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Abstract. The relationship between relative cell volume Key words: Ryanodine — Volume regulation — Cal-
and time-dependent changes in intracellula?'Czon-  cium — Capacitative Cd influx — Cornea

centration ([C4'];) during exposure to hypotonicity was

characterized in SV-40 transformed rabbit corneal epi-

thelial cells (tRCE) (i). Light scattering measurementsintroduction

revealed rapid initial swelling with subsequent 97% re-

covery of relative cell volume (characteristic timg,J  The corneal epithelium forms a permeability barrier
was 5.9 min); (ii). Fura2-fluorescence single-cell imag-which protects the eyes from noxious agents and infec
ing showed that [CH]; initially rose by 216% in 30 sec tion (Klyce & Beuerman, 1988). Furthermore, it trans-
with subsequent return to near baseline level after anports electrolytes from the underlying stroma to the tears
other 100 sec. Both relative cell volume recovery andand generates a small water flow in the same directior
[Ca®"]; transients were inhibited by either: (a) Cdree  (Klyce, 1977; Candia & Zamudio, 1995). This flow
medium; (b) 5 nw Ni®* (inhibitor of plasmalemma C4&  coupled with the fluid flux across the endothelium into
influx); (c) 10 pm cyclopiazonic acid, CPA (which the anterior chamber offset stromal fluid imbibition and
causes depletion of intracellular Caontent); or (d) 100  possible loss of transparency (Fischbarg, Lim & Bour-
um ryanodine (inhibitor of C& release from intracel- guet, 1977; Maurice, 1972). Given its location, this epi-
lular stores). To determine the temporal relationshipthelium is subject to anisosmotic challenge. For ex-
between an increased plasmalemma2+0aflux and ample, during waking hours, mammalian tears are
the emptying of intracellular C4 stores during the slightly hypertonic due to evaporation, whereas swim-
[Ca™"]; transients, MA" quenching of fura2-fluorescence ming in fresh water exposes the epithelium to hypoto-
was quantified. In the presence of CPA, hypotonic chalnicity. There is limited evidence that these cells responc
lenge increased plasmalemma ¥Mpermeability 6-fold. by regulating their volume subsequent to swelling but
However, Mif* permeability remained unchanged dur- not much is known about the responsible mechanism
ing exposure to either: 1.10@m ryanodine; 2.10uMm  (Wolosin & Candia, 1989). We have undertaken a char-
CPA and 100um ryanodine. This report for the first acterization of epithelial volume regulatory processes by
time documents the time dependence of the componentgudying regulatory volume decrease (RVD) in SV40-
of the [C&"]; transient required for a regulatory volume transformed rabbit corneal epithelial cells (tRCE).
decrease (RVD). The results show that ryanodine sensi- There are numerous examples of cell types which
tive C&" release from an intracellular store leads to aelicit RVD subsequent to a rapid transient increase in
subsequent increase in plasmalemm&*daflux, and  [Ca®"]; (e.g., for reviewsseeFoskett, 1994; Chamberlin
that both are required for cells to undergo RVD. & Strange, 1989). The intracellular signal linking swell-
ing to an increase in [G4]; can have several origins.
In human platelets, release from intracellular stores (ICS
I is followed by either: (a) activation of a pertussis toxin
Correspondence tdP.S. Reinach (PTX) sensitive G-protein, or (b) stimulation by arachi-
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donic acid release (Margalit, et al., 1993). In cardiomyo-ment in RVD, there are no reports showing that CICR is
cytes, the mechanism for such Caelease was further actually required for RVD. There is some indication that
defined; physical stretch induced increases in inositoryanodine-sensitive G4 release and CICR may have
1,4,5 triphosphate (ip and tetrakisphosphate accumula- physiological relevance for corneal epithelial cells (Socci
tion, accompanying RVD (Dassouli et al., 1993). In etal., 1993). However, the linkage of these mechanism
COS 7 cells, hypotonicity also induced through theto a physiological response has yet to be described.
stimulation of a PTX sensitive G-protein increased hy- ~ We show here that: (i) tRCE cells undergo a RVD
drolysis of IR, which was associated with a transient response in response to hyposmolality; (ii)*Caignal-
elevation of [C&"], and an increase in Cl-conductance. ing mediates this response; (iii) the Caignaling path-
This [C&"]; transient solely resulted from the release ofWways include stimulation of ryanodine sensitive’Cee-
ca&* from ICS (Ishii, Hashimoto & Ohmori, 1996). A lease from ICS followed by an increase in“Canflux
second possible release pathway exists in embryonic rdfrough plasmalemma nonselective nonvoltage gate:
aorta Ar5 cells. Release through this pathway is a resulonic pathways. Therefore, our evidence demonstrate

of stimulation of osmosensors located in the ICS anddéfinitively that in these cells CICR is an essential com-
occurs in the absence of intracellular mediators. It carPonent of the cell-signaling system that mediates RVD.
only be inhibited by a number of divalent cations (Mis-
siaen et al., 1996).

