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In living organisms, Ca”> " signalling is central to cell physi-
ology. The Ca®" chelator 1,2-bis(2-aminophenoxy)ethane-
N,N,N’,N'-tetraacetic acid (BAPTA) has been widely used as
a probe to test the role of calcium in a large variety of cell
functions. Here we show that in most cell types BAPTA has
a potent actin and microtubule depolymerizing activity and
that this activity is completely independent of Ca>" chela-
tion. Thus, the depolymerizing effect of BAPTA is shared by
a derivative (D-BAPTA) showing a dramatically reduced
calcium chelating activity. Because the extraordinary de-
polymerizing activity of BAPTA could be due to a general
depletion of cell fuel molecules such as ATP, we tested the
effects of BAPTA on cellular ATP levels and on mito-
chondrial function. We find that BAPTA depletes ATP
pools and affects mitochondrial respiration in vitro as well as

mitochondrial shape and distribution in cells. However,
these effects are unrelated to the Ca®" chelating properties
of BAPTA and do not account for the depolymerizing effect
of BAPTA on the cell cytoskeleton. We propose that
D-BAPTA should be systematically introduced in calcium
signalling experiments, as controls for the known and
unknown calcium independent effects of BAPTA. Addi-
tionally, the concomitant depolymerizing effect of BAPTA
on both tubulin and actin assemblies is intriguing and may
lead to the identification of a new control mechanism for
cytoskeleton assembly.

Keywords: actin; BAPTA; calcium; cytoskeleton; micro-
tubules.

Calcium ions are essential second messengers in eukaryotic
cells. A large variety of vital cell functions such as actin-
dependent motion and contraction, cell proliferation and
secretion, gene expression and synaptic transmission depend
on calcium concentrations [1].

Calcium chelators are widely used to probe the role of
calcium signalling in cell functions [2,3]. Such chelators
principally include EGTA and 1,2-bis(2-aminophen-
oxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA) [4]. The
two molecules have similar chelating units but in BAPTA
the methylene links between oxygen and nitrogen are
replaced by benzene rings. BAPTA is not protonated at
physiological pH. The absence of a deprotonation step
during calcium complexation results in a higher Ca®"
complexation rate for BAPTA compared to EGTA and this
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has been the main rational for the introduction of BAPTA
in studies of calcium signalling [5]. A data base search shows
that since the year of its discovery (1980), BAPTA has been
used in nearly 3000 published works, spanning the entire
field of cell biology [6-9]. In addition to its use for
experimental work, BAPTA and its analogues may also
find important therapeutic applications in diseases [10-13].
In particularly, BAPTA can attenuate neurotransmitter
release in central mammalian synapses [14]. Other studies
showed that the cell-permeant calcium chelator BAPTA can
reduce neuronal ischemia in vivo [15].

The present study began when we tried to use the cell-
permeant BAPTA AM (acetoxymethyl ester form) to probe
the role of calcium in regulating microtubule-stabilizing
proteins STOP [16] in cells. To our surprise we found that in
many cell types, BAPTA AM displays a potent microtubule
depolymerizing effect. We subsequently found that the depoly-
merizing effect of BAPTA on the cell cytoskeleton is general,
also affecting actin assemblies, and that it is completely
independent of its known calcium chelating properties.

Methods

Reagents

BAPTA, BAPTA AM, 5,5-dimethyl BAPTA AM (DMB
AM) and EGTA AM were from Molecular Probes.
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D-BAPTA AM, a BAPTA derivative lacking one acetic
acid group was prepared by chemical synthesis (CEA
Saclay, France). BAPTA and BAPTA derivatives were
stored in 50 mm dimethyl sulfoxide. EGTA AM and
BAPTA AM from several independent commercial sources
were tested with similar results. The purity of D-BAPTA
AM was routinely checked using MS. At least five
independent batches were tested in the course of this study.

Nocodazole and cytochalasin D were from Sigma
Aldrich. Paclitaxel (Taxol equivalent) and Phalloidin were
from Molecular Probes.

Cell culture

The A6 Xenopus cell line (ATCC) was adapted in 50% L15
medium (Gibco BRL) complemented with 10% fetal bovine
serum at 25 °C. RAT2 cells were grown in DMEM medium
(Gibco BRL) supplemented with 10% fetal bovine serum at
37 °C in a 4% CO, humidified incubator.

