity, our results suggested the presence of P2Xs ¢ 7
the presence of a P2 receptor [4, 7, 12, 38]. That isHowever, as stated above, ADP had no effecthewctu-
addition of these nucleotides to the extracellular mediunfus erythrocytes, which also can act as a weak agonist for
decreased osmotic fragility, enhanced cell volume recovP2Xs in some systems. Finally, we found a lack of an
ery, and increased whole-cell conductance. Furthergffect with BzBz-ATP, a nucleotide analog that stimu-
compared to ATP, AT#S had a greater percent volume lates P2X%, and also probably P2Xand P2X [4, 22].
decrease during the first 30 min. This observation couldTaken together, our results are most consistent with the
have resulted from of a higher receptor affinity for presence of a P2Xreceptor, which has been shown by
ATPyS. Alternatively, it may have resulted from a re- others to be stimulated by ATP, A%B, and 2-MeS-
duced ability of an endogenous ATPase in the plasma&TP and to be insensitive to ADP, UTP, BzBz-ATP, and
membrane to hydrolyze this nucleotide analog [17]. Ad-a,3-Me-ATP [4, 6, 15, 22, 39, 40]. AlthoughNecturus
ditional evidence for the presence of a P2 receptor wagrythrocytes could contain homomultimeric structures
established using the general P2 receptor antagonist surge.g., all composed of P2X they also could have a
min [7, 12, 38], an agent that increased osmotic fragilitymixture of heteromultimeric complexes of receptor sub-
and reduced percent volume decrease and whole-cetypes (e.g., P2Y).
conductance. We also attempted to distinguish between P2X and

