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Neurotransmitter depletion by bafilomycin
is promoted by vesicle turnover
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bstract

Accumulation of neurotransmitter into synaptic vesicles is powered by the vacuolar proton ATPase. We show here that, in brain slices, application

f the H+-ATPase inhibitors bafilomycin or concanamycin does not efficiently deplete glutamatergic vesicles of transmitter unless vesicle turnover
s increased. Simulations of vesicle energetics suggest either that bafilomycin and concanamycin act on the H+-ATPase from inside the vesicle, or
hat the vesicle membrane potential is maintained after the H+-ATPase is inhibited.

2006 Elsevier Ireland Ltd. All rights reserved.
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ast synaptic transmission depends on the accumulation of neu-
otransmitter within vesicles, at concentrations of the order
f 100 mM, from a cytoplasmic transmitter concentration of
10 mM. This accumulation is powered by the action of the
-type H+-ATPase, which hydrolyses ATP and pumps H+ into

he vesicle lumen [18], producing a high [H+] and positive mem-
rane potential within the vesicle. Neutral transmitters such as
ABA and glycine can then be accumulated via a vesicular

ransporter which exchanges intravesicular H+ for cytoplasmic
ransmitter [10,13,11], while negatively charged transmitters
ike glutamate are primarily accumulated using the energy pro-
ided by the voltage gradient across the vesicle membrane
[17,15,27,5], but see [4,26,28]). Inhibition of the H+-ATPase
s expected to lead to a run-down of the proton and voltage
radient across the vesicle membrane, and thus to a loss of
ransmitter from the vesicles. Consistent with this, block of
TPase action with the plecomacrolide antibiotics bafilomycin
nd concanamycin [9] greatly reduces both spontaneous and

voked release of GABA in brain slices: the rate of mIPSCs
s reduced by 84–94% and the amplitude of evoked IPSCs is
educed by 90% [30,21,2,1]. We show here, however, that apply-
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urie, 9 quai St Bernard, 75005 Paris, France.

t
u
w
b
B
e
t
a
t

304-3940/$ – see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2006.10.040
ng these antibiotics in the same way to brain slices does not
ully deplete glutamate from vesicles, unless vesicle turnover
s simultaneously stimulated. These data provide a method for
sing plecomacrolides (rather than the more toxic tetanus neuro-
oxin) to block excitatory synaptic transmission, and give insight
nto the mode of action of these drugs.

Exocytotic glutamate release was monitored by whole-cell
lamping area CA1 pyramidal cells in 225 �m hippocampal
lices from P12 rats. Pipette solution contained (mM): 135 CsCl,
NaCl, 0.5 CaCl2, 10 Hepes, 5 Na2EGTA, 2 MgATP and 0.5
a2GTP, 10 QX-314 (to suppress voltage-gated sodium cur-

ents), pH set to 7.2 with CsOH. Experiments were at 25 ◦C,
ith the slices submerged in flowing (3 ml/min) extracellular

olution containing (mM): NaCl 126, NaHCO3 24, NaH2PO4
, KCl 2.5, CaCl2 2.5, MgCl2 2, d-glucose 10 (gassed with 95%
2/5% CO2), pH 7.4. Kynurenic acid (1 mM, Sigma, UK) was

ncluded in the dissection solution (to block glutamate receptors,
o reduce potential excitotoxic damage) but was omitted from
he superfusion and the pre-soaking solution. For experiments
sing bafilomycin or concanamycin to block vesicle loading
ith transmitter, slices were pre-soaked for at least 2.5 h in 4 �m
afilomycin (Tocris, Bristol, UK) or 2 �M concanamycin (ICN
iomedicine, Aurora, OH) while control slices were soaked in

xternal solution lacking the drug; drugs were made up respec-
ively as a 400 and 200 �M stock in DMSO and a corresponding
mount of DMSO was added to the control pre-soaking solu-
ion. Bafilomycin or concanamycin were not present in the

mailto:D.Attwell@ucl.ac.uk
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ubsequent recording solution for cost reasons; typically it took
8 min to locate and record from a cell after removing the slice