Calcium imaging

For time-lapse calcium imaging, cells were incubated at
37 °C with 5 pm Fluo4 AM (Molecular Probes) in the
absence or presence of test molecules. After 30 min, cells
were washed and placed in NaCl/P; for 30 min. Before time-
lapse acquisitions, 5 pM ionomycine (Calbiochem) was
added to the medium. Time-lapse sequences were collected
on a Leica TCS-SP2 laser-scanning confocal microscope
every 3 s for 10 min. Fluorescence intensities were quanti-
fied using Leica Confocal sofware.

Microinjection

Cells grown on glass coverslips were injected using a 5171
micromanipulator and a 5246 transjector (Eppendorf).

Immunofluorescence staining and confocal microscopy

Cells were fixed in NaCl/P; containing 3.7% paraformal-
dehyde for 1 h, permeabilized for 30 min with 0.2% Triton
X-100 in NaCl/P;. Cells were sequentially incubated with a
primary rat anti-tubulin mAb, YL1/2 (1 : 1000; originally
a gift from J. V. Kilmartin and available from Chemicon
International, Inc., Temecula, CA, USA), a secondary anti-
rat mADb conjugated with cyanine 2 (1 : 1000; Jackson),
and rhodamin-phalloidin (1 : 100; Molecular Probes). For
simultaneous microtubules and mitochondria labelling,
MitoTracker Red CMXRos-H, (Molecular Probes) was
added (500 nm) to the medium at 37 °C. After 30 min,
cells were fixed, permeabilized and immunostained as
described above. Cells were visualized in Leica TCS -SP2
laser-scanning confocal microscope.

ATP determination in cell extracts

Cells were grown on plastic dishes (2 x 10° cellsmL™"). The
cells were treated with 50 um EGTA AM or 50 um BAPTA
AM and its derivatives (50 yvn DMB AM, 50 pum
D-BAPTA AM) at 37 °C for 1 h. Then, the culture medium
was removed and cells were washed in NaCl/P;. For
nucleotide extraction, cells were treated at 4 °C with
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perchloric acid 0.4 M (1 mL-dish™', 2 min). The cell carpet
was centrifuged (100 000 g, 10 min, 4 °C) in a Beckman
TLA-100 rotor. The supernatants were then neutralized
(KOH, 6 N) and centrifuged (100 000 g, 10 min, 4 °C). The
supernatants were collected and stored at —80 °C. Cell
extracts were used for quantitative determination of ATP,
using an ATP determination kit (Molecular Probes). All of
the reagents were prepared according to the manufacturer’s
instructions.

Mitochondria preparation and respiration

Mitochondria were isolated from mouse livers as described
previously by Hogeboom [17]. The suspensions of mito-
chondria (2 mgmL_l) were placed in KCI 150 mm, NaCl
10 mm, potassium phosphate 10 mm, MgCl, 6 mm pH 7.4,
230 um O, in balance with atmosphere into a 1.5 mL
measurement chamber. Drugs were added to the incubation
buffer at 0.5 pmol'mg protein~'. The oxygen consumption
in the mitochondria samples was measured at 25 °C by
oxygraphy using a Clark electrode polarized at 0.6 V [18].
For determination of the ADP stimulated respiration and
the P : O ratio, which, in the absence of decoupling, assesses
the ATPase efficiency [19,20], ADP (106 nmol) was added
to the mitochondrial suspension to induce a transient
increase in respiration. The P : O ratio was then calculated
as the ratio of the amount of added ADP vs. the amount of
oxygen consumed during the stimulated respiratory phase.
For measurement of the maximal mitochondrial respir-
ation, oxygen consumption was measured in the presence of
0.4 uMm carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-
zone (FCCP; Sigma).