Our finding that cell volume decrease was stimu-P2Y receptors using pharmacological antagonists. The
lated with extracellular nucleotides is consistent with re-general P2X inhibitor PPADS [22] had mixed effects.
ports for several other cell types. For example, Wang efAlthough it significantly increased osmotic fragility, sug-
al. [37] found an increase in cell volume in rat hepatomagesting the presence of a P2X subtype, its slight inhibi-
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tion of cell volume recovery and whole-cell conductancefor examining the effect of gramicidin at 5 min is be-
was shy of statistical significance. In addition, the gen-cause that point in time corresponded with maximum cell
eral P2Y receptor antagonist RB2 [22] had no apparenswelling, indicating it took several minutes for endog-
activity, regardless of experimental approach, suggestingnous K channels to activate following hypotonic stress
the absence of a P2Y subtype. It should be noted, howtthis also was shown in a previous study where patch
ever, that PPADS and RB2, as well as suramin, are notlamp experiments demonstrated a similar time course
highly selective. For example, suramin blocks a swell-for activation of a K conductance following hypotonic
ing-activated anion-selective channel directly, therebychallenge, ref. [2]). Thus, percent volume recovery was
exerting its effect on cell volume independently of its enhanced regardless of whether thegérmeability was
action on purinoceptors [14]. Thus, although it is notartificially enhanced with gramicidin at the time of hy-
possible to draw a definitive conclusion regarding P2potonic stress or at 5 min, even in the presence of the P2
receptor subtype from the use of antagonists, our resultseceptor antagonist suramin. In addition, the response of
are consistent with a P2 receptor, and are not inconsistessivollen cells to a solution containing both gramicidin
with a P2X subtype. and suramin was virtually identical to the response we
Our studies suggesting the presence of a P@&X  reported for a solution with gramicidin alone [2], indi-
ceptor based on pharmacology are similar to severatating suramin did not influence the action of gramicidin.
other reports demonstrating the presence of this subtyp&Ve also previously reported that addition of gramicidin
For example, by measuring inward currents in rat pelviccauses cells to shrink under isosmotic conditions [25].
ganglion neurons, Zhong et al. [39] found an ATP re-Taken together, these observations are consistent with
sponse that was antagonized by suramin and PPADShis cell type having a relatively low Kpermeability
They also reported an agonist profile of AEP2-MeS-  under isotonic conditions and an elevatetigérmeabil-
ATP = ATPyS, whereas UTP, ADP, and-Me-ATP ity during hypotonic stress, and thaf Kfflux is a rate-
were inactive. However, in contrast to our study, theylimiting step during RVD (see ref. [2] for further details).
found that RB2 antagonized the response to ATP. In  Moreover, our electrophysiological studies demon-
addition, Garcia-Lecea [15] demonstrated the presencstrated that P2X activation led to stimulation of d K
of P2X, receptors in cultured rat Purkinje neurons. Theyconductance distinct from the nucleotide receptor. For
studied ATP-elicited CA signals that were mimicked example, addition of ATP to an isosmotic bath increases
with 2-MeS-ATP, but not withx,3-Me-ATP and other whole-cell conductance [26] and addition of ATP to a
purinoceptor agonists. In addition, the®aignals were  hypotonic bath not only increased whole-cell conduc-
blocked with suramin and PPADS. The presence oftance, but also changé],, away fromEg, and towards
P2X, receptors in Deiter’s cells was demonstrated byE,, indicating stimulation of a Kchannel. Nonetheless,
Chen and Bobbin [6] who found the order of agonistwe cannot rule out the possibility that ATP also stimu-
potency for ATP-induced currents was 2-MeS-ATP >lated a CI conductance concomitantly with its activation
ATP. Zhou et al. [39] reported P2Xreceptors in cul- of a K" channel. However, the putative presence of a
tured myenteric neurons that are inhibited by PPADSvoltage-sensitive, volume-sensitive, and/or ATP-
They also found a rank order potency of ATP > 2-MeS-sensitive CI channel does not alter our conclusion that
ATP >> o,3-Me-ATP and ADP. Nonetheless, although ATP stimulated a K conductance during cell swelling.
there are a number of reports of P2¢ceptors in several Furthermore, suramin had the opposite affect of ATP.
cell types that are involved with various physiological That is, it decreased whole-cell conductance and shifted
processes, we are not aware of a published study thd,., away fromE, and toward€,, indicating inhibition
describes the expression of P2X receptors in the plasmaf a K* channel. We also cannot rule out the possibility
membrane of red blood cells from any species nor af a mixed current phenotype wher€ Kvas carried by
connection between P2X receptors and cell volume deboth a P2X receptor channel and a ¢hannel regulated
crease. by the P2X receptor. However, rapid inactivation is a
Our study also provides evidence that activation of acommon property of P2X receptor channels [11] and the
P2X receptor leads to an increase ifi Kfflux via a  K* conductance we observed did not inactivate over the
conductive pathway that is distinct from the P2X recep-time course of our experiments [2].
tor channel. This was shown, in part, pharmacologically =~ The presence of a P2 receptor in this cell type also is
using the cationophore gramicidin in a choline Ringer.consistent with a previous report from our laboratory that
With this solution, K and CI' were the only two per- demonstrated release of ATP by swollen cells [26]. For
meable ions of significance and addition of gramicidininstance, we found the ATP scavengers hexokinase and
ensured a continual high *Kpermeability. Gramicidin apyrase had no effect in an isotonic medium, but in-
consistently negated the inhibitory effect of suramin.creased osmotic fragility and blocked cell volume recov-
For the cell volume experiments, it did not matter wheth-ery in response to hypotonic shock. These observations
er gramicidin was added at 0 min or at 5 min. The reasorindicate efflux of ATP by swollen cells, but not under



D.B. Light et al.: P2 Receptor and Cell Volume Decrease 201

basal conditions. Similarly, suramin had no effect undemere significantly less than currents induced with hypo-
isotonic conditions, but inhibited ATP’s ability to de- tonic shock [26]. However, this observation may indi-
crease osmotic fragility and enhance percent volume desate that an additional mechanism is involved when cells
crease. In addition, we previously reported tNatturus  are swollen, possibly analogous to a report concerning
erythrocytes have an ATP conductance that is inactivéhe calcium sensitivity oAmphiumared blood cells [5].
under isotonic conditions, but active during hypotonic With Amphiuma,Ca™* stimulates K loss in both isos-
swelling, providing a pathway for ATP efflux motic and hypotonic media; however, the Ca
[26]. Thus, although ATP is not released under basafensitivity of swollen cells is greater than that for cells at
conditions, there is a constitutive release of ATP bynormal volume. The author concluded that cell swelling
swollen cells, making the presence of P2 receptors logiincreases the calcium sensitivity of the’Gactivated K
cal. Furthermore, we recently demonstrated that extratransport pathway [5]. By analogy, it is possible that
cellular ATP stimulates a K conductance in swollen Swelling of Necturuserythrocytes increases their sensi-
cells [26]. This observation is consistent with our pres-tivity to ATP. . . _
ent finding that activation of P2X receptors is linked to N conclusion, this study provides evidence for the
an increased Kefflux during cell swelling. presence of_a P2 receptqrNecturuserythrocytes. Ac-
The presence of P2X receptors, as opposed to Pz\;!vatlon of this receptor W|th_ extracellular_ ATP en_hanced
also is consistent with recent reports from our laboratory°€!l volume recovery during hypotonic swelling by

