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Programmed cell death culminating in
apoptosis is responsible for normal

tissue homeostasis and has increasingly
been implicated in mediating pathological
cell loss (1–3). Apoptosis is accompanied
by characteristic morphological changes,
including cell body and nuclear conden-
sation, chromatin margination, and the
formation of membrane-bound remnants
(apoptotic bodies) (4). In recent years
much has been learned about the molec-
ular underpinnings of apoptosis, including
the release of cytochrome c from mito-
chondria, modulation by bcl-2 and related
genes, and a central role for caspase acti-
vation in triggering final events (5). How-
ever, despite the universal prominence of
cell volume loss in cells undergoing apo-
ptosis, the relationship between this event
and ensuing cell death remains uncertain.
As posed by Bortner and Cidlowski (6), a
key question is whether cell volume loss is
‘‘a passive, secondary feature of the cell
death process’’ or a driver of the process.

In this issue of PNAS, Maeno et al. (7)
present intriguing data supporting the lat-
ter possibility. Examining multiple cell
types (HeLa, lymphoid U937, NG108–15,
and PC12 cells) and methods of inducing
apoptosis (treatment with staurosporine,
or tumor necrosis factor a plus cyclohex-
imide), they make three major observa-
tions: (i) apoptotic volume decrease
(AVD) occurred early, before character-
istic ultrastructural or biochemical events
(DNA fragmentation, cytochrome c re-
lease, and caspase-3 activation); (ii) AVD
was inhibited by pharmacological blockers
of K1 or Cl2 channels implicated in cel-
lular volume regulation, but not by a
caspase inhibitor; and (iii) pharmacolog-
ical block of K1 or Cl2 channels (and
AVD) inhibited subsequent ultrastruc-
tural and biochemical events including cell
death. In addition, they noted that the
regulatory volume decrease triggered by
transient exposure to hypotonic medium
occurred more quickly in apoptotic cells
than in control cells. These observations
lead Maeno et al. to favor the hypothesis
that K1 and Cl2 channel-mediated AVD
is an early prerequisite for apoptosis.

A visible decrease in cell body volume
was recognized as a hallmark of apoptosis
in the pioneering studies of Kerr et al.
(4)—indeed, those workers originally used

the term ‘‘shrinkage necrosis’’ to refer to
the process. These and other ground-
breaking morphological studies suggested
that cell shrinkage developed relatively
quickly in the course of apoptosis (4).
Although events occurring before cellular
fragmentation were not distinctly resolved
in these early studies, more recent studies
with greater temporal resolution generally
have reached the same conclusion. Rat
thymocytes subjected to irradiation (8) or
renal tubule epithelial cells microinjected
with cytochrome c (9) exhibited AVD
30–60 min later, before most other mor-
phological changes. Studies with CD41 T
cells (10) or S49 Neo cells (11) demon-
strated that AVD could precede DNA
fragmentation (although see Nardi et al.,
ref. 12). Sympathetic ganglion neurons
undergoing apoptosis after nerve growth
factor (NGF) deprivation developed AVD
more slowly—19 h after NGF depriva-
tion—but still before widespread neurite
fragmentation, failure of NGF rescue
(commitment point), or caspase activation
(13, 14).

Maeno et al. (7) observed that U937
cells exhibited AVD 1 h after exposure to
staurosporine, whereas cytochrome c re-
lease, caspase-3 activation, DNA ladder-
ing, and loss of viability all required more
than 2 h to appear. Administration of the
broad-spectrum caspase inhibitor, benz-
yloxycarbonyl-Val-Ala-Asp-f luoromethyl
ketone (Z-VAD-FMK) blocked cell death
but not AVD, a finding consistent with
AVD occurring upstream of caspase acti-
vation. Similarly, boc-aspartyl(OMe)-
f luoromethylketone or Z-VAD-FMK
blocked sympathetic neuronal death trig-
gered by nerve growth factor removal, but
the volume of surviving cells fell to about
half normal (15). Maeno et al. also cite a
demonstration that Z-VAD-FMK failed
to block AVD in lymphoma cells exposed
to a Ca21 ionophore or thapsigargin (16),
but because ensuing cell death itself was
largely caspase-independent, implications
for apoptotic event sequencing may be
limited.

