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Primary astrocyte cultures exposed to hypotonic media un- 
dergo a rapid initial swelling followed by a regulatory volume 
decrease (ND), which is associated with the release of ions 
and amino acids. The Caz+ dependence of RVD was inves- 
tigated. Using a method that measures extracellular electri- 
cal resistance to measure cell volume changes in substra- 
tum-attached cells, we found that when astrocytes were 
exposed to hypotonic media without calcium, RVD was abol- 
ished. The addition of CaCI, to astrocytes swollen in hypo- 
tonic media without calcium caused an almost immediate 
initiation of volume regulation, with an EC, of approximately 
0.1 mM CaCI,. Swelling of astrocytes In hypotonic medium 
caused an increased influx of 45Ca2+, which was partially 
blocked (60%) by 1 PM nimodipine, suggesting that voltage- 
gated L-type calcium channels were being opened. Previous 
work had shown that hypotonic media-induced swelling of 
astrocytes caused membrane potential depolarizations suf- 
ficient to open such channels (Kimelberg and O’Connor, 
1966). By measuring intracellular free calcium with fura-2, 
we found that astrocytes swollen in hypotonic medium 
showed a rapid increase in [Ca2+ln reaching a peak of ap- 
proximately 600 nu, followed by a decrease to a sustained 
plateau (approximately 250 nu) mirroring the time course of 
volume regulation. The removal of extracellular calcium to- 
tally abolished, and the addition of 1 PM nimodipine partially 
abolished the elevated plateau, while neither affected the 
initial [Ca2+], peak. These data suggest that the initial peak 
of the hypotonic-induced rise in [Cal+], is caused by release 
from intracellular stores and that the sustained elevated pla- 
teau is due to extracellular calcium influx. 

The removal of extracellular calcium also abolished swell- 
ing-induced K+(=Rb) and WI- efflux, but did not affect the 
swelling-induced release of 3H-u-aspartate, or 3H-taurine (data 
not shown). These data indicate that hypotonic-induced as- 
partate and taurine release is not necessary for RVD in as- 
trocytes swollen by exposure to hypotonic media, since RVD 
is completely inhibited by the omission of external Caa+. The 
addition of 1 mM quinine HCI, which is known to block Ca*+- 
activated K+ channels, also abolished both volume regula- 
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tion and =Rb+ efflux in hypotonic media-swollen astrocytes 
in the presence of medium calcium, but did not affect 3H- 
o-aspartate efflux. We suggest that the swelling of astro- 
cytes in hypotonic media which leads to a rapid membrane 
depolarization first opens voltage-gated calcium channels. 
Extracellular Caa+ then enters the cell, leading to a sustained 
increase in intracellular free calcium ([Caz+ I,), triggering ac- 
tivation of Ca*+-dependent ion channels and the release of 
K+ and Cl followed by osmotically obligated water, thus 
leading to RVD. Although intimately associated with this pro- 
cess, swelling-induced release of amino acids, because of 
its independence of extracellular Ca*+, does not seem to be 
involved in RVD. 

[Key words: cell swelling, volume regulation, regulatory 
volume decrease, volume measurements, astrocytes, mono- 
layer cultures, extracellular impedance, fura-2, intracellular 
calcium, potassium, chloride, aspartate] 

Most vertebrate cells, when swollen by exposure to hypotonic 
media, are capable of returning to near normal volumes by a 
process known as regulatory volume dccrcasc (RVD) (for recent 
reviews, see Chamberlin and Strange, 1989; Hoffmann and Si- 
monsen, 1989; Grinstein and Foskett, 1990; Hoffmann and Kolb, 
199 1). RVD is achieved by the release of intracellular osmolytes 
(principally K’ and Cl-, and/or amino acids), causing osmot- 
ically obligated water to follow and allowing the cell to return 
toward its original volume. As in other vertebrate cells, mam- 
malian glial cells respond to exposure to hypotonic media by 
rapidly swelling and then undergoing RVD, as first described 
by Kimelberg and Frangakis (1985) and Olson et al. (I 986) for 
primary astrocyte monolayer cultures and for C, glioma cells 
by Kempski et al. (1983). For recent reviews of cell volume 
regulation in astrocytes and other cells in the mammalian ner- 
vous system, see Kimelberg (199 1) and Ballanyi and Grafe (1988). 

Understanding the intracellular signals that initiate and/or 
control RVD is of considerable interest, and both extracellular 
and intracellular Ca2 + has been shown to influence cell volume 
regulation in a number of cell types (Foskett and Spring, 1985; 
Cala et al., 1986; Eveloff and Wamock, 1987; Foskett and Mel- 
vin, 1989; McCarty and O’Neil, 1990; Pierce and Politis, 1990). 
As stated above, most vertebrate cell types accomplish volume 
regulation from hyposmotic stress by an e&x of K+ and Cl . 
In some cases removal of cxtracellular Ca2 + blocks volume re- 
covery by preventing KCI efflux (Davis and Finn, 1987). In 
other instances, changes in [Ca’+], alter volume recovery fol- 
lowing hyposmotic stress by altering the pattern of osmolyte 
efflux (Grinstein et al., 1982; Cala et al., 1986). In some cell 
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types loss of KCI is via separate K+ and Cl conductances 
(Grinstein et al., 1982; Sarkadi et al., 1984; Hoffmann et al., 
1986; Eveloff and Wamock, 1987; Hazama and Okada, 1988; 
Rothstein and Mack, 1990), while in others the K+ movement 
is totally Cl- dependent, suggesting the involvement of a cou- 
pled KC1 system (Hoffmann et al., 1984; Pierce and Politis, 
1990). Further evidence that Ca2! affects K. or Cl- channels 
is that quinine, adrug that inhibits Ca*+ -dependent K+ transport 
and swelling-activated K+ and Cl- channels, blocks or reduces 
cell volume recovery (Grinstein et al., 1982; Foskett and Spring, 
1985; Hoffmann et al., 1986; Hazama and Okada, 1988; Pierce 
and Politis, 1990; Banderali and Roy, 1992). 

Examination of swelling-induced release of K+, Cl-, and ami- 
no acids such as glutamate, aspartatc, and taurine in astrocytes 
is potentially relevant to many pathological states such as head 
trauma or stroke in the CNS where astrocytic swelling is an early 
and dominant event (Kimelberg, 1992). Clearance of K- has 
long been viewed as a major astrocyte function (Sykova, 1983; 
Walz, 1989), and increased extracellular levels ofexcitatory ami- 
no acids is thought to be one of the underlying problems in 
ischemic cerebral damage (Choi, 1988). Also, extracellular Ca’ * 
levels are known to fall during neuronal excitation and in a 
number of pathological states (Kimelberg and Ransom, 1986; 
Sykova, 1991), and some of this decrease in Cal+ may be due 
to uptake into swollen astrocytes. 

While efflux of amino acids has been shown to be associated 
with astrocytic swelling in vitro (Pasantes-Morales and Schous- 
boe, 1988, 1989; Kimelberg et al., 1990b; Martin et al., 1990; 
Pasantes-Morales et al., 1990), its contribution to RVD has not 
been defined. Thus, for this reason and for its relevance to neu- 
rotransmitter release in general, we considered it important to 
determine the role of Ca* + in both amino acid and KC1 release 
and RVD. The present study thus had the following objectives: 
(1) to explore the involvement of calcium in hypotonic-induced 
astrocytic swelling and RVD, (2) to characterize the routes of 
swelling-induced calcium entry, (3) to determine if changes in 
[Ca2+], acts as an intracellular signal for volume regulation, and 
(4) to determine what contributions the release of K+, Cl-, and 
the amino acids aspartatc and taurinc make to volume regula- 
tion in primary astrocyte cultures. 

