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Abstract. Hemichannels in the overlapping regions of
apposing cells plasma membranes join to form gap
junctions and provide an intercellular communication
pathway. Hemichannels are also present in the non-
junctional regions of individual cells and their activity is
gated by several agents, including calcium. However,
their physiological roles are unknown. Using tech-
niques of atomic force microscopy (AFM), fluorescent
dye uptake assay, and laser confocal immunofluores-
cence imaging, we have examined the extracellular cal-
cium-dependent modulation of cell volume. In re-
sponse to a change in the extracellular physiological
calcium concentration (1.8 to =1.6 mM) in an other-
wise isosmotic condition, real-time AFM imaging re-
vealed a significant and reversible increase in the
volume of cells expressing gap-junctional proteins
(connexins). Volume change did not occur in cells that

were not expressing connexins. However, after the
transient or stable transfection of connexin43, volume
change did occur. The volume increase was accompa-
nied by cytochalasin D-sensitive higher cell stiffness,
which helped maintain cell integrity. These cellular
physical changes were prevented by gap-junctional
blockers, oleamide and B-glycyrrhetinic acid, or were
reversed by returning extracellular calcium to the nor-
mal level. We conclude that nongap-junctional hemi-
channels regulate cell volume in response to the change
in extracellular physiological calcium in an otherwise
isosmotic situation.
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Introduction

Gap junctions, as specialized plasma membrane struc-
tures, allow the diffusion driven transfer of small cytoplas-
mic molecules and ions between interconnected cells
which, in turn, influence cellular growth and differentia-
tion, metabolic homeostasis, and the synchronization of
electrical activity (Bennett et al., 1991; Kumar and Gilula,
1996). Existing models of the gap junction structure sug-
gest that plasma membranes of the apposing cells that
form gap junctions contain hemichannels (connexons).
Hemichannels consisting of multimeric gap-junctional pro-
teins (connexins) are preassembled in cytoplasmic mem-
branes and transported to the cell plasma membrane by
vesicle trafficking (Musil and Goodenough, 1993; Rahman
et al., 1993; Lampe, 1994; Laird, 1996; Falk et al., 1997).
Some of these hemichannels interact with their counter-
parts from the apposing cells to form whole gap junction
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channels and others remain in nonjunctional regions. The
presence of nonjunctional hemichannels is supported by
several studies, including electrophysiological measure-
ments (DeVries and Schwartz, 1992; Li et al., 1996), ion
channel reconstitution (Buehler et al., 1995; Rhee et al.,
1996), functional expression in Xenopus oocytes (Dahl
et al., 1992; Ebihara, 1996; Trexler et al., 1996), as well as
recent structural analyses (Lal et al., 1995b; L. et al., 1996;
Hulser et al., 1997; Zampighi et al., 1999). The physiologi-
cal function of these nonjunctional hemichannels is un-
known, although hemichannel activity is reported to be
gated by extracellular free calcium (Ca?"; Pfahnl and
Dahl, 1999), by metabolic inhibition (see Cotrina et al.,
1998; John et al., 1999), and by membrane depolarization
(DeVries and Schwartz, 1992).

Extracellular Ca®" level ([Ca®?"'],) undergoes regional
and rhythmic fluctuations under normal physiological con-
ditions (1-1.3 mM and 1.3-1.8 mM, for whole mammals
and for cells in culture, respectively; Parfitt and Kleere-
kofer, 1980; Stewart and Broadus, 1987). Such calcium
fluctuations serve several important physiological roles
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(for review see Brown, 1991), but their underlying mecha-
nisms are poorly understood. Gap-junctional hemichan-
nels could be opened in a Ca?"-free medium (Pfahnl and
Dahl, 1999), however, it is unknown whether the nor-
mal physiological fluctuations in the extracellular [Ca?']
modulate hemichannel activity and whether such altered
hemichannel activity serves any physiological functions.

Hemichannels, when opened in a reduced calcium en-
vironment, because of its large nonselective ion pores,
would allow flow of free ions along their concentration
gradients, for example, Na*, CI~, and Ca?" into the cyto-
plasm and K* out of the cytoplasm. Since the cytoplasm
contains excess of negatively charged large macromole-
cules which cannot leave the cytoplasm, the increased CI~
concentration would require water uptake via aquaporins
(if they are present in the cell membrane), hemichannels,
or both to maintain isosmotic condition. Subsequent clos-
ing of hemichannels would thus establish a higher steady-
state cell volume. Such hemichannel-mediated cell volume
change could serve as a direct mechanism for the poorly
understood isosmotic volume change that is closely linked
to cell growth and metabolism (for a recent review, see
O’Neill, 1999).

In the present study, using multimodal atomic force mi-
croscopy (AFM?; for review, see Lal and John, 1994; Lal
and Proksch, 1997), confocal laser immunofluorescence
imaging, and fluorescent dye uptake assay, we examined
the change in cell volume due to the opening of hemichan-
nels in a variety of cells expressing or not expressing con-
nexins. Hemichannels opened when the extracellular free
calcium ([Ca®*],) changed only slightly, from normal 1.8 mM
to =1.6 mM. Open hemichannels induced flow of water
and altered the cell volume. The volume change was re-
versed by returning the extracellular calcium to the nor-
mal level and was blocked by gap junction channel block-
ers, B-glycyrrhetinic acid (BGCA) and oleamide. In cells
with no connexins, no volume change occurred. However,
after transient or stable transfection with connexin43
(Cx43), cell volume change was observed. The volume
change was accompanied by an increase in the cell stiff-
ness, which was abolished by a cytoskeletal disrupter, cy-
tochalasin D. Moreover, the volume change and the cell
viability were significantly restricted in the presence of
metabolic inhibitors (Mls). Thus, hemichannels regulate
cell volume in an isosmotic environment.