The triggering of RVD by an increase in intracellu-
lar C&* could be a consequence of either an increase iBva4o-transformed rabbit comneal epithelial cells were a generous gif
C&" influx or could involve an initial increase in P from Dr. Araki-Sasaki (Kinki University, Hyogo, Japan). They were
receptor mediated release of LTdrom ICS. Plasma- cultured in DMEM/F12 as described (Araki-Sasaki, Ohashi & Sasabe,
lemma C3&" influx can be sufficient to trigger an RVD 1993).
response in different kidney cell preparations (McCarty
& O’'Neil, 1991a,b; Rafizadeh-Montrose & Guggino, DETERMINATIONS OF [ca®,

1991). Alternatively, efflux could involve IPmediated

release and/or release from a ryanodine sensitive patl§-ells were subcultured for two days on 22 mm diameter coverslips

way followed by stimulation of plasmalemma Tdn- (12-545-01 Fisher Scientific, Pittsburgh, PA) and mounted in a ther-

flux (CICR) (Putne 1986) In parotid aland acinar mally regulated holder (= 37°C) placed on the stage of an inverted
Y, ’ P 9 microscope (Nikon Diaphot 200). The volume of the chamber was 1

qells, CICR could be regul_ated by pI’O'[e_In phosphoryla-p ang complete solution exchange occurred in about 10 sec. The cell
tion. In these cells, two different protein phosphatasesvere illuminated with alternating 340 and 380 nm light (narrow band-
attenuated carbachol stimulated “Cantry (Sakai &  pass filters + 15 nm Filter Set 7100 Chroma Technology, Brattleboro,
Ambudkar, 1996). This effect of carbachol is mediatedVT) and visualized with a Nikon 40x phase/fluor oil objective (NA

through an increase in &Fformation which initiaIIy trig- 1.3). The emitted light passed through a narrow band pass 510 nr

+ . =~ . filter (+40 nm) prior to acquisition by a digital CCD camer#1400,
gers C&" release from ICS. CICR was described in in- Xillix microimager, Vancouver, British Columbia). A SUN SPARC-5

ner medullary collecting duct cells where hypotonicity yorkstation and Inovisioh(Durham, NC) image software were used to

elicited increases in [C4]; which were due to release of record and analyze the fluorescence ratio (340/380 nm). Ratio image
C&" from ICS followed by increased Ghinflux across  were calculated based on 10 to 20 exposures of 20-200 msec duratio
the plasma membrane (Tinel, Wehner & Sauer, 1994)They were collected every 5 sec and their mean values were converte
In that study, either caffeine or TMB-8 were used with to [C&]; levels with a calibration curve obtained from measurements

. S of the C&* dependent fluorescence of fura 2-in solution. In a given
the assumption that they inhibit ICS Caelease. How- microscopic field, individual cells were chosen for monitoring 1ga

ever, in some Oth(?r cell type.s a particular concentrationynyy if they had a comparatively large cytoplasmic/nuclear ratio and
of caffeine may instead stimulate ICS Tarelease homogeneous brightness.

whereas in others it may stimulate ATP dependerft'Ca
uptake into ICS without at all affecting ICS Earelease
(Walz et al., 1995; Mekhail-Ishak, Lavoie & Sharkawi,
3:987()|' Is'm'l?rlyl' T]T)g-SS %an hr«'?.VG_fdl\:el’ISe {g%%?s I?If 8C-An index of C&* influx was obtained from measurements of fura2-
Ion (Islam et al., , benchernr et al., - FIOW- flyorescence quenching by Mih(Hallam, Jacob & Merritt, 1989; Ja-
ever, the selectivity of ryanodine is well established as aob, 1990). Fura2-fluorescence ([fura2] 0.5 um) was excited at its
modulator of C&" release through ICS ryanodine sensi- isosbestic point (360 nm) and emission was monitored at 510 nm
i i i i The extent of fura2-fluorescence quenching by .1-0.5pM in
tive channels (Meissner, 1986). In human intestinal 407Th f fura2-fi uenching byM(0.1-0.5um i
cels, ryanodine selectvey infibied arelease and  Oubeccosphosghate bfered s, tara Blogats) was ceer
RVD but the relationship between the components of thd P ' ge:

. . inear relationship between the quenching—$o) and the [Mrf']
[Ca2+]i transient, plasmalemma €ainflux and RVD which was used to determine the rate of Maccumulation and plas-

were not resolved (Hazama & Okada, 1990). Hence, ahalemma MA* permeability 6ee Resuljs
present, although there are indications of CICR involve- Measurements of fura2 quenching were performed as above. Th

Methods and Materials

DETERMINATION OF [Mn?*];



X. Wu et al.: C&* Signaling and Volume Regulation 129

amount of initial quench measured during a linear phase lasting 35 seemplified in Fig. 1, so this correction is warranted. Using Eq. 1, the
was used to calculate Mhinflux and plasmalemma Mii permeabil- time transient volume response is deconvoluted into the sum of twc
ity. These calculations employed a modified form of the Goldman exponential responses. In this fashion, the osmometric and regulator
Hodgkin Katz equation and assumed an average cell height pfd$  volume responses are separated, and the fit parameter A (amplitude
well as an intracellular voltage of =70 mV. osmotic response) can be used for normalization by equétittgthe
volume changeA = C, - Cy)/C;), whereCg, andC; are the initial and
final osmolarities, andGg - C;)/C;) is the normalized volume change
DETERMINATION OF CELL VOLUME for an ideal osmometer. The normalized voluwt) is therefore:

The procedure was as described (Fischbarg et al., 1993) and is only C,-C
summarized here. Cells were subcultured on 11 x 22 mm rectangu = - AL

ized here. Cell beultured on 11 x 22 le#(0) = 1+[20) ~20)] - 17 @
glass coverslips until they reached 70-80% confluency (usually two

days). They were secured in a cylindrical glass shell vial using a TefThe extent of recovery (%) after RVD is defined R\ - 100, and the
lon cap fitted with stainless steel perfusion inlet and outlet ports, a Sloﬁntensity of the RVD response is characterizedy,, and 7., As
m vre

for mounting a coverslip, and a steel alignment rod radiating outwardShOWn in Fig. 1, the data is well described by the function. Data are
from the slot for precise orientation of the coverslip. Coverslips Were o, hressed as meansse Analyses were performed using Student's
secured into the slot using a small compression screw. The Cuvettﬁfvo-wayt test for independent means on paired data

perfusion system was thermally regulated at between 36 and 38°C, and Experimental MediaThe control medium was (in m): NaCl

the perfusion lines were maintained at 41°C, so that solutions beinngo. K,HPO, 1.6; KH,PO, 0.4; CaC} 0.7; MgCl, 1; glucose 5. A 25%
. ’ 4 +-9, a5,y -0 y .
exchanged reached the chamber at the proper temperature. For SOIUt'Wpotonic solution was achieved by decreasing the [NaCl] on an os-

exchanges, the superfusion rate was 15-20 ml/min. Complete vial SOmolar basis. CaGlwas omitted from Ca-free NaCl medium, which
lution exchange required about 10 sec. The suspended coverslips We[8 htained instead 0.5 MEGTA

illuminated with an 8-mm diameter spot of light obtained through an
expander from a 5-mW helium-neon laser (model 05-LHP-151; Melles

Griot, Irvine, CA). Low-angle forward scattered light was detected tained from Calbiochem Corp (La Jolla, CA). EGF and insulin were

with a photomultiplier tube (R928, Hamamatsu, Bridgewater, N‘])'purchased from Upstate Biotechnology (Lake Placid, NY). All other

The PMT was operated at around 300 V and its current output Wagemicals were of analytical grade and supplied by Sigma (St. Louis
converted to a voltage signal by a preamplifier, low-pass filtered andMo)

fed to a computer via an analog-to-digital conversion board (Labmas-
ter, Scientific Solutions, Solon, OH) sampled at 1 Hz. The same signal
went also to a strip-chart recorder; for convenience, the signal wa:
inverted, so that cell swelling elicited an upward deflection (decrease

light scattering), whereas shrinkage had an opposite effect.

Materials. Cyclopiazonic acid (CPA) was purchased from Re-
search Biochemicals International (Natick, MA). Ryanodine was ob-

esults

_ . ' SEPARATION OF THE DEPENDENCE OFREGULATORY
Light Scattering Analysis VOLUME RESPONSE ONEXTRACELLULAR AND

. . . . INTRACELLULAR C&*
The intensity of light scattering represented by the PMT voltage read-

ings was converted to relative cell volume (Fischbarg et al., 1993). . . .
This conversion assumes that in response to hyposmolality the initiall O D€ a_ble to p_erfqrm pa”’ed experiments using the sam
transient decrease in light scattering is a consequence of osmometrgoverslip, we first investigated whether control RVD re-

swelling and compensatory RVD. To quantify each of them, the com-sponses to two consecutive hypotonic exposures differe
posite light scattering behavior was first deconvoluted by performing afrom one another. In six different coverslipdata not
four-parameter fit of the experimental datzt)) to an Exponential ShOWI‘), the successive responses were indistinguishable
. . X ™ . : _ _
Associate function (EAT) with ORIGIN™ software (Microcal, ¢ aqch coverslip could serve as its own control. Figure
Northampton, MA 01060). The function was: . . . . .
1is a composite which shows the average light scatterin

Zt) = 1+ A[1- exg—t/Tosm)] + R[1 - exg-t/7,,)] (1) responses to a 25% hypotonic ‘@ontaining medium
under four different experimental conditions. In each

where: panel A-D), the control responses are shown togethel
with the test responses. In each case, a control respon

7= \\//_ Z, was followed by 15-min period during which cells were

° allowed to recover in isotonic mediumdt showh Dur-
zis the relative cell volumey andV, are the time-transient and initial ing ,the last 3 min of this recqvery perIOd’ the_ pells were
cell volumesy is the cell osmotic inactive volume;.andx,, are the ~ Preincubated under the particular test condition before
characteristic times of the osmotic and regulatory volume responsed)eing challenged again with a 25% hypotonic
respectively.R is the amplitude of the regulatory volume response to stress. Each test condition was maintained during the
such challenge; and is the amplitude of a given volume response to entire hypotonic exposure.
anisosmotic challenge. The paramet@rsR, 1., andT,, were opti- Figure 1A shows the paired responses to hypotonic

mized by minimizingx2. A further correction to the relative cell vol- - . .
ume is necessary if the maximum relative cell volume increase re-StreSS in the presence and nominal absence of ambie