Parts of these data have been presented in abstract form 
(O’Connor and Kimelberg, 199 I). 

Materials and Methods 
Materials. All cell culture materials were from GIBCO (Grand Island, 
NY). Other chemicals were from Sigma (St. Louis, MO). All radiola- 
beled ions and amino acids were obtained from Amersham Corporation 
(Arlington Heights, IL). Fura 2/AM was obtained from Molecular Probes 
(Eugene, OR). 

Astrocyte cuhres. Primary astrocyte cultures were prepared from the 
cerebral cortex of neonatal rats after dissociation with a neutral protease 
as previously described by Frangakis and Kimelberg (I 984), and grown 
in multi-well trays, on glass coverslips or on cell support film for the 
perfusion studies (Bellco Biotechnoloav, Inc.. Vineland. NJ). Cultures 
were used upon Aching confluency, us-Ally afier 3-4 weeks, and showed 
295% staining for the astrocytic-specific marker glial tibrillary acidic 
protein. 

The control bathing medium for all experiments, unless otherwise 
noted, consisted of 122 mM NaCI, 3.3 rni KCI, 1.2 mM KH,PO,, I .3 
mM CaCI,, 0.4 mM MgSO,, 10 mM D-(+)-glucose, and either 25 mM 
NaHCO, or HEPES. This isotonic media was maintained at pH 7.4 by 
bubbling with 5% CO, for the bicarbonate-buffered solution, or addition 
of NaOH to the HEPES-buffered solution. Hyposmotic media were 
made by removing specific amounts of NaCl from the initial recipe. 

\ 
Cells on &ass coverslip (3.0 cm) 

Gold electrode 

X, 

Lock-in Amplifier 

1 Mohm 

Figure 1. Schematic of the chamber used for electrical resistance mea- 
surements of volume changes in substratum-attached astrocytes. The 
lock-in amplifier both supplies a reference voltage and measures changes 
in the signal voltage at point X, thus acting as a voltage divider. The 
system is set up with a large external resistance (I MQ) much greater 
than the chamber resistance so that the current i is constant. The height 
of the fluid-filled channel above the cells is approximately 100 pm. 
Dimensions are not to scale (see Measurement ofcell volume for details). 

The osmolarity of all solutions was checked using a vapor pressure 
osmometer (Westcor Inc.). 

Measurement of cell volumr. A complete description detailing this 
method can be found in O’Connor et al. (1993), and this and other 
methods for measuring cell volume are reviewed in Kimelberg et al. 
(1992). Briefly, in this method cells are placed in a confined channel 
containing a salt solution and the electrical resistance of the channel 
measured using an applied alternating current (AC) (xc Fig. 1). If the 
volume of the cells increases, then the volume of the solution within 
the channel available for current conduction decreases by the same 
amount, and consequently the measured resistance increases. This 
method allows for continuous measurements of volume changes in sub- 
stratum-attached cultures. Gold-plated, low-impedance, inert electrodes 
are secured to the bottoms of two chambers, separated by the cell chan- 
ncl, with a dab of silicone grease. Leads from the gold electrodes, made 
of insulated copper wire, are soldered to the gold with pure indium and 
the connections covered in wax. The .eold electrodes are connected 
through a large resistor (1 MQ) to a lock-in amplifier (5301, EC&G 
Princeton Applied Research. Princeton. NJ1 and a 500 HZ. S V signal -, 
is supplied to ihe system. The lock-in amplifier is used because it is able 
to resolve small voltage changes with high noise rejection. Apart from 
the solution in the channel, the two chambers are insulated from each 
other (Fig. I). 

The isosmotic, control bathing medium for the electrical resistance 
measurements consisted of 72 mM NaCI, 100 mM sucrose, 3.3 mM KCI, 
I .2 mM KH,PO,, 1.3 mM CaCI,, 0.4 mM MgSO,, 10 mM ~-(+)-glucose, 
and 25 mM HEPES, adjusted to pH 7.4 by addition of IN NaOH. 
Hyposmotic media were made by removing sucrose. The replacement 
ofpart ofthe NaCl with sucrose had the important featureofmaintaining 
the same electrolyte concentration in the respective iso- and hyposmotic 
buffers, resulting in almost identical resistivities for these two solutions. 
However, a small correction had to be made for a small decrease in 
solution conductance due to sucrose, which was corrected for by adding 
a small amount of water (see below). It is clearly critical to balance the 
test solutions to the same resistivity so that the resistance differences 
measured when the solutions arc changed is only due to changes in cell 
volume. The resistivities of solutions were checked by placing two gold 
electrodes (described below) 1 cm apart and measuring the resistivity 
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directly with a 5 V, 500 Hz AC signal. The resistivities of paired isos- 
motic and hyposmotic solutions were then balanced to within 0.5% by 
adding small amounts of distilled water or NaCl. 

To begin an experiment, a #l coverslip (3.0 cm x 1.4 cm) on which 
a confluent monolayer of astrocytes was growing was placed in the 
channel and continuously perfused with isotonic solution at 25”C, the 
flow being driven by the height difference of solutions in the neighboring 
chambers (Fig. 1). An initial resistance was measured and normalized 
to 1 .O, and subsequent changes in resistance were represented as a per- 
centage change from the initial value. The chamber was designed to 
have a height of approximately 100 pm above the cells. This becomes 
convenient because, since we measure the percentage change in resis- 
tance, a 1% change in the measurement translates approximately directly 
to a 1 pm change in the average cell height of the monolayer. This linear 
relationship of normalized resistance to cell height only applies over a 
two- to threefold change in cell volume. To exchange solutions the 
isotonic buffer was 99% removed and replaced with an equal amount 
of the challenge buffer, with 90% of this amount being placed on one 
side of the channel and 101 on the other. It took approximately 3-5 
set for the new solution to bathe the cells completely. At the end of 
each experimental series, the coverslip was viewed under a microscope 
to con&m the astrocyte monolayer was intact, and the cell viability was 
assessed bv trvnan blue exclusion (0.08%: GIBCO). 

WYaz+ &taick studies. For these experiments, ceils were grown in 12- 
well trays (Costar), the growth media aspirated off and the cells washed 
three times with the balanced salt solution (see above). The cells were 
then incubated in this medium for 30 min at 37°C. These media were 
then aspirated and 0.5 ml of the same isotonic or a hypotonic solution, 
warmed to 37°C and containinn 0.5 uCi of 45Ca (!?..A.. 2 Cilul: Amer- 
sham), was added to each weli. The cells were then’returned to the 
incubator. At the desired times this medium was aspirated from each 
well and each well was washed four times with 1 ml per wash of ice- 
cold 0.29 M mannitol solution, also containing 10 mM Tris nitrate and 
0.5 mM Ca(NO&, pH 7.4 (Kimelberg et al., 1990b). The omission of 
Na+ from the washing fluid prevents efflux of Ca2+ during the washing 
procedure by Na+/Ca*+ exchange (due to lack of Na+) and by ATP- 
dependent extrusion of Ca2+ (due to lowering of the temperature). A 
fifth wash with the above mannitol wash plus 1 mM EGTA was per- 
formed to remove any surface-bound calcium (Walz and Wilson, 1986). 
The cell monolayer from each well was then solubilized in 1 ml of 1N 
NaOH at room temperature for 20 min and cell protein was determined 
using the Pierce bicinchoninic acid reagent as modified for use in mono- 
layer cell cultures (Goldschmidt and Kimelberg, 1989). ‘+Ca2+ samples 
were measured by liquid scintillation counting. 