Materials and Methods

Reagents

DME and OptiMEM without calcium and supplemented calf serum were
obtained from GIBCO BRL and Gemini Bioproducts, respectively. Luci-
fer yellow (LY)-CH (MW 457 D) and LY-conjugated dextran (mol wt,
10,000 D) were obtained from Molecular Probes. Anti-Cx43 antibodies (a
rabbit polyclonal and a monoclonal against a segment near the COOH
terminus) were from Zymed Labs. We also used a site-directed antibody
against the cytoplasmic domain CTag.g, (Laird and Revel, 1990; Lal et al.,
1993, 1995b). Cy3- and fluorescein-conjugated goat anti-rabbit 1gG anti-

IAbbreviations used in this paper: BGCA, B-glycyrrhetinic acid; AFM,
atomic force microscopy; Cx43, connexin43; dOG, 2-deoxyglucose; FCCP,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazine; LY, Lucifer yel-
low dye; MI, metabolic inhibitor.
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bodies were from Chemicon International, Inc. BGCA, cytochalasin D,
and 2-deoxyglucose (dOG) were from Sigma Chemical Co. and oleamide
was from Bachem Bioscience Inc. The Mls, carbonyl cyanide 4-(trifluo-
romethoxy) phenylhydrazine (FCCP) and iodoacetate (John et al., 1999),
were obtained from Aldrich Chemical Co.

Cell Culture

BICR-M1R cell line (epithelial cells from rat mammary tumor) was ob-
tained from Dr. D. Hulser (Stuttgart Univ., Germany; Rajewsky and Gru-
neisen, 1972). KOM-1 (bovine aortic endothelial) cells were a gift from
Dr. Peter Davies (University of Pennsylvania, Philadelphia, PA). N2A
(neuroblastoma) cells and GM04260 (fibroblast) cells were obtained from
American Type Tissue Collection (ATTC) and Coriell Repository, re-
spectively, and HeLa cells were obtained from Dr. Mary Ann Jordan
(University of California, Santa Barbara). N2A cells stably transfected
with Cx43 were obtained from Dr. Paul Lampe (Fred Hutchinson Cancer
Research Center, Seattle, WA). BICR cells were cultured by the protocol
from Drs. Dirk Suhr and Dieter Hulser (Stuttgart Univ., Germany), with
minor modifications (Laird et al., 1995), and KOM-1 cells were cultured
by the protocol from Dr. Davies. N2A and fibroblast cells were cultured
by the protocols from ATTC and Coriell, respectively, and HeLa cells
were cultured by a previously published method (Jordan et al., 1996). In
brief, cells were cultured in 60-mm petri dishes, with or without sterilized
round glass coverslips, in DME supplemented with 10% calf serum and
100 U/ml penicillin-streptomycin. Cells were maintained in 5% CO, at
37°C and used for experiments 2-3 d after subculturing.

Cx43 Transfection in N2A Cells

We used both N2A cells stably transfected with Cx43, as well as N2A cells
transiently transfected with Cx43. The stably transfected cells were ob-
tained from Dr. Paul Lampe at Fred Hutchinson Cancer Research Center,
Seattle, WA.

For transient transfection, the clone G2A (Beyer et al., 1987) was cut
with EcoRI and the insert containing the entire Cx43 coding sequence
with 5’ and 3’ noncoding sequences was inserted into the mammalian ex-
pression vector pPCDNAZ3. The gene is under the control of the CMV pro-
motor for high level constitutive expression. The pPCDNA3-Cx43 DNA
was transfected into N2A cells using lipofectamine (Life Technologies,
Inc.) as per the manufacturer’s protocol: DNA-lipid complexes were
formed by gently mixing 1 pg DNA (in 100 pl OptiMEM) with 2 pl lipo-
fectamine (also in 100 pl OptiMEM), and leaving the mixture for 45 min
at room temperature. N2A cells were plated 24 h before transfection, and
washed with OptiMEM just before transfection. Just before transfection,
800 .l OptiMEM was added to the DNA-lipid mixture, resulting in 1 ml
transfection medium. The cells were incubated with transfection medium
for 20 h, after which 1 ml of N2A growth medium was added for each ml
transfection medium. Another 4 h later, the medium was exchanged com-
pletely to fresh growth medium. Transfected cells were used for dye trans-
fer and AFM experiments after 1-2 d of incubation in growth medium.

Cytoplasmic Dye Uptake Assay

Dye uptake was assayed as described (Lal et al., 1993). In brief, cells
grown on coverslips were incubated directly with 5% LY in the reduced
calcium medium for 3-15 min and then washed with the medium with nor-
mal calcium to close hemichannels and to prevent extrusion of stored
dyes. LY uptake was imaged using an Olympus inverted fluorescence mi-
croscope.

