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Abstract

In most mammalian cells, regulatory volume decrease (RVD) is mediated by swelling-activated Cl� and Kþ channels. Previous

studies in the human neuroblastoma cell line CHP-100 have demonstrated that exposure to hypoosmotic solutions activates Cl�

channels which are sensitive to Ca2þ. Whether a Ca2þ-dependent Kþ conductance is activated after cell swelling was investigated in

the present studies. Reducing the extracellular osmolarity from 290 to 190mOsm/kg H2O rapidly activated 86Rb effluxes. Hy-

poosmotic stress also increased cytosolic Ca2þ in fura-2 loaded cells. Pretreatment with 2.5mM EGTA and nominally Ca2þ free

extracellular solution significantly decreased the hypoosmotically induced rise in cytosolic Ca2þ and the swelling-activated 86Rb

efflux. In cell-attached patch–clamp studies, decreasing the extracellular osmolarity activated a Kþ conductance that was blocked by

Ba2þ. In addition, the swelling-activated Kþ channels were significantly inhibited in the presence of nominally free extracellular Ca2þ

and 2.5mM EGTA. These results suggest that in response to hypoosmotic stress, a Ca2þ-dependent Kþ conductance is activated in

the human neuroblastoma cell line CHP-100.

� 2003 Elsevier Inc. All rights reserved.
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Cell volume regulation is an essential feature of most

mammalian cells and it is particularly vital in the brain

due to the natural confinement imposed by the skull.

Thus, neuronal cells, like most epithelial cells, have the

capacity to regulate their cell volume. Exposure to hy-

poosmotic conditions results in neuronal cell swelling,

which subsequently leads to regulatory volume decrease
(RVD) [1]. Several mechanisms have been identified for

the RVD process, with the opening of distinct Kþ and

Cl� channels and the subsequent exit of water being the

most prominent [1–3].

Many types of Kþ channels have been implicated

during RVD, including, TASK [4], stretch-activated [5–

7], voltage-gated [8,9], and Ca2þ-dependent channels
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[10–13]. In most cell types, the latter have been postu-

lated to be the most prevalent type of Kþ pathway ac-

tivated during RVD [14]. However, there are conflicting

reports regarding the role of Ca2þ in mediating the

swelling-activated Kþ efflux. This variability may reflect

differences in the cell type. Pasantes-Morales and Mulia

[14] suggested in a recent review that in epithelial cells,
RVD is mediated by Ca2þ-dependent Kþ conductances,

while in nonepithelial cells, Ca2þ-independent Kþ

channels are the principal type of conductance activated.

However, investigations regarding the types of

swelling-activated Kþ conductance mediating RVD in

neuronal cells have been limited. Previous studies in the

human neuroblastoma cell line CHP-100 cells have

demonstrated that decreasing the extracellular osmo-
larity from 290 to 190mOsm/kg H2O results in rapid cell

swelling, followed by the activation of swelling-sensitive

anion channels and the subsequent RVD [15,16]. Fur-

thermore, the swelling-activated anion conductance was

dependent on extracellular Ca2þ [15]. Whether Ca2þ also
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mediates a swelling-activated Kþ conductance in CHP-
100 cells was investigated in the present studies.
Fig. 1. Effects of hypoosmolarity and Ca2þ on 86Rb efflux. CHP-100

cells were loaded with 86Rb as described in Materials and methods.

After a four-minute basal time period, one set of cells (closed circle)

were exposed to media where the osmolarity was reduced from 290 to

190mOsm/kg H2O (at arrow), while control cells (filled triangle) was

exposed to isoosmotic buffer. In addition, some cells were pretreated

with 2.5mM EGTA and nominally Ca2þ-free bath solution and sub-

sequently exposed to hypoosmotic buffer in the continued presence of

2.5mM EGTA and nominally Ca2þ-free bath (open circle). Results are

expressed as the fraction of initial 86Rb released at each 1min period as

described in Materials and methods and are represented as means�
SE. Error bars (SE) are not evident when they are smaller than the size

of the symbol. þ, p < 0:05 with respect to isoosmotic conditions and

*, p < 0:05 with respect to hypoosmotic solution.
Materials and methods

Cell culture. The human neuroblastoma cell line CHP-100 was

kindly provided by Dr. Audrey Wilson and Mr. Al Wilson from

Children’s Hospital of Philadelphia. Cells were maintained in culture

at 37 �C in a 5% CO2 incubator in RPMI 1640 media (Gibco) sup-

plemented with 10% fetal bovine serum, 100 IU/ml penicillin, and

100lg/ml streptomycin.

