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Abstract. Amiloride-sensitive, N&dependent, DIDS- Introduction
insensitive cytoplasmic alkalinization is observed after
hypertonic challenge in Ehrlich ascites tumor cells. This . I o "
was assessed using the fluorescent pH-sensitive prob e existence _Of an a_\m|lor|de-sen3|t|ve e ex-

2, 7'-bis-(2-carboxyethyl)-5,6-carboxyfluorescein changer in Ehrlich ascites tumor cells has previously

g ; 0 <~ been reported (Doppler, Maly & Grunicke, 1986;
(BCECF). A parallel increase in the amiloride-sensitive . i
unidirectional N& influx is also observed. This indi- chfafner, Dubyak.& Scarpa, 1986,.Kramhhaf& Lar’r]:fbert &
cates that hypertonic challenge activates d/N& ex- Hoffmann, 1988; Levinson, 1991; Kramhgft, Hoffmann

changer. Activation occurs after several types of hyper-i‘lrﬁ(i)rgtoir;lsairt‘i*v 292[43)'h;r5r;§|0'\;?:al erHCthTSee; i(%g;g?e”ryet
tonic challenge, is a graded function of the osmotic chal-
! ge.1sag Lnet ! ., 1986; Kramhaft et al., 1988; Kramhaft et al., 1994)

lenge, and is temperature-dependent. Observations houah chemical di ¢ . . q
single cells reveal a considerable variation in the shrink&though chemical gradients favoring net inward trans-
port of Na and net outward transport of Hare present

age-induced changes in cellular pHut the overall pic- "
9 g b P under these conditions.

ture confirms the results from cell suspensions. R .
In agreement with findings in other cell types, the

Shrinkage-induced alkalinization and recovery ofN It h in Ehrlich cells i . db .
cellular pH after an acid load, is strongly reduced in\a/H"€xchangerin Ehrlich cells is activated by various

Bl timuli such as cytoplasmic acidification (Kramhgft et
ATP-depleted cells. Furthermore, it is inhibited by chel- S X . "
erythrine and H-7, inhibitors of protein kinase C (PKC). al., 1988), hypertonic stress (Levinson, 1991), addition
In contrast, Calyculin A, an inhibitor of protein phos- of extracellular ATP (Wiener et al., 1986) and phorbol

phatases PP1 and PP2A, stimulates shrinkage-inducépters (Wiener et al., 1986; Kramhgft et al., 1988). Fur-
alkalinization. thermore, the NaH* exchanger in these cells is acti-

Osmotic activation of the exchanger is unaffected byvated by addition of micromolar concentrations of

removal of calcium from the experimental medium, andCusQl (Kramhgft et al., 1988).

by buffering of intracellular free calcium with BAPTA. In addition to the N&H" exchanger, a DIDS-
At 25 mm HCO;, but not in nominally HC@-free sensitive, Nadependent CIHCOj; exchanger, and pos-

medium, N&/H* exchange contributes significantly to SIPY @ H” pump, have been suggested to be involved in
regulatory volume increase in Ehrlich cells the recovery of pHin Ehrlich cells after intracellular

Under isotonic conditions, the Néf* exchanger is acidification, while a DIDS-sensitive, Ndandependent

activated by ionomycin, an effect which may be second-.CI_/HCOE exchanger appears to be the main mechanism

arv to ionomvcin-induced cell shrinkage. |_n\(olv_ed in the recovery of pHafter intracellular _alka—
y y g linization (Kramhgft et al., 1994). For recent reviews on

the structure, function and regulation of the N4&" ex-
" changerseeNod & Poussgur (1995), Tse et al. (1993),
and Wakabayashi et al. (1992).
The present study was initiated to obtain further in-
- formation about the activation of N&d™ exchange by
Correspondence tdS.F. Pedersen hyperosmotic stress in Ehrlich cells, and about the cel-
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lular signalling pathways involved in the activation pro- A preliminary report of these results has previously
cess. Levinson (1991) suggested that protein phosphobeen presented in abstract form (Pedersen et al., 1994).
ylation events might be involved in the activation pro-
cess. However, this was not followed up experimentally, .
and the question has not previously been addressed Materlals and Methods

this cell type. Phosphorylation and dephosphorylation

processes appear to be involved in the regulation of th€eLL SUSPENSIONS ANDINCUBATION MEDIA

Na'/H* exchanger in other cell systems (Bianchini et
al, 1991; Sardet et al., 1990, 1991; Grinstein et aI'\Nhite NMRI mice by weekly intraperitoneal transplantation. One week

199). . . after transplantation, the mice were sacrificed by cervical dislocation
In Ehrlich cells, PKC was suggested to be involved anq the cells contained in the ascites fluid were harvested in standard

in the activation of the exchanger by extracellular ATP incubation medium containing heparin (2.5 1U/ml). The cells were
(Wiener et al., 1986). PKC was recently found to bewashed 2-3 times by centrifugation (700gx 45 sec) in standard
involved in the regulation of another membrane transportnedium without heparin and subsequently suspended at a cytocrit of
system in Ehrlich cells, namely the NK+,2CI— cotrans- 4'—8%. Usually, the cell suspensipns were incubated in standard me-
porter (Jensen, Jessen & Hoffmann, 1993). ConsedUM for 20-30 min before experiments. : y
L . Standard incubation medium was of the following composition
quently, the rolg of prote_m klnases+ and phosp_hatases IBw): 150 Nat, 5 K*, 150 CF, 1 M?*, 1 C&*, 1 SO, 1 PO, 3.3
the hyperosmotic activation of Néd™ exchange in Ehr-  \iops, 3.3 TES, 3.3 HEPES; pH was adjusted to 7.4 with NaOH unless
lich cells is addressed in the present study. The role obtherwise indicated. In KCI- and NMDG-CI media, KCl or NMDG-CI,
the intracellular free calcium concentration (FC]@) is respectively, were substituted for NaCl in equimolar amounts. In these
also investigated, since contradictory observations refedia, pH was adjusted with KOH. In Ezfree medium, addition of
garding the role of C4 in the activation of the NgH* €& was omitted and EGTA (2 m) was added. In “high [K]"

. . . . medium (53 nw K*), K* was substituted for 48 mof the N&-content.
exchanger eXIStSeeMItSUhaShI & Ives, 1988; Wall et In bicarbonate media, 25 MmMNaHCQO, was substituted for 25 m

al., 1993)' . NaCl. In experiments performed at pid.3, MOPS, TES and HEPES
In lymphocytes,Amphiumared blood cells and ere replaced by 5 m BICINE and 5 nu TRICINE. In sucrose

other, mainly epithelial cell types, the main mechanismmedia, the desired osmolarity was obtained by addition of sucrose to

of Regulatory Volume Increase (RVI) is N&l* ex- the standard medium or NMDG-CI medium. Medium osmolarity was

Change functionally coupled to CHCO§ exchanget{ee (in mOsm): isotonic media: 310, hypoto_nic media: 160, hyperton_ic

Cala & Grinstein, 1988: Hoffmann & Simonsen, 1989). mgdla: 420, 540 or 560. Medium osmolarity was meas.ured by freezmg
. . . point depression using a Knaur Osmometer. All media contained the

In Ot_h_er cell tyPeS' _RVI is mediated by bumetanide- same concentration of buffers as the standard medium. Unless other-

sensitive N&,K*,2CI" cotransport §ee Hoffmann &  ce indicated, experiments were carried out at 37°C.

Dunham, 1995). Since the N&l* exchanger is acti-

vated by cell shrinkage in Ehrlich cells, and since

CI"/HCOj; exchange systems are also present in thesgyvD/RVI ProTocoL

cells (Kramhgft et al., 1994), RVI by virtue of functional

coupling of these transport systems should be possiHypertonic challenge according to the “RVD/RVI” protocol was es-

ble. However, it was previously shown that RVI in Ehr- sentially as described by Hoffmann, Sjgholm & Simonsen (1983).

lich cells is mediated by activation of a bumetanide- Briefly: after harvest in standard medium, the cells were subjected to
y hypotonic conditions for 15—20 minutes. During this period, the initial

S(_ansmve an_lon-catlon transport system (HOffmannvosmotic swelling is succeeded by a period of Regulatory Volume De-

Sjgholm & Simonsen, 1983), which was later shown tocrease (RVD). The cells were then transferred to isotonic medium.
be a N&,K*,2CI" cotransporter (Jensen et al., 1993). It This results in immediate osmotic shrinkage, succeeded by Regulatory
was moreover found that in nominally HGGree  Volume Increase (RVI).

medium, amiloride was without effect on RVI in these For measurements of intracellular pH, the cells were suspended in
cells (Hoffmann & Simonsen, 1989). the hypotonic medium immediately after harvesting, during which time

. . L they were also loaded with BCECF-AM (see below). This procedure
The 5|gnal tranSdUC_tlon pathways for gctlvatlon Ofwas found not to affect BCECF loading. For cell volume measure-
the RVI response in Ehrlich cells as well as in most othefnents, the cells were incubated for 20 min in standard medium prior to
cell types, are still largely unknown (Hoffmann, Simon- the hypotonic treatment.
sen & Lambert, 1993; Hoffmann & Dunham,
1995). However, it has recently been shown that PKC is
activated after shrinkage in Ehrlich cells (Larsen, JensefMEASUREMENTS OFINTRACELLULAR pH IN

& Hoffmann, 1994). CELL SUSPENSIONS

In the present study, the putative role of N4 . o

h f volume regulation in Ehrlic Int_racellular pH (pl—io_ _of cell suspensions was assessed quonmetrlca}IIy
exc gnge as a means ,O, g . rLsmg the pH-sensitive fluorescent probe BCECF. Cell suspensions
cells is addressed, and it is found that experimental cong mi, cytocrit 4%, or, in experiments using BAPTA-AM, 40 ml, cy-
ditions exist under which NéH™ exchange does become tocrit 0.4% were incubated at 37°C for 30-35 min with BCECF-AM
volume regulatory in Ehrlich cells. (3.6 wm or 0.36 pmM, respectively). The cells were then washed by

Ehrlich ascites tumor cells (hyperdiploid strain) were maintained in
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centrifugation (twice, 700 3, 30 sec) in standard medium containing intensifier from Dage-MTI). To improve the signal-to-noise ratio, the

BSA (1 mg/ml) to remove extracellular BCECF, and subsequentlyimages were collected as averages of 6 sequential video frames after

resuspended at a cytocrit of 8% in standard medium containing BSA436 nm and 490 nm excitation, respectively. Fluorescence images

BSA in the medium was found to be necessary to reduce extracellulawere ratioed on a pixel by pixel basis. The images were stored as

fluorescence to acceptable levels (16% of the total fluorescence at thimterlaced pair images on the hard disk of a 80386 33 Mhz computer

beginning of the experimentsge alscKramhgft et al., 1988). (Victor) and displayed in pseudocolor on a high resolution RGB mon-
Fluorescence measurements were performed after dilution of thétor (Sony Trinitron).

cell suspension to a cytocrit of 0.16% in a thermostatically controlled Calibration was performed after each experiment according to the

(25°C) and magnetically stirred polystyrene cuvette in a Perkin Elmernigericin method of Thomas et al. (1979). Three different values of