. . S
corded during a transient is not equal to the theoretical value expecte&:az . In the presen_ce of éé, there is a rapid initial
for an ideal osmometer. In our case, the initial osmotic transient in-iNCrease of the relative cell volume to a level lower than

cludes both osmometric swelling as well as the onset of RVD as exeXxpected for osmometric swelling (1.33); we presume
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Time (min) Fig. 2. Relationship between time-dependent changes in relative cel

volume and [C&"]; Upper panel shows a portion of the light scattering
Fig. 1. Inhibition of RVD responses to hypotonic stress in tRCE cells. behavior replotted from Fig. A on an expanded time scale. The
Cells were initially exposed to isotonic &acontaining medium (300  portion is the effect seen immediately following hypotonic stress.
mOsm) prior to start of trace. In each panel, the results are shown as thdiddle panel provides the parallel changes in{gan the presence
means +Sem of six paired experiments. Pandl)(Effect of C&*-free = 20 cells) and nominal absence of extracellulafQa = 18 cells).
medium. The control response to the hypotonic challenge is shown wittValues are means sEm. Bottom panel shows the calculated slopes of
open circles. The response during exposure t8*@ae medium is  the measured [G4]; transients depicted in the middle panel.
indicated by filled squares. Pands)(Effect of 5 mv Ni?* in Ca*-
containing medium: The control response to the hypotonic challenge is
shown with open circles. The response during exposure 0 i consecutive exposures to the same hypotonic stress ui

indicated by filled triangles.) Effect of 10 um cyclopiazonic acid . . ‘ .
(CPA): The control response to the hypotonic challenge is shown withder cqntrpl .con(.jltlons elicited [éél' transients that
ere indistinguishable from one anothettafa not

open circles. The response during exposure to CPA is indicated b;YV . . . ) ¢
filled inverted triangles. ) Effect of 100um ryanodine: The control  Showr). To determine if there is a relationship between

response to the hypotonic challenge is shown with open circles. Théhe inhibition of RVD by C&* removal and the [CH];
response during exposure to ryanodine is indicated by crosses. response to hypotonicity, the initial effects on relative
cell volume and [C&1, profile are shown together in Fig.
2. The volume transient data of FigAlare shown in an
this is due to an early onset of RVD, while the osmo-expanded time scale in Fig. 2 (top panel) for comparisor
metric response is still taking place. The subsequent volwith the effects of hypotonicity on the [€Y; profile
ume decline is due to RVD. In the absence of Gthe  (middle panel). To be noted, a temporal comparison be
initial rate of swelling is somewhat slower, and RVD is tween these two measurements is meaningful becaus
nearly abolished. In quantitative terms, in the presenc¢he characteristic times during solution exchanges in the
of C&* (n = 6), the extent of recovery was 93 + 4% and two systems are nearly identical to one another.
the characteristic timer(,) was 5.8 £ 0.1 min. In the We investigated the effects of hypotonic challenge
absence of G4, recovery fell to 33 = 3%R < 0.001). with a C&*-containing medium on [C4]; in 20 indi-
Paradoxically, even though recovery was markedly in-vidual cells from six coverslips. The average data anc
hibited, r,, also decreased; it fell by 52% to 2.8 + 0.2 min sevs are shown in Fig. 2 (middle panel). The fCa
(P <0.05). Hence, RVD is dependent on the presence ofransient was biphasic. Following hypotonic challenge,
extracellular C&". [C&a?"]; rose in about 20 sec from @Gt 7 nv to a peak
The [C&"]; profile measurements were done using aof 316 + 6 v (P < 0.001). Subsequently, [€Y; de-
protocol similar to that utilized for light scattering, since creased gradually to #1+ 7 nv after 100 sec, which
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A 100 4 Hypotonic l

60 1

B 250 -

o0 Fig. 3. Effects of inhibition of plasmalemma &&a
= 1 Hypotonic influx and intracellular store (ICS) Garelease on
:.d hypotonic induced [CH]; transient. With N&*

3 150 (panelA) and ryanodine (pandl), they were

present starting 3 min before substitution of
Herem o H isosmotic C&"-containing medium and also in the
hypotonic (25% dilution) C&-containing medium.
In panel B), CPA was applied in isotonic medium
after stabilization of the C4 trace and maintained

100 H

C 130l during the hypotonic challenge. The traces are the
Hypotonic ¢ average responsesem of the indicated number
110 4 of cells &) 5 mm Ni%* (n = 16 cells). 8) 10 pum

M} I 1] CPA@ = 16 cells) (C) 100um ryanodine f =
90 21 cells).

represents a 94% recovery. In the nominal absence d&" influx during RVD. Figure B shows average RVD
external C&" starting 3 min before hypotonic challenge, volume responses in the absence and presence of 5 i
[C&a?"]; rose more slowly, i.e., from77+ 8 t0 197 + 26 ™ Ni2* (present for 3 min preincubation as well as during
in about 25 secr( = 18 cells). After 75 sec, [C4]; fell hyposmotic challenge). In these paired experiments, th
to 85 + 8 nv, representing a 93% recovery. control (h = 6) average RVD recovery was 97 + 3% and
The rates of [C&T], change in the presence and the value forr,, was 5.0 + 0.03 min. In the presence of
nominal absence of extracellular €avere determined Ni?*, RVD recovery was significantly inhibited to 60 +
by calculating the slopes of the [€% transients under 2% (P < 0.001) andr,, increased significantlyR < 001)
both conditions. As shown in the bottom panel of Fig. 2,to 18.5 + 1.3 min. The corresponding effect of hypoto-
from the time of onset of the hypotonic stress, in thenicity on the [C&"]; response in the presence of /m
presence of Cd, the initial increase occurred with a Ni?*is shown in Fig. & (n = 16 cells). The C# tran-
steeper slope than in the nominal absence of extracellulaient was markedly blunted with respect to those showr
Cé&". This suggests that the initial increase in f§a in Fig. 2 (middle). In Fig. &, [Ca®"]; increased by only
appears to include plasmalemma’Caflux, but during  50% (from B + 4 to 112 + 9 m; P < 0.01) in 30 sec with
this time it is still possible that release of €drom ICS  practically no recovery. This agreement between the in.
could also be occurring. Thereafter, the rate of declinehibitory effects of N¥* on RVD and on the transient
occurred more rapidly in the presence than in the nomi{Ca?*]; response indicates that Nisensitive pathway(s)
nal absence of extracellular €asuggesting that extru- provide a route for C& influx during RVD.
sion through plasmalemma and/or ICS*Caeaccumu-
lation could occur more rapidly when [€3, is elevated
above a threshold level that is only reached in the presREQUIREMENT OF CICR FOR REGULATORY
ence of extracellular Ga VOLUME DECREASE

We took a second approach to investigate whether th
ROUTES OFPLASMALEMMA Ca&* PERMEATION RVD response required mobilization of €&rom ICS.