In contrast with the findings of Maeno
et al., other studies have reported that
Z-VAD-FMK blocked both AVD and cell
death, for example in ML-1 cells exposed
to etoposide (17), B lymphocytes exposed
to transforming growth factor b (18), or

thymocytes exposed to glucocorticoids
(19). How can these observations be rec-
onciled with evidence that AVD is an
early event? Although early, AVD is not
the first event in the apoptotic cascade.
Some biochemical events including reduc-
tions in protein synthesis, glucose uptake,
mitochondrial transmembrane potential
(Dcm), and the activity of certain kinases
(mitogen-activated protein and phospho-
inositide 3-kinase kinases), as well as in-
creased c-jun expression, typically precede
AVD (13, 14, 20). Different pathways and
sequences of events may mediate apopto-
sis in different cell types, or after different
insults. Moreover, the caspase(s) mediat-
ing AVD may differ from those involved
in late apoptotic execution, e.g., caspase-1
for the former and caspase-3 for the latter
(18, 21).

The suggestion that K1 channel activa-
tion mediates AVD fits with previous
work. K1 is the predominant intracellular
cation ('140 mM), so its eff lux seems a
likely requirement for serious volume re-
duction (Fig. 1). Linkage between K1

efflux and apoptosis was raised by exper-
iments showing that the K1 ionophore
valinomycin could induce apoptosis (22–
24) and gained strength with demonstra-
tions that AVD in eosinophils could be
attenuated by K1 channel blockers 4-ami-
nopyridine, sparteine, and quinidine (25).
We observed that serum deprivation- or
staurosporine-induced apoptosis of corti-
cal neurons was associated with an early
enhancement of the delayed rectifier cur-
rent (IK), leading to net loss of cellular K1

and cell shrinkage; attenuating this out-
ward K1 current and AVD by adding a K1

channel blocker or elevating extracellular
K1 inhibited apoptosis, even if secondary
increases in intracellular Ca21 concentra-
tion were prevented (26, 27). Further-
more, Bortner et al. (28) found in lym-
phoma cells, increasing cellular K1 loss
(by triggering regulatory volume de-
crease) enhanced apoptosis, and that re-
ducing cellular K1 loss (by elevating ex-
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tracellular K1) inhibited apoptosis. Other
studies have implicated N-methyl-D-
aspartate receptor-mediated K1 efflux in
neuronal apoptosis (29) and demon-
strated that reducing K1 eff lux with
blockers or elevated extracellular K1 at-
tenuated apoptosis in cholinergic septal
SN56 cells, thymocytes, or hepatoma cells
(30–32). The idea that K1 efflux promotes
apoptosis is clouded by reports that the K1

channel blockers 4-aminopyridine or clo-
filium can be intrinsically cytotoxic (33,
34), although clofilium reduces ceramide-
induced apoptosis (35). These toxicities
may reflect deleterious actions at sites
other than K1 channels. In addition to
blocking K1 channels, clofilium blocks
other cation currents (unpublished data)
and induces cellular acid release (36).

Besides facilitating AVD through os-
molyte reduction, the efflux of intracellular
K1 may specifically promote two key apo-

ptotic events, the activation of caspases and
endonucleases (37–40). Several enzymes
and cellular processes, including cell growth,
protein synthesis, and mitosis, are sensitive
to the concentration of intracellular free K1

([K1]i) (41, 42), and hence might be affected
if K1 efflux occurred to a greater extent
than water efflux. In murine peritoneal mac-
rophages, K1 efflux appeared necessary for
posttranslational maturation of IL-1b (later
named caspase-1) (37), likely reflecting re-
lief of the ability of physiological (.100
mM) concentrations of [K1]i to inhibit the
enzyme responsible for its proteolytic acti-
vation (39). In a similar fashion, intracellular
K1 may inhibit the proteolytic activation of
pro-caspase-3 (Ki for K1 about 40 mM in
cell-free extracts) and endonucleases (Ki for
K1 about 65 mM) (39). Isolated nuclei
exposed to supernatants of mitochondrial
that have undergone permeability transition
exhibited DNA fragmentation if the solu-

tion [K1] was reduced below physiological
levels (40).

Although the specificity of fluorescent
dye tools currently available for measuring
[K1]i is limited, several studies have sug-
gested that [K1]i falls in cells undergoing
apoptosis. Barbiero et al. (43) estimated
that [K1]i dropped below 50 mM in apo-
ptotic mouse L cells; Hughes et al. (39)
reached a similar estimate of 56 mM in
apoptotic thymocytes. Also examining
thymocytes, Dallaporta et al. (40) found
that the drop in [K1]i occurred after loss
of Dcm and exhibited sensitivity to Z-
VAD-FMK (characteristics of AVD, see
discussion above).