LS-5 luminiscence spectrophotometer. The temperature 25°C wapH, were used in each calibration. The apparent, PK BCECF in

chosen to minimize leakage of BCECF from the cells (Kramhgft et al., Ehrlich cells under these conditions was estimated at 6.87, based on 3

1988). At this temperature, total extracellular fluorescence was foundseparate sets of experiments using the nigericin calibration technique

to increase from 16 to 27% of the total fluorescence in 45 min, at whichand 5 different values of pfd Autofluorescence as well as background

time experiments were terminated. Excitation wavelengths were 44%ontribution were found to be undetectable under the experimental

nm and 495 nm. Emission was measured at 525 nm. Excitation- andonditions used.

emission slit widths were 5 nm. Data were stored by a computer, the

445 nm/495 nm ratio was calculated on line by the computer software,

gnd quor_escence traces were me}de using acom_putgrspreadsheet. D@a; cULATION OF RATES OF CHANGE IN pH,,

ing the time course of an experiment, the contribution from eXtra_CEI'INTRACELLULAR H* BUFFERING POWER (Bo, AND H*

lular fluorescence was calculated to change the 445/495 nm ratio b

less than 2%, hence, this was not corrected for. Fluorescence ratiggFFLUX RATES (Jy7)

were convert'ed to piH/aIges'b_yln situ calibration after each experi- Unless otherwise indicated, initial values of;ptere virtually identical

ment according to the nigericin method of Thomas et al. (1979), de-

ibed for Ehrlich cells by Kramhaft L (1 Amilorid in all compared situations, hence, the rates of change jrcptid be
scribed for Ehrlich cells by Kramhgaft et al. (1988). Amiloride was compared directly. In experiments assessing the effect of medium os-

previously found to reduce BCECF fluorescence in single—wavelengthmolarity’ the rate of change in pkwas calculated as the slope of the

measurements b_y about 10% (Kramhﬂft etal,, 1988). In the preser“near fit of the measurements obtained from time 2—-4 min (at 25°C) or
study, chelerythrine was found to increase the BCECF quorescencti_Z5 min (at 37°C) after transfer of the cells to the experimental

ratio by about 10%. Therefore, in experiments with amiloride or chel- medium. During this period, the change in ptan be taken as linear
erythrine, calibration was carried out in the presence of these com(Rz >0 §8) The activity of’ the NEH* exctl1anger during recovery

pounds. In exper?ments measuring; phi BAPTA—Ioade(_i cells, load- 40 an acid load was assessed using the, lk¢pulse techniques¢e
ing of the cells with BAPTA was as previously described (N.K. Jar- Boron, 1992). Briefly, cells were exposed to 151tNH,Cl for 10 min,

ge|r|15en, I'HZ Lalmbert &I EI'K'ngﬁminanLng'ttEd)’ e)((jceptfthatdthel‘oIIowed by resuspension of a small aliquot of the cells in standard
cells were simultaneously loaded with BCECF, a procedure foun noEsotonic medium in the cuvette. This causes an immediate intracellular

to affect BCECF fluorescence. acidification (due to NH efflux) and subsequent recovery of pithe
amiloride-sensitive component of which was taken as the activity of the
Na'/H* exchanger. The rate of change in ;pMas calculated as the
MEASUREMENTS OFINTRACELLULAR PH IN SINGLE CELLS slope of the linear fit of the measurements obtained from time 0.5-1.5
min after transfer to the Njifree medium. The cellular Hbuffering
Fluorescence was assessed using a Zeiss Axiovert 10 fluorescencapacity ;) was determined by addition of 15uMmNH,CI to cell
microscope equipped with a 40X/1.3 NA oil immersion akrostigmat suspensions in Nafree media (NMDG-CI substituted for NaCl; os-
(UV) objective. The method was essentially as that described by N.Kmolarity adjusted to the desired value by addition of sucrose). gThe
Jgrgensen et al. (submitted) for measurements ot*[Cédut modified was calculated from the initial change in pidsulting from addition of
for measurement of pH NH,CI (ApH,) and from the intracellular concentration of JINH],)
Cells were loaded with BCECF for 30 min as described above,using the following relationg; = [NHZ]/A pH; (seeBoron, 1992).
after which time they were kept at 25°C to minimize leakage of BCECF Solving the Henderson-Hasselbalch equation for fNHyields:
(see above For experiments, the cells were placed in a thermostati-[NH}]; = [NH], - 10°*3"PHi The [NH]; is calculated from the Hen-
cally controlled (25°C or 37°C) chamber (POC, Biophysica Technol- derson-Hasselbalch equation for [[flsland [NH;],, and assuming that
ogies) on coverslips coated with poly-L-lysine (25 mg/ml). Excitation [NH,]; = [NH4], and [NHy], + [NH}], = [NH,CI] added. The value of
wavelengths were 436 nm and 490 nm (both 10 nm bandpass filterspKa of NH; used was 9.25 at 25°C. For the calculagzd/alues, see
lllumination was achieved using a 75 W Xenon lamp. Neutral densitylegend to Table 3. Rates of ‘Hefflux (J,,+) were calculated as dpH/
filters were inserted in the excitation light path to adjust the intensitiesdt - g;, using the appropriate values pf.
of the excitation light. A K12 filter was used to ensure protection of the
cells against infrared light. In addition, a BPB380/10 filter, used for
measurements of [€4;, was present during measurements of,pH Sopjum INFLUX MEASUREMENTS
resulting in an additional 10% reduction of light intensity at both ex-
citation wavelengths. The excitation- and neutral density filters wereThe unidirectional N& influx was determined using®Na* (specific
placed in an automated filter wheel (LUDL Electronic Products Ltd.) activity 40,000 Bg/ml) as a tracer. After harvesting, the cells were
and selection of filters was computer-controlled by the digital image preincubated for 15-40 min in the relevant incubation medium (stan-
processing and quantitative fluorescence system (Imagel/Fluor, Unidard incubation medium for control experiments or hypotonic medium
versal Imaging). In order to further minimize photobleaching and toxic (160 mOsm) for RVD/RVI experiments). In experiments with chel-
effects of excessive illumination of the cells, a shutter was used toerythrine, the drug (1) was added 14 min prior to initiation of the
control illumination. Emitted light was passed through a BSP 510flux. In all cases ouabain (1m) was added 3 min prior to initiation of
dichroic mirror and filtered by a BP 520-560 filter. Fluorescence wasthe flux measurements. When used, amiloride (200 was added 2.5
viewed using an intensified CCD camera (CCD72 with a Genllsysmin prior to initiation of the flux measurements. Two min before ini-
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tiation of the flux measurements, the cell suspension was mixed withNigericin (1 mg/ml), CL-A (20wm), ionomycin (1 nm), H-7 (5 mwm),

1/3 volume of either standard incubation medium (isotonic controls) orpimozide (10 nw) and bumetanide (10 m) were dissolved in 96%
medium of double ionic strength (in order to restore tonicity to 310 ethanol. All these reagents were kept at —20°C until use. Sodium azide
mOsm in RVD/RVI experiments). The flux measurements were then(2 m) was dissolved in standard incubation medium, glucoser)2
initiated (zero time) by addition of?Na" (40,000 Bg/ml). The cell  deoxyglucose (1), sucrose (2.5) and NH,CI (1 m) were prepared as
suspensions were incubated at 37°C, and samples were subsequendigjueous stock solutions. These stock solutions were kept refrigerated.
collected at 0.25-min intervals. The cells were separated from the meBCECF-AM (1.2 mw), fura-2-AM (1 mv) and BAPTA-AM (10 mv)

dium using cation exchange chromatography. This procedure was cawere dissolved in dessicated DMSO, and kept at —20°C until use. The
ried out essentially as described by Jessen et al. (E#9alsalensen  final concentration of DMSO was 0.3% for BCECF-AM, 0.2% for
et al., 1993). All extracellulaf?Na" is retained on the columns. The fura-2-AM and 0.5% for BAPTA-AM solutions. At these concentra-
cells pass through the columns and are subsequently collected in plasttons, the experiments were unaffected by the DMSO vehdaga(not

vials for measurement of radioactivity by liquid scintillation counting showr). Where 96% ethanol was used as a solvent, the final concen-
(Packard TriCarb 1900 TR Liquid Scintillation Analyzer). After the tration was about 0.5%. At this concentration, ethanol alone had no
experiment samples (1 ml) of the cell suspensions were removed foeffect on pH (data not showh

determination of the dry weight of the cell suspensions. Unidirectional

Na" influx is presented agmol - g cell dry weight* - min™, calculated

from the specific activity of the medium, the radioactivity of the cell STATISTICAL EVALUATION

lysates and the dry weight of the cell suspensions.

The flux measurements were performed in the absence and preRResults are presented either as means + SEM, with the
ence of amiloride (ZOQM) in parallel, and the amiloride-sensitive flux number Of |ndependent experlments |n parenthes|s or as
was calculated as the difference between these fluxes. single experiments representative of at least three indi-
vidual experiments. Significance was tested using either
a Student'st-test (level of significanced® < 0.05), or
analysis of variance (ANOVA).

MEASUREMENT OFATP, ADP anD AMP

Aliquots of the cell suspension (1 ml) were centrifuged (17,008, x

5-10 min). The pellet was subsequently resuspended in.V@@-cold

PCA (0.4 N), whereby the nucleoside content was extracted, keepind\BBREVIATIONS

the samples on ice for at least 5 min. The samples were centrifuge@APTA-AM:  1,2-bis-(e-aminophenoxy) ethane-N,N/\N’-
again, the supernatant saved and neutralised with KOH (5 N), and tetraacetic acid, tetraacetoxymethyl ester

40 pl samples of this extract were analysed for adenosine nucleotideBCECF-AM: 2 ,7'-bis-(2-carboxyethyl)-5,6 carboxyfluorescein,
by HPLC using a strong anion exchange column (Partisil-10 Sax, 2 mm tetraacetoxymethyl ester

@ x 200 mm, Whatman, Clifton, NJ). Samples of ATP, ADP and AMP BICINE:
(12 nmole, Sigma) were used as standards. The column was eluted &SA:
follows: 3 min with 5 nm KH,PQO,, pH 3.5, followed by a linear  DIDS:
gradient for 14 min to 400 m KH,PGO, plus 800 nm NaCl, pH 3.5. DMSO:
Subsequently, an isocratic period of 20 min was allowed. The columnEGTA:
was reequilibrated with the starting buffer prior to each new sample
injection. The rate of flow as 0.7 ml/min. The absorbance at 254 nmHEPES:
was recorded, and the resulting peaks were automatically integrated.
MOPS:
NMDG:
CELL VOLUME MEASUREMENTS PCA:

TES:
Cell volume was measured by electronic cell sizing in a Coulter

Counter model ZB equipped with a Coulter channelyzer (C-1000).TRICINE:

The tube orifice was 10Qm. Mean cell volume was calculated as the TR|s:
median of the volume distribution curves after calibration with latex

beads (diameter 13.p.m, Coulter Electronics LTD, Luton Beds,

England). Media used for cell volume measurements were filteredRagylts
(Millipore filters, 0.45um) prior to experiments.