Cytosolic Ca2þ. Intracellular Ca2þ concentration was measured

using the Ca2þ-sensitive fluorochrome fura-2 (AM) (Molecular Probes,

Eugene, OR). Cells in suspension were loaded for 30min with 20 lM
fura-2 in Dulbecco’s modified Eagle’s medium (DMEM) (BioWhit-

taker, Walkersville, MD). Cells were then washed twice with PBS and

transferred to a cuvette containing Hanks’ balanced salt solution

containing 10mM Hepes (pH 7.4) and placed in a Perkin–Elmer

LS50B spectrometer. Real-time measurements were monitored by al-

ternating excitation wavelengths (340/380 nm) every 1.9 s and data

were derived from the ratio of emissions at 510 nm. Fmax and Fmin were

determined with Triton X-100 and EGTA, respectively. Intracellular

Ca2þ was calculated as described by Grynkiewicz et al. [17].
86Rb efflux. 86Rb (Amersham Labs, Arlington Heights, IL) was used

as a marker for Kþ efflux. CHP-100 cells were grown to 90% conflu-

ence in 22mm plates (CoStar, Cambridge, MA) and loaded for 1 h

with 3lCiml�1 86Rb at room temperature. After 1 h, cells were washed

three times with isotope free buffer for 1min per wash to remove ex-

tracellular isotope. Studies were subsequently initiated by a previously

described method [18]. Briefly, 1ml of extracellular buffer was added

and removed at 1min intervals. After a 4min period to establish a

basal efflux, extracellular buffer was replaced with hypotonic buffer. At

the end of the study, cells were lysed with 1ml of 0.1N NaOH to

determine the amount of radioactivity remaining in the cells. The total

number of counts per 22mm plate was calculated as the sum of the

counts measured at each 1min interval (including the counts from the

lysed cells). Results are expressed as the fraction of 86Rb released at

each 1min interval, which was determined by dividing the radioactivity

at each 1min interval by the total number of radioactivity present in

the cells at start of the flux.

Patch–clamp studies. Single-channel currents in cell attached pat-

ches were measured using patch–clamp techniques described by Hamill

et al. [19]. Immediately before study the culture medium was replaced

with extracellular buffer (see below). Cells were viewed at a magnifi-

cation of 600� with Hoffman optics by using an inverted Olympus

(IMT-2) microscope. Recording pipettes were pulled from Corning

7052 glass and had a resistance of 5–10MX when filled with intracel-

lular buffer (see below). Recordings were made with an Axopatch 1-D

amplifier (Axon Instruments) with voltage and current commands

generated with pCLAMP software. All data were acquired on-line at a

sampling rate of 10–20kHz and filtered at 1 kHz prior to analysis with

pCLAMP6.0 software. Results represent means� SE from 5 to 8

experiments.

Solutions. The extracellular (isoosmotic) media contained the fol-

lowing (in mM): 140 NaCl, 4 KCl, 1 KH2PO4, 2 MgCl2, 1.5 CaCl2, 3

glucose, and 10 Hepes (pH 7.4 with NaOH). The final hypoosmotic

solution contained the following (in mM): 93 NaCl, 1 KH2PO4, 2

MgCl2, 1.5 CaCl2, 3 glucose, and 10 Hepes (pH 7.4 with NaOH).