Immunofluorescent Microscopy

Immunolabeling was performed as described (Laird and Revel, 1990). In
brief, cells cultured on coverslips were fixed with 4% paraformaldehyde
for 30 min, were blocked and permeabilized with 3% BSA + 0.1% Triton
X-100 in PBS for 30 min, and were then incubated with ~1-5 pg/ml anti-
Cx43 polyclonal (CT-360) or mAbs (Zymed) for 2 h. Coverslips were then
washed with PBS and incubated with goat anti-rabbit or mouse anti-don-
key secondary antibody conjugated to fluorescein or Cy3 (200X dilution;
Chemicon International, Inc.) for 2 h. Coverslips were then washed with
PBS, dried, and sealed on glass slides. Immunolabeling was viewed on a
BioRad MRC1024 confocal laser scanning microscope or on an Olympus
inverted microscope. To localize immunolabeled regions with a higher
height resolution, only confocal microscopy images are shown. For cell
identification, however, the phase-contrast images of the immunolabeled
cells were also collected (data not shown).
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AFM Imaging

AFM imaging was performed with an integrated AFM-inverted micro-
scope (Lal et al., 1995a; a prototype of Bioscope, Digital Instruments).
Cells cultured in petri dishes or on coverslips were washed with, and then
imaged in, OptiMEM+20 mM Hepes with varying levels of Ca?* (1.8, 1.6,
1.5, 1.3, and 1.0 mM, <10 wM). The petri dish was glued to a specially de-
signed microscope stage and left there for 30 min for conditioning. For im-
aging cells on glass coverslips, coverslips were first glued on to a specially
designed steel holder which was then glued to the stage. Images were ob-
tained with oxide-sharpened silicon nitride tips with a nominal spring con-
stant of ~0.06 N/m, scan rate 0.1-2 Hz. Both the regular contact-mode and
tapping-mode of AFM imaging were used.

All imaging was performed at ~25-27°C room temperature. Imaging
parameters were optimized so that no imaging force-induced cytoskeletal
reorganization or retraction of cellular processes was observed (Lal et al.,
1995a). Cells were imaged for as long as they retained their viability (=5 h).
In BICR and N2A cells, due to their larger initial heights compared with
the maximum z range of the AFM scanner (J scanner, Digital Instru-
ments) used, some portion of the height information is saturated and
therefore reflects underestimates of the actual height. When the medium
was changed to one without calcium, the cells swelled and the height be-
came even more saturated. As the three dimensional morphology could
not be imaged for the whole cell in the height-mode, for all further experi-
ments we concentrated on the relatively thinner and more peripheral re-
gions.

Visual inspection with the light microscope (40X objective) integrated
with the AFM, showed a qualitative volume increase in the majority of
connexin-expressing cells. Since the cultured cells were present both as
isolated, as well as clusters of interconnected cells, the role of the intercel-
lular gap-juctional communication in volume homeostasis in a population
of interconnected cells is also implicated.

For treatment with BGCA, oleamide, molecular inhibitors, and cyto-
chalasin, the reagents were first mixed into OptiMEM and the original
medium was replaced on-line with the one containing reagents. In some
cases, cells were pretreated with BGCA or oleamide for 10-20 min, and
then the effect of extracellular calcium was assayed.

Cell Volume Measurement

Cell volume was imaged in both regular height- and force volume-mode
(Rhee et al., 1998) at 64 X 64 pixels. In force volume-mode, the force-
induced indentation can be monitored and minimized and thus the height
and volume measurements are more accurate. Unless otherwise stated, all
volume data are presented from the force volume imaging. Height-mode
images were obtained at 512 X 512 pixels and provided higher lateral res-
olution images.

Cell volume was measured using the bearing analysis of the AFM soft-
ware. For all pixels that show height data above the substrate plane, the
pixel area times pixel height is integrated, leading to the volume of the cell
fraction in the given image scan size. As the real x, y, and z coordinates of
each image point are stored to construct the images, both local, as well as
global, volume measurements can be computed. The same region of the
cell was imaged in real time while changing the medium with defined ex-
perimental perturbations (e.g., different [Ca®>*]) on-line, to estimate the
relative volume changes as a function of the perturbation. In general, an
AFM image of any volume change was examined for one cell per petri
dish only. Complete sets of AFM data on volume increase were recorded
in 9-11 single cells of each cell types.

Force Mapping and Viscoelasticity Analysis

A map of sample viscoelastic properties was computed from the force vol-
ume plots, in which the AFM tip moves up and down (z-movement) over a
point on the sample surface, probing the elastic and adhesive properties of
materials. Force maps are obtained for each points on the sample surface
as described (Rhee et al., 1998). In addition, the amount of z-movement
needed at each point to reach the preset deflection of the cantilever (usu-
ally corresponding to the lowest imaging force) is used to obtain a topo-
graphical plot of the surface. The height information is used to measure
structural changes (e.g., volume change) during the measurements. For
each pixel in the topographical map, a force curve can be recalled, from
which physical properties, such as the elasticity, can be derived quantita-
tively. We compared the elastic properties of cells under different experi-
mental conditions by changing the medium on-line. Elasticity was calcu-
lated from the force volume imaging data as described (Rhee et al., 1998;
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Parbhu et al., 1999). To compare the viscoelastic properties of the cells,
the slopes of the extending force curves were compared by fitting linear
functions to several regions of the force curves, and by simulating the tip—
surface system as a cone—plane system.

Results

Lowering Extracellular Calcium Concentration
([Ca?*],) Raises Cell Volume

We used a combined light fluorescence and atomic force mi-
croscope (AFM) to examine the change in cell volume and
associated mechanical properties resulting from the modula-
tion of hemichannel activity. We selected several cell types,
including those expressing connexins and those expressing
very little or no connexins. The focus of the present study
was to determine physiological roles of the nonjunctional
hemichannels. Accordingly, volume measurements, Cx43
immunolabeling, and dye uptake assays were performed pri-
marily in single cells, although some cells were present in
clusters and interconnected, and thus the role of the intercel-
lular juctional communication in modulating dye uptake and
volume homeostasis is also implicated.