REAGENTS

N,N-bis (2-hydroxyethyl) glycine

Bovine serum albumin, fraction V

4,4 -diisothiocyano-2,2stilbene-disulfonic acid
dimethylsulfoxide

ethylene glycol-bisg-aminoethylether)-N,N,NN’-
tetraacetic acid

N-(2-hydroxyethyl) piperazine-N2-ethanesulfonic
acid

3-(N-morpholino) propanesulfonic acid
N-methyl-D-glucamine

perchloric acid

N-tris (hydroxymethyl) methyl-2-aminoethanesulfo-
nic acid

N-tris (hydroxymethyl) methylglycine

tris (hydroxymethyl) aminomethane

EFFECT OFOSMOTIC SHRINKAGE ON pH,

Unless otherwise indicated, all reagents were analytical grade and obé\mnoride's_enSitiV?,_ N*adependent, DIDS-insensitive
tained from Sigma (Saint Louis, MO). BCECF-AM, fura-2-AM and Cytoplasmic Alkalinization

BAPTA-AM were purchased from Molecular Probes (Eugene, OR).

Chelerythrine and Calyculin A (CL-A) were from Alomone Labs (Je- Figure 1 shows the results of measurements of ipH

rusalem, Israel) and®Na* was from Amersham (Buckinghamshire,

UK). Heparin was from Lgvens Kemiske (Ballerup, Denmark).
Chelerythrine (0.5 m), amiloride (10 nm), DIDS (10 mwm),

bradykinin (1 mu), thrombin (1000 U/ml) and poly-L-lysine

cells in suspension at 25°C as a function of time after
exposure to hypertonicity using the RVD/RVI protocol
(seeMaterials and Methods) and under various condi-

(250 mg/ml) were prepared as aqueous stock solutions. Ouabain wddons. As seen (Control), a significant intracellular alka-
dissolved at a concentration of 10vnin standard incubation medium.  linization is observed after a lag period o¥2+2 min.
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7.35 - Table 1. Rate of change in pHafter hypertonic challenge using the
RVD/RVI protocol
Control
Rate of change in pH
~ 7.30 4 (pH units/min)
5
; Isotonic Hypertonic
e 7.25
. ) Control - 0.003:0.001 6 = 7) 0.022+0.002 6 = 12)*
.g Amiloride
= (200 M) - 0.008+0.002 =5) - 0.002+0.002 o = 3)*
S 7.20 A DIDS
o (300 wM) = 0.011+0.002 o = 4) 0.023+ 0.004 o = 5)*
Amiloride Na'-free - 0.00%0.0050 = 3) - 0.005+0.002 fi = 3)
7.15 - The cells were exposed to hypertonic challenge using the RVD/RVI
! ! ! T ! d ! protocol or osmotically undisturbed (isotonic). Changes in pidre
0 1 2 3 4 5 6 measured spectrophotometrically at 25°C. The experimental procedure
Time (min) was as described in the legend to Fig. 1. The rates of change;in pH

were calculated as the slope of the linear fit of the measurements

Fig. 1. Typical experiment showing cellular pH (gHas a function of ~ obtained in the interval from time 2 to time 4 after transfer to the
time after exposure to hypertonic challenge using the RVD/RVI pro- €xperimental medium. During this period the;milange can be taken
tocol. Each curve was produced from the data points collected durings linear R? > 98%,seeFig. 1). Positive values represent intracellular
the experiment, using a computer spreadsheet Materials and  alkalinization, negative values intracellular acidification. Results are

Methods). At zero time a sample of the hypotonic cell suspension wagXpressed as meanssewm, with the number of independent experi-
diluted in the experimental media: Standard medium (open circles)Ments in parenthesis. *The values are significantly different from the
standard medium with amiloride (2Q0w, filled circles), DIDS (300 corresponding isotonic value® & 0.001). The value obtained under
uM, filled squares), or in Nafree NMDG medium (filled triangles). hypertonic conditions in the presence of DIDS is not significantly
Cellular pH was assessed spectrophotometrically at 25°C. The figure iifferent from the hypertonic control valu® ¢ 0.1).

representative of 3—12 independent experiments.

results are summarized in Table 2. As seen, the rates of

The rate of alkalinization at 25°C, calculated as the slopeytoplasmic alkalinization seen after other protocols of
of the linear fit of the measurements obtained in thehypertonic challenge are not significantly different from
interval from 2 to 4 min after transfer to the experimentalthat seen using the RVD/RVI protocol. Similar levels of
medium, is 0.022 + 0.002 pH units/min (= 12). This  activity of the exchanger after various protocols of os-
alkalinization is completely abolished in the absence ofmotic shrinkage appears to be a general phenomenon,
extracellular N& (NMDG medium) as well as in the reported in several cell types, including Ehrlich cedled
presence of amiloride (20Qm), an inhibitor of the Discussion). However, for reasons which are not fully
Na'/H* exchanger. As seen, DIDS (3Q@1), an inhibi-  understood, in Ehrlich cells and most other cell types,
tor of CI'/HCO; exchange, has no significant effect on complete RVI is only seen after the RVD/RVI protocol
the observed alkalinisation, indicating that activity of a of osmotic cell shrinkageseeMaterials and Methods;
CI"/HCG; exchanger is negligible under the present confor a discussionsee Cala & Maldonado, 1994). The
ditions. RVD/RVI protocol is employed in this study, except in

Table 1 summarizes the rates of change in giter ~ ATP-depletion- and single cell experiments, in which a
hypertonic challenge compared to isotonic cell suspensimple hypertonic challenge had to be used for technical
sions treated in parallel. As seen, the rate of alkalinizareasons.
tion observed under hypertonic conditions in the pres-  Next, measurements of pkvere performed at the
ence of DIDS is not different from that observed in hy- single-cell level employing fluorescence microscopy
pertonic controls. Taken together, the above resultsvith digital image processing. A representative example
demonstrate an amiloride-sensitive, ‘Ndependent, of the pH response of single cells to a hypertonic treat-
DIDS-insensitive alkalinization during RVI, indicating ment of 660 mOsm at 37°C is shown in Fig. 2. Consis-
that a Nd/H" exchanger is activated. This is in agree-tent with the observations on cell suspensions presented
ment with observations on Ehrlich cells by Levinson above, shrinkage-induced intracellular alkalinization was
(1991). Table 1 also shows that under isotonic condi-observed in the great majority of cells. However, some
tions, a slight cytoplasmic acidification occurs in the apparently healthy cells (as judged by the appearance of
presence of amiloride or DIDS, in agreement with resultsthe cells using phase contrast microscopy) exhibiting ei-
previously presented by Kramhgft et al. (1988). ther no change in ptbr even a slight intracellular acid-

Shrinkage-induced cytoplasmic alkalinization is alsoification were also observed, constituting about 10% of
seen with other protocols of hypertonic challenge. Thethe population. Furthermore, the lag-time of activation
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Table 2. Rate of cytoplasmic alkalinization in Ehrlich ascites tumor 7.45 -

cells after exposure to various protocols of hypertonic stress Single cell measurements
Protocol Rate of change in pH
(pH units/min) — 7.40 -

-
RVD/RVI 0.022+0.002 i = 12) &
Hypertonic sucrose (450 mOsm) 0.042.001 0 = 4) T 7.35 1
Hypertonic NaCl (420 mOsm) 0.0220.003 6 = 5) a
Hypertonic NaCl (540 mOsm) 0.0280.002 o = 7) ;

E

N

o

o
L

The cells were subjected to hypertonic conditions by exposure to: (i)=
the RVD/RVI protocol éeeMaterials and Methods); (i) hypertonic
sucrose medium (osmolarity 450 mOsm); (iii) hypertonic medium of 7.25
increased electrolyte concentration (osmolarity 420 mOsm); (iv) hy-
pertonic medium of increased electrolyte concentration (osmolarity 540

Ce

mOsm). Changes in pHvere measured spectrophotometrically at 7.20 -

25°C. The rate of cytoplasmic alkalinization was calculated as de- r T T I T r -
scribed in the legend to Table 1. All values are given as meassvit 0 1 2 3 4 5 6
with the number of independent experiments in parenthesis. None of

the results shown differ significantly at the 5% level (Significance test: Time (min)

ANOVA analysis of variance).

Fig. 2. Typical experiment showing cellular pH in a single cell mea-

sured as a function of time after exposure to hypertonic challenge. The
varied fot shown; seehowever, below). Shrinkage- graph was produced from the data points collected during the experi-
induced alkalinization was found to be abolished in vir- vn;:r”;- ‘:Zi:”egda}nc‘;n:ﬁe“:rirosgt’;:igﬁh:‘r’;(t\:';tlzga(';ig '\r:?;:‘:sdcsg- g‘;‘r‘; N
tally all cells in the presence of amiloride (Zmﬂ) ber ar?d diluted to a cytocrit ofO.ylS%e(eMateriaIs and Methodps). At
Under these Condltlonsj the, average C_hange invpis the time indicated by the arrow, concentrated saline solution®{JCa
—0.0027 + 0.002 pH units/min (15 cells in 3 independentyyas 1 nu, as in the standard medium) was added to a final osmolarity
experiments), compared to 0.057 + 0.002 pH units/minof 660 mOsm. The trace is a representative measurement on a single
(60 cells in 6 independent experiments) in controls. Un-cell out of 60 cells from 6 independent experiments.
der isotonic conditions, a slight intracellular acidification
was seen in virtually all cellsdata not showp dependent. After exposure of the cells to a hypertonic

At the single cell level, measurements were per-challenge of 540 mOsm, a temperature coefficientQ

formed at 25°C and 37°C, respectively. The lag time ofof about 2 can be observed (2.78mol H" - g dry
the activation is temperature-dependent, decreasing fromt - min™ at 25°C (29 cells in 3 experiments) com-
1¥>—2 min at 25°C to¥>—1 min at 37°C ¢eeFig. 2).  pared to 4.6Qumol H" - g dry wi*- min™* at 37°C (44
Hence, rates of change in phi single-cell experiments cells in 4 experiments)). Furthermore, at 25°C as well as
are calculated as the slopes of the linear fits of the meaat 37°C, the shrinkage-inducdd- was found to increase
surements obtained in the interval from time 2 to 4 minwith the magnitude of the hypertonic challenge. At
(25°C) and 1-2.5 min (37°C), respectively, during which 25°C: 2.37pumol H* - g dry wtt- min™ at 420 mOsm,
time the change in pHs linear. Intracellular M buf-  compared to 3.4umol H' - g dry wt*- min™* at 660
fering capacity ;) may vary with temperature and to- mOsm. At 37°C: 2.41umol H' - g dry wi*- min™t at
nicity (seeBoron, 1992). Consequently; was deter- 420 mOsm compared to 4.7gmol H" - g dry
mined for each experimental condition, and Efflux ~ wt™*-min™* at 660 mOsm $gm values not provided,
rates {,+) were compared rather than rates of intracel-sinceJ,- is the calculated product of dpH/dt agd The
lular alkalinization éee Materials and Methods). The corresponding rates of intracellular alkalinization are sig-
values off3; obtained in the present studgeelegend to  nificantly different (25°C:P < 0.02, 37°C:P < 0.001,
Table 3) range from about 19 to about 22 mmdl-ttg  Student’st-test; 21-60 cells in 3-6 independent experi-
cell watef*- pH unit'®, depending on the temperature ments)). Thus, the shrinkage-inducgg¢ appears to re-
and on the tonicity of the experimental medium. In com-flect the degree of hypertonic challenge, at 25°C as well
parison, Bowen & Levinson (1984) found a value®f as at 37°C geeDiscussion).
in Ehrlich cells of 27.7 + 1.6 mmol H-kg cell wa- If the shrinkage-induced cytoplasmic alkalinization
ter - pH unit™®, or 100.3 mmol H-kg dry wi'-pH  demonstrated above is due to activation of a/Na
unit™*, obtained under isotonic conditions at 37°C. Theexchanger, it should be possible to demonstrate an
shrinkage-induced,;+ calculated using the appropriate amiloride-sensitive increase in the unidirectional” &
values off3; are shown in Table 3. As seen, the rate offlux in parallel with the cytoplasmic alkalinization. Ta-
shrinkage-induced,;+ was found to be temperature- ble 4 shows the unidirectional Nanflux after hyper-
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Table 3. Shrinkage-induced alkalinization and proton efflux. Dependence on temperature and magnitude of the hypertonic challenge