demonstrating cell volume decrease is stimulated bftimulating K gfﬂux. Pharmacol.ogical evideqce using
ca* [2] and that the C%-sensitive step occurs “down various nucleotides and antagonists was consistent with a

stream” to P2 receptor activation [25, 26]. Similarly, P2X subtype. The coupling of a P2X receptor to RVD

Dezaki et al. [8] reported that ATP is released during cel'épresents a novel mechanism for osmotic regulation of
swelling in human epithelial cells and this nucleotide cell function.
enhances RVD by augmenting a rise in intracellular
C&*t. In addition, Kim et al. [21]) demonstrated UTP We thank Dr. Fiona L. Stavros (Texas Biotechnology Corporation,
facilitates RVD in human submandibular salivary glandHouston. TX) for developing the hemolytic index we used and Dr.
cuct cels by promoting A mobilzation and net K 120\ e (I00n Celege o heloldctascrs oo
efflux. Because P2X receptors are’Gpermeable NoN-  ional science Foundation (MCB-9603568 and MCB-
selective cation channels, it is tempting to speculate thago76006). Portions of this study were presented in abstract form at the
the C&*-sensitive step we described earlier involves theannual meeting of th8ociety of Integrative and Comparative Biology,
influx of this ion through a P2X receptor. Chicago‘, IL, January 2001 anixperimental Biology '010rlando,

Based on the evidence we present in this report, it j$ ' Aril. 2001.
compelling to conclude that extracellular ATP regulates
RVD in Necturuserythrocytes via a P2X receptor. We
cannot, however, rule out the possibility that activation
of this receptor may have caused superimposed cell;. askenasy, N., Navon, G. 1997. Intermittent ischemia: energy me-
shrinkage that was unrelated to RVD, thereby enhancing tabolism, cellular volume regulation, adenosine and insights into
cell volume decrease. For example, relatively high con-  preconditioningJ. Mol. Cell Cardiol. 29:1715-1730
centrations of ATP can induce activation of kind/or 2. Bergeron, L.J., Stever, A.J., Light, D.B. 1996. Potassium conduc-
CI” channels. Although this would lead to a net loss of tance activated during reg_ulatory volume decrease by mudpuppy
ions and subsequent cell shrinkage, it may not be in-_ '°d Plood cellsAm J. Physiol270:R801-R810

. 3. Burnstock, G. 1972. Purinergic nervé&harmacol. Rev24:509—
volved with the normal volume-regulatory response to = g,
osmotic Swe”'ng' We also did not measure the eXtrace"4. Burnstock, G., King, B.F. 1996. Numbering of cloned P2 purino-
lular concentrations of ATP achieved as a result of swell-  ceptors.brug Develop. Res38:67-71
ing-induced ATP release, which may be much lower than s, cala, P.M. 1985. Volume regulation by Amphiuma red blood cells:
the 50 um we used in this study. Additionally, ATP characteristics of volume-sensitive K/H and Na/H exchahl.
caused activation of currents greater than those seen in Physiol.8:199-214
hypotonic Ringer, which may indicate that the ATP- 6. Chen, C., Bobbin, R.P. 1998. P2X receptors in cochlear Deiter’s
activated channels are different from those channels nor-  Cells-Br. J. Pharmacol124:337-344 _
mally involved with the RVD response. Furthermore, ™ el S e sbuton, and molecuiar
suramin did not reduce whole-cell currents to the level o ' ’ :
. . . . . .. o characterizationPharmacol. Rev46:449-466

.Seen In an |sosmqt|c medium, again raising the pOSSIbII-S. Dezaki, K., Tsumura, T., Maeno, E., Okada, Y. 2000. Receptor-
ity that the ATP-stimulated channel may not be part of an mediated facilitation of cell volume regulation by swelling-
RVD response. induced ATP release in human epithelial cellpn. J. Physiol.

Another factor to consider is that whole-cell currents ~ 50:235-241
induced by extracellular ATP under isosmotic conditions 9. Dubyak, G.R., El-Moatassim, C. 1993. Signal transduction via
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