Results

BAPTA is a potent cytoskeleton-depolymerizing agent

We initially observed a microtubule depolymerizing effect
of BAPTA, in interphase Rat2 cells. In such cells exposure
to 1050 um BAPTA AM, a cell-permeable BAPTA that is
rapidly hydrolysed to form BAPTA in cells [21], induced a
rapid microtubule disassembly. Above 20 um BAPTA
AM, the disassembly was virtually complete in most cells
after 30 min, and microtubules were uniformly depoly-
merized in cells within 60 min (Fig. 1A). We tested
BAPTA AM from different sources, to detect possible
chemical impurities, and found a similar effect of the drug
whatever the supplier. The depolymerizing effect of
BAPTA AM was observed in many cell types, including
mammalian cells such as MDCK cells, mouse myoblasts,
or primary cultures of mouse embryo fibroblasts (not
shown) or in Xenopus cells (Fig. 1A). In a series of control
experiments, BAPTA had no detectable effect on purified
tubulin assembly when added at millimolar concentrations
to tubulin solutions (data not shown). In addition, BAPTA
was unable to block tubulin assembly in permeabilized cells
reconstituted either with homologous cell extracts or with
Xenopus extracts, which are known to be competent to
restore microtubule dynamics in lysed cells [22] (data not
shown). BAPTA AM showed a similar absence of effect to
BAPTA, when added to tubulin solutions or to acellular
extracts, at 50 um (close to the maximal concentration, in
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Fig. 1. BAPTA action on the cytoskeleton. (A) Immunostaining of interphasic RAT2 cells (a-d) and Xenopus cells (e-h) with tubulin YL1/2
antibody (a,c,e,g) or rhodamin—phalloidin (b,d,fh). Cells were incubated in the culture medium in the absence (a,b.e.f) or presence of 50 um
BAPTA AM for 1 hat 37 °C (c,d) or at 25 °C (g,h). Scale bar, 20 pm. (B) Immunostaining of interphasic RAT?2 cells (a~h) with tubulin mAb YL1/
2 (a,c.e,g) and rhodamin-phalloidin (b,d,f,h). Cells were incubated with 50 um BAPTA AM for 1 h at 37 °C (c,d). Then, cells were washed and
placed in DMEM containing 10% foetal bovine serum at 37 °C for 1 h (e,f) or 2 h (g,h). Scale bar, 8 pm.

aqueous solutions). These results suggest an indirect effect
of the drug on microtubule assembly, involving signalling
cascades or metabolic pathways functioning in whole cells
but not in acellular extracts. We then tested whether
BAPTA had a specific effect on microtubules or also
affected actin assemblies. Results showed drastic effects of
the drug on actin assembly in Rat2 cells. Within 60 min of
BAPTA AM treatment the cells retracted and had lost
their normal array of stress fibres, as well as lamellipodia
(Fig. 1A, b,c). BAPTA AM also induced peripheral spike-
like extensions, which in videomicroscopy experiments
proved to be retraction fibres, not filopodia (data not

shown). Similar actin disorganization was observed in
Xenopus cells. In these cells, actin assemblies in stress fibres,
lamellipodia, and filopodia are particularly distinct and all
of these three types of actin assemblies were disrupted
during exposure to BAPTA AM (Fig. 1A, gh).

Interestingly, the effect of BAPTA on the cytoskeleton
was reversible. When cells were treated with BAPTA AM
for 1 h and then incubated in fresh medium devoid of
BAPTA AM, microtubule re-growth began at =30 min
and the microtubule network was completely reorganized
within 1 h. Actin assemblies re-formed somewhat later,
within 2 h of BAPTA AM removal (Fig. 1B).
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BAPTA effects in the presence of other cytoskeleton
drugs

We tested whether microtubule or actin drugs interfered
with BAPTA effects. We tested the effect of the microtu-
bule-stabilizing drug taxol (Fig. 2A, a—d), which suppresses

TUBULIN
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microtubule dynamics [23,24] and induces indirectly a
rearrangement of actin filaments from stress fibres into a
marginal distribution [25,26]. In Rat2 cells exposed to taxol
and then treated with BAPTA AM, microtubules resisted
BAPTA exposure. This indicates that BAPTA action
perturbs the tubulin assembly and disassembly balance on

ACTIN

TUBULIN

Fig. 2. Effects of BAPTA in the presence of other cytoskeleton drugs. (A) Immunostaining of interphasic RAT2 cells (a-h) with tubulin YL1/2
antibody (a,c.e,g) or rhodamin—phalloidin (b,d,f,h). (a—d) Cells were incubated with 50 pm taxol for 30 min, then incubated for 1 h at 37 °C in the
presence of fresh medium containing: (a,b) 50 pm taxol alone; (c,d) a mixture of 50 um taxol and 50 pm BAPTA AM. (e-h) Cells were incubated
with 20 pm nocodazole for 30 min, then incubated for 1 h at 37 °C in the presence of fresh medium containing: (e,f) 20 um nocodazole alone; (g,h)
a mixture of 20 pm nocodazole and 50 pm BAPTA AM. Scale bar, 20 um. (B) Immunostaining of interphasic RAT2 cells with rhodamin—
phalloidin (a,c) or with tubulin YL1/2 antibody (b,d). Cells were incubated with 10 pgmL™" cytochalasin D for 30 min at 37 °C then and incubated
for 1 hat 37 °C in the absence (a,b) or presence (c,d) of 50 um BAPTA AM. Scale bar, 16 pm. (C) Immunostaining of interphasic RAT2 cells with
rhodamin—phalloidin (b) or with tubulin YL1/2 antibody (d). Cells were injected with a mixture of nonreactive mouse IgGs and 100 mm phalloidin.
After injection, cells were incubated with 50 um BAPTA AM for 1 hat 37 °C. (a—d) Cells were stained with mouse IgG antibody to identify injected