According to the CICR model, the initial emptying of
There is evidence that there are nonselective cation pathCS C&"* results from the stimulation of Garelease via
ways across the plasmalemma of rabbit corneal epithelidP;-sensitive and/or ryanodine-sensitive channels in the
cells that allow permeation of €aand Mrf* and are ICS. Itis known that ICS emptying elicits an increase in
inhibited by NF* (Rich & Rae, 1995). Since these path- plasmalemma Cd influx through an unknown feedback
ways are the only ones identified so far in these cells asignal. Therefore, to test for CICR involvement, we pre-
a C&" entry route, we used the described inhibitory ef-ceded hyposmotic challenge by either: (i) depleting ICS
fect of Ni** to determine if these pathways contribute to Ca* content or (ii) inhibiting release of ICS &4
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through ryanodine-sensitive channels. In the first casepresence of extracellular €aand the release of €4
Ca* accumulation by the ICS was interfered with by from ICS. Hence, the mechanism for the elevation of
inhibiting the endoplasmic reticulum ATP-dependent[Ca?*]; is consistent with CICR. If so, the influx of &
Ca&* pump with 10 um cyclopiazonic acid (CPA) across the plasmalemma would be inversely related t

(Seidler et al., 1989). the ICS C&" content or its filling state. We therefore
varied the ICS C# filling state and determined plasma-
Volume Response lemma C&" influx by measuring the M# quenching of

The average volume response< 6) to hypotonicity in fura-2 fluorescenc+e (Ha_lllam et al., 1989; Jacob, 1990)
the presence of CPA shown in FigClindicates that he amount of G available for release from the ICS
depleting ICS of C& caused the recovery to fall from 97 Was varied by either depleting the {‘,‘as+tores via treat-

+ 4% to 57 + 3% P < 0.001) andk,, to increase from 8.8 Mentwith 10um CPA in a nominally C&'-free medium,

+ 0.2 to 14 + 0.7 min (P < 0.02). or by selectively inhibiting cq release with 10Qum
ryanodine (Meissner, 1986). Following either of these
Ca®* Response procedures, the effect of hyposmotic exposure orfMn

influx was calculated. This calculation took into account
decreases in fura 2-fluorescence caused by bleaching at
the physical maneuver of solution substitution. This was
done by subtracting their rates of decline from all other
measurements.aj Depletion experiments. Figure 4
shows the accumulation of intracellular fras a func-

The corresponding effects of CPA on R in the pres-
ence of extracellular G4 are exemplified in Fig. B.
On the averagen(= 16 cells), addition of 1Gum CPA
caused a biphasic response: initially fCJa increased
from 90 + 9 to 185 + 18 m in 100 sec P < 0.001), and

E)hce)g ?;Z\c:ili/ae”i/ofill);ct)rgl s;xgle (\a/aaliu\?acl)ljgs&) 2ﬂr:3vlr (3'33; Section of time. Based on the extent of quench under five
: . P ifferent conditions, values for Mfi permeability were
representing a 68% recovery. Subsequent exposure {0

L : N alculated as described below: 1. sham isotonic; 2. 259
hypotonicity (while maintaining exposure to CPA) had yy ion-"3 2504 dilution with 10um CPA; 4. 25% di-
no significant effect® > 0.05) on [C&"];; this strongly /i n\vitk 100 um ryanodine and 5. 25% dilution with
suggests that the [€4; transient response to hypotonic-

. . : 10 wm CPA and 100pm ryanodine. The Mfi" influx
ity depends on the amount of €an the ICS, which has . X o ; .
been referred to as its filling state (Jacob, 1990). under isotonic conditions is representative merely of

For the second case, we investigated the charactetzaCkground dye bleaching. As can be seen, the calct
- 3 P 9 fated Mr?* influx subsequent to hypotonic exposure was
istics of RVD and [C ji transients a_lfter exposure to 100 unchanged with respect to background influx if ICSCa
KM ry_anodlne. At th|s concentration, ryanodine 'S @M elease was blocked with 1Q ryanodine. The influx
ﬁgfCfg\;lgs?n%iZilfecgvsthbgsgggiapg\e/lgaéiégﬂnes'i ( was also unchanged with respect to background &0
= 6) before and after exposure to 1p® ryanodine. CPA was present along with 10@u ryanodine. )

This inhibitor caused the extent of recovery to signifi- Magnitude of the C& infiux through the plasmalemma,
cantly fall (P < 0.001) from 100 + 3% to 32 + 2% To validate the putative involvement of CICR in RVD,

whereag,, significantly increasedq < 0.01) from 8.0 to The Mrf" quench data were used to calculate plasma
vr . . e » .
0.1 to 9.7 + 0.1 min. The corresponding effects of 100Iemma Mrf* influx and permeability as an index of Ca

um ryanodine on hyposmotically-induced [Eh tran- influx and permeability. For each condition listed above,
sient changes shown in FigCaindicate that 100um the time course of the Mii influx data were fitted using