External 25°C 37°C
osmolarity
Ale ‘]H+ ApH| ‘]H+
(pH units/min) (wmol H* « g dry wt' - min™%) (pH units/min) (wmol H* + g dry wt™ - min™)
420 mOsm 0.02& 0.003 2.37 0.03& 0.003 241
540 mOsm 0.032 0.002 2.79 0.05& 0.002 4.60
660 mOsm 0.03% 0.001 341 0.05% 0.002 477

Measurements were performed on single cells exposed to varying degrees of hypertonic challenge using the experimental procedure described i
the legend to Fig. 2. The rates of change in ppH;, pH units/min) are calculated as the slope of the linear fit of the measurements obtained in
the interval from time 1-2.5 min (37°C) or 2—-4 min (25°C) after hypertonic challenge. During this period, the changean pid taken as linear

(R? > 98%).J,,+ = dpH/dt- B, (in wmol H* - g dry wt'* - min™) was calculated in each case from the mean rate of change iaraig; determined

at the appropriate temperature and tonicitgeMaterials and Methods). The values@fwere (in mmol H - 1 kg cell watet* - pH unit'™%): At 25°C:

420 mOsm, 20.3 £ 1.5; 540 mOsm, 20.9 + 1.6; 660 mOsm, 22.1 + 2.2. At 37°C: 420 mOsm, 19.3 + 0.27; 540 mOsm 01387 660 mOsm,

20.1 + 0.55 (n= 3 in each case). The unit @ was converted taumol H" - g dry wt'* - pH unit™* using the dry weight of Ehrlich cells of

0.24 g dry wt per 1.00 g wet wt). The rates of change in gi¢ expressed as meansenm, and represent measurements on 21-60 cells in 3—-6
independent experiments. The calculated valuek,pfare given withousem. The values ofApH; obtained at the osmolarities 420 mOsm and 660
mOsm are significantly different at 25°® & 0.02) as well as at 37°QP(< 0.001) (Significance test: Student$est).?Represents 3 experiments

in 2 batches of cells.

Table 4. Unidirectional N4 influx in Ehrlich ascites tumor cells after hypertonic challenge and in osmotically undisturbed controls

Unidirectional N& influx (wmol - g dry wt' - min™%)

Isotonic Hypertonic Shrinkage-induced
increase
Control 17.7+25 42.4+0.4 24.7+25
(n=23) (n = 3)*
Amiloride 17.4+2.1 32521 15.1+ 3.0
(n=23) (n = 3)***
Amiloride-sensitive, shrinkage-induced increase 9.6+3.9

The unidirectional N&influx was measured using?Na* (specific activity 40,000 Bg/ml) as a tracer. For the RVD/RVI-experiment cells were
preincubated in hypotonic medium (160 mOsm) for 15—-40 min. Tonicity was restored to isotonicity (310 mOsm) by addition of the appropriate
volume of double strength saline solution. Two minutes after restoration of toriéitg” was added (zero time). Ouabain (final concentration 1

mm) was added to all cell suspensions 3 min prior to initiation of the flux measurements. In experiments with amiloride, amiloride was added to
the cell suspension (final concentration 20@) 2.5 min prior to initiation of the flux measurements. The cell suspensions were incubated at 37°C,
and samples were removed at 0.25 min intervals from time 0.50 min to 1.5 min after addit@ebfor separation of cells from the mediursee

Materials and Methods). The initial rate of flux was calculated by linear regression of measurements obtained within the first 1.5 min. In each case,
R2 > 98%. All values are given as meanssem with the number of independent experiments given in parenthesis. *The values are significantly
different from the unidirectional Nainflux in the corresponding osmotically undisturbed contré1s<(0.01). **The value is significantly different

from the hypertonic control valueP(< 0.01) (Significance test: Studentgest).

tonic challenge, compared to the flux measured in osof Na“ of 9.6 + 3.9umol - g dry wi* - min~t is observed
motically undisturbed controls. The unidirectional ™Na after the hypertonic treatment. This supports the notion
influx was calculated as the linear fit of measurementshat cell shrinkage activates the Md* exchange system
obtained in the interval from time 2 to 3.5 min after the in Ehrlich cells. Since measurements of;pkkre per-
hypertonic challenge, i.e., during the linear part of theformed in the absence of bumetanide, this drug was ab-
cytoplasmic alkalinization dge Fig. 2). It should be sent in the flux studies for reason of comparison. How-
noted that the bumetanidesensitive unidirectional Na  ever, the amiloridénsensitive increase in the uni-
influx (primarily reflecting Nd/H* exchange) during directional N4 influx under hypertonic conditions of
RVI in Ehrlich cells has previously been shown to be 15.1 + 2.9umol - g dry wt'* - min~tis likely to primarily
linear in the interval from 0 to 3 min after hypertonic reflect the shrinkage-induced activation of the bumet-
challenge (Jensen et al., 1993). As seen, a significangnide-sensitive NaK™,2CI" cotransporter see Discus-
amiloride-sensitive increase in the unidirectional uptakesion).
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0.03 7 A -

Fig. 3. Effect of ATP depletion on the rate of cytoplasmic alkalinization
(A) andJ,+ (B) after hypertonic challengeA] The cellular ATP level was

V/ reduced by preincubation of the cells in standard incubation medium con-
0.02 4 taining 10 v sodium azide and 10 mdeoxyglucose for 30 min (during

this time the cells were also incubated with BCECF-AM. This procedure

/ was found not to affect fluorescence intensity). At zero time, the cells were

exposed to hypertonic challenge by dilution of a sample of the cell sus-

/ pension in concentrated saline solution (540 mOsm). Cellular pk) (phb
0.01 A / assessed spectrophotometrically at 25°C. The number of independent ex-

Change in pH,

periments were: ATP-depleted cells ¢ 3), control cells in the absence
/ (n = 7) or presencen( = 3) of ouabain (1 m). ATP-depletion causes a
/ decline in pHduring the 30-min incubation period. In media of pH 7.4, the
0.00 % resulting pHis 7.00 £ 0.01 § = 3) in depleted cells compared to 7.25 +
. 0.03 = 7) in control cells. In order for rates of change in;pid be
comparable in ATP-depleted cells and control cells, ATP depletion was
carried out at pg 7.8, resulting in a pHof 7.10 = 0.05 (0 = 5) in ATP-
depleted cells. The rates of cytoplasmic alkalinisation were calculated as
describedgeeMaterials and Methods; and also legend to TableB))The
Bi was determined at the relevant pehd osmolarity (540 mOsm) in
ATP-depleted cells and controlsge Materials and Methods),,+ was

/ calculated as dpH/df3;. The values ofg; were (in mmol H -1 cell

V,

// watert - pH unit'™®): control cells, 20.9 + 1.6r( = 3); ATP depleted cells
22.3+1.5 (1 = 4). The unit of theB; values was converted fomol H* - g

/ dry wt™* - pH unit™* using the dry weight of Ehrlich cells of 0.24 g dry wt

(pH units-min_1)

-1
)
w
o
@

- min

-1

2.0 A

per 1.00 g wet wt. Results are expressed as meanssaitherror bars,
except in the case df,+ (B), which is the calculated product of dpH/dt and
Bi, and for which ncsemis given. *The value is significantly different from

the hypertonic controlR < 0.01). The values obtained in the presence of
/ ouabain are not significantly different from those of the contrBls (0.1)
/

Proton efflux (“'H")
-g dry wt

AN

(Significance test: Studenttstest).

(umol H
o
o

o a -5 affect BCECF loading). In control experiments it was
E o S shown that this treatment reduces the cellular ATP level
O CIL 3 to 0.115 + 0.016 nmoles/mg dry wt (& 4), compared to

e 12.4 £ 0.60 nmoles/mg dry wt (&= 4) in control cells.

Upon addition of glucose (10 m), the ATP content in-
creases quickly and attains the normal level within 10
min. This indicates that viability of the cells is main-
tained even after ATP-depletion. Furthermore, leakage
of BCECF from the cells is not increased after ATP-
The aim of the following experiments was to investigatedepletion, indicating that membrane integrity is main-
mechanisms involved in the shrinkage-induced activatained.

tion of the Nd/H* exchanger in Ehrlich cells. The fol- Figure 3 shows the rate of shrinkage-induced intra-
lowing questions were asked: (i) Is the shrinkage-cellular alkalinization A) and J,,+ (B) obtained from
induced activation ATP-dependent, and does the activameasurements in cell suspensions at 25°C in ATP-
tion of the Nd/H™ exchanger involve (ii) activation of depleted cells and in controls. As see¥),(the rate of
protein kinases, (iii) inactivation of phosphatases, or (iv)shrinkage-induced cytoplasmic alkalinization is reduced
changes in [C&];? by 90% in ATP-depleted cells. It should be noted that
ATP-depletion causes a decline in pbdf 0.25 pH units
during the 30 min of incubation with the ATP depletion
According to Skovsgaard (1978), energy metabolism inmixture, resulting in a difference between initial pid
Ehrlich cells should be blocked completely by incubation ATP-depleted cells and controls. For rates of change in
with sodium azide, an inhibitor of oxidative phosphory- pH; to be comparable in ATP-depleted cells and control
lation. However, in order to ensure maximal reductioncells, ATP-depletion was carried out at piH8, resulting

of the cellular ATP level, cells were incubated in a com-in a pH close to that of control cells at the time of
bination of sodium azide (10 m) and deoxyglucose (10 initiation of the measurement of K™ exchanger ac-
mm) for 30 min (during which time the cells were also tivity (Fig. 3, legend).

loaded with BCECF, a procedure which was found notto  Since; may be affected by the metabolic state of

ACTIVATION OF THE Na'/H* EXCHANGER IN EHRLICH
AscITES TUMOR CELLS

Dependence on ATP
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Change in pH,

influx

+

Amiloride—sensitive Na

1

-1
(pH units-min )

0.03
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o
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o