Thirty micromolars of 5-nitro-2-3-(3-phenylpropylamino)benzoic acid

(NPPB) was included in both the isoosmotic and hypoosmotic solution

to minimize the effects of swelling-activated anion currents. The pipette

solution contained (in mM): 10 NaCl, 130 K-gluconate, 2 MgCl2, and

10 Hepes (pH 7.4 with KOH). The osmolalities for the extracellular

and final hypoosmotic solution, as measured with the freezing point

depression osmometer, were 290 and 190mOsm/kg H2O, respectively.
Data analysis. Data are represented as n� SE, where n refers to the

number of cells for electrophysiological studies and monolayers for

efflux studies. Statistical comparisons were made by the t test to a

significance level of p < 0:05 or better.
Results and discussion

Swelling-activated 86Rb efflux and Ca2+

86Rb has been used as marker for Kþ permeability in

a number of cell types. After obtaining a four-minute

basal 86Rb efflux, the extracellular osmolarity was de-

creased from 290 to 190mOsm/kg H2O. This resulted in

a rapid increase in 86Rb efflux (Fig. 1). The peak swell-

ing-induced 86Rb efflux increased significantly up to
250� 10% (n ¼ 6; p < 0:05) as compared to isoosmotic

conditions. The peak response was observed 2.5min

after exposure to hypoosmotic solution (Fig. 1). Sub-

sequent to the peak response, the 86Rb gradually de-

creased for the remainder of the experiment. In contrast,

cells that were not exposed to hypoosmotic solution did

not exhibit any significant changes in 86Rb efflux (Fig. 1)

during the course of the experiment. In both astrocytes
and cortical granule neurons, a similar increase in

swelling-activated 86Rb effluxes has been reported

[20–23].

In order to investigate whether this 86Rb efflux is

dependent on increases in intracellular Ca2þ, cells were

first pretreated with 2.5mM EGTA for 5min. The

subsequent addition of hypoosmotic solution containing
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nominally free Ca2þ and 2.5mM EGTA did not signif-
icantly increase 86Rb efflux (Fig. 1). Bender and

Norenberg [21] and O’Connor and Kimelberg [22] re-

ported a similar dependence of Ca2þ on swelling-acti-

vated 86Rb efflux in astrocytes. In contrast, in cerebellar

granule neurons and cerebellar astrocytes, swelling-ac-

tivated 86Rb efflux was Ca2þ-independent [20,24]. In

addition, Quesada et al. [25] reported that cultured as-

trocytes exhibit swelling-activated 86Rb efflux that con-
tains both Ca2þ-independent (�70%) and -dependent

(�30%) fractions. However, in epithelial cells such as

toad bladder cells, enterocytes, and eccrine cells, swell-

ing-activated 86Rb efflux was totally Ca2þ dependent
Fig. 2. Effect of hypoosmotic stress on intracellular Ca2þ levels. In this represe

the standard isoosmotic buffer (dark trace) or pretreated with 2.5mM EGTA

to either hypoosmotic solution (dark trace) or to hypoosmotic solution in th

Fig. 3. Swelling-activated Kþ currents are Ca2þ sensitive. In cell-attached pa

isooosmotic solutions at all tested membrane potentials. Representative ba

decrease in osmolarity from 290 to 190mOsm/kg H2O activated Kþ channel

+40, and +80mV are shown for illustration (B). The subsequent exposure to

with nominally Ca2þ-free extracellular buffer in the presence of 2.5mM EGT

solutions in the continued presence of 2.5mM EGTA and nominally free e

sentative trace is shown at )40 and +40mV (E). Solid line beside the traces
[26–28]. This suggests that the role of Ca2þ in the
swelling-activated Kþ conductance is dependent upon

the cell type.

Intracellular Ca2þ

The decreased 86Rb efflux in the absence of Ca2þ

suggests that the volume-sensitive Kþ conductance is

dependent upon increases in cytosolic Ca2þ. In many

epithelial and non-epithelial cells, exposure to hypoos-

motic solutions has been shown to increase intracellular

Ca2þ levels [14,29]. Previous studies in CHP-100

cells demonstrated that hypoosmotic stress increases
ntative experiment, fura-2 (AM) loaded cells were maintained in either

(light trace) before manipulation. Subsequently, the cells were exposed

e presence of 2.5mM EGTA (light trace).