Measurement of intracellular calcium. Measurements of [CaZ+], were 
made using the fluorescent calcium chelator fura- and a Deltascan I 
System for dual-wavelength microspectrofluorimetry (Photon Tech- 
nology International Inc., Princeton, NJ) attached to an inverted Nikon 
Diaphot microscope. Astrocytes grown on 13.8 x 30 mm2 glass cov- 
erslips were loaded with fura- by incubating the cells with 5 PM fura- 
2/AM for 30 min at 37°C in serum-free minimal essential medium. The 
astrocytes were then incubated in isotonic salt buffer (see above) without 
fura-2/AM for 30 min at 37°C to ensure complete hydrolysis of the 
ester. Fluorescent measurements were made at excitation wavelengths 
of 340 and 380 nm with the emission wavelength set at 500 nm. Cy- 
tosolic free calcium was determined as previously described by Cobbold 
and Rink (1987). 

Eflux studies. Efflux studies were performed using a continuous per- 
fusion method essentially the same as that described by Shain and 
Martin (1984), using cells grown to confluency on plastic cell support 
film. The cells were loaded, usually overnight, in growth media with 
0.4 &i of D-[2,3-)H]-aspartic acid @.A., 26 Ci/mmol) plus unlabeled 
o-aspartate for a final concentration of 100 PM aspartate, or 0.4 &i of 
[1,2:sH]-taurine (S.A., 35 Ci/mmol) plus unlabeled taurine for a final 
concentration of 50 UM taurine. or for 2 hr with 40-100 NCi of *6Rb+ 
(for K+ ) or 40-100 ‘pCi of s6C1-. 3H-D-aspartate was used as a non- 
metabolizable analog of L-glutamate or L-aspartate. The support film 
was then carefully rolled into a cylinder, cells facing inward, and inserted 
into a 1 ml plastic syringe and continuously perfused with 37°C buffer 
using a gravity-driven system at a rate of 1 ml/min, and fractions were 
collected every minute. Four milliliters of Ecoscint (National Diagnos- 
tics, Manville, NJ) were added to each 1 ml fraction, which were then 
counted in a Packard Tri-Carb 1900TR Liquid Scintillation Analyzer 
(Packard Instrument Co., Meriden, CT). Recent work in our laboratory 
has shown that after labeling the cells with both 51Cr (chromium as 

NaslCrO,) and 3H-D-aspartate, exposure to hypotonic medium causes 
increased loss of ‘H-D-aspartate but does not cause the appearance of 
5*Cr in the effluent. This further supports the view that we are observing 
true efflux of ions and amino acids and that the released label is not 
due to loss or lvsis of cells (H. K. Kimelbera. D. J. Bonville. and S. K 
Goderie, unpublished observations). Efflux tf ions or amino’acids was 
expressed as fractional release of the radioactivity in the cells at each 
time point. A computer program developed in our laboratories calcu- 
lated the nercentaae efflux bv adding back the effluxed radioactivity to 
each point, including the final radioactivity counted in the cell support 
film, thus correcting for loss of label in the cells over time. 

Results 
Eficf of Cu2+ on R VD. The volume measurement experiments 
were done using the electrical resistance method described above. 
As noted in Materials and Methods, Figure 1 is a representation 
of the chamber used to make the volume measurements in the 
astrocytes. A recorded increase in the resistance means that the 
volume through the channel above the cells available for current 
flow has decreased by the same amount that the volume of the 
cell monolayer has increased. If  the cells shrink or volume reg- 
ulate after swelling, this would be recorded as a decrease in 
resistance. The upper trace in Figure 2A is an example of the 
response of astrocytes seen upon exposure to hyposmotic media 
(minus 100 mM sucrose; see caption and Materials and Meth- 
ods). The astrocytes initially swell, as shown by the increase in 
normalized resistance, and reach a peak of swelling at approx- 
imately 3 min. The cells then begin to volume regulate (RVD) 
back to their initial volume (as shown by the subsequent de- 
crease in resistance). Since the height above the resting astrocytes 
is approximately 100 pm, a 1% change in resistance would equal 
a 1 Km change in cell height, as described in Materials and 
Methods. The resting height of the astrocyte monolayer is nor- 
mally 4-5 pm, as determined by this method (after wiping off 
the cells and remeasuring the resistance), and is also supported 
by the work of Parsons et al. (1989) using high-voltage electron 
microscopy and Shain et al. (1992) using confocal microscopy 
on primary astrocyte monolayers. The 3.5% increase in resis- 
tance would thus indicate an approximate 3.5 pm change in 
average cell monolayer height, or approximately a 70% increase 
in volume if cell volume is taken to approximate height (O’Con- 
nor et al., 1993). The bottom trace is the control response of 
astrocytes upon exposure to isotonic media. 

In Figure 2B, astrocytes were exposed to hypotonic media 
that did not contain calcium throughout (as indicated) and it 
can be seen that the removal of extracellular calcium abolished 
volume regulation over the first 9 min. The addition of 1 mM 
quinine HCl to hypotonic media in the presence of calcium 
(lower nonregulating trace) also abolished volume regulation. 
Figure 2B also shows that the subsequent addition of 1 mM 
CaCl, to swollen astrocytes in calcium-free hypotonic media 
(indicated by arrowhead, upper trace) caused an almost im- 
mediate initiation of volume regulation. We have found in par- 
allel experiments that the small final concentration of calcium 
and the small volume (2 J) of concentrated calcium chloride 
(1 M) added to ,the hypotonic solution did not contribute to the 
decrease in measured resistance. Also, the addition of 2 ~1 of 1 
M MgCl, or 1 M NaCl did not cause the initiation of volume 
regulation (data not shown). The addition of 1 PM nimodipine 
to hypotonic medium with calcium blocked RVD by approxi- 
mately 75% (data not shown). 