cells, which are indicated by arrows in b and d. Scale bar, 5 pm.
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dynamic microtubules but does not disrupt the interaction
between tubulin dimers that are incorporated in the
microtubule wall. BAPTA is thereby similar to most known
microtubule depolymerizing drugs [22]. In the same cells,
BAPTA AM induced an extensive disruption of the actin
cytoskeleton, showing that BAPTA effects on actin do
not depend on concomitant microtubule disassembly
(Fig. 2A, c,d).

When Rat2 cells were treated with the microtubule
depolymerizing drug nocodazole alone (Fig. 2A, e,f), micro-
tubules were depolymerized and stress fibres were strongly
enhanced, as previously observed in other cell types [27-29].
Addition of BAPTA AM to nocodazole-treated cells still
resulted in an extensive disruption of the stress fibres showing
that BAPTA action could overcome the stimulation of actin
polymerization induced by nocodazole (Fig. 2A, g,h).

In Rat2 cells treated with the actin depolymerizing drug
cytochalasin D, microtubule arrays were severely disturbed
due to global cell retraction. However, assembled polymers
were readily visible in cytochalasin-treated cells not exposed
to BAPTA AM whereas microtubules were fully depoly-
merized in cytochalasin-treated cells exposed to BAPTA
AM, indicating that BAPTA effects on microtubules persist
in the presence of concomitant actin disassembly (Fig. 2B).

Finally when BAPTA AM was added to cells injected
with the actin-stabilizing drug phalloidin, BAPTA-induced
actin disassembly was suppressed, showing that BAPTA
acts on dynamic actin assemblies, but the microtubule
depolymerizing effect of BAPTA was unaffected (Fig. 2C).

These data indicate that the disrupting effect of BAPTA
on microtubules or actin assemblies relies on the microtu-
bule and actin dynamics. Additionally, the assembly state of
tubulin does not interfere with the effects of BAPTA on
actin assembly and vice-versa.

BAPTA effects on the cytoskeleton are independent
of calcium chelation

We tested EGTA and a series of BAPTA derivatives to
assess the relationship between the calcium chelating activity
of BAPTA and its depolymerizating activity on the cell
cytoskeleton. BAPTA derivatives included calcium chela-
tors such as 5,5-diméthyl BAPTA (DMB) (Fig. 3A), 5,5-
difluoro BAPTA and 5,5-dibromo BAPTA (DBB) (data
not shown). For a direct test of the role of calcium chelation
in the effects of BAPTA on the cytoskeleton, we designed a
BAPTA AM synthesized derivative (D-BAPTA AM), in
which one acetic acid group essential for the chelating
activity is substituted with a methyl (Fig. 3A). We then
tested the chelating activity of D-BAPTA AM in cells
(Fig. 3B). For this RAT2 cells were incubated with a
fluorescent calcium indicator (fluo4 AM) in the presence of
BAPTA AM or its derivatives. The Ca’>* ionophore
ionomycin was then added to create a pulse of calcium
entry into the cell. The resulting variation of the intracellular
Ca®" concentration was recorded using fluorescence cal-
cium imaging. In control experiments, a sharp and large
increment of intracellular calcium concentration was
observed (Fig. 3B, trace 1). Such a variation was largely
quenched in cells exposed to BAPTA AM (Fig. 3B, trace 2).
A similar quenching was observed both with DMB AM
(Fig. 3B, trace 3) and with DBB AM (data not shown). In
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contrast, in the presence of D-BAPTA AM, the calcium
increase was somewhat delayed but of similar amplitude as
with BAPTA AM (Fig. 3B, trace 4), indicating a drastically
reduced chelating capacity of D-BAPTA in cells, compared
to BAPTA.