rom the soaking solution (during which time there will be some
ashout of bafilomycin/concanamycin). In some experiments,

or 5 min of the 2.5 h pre-soaking, 10 �M veratridine (Sigma,
K) or 10 mM KCl was added to the soaking solution (both the

olution containing bafilomycin or concanamycin, and the “con-
rol” solution lacking this agent). Cells were voltage-clamped
t −33 mV, using pipettes with a series resistance (after ∼70%
ompensation) of ∼3 M�. Synaptic input from the Schaffer col-
aterals was evoked at a frequency of 0.1 Hz using a concentric
ipolar stimulating electrode which was placed at a standard-
zed position in the Schaffer collaterals before recording from
he pyramidal cell. IPSCs were abolished by including 100 �M
icrotoxin in the superfusion solution to block GABAA recep-
ors. Data are presented as mean ± S.E.M.

To simulate accumulation of glutamate into vesicles by the
esicular H+-ATPase, and the effect of blocking the ATPase,
e initially assumed that the ATPase can pump protons into
vesicle of radius 15 nm at a rate sufficient to raise the free

H+] in the vesicle at 1 �M/s, assuming that only 1 in 2000
+ entering remains unbuffered (corresponding to an approxi-
ate buffering power of 20 mM/pH unit), i.e. a proton current

f Imax = 2.7 × 10−18 A (or 17 protons/s). The value of pump
ate chosen is not critical for the qualitative results presented;
his value was used because in the presence of ATP glutamater-
ic vesicles acidify to a pH of 5.5–5 on a time scale of 4–60 s
[15,24,3], but see [26] for a smaller pH gradient), and this
agnitude of proton current (when combined with the charge

ompensating conductances described below) produces acidifi-
ation to about pH 5.5 in 4 s and to pH 5 in 20 s (Fig. 3). For
onsistency with the thermodynamic constraint that the ATPase
an only pump protons against the transmembrane H+ and volt-
ge gradient if the energy available from ATP is greater than the
nergy needed to move an assumed 2H+/ATP across the mem-
rane, this ATPase-mediated proton current was multiplied by a
actor

EATP − 2RT ln([H+]i/[H+]o) − 2FV

EATP
,

here EATP is the energy provided per ATP (50 kJ/mol), and
he subsequent terms are the energy needed to accumulate 2H+

gainst the [H+] and voltage gradient across the vesicle mem-
rane (R is the gas constant, T the temperature, F the Faraday,
H+]i the free proton concentration in the vesicle, [H+]o the cyto-
lasmic [H+], and V is the potential inside the vesicle relative to
he cytoplasm: the exact expression assumed to define the ther-

odynamic constraint is not critical for the results obtained).

V = I(t)(E
s [H+]i and V increase, the two subsequent terms become
ignificant compared to EATP and proton pumping is reduced.
lutamate is accumulated in vesicles primarily using the volt-

ge gradient generated by the H+-ATPase ([17,15,27,5], but see

n
s
o
n
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4,26,28]). The vesicle membrane was therefore assumed to have
conductance to glutamate of gGlu = 2.25 × 10−16 S (reflecting

he vesicular glutamate transporter), and in some simulations
conductance to H+ of gH = 4.5 × 10−18 S or a Cl− conduc-

ance of gCl = 2.25 × 10−17 S (these magnitudes were chosen
o produce a significant effect on glutamate accumulation, and
o not have to be accurate to give insight into the effect of
ncluding a proton or Cl− conductance). The cytoplasmic [H+],
glutamate−], and [Cl−] were set to 10−7 M, 10 mM, and 10 mM
espectively. Simulations were started by assuming that exocy-
osis, by equilibrating the vesicle contents with the extracellular
pace, set the intravesicular [H+], [glutamate−], and [Cl−] to
0−7.4 M, 100 �M (the exact value assumed for [glutamate−]
as not critical for the results obtained), and 140 mM respec-

ively. At any moment the vesicular membrane potential was
alculated as the potential at which there was zero current flow
cross the vesicle membrane,

− 2RT ln([H+]i/[H+]o))/EATP + gHVH + gGluVglu + gClVCl

gH + gGlu + gCl + I(t) × 2F/EATP
,

here I(t) = Imax when the ATPase is working, or zero when
t is blocked. The differential equations describing the rate of
hange of intravesicular [H+], [glutamate−], and [Cl−] were
olved using MathCad, for 100 s during which the ATPase oper-
ted, followed by 100 s when it was blocked.