0.00

(umol-g dry wt

AN

I T T T 1

5 10
uM Chelerythrine

1B [_]Control
*
I Bl Chelerythrine
RVD/RVI Isotonic

the cells éeeBoron, 1992), N&¥H" activity is also ex-
pressed ag,+ (Fig. 3, B), using the values of,; deter-
mined in ATP-depleted cells and control celteéMa-
terials and Methods). As seen, the calculated rate of

shrinkage-induced decreaseljp in ATP-depleted cells

is reduced by 89% compared to control cells.
ATP-depletion could conceiveably result in inhibi- rate of shrinkage-induced intracellular alkaliniza-
tion of the plasma membrane NBI*-ATPase and, there- tion. Chelerythrine (2.5, 5 or 1Am) was added 14 min

fore, a dissipation of the transmembrane*Npmadient
resulting, indirectly, in inhibition of the NadH" ex-
changer. However, previous studies have shown that inshrinkage-induced alkalinization. Based on these re-

hibition of the Nd/H*-ATPase in Ehrlich cells with oua-

bain results in a gradual increase in cellulafdancen-

tration from 19 to 22 ma during a period of 15 min (B.
Kramhgft,unpublished resul}s Thus, during 30 min, an
increase to only about 25wmis to be expected. Since
[Na™] of the standard medium is 150vMma considerable

149

«—

Fig. 4. Effect of chelerythine on intracellular alkalinisatiod)( and
amiloride-sensitive unidirectional Nanflux (B), after a hypertonic chal-
lenge. A) The cells were incubated with 21 (n = 3), 5.0uM (n = 3) or

10 pm (n = 10) chelerythrine for 14 min prior to the measurements of
intracellular pH. The number of experiments without chelerythrine was 12.
The experimental procedure was as described in the legend to Fig. 1, except
that chelerythrine was present in the experimental media at the concentra-
tions indicated. The rates of cytoplasmic alkalinization were calculated as
described feeMaterials and Methods). Results are expressed as means with
SEM error bars (some SEM values are too small to be seen on the gijph). (
The unidirectional N&influx was measured usingfNa" as a tracer. The
cells were preincubated for 15-40 min in either standard incubation medium
(isotonic controls) or hypotonic medium (RVD/RVI protocseeMaterials

and Methods). In experiments with chelerythrine, the drug (i was
added 14 min before the flux was initiated by additiorf®da’. Cheleryth-

rine (10pm) was also present in the flux medium. Two min before addition
of 22Na* , the cell suspensions were mixed with 1/3 volume of either standard
incubation medium (isotonic controls) or medium of double ionic strength
(RVD/RVI experiments). In all cases, ouabain (1)was added 3 min prior

to addition of?2Na’. Amiloride (200M) was added just prior to addition of
22Na" in part of the flux measurements. The initial rate of'Niaflux was
calculated as described in the legend to Table 4. The amiloride-sensitive Na
influx was calculated as the differences between parallel fluxes obtained in
the absence and presence of amilorisiee(alsolable 4). The results are
expressed as means of 3 independent experiments, with SEM error bars.
*The value is significantly different at the 1% level from the other values
shown in the figure (Significance test: ANOVA analysis of variance).

and Methods) was also assessed in ATP-depleted cells
and controls. The initial rate of recovery in the ATP-
depleted cells is reduced to 0.0041 + 0.005A( 3), com-
pared to 0.048 £ 0.008% (= 3) in control cells, a reduction

of 91.5%. Thus, these results indicate that acidification-
induced as well as shrinkage-induced activity of th&/N&
exchanger is dependent on intracellular ATP.

Involvement of Protein Kinase C

Figure 4 @) shows the effect of chelerythrine, a highly
specific inhibitor of PKC (Herbert et al., 1990), on the

prior to the hypertonic challenge. As seen, chelerythrine
causes a concentration-dependent inhibition of the

sults, the 1G4 of chelerythrine for shrinkage-induced al-
kalinization can be estimated at about @M. At 10 pMm,
chelerythrine causes almost complete abolishment of the
alkalinization response. In cells preincubated with chel-
erythine (10um), a slight intracellular acidification of
0.009 + 0.001 pH units/min (= 3) is observed under

transmembrane Nagradient should be present also in isotonic conditions.

ATP-depleted cells. Moreover, as seen in Fig. 3, the
shrinkage-induced decrease in*[His unaffected by

As seen in Fig. 48), chelerythine (1Qum) reduces
the shrinkage-induced amiloride-sensitive unidirectional

ouabain (1 mn). The rate of recovery from cytoplasmic Na" influx to a level not significantly different from that
acidification following a NHCI prepulse $eeMaterials

of osmotically undisturbed controls. It should be noted
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that in control experiments, chelerythrine (h) was 7.40 - A
found to have no effect on cell volumddta not showh .
Thus, taken together, the results shown in Fig. 4 strongly Isotonic

suggest that incubation of the cells with chelerythrine  7.35 -
results in inhibition of shrinkage-induced NH* ex-

change.

The effect of H-7, another inhibitor of PKC was also 7.30 A
assessed. After 20 min pretreatment with H-7 (100 %% o Control
the rate of shrlnkagt_a-md_uced alkalinization at 25°C is ...°°°° o°°o°°°o°°o 0% o, 0
0.014 £ 0.003 pH units/mim(= 3), compared to 0.022 7.25 - i 0 DO,
+0.002 pH units/minif = 12) in hypertonic controls, i.e., -~ 000 e000q 000 g0% ¢
a 38% inhibition. Under isotonic conditions, H-7 has T ¢ CL-A

(p

virtually no effect on pkl (data not showh The ob- 7.20 -
served effects of chelerythrine and H-7 indicate a role forT r T T T J
a PKC isoform in the shrinkage-induced activation of the 0 2 4 6 8
Na*/H* exchangergeeDiscussion).

7.40 - B CL-A

RVD/RVI qe%"*%*%
7.35 4 ® 00600
Figure 5 @) shows the effect of Calyculin A (CL-A), a .o;°°o°o°°° o
potent inhibitor of the serine/threonine protein phos- o°
phatases PP1 and PP2A (Hosoya et al., 1993), gropH 7.30 A 388
osmotically undisturbed Ehrlich cells. It has previously Q@
been shown that CL-A does not cause cell shrinkage 890
in Ehrlich cells (Jakobsen, Jensen & Hoffmann, 1994). 7 25 .
Therefore, the effects of CL-A on ptbbserved in the

present study are not due to effects of CL-A on cell

volume. Measurements of phvere performed on cell 7.20 -
suspensions at 25°C. Under isotonic conditions addition

of CL-A (100 rm) results in a slight initial cytoplasmic 0 2 4 6 8
acidification followed by return to normal gHThus, . .

inhibition of dephosphorylation does not seem to result Time (min)

in stimulation of the N&H" exchanger under isotonic

_condltlons. The slight aC|d|f|cat|0n (0'03. pH ””'.ts) Seenon intracellular pH. Each graph was produced from the data points
in the presence of CL-A under |s_otqn|c.cond|t|<.)n.s IS collected during that experiment, using a computer spreadskeet (
unaffected by DIDSdata not show) indicating thatitis  waterials and Methods)A) Osmotically undisturbed cellsBf Cells

not caused by the activation of a DIDS-sensitive; pH exposed to hypertonic challenge using the RVD/RVI protocol. The
regulatory system, but rather reflects an increased metaxperimental procedure was as described in the legend to Fig. 1 except
bolic production of acid equivalents in the presence ofthat CL-A (100 m) was present from time zero. Both panels are
the phosphatase inhibitor. representative of at least 3 individual experiments. The rate of shrink-

. _ _age-induced intracellular alkalinization (calculated as described in Ma-
Figure 5 B) shows the effect of CL-A on cytoplas terials and Methods) in the presence of CL-A is 0.030 + 0.002 pH

mic alkalinization after hypertonic challenge .usmg theunits/min (n= 5), and significantly different from the rate of 0.022 +
RVD/RVI protocol. CL-A (100 m) causes an increase 0.002 pH units/min (n= 12) in controls P < 0.03) (Significance test:

of 36% in the rate of shrinkage-induced alkalinization Student'st-test).

(measured as the linear fit of the measurements obtained

from time 2—4 min after hypertonic challenge) from

0.022 £ 0.002 pH units/mim(= 12) in controls to 0.030 were observed in single cell experimenal@a not
+0.002 pH units/mintf = 5), a rate significantly differ- showr). In preliminary experiments, okadaic acid (OA),
ent (P < 0.03) from that of hypertonic control cells. Fur- another inhibitor of protein phosphatases PP1 and PP2A,
thermore, the resulting final pHevel is seen to be in- had little effect on N&H™ exchange activity in Ehrlich
creased in cells treated with CL-A as compared to thecells data not showh This may be due to a lower
pH; level obtained in the controls. These data indicateplasma membrane permeability of OA compared to
that when dephosphorylation is inhibited, shrinkage-CL-A in these cells, as has recently been observed in
induced activation of the N&H" exchanger is stimu- rabbit red blood cells (M. Jenningpersonal communi-
lated. In support of the above, similar effects of CL-A cation).

Cellular p

Involvement of Protein Phosphatases

Control

(o]

L 1

Fig. 5. Typical experiments showing the effect of calyculin A (CL-A)
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The Role ofC&?*]; and the C&*/Calmodulin System

The possible involvement of changes in fCha in
shrinkage-induced activation of the MA™ exchanger
was investigated in a set of experiments in which (ifCa
was removed from the experimental medium, or (ii)
changes in [C&]; were prevented using BAPTA, an
EGTA-derivative, which is a potent chelator of intracel-
lular calcium (Tsien, 1980). The experiments were per-
formed on cell suspensions at 25°C, using the RVD/RVI 2
protocol. The rate of shrinkage-induced cytoplasmic al- o
kalinization in standard incubation medium (Mr€a™")

is 0.022 + 0.002 pH units/minn(= 12), compared to
0.021 + 0.002 pH units/mim(= 3) in C&* free medium
(2 mm EGTA), and 0.025 + 0.005 pH units/min (A 3)
in cells which had been loaded with BAPTAgeJar-
gensen et al.,, 199%eealso Materials and Methods).

e (Relative s

1.1-}

0.9

0.8

A HCOs_—free

Control
Amil.

Bumet.