Figure 3A shows the dose dependency of astrocyte volume 
regulation on added calcium. As in the experiment shown in 
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Figure 2. A, Volume changes of astrocytes, represented by the per- 
centage change in normalized resistance, upon exposure to a hypotonic 
solution. Hypotonic solutions were made by removal of 100 mM sucrose 
from a 293 mOsm/kg solution in which 50 mM NaCl had been replaced 
by 100 mM sucrose. See Materials and Methods for further details. The 
system was first balanced in isotonic solution and the recorded resistance 
normalized to I .O. The solution was replaced with hypotonic media (or 
the same media for the isotonic trace) and resistance changes contin- 
uously recorded. In the bottom fruceastrocytes were exposed to isotonic 
buffer (293 mOsm/kg), showing that the background noise of the system 
was quite low and stable. When astrocytcs were exposed to a hypotonic 
solution (I 93 mOsm/kg; upper trace) there was an increase in resistance 
indicating an increase in cell volume. The resistance peaked bctwcen 2 
and 3 min with a return toward normal volume within 25 min, thus 
showing RVD. As described in the text (see Materials and Methods), 
the changes in normalized resistance arc related to changes in average 
volume and also the height of the cell monolayer (O’Connor et al., 
1993). For example, in the top truce, the 3.5% change in resistance 
corresponds approximately to a 3.5 pm change in cell height or a 70% 
increase in volume (see Effect of Ca” on RVD). B, Ca” dependency 
of astrocyte volume regulation as measured by the electrical resistance 
method. The removal of extracellular calcium (- Culcium) from hy- 
potonic solution abolished volume regulation over the first 9 min. The 
addition of I mM quinine to the hypotonic solution with calcium also 
abolished RVD. In the uppermost fruce astrocytes were exposed to hy- 
potonic solution minus calcium, and at time = 4 mitt, I mM CaCI, was 
added as indicated, causing an almost immediate initiation of complete 
volume regulation. 

Figure 28, astrocytcs were exposed to hypotonic media without 
calcium, and at time = 4 min varying concentrations of’ Ca’ ’ 
were added as indicated. All of these responses were from the 
same covcrslip. Since this figure comprises successive exper- 
iments on the same coverslip, the differences in the initial peak 
swelling are likely due to the cells not having completely re- 
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Figure 3. A, Dose dependency of RVD on extracellular calcium. As- 
trocytes wcrc exposed to hypotonic solution minus calcium, and at time 
= 4 min varying concentrations of calcium were added to the external 
media. The addition of 0. I mM CaCI, resulted in approximately a 50% 
return toward control volume while concentrations of >O.l CaC12 re- 
sulted in full volume recovery. These responses were from the same 
coverslip of cells and between each hypotonic exposure there was a l5- 
20 min reexposurc to normal isosmotic solution. The order of the ex- 
periments was as follows: 0.5, 0.1, 0.05, 0.01, 0.25 mM Caz+. B is a 
plot of the data from the experiments in A. The ordinate expresses the 
%RVD from peak volume to the resting plateau after volume regulation 
at approximately 15-20 min. versus added [Cal+],. The [Cal+ 1,. that 
resulted in 50% volume regulation was approximately 100 PM. Each 
point shown is the mean ? SD from 2-10 experiments. *, p c 0.05. 

gained their intracellular level of osmolytes when the cells are 
placed back into isosmotic solution between successive expo- 
sures to hypotonic solutions (see caption for order ofexposures). 
The addition of 0.1 mM CaCI, resulted in approximately a 50% 
return toward preswelling volumes while concentrations of ~0.1 
mM CaCI, resulted in full volume recovery. For these experi- 
ments, calcium stock solutions were made so that the same 2 
~1 sample size was added to the chamber to minimize the ad- 
dition of water to the hypotonic solution, as this would affect 
its resistivity. Figure 3B is a graph of the dose dependency of 
astrocytc volume regulation on extracellular calcium. As can be 
seen the EC,,, for Ca2+ was approximately 100 PM. 

‘X’uZ+ uptake studies. Since RVD is dependent on extracel- 
lular calcium, WC thought it likely that swelling causes increased 
calcium influx into the cell. Therefore, the effects ofcell swelling 
on calcium influx were studied using asCa2+. Figure 4A shows 
the time course for uptake of 45Cazt by astrocyte cultures when 
exposed to hypotonic media, measured over 40 min. There is 
a delayed increase in Waz + uptake after exposure to hypotonic 
medium. This technique measures net unidirectional influx of 
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Figure 4. A, Time course of uptake of 4Ca*+ into primary astrocyte 
cultures in isotonic and hypotonic media. The cells were exposed to 
media containing 0.5 pCi of4VJa2+ and then rapidly washed at the times 
shown. The cellular contents ofWa2* and cell protein were determined 
as described in Materials and Methods. As can be seen, the total ICa2 * 
uptake significantly increased when astrocytes were exposed to hypo- 
tonic media (removal of 50 mM NaCl), as compared to isotonic controls. 
Student’s f  test analysis shows a statistical significance in 4Caz+ uptake 
in hypotonic versus isotonic media at all points including and past 10 
min. B shows the effect of the voltage-sensitive calcium channel blocker 
nimodipine on 43Ca2 + uptake in astrocyte cultures exposed to hypotonic 
media (minus 50 mM NaCI) measured after 20 min. Maximal blockage 
of Waz+ uptake occurred with 1 PM nimodipine (approximately 60%). 
Student’s f  test was used to indicate statistical significance. n = 4 wells 
f  SEM for data in both panels. 

the tracer, and it is thought that the initial rise in 4sCa2t uptake 
is due to binding to the cell surface, the plateau represents entry 
of 45Ca2+ into the cytosol, and the slow rise represents seques- 
tration into the intracellular stores (Holtz et al., 1982; Meldolesi 
et al., 1988) (see Discussion). 

Since an increase in *Ca2+ uptake during swelling was ob- 
served, the possible route(s) of entry for calcium into the cell 
was examined. Previous electrophysiology experiments had 
shown that swelling of the astrocytes caused a marked depolar- 
ization (Kimelberg and O’Connor, 1988) and a voltage-sensi- 
tive Ca2+ channel, resembling the L-type channel, has been 
described in cortical astrocytes (MacVicar, 1984; Barres et al., 
1988, 1990; MacVicar and Tse, 1988; Albrecht and Lazarewicz, 
1990). Therefore, the effects of voltage-sensitive Ca*+ channel 
blockers on the swelling-induced increase in 4sCa2’ uptake were 
examined. From the data shown in Figure 4B, it can be seen 
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Figure 5. A, Swelling-induced increase in “YX+ uptake measured over 
5 min. B, Effect of nimodipine on ‘Ca*+ uptake (nmol/mg protein) at 
5 min. Maximal inhibition, approximately 66%, occurred with I PM 
nimodipine. Student’s t test was used to indicate statistical significance. 
n = 4 wells f  SEM for data in both panels. 

that 45Ca2+ uptake in hypotonic media over 20 min was partially 
blocked by increasing doses of nimodipine with a maximum 
block at 1 PM (approximately 60%). Nimodipine proved to be 
the most effective blocker while 1 PM nifedipine and 10 PM 
verapamil blocked between 40% and 50% of calcium influx (data 
not shown). This suggests that one route of entry for calcium 
during swelling is on L-type voltage-sensitive CaZ+ channels. 

Since, as noted above, the initial plateau seen in our experi- 
ments is thought mainly to represent the initial entry of calcium 
into the cytoplasm, we examined the swelling-induced 4Ca2+ 
uptake over the first 5 min in more detail. These data are shown 
in Figure 5A. 45Ca2+ uptake was significant at all points past 15 
set (p < 0.05) and was also blocked approximately 66% by 1 
PM nimodipine (Fig. 5B). The first I5 set value probably rep- 
resents binding of4YZaz+ to the cell surface, and therefore should 
not be affected by nimodipine, as was seen. 