Activating the Schaffer collaterals with increasing strength
timuli evoked an EPSC of increasing size in pyramidal
ells (Fig. 1A and B). In interleaved slices soaked in 4 �M
afilomycin for 2 h, although there was a tendency for the EPSC
ize to be reduced (Fig. 1A, Baf), the reduction was not signif-
cant (Fig. 1B). If, however, while pre-soaking in bafilomycin
he slices were exposed to veratridine for 5 min at the begin-
ing of the soaking period, then the Schaffer collateral EPSCs
ere almost abolished compared to slices exposed to veratri-
ine alone (Fig. 1C and D). Veratridine alone (in the absence of
afilomycin) did not affect the EPSC size (which was 295 ± 51
nd 260 ± 54 pA at 100 V stimulation strength, for 23 and 14
ells studied with and without veratridine present for 5 min, not
ignificantly different: p = 0.66). Veratridine reduces voltage-
ated sodium channel inactivation, inducing neuronal action
otential firing, which will evoke vesicular release. This sug-
ested that the promotion of the inhibitory action of bafilomycin
y the presence of veratridine might be a result of an increase in
he rate of vesicle cycling.

To investigate this possibility further, we examined the effect
f the related plecomacrolide concanamycin on EPSCs. As for
afilomycin, pre-soaking in 2 �M concanamycin did not signifi-
antly alter the size of Schaffer collateral EPSCs (Fig. 2A). How-
ver, brief exposure to veratridine (Fig. 2B), or to an elevated
12.5 mM) [K+] solution (Fig. 2C), during the concanamycin
xposure led to the EPSC being significantly reduced (although
ot as reduced as in 4 �M bafilomycin), compared to expo-
ure to veratridine alone or elevated [K+] alone (which had

o effect on the EPSC, 212 ± 50 and 260 ± 54 pA at 100 V
timulation strength, for 5 and 14 cells studied with and with-
ut K+ present for 5 min in the absence of concanamycin,
ot significantly different: p = 0.62). Like veratridine, elevated
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Fig. 1. Effect of veratridine on glutamatergic vesicle depletion by bafilomycin. (A) Synaptic currents evoked at −33 mV in CA1 pyramidal neurons by increasing
strength of stimulation (at 20, 40, 60, 80, and 100 V) of the Schaffer collaterals (in the presence of 100 �M picrotoxin to block GABAA receptors), in control (Ctl)
s SCs
( n, EP
e

[
f
b
t

d
a
g
t
s
f
a

(
a
p
+
t
(
d
b
a
m
t
e
b
v
e
p

c
t
a
1
v
1
t
l
b

c
i
g
t
b
v
o
r
b
p
t
b
t
s

olution or after soaking slices in 4 �M bafilomycin (Baf) alone. (B) Mean EP
C) When veratridine (10 �M) was added to the pre-soaking solution for 5 mi
xperiments as in C (10 control cells, 10 interleaved bafilomycin cells).

K+] will depolarize neurons and evoke action potentials. The
act that both veratridine and high [K+] increase the effect of
afilomycin/concanamycin is consistent with both manipula-
ions acting by increasing vesicle turnover.

Glutamate and GABA are accumulated into vesicles using
ifferent energetic components of the proton motive force set up
cross the vesicle membrane by the H+-ATPase, i.e. the voltage
radient and the proton gradient, respectively. To investigate how
hese gradients dissipate when the H+-ATPase is inhibited, we
imulated the vesicle energetics making different assumptions
or the ionic permeability of the vesicle membrane as described
bove.