We tested the effect of various BAPTA derivatives on the
cell cytoskeleton. Strikingly both calcium chelators DMB
(Fig. 3C, g,h) and DBB (data not shown) were completely
devoid of depolymerizing activity, on both microtubules
and actin assemblies. In contrast, D-BAPTA which had lost
its calcium chelating capacity, had depolymerizing activity
identical to that of as BAPTA itself (Fig. 3C, e.f) with a
similar dose—effect curve and similar reversibility (data not
shown).

In a series of additional control experiments, cells were
treated with a variety of drugs known to affect calcium
pools, for example ionomycin or thapsigargin. Cells were
also injected with peptides, mimicking myosin light chain
kinase, CaM1 calmodulin binding domains to inhibit
cellular calmodulin or transfected with a constitutively
active form of CaM kinase II [30] prior to cell exposure to
BAPTA. Such treatments did not suppress the effects of
BAPTA. In particular, BAPTA was still active in cells in
which all calcium pools had been pre-depleted by thapsi-
gargin treatment in the presence of extracellular EGTA
(data not shown).

Taken together these results give very strong evidence
that the observed action of BAPTA on the cell cytoskeleton
is unrelated to its calcium chelating properties.

BAPTA affects ATP levels and mitochondrial function

Both actin and tubulin assemblies require a permanent
supply of fuel molecules (ATP and GTP, respectively) for
their generation and maintenance [31,32]. An obvious
possibility was that BAPTA was somehow depleting ATP
pools in cells, thereby inducing a general depolymerization
of the cell cytoskeleton. We tested whether ATP concen-
trations were lower in extracts from BAPTA-treated cells
compared to controls. Indeed, the ATP concentrations in
BAPTA extracts were diminished threefold compared to
that of controls (Fig. 4). However, DMB and EGTA, which
are devoid of cytoskeleton depolymerizing activity (Fig. 3C,
a,b,g,h) had also effects on ATP concentration, indicating
that the depletion of ATP pools is not sufficient to account
for the depolymerizing effects of BAPTA. D-BAPTA also
affected ATP concentrations, indicating that the calcium
chelating activity of BAPTA is not required for depletion of
ATP pools. The depletion of ATP pools observed with
BAPTA suggested a poisoning effect of BAPTA on
mitochondrial function. To test this possibility, mitochond-
rial respiration was assayed on purified mitochondria, in the
presence and absence of BAPTA AM (Table 1). In the
presence of BAPTA AM, the resting oxygen consumption
showed no significant variation, indicating that that BAP-
TA has no decoupling activity and the P : O ratio was not
sizeably affected, indicating a conserved ATPase efficiency.
The ADP stimulated respiration was diminished by 24% in
the presence of BAPTA AM and this was accounted for by
a diminution of 58% of the maximal oxygen consumption
measured in the presence of the uncoupler FCCP (Table 1).
These results indicate a perturbation of the mitochondrial
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Fig. 3. Effects of BAPTA on the cytoskeleton are independent of calcium chelation. (A) Chemical structures of EGTA and of BAPTA derivatives. (B)
Effects of BAPTA and its derivatives on intracellular calcium concentrations. Calcium concentrations were quantified as described in methods in
absence of drugs (1) or in the presence of 50 pm BAPTA AM (2); 50 um DMB AM (3); 50 um D-BAPTA AM (4). (C) Effects of EGTA and of
BAPTA derivatives on the cytoskeleton. Immunostaining of interphasic RAT2 cells (a-h) stained with YL1/2 antibody (a.c,e,g) or rhodamin—
phalloidin (b,d,f,h). Cells were incubated with 50 pm EGTA AM (a,b); 50 pm BAPTA AM (c,d); S0 um D-BAPTA AM (e,f); S0 ym DMB AM
(g,h) for 1 h at 37 °C. Scale bar, 8 pm.
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Fig. 4. BAPTA and its derivatives affect ATP pools. ATP concentra-
tions (mean + SEM) were measured using bioluminescent luciferin/
luciferase assays in cell extracts (n = 5) from control cells, or from cells
exposed for 1 h to 50 v BAPTA AM, or to 50 ymv BAPTA AM
derivatives or to 50 um EGTA AM, prior to extraction.

Table 1. Effect of BAPTA (0.5 pmol'mg™") on mitochondrial respir-
ation. The resting state respiration, the P : O ratio, the ADP stimulated
respiration and the FCCP uncoupled respiration were determined as
described in Methods. For absolute respiration measurements, results

. .1 =1
are in nmol O, consumed'min™ ‘mg protein™ .