Measurement of intracellular free calcium. To complement 
our 45Ca2+ uptake studies, and since 4CaZ+ is likely to enter 
immediately all the intracellular pools, changes in intracellular 
free calcium ([Ca’+],) were measured during swelling and vol- 
ume regulation using the fluorescent probe fura-2. In these ex- 
periments, fura-2-loaded astrocytes were exposed to hypotonic 
media (minus 50 mM NaCl) and the change in intracellular free 
calcium recorded. As can be seen from Figure 6A the intracel- 
lular free calcium signal given by fura- rapidly increased during 
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Figure 6. A, Effect ofswelling ofastrocytes on free [Ca:+], as measured 
with fura-2. Primary astrocyte cultures were grown on covcrslips and 
loaded with 2.5 FM fura-Z/AM for 30 min. Astrocytes were exposed to 
hypotonic media (minus 50 mM NaCI) for the period shown by the open 
bar. B, Astrocytes exposed to hypotonic media minus calcium (lower 
truce) showed a rapid and transient increase in [Ca2+], that quickly 
returned to baseline levels (within 120 see) without a maintained pla- 
teau. Astrocytes exposed to hypotonic media with I PM nimodipine 
(upper truce) also showed a rapid and transient peak of [Ca*+], that 
returned to an intermediate plateau level (see Measurement of intra- 
cellular calcium). Each trace is a representative of 7-10 experiments. 

exposure to hypotonic media, reaching a peak of approximately 
580 nM, and then declined with an apparent exponential time 
course to an elevated plateau of approximately 250 nM. When 
the cells were returned to isotonic media a rapid return to resting 
[Ca”], was observed. These results mirror the time course of 
both RVD(Fig. 2) and the membrane depolarization (Kimelberg 
and O’Connor, 1988) observed in astrocyte cultures during hy- 
potonic-induced swelling. In Figure 6B (lower trace), cells were 
exposed to hypotonic media minus calcium. They also showed 
a rapid initial increase in their [Ca*+], level, but then rapidly 
returned to resting [Ca*+], levels without a sustained plateau. 
This finding suggests that the rapid initial increase in [CY+], 
results predominantly from swelling-activated release of intra- 
cellular Ca*+ stores and that the sustained plateau requires entry 
of extracellular Ca*+. Astrocytes exposed to hypotonic media 
plus 1 PM nimodipine showed three phases of calcium kinetics 
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Figure 7. A, Hypotonic media-induced release of *6Rb+ (a marker for 
K* transport) and ‘“Cl- (II). Astrocytes were loaded for 2 hr with 40 
&i of the appropriate radionuclide and then transferred to a perfusion 
chamber and perfused with the appropriate buffers at I ml/min. The 
perfusate was collected at 1 min intervals using a fraction collector, and 
the radioactivity in each sample determined by liquid scintillation 
counting. The data are expressed as a percentage of the remaining label 
left in the cell at each time point (see Materials and Methods). Exposure 
to hypotonic media caused the release of 86Rb+ and WI (first and 
third exposures), while removal of extracellular calcium abolished the 
hypotonic-induced release of X6RbF and W- (middle exposures). 

(Fig. 6B, upper trace): first, a normal transient increase in [CY+],; 
second, a rapid return toward baseline levels; and a third phase 
where before [Ca*+], reached baseline an increase to a sustained 
plateau was observed. We had expected to see a smaller sus- 
tained plateau with nimodipine since @Ca2+ uptake studies 
showed that nimodipine was capable of blocking 60% of swell- 
ing-induced calcium influx. However, the fall-off of the initial 
peak of [CIa*+], was always faster with nimodipine and the area 
under the curve within the first 50 set after exposure to hypo- 
tonic solution was about one-third that in the absence of ni- 
modipine (seen in five experiments). When control cells were 
exposed to isotonic media minus calcium (no extracellular cal- 
cium present plus 50 PM EGTA to chelate any calcium), or 
isotonic medium plus 1 PM nimodipine, the basal [CY+], level 
did not appreciably change over 5 min (data not shown). 

Effects of Ca2+ on e&x of K’ and Cl-. Astrocytes, like most 
vertebrate cell types, accomplish volume regulation after hy- 
potonic-induced swelling by releasing K+ and Cl- (Kimelberg 
and Frangakis, 1985). Since the removal ofextracellular calcium 
abolished volume regulation, and volume regulation is accom- 
plished by the release of ions, then it follows that the removal 
of extracellular calcium should also abolish ion release. We 
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Figure 8. Astrocytes were loaded for 2 hr with 100 rCi of the appro- 
priate radionuclide as in Figure 7: A, ““Rb+; B, ‘“Cl-. Efflux was also 
measured as in Figure 7 except that the order of addition varied such 
that the first two exposures were to hypotonic media without Ca’ and 
were then followed by an exposure to hypotonic medium with normal 
CW+. Cells were exposed to isotonic solutions containing normal Cal+ 
between the exposures to hypotonic media. 

examined the effect of removing extracellular calcium on swcll- 
ing-induced 86Rb+ efflux (using 86Rb. as a tracer for K+ trans- 
port) and )%I- efflux. Astrocytes were loaded for 2 hr with 40 
PCi of 86Rb+ or ‘%I . Figure 7 shows that removal of extra- 
cellular calcium abolished the swelling-induced *“Rb + (A) and 
Y- (B) efflux (middle responses). Calcium-dependent K+ ef- 
flux may thus occur through calcium-activated potassium chan- 
nels that are known to exist in astrocytes (Quandt and MacVicar, 
1986) and calcium-dependent chloride efllux through calcium- 
activated Cl- channels that have been seen in other cell types 
(Hoffmann et al., 1984; Pierce and Politis, 1990). The reason 
for the smaller third responses compared to the first response 
is unlikely to be due to loss of intracellular 86Rb + or 36CI since 
the efflux is expressed as a percentage of the amount left at each 
time point, which should correct for the progressively decreasing 
specific activity of R”Rb+ and ‘Y- inside the cell. One possi- 
bility is that there may be a “desensitization” of K’ channels 
or their regulatory processes for the third response, a residual 
compartmentation for K+ and Cl- that is relatively insensitive 
to hypotonic-induced release, or that subsequent exposures cause 
less swelling due to incomplete reaccumulation of the solutes 

lost during RVD. We thus employed a different order of addi- 
tion, as shown in Figure 8: exposing the cells prcloaded with 
86Rb+ or 36CI- to Ca2’-free media first. For these experiments 
astrocytes were loaded for 2 hr with increased radioactivity, 
namely, 100 PCi of X6Rb+ or 36C1- to increase the number of 
counts in the cells. As can be seen, no increased elllux of either 
X6Rb’ or )%I was observed when astrocytes were first exposed 
for two 10 min periods to hypotonic media minus Ca2+ buffer, 
between exposures to Ca2+ -containing isotonic medium. A large 
ef?lux was, however, observed upon a third exposure to hypo- 
tonic media with normal extracellular calcium present. 