. ; L
ryanodine did not affect the [¢§. baseline level. Sub- Origin™ software to a function which included two

. . . . 2
sequent to hyposmotic challenge (in the continued prest-erms' one describing the exponential buildup of*Mn

) : ; following hypotonic challenge, and the second one the
ence of ryanodine), instead of undergoing the character: L2 P }
A X : X ~'baseline influx of M&* (linear term):
istic biphasic response shown in the middle panel of Fig.
2, [C&*; rose slightly P > 0.05) after about 35 sec from »
91 + 5 nv to a stable value of 0+ 6 v (n = 21 cells). C = Cfx (I - e *)+B x t, 3)
The parallel inhibitory effects of ryanodine on the hypo-
smotically induced RVD and [G4]; transient responses
indicate that C& release from ICS via a ryanodine-

sensitive pathway is involved in the RVD response.

where C is the [Mrf"], C; is the steady state [Mii]
attributable to entry through nonselective nonvoltage-
dependent ionic channels after hypotonic challekgs,
the rate constant, anB is the slope of a quasilinear
component of MA* entry into quiescent cells continuing
also after stimulation. From this expression, after hypo-
tonic challenge the instantaneous rate of chai@lt of
The aforementioned results show that the elevation ofhe intracellular [MA"] attributable to entry through
[C&a?"]; associated with RVD is dependent on both thepathways stimulated by Garelease from ICS:

TEMPORAL RELATIONSHIP BETWEEN C&* FILLING STATE
OF ICS AND HYPOSMOTICALLY INDUCED STIMULATION
oF C&* INFLUX ACROSS THEPLASMALEMMA



X. Wu et al.: C&* Signaling and Volume Regulation 133

0.75 1 R
0.50 - J Fig. 4. Hypotonic induced accumulation of Mh
g ’ [$) . by tRCE as a function of ICS G4 filling state.
= 5 T From the indicated time seearrow) cells are con-
c 5 . 8% & Control;  tinuously exposed to 0.5mMn?*. In four out of the
= e S ; SP_A' five conditions, MR* exposure occurred in a 25%
+ AL N . . 4+ .
0.25 - T AAAA v b:se{ine hypo_ton_lc nominally C&-free medium. The one ex-
K o CPARy ception is where Mfi exposure occurred in isotonic
" . 2° y xx“&géé‘" nominally C&*-free medium. Ryanodine was pre-
2508 R sent at 10Qum whereas CPA was present at L@
58809 AR A A1 ) .
*AA QQQQQQQeagvngﬁv A Each symbol is the mean of from 4-7 cells per 5-8
0.00 - PROUUUPIY'TT To 9L e A coverslips. The indicated error bar is representative
— _— ‘ . . . | of the sem. Seeinsert for definition of symbols.
0 100 200 300
Time (s)
dc CPA and ryanodine were combined with one another
dte_o, =kxC+B (4)  The invariance of the Mi permeability is consistent

with the assumption that 1Qom ryanodine inhibits rya-
Assuming nearly cylindrical shape for the cells, theirnodlne—sensmve ICS CGarelease. On the other hand, if

volume/tangential area ratio is their heightHence, the yanedine had instead stimulated release, thé Mer-

Mn2* influx J will be: meability ought to have been larger than in the presenc
of CPA.
dC _
)= dt;_o) xh Discussion

Our evidence suggests that: (i) CICR is a component o
the C&" signaling mechanism responsible for eliciting
RVD in response to hypotonic challenge; and (ii) for
CICR to trigger RVD, C&" release from ICS must occur

through ryanodine-sensitive channels. In two earlier re-
ports, CICR and CH release from ICS through ryano-

dine-sensitive channels were reported to be involved ir

the current density corresponding to the M influx is:

| = zx F x J,wherez = 2 equivs/mol andF is Fara-
day’s constant. Using the Goldman-Hodgkin-Katz for-
mulation, and putting = zFE/RTwhereE is the intra-
cellular potential R the gas constant antlthe absolute
temperature, the plasmalemma permeabitior Mn?*

is: .
the RVD response. However, in each case the result
c were not definitive because they did not clearly demon-
RxT (1-¢) . o .
P=J (5) strate that ryanodine sensitive Caelease is a prereg-

X X
ZXFXE  (M)= (M), x € uisite for triggering plasmalemma €anflux and RVD.
In work done with an intestinal epithelial cell line

(M), and (M), represent the extracellular and intracellular (Hazama & Okada, 1990), even though ryanodine wa:s
Mn?* concentrations, respectively. For our calculations,used, the contributions of ICS €arelease and plasma-
we used values di = 15um,E = =70 mV,T = 310 lemma C&" influx to the [C&"]; transient measured in
K, and M), = 500um. (M), was assumed to equal zero. Ca*-containing medium, which are associated with