Real-time AFM images of the hemichannel-induced cell
volume changes are shown in Figs. 1-5. Fig. 1 shows a re-
versible increase in the volume of an epithelial cell as a
function of [Ca?*], in an otherwise isosmotic condition.
Fig. 1 B shows the cell volume in the control medium with
1.8 mM [Ca?"],. Nine minutes after reducing [Ca?'], to
<10 M, the cell volume increased significantly (Fig. 1 C).
When [Ca?*], was returned to the control level (1.8 mM),
the cell volume began to recover and the full recovery of
the cell volume was reached in ~60 min (compare Fig. 1, E
and F).

The volume of fibroblast and endothelial cells also in-
creased significantly when [Ca®"], was reduced and the
volume change was restored after calcium was restored to
the normal level (1.8 mM). The volume increase was most
significant in epithelial cells. For example, in the epithelial
cell shown in Fig. 1, the cell volume increased by more
than threefold. In endothelial cells, volume increased by
up to 75%, and in fibroblasts, the volume increase ranged
from 40 to 70%. On the other hand, removal of Ca?* did
not induce any significant volume change in HelLa cells
and N2A cells that express no to low levels of connexins

Table . Cell Type-specific Relative Volume Change

Cell type Volumeincrease
%

BICR-M 1R epithelial (Marshall) 200-350

KOM-1 endothelial 60-75

GM 04260 fibroblasts 40-70

HelLa 0

N2A neuroblastoma 0

Cx42-transfected N2A 40-65

All connexin-expressing cells show a volume increase in response to lowering of
external free calcium. Nonconnexin-expressing cells do not show any appreciable
volume increase. Complete sets of AFM data on volume increase was recorded in
9-11 single cells of each cell type, each cell serving asits own internal control. Since
the size of these cells, as well as the number of functional hemichannels, could differ
considerably, the rate of volume change would differ considerably. For the population
statistics, it would require a considerably large data set to obtain reliable meanswith a
small standard deviation and thus, only the ranges of volume changesfor each cell type
are reported.
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Figure 1. Volume changes of
a BICR-M1R, epithelial cell
induced by the removal of
extracellular calcium. Real-
time AFM images of the vol-
ume change and morpho-
logical reorganization in a
BICR-M1R, cell. A is an er-
ror-mode image of cells incu-
bated in OptiMEM medium
with normal calcium (1.8
mM). The white part in the
image is due to height satura-
tion. B shows the volume of a
portion of the cell when incu-
bated in the OptiMEM me-
dium with normal calcium. C,
D, and E show a gradual in-
crease in the cell volume af-
ter the extracellular medium
was changed to OptiMEM
without calcium. Imaging for
these panels began 9, 27, and
36 min after changing the me-
dium. When the extracellu-
lar medium was changed
back to OptiMEM with nor-
mal calcium, the cell volume
began to decrease and re-
turned to its original value in
~60 min (F). The z range of
the piezo scanner is too small
to image the complete height
of the cell in these regions.
After changing the medium
with normal calcium to the
calcium-free medium, the
saturated portion of the im-
age increases considerably,
indicating an overall volume
increase of the cell (not
shown). To avoid underesti-
mation of the measured vol-
ume due to the scanner z-range
limit, we selected cell por-
tions that show no saturation
in the height data for further

study. All images are shown as surface plots, with the cell height color-coded, brighter being higher. The acquisition time for each image
is 9 min. As discussed in Materials and Methods, spatial resolution in force plots is very low and hence no cytoskeletal reorganization is
apparent. For such study, error-mode height images were taken at regular intervals (data not shown).

(Table 1). In general, an AFM image of any volume
change was examined for one cell per petri dish only.
Complete sets of AFM data on volume increase were re-
corded in 9-11 single cells of each cell type, each cell serv-
ing as its own internal control. Since the size of these cells,
as well as the number of functional hemichannels, could
differ considerably, the rate of volume change would differ
significantly. For the population statistics, it would require
a considerably larger data set to obtain reliable means
with a small standard deviation, and thus, only the ranges
of volume changes for each cell type and each experimen-
tal condition are reported.

In all cell types examined, the volume changes induced
by the reduction of extracellular calcium were reversible

The Journal of Cell Biology, Volume 148, 2000

and the cell volume could be imaged following alteration
of [Ca?*], from control level to near zero and back to con-
trol. The reversibility of volume change is consistent with
the elastic nature of the normally folded cell plasma mem-
brane invaginations.