Control + BAPTA AM Inhibition (%)

Respiration resting rate 13 16

P : O ratio 32 29 9.4
Respiration ADP 42 32 24
Stimulated respiration 60 25 58.3

FCCP uncoupled

respiratory chain. Similar effects on mitochondrial function
were observed with EGTA and with the various BAPTA
derivatives (data not shown), compatible with the observed
depletion of the ATP pools induced by these compounds.

BAPTA effect on mitochondrial localization and
distribution

Mitochondria are normally connected to the microtubule
cytoskeleton [33] and this connection may be important for
microtubule assembly. Given the effect of BAPTA on
mitochondrial function, we tested whether BAPTA affected
mitochondria localization in cells.

Strikingly, whereas in control cells, mitochondria were
distributed over the whole cytoplasm (Fig. 5a,b). In BAP-
TA AM-treated cells, mitochondria clustered around the
nucleus and became rounded (Fig. 5d). Thus, in addition to
affecting ATP levels, BAPTA affects mitochondria distri-
bution and shape in cells. We then used BAPTA derivatives
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to test whether the effects of BAPTA on mitochondrial
shape and localization required calcium chelation and
whether these effects were related to the depolymerizing
effect of BAPTA (Fig. 5). D-BAPTA, which does not
chelate calcium efficiently, had similar action as BAPTA on
mitochondrial shape and localization (Fig. Se,f). Thus these
effects of BAPTA apparently do not require its calcium
chelating activity. Interestingly, whereas DMB (Fig. 5g) and
DBB (data not shown) have no detectable effect on the
cytoskeleton, both drugs had an effect similar to that of
BAPTA on mitochondrial morphology and distribution
(Fig. 5h). These results indicate that the effects of BAPTA
on mitochondrial shape and distribution do not mediate the
effects of BAPTA on the cytoskeleton. Finally, cell exposure
to EGTA AM did not affect mitochondrial shape (Fig. Sh,
insert) and had little effect on mitochondria distribution
(Fig. 5j, insert). Thus the effects of BAPTA on mitochond-
rial shape and distribution seem to require the aromatic
rings.

In most cells, the effects of BAPTA and D-BAPTA on
the mitochondria were reversible, with a recovery time in
fresh drug-free medium of ~ 1 h (data not shown).

BAPTA and small GTPases

A definite possibility to account for the cytoskeleton
depolymerizing action of BAPTA was that the drug had
an inhibitory effect on small GTPases such as cdc42, Racl
and RhoA, which are known to be centrally involved in
the regulation of actin and tubulin assembly and dynamics
[34-36).

In a series of experiments (data not shown) carried out to
test this possibility we found a 50% decrease of the GTP
bound form of these GTPases which indicated a significant
perturbation of the GDP/GTP cycle of small G-proteins.
However the activation of Rho GTPases by bradykinin,
lysophosphatidic acid or platelet-derivated growth factor
[37] or cell transfection with constitutively active forms of
Cdc42, Racl or RhoA [38] were unable to block BAPTA
action on either microtubules or actin assemblies (data not
shown).

Inversely cell treatment with a Rho inactivator C3
transferase [39] or Y27632, a specific inhibitor of
pl60ROCK, which consistently suppresses the formation
of Rho-induced stress fibres [40] did not prevent BAPTA
action on microtubules. In addition cell transfections with
dominant-negative pl60Rock mutant KDIA [41], Racl
(N17 mutant) and Cdc42 (N17 mutant) [38] did not inhibit
the action of BAPTA on microtubules. It is therefore
unlikely that these GTPases are directly involved in the
cytoskeletal effects of BAPTA.

BAPTA AM and formaldehyde

The hydrolysis of BAPTA AM in cells leads to an
accumulation of formaldehyde which could have dramatic
cellular effects [21,42]. Our data showing dramatically
different effects of a series of AM derivatives of BAPTA
or of EGTA strongly suggested that formaldehyde accu-
mulation is not responsible for the cellular effects of
BAPTA AM. This was confirmed in a in a series of control
experiments in which exposure of cells to 10 mm formalde-
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TUBLULIN