The effects of hypotonic exposure on Krninflux RVD, were not resolved. In another report (work done
shown in Fig. 4 are consistent with CICR involvement in with medullary collecting duct cells; Tinel et al., 1994),
the RVD response. Depleting the ICS®aontent prior  ryanodine was not used; the inhibitors which were usec
to hypotonic exposure caused the plasmalemm& Mn were presumed to inhibit ICS Earelease, but their
permeability to increase about 6-fold, from 6.9 x40 mode of action was not verified, so it remained possible
cm/sec (upward triangles in Fig. 4) to 3.8 x1@m/sec  that other mechanisms were also involved in triggering
(crosses in Fig. 4). Furthermore, the presumed mode dRVD in this preparation. In contradistinction, we show
action of 100um ryanodine as an inhibitor of ICS €4 here unequivocally that ryanodine-sensitive Olease
depletion is validated with this approach. At this con-from intracellular stores along with CICR are require-
centration of ryanodine, the Mh permeability was the ments for regulatory volume decrease in transformec
same as in the presence of either CPA alone or wherabbit corneal epithelial cells.
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In response to a hypotonic stress, many cells carthe hypotonicity-induced [G4]; transient was similar to
restore their initial volume through RVD. This responsethat of 100uMm ryanodine (Fig. &) further indicating that
involves intracellular water loss subsequent to osmolyteNi** may affect an ICS function.
efflux. One mechanism for osmolyte efflux can include The concept of CICR has evolved based on ob-
stimulation of specific membrane ion transport path-servations that in a variety of cell types there is an in-
ways. For example in red cells, the osmotic response terease in plasmalemma permeability to divalent cation:
a dilution of the bathing solution includes an increase insubsequent to Preceptor stimulation which medi-
KCI efflux (Cala, 1983). There is also some suggestiveates C&" release from ICS (Ambudkar et al., 1993;
evidence that a response involving increasedéilux  Muallem, Khademazad & Sachs, 1990; Putney & Bird,
may occur in the corneal epithelium because elevationg993). This increase in plasmalemma permeability is di-
of [Ca®"]; stimulate transepithelial net Tltransport rectly related with the depletion state of the ICS, since
(Candia, Montoreano & Podos, 1977). A stimulatory ef-yepletion of the ICS C4 content results in a decrease of
fect on CI efflux can also be elicited by different ad- cz* influx (Ambudkar et al., 1993; Muallem et al.,

renergic agonists and direct stimulation of adenylate cy- ggo. Putney & Bird, 1993). The feedback mechanism
clase with forskolin; they all cause transient elevations i”responsible for regulating plasmalemmaZCanflux is

[Ca];, cAMP accum}IJ(Iation and stimulation of CAMP ot known. In order to determine whether CICR is in-
sensitive basolateral 'Kand apical membrane Tper- — yqjyed in a response, it is necessary to show that: (i) the

meabilities (Nr::\gel ‘f‘ Reinach, 1980; \:1\/°|0f]i” & Eandia, inhibition of C&* release from ICS inhibits the response
1987; Reinach et al., 1992). As we show here that RVDy, estion; (ii) changes in plasmalemmaCimflux are

e_I|C|ts ele_vat|ons in [C4];, from the prior ewdence_ a consequence of an alteration in the availability of'Ca
cited, an increase in KClI efﬂyx could form part of this for release from its ICS.
VOIU?)? gi,%lﬁleaigril\ﬁrfzﬁﬂZerler:ntg\?jleo(f:egg‘; from the The transient increase in [€3; resulting from ex-
mediurﬁ inhibited both RVD and the [€4; transient posure to C.PA ir_1 Cd containing medium is consistent
der control conditions (Fig. 2 middle Ioan_Wlth a relatlorls_h|p between ICS E’faconten_t a_nql_plas-
Z?)?nE\;Jenn though Ni* inhibited the [CA]; transient malemma E:%l influx. _Sgbsequenttho the inhibition of
more than did C& removal. C&* removal had a larger the ICS C&* pump activity ICS C&" content decreased
y as a result of the loss of €athrough IR and ryanodine

inhibitory effect on RVD than Ni*. This dissociation itive ch Is. Accordingl h :
between the extent of inhibition of the [€% transient sensitive channels. Accordingly, [€% may have risen
Qr two reasons: (i) blockage of ICS €aaccumulation

and RVD suggests that each of these procedures affecé > ) . X
y CPA,; (ii) increase in plasmalemma €anflux owing

other phenomena in addition to plasmalemma influx. 4
It is conceivable that N like Mn?* permeates into the t© & depletion of ICS Cd content. The subsequent de-

cell interior. In addition to quenching fura2, in the cer- cline of the transient is presumably due to the stimulation
ebellum, Mr* can inhibit ICS function (Striggow & Of plasma membrane NiCa’* exchange and ATP de-
Ehrlich, 1996). Ni* may have a similar effect whereas Pendent C& pump activity (Rich & Rae, 1995; Reinach
C&* removal is restricted to inhibiting plasmalemma & Holmberg, 1991). N
C&" influx and filling of ICS C&* content. On the other From our current evidence, it is apparent that both
hand, the larger inhibitory effect of €aremoval on Plasmalemma Cd influx and C&" release from ICS
RVD could indicate that EGTA and/or Garemoval Were required for RVD to occur. The inhibitory effects
have other nonspecific membrane effects one of whictef either the nominal absence of €an the medium or
may be a decrease in ion permeability. One possibl® MM Ni** on RVD and the [C&]; transient (Figs. 1 and
indication of such an effect is that the rate of osmotic3) strongly suggest a role for plasmalemma& Gaflux.
swelling shown in Fig. A (C&*-free) was slower than in However, plasmalemma €ainflux is not sufficient to
Fig. 1B (Ni"). trigger RVD. In the presence of €ain the medium and
Another indication that Ni* may also inhibit an ICS ~ following depletion of ICS C& content by exposure to
function is based on a comparison of its effects to thos€l0 pm CPA, hypotonicity failed to increase the [€}
of CPA. In the presence of ain the medium, the (Fig. 3) and the RVD response was significantly inhib-
inhibitory effects of Nf* and CPA on RVD and [CH], ited (Fig. 1). In addition, exposure to 3} U73122 (a
transients were similar to one another (Figs. 1 and 3)known inhibitor of IR, formation) did not block the RVD
CPA and N inhibited RVD recovery by 40% and 37%, responsedata not showp These results show that both
respectively, and the values foy, were lengthened by plasmalemma G4 influx and ICS C&" release are in-
68% and 270%, respectively. In both cases, hypotonicitywolved in the RVD response. However, any temporal
failed to elicit a [C&"]; transient which even resembled interdependence between these mechanisms could not
the response obtained under control conditions (Fig. Zscertained based on the effects of'Nind CPA, which
middle panel). Finally, the inhibitory effect of Rlion is why we investigated whether there is a relationship
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between the ICS CG& filing state and plasmalemma Cala, P.M. 1983. Volume regulation by red blood cells Mechanisms of
Mn2* influx. as discussed below. ion transportMol. Physiol.4:33-47
Mn2* quenching of fura2-fluorescence determinedca”d'a* 0.A. 1976. Fluid and chloride transport by the epithelium of