I T L] T T 1

0 2 4 6 8 10
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Hence, these data strongly suggest that neither influx ofg 1.1 1 : B 25 mM HCO4

C&* across the plasma membrane, nor other changes irg l

[C&a?"];, are required for the shrinkage-induced activation > I

of the N&/H" exchanger in Ehrlich cells. ° | Control
Finally, the possible role of the &Hcalmodulin © 1.0 4 “

system in shrinkage-induced activation of the exchanger { .

was investigated using the anti-calmodulin drug pim- Amil.

ozide. Under isotonic conditions, pk$ virtually unaf- Bumet.

fected by pimozidedata not showp Addition of pim- 0.9 4

ozide (10uM) simultaneous to the hypertonic challenge Bumet.

results in a significant decrease in the shrinkage-induced + Amil.

cytoplasmic alkalinization from 0.022 + 0.002 0.8

pH units/min @ = 12) in controls to 0.014 + 0.001 pH - . , .
units/min g = 4), corresponding to a 37% inhibition of 0 2 4 6 8
the alkalinization responsd®(< 0.03). Thus, although
the shrinkage-induced activation of the Md* ex-
changer is partly inhibited by pimozide, it appears to

primarily involve pathways which are independent of theFig. 6. Typical experiments showing cell volume recovery after os-
Ca?*/calmodulin-system motic shrinkage. The RVD/RVI protocol was uses¢Materials and

Methods). At zero time tonicity was restored by 500-fold dilution of the
cells in standard mediumAf or medium containing 25 mHCO; (B),

and in the absence (Controls, open circles) or presence of amiloride
(100 M, filled circles), bumetanide (2GuMm, filled squares), or

. ... amiloride (100um) plus bumetanide (2@m) (filled triangles). Cell
As demonstrated above, cell shrinkage causes aCtlvatlo\n)lume was followed with time at 37°C by electronic cell sizing using

of a_ Na/H" exchanger in Ehrlich cells. However, as a Coulter counter. Cell volume is shown relative to the volume of
previously reported, Regulatory Volume Increase (RVI)isotonic control cells. Using the same protocol of hypertonic challenge,
following osmotic shrinkage in these cells is not medi- Hoffmann et al. (1983) found a cell shrinkage of about 25% upon
ated by N&/H* exchange but by Na K*, 2CI"-co- restoration of tonicity, as indicated by the broken line. The numbers of
transport (Jensen et al., 1993). Previous experiments irfddependent experiments were A)(and 6 ), respectively. The

vestigating volume regulation after shrinkage in Ehrlich average, initial rates of volume recovery, calculated by linear regres-

I I ducted in th inal ab tts.lon of the measurements obtained in the interval from time 0.5 (the
cells were all conducted in the nominal absence o ime of minimum volume) to time 2 min after the hypertonic challenge

HCO;3. Therefore, in the present study, the possible roleye as follows (positive values represent an increase, negative values a
of the N&/H" exchanger in RVI in these cells in the decrease in cell volume)A| Standard medium: control 17.6 + 2.7;
presence of HCQwas investigated. Representative ex-amiloride 15.0 + 3.2; bumetanide - 4.1 + 2.4 B. 25 mM HO@ntrol
periments are shown in Fig. Gdelegend for average 30.4 % 1.1% amiloride 19.9 + 1.9%; bumetanide 7.0 + 1.2; bumetanide,
values and statistics). Using the same protocol of hypergmiloride -7.5+4.0*The values_are §ignific§1ntly different (StU(_jent’s
tonic challenge, Hoffmann et al. (1983) reported a degre&!eStP < 0-01). The values obtained in nominally Hg@ee medium

. 0 . h the n th_e ab_sence and pr_esenc_e of_ amiloride (106, and Fhe_ value
of cell shrmkage of about 25%. Figure A)(s ows obtained in 25 m HCO; medium in the presence of amiloride (100
changes in cell volume, relative to isotonic cell volume, ) are not significantly different® > 0.1). *The value represents 4
as a function of time after osmotic cell shrinkage usingindependent experiments.

-

10
Time (min)

RoLE oF Na'/H* EXCHANGE IN REGULATORY
VOLUME INCREASE
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Fig. 7. Representative experiment showing the effect of ionomycin onFig. 8. Typical experiment showing the effect of ionomycin on; id
pH, as a function of time. Each curve was produced from the dataa function of time in various media. Each curve was produced from the
points collected during the experiment, using a computer spreadsheelata points collected during the experiment, using a computer spread-
(seeMaterials and Methods). The cells were diluted at a cytocrit of sheet §eeMaterials and Methods). The cells were diluted at a cytocrit
0.16% in the experiment medium, and ionomycin (@) was added  of 0.16% in the experimental medium, and ionomycin (Q¥%) was
to the cell suspension at the time indicated by the arrow. Cellular pHadded to the cell suspension at the time indicated by the arrow (0.5
was assessed spectrophotometrically at 25°C. The experimental mediain). Cellular pH was assessed spectrophotmetrically at 25°C. The
were: standard medium (open circles), and standard medium wittexperimental media were: standard medium (open circles), “high K
amiloride (200wM, filled circles). The experiment shown is represen- medium 6eeMaterials and Methods, open diamonds), and hypotonic
tative of 3 independent experiments. medium (open triangles). The experiment shown is representative of 3
independent experiments. In control experiments, it was found that

the RVD/RVI protocol and nominally HCBfree me- when ionomycin (0.5u\_/|)was_added_at time 0.5_ min after suspensi_on
dium. Under these conditions, volume recovery after°f the cells in hypotonic medium, this resulted in a cell volume which

. . S was, after 7 min, still substantially larger (by about 200 fl) than that of
shrinkage is largely unaffected by amiloride (30@) but control cells (standard medium)
is completely abolished in the presence of bumetanide '

(20 pm). In fact, in the presence of bumetanide, cell 5mycin (0.5.m) alone (control, open circles) produces a
volume continues to decrease slightly. biphasic change in pHinitially a slight acidification is

Markedly different results were obtained in medium geen which is succeeded by a cytoplasmic alkalinization
containing 25 m HCG;, in which volume recovery is  regylting in a considerable pHovershoot.” In the

partly inhibited (by 35%) by amiloride (10Qm), and  presence of amiloride (20@m, filled circles) the alka-
considerable volume recovery is observed in the presynization, but not the initial acidification, is abolished,

ence of bumetanide (20im). Furthermore, addition of igicating that alkalinization is due to activation of a
amiloride and bumetanide in combination completelyyg/4* exchanger.

prevents volume recovery (Fig. 8). Thus, it appears

that two mechanisms: NgK",2CI'-cotransport, and  cayse KCl loss and cell shrinkage in Ehrlich celied
Na’/H™ exchange functionally coupled to WHCO;  offmann et al., 1993). Hence, the activation of the
exc_hange,_ contribute to volume recovery after cellyg/H* exchanger by ionomycin could conceivably be a
shrinkage in the presence of HgOThe notion that the  secondary effect of either the loss of KC or the concom-
CI/HCO; exchanger plays a role in the presence Ofjtant cell shrinkage. To investigate these possibilities,
HCQO; is further supported by the fact that the rate as welkpe effect of ionomycin on pHvas assessed in buffers of
as the magnitude of the shrinkage-induced alkalinization,5rious compositions. The results are shown in Fig. 8.
were observed to be reduced by about 60% under thesenas previously been shown that when Ehrlich cells are

conditions (ata not showp suspended in “high K’ medium, C&*-induced KCI-
loss and cell shrinkage are virtually prevented (Jensen,
1994; see alsaMaterials and Methods). As seen, under
these conditions, the ionomycin-induced intracellular al-

lonomycin Activates the N&H* Exchanger in Ehrlich kalinization, but not the initial acidification, is eliminated

Cells Under Isotonic Conditions (Fig. 8, open diamon_ds). I .
The absence of ionomycin-induced intracellular al-

In isotonic medium, the N@H* exchanger is activated kalinization in “high K" medium could in principle be
by the C&" ionophore ionomycin (Fig. 7). As seen, ion- due to either maintenance of cellular KCI-content or ab-

Cé&* ionophores have previously been shown to

ACTIVATION OF THE Na'/H" ExCHANGER UNDER
IsoToNic CONDITIONS
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Fig. 9. Typical experiment showing the effect of thrombin and brady- Fig. 10. Representative experiment showing the effects of thrombin,
kinin on pH under isotonic conditions as a function of time. Each curve bradykinin and ionomycin on cell volume under isotonic conditions. A
was produced from the data points collected during the experimentsample of the cell suspension was diluted 500-fold in isotonic standard
using a computer spreadshes¢€Materials and Methods). The cells medium and bradykinin (1@wv, filled squares), thrombin (10 U/ml,
were diluted in standard medium at a cytocrit of 0.16%, and thrombinfilled triangles), or ionomycin (0.fum, filled circles) were added at the
(10 U/ml, filled triangles) or bradykinin (1@um, filled squares) were time indicated by the arrow. The volume of control cells is shown as
added at the time indicated by the arrow. Cellular pH was assessedpen circles. Cell volume was followed with time at 37°C by electronic
spectrophotometrically at 25°C. The experiment shown is representaeell sizing using a Coulter counter. The experiment shown is represen-
tive of 3 independent experiments. tative of 3 independent experiments.

sence of cell shrinkage under these conditions. Therean cell volume, using electronic cell sizing. As seen in
fore, we repeated the experiment in hypotonic mediunFig. 10, addition of ionomycin (0.pMm) results in a con-
(160 mOsm), in which the cells were allowed to swell siderable cell shrinkage (about 25%), whereas bradyki-
osmotically for 30 sec before addition of ionomycin. nin and thrombin only cause slight cell shrinkage (about
Under these conditions, the cells will swell osmotically 10%). A similar degree of cell shrinkage in response to
and loose KCI without shrinking below the original vol- thrombin has previously been reported in Ehrlich cells
ume @ata not showh As seen, in hypotonic medium (seeHoffmann & Ussing, 1992). It may also be noted
(Fig. 8, open triangles) ionomycin fails to cause intracel-that Hoffmann et al. (1983) found a cell shrinkage of
lular alkalinization. Instead, a continuous cytoplasmicabout 25% in response to a hypertonic challenge using
acidification is observed. Thus, it appears likely that thethe RVD/RVI protocol (final osmolarity 225 mOsm).

ionomycin-induced activation of the K™ exchanger The above result further supports the notion that
is secondary to the cell shrinkage caused by addition ofonomycin-induced activation of the N&d™ exchanger
ionomycin. is secondary to the cell shrinkage caused by addition of

The effects of the CGd-mobilizing agents thrombin ionomycin. It also follows that the cell shrinkage in-
and bradykinin, well-known activators of the inositol duced by thrombin or bradykinin is insufficient to acti-
phosphate cycle, on cellular pH were also tested. Botlvate the N&/H* exchanger.
agonists were previously shown to cause release &f Ca
in Ehrlich cells éee Hoffmann & Ussing, 1992;see
Hoffmann et al., 1993). Figure 9 shows the effect of
these compounds on plih cells suspended in isotonic
standard medium. As seen, neither bradykinin (M)  AcTivATIoN OF Na'/H" EXCHANGE AFTER
nor thrombin (10 U/ml) have any significant effects on OSMOTIC SHRINKAGE
pH;. Bradykinin causes a slight decrease in; gabout
0.02 pH units), followed by a return to prestimulation When Ehrlich cells are exposed to hypertonic challenge,
level, while thrombin only causes a slight decrease in pHan amiloride-sensitive, Nadependent, DIDS-insensitive
(about 0.03 pH units during the 7-min time-course of theintracellular alkalinization is observed (Fig. 1 and Table
experiment). 1), in parallel with an amiloride-sensitive increase in uni-

To elucidate why ionomycin, but neither bradykinin directional influx of Nd (Table 4). Thus, the present
nor thrombin causes substantial activation of thé/N&  results elaborate the results previously found by Levin-
exchanger, we assessed the effects of these compounsisn (1991), who reported that activation of ‘|4 ex-