Volume Change Is Connexin-specific

We examined the effect of gap-junctional hemichannel-
specific blockers on the cell volume change induced by the
reduction in [Ca?*],. Ca?"-dependent volume change was
prevented by two of the relatively specific hemichannel
blockers, BGCA and oleamide (Goldberg, 1996; Guan et al.,
1996, 1997; Rose and Ransom, 1997; Davidson and Baum-
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Figure 2. Hemichannel-specific cell volume increase. A and B show real-time AFM images of a BICR-M1R epithelial cell taken in
normal OptiMEM medium (A) and after changing to a nominally calcium-free OptiMEM medium in the presence of 10 uM BGCA, a
gap-junctional channel antagonist (B). The cell height profile is color- and intensity-coded, brighter being higher in height. No signifi-
cant change in the cell volume was observed. C shows the net volume change (i.e., C = B — A); darker regions show volume decrease
and brighter regions show the volume increase. These changes are not significantly different from the background level. D and E show
AFM images of another BICR-M1R cell in normal OptiMEM and in calcium-free OptiMEM containing 50 wM oleamide. No signifi-
cant change in the cell volume was observed (F = E — D). G-I show volume profiles of a nonconnexin expressing normal N2A cell and
J-L show volume profiles of a N2A cell with transient Cx43 transfection. G and J show images in OptiMEM with normal calcium (1.8
mM) and H and K show images of the same cells 20 min after changing to nominally calcium-free OptiMEM. Removal of extracellular
calcium induces a significant volume increase in Cx43-transfected cells (L), but not in nonconnexin expressing normal N2A cell ().
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Figure 3. Simultaneous imaging of Cx43-specific LY uptake and volume increase, in response to a reduction in the extracellular calcium
concentration. A—E show a N2A cell stably transfected with Cx43, and F-J show a N2A cell transfected with expression vector only. A
and F show optical phase-contrast images and E and J show LY uptake fluorescence images of the same cells (arrows in A and F); only
Cx43-transfected cells took up LY. The volume changes were also measured for the same cells. B and G show volume profiles in normal
OptiMEM, C and H show volume profiles after calcium removal. D and | show the net cell volume change (i.e, D =C —Band | =
H — G. The volume of the Cx43-transfected cell changed significantly (D), whereas the cell transfected with expression vector only did
not show any increase in cell volume (1). These data also show the unique feature of a combined AFM and optical microscopy system
for multimodal imaging in living cells. All images are shown as surface plots, with the cell height color-coded, brighter being higher.

garten, 1988). In the present study, the presence of 10 uM ulation of the cell volume was examined in N2A neuro-

BGCA or 50 uM oleamide, a reduced [Ca®'],, did not in- blastoma cells. For N2A cells, which do not express any
duce any significant change in the volume of epithelial, en- detectable level of Cx43 or any other connexins, a reduced
dothelial, and fibroblast cells (Fig. 2, A-F). [Ca?*], did not induce any increase in the cell volume (Fig.

The direct correlation of the connexin-dependent mod- 2, G-I). In contrast, when N2A cells were transfected with

Figure 4. A change in physiological calcium level induces a volume change. A, C, and E show three endothelial cells in control medium
(1.8 mM Ca?"). B shows the same cell as in A after exchanging medium with the same calcium level (a positive control). No volume
change occurred due to the exchange of media alone. Reducing the extracellular Ca?* from 1.8 mM to 1.6 mM, the volume increased by
28% (compare D with C). Reducing the extracellular Ca?* from 1.8 mM to 1.3 mM, the volume increased by 32% (compare F with E).
These data show that the changes of extracellular calcium level in physiological range induce cell volume increase. Scan size: (A and B)
60 wm; (C-H) 50 pm. Effect of Mls on cell volume: images of endothelial cells before (G) and after (H) the addition of Mls, FCCP (10
M) and dOG (10 mM), in control medium. No volume increase was observed within 10-20 min.
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Cx43, either stably or transiently, a reduced [Ca?*], in-
duced an elevation in the cell volume by 50-70% (Fig. 2,
J-L and Fig. 3, A-E). Such volume change was not ob-
served in N2A cells transfected with the expression vector
alone (Fig. 3, F-J). Moreover, the Ca?*-dependent volume
change in the Cx43-transfected N2A cells was also inhib-
ited by both BGCA and oleamide, respectively (data not
shown). These results indicate that the volume increase
due to a reduced [Ca?*],, in an otherwise isosmotic condi-
tion, requires the presence of functional (open) hemichan-
nels in the cell plasma membrane.

The opening of these functional hemichannels in re-
sponse to the lowering of [Ca?"], was further demonstrated
by the cellular uptake of LY. Using a combined fluores-
cence microscope and AFM, we show that a reduction of
[Ca?*], induced both LY uptake and cell volume increase
in Cx43-transfected N2A cells (Fig. 3, A-E). In contrast,
N2A cells transfected with the expression vector alone did
not show LY uptake or volume increase (Fig. 3, F-J).

Physiological Fluctuations of Extracellular Ca?* Alter
Cell Volume

To ascertain the physiological relevance of extracellular
Ca?"-mediated volume increase, we further examined cell
volume changes in response to changes in [Ca%"], in the
normal physiological range. The physiological range of
[Ca?*], in mammals is ~1-1.3 mM and for cells in culture
itis 1.3-1.8 mM (Parfitt and Kleerekofer, 1980; Stewart and
Broadus, 1987). In the present study, [Ca?*], was reduced
from 1.8 mM to 1.6, 1.5, 1.3, 1, 0.5, and 10 M, respec-
tively. The cell volume was altered, even for a reduction in
[Ca?™], by as little as 0.2 mM (from 1.8 to 1.6 mM; Fig. 4).
The volume change was observed only in cells which ex-
press connexins and was completely inhibited by gap-junc-
tional channel blockers, oleamide, and BGCA, consistent
with the characteristics of the hemichannel-induced vol-
ume regulation. LY uptake was also observed after a small
reduction of [Ca?"], in the physiological range (~1.6 mM),
and such dye uptake was prevented in the presence of
BGCA or oleamide (data not shown).