. inally C&* di has b tak | the isolated frog corned&ed. Proc.(part 1) 703
In-a nominally rée medium has been taken only as Candia, O.A., Montoreano, R., Podos, S.M. 1977. Effect of the iono-

a relative measure of plasmalemma’Cpermeability, phore A23187 on chloride transport across isolated frog cornea
since it is unclear whether only plasmalemma Gzhan- Am. J. Physiol233(2)F94-F101
nels are permeant to Mh (Jacob, 1990). As another Candia, O.A., Zamudio, A. 1995. Chloride activated water permeability
relevant limitation, it was shown recently that in the cer-  in the frog corneal epitheliuml. Membrane Biol143:259-266
ebellum, Mt quenching may reflect its permeation Chamberlin,M._E.,S'trange, K. 1989: Anismotic cell volume regulation:
through a IR receptor/C&" channel into ICS (Striggow Da;g&?‘p:rat's"jp‘i’('iwﬁmc‘ J‘::gf'O'SZSE%ZS;E:SB 1993, Stretch.
& Ehrlich, 1996) If these |a$t results ‘?‘re applicable to induc’ed i’nositol tri’phosp’hate ahd t’etrakisphosiphate production ir
corneal epithelial cells, the interpretation of the #¥n rat cardiomyocytesl. Molecular and Cellular Cardiolog25:973—
guench experiments may be dubious. With these cave- 982
ats, the MA™ influx following hypotonic exposure was Fischbarg, J., Lim, J.J., Bourguet, J. 1977. Adenosine stimulation o
affected by the C# filling state of the ICS. After deple- fluid transport across rabbit corneal endotheliuin.Membrane
tion of the ICS C&" content with 10um CPA, the cal- Fisc?llgla.rss:.?s_lili Kuang, K., Echevarria, M., Iserovich, P. 1993
CUIated permeablllty to Mif was about 6-fold Iarqrer Deter?w%ina{tiorll of’ volumgé an’d water per}nea’bility of pléted cells
th?n in t?ﬁ absre:nt%e of CPAa._ On the _(:_ther h?r?d, t'Ca  fom measurements of light scatterirign. J. Physiol265:C1412—
release roug € ryanodine sensiuve pathways was 1423
blocked, the MA* permeability following hypotonic ex- Foskett, K. 1994. The role of calcium in the control of volume-
posure was the same as that calculated during a sham regulatory transport pathways: Cellular and Molecular Physiol-
isotonic substitution. It has been reported that compar- ggg’colf:ce” Volume Regulation. K. Strange, editor. pp. 259-277.
. . - - reSS
ﬁitg/iglyclgiv r[er?/ea;:edI;:,(e)]rncflgss?mg:?;ﬁe(rrag_hge8r6;hagow: Hallam, T.J:, Jacob, R., Merritt, J.E. 1989. qulux_of bivalent'cations
. 5 ! can be independent of receptor stimulation in endothelial cells.
ever, evidence that the [ryanodine] employed here was gjochem. J259:125-129
appropriate to inhibit C4 release comes from the fact Hazama, A., Okada, Y. 1990. Involvement of*Ginduced C&" re-
that 100pm ryanodine decreased markedly the effect of  lease in the volume regulation of human epithelial cells exposed to
hypotonicity on Mrf* influx in cells exposed to CPA. a hypotonic mediumBiochem. Biophys. Res. Commu7.287-
Had ryanodine stimulated &arelease, we would have 293 _ _ o
observed instead an increase in %Vlrilnflux, a we do Ishii, T., Hashimoto, T., Ohmori, H. 1996. Hypotonic stimulation in-

. - . duced C3" release from IRsensitive internal stores in a green
when CPA alone is utilized (Fig. 4). Taken together, our monkey cell line.J. Physiol.493:371-383

: 2
evidence strongly suggests that“Caelease through a gjam, m.s., Larsson, O., Nilsson, T., Berggren, P.O. 1995. Effects of

ryanodine-sensitive channel along with ZLanflux caffeine on cytoplasmic free €aconcentration in pancreatic beta
through the plasmalemma are both necessary to mediate cells are mediated by interaction with ATP-sensitivé ¢hannels
RVD. and L-type voltage-gated €achannels but not the ryanodine re-

ceptor.Biochem. J306:679-686
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