The suggestion by Maeno et al. (7) that
Cl2 channel activation also participates in
AVD and apoptosis is consistent with three
other recent studies. An outwardly rectify-
ing chloride channel was activated in leuke-
mia cells by CD95 receptor stimulation, and
resultant apoptosis was inhibited by block-
ers of this channel (44). In leukemia cells
exposed to apoptotic triggers, internucleo-
somal DNA fragmentation, but not loss of
Dcm, was inhibited by reducing Cl2 efflux
(45). Finally, hepatoma cells exposed to
tumor necrosis factor a exhibited increases
in both K1 and Cl2 currents, and apoptosis
was delayed by either K1 or Cl2 channel
blockers (32). Maeno et al. mention that
their preliminary studies using the Cl2-
sensitive dye, N-ethoxycarbonylmethyl-6-
methoxyquinolinium bromide (MQAE)
have suggested decreased [Cl2]i in HeLa
cells exposed to staurosporine, so it seems
highly worthwhile to test steps in the apo-
ptotic cascade for sensitivity to ambient Cl2
concentration. It has been proposed that
Cl2 channel opening might permit en-
hanced HCO32 efflux and intracellular
acidification, leading to enhanced endonu-
clease activity (44), although evidence for
endonuclease sensitivity to Cl2 or H1 con-
centrations was not seen in cell lysates (45).

Additional studies are needed to define
the relationships linking K1 efflux, Cl2
efflux, volume loss, and subsequent apo-
ptosis. Each of these first three events may
promote apoptosis independently; alter-
natively, because the three events are
themselves highly interrelated, one event’s
influence on apoptosis might be mediated
strictly through another event’s actions
(Fig. 1). K1 efflux can be expected to
induce an accompanying Cl2 efflux to
maintain electroneutrality, and vice versa;
water can be expected to follow KCl ef-
f lux. Thus either K1 or Cl2 channel block-
ers will likely attenuate the efflux of both
ions (46). As outlined above, reduction in
[K1]i below normal physiological levels
has been specifically proposed to facilitate
the activation of caspases and endonucle-
ases involved in apoptosis, so an extreme,
albeit parsimonious, perspective, alterna-
tive to that proposed by Maeno et al.,

Fig. 1. Apoptotic volume decrease. (Upper) K1 efflux, accompanied by the efflux of Cl2, organic anions,
and water, is a plausible prerequisite for cellular volume reduction and has been specifically implicated in
regulatory volume decrease. The Na1,K1-ATPase and other ion transporters and exchangers likely also
participate in cell volume control and ion homeostasis. Typical ion concentrations are depicted; these vary
somewhat in different cell types (54–56). (Lower) Speculative model outlining the possible participation
of three highly interlinked events in AVD. Double lines depict inhibitory events, and dotted lines depict
undefined relationships. Apoptotic triggers may activate K1 or Cl2 channels, leading to K1 and Cl2 efflux,
water efflux, and AVD. If K1 or Cl2 efflux to greater extent than water efflux, [K1]i or [Cl2]i will fall.
Decreases in [K1]i, [Cl2]i, or volume each may independently promote apoptosis; alternatively one event
may critically promote apoptosis, and the effects of other events may be primarily mediated through that
critical event. For example, Cl2 efflux might promote apoptosis primarily by facilitating K1 efflux and
hence reduction in [K1]i, permitting the K1-inhibited activation of caspases and endonucleases.
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might be that: (i) [K1]i directly modulates
the apoptotic cascade; (ii) Cl2 efflux pro-
motes downstream apoptotic events only
by facilitating K1 efflux; and (iii) volume
loss passively reflects K1 (and Cl2) eff lux,
without independent proapoptotic effects
(Fig. 1).

This is not to argue against the idea that
Cl2 channels may be activated early dur-
ing apoptosis, or that this activation facil-
itates at least AVD. And, as Maeno et al.
note, there is evidence that cell volume
loss per se might promote the execution of
downstream apoptotic events. Exposure
to hyperosmolar solutions can trigger apo-
ptosis (47, 48), especially in cell types that

do not recover normal volume (lack a
regulatory volume increase) (49). Al-
though the alternative possibility that hy-
perosmolar solutions trigger apoptosis
nonspecifically by inducing cellular injury
is difficult to exclude, it is easy to envisage
mechanisms by which cell volume loss
could be identified by intracellular sensors
and transduced into proapoptotic signals,
such as an increased concentrations of
intracellular signals such as cytochrome c,
alterations in the behavior of membrane
channels (50), or the activation of key
proapoptotic kinases such as p38 mitogen-
activated protein kinase (51, 52).

Regardless of how specifically K1 ef-
f lux, Cl2 efflux, and volume loss might be

linked to the apoptotic cascade, the sug-
gestion by Maeno et al. that apoptosis
co-opts normal volume regulatory systems
to achieve these events is attractive and
heuristically useful. This co-opting may
not always occur, as alterations in regula-
tory volume homeostasis were not ob-
served in CEM-C7A cells treated with
dexamethasone (53), but the importance
of apoptosis in biology justifies vigorous
exploration of the idea.
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