Hemichannels are also reported to be opened by MIs
and have been proposed to provide a mechanism for the
destabilization of the ionic homeostasis and eventual cell
death under several pathophysiological conditions, such as
ischemia, hypoxia, and other forms of metabolic inhibition
(John et al., 1999). We examined if MIs would also induce
an increase in the cell volume. At normal [Ca?*], (1.8 mM),
the Mls, FCCP (10 wM) and dOG (10 mM), inhibitors of
oxidative and glycolytic metabolisms, respectively, did not
induce any significant increase in cell volume within 10-20
min (Fig. 4). FCCP and dOG were previously reported to
open hemichannels only after ~15 min of incubation
(John et al., 1999). In the present study, FCCP and dOG
caused rapid cellular degeneration and the dissociation of
cells from the substrate after 20 min, which made pro-
longed imaging difficult. We did not test milder Mls,
which could have ensured a longer cell survival and could
have allowed volume change to occur. A recent study by
Cotrina et al. (1998) has shown that the opening of
hemichannels by metabolic inhibition led to calcium in-
flux, altered ionic homeostasis, and loss of cell viability.

Quist et al. Hemichannels Regulate Cell Volume

Cell Stiffness Is Increased during the VVolume Increase

An increase in the cell volume could induce membrane
disruption and cell lysis unless prevented by an elevated
cell stiffness and an appropriate cytoskeletal reorganiza-
tion. We evaluated cell stiffness from the force—distance
curves in the presence or absence of calcium. Ca?*-depen-
dent cell volume increase was accompanied by an increase
in the stiffness of connexins expressing epithelial, endothe-
lial, fibroblast, and Cx43-transfected N2A cells. Fig. 5
shows the change in the elastic modulus (stiffness) in an
epithelial cell. A reduction of [Ca?*], increased the elastic
modulus by ~50%. The elastic modulus varied regionally
within a cell, between ~10-30 kPa, which could reflect the
inhomogeneous cytoskeletal structure. Regional differ-
ence in the elastic modulus was previously reported in car-
diac myocytes (Shroff et al., 1995).

The change in cell stiffness is also reversible, similar to
cell volume changes. An example of such reversibility is
shown in Fig. 5, A and B: after restoring [Ca®*], to a normal
level (1.8 mM), the force modulation curve nearly over-
lapped with the force curve before calcium reduction and
the corresponding normalized change in the tip indenta-
tions induced by the same imaging force also returned to
its original level. The change in cell stiffness most likely re-
sults from the reorganization of apical cytoskeleton. In the
present study, a disrupter of cytoskeletal structures, cy-
tochalasin D (1 mM), caused a significant loss in cell vol-
ume and stiffness (Fig. 5, C-E).

Discussion

In response to the extracellular physiological Ca?* modu-
lation (1.8 to =1.6 mM) in an otherwise isosmotic condi-
tion, we observed a reversible increase in the volume of
cells expressing gap-junctional proteins (connexins), but
not in cells that do not express connexins. In Cx43-trans-
fected cells, however, the cell volume change occurred in
response to lowering the extracellular calcium level. An
increased volume was accompanied by elevated cell stiff-
ness, which helped maintain cell integrity. These cellular
physical changes were prevented by oleamide and BGCA,
or were reversed by returning extracellular calcium to the
normal level.

The presence of functional hemichannels in the non-
junctional regions of the cell plasma membrane is evident
in immunofluorescence labeling and dye uptake studies.
Anti-Cx43 immunolabeling was observed in both gap-
junctional and nonjunctional regions of Cx43-expressing
BICR cells, KOM-1 cells, and GM04260 cells, as well as in
Cx43-transfected N2A cells by confocal laser scanning mi-
croscopy (Fig. 6). In contrast, in cells incubated with only
the secondary antibody without preincubation with the
primary antibody, and in Cx43-transfected N2A cells incu-
bated with normal mouse 1gG, no immunostaining was ob-
served (Fig. 6). Significantly, anti-Cx43 immunolabeling
was observed even in single slices representing the most
peripheral regions of the cells, where only the apposing
plasma membranes of individual cells and no cellular or-
ganelles were visible under phase-contrast microscopy. In
the absence of any apposing cells, immunolabeling is as-
sumed to be in the nonjunctional plasma membrane re-
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Figure 5. Effects of extracellular calcium removal on cell elasticity and effect of cytochalasin D on cell volume and structure. Force—dis-
tance curves measured at the peripheral region of the same BICR-M1R epithelial cell as shown in Fig. 1. A shows force curves at the
same location on the cell in normal OptiMEM (black), after calcium removal (red), and after calcium was added back (pink). Removal
of extracellular calcium increased cell stiffness (elastic modulus) by ~50%, as indicated by the larger slope of the curve (compare black
and red curves). 36 min after the extracellular calcium returned to normal level, cell stiffness fully recovered as indicated by the over-
lapped force curves (black and pink curves). All curves are offset to make the point of contact overlap. B shows the change in indenta-
tion normalized to the initial normal force curve. In the low calcium medium, applying the same force results in less indentation (nega-
tive change; red), indicating a stiffer cell with higher Young’s Modulus. After returning the extracellular Ca?* back to the normal level,
the change in the indentation relative to the initial curve was smaller (green curve asymptotically reaches pink curve to the control
level). C-E, Effect of cytochalasin D on cell volume and morphology. C-E show that for a KOM-1 endothelial cell, cytochalasin D (1
mM), which degrades the filamentous actin network, caused a rapid decrease in volume and the loss of cell morphology. As discussed in
Materials and Methods, the spatial resolution in force volume plots is very low and hence no cytoskeletal disruption is apparent. To ex-
amine the cytoskeletal reorganization and disruption, error-mode height images were also taken (data not shown). The insets show si-
multaneously obtained force volume maps. Bar, 8 pum.