Discussion
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change in Ehrlich cells can be demonstrated following It is not yet established which NHE isoform(s) is
hypertonic challenge. However, unidirectional ‘Nia- presentin Ehrlich cells. However, the Ne* exchanger
flux measurements during the period of cytoplasmic al-in these cells (i) is amiloride-sensitive (e.g., this study;
kalinization were not included in the study by Levinson. Kramhgft et al., 1988; Levinson 1991), (ii) is activated
Similar results have been obtained with other cell typedy cell shrinkage (this study, Levinson, 1991), (iii) by
such as rat thymic lymphocytes, fibroblasts (Grinstein etcytoplasmic acidification (this study; Kramhgft et al.,
al., 1986; 1998; 1994), human bladder carcinoma cells 1988), and (iii) by phorbol estergb{d.). These pharma-
(Bianchini et al., 1991), and barnacle muscle fibrescological and functional characteristics of the Ehrlich
(Davis et al., 1992). cell Na'/H* exchanger are characteristic of the NHE1
Our observation of a rate of shrinkage-induced al-isoform eeNod & Pousseur, 1995). Furthermore, the
kalinization of 0.056 + 0.002 pH units/min at 540 mOsm NHE1 isoform is ubiquitously distributed, while the
and 37°C (Table 3) is in agreement with that observed byNHE2, NHE3 and NHE4 isoforms appear to be re-
Levinson (1991), who published an alkalinization rate ofstricted mainly to epithelial tissuesb{d.). Taken to-
about 0.06 pH units/min. In the present study, the rate ofjether, these observations indicate that the Ehrlich cell
shrinkage-induced alkalinization was found to be tem-Na'/H" exchanger is the NHE1 isoform.
perature-dependent with a temperature coefficient)Q
of about 2 at 540 mOsm, as was the lag time of the

activation process. Thé,- at 540 mOsm and 37°C iS MEgcHANISMS INVOLVED IN THE SHRINKAGE-INDUCED

calculated at 4.6Qumol-g dry wt™-min™" (Table 3).  AcTivaTion OF THE Na'/H* EXCHANGER
At 540 mOsm and 37°C, the rate of shrinkage-induced

alkalinization is close to that obtained using the
RVD/RVI protocol (Table 2). The amiloride-sensitive Shrinkage-induced Activation of the Me™ Exchanger
unidirectional N& influx, measured using the RVD/RVI is Dependent on ATP
protocol at 37°C, was 9.6 + 3;9mol - g dry wt * - min™*
(Table 4). A 1 (N&):1 (H") stochiometry is to be ex-
pected for a mammalian NAd* exchanger. The ob- ATP depletion causes a dramatic decrease, of about 90%,
served deviation from a 1:1 stochiometry may be due tdn shrinkage-induced intracellular alkalinization ag
the fact that thel,- and the Na influx are not directly ~ (Fig. 3). This effect is not due to reduced cell viability,
Comparab'e, due to the difference in the protoc0| of hy_nOI‘ to inhibition of the Né/H+ ATPase, since ouabain is
pertonic Cha”enge_ Furthermore, metabo"c processes |Wlth0ut effect on the intracellular alkaliniz-a.tion. Fur-
the cell, as well as Hinflux across the plasma mdmane ~ thermore, the rate of recovery from an acid load was
result in an ongoing intracellular acidificatiosegBo-  found to be drastically reduced (by 91.5%) in ATP-
ron, 1992:seeGrinstein & Cohen, 1987: also Table 1, depleted cells compared to controls, in close agreement
this study) which can be expected to attenuate the meaVith Little et al. (1988), who found a 95% reduction in
sured intracellular alkalinization in response to an osthe rate of recovery from an acid load in cultured rat
motic challenge. aortic smooth muscle cells after ATP-depletion. Thus,
The present observation that shrinkage-induced acalthough ATP is not hydrolyzed during the transport cy-
tivation of the N&/H* exchanger occurs independent of cle of the Na/H™ exchanger, exchanger activity appears
the nature of the hypertonic Cha”enge (Tab|e 2) is intO be ATP-dependent in acidified as well as in shrunken
accordance with the studies of Levinson (1991) on Ehr<ells.
lich cells as well as studies on other cell types such as  The ATP dependence observed in the present study
Chinese hamster ovary cells (Rotin & Grinstein, 1989).iS in agreement with findings in many other cell types
It should be noted that intracellular ion concentrations, agBianchini et al., 1991; Grinstein et al., 1992 ittle et
well as ionic gradients across the plasma membrane vargl-, 1988). Bianchini et al. (1991) observed that treat-
considerably with the protocol of hypertonic challengement of ATP-depleted cells with the phosphatase-
(Levinson, 1991). Furthermore, the shrinkage_inducednhibitor okadaic acid (OA) restores the alkalinization
activation of the N&H* exchanger appears to increaseresponse to hypertonicity, indicating the involvement of
with increasing magnitude of the hypertonic challenge phosphorylation events. However, other interpretations
and, therefore, of the magnitude of the initial cell shrink- are possible. ATP-depletion may inhibit G-proteins, via
age, assuming that Ehrlich cells initially behave as per+eduction of cellular GTP-levels. G proteins have been
fect osmometers when exposed to anisotonic conditionsuggested to be involved in the shrinkage-induced acti-
(Table 3). Taken together, these results indicate that theation of the exchanger (Davis et al., 1992). Alterna-
trigger for hyperosmotic activation of the N&* ex-  tively, ATP may bind directly to the exchanger or to an
changer in Ehrlich cells is the degree of change in cellassociated protein (Grinstein et al., 1994). Finally, it has
volume, rather than the magnitudes of intra- and extrabeen suggested that ATP-dependent interactions with the
cellular ion concentrations. cytoskeleton or with plasma membrane phospholipids
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may be responsible for the ATP dependence of theerol- and C&™-dependent PKC isoform does not activate

Na'/H* exchanger (Grinstein et al., 1994). Na'/H* exchange under the present experimental condi-
tions.

PKC or a Similar Protein Kinase may be Involved in Thus, whether the inhibitory effects of chelerythrine

the Shrinkage-induced Activation of the and H-7 on shrinkage-induced NE* exchange reflect

Na*/H* Exchanger the involvement of a PKC-isoform or their possible in-

) ) o hibition of other kinases remains unclear. It should also
The shrinkage-induced activation of the Wd™ ex- e noted that while the present findings suggest a role for
changer in Ehrlich cells is inhibited by chelerythrine yrotein phosphorylation events in the shrinkage-induced
(Fig. 4), which is reported to be a highly selective inhib- activation of the N&¥H* exchanger in Ehrlich cells, it is
itor of PKC (H_erbert et al., 1990). 'A'S|ml|ar rgsul_t WaS not revealed whether phosphorylation affects the ex-
obtained using the less specific PKC-inhibitor changer through direct phosphorylation, phosphorylation

H-7. These observations indicate the involvement of accessory regulatory protein(s), or some other phos-

phosphorylation by PKC or a similar protein kinase in o, qrv|ation-dependent mechanism. Observations in
shrinkage-induced activation of the exchanger in EhrI'Cthmphocytes indicate that osmotic activation of the ex-
cells. changer is not associated with direct phosphorylation of

In lymphocytes ¢eeGrinstein et al., 1994), and ina o exchanger protein (Grinstein et al., 1892
rat bone cell line (Dascalu et al., 1992), shrinkage-

induced activation of the N&H* exchanger appears to be

independent of PKC. Activation of PKC after cell |nhipition of Protein Phosphatases PP1 and PP2A
shrinkage could not be demonstrated in lymphocytegncreases Shrinkage-induced Activation of the
(Grinstein et al., 1986). In contrast, PKC is known to beng*/H* Exchanger

activated in Ehrlich cells within one min after exposure

to hypertonic stress (Larsen et al., 1994), indicating that

the signaling pathways in RVI may differ between theseln the present study, it is demonstrated that the shrink-
cell types. Thus, shrinkage-induced activation ofage-induced activity of the N#* exchanger is in-
Na'/H* exchange appears to be PHi@lependentn  creased in the presence of CL-A (Fig.®), This is in
lymphocytes, but to involve PKC in Ehrlich cells. How- agreement with the results of Parker, Colclasure and Mc-
ever, several observations in this and previous studieManus (1991), who found that okadaic acid (OA), an
indicate that other, PKC-independent mechanisms mushhibitor of protein phosphatases 1 (PP1) and 2A
be involved as well: (i) Concentrations of chelerythrine (PP2A), stimulates shrinkage-induced activation of
(Fig. 4) or H-7 sufficient to completely inhibit the shrink- Na'/H™ exchange in dog red blood cells.

age-induced activation of PKC (Larsen et al., 1994), It is also seen from Fig. 54), that CL-A causes a
cause only about 40% inhibition of shrinkage-inducedslight cytoplasmic acidification under isotonic condi-
alkalinization. G, for inhibition of PKC by cheleryth- tions. Thus, N&H" exchange seems not to be activated
rine has been reported to be @i (Herbert et al., 1990), by CL-A under isotonic conditions in Ehrlich cells. This
compared to an Ig, of 2.7 wm for inhibition of shrink-  is at variance with observations by Bianchini et al.
age-induced alkalinization by chelerythine, observed in(1991), who found that in rat thymic lymphocytes and
the present study. Regarding the effect of H-7, it is note-human bladder carcinoma cells, OA caused parallel ac-
worthy that this drug inhibits PKA as well as PKC tivation of the exchanger and accumulation of phos-
(ibid.). cAMP has been shown to inhibit shrinkage- phoproteins under isotonic conditions. These authors
induced intracellular alkalinization in Ehrlich cells (S.F. observed that osmotic and OA-induced activation of the
Pedersenunpublished dafa Assuming that this effect exchanger were not additive, leading them to suggest
of cAMP is an effect on the N@H™ exchanger via PKA, similar, albeit not identical mechanisms.