Eflects of Ca-” on e&x qf aspartate and taurine. Primary 
astrocyte cultures swollen by exposing them to hypotonic media 
release both preloaded and endogenous glutamate, aspartate, 
and taurine (Pasantcs-Morales and Schousboc, 1988; Kimelberg 
ct al., 1990b, Pasantcs-Morales et al., 1990). We therefore wished 
to determine how such release was also affected by the removal 
of medium calcium. Figure 9A shows efflux of preloaded )H- 
D-aspartate (a nonmetabolizable analog of glutamate) in re- 
sponse to successive exposures to hypotonic media (minus 50 
mM NaCI). When astrocytcs were exposed to hypotonic media, 
they initially showed a peak release of approximately 5-S% of 
their labeled aspartate pool. Subsequent hypotonic challenges 
consistently showed a decrease in this peak release. The reasons 
behind this apparent desensitization have not yet been explored 
(see comments on R6Rb+ and )‘JC~- efflux above). However, 
unlike the efllux ofs6Rb+ and ‘%--, the removal ofextracellular 
calcium (third response) had no effect on the release of )H- 
D-aspartate. Since omission ofcalcium results only in a nominal 
calcium-free buffer, 2 mM EGTA was added to the calcium-free 
buffers to chelate any extracellular calcium present, and the 
cffcct of this type ofsolution is shown in Figure 9B. The presence 
of EGTA had no obvious erect on the hypotonic media-induced 
release, but there was a slow rise in the baseline efllux of ‘H- 
D-aspartate when the cells were exposed to isotonic media with- 
out Ca2+ plus EGTA (third exposure). We have also seen a slow 
increase in cell volume as measured by the impedance method 
when the astrocytes wcrc exposed to isotonic media without 
Cal’, which further increased when EGTA was also present 
(data not shown). This fnding supports the work by Olson ct 
al. (1990), who showed that astrocyte cell volume was increased 
approximately 16% after exposure to isosmotic buffer contain- 
ing Ca2* but additionally EDTA, and the work of Martin et al. 
(1989), who showed increased release of )H-taurinc in isosmotic 
Ca2’ -free EGTA-containing medium. One further possibility 
was that the increase in [Cal-], observed using fura- during 
hypotonic exposure in calcium-free media, presumably due to 
release from intracellular stores (see Fig. 6B), was sufficient to 
support ‘H-D-aspartate release. In Figure 9C, astrocytes were 
loaded with 25 PM quin-2 for 1 hr to buffer intracellularcalcium, 
with EGTA added to all calcium-free buffers. Again, this did 
not appear to affect the release of ‘I-l-D-aspartate due to exposure 
to hypotonic media. The removal of extracellular calcium and/ 
or the buffering of intracellular calcium also did not affect hy- 
potonic media-stimulated release of preloadcd ‘H-taurine (data 
not shown). Since RVD in astrocytes is dependent on extracel- 
lular calcium, these data suggest that amino acid release is not 
a necessary component for RVD to occur, although it is clearly 
a consequence of astrocytic swelling. 

Since we had found that I mM quinine, which is known to 
block calcium-activated K ’ channels, abolished volume regu- 
lation (see Fig. 2R), we also tested its effect on shRb+ and -‘H- 
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D-aspartate release. As seen in Figure lOA, 1 mM quinine blocked 
the swelling-induced 86Rb+ release, supporting the role of a cal- 
cium-activated K+ efflux during astrocytc volume regulation, 
but had no effect on ‘H-D-aspartate release (Fig. 10B). This 
further supports our finding that amino acid release is not nec- 
essary for astrocyte volume regulation. The experiments in Fig- 
ure 10 was also performed as a control for the necessary design 
of the volume measurement experiments using the resistance 
method, which requires the same ionic concentrations between 
iso- and hyposmotic solutions. The hypotonic buffers were made 
as usual, by the removal of 50 mM NaCl, but the isotonic control 
was made by adding 100 mM sucrose to the hypotonic bufTer 
(as was done in the electrical resistance measurements). This 
experimental design allows us to maintain ionic concentrations 
(namely, NaCl) while altering the tonicity of the solutions, and 
thus shows that the release of amino acids and ions is swelling 
dependent and not due to a lowering of the cxtracellular Na+ 
or Cl concentrations. 

Figure 9. Calcium independence of 
hypotonic-induced efflux of ‘H-D-as- 
partate from primary astrocyte cul- 
tures. The cells, grown on cell support 
film, were incubated overnight with 0.4 
&Ii of ‘H-aspartic acid. A, The third 
exposure shows that removing extra- 
cellular calcium did not affect the hy- 
posmotic (minus 50 mM NaCl)-in- 
duced release of )H-D-aspartate. B, 
Extracellular calcium was removed and 
2 mM EGTA was also added to all hy- 
potonic solutions lo buffer any extra- 
cellular calcium that may have been 
present. Also, for the thirdresponse, cells 
were pre- and postexposed lo an iso- 
tonic minus Ca*+ plus 2 mM EGTA so- 
lution. C, Extracellular calcium was re- 
moved and buffered with 2 mM EGTA, 
as in B, and the cells were also loaded 
with 25 PM quin-2 lo buffer any intra- 
cellular free calcium. 

Discussion 

Requirement of CuzLfbr volume regulation. Upon exposure to 
hypotonic solution, astrocytes in primary culture swell to a peak 
volume and then undergo RVD. A requirement for Ca2+ in 
controlling the RVD response has been shown in a number of 
cell types (Pierce and Politis, 1990). The data presented in this 
study indicate that hypotonic-induced ccl1 volume regulation in 
astrocytes is dependent on cxtracellular calcium, since when 
calcium was removed from the extracellular medium astrocytes 
failed to exhibit RVD. Conversely, if calcium was added to 
swollen astrocytes in calcium-free media, volume regulation was 
almost immediately initiated. 

McCarty and O’Neil (1990) reported that volume regulation 
after swelling was highly dependent on extracellular calcium in 
rabbit proximal straight tubule. They reported a half-maximal 
inhibition of RVD at 100 PM CaCl,, as we found for astrocyte 
volume regulation. They also reported that if RVD was initially 
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Figure IO. Effect of quinine on 86Rb+ and ‘H-n-aspartate release. A, 
The addition of 1 mM quinine blocked hypotonic-induced ““Rb. release. 
B, The addition of I rnM quinine did not affect hypotonic media-induced 
‘H-D-aspartate release. The hypotonic buffer was made by removing 50 
mM NaCI, while the isotonic control was made by adding 100 mM 
sucrose to the hypotonic buffer (as was done in the electrical resistance 
measurements). 

blocked by reducing [Ca2+], or by the addition of verapamil 
during hypotonic swelling, volume regulation could only be re- 
stored by subsequently inducing calcium entry within the first 
1 min or less of exposure to hypotonic media. They suggested 
a “calcium window” of < 1 mitt, during which RVD is sensitive 
to Cal+, and after that the Cal’ -sensitive mechanisms for RVD 
undergo inactivation. We have found no such “calcium win- 
dow” in astrocytes, as adding I mM CaCI, up to 10 min after 
exposure to hypotonic media minus calcium causes immediate 
initiation of RVD (data not shown). 