tch–clamp recordings, channel activity was not usually observed with

sal tracings at +40mV and )40mV are shown (A). The subsequent

s at all tested potentials. Representative channel activities at )80, )40,
5mM Ba2þ blocked swelling-activated Kþ channels (C). Pretreatment

A did not affect basal channel activity (D). Exposure to hypoosmotic

xtracellular Ca2þ, did not significantly activate Kþ channels. A repre-

indicates closed state.
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cytosolic Ca2þ [15]. Whether this increase in cytosolic
Ca2þ is prevented in the absence of extracellular Ca2þ

was evaluated in the present studies. As illustrated in

Fig. 2, exposure to hypoosmotic solution rapidly in-

creased intracellular Ca2þ levels from a baseline value of

60� 8 nM to a peak value of 148� 12 nM (n ¼ 5). In

contrast, in cells pretreated with 2.5mM EGTA and

nominally free extracellular Ca2þ, the basal Ca2þ levels

were reduced to 37� 7 nM (n ¼ 5). Subsequent exposure
to hypoosmotic solution in the continued absence of

extracellular Ca2þ and 2.5mM EGTA significantly

(p < 0:05) reduced the hypoosmotically induced peak

elevation in cytosolic Ca2þ to 71� 5 nM (n ¼ 5) (Fig. 2).

A similar hypoosmotically induced rise in intracellular

Ca2þ has been reported in rat brain nerve terminals [30].

Electrophysiological studies

The 86Rb efflux studies suggest that a Ca2þ-depen-

dent Kþ pathway is activated after hypoosmotic stress.

The single channel basis for the volume-sensitive Kþ

pathway was investigated in cell-attached patch–clamp
studies. In earlier studies NPPB was found to block

volume-sensitive anion currents [15] and thus, 30 lM
NPPB was included in the extracellular solution to

exclude the contribution of anion currents. A similar

technique to assess swelling-activated Kþ currents was

used in the intestinal cell line 407 [31]. Under basal

conditions, Kþ channel activity was minimal (Fig. 3A).

However, decreasing the extracellular osmolarity from
290 to 190mOsm/kg H2O increased Kþ channel activ-

ity at all tested membrane potentials (Fig. 3B). In ad-

dition, opening of multiple Kþ channel levels was

frequently observed (Fig. 3B). The single channel con-

ductance was 65 pS with a slightly inwardly rectifying

current–voltage (I–V ) relationship at )60mV, in cell

attached patches with pipette Kþ concentration similar

to the cytosol (data not shown). Furthermore, the ad-
dition of 5mM BaCl2 significantly decreased the

swelling-activated Kþ channel activity at all tested

potentials (Fig. 3C).

In order to confirm that the swelling-activated Kþ

conductance is sensitive to extracellular Ca2þ, CHP-100

cells were pretreated with nominally free Ca2þ extra-

cellular solution containing 2.5mM EGTA for 5min.

This procedure did not significantly affect basal Kþ

channel activity (Fig. 3D). The subsequent exposure to

hypoosmotic solution (in the continued presence of

nominally free Ca2þ and 2.5mM EGTA) failed to

significantly activate Kþ channels when tested at mem-

brane potentials from )100 to +100mV (Fig 3E). Ca2þ-

dependent, swelling-activated Kþ channels with varying

conductances have been reported in both epithelial and

non-epithelial cells (reviewed in [14]). In some cell types,
swelling-activated Kþ channels that are independent of

Ca2þ have also been observed (reviewed in [14,32]).
Although in the literature there are conflicting results
regarding the role of Ca2þ in modulating swelling-acti-

vated Kþ efflux, the present results suggest that in the

human neuroblastoma cell line CHP-100 a Ca2þ-de-

pendent Kþ channel is activated upon cell swelling. The

variability in the requirement of Ca2þ in activating

swelling-activated Kþ conductance may reflect cell type

differences. However, during RVD, both Cl� and Kþ

channels must be involved for efficient RVD. Our pre-
vious results in CHP-100 cells clearly demonstrate a role

for Cl� channels during RVD [15,16] and the present

data indicate that Ca2þ-dependent, swelling-activated

Kþ channels may also play an integral role during RVD.
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