gions. Connexin immunolabeling has been reported in sev- transfected N2A cells, but was absent in nonconnexin-
eral cell types (Laird et al., 1995; Toyofuku et al., 1998; expressing HelLa cells and N2A cells (Fig. 7; also see Li et
Zampighi et al., 1999). In our study, although immunola-  al., 1996). Moreover, LY uptake was inhibited by both
beling was observed in all Cx43-expressing cell types ex- BGCA and oleamide. Consistent with the size limit for
amined, the level of staining varied. The evidence that permeability through the gap-junctional channels (Yancey
they represent hemichannels comes from earlier reports et al., 1989; Lal et al., 1993), a medium with low [Ca?*],
for the presence of a pool of oligomeric structures of Cx43 did not allow LY-conjugated dextran (10,000 D) uptake.
and Cx50 in the plasma membrane of NRK cells and The level of LY uptake showed a qualitative dose depen-
Xenopus oocytes, respectively (Musil and Goodenough, dence on [Ca?*],. At normal [Ca?*], (1.8 mM), no LY up-
1991; Zampighi et al., 1999). Hemijunctional plaques were take was observed for all cell types examined. At 1.6 mM
also reported in AFM imaging of isolated heart gap junc- [Ca?*],, LY uptake was observed, and increased further at
tion preparation (Lal et al., 1995b). 1.3 mM (Figs. 3 and 8).

The functional state of the hemichannels was examined A wild-type connexin (Cx46), when expressed in Xeno-
by the extent of LY uptake. LY uptake was observed in pus oocytes, was reported to form open hemichannels at
connexin-expressing BICR, KOM-1, GM04260, and Cx43- normal [Ca?*], and to induce oocyte swelling and rupture
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Figure 6. Immunofluorescence localization of Cx43 in BICR-M1Ry cells (A-C), KOM-1 bovine aortic endothelial cells (D-F),
GMO04260 fibroblast cells (G-1), and Cx43-transfected N2A neuroblastoma cells (J-L) by confocal laser scanning microscopy. A, D, G,
and J show integrated labelings from all slices (20) of the confocal images across the whole cell thickness. B, E, H, and K show immuno-
labeling in single slices representing the most peripheral regions of the cells, where only the apposing plasma membranes and no cellular
organelles were visible under phase-contrast microscopy. Significant immunostaining was observed in both gap-junctional (thin arrow)
and nonjunctional (thick arrow) regions. Such immunolabeling was observed in all cells examined for BICR-M1R cells, endothelial
cells, and fibroblast cells, though the level of staining varied. For the Cx43-transfected N2A cells, immunostaining was observed for 30—
50% of the cells. In cells incubated with only the secondary antibody without preincubation with the primary antibody, no immu-
nostaining was observed and the level of background fluorescence varied between cell types (C, F, and I). Also, in Cx43-transfected
N2A cells incubated with normal mouse 1gG, no immunostaining was observed (L). Bars: (A-F) 10 um; (G-L) 50 pm.

in 8-12 h, unless the osmotic stress was counteracted with
Ficoll and thus suggesting a finite open probability of Cx46
hemichannels at normal [Ca?'],. In contrast, no cell lysis
occurred after the expression of Cx32 or Cx43 (Paul et al.,
1991). Subsequent studies showed that Cx46 hemichannels
open at the normal [Ca®*], only when the oocytes are de-
polarized (Ebihara and Steiner, 1993; Pfahnl and Dahl,
1999). Thus, although Cx46 hemichannels could have a fi-
nite open probability at the normal extracellular calcium,
after the membrane depolarization, no such evidence ex-
ists for Cx43 or other connexins.

Our data show that a normal physiological reduction in
[Ca?™], opens hemichannels in an isosmotic condition. In

Quist et al. Hemichannels Regulate Cell Volume

our study, the osmotic balance was maintained, except for
a small change in the [Ca?"], (from 1.8 mM to <1.6 mM).
Open hemichannels would act as a nonselective leak path-
way and permit flow of ions and small molecules, thus cre-
ating a sufficient osmotic gradient (due to excess of CI~ in
the cytoplasm), favoring water flow from the extracellular
region to the cytoplasm. Water flow could be via one or all
of several pathways, including aquaporins, hemichannels,
and the lipid bilayer. The rate of water movement across a
pure lipid membrane would be insufficient to account for
the rapid volume flux of water in the present study. Aqua-
porins have sufficient water permeability to mediate the
flow of water, however, we did not examine their presence
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Figure 7. Dye uptake properties of hemichannels in BICR-M1R, epithelial cells (A and B), KOM-1 endothelial cells (C and D),
GMO04260 fibroblast cells (E and F), HeLa cells (G and H), N2A neuroblastoma cells (I and J), and Cx43-transfected N2A cells (K and
L). Cytoplasmic uptake of LY from the extracellular medium was tested in OptiMEM containing reduced calcium. A, C, E, G, I, and K
are phase-contrast images and B, D, F, H, J, and L are the corresponding fluorescence images. A large amount of LY uptake was ob-
served for epithelial and endothelial cells, and a somewhat smaller amount for fibroblasts. HeL a cells, which express a very low level of
connexins, showed no LY uptake (H). Similarly, N2A cells do not show any LY uptake (J). In contrast, 40-45% of Cx43-transfected
cells show LY uptake (L). The arrows in K denote individual cells and cell clusters with prominent fluorescent signals. Images of dye
uptake in BICR, KOM-1, GM04260, and N2A cells were taken when the cells were in suspension, although similar effects were ob-
served for cells attached to the glass coverslip. HeLa cells and Cx43-transfected N2A cells were attached to the coverslips for the LY up-

take assay. Bars: (A-H, K, and L) 50 pm; (I and J) 20 pm.