Swelling-activated Ca z+ entry and rise in [Caz+],. Either ex- 
tracellular or intracellular Ca2+ may be the signal that activates 
RVD following exposure to hypotonic solutions. In all cell types 
that report a calcium dependence of RVD, except for Ehrlich 
ascites tumor cells (Hoffmann et al., 1984) and lymphocytes 
(Grinstein et al., 1982), the source of calcium is cxtraccllular, 
that is, requiring Ca* + entry to activate RVD. Swelling-induced 
calcium uptake has been reported in renal proximal tubule cells 
(McCarty and O’Neil, 199 la,b), canine kidney cells (Rothstein 
and Mack, 1992), toad urinary bladder (Wong and Chase, 1986), 
and Necturus gallbladder (Foskett and Spring, 1985). Since we 
found that swelling-induced entry of 45Ca2f in astrocytes was 
partially blocked by the dihydropyridine Ca*+-channel antag- 
onist nimodipine, this indicates that one route of CaZ+- entry is 

through voltage-gatcd L-type channels. In previous electro- 
physiology experiments, we showed that exposing astrocytes to 
hypotonic solutions caused marked membrane potential de- 
polarizations proportional to the degree of hypotonicity (Ki- 
melberg and O’Connor, 1988), as also seen in other cells (Ubl 
et al., 1988). A voltage-sensitive Ca*+ channel, resembling the 
L-type channel, has been dcscribcd in cortical astrocytcs in isos- 
motic conditions when the cells were treated with dibutyryl 
CAMP (MacVicar, 1984, 1987; Barres et al., 1988, 1990; 
MacVicar and Tse, 1988). It is thcreforc of interest that we 
observed L-channel activity in swollen astrocytes that had not 
been treated with CAMP. Possibly, swelling activates the nor- 
mally quiescent channels perhaps by increasing intracellular 
CAMP, as has been observed in other cells (Watson, 1989, 1990; 
Baquet et al., 199 1). The depolarization observed in media made 
hypotonic by removal of 100 mOsm, as routinely used in this 
study, would be around 50 mV, reducing the membrane poten- 
tial to approximately -20 mV, which would be sufficient to 
begin to open the voltage-sensitive calcium channels. Also we 
found that depolarizing the cells with raised K-+ in the medium 
(50 and 100 mM) led to an increase in the fura signal (data not 
shown). 

However, since only 60% of the 45Ca2 + entry was inhibited 
by nimodipine, other pathways must exist. One possible route 
for calcium entry could be via the electrogenic sodium*lcium 
3Na+/Ca’+ exchange system working in the reverse mode due 
to intracellular Ca2+ depletion and Na’ gain as seen in astrocytes 
after exposure to low Ca*+ mimicking the “calcium paradox” 
phenomenon (Kim-Lee et al., 1992), and cell membrane de- 
polarization. Since swelling increases release of intracellular CaZ+, 
and thus presumably depletes internal stores, and this is known 
to lead to activation of Ca*+ channels, some of the increased 
45Ca*+ influx could also be via such a mechanism. Also, in- 
crcascd 4sCaZ+ uptake could be via Ca*+/Ca*+ exchange. 

A further additional route for swelling-activated Ca2’ entry 
could be through stretch-activated channels (SACS) in the plas- 
ma membrane. Cation-specific and Ca*+-permeable channels 
scnsitivc to membrane stretch have been described in salaman- 
dcr choroid plexus cpithelium (Christensen, 1987), porcine vas- 
cular endothelium (Lansman et al., 1987), renal proximal tu- 
bules (Filipovic and Sackin, 199 I), Xenopus oocytes (Yang and 
Sachs, 1990), and murine skeletal myotubes (Franc0 and Lans- 
man, 1990a,b). A SAC permeable to calcium has been reported 
in human retinal glial cells (Puro, 1991), but it was not deter- 
mined if an increase in cell volume activated this channel. In 
whole-cell recordings from cultured astrocytes (Kimelberg et al., 
1990a) nonspecific cation currents were seen upon exposure to 
hypotonic solutions, which are likely responsible for the marked 
depolarization of the membrane potential seen in swollen as- 
trocytes (Kimclbcrg and O’Connor, 1988; Kimelberg and Ket- 
tenmann, 1990). These currents could include CaZ+, but this 
was not determined. Further characterization of stretch-acti- 
vated ion channels is necessary to elucidate their role in CaZ+ 
entry and K+ and Cl- efflux during volume regulation. 

The extracellular calcium required to activate RVD is as- 
sumed to act as a source for the rise in [Ca*+],. A swelling- 
induced increase in calcium influx, leading to a rise in intra- 
cellular calcium, has been reported in a number of cell types 
(Wong and Chase, 1986; Hazama and Okada, 1990; Rothstein 
and Mack, 1990; Wong et al., 1990). In our studies it was found 
that swelling in the presence of normal calcium was associated 
with an increase in intracellular free calcium concentration that 
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was characterized by a biphasic response. Using fura- we found 
that hypotonic media-induced swelling led to an initial transient 
increase in free [Ca2+], , which was due to release of Ca2+ from 
intracellular stores since removal of [Ca2+], did not affect it. 
This release is stimulated by IP compounds and IP, increases 
have been reported to occur during RVD. at least in Ehrlich 
ascites cells (Hoffman and Kolb, 1992). In the abscncc of [Caz ’ I,., 
[Ca*+], rapidly returned to baseline values, without the sustained 
plateau seen in the presence of normal [Ca2+lc. The sustained 
increase above baseline also appears to be partly due to Ca2+ 
entry since nimodipine, which blocked approximately 60% of 
the swelling-induced 45Ca2+ entry, also caused a more rapid 
decline of the initial transient and a partial decrease of the 
sustained plateau (Fig. 7). That nimodipine did not abolish the 
plateau, as was seen upon removal of [Ca* ‘I,,, might be expected 
as nimodipinc did not block all calcium entry, as measured by 
influx of 45CaZ + . 

Release of ions. Volume regulation under hypotonic condi- 
tions is often due to the cellular loss of KC1 with water. Both 
electroneutral cotransporters and clectroconductive channels may 
be responsible for volume-sensitive KC1 fluxes (Hoffmann and 
Simonsen, 1986). In some cells the K * and Cl- conductanccs 
are separate, for example, in human lymphocytes (Grinstein et 
al., 1982) frog urinary bladder (Davis and Finn, 1987), human 
intestinal epithelial cells (Hazama and Okada, 1988), Ehrlich 
ascites cells (Hoffmann et al., 1984), and Chinese hamster ovary 
cells (Sarkadi et al., 1984). In other cell types, like Necturus 
gallbladder epithclial cells (Larson and Spring, 1984) and most 
red blood cells (Pierce and Politis, 1990) K+ movements are 
completely Cl - dependent, indicating cotransport. 

Since the RVD process in astrocytes appeared completely 
sensitive to extracellular calcium, the possibility that volume- 
sensitive KC1 efhux was sensitive to calcium was examined. The 
data indicated that release of both K’ and Cl in RVD was 
dependent on [Cal+ I,. Calcium-activated K+ channels have been 
reported in astrocytes (Quandt and MacVicar, 1986; Barnes et 
al., 1990) and in astrocytic retinal Mtiller cells (Puro et al., 199 1). 
These channels are activated by mcmbranc depolarization and 
increases in intracellular Ca2+ concentration. A role for these 
channels in RVD was also supported by the finding that quinine, 
a known blocker of Cal ’ -activated K- channels, also blocked 
the swelling-induced release of *6Rb+. 