inhibition of PKA by H-7 would thus be expected to It has been proposed that volume regulation involves
counteract the effect on the exchanger of inhibition ofchanges in the cellular kinase/phosphatase equilibrium,
PKC, resulting in incomplete inhibition of shrinkage- cell shrinkage being associated with increased phosphor-
induced Nd/H* exchange by H-7. (ii) Changes in ylation of a regulatory protein (Parker et al., 1991). The
[C&?"]; do not seem to be required for osmotic activationobservation that CL-A appears to have no effect on the
of the N&/H™ exchanger. This does not exclude the in-Na'/H* exchanger under isotonic conditions, but stimu-
volvement of calcium-independent isoforms of PKC lates shrinkage-induced activation of the exchanger,
(Nishizuka, 1989). In fact, regulation of Nid™ ex-  might be explained if cell shrinkage leads to increased
change by a Cd-independent PKC-isoform has recently activity of protein kinase(s), and if protein phosphoryla-
been suggested in MDCK-cells (Wojnowski et al., 1994).tion is involved in the shrinkage-induced activation of
(i) The inability of thrombin and bradykinin, well- the N&/H" exchanger. Hence, preventing phosphatase
known activators of the inositol phosphate cycle, to ac-activity in shrunken cells will result in increased activity
tivate the N&/H™ exchanger indicates that a diacylglyc- of the N&/H* exchanger, while having no effect in os-
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motically undisturbed cells. In support of this interpre- observed in a rat bone cell line (Dascalu et al., 1992).
tation, it has recently been suggested that cell shrinkagRecently, it was shown that the N&l* exchanger
activates a kinase, rather than inhibiting a phosphatastNHE1 isoform) is a calmodulin-binding protein, and,
(Grinstein, Furuya & Bianchini, 19%2. furthermore, deletion of a high-affinity calmodulin bind-
Several mechanisms can account for the observeihg site was shown to result in 80% reduction of shrink-
effects of CL-A. Since substrates of PKC are primarily age-induced activation of the exchanger (Bertrand et al.,
dephosphorylated by the protein phosphatases PP1 ai®94). Alternatively, it cannot be excluded, that either
PP2A (Bianchini et al., 1991), the observed effect ofthe low resting level of [C&]; in BAPTA-loaded cells is
CL-A on the Nd/H* exchanger could reflect a potenti- sufficient for CaM kinase Il activity, or that the effect of
ation of an effect of PKC (or a similar kinase). Further- pimozide is via other pathways, given the lack of spec-
more, CL-A is a potent inhibitor of type 1 protein phos- ificity of anticalmodulin drugs ¢eeVeigl, Klevit & Sed-
phatases (PP1), which is suggested to play an importantick, 1989).
role in regulation of cell shape and cytoskeletal structure
(Hosoya et al., 1993). Grinstein et al. (1994) have re- -
cently suggested, that direct physical interaction with cy-ROLE OF THE Na'/H™ EXCHANGER IN RVI
toskeletal elements may underlie the osmoatic activation
of the Na/H* exchanger. Hence, if changes in cytoskel- The results of cell volume measurements, which were
etal structure, e.g., an increased level of phosphorylatioeonducted in the nominal absence of H{;@onfirm the
of cytoskeletal proteins, activate the Md* exchanger previous notion that RVI in Ehrlich cells is mediated by
during cell shrinkage, the observed effect of CL-A couldthe N&,K*,2CI" cotransporter, with the N&H" ex-
be a potentiation of shrinkage-induced cytoskeletalchanger giving only an insignificant contribution (Fig. 6,
changes. It has been shown in Ehrlich cells that the cytoA). Thus, under these standard conditions, thé/INa
skeleton is involved in the regulation of the Nik*,2CI”  exchanger appears to be volume-activated, but not vol-
cotransporter (Jessen & Hoffmann, 1992). ume regulatory. In striking contrast, when HC@s
available, volume recovery is partially inhibited by bu-
. . metanide as well as by amiloride and completely abol-
Cha_nges |r'_[Ca2*]i are not Essenual for tpe ished in the presence of both inhibitors in combination
Shrinkage-induced Activation of the N&™ Exchanger (B). This suggests that both the Ni*,2CT" cotrans-
porter and the NdH" exchanger contribute to RVI in the
Shrinkage-induced alkalinization is observed in EGTA-presence of HCQ Furthermore, volume recovery, ex-
buffered, C&'-free media as well as in cells in which pressed as the rate of recovery observed during the first
changes in [CH]; have been buffered by BAPTA. Hence, 1.5 min, is considerably enhanced in the presence of
it is concluded that changes in intracellular’Care not HCO; (Fig. 6, legend). This effect is due to the addi-
necessary for the shrinkage-induced activation of thdional activity of the N&/H* exchanger, since the rate of
Na'/H* exchanger in Ehrlich cells. Similarly, in other volume recovery in the presence of amiloride is similar
cell types, changes in [€4, were found not to be in- in the absence and presence of HCO
volved in the shrinkage-induced activation of the" M& Measurements of Nanflux in the nominal absence
exchanger (Mitsuhashi & Ives, 1988; Dascalu et al.,of HCO; (Table 4) show, as discussed above, a rate of
1992). In Ehrlich cells no changes in [€} could be  amiloride-sensitive Nainflux after hypertonic challenge
detected in response to a hypertonic challenge (Pedersen 37°C of 9.6pumol- g dry wi'*- min™ . As discussed
et al., unpublished data However, highly localized below, the CI/HCO; exchanger is unlikely to be active
changes in [C&], may have occurred, which could not under these circumstances. Jensen et al. (1993, Table 5)
be detected in our experimental setup. observed a bumetanide-sensitivé-ikflux during RVI
The anti-calmodulin drug pimozide causes 40% in-of 24.1umol - dry wt * - min~ under similar conditions.
hibition of shrinkage-induced alkalinization in Ehrlich Thus, activity of the N4K*,2CI” cotransporter may ac-
cells. Thisis in accordance with the results of Dascalu etount for a total uptake of ions of about §#nol - g dry
al. (1992), who observed inhibition of shrinkage-inducedwt™ - min™* (24 N& + 24 K" + 48 CI'). This is 10-fold
activation of the N&/H* exchanger by the anti- the observed amiloride-sensitive Nanflux seen after
calmodulin drugs W-7 and chlorpromazine. The ob-cell shrinkage. Hence, it is conceiveable that the fact
served calmodulin-dependence might indicate the inthat the N&/H* exchanger is volume activated but not
volvement of CaM kinase Il in the shrinkage-induced volume regulatory in the nominal absence of HCi®
activation of the N&H™ exchanger. However, since due to a limited ability of the exchanger to contribute to
shrinkage-induced activation of the ME™ exchanger net salt uptake under these conditions.
seems to be [Cd];-independent, calmodulin might be In nominally HCG;-free medium, at normal resting
involved in the regulation of the exchanger in a mannempH; (7.25), the Na-dependent as well as the Na
not requiring C&*-binding, a phenomenon previously independent CIHCO; exchanger have previously been
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found to be virtually quiescent in Ehrlich cells (Kramhgft acidification of about 0.04 pH units. This is likely to be
et al., 1994). The present study indicates that this is alsa result of (i) membrane hyperpolarization, known to be
the case in shrunken Ehrlich cells in the nominal absenceaused by C# ionophores in Ehrlich cells (Lambert,
of HCQ;, since DIDS has no effect on the rate of changeHoffmann & Jgrgensen, 1989), which increases the driv-
in pH, after cell shrinkage under these conditionsing force for uptake of Hacross the plasma membrane,
(Fig. 1). It should be noted, however, that theoretically,and (ii) an increase in the rate of metabolic production of
the finding that DIDS is without effect on shrinkage- H*, as suggested by Grinstein and Cohen (1987) in lym-
induced alkalinization might result from the simulta- phocytes. In hypotonic medium, a continuous acidifica-
neous operation of the Nalependent and the Na tion can be seen after addition of ionomycin (Figure 8).
independent CYHCO; exchangers, since they have op- Most likely, the dramatic loss of KCI, which can be
posing effects on pHand are both DIDS-sensitive expected to result from the combination of hypotonicity
(Kramhgft et al., 1994). and ionomycin, will partly be compensated for by
The activation of the NaH* exchanger by cell CI7/HCO; exchange, thus resulting in intracellular acid-
shrinkage will cause a reduction in TH and a subse- ification (Livne & Hoffmann, 1992).
quent increase in [HCE);. This will result in secondary The subsequent activation of NE* exchange is
activation of CI/HCO; exchange (Hoffmann & Simon- likely to result from the ionomycin-induced cell shrink-
sen, 1989). In media containing 25wnHCO;3, pH; was  age, and not from the initial intracellular acidification.
found, in the present study, to be 7.31 £ 0.01%n3), This is suggested by the fact that ionomycin-induced
slightly more alkaline than in nominally bicarbonate-free intracellular alkalinization is prevented under conditions
media. The secondary activation of G(ICO; exchange where shrinkage is prevented, i.e., in “highk
following shrinkage-induced activation of the NMA*  medium and hypotonic medium, although the initial
exchanger is likely to be supported by the increasedcidification is still seen under these circumstances (Fig.
HCO;-concentration as well as by the increased,@d  8). It should be noted that a substantial inward iea-
discussed by Mason et al. (1989). Furthermore, in adient is present in both “high K’-medium and hypo-
open system, C&HCO; has been reported to increase tonic medium.
the total cellulam; (contribution:Bcq, = 2.3 [HCG];, The present suggestion that activation of HH ex-
seeBoron, 1992). Thus, itis likely that an increasein  change by ionomycin is secondary to ionomycin-induced
due to increased CZHCO; buffering will also facilitate  cell shrinkage is in agreement with observations on lym-
volume regulation via the N#&H* exchanger, by reduc- phocytes (Grinstein & Cohen, 1987) and Ha-ras onco-
ing the shrinkage-induced alkalinization, and thus re-gene expressing fibroblasts (Wgll et al., 1993). In fur-
tarding inactivation of the exchanger by pfCala & ther support of this notion, ionomycin (0.pom) was
Maldonado, 1994). In support of this interpretation, afound to cause considerable cell shrinkage in Ehrlich
reduced rate of shrinkage-induced intracellular alkalini-cells, to about 75% of the normal volume (Fig. 10), in
zation in the presence of HGOwas observed in the agreement with N.K. Jgrgensen et al. (submitted).
present study, as reported above. In contrast to observations in other cell types (Sardet
Consequently, it is suggested that in the presence oft al., 1990; Wagll et al., 1993), the €amobilizing
HCQO;, two mechanisms: (i) NaK*,2CI" cotransport, agents bradykinin and thrombin do not cause cytoplas-
and (i) the parallel activity of the N@H* exchanger and mic alkalinization, and, thus, do not appear to activate
the N&-independent CIHCO; exchanger, are involved the Na&/H* exchanger in Ehrlich cells (Fig. 9). The
in RVI. present study shows that cell shrinkage induced by ion-
omycin is substantially greater than that induced by ei-
ACTIVATION OF THE Na'/H* ExcHANGER BY lonomycin  ther bradykinin or thrombin (Fig. 10). Therefore, the
fact that Nd/H™ exchange in Ehrlich cells is activated by
The present study demonstrates that th&"@anophore  ionomycin, but not by thrombin or bradykinin, is sug-
ionomycin (0.5uMm) causes intracellular alkalinization in gested to reflect the different degree of cell shrinkage
Ehrlich cells under isotonic conditions. This effect is induced by these compounds. The activation of the
completely inhibited by amiloride (Fig. 7). This strongly Na'/H* exchanger by bradykinin and thrombin observed
indicates that the observed alkalinization is a result ofin other cell types may either involve a mechanism other
activation of the N¥H" exchanger and is not due to than cell shrinkage, or the degree of shrinkage induced
Ca*/2H* exchange caused by the ionophore itself,by these agents in other cell types may suffice to activate
which cannot be inhibited by amiloride. In agreementNa‘’/H" exchange in these cells.
with the present results, calcium ionophores have been In conclusion, cell shrinkage activates Md" ex-
reported to activate N&H" exchange in several other change in Ehrlich ascites tumor cells. Cellular phosphor-
cell types (Grinstein & Cohen, 1987; Dascalu et al.,ylation events are involved in the activation, whereas
1992; Wall et al., 1993). changes in [C#]; do not seem to be directly implicated
As seen in Fig. 7, ionomycin initially causes a slight in the activation process. Finally, whereas the'IN&
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exchanger is not involved in volume regulation in theseHoffmann, E.K., Sjgholm, C., Simonsen, L.O. 1983. Na,Cl cotransport
cells under nominally bicarbonate-free conditions, the in Ehrlich ascites tumor cells activated during volume regulation
exchanger contributes substantially to volume regulation (Regulatory Volume Increase). Membrane Biol76:269-280

; : : offmann, E.K., Simonsen, L.O. 1989. Membrane mechanisms in vol-
after hypertonic treatment in the presence of bicarbonatd ume and pH regulation in vertebrate celRhysiol. Rev69-315
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