in the cell types used in the present study. Also, aquapor-
ins do not allow passage of ions or large molecules (e.g.,
LY), as observed simultaneously with the volume increase
in the present study. Moreover, the volume change was in-
hibited by hemichannel blockers, oleamide and BGCA,
and showed two additional gap junction-specific features:
reversibility in response to returning [Ca®*], to the nor-
mal level and connexin specificity (only Cx43-expressing
cells show any volume change). A detailed analysis of the
rate of water flow and permeability coefficients via these
pathways (aquaporins, lipid bilayer, and hemichannels),
though important, is beyond the scope of this study. As-
suming a finite water permeability for hemichannels, as
deduced indirectly from osmotically driven volume in-
crease in Cx46-expressing Xenopus oocytes (Paul et al.,
1991) and other previous studies, water flow through
hemichannels would provide a direct pathway for the isos-
motic volume increase in cells that express connexins, but
do not express sufficient number of aquaporins. In the
aquaporin-expressing cells, although hemichannels could
induce cell volume increase, water flow could be mainly
through aquaporin channels.

We present a simplified model for hemichannel-induced
volume regulation in an isosmotic environment (Fig. 9). A
lowering of the physiological [Ca®"], will open hemichan-
nels. Open hemichannels would allow ion transfer and in-
duce cell volume increase. A subsequent elevation of
[Ca?*], (as would occur during a regular rhythmic oscilla-
tion) alone, or in combination with an elevation of intra-

The Journal of Cell Biology, Volume 148, 2000

cellular [Ca?*]; (open hemichannel-mediated Ca?" uptake)
in conjunction with other factors (such as pH, membrane
potential, etc.), would close hemichannels (DeVries and
Schwartz, 1992; Bruzzone et al., 1996; Li et al., 1996; Trex-
ler et al., 1996; Cotrina et al., 1998; Toyofuku et al., 1998;
Pfahnl and Dabhl, 1999). If the cell is metabolically active,
both [Ca?"]; and the cell volume would return to the nor-
mal level (Fig. 1) by activating regulated volume decrease
mechanisms involving calcium ATPase, Na-Ca antiporter,
and other cell volume regulatory mechanisms.

The model predicts that the cell volume would undergo
repetitive changes due to the fluctuation in [Ca?*], (Quist,
AP, H. Lin, R. Lal, unpublished observation). The extent,
duration, and latency of repetitive changes would depend
on several factors, including cell and tissue type, expres-
sion pattern of connexins, number of open hemichannels,
the gradient between [Ca?*], and [Ca?'];, and on the effi-
cacy of the intercellular communication via gap junctions
(for interconnected cells, gap-junctional communication
could buffer the effect of volume increase in any individ-
ual cells by spreading the volume changes to the neighbor-
ing cells and thus lead to an average increase in the tissue
volume). For individual cells, the activity of nonjunctional
hemichannels and gap junctions would be opposite; for ex-
ample, open hemichannels could lead to the closing of gap
junctions via altered [Ca®']; and pH and the number of
available nonjunctional hemichannels would depend on
the extent of their incorporation into whole gap junctions
when cells are in contact. Moreover, many cell types ex-
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Figure 9. Model of hemichannel-induced cell volume regulation.
A small reduction of extracellular free calcium ([Ca%*],) in the
physiological range opens hemichannels. Open hemichannels al-
low flow of ions (primarily Na* and ClI~) into the cytoplasm,
which creates sufficient osmotic gradient for the water flow into
the cytoplasm (directly via hemichannels and/or indirectly via
aquaporins and diffusion through lipid bilayer). Such water flow
raises the cell volume. The subsequent closure of hemichannels
leads to a new steady-state cell volume and prevents cell lysis.
For a healthy cell, the elevated cell volume triggers regulated vol-
ume decrease mechanisms, which restores the original cell vol-
ume and ionic concentrations. For abnormal or apoptotic cells, no
return to the normal volume and ionic concentration will occur.

Quist et al. Hemichannels Regulate Cell Volume

Figure 8. A qualitative rela-
tionship between dye uptake
and the extracellular Ca?*

C level. An example for such

relationship is shown for
Cx43-expressing KOM-1 en-
dothelial cells. Cytoplasmic
uptake of LY from the extra-
cellular medium was tested in
OptiMEM  containing 1.8
mM calcium (A and D), 1.6
mM calcium (B and E), and
1.3 mM calcium (C and F).
At 1.8 mM, no dye uptake
was observed (D). At 1.6 mM,
significant dye uptake was
observed (E) and at 1.3 mM,
a higher level of dye uptake
was observed (F). The
LY uptake suggests open
hemichannels at these cal-
cium levels. Bars, 25 pm.

press multiple types of connexins, which could functionally
complement, and thus compensate for, the loss of func-
tions of each other.

The regulation of cell volume and its associated me-
chanical properties is a fundamental physiological prop-
erty of mammalian cells. There is a close relationship
between cell volume and cell growth and metabolism.
Consistent with such a relationship, there appeared to be a
permanent reorganization of the cytoskeletal network, al-
though the extracellular calcium-induced changes in the
volume and stiffness were reversible (preliminary observa-
tion). Thus, by modulating cell volume in response to nor-
mal calcium fluctuations, hemichannels may serve critical
physiological functions. Hemichannels may also play a sig-
nificant role in pathological situations where there is a loss
of calcium, such as in hypocalcemia-associated pathophys-
iological conditions.
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