There is more evidence that activation of volume regulatory 
K+ transport systems are controlled by cytosolic calcium than 
for Cl (Grinstein et al., 1982; Foskett and Spring, 1985; Hoff- 
mann et al., 1986; Hazama and Okada, 1988; Pierce and Politis, 
1990). Volume regulatory Cl- conductances are activated in 
response to hyposmotic stress in Ca2+ -depleted lymphocytes 
(Grinstein et al., 1982) and Ca2*-depleted human gut epithelial 
cells (Hazama and Okada, 1988). However, Ca* ’ -activated Cl- 
transport pathways have been reported in several cell types, 
including Xenopus oocytes (Miledi and Parker, 1984), tracheal 
epithelial cells (Frizzell et al., 1986), neurons (Mayer, 1985), 
and several other cell types (Hoffmann and Simonsen, 1989). 
Also, Hoffmann et al. (1986) showed that A23187, a calcium 
ionophore, caused increased Cl loss from hyposmotically 
stressed Ehrlich ascites cells. RVD involving Cl requires that 
there is adequate intracellular Cl-. While Cl in cultured astro- 
cytes is at 30-10 mM (Kimelberg, 198 I), glial cells in guinea pig 
olfactory cortex showed a passive Cl distribution (Ballanyi et 
al., 1987). Perhaps in vivo, HCO,- efflux, or some other anion, 
also contributes to RVD in astrocytes. 

Release of amino acids. Release of taurinc, glutamate, aspar- 
tate, and other amino acids has been shown to occur during 
RVD in a number of vertebrate and invertebrate cell types 
(Gilles et al., 1991). Pasantes-Morales and Schousboe (1989) 
showed a hypotonic media-induced release of radiolabeled and 
endogcnous taurinc, and Kimelberg et al. (1990b) reported that 
exposure of primary astrocytc cultures to hypotonic media led 
to release of label after cells had been allowed to accumulate 
‘H-L-glutamate, ‘H-D-aspartate, or ‘H-taurine, as well as release 
of endogenous glutamate and taurine as measured by HPLC. 
These findings led us (Kimelberg et al., 1990b) to suggest that 
swollen astrocytes may be an additional source of release for 
L-glutamate and L-aspartate, which could contribute to excito- 
toxic, amino acid-induced neuronal injury (Choi, 1988), since 
astrocytic swelling is an early event in a number of pathological 
states including traumatic head injury and cerebral ischemia 
(see reviews by Kimclbcrg and Ransom, 1986, and Kimclbcrg, 
1992). While hypotonic conditions arc only encountered in vivo 
in cases involving kidney failure, and astrocytic edema is likely 
due to a variety of other causes such as high [K +I, or glutamate 
(Kimclbcrg, 199 1, 1992; Kimelberg et al., 1993), WC assume 
that the same degree of swelling will result in activation of the 
same processes. However, hyponatremia is often a problem in 
head-injured patients due to systemic effects of the injury. Res- 
olution of astrocytic swelling on a time course of l-2 hr, which 
is about sixfold longer than RVD, has been described after ex- 
perimental closed-head injury in cats (Barron et al., 1988). Even 
under conditions of normal neuronal activity, accumulation of 
K+ as KC1 with H,O and/or uptake of transmitters, such as 
glutamate, with Na+, may be compensated for by Ca2+-acti- 
vated release of KC1 to maintain normal cell volume. 

We also examined whether the hypotonic-induced release of 
amino acids contributed to the RVD process in astrocytes, as 
has been suggested for other cell types (Law, 1991) and as has 
been suggested for taurine release in the brain (Thurston et al., 
1980; Pasanatcs-Morales and Schousboe, 1988). Since RVD in 
our astrocytes was highly dependent on [Ca*+],, then the release 
of amino acids should also be sensitive to [Ca’ ‘I,, if such release 
contributes significantly to RVD. We found that removal of 
cxtracellular calcium and/or buffering of intracellular calcium 
had no effect on the swelling-induced release of ‘H-Daspartatc 
(Fig. 9) or 3H-tam-me (data not shown). Pasantes-Morales et al. 
(I 990) have also reported that hypotonic-induced taurine re- 
lease was unaffected by removal ofextracellular calcium. There- 
fore, these data suggest that amino acid release during RVD, 
while occurring concomitantly, is not necessary for volume reg- 
ulation in cultured astrocytes. One possible explanation is that 
because only l-10% of the aspartate or glutamate pool is re- 
leased during volume regulation, and because endogcnous con- 
centrations of these amino acids are quite low in the brain 
(Clarke et al., 1989), the release of aspartate or glutamate is not 
of a sufficient quantity to play an important role in volume 
regulation in astrocytes. Also, since taurine in the brain is ap- 
proximately 2-5 mM, its role in volume regulation in situ has 
been questioned (Martin ct al., 1990). Our data suggest that 
taurine does not contribute as an osmolytc even under marked 
hypotonic-induced swelling. However, in cultured astrocytes the 
apparent concentration of 3H-taurinc is 50-80 mM (Kimelberg 
et al., 1990b), so its apparent lack of contribution to RVD in 
cultured cells is surprising. The swelling-induced, Ca2+ -inde- 
pendent release of amino acids from astrocytes may contribute 
to the Ca2+-independent release of glutamate seen during ex- 



2648 O’Ccmor and Kim&erg l Ca *+ Dependence of RVD in Astrccytes 

Voltage-dependent IVon-Specific 
Ca++ ChanneLs Cation ChanneLs 

Figure II. Possible roles of calcium 
involvement in volume regulation of 
astrocytes swollen by hypotonic media 
and different possible transport path- 
ways for RVD. The sequence of events 
is suggested to occur as follows: astro- 
cyte in hypotonic media - cell swelling 
due to water influx - membrane de- 
polarization due lo opening of nonspe- 
cific cation SACS -A Ca* ’ entry predom- 
inan,tly via voltage-gated channels - 
increased free lCaI+l, - activation of 
Ca2’-dependent K+ and Cl- channels 
- efflux ofions - volume decrease. See 
last section of Discussion for further de- 
tails. Regulation 

perimental &hernia in vivo, which comes later and is smaller 
than the initial Cal+-dependent release (Katayama et al., 199 1). 

Model of the roles of Ca2+ in astrocyte R VD. Figure 1 1 is a 
proposed model depicting the possible roles of calcium in ini- 
tiation of RVD in astrocytes swollen by exposure to hypotonic 
medium. In this model, swelling of astrocytcs due to exposure 
to hypotonic media initially causes depolarization of the mem- 
brane potential, possibly through opening of nonspecific cation, 
swelling-activated channels (SACS). This depolarization then 
activates voltage-sensitive CaZ+ channels, allowing entry of cal- 
cium into the cell, since this entry can be partially blocked by 
voltage-sensitive calcium channel blockers. Other routes ofCa’ * 
entry also probably occur. Release from intracellular stores also 
causes the free [Cal+], to increase transiently. However, it ap- 
pears to be the sustained entry of extracellular Ca’+ that opens 
Ca*+-dependent K+ channels and Cl- channels that allow KC1 
to leave the cell. Amino acids are also released, but by a mech- 
anism that does not involve Ca* + and therefore may be activated 
directly by tension in the membrane, or perhaps by the dcpo- 
larization or by involvement of second messenger changes such 
as CAMP or phosphatidylinositol products (Watson, 1989, 1990; 
Baquet et al., 1991; Hoffmann and Kolb, 1991). The swelling- 
induced release of amino acids is inhibited by several anion 
transport blockers and is Na+ independent, and in the case of 
glutamate is unaffected by glutamate uptake blockers, which 
argue against release being due to reversal of the uptake system 
(Kimelberg et al., 1990b). The release of intracellular ions, along 
with osmotically obligated water, results in the astrocytes’ vol- 
ume regulating back close to their initial volume. 
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