MITOCHONDRLA

hyde did not induce measurable changes in the actin or
microtubule cytoskeleton, whereas it did induce apparent
extensive damage of mitochondria, which were not stained
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Fig. 5. Effects of BAPTA on mitochondrial distribution and shape.
Immunostaining of interphasic RAT2 cells with YL1/2 antibody
(a,c,e,g,i) and MitoTracker (b,d,f,h,j). Cells were incubated for 1 h at
37 °C with: (a,b) control medium (no addition); (c,d) 50 um BAPTA
AM; (e,f) 50 pm D-BAPTA AM; (g,h) 50 pm DMB AM; (i,j) 50 um
EGTA AM. Scale bar, 16 pm (inserts b,d,f,h.j): Image (x5) of mito-
chondrial morphology.

anymore with MitoTracker (not shown). Additional experi-
ments carried out with known inhibitors of cellular formal-
dehyde effects [21] also showed a persistent effect of BAPTA
on the cellular cytoskeleton.

Discussion

It is somewhat surprising that a drug as widely used as a
calcium chelator as BAPTA turns out to be a potent
cytoskeleton depolymerizing drug, and a mitochondrial
poison, independently of its calcium chelating activity. It is
also striking that BAPTA affects the two systems that were
tested in the present study, the cytoskeleton and the
mitochondria. BAPTA may have cellular effects on other
systems or functions that have not been tested here. The
mechanisms involved in the cytoskeleton depolymerizing
effects of BAPTA are intriguing. BAPTA does not interact
directly with tubulin or actin. Our data give a very strong
indication that the calcium chelating activity of BAPTA
is unrelated to its depolymerizing effects. BAPTA and
BAPTA derivatives induce ATP depletion, apparently due
to poisoning of mitochondrial respiration. However, ATP
depletion is apparently not sufficient to account for the
cytoskeleton depolymerizing effect of BAPTA. We cannot
exclude that ATP depletion is necessary for such an effect,
as all the compounds that we have tested affected mitoch-
ondrial respiration and ATP pools. BAPTA also affects
mitochondrial shape and distribution in cells. But this effect
of BAPTA is unrelated to the cytoskeleton depolymerizing
effect of BAPTA. BAPTA has a depolymerizing effect on
both microtubules and actin filaments. In contrast, known
microtubule depolymerizing agents such as nocodazole
induce an increase in actin assembly, through signalling
cascades [43]. To our knowledge, there is no example, other
than BAPTA, of a molecule that induces both tubulin and
actin disassembly, without killing cells. It may be that the
effects of BAPTA on microtubules and on actin assemblies
are mechanistically independent. However both effects
require the aromatic rings and remarkably the mere
substitution of an aromatic hydrogen with a bromo or a
methyl on these rings, is sufficient to abolish BAPTA effects
on both the microtubule and the actin cytoskeletons. There
is apparently a stringent structural requirement for the
cytoskeletal effects of BAPTA, and this favours the
possibility that common molecular targets are responsible
for BAPTA effects on microtubules and on actin assemblies.
Apparently, the most studied small GTPases such as RhoA,
Cdc42 or Racl are not involved. In the future, it may be of
interest to identify putative ligands that bind to BAPTA but
not to DMB or to DBB. One of these ligands may turn out
to be important for the regulation of cytoskeletal assembly
in cells.
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The cytoskeletal effects of BAPTA and the effect of
BAPTA on mitochondrial shape and localization seem to
arise from the presence of two aromatic rings that are not
present in EGTA. The presence of such aromatic rings is a
common occurrence in pharmacological compounds. Our
study suggests the need to check systematically the cyto-
skeleton assembly state and the mitochondrial shape and
distribution in any evaluation of the cellular effects of drugs
containing aromatic rings.

Neither calcium chelation nor the aromatic groups of
BAPTA seem to be important for mitochondrial poisoning.
BAPTA effects on mitochondrial respiration and thereby
on ATP levels may involve the acid chelating chains of
BAPTA per se independently of calcium chelation. Perhaps
the carboxylic acid groups present in BAPTA, in BAPTA
derivatives, and in EGTA compete with mitochondrial
substrates, such as glutamate, which are also carboxylic
acids.

In conclusion, BAPTA has unexplained and unexpected
calcium independent effects on the cell physiology, and this
may be true, although to a lesser degree, for EGTA.
BAPTA derivatives lacking one acid chain, such as
D-BAPTA, share the side effects of BAPTA, while at the
same time having drastically reduced calcium binding
activity. D-BAPTA or the corresponding EGTA derivative
could be used in calcium signalling experiments as controls
for the known and unknown calcium independent effects of
the two drugs.
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