With the vesicle membrane permeable solely to glutamate
reflecting the presence of the vesicular glutamate transporter),
fter exocytosis the vesicular ATPase was predicted (for the
arameters assumed) to polarize the vesicle membrane to
50 mV, to raise the free proton concentration in the vesicle

o 35 �M, and to accumulate 70 mM glutamate in the vesicle
Fig. 3A–C). On blocking the ATPase, although there is pre-
icted to be initially a few mV loss of vesicle potential due to
lock of the ATPase-generated proton current, these gradients
re essentially maintained for ever. This is because the vesicle
embrane is solely permeable to glutamate and so remains at

he Nernst potential set by the glutamate gradient that has been
stablished. In this situation, even in the presence of an ATPase

locker, glutamate would only be lost from the vesicle, and the
esicle transmembrane gradients will only be abolished, when
xocytosis occurs. Thus, a high level of vesicle turnover would
romote the irreversible loss of glutamate from vesicles.

t
v
t

from experiments as in A (10 control cells, 10 interleaved bafilomycin cells).
SCs were almost abolished in bafilomycin-treated cells. (D) Mean data from

Including a small vesicular permeability to H+ (2% of the
onductance assumed to be provided by the vesicular glutamate
ransporter), to allow some of the pumped in H+ to leak out
gain, reduced the accumulated glutamate concentration after
00 s operation of the ATPase below 40 mM, and led to the
esicle potential, proton and glutamate gradients decaying in
00 s after the ATPase was inhibited (Fig. 3). In this situation,
herefore, it would not be necessary to have vesicle turnover for
oss of glutamate from vesicles to occur when the ATPase is
locked.

Finally, since vesicles have been suggested to have a Cl−
onductance [25], we simulated the effect of the vesicle hav-
ng a Cl− conductance that was 10% of the conductance to
lutamate (and having no H+ conductance). This increased
he accumulation of glutamate, and led to vesicular glutamate
eing maintained after the ATPase was inhibited, implying that
esicle turnover would again be needed to deplete vesicles
f glutamate in the presence of ATPase blockers. However,
epeating the simulation with no ATPase present in the mem-
rane showed that about 2/3 of the glutamate accumulation
roduced in this situation reflects exchange of cytoplasmic glu-
amate for intravesicular Cl−, which is initially assumed to
e set to 140 mM when the preceding exocytosis equilibrates
he vesicle contents with the extracellular fluid (simulation not
hown).
Thus, whether transmitter is lost rapidly from vesicles when
he ATPase is inhibited depends on the permeability of the
esicle membrane to different ions, and on the rate of vesicle
urnover.
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Fig. 2. Effects of veratridine and elevated [K+] solution on glutamatergic vesicle
depletion by concanamycin. (A) Soaking slices in 2 �M concanamycin alone
had no significant effect on the amplitude of the glutamatergic EPSCs evoked
in CA1 pyramidal neurons at −33 mV by stimulating the Schaffer collaterals
with increasing intensity (four control cells (Ctl), four interleaved concanamycin
cells (Conca)). (B) When 10 �M veratridine was added to the soaking solution
for 5 min, significantly smaller EPSCs were recorded in concanamycin-treated
cells than control cells (13 control cells, 10 interleaved concanamycin cells).
(C) When slices were exposed to an elevated [K+] solution for 5 min at the
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Fig. 3. Simulation of the effect of blocking the vesicular ATPase on the vesi-
cle. (A) Membrane potential, (B) [H+], and (C) glutamate accumulation. At time
zero, exocytosis is assumed to equilibrate the vesicle contents with the extracellu-
lar space. The vesicle membrane potential is initially negative because vesicular
[glutamate] is lower than that in the cytoplasm. The ATPase energises the vesi-
cle for 100 s and is then blocked (“inhibit ATPase”). Simulations are shown for
a
g

a
d
f
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eginning of the soaking period, significantly smaller EPSCs were recorded in
oncanamycin-treated cells than in control cells (five control cells, five inter-
eaved concanamycin cells).

Bafilomycin and concanamycin effectively deplete GABAer-
ic vesicles of transmitter in brain slices, reducing the frequency
f spontaneous IPSCs by 84–94% and reducing the amplitude
f evoked IPSCs by ∼90% [30,21,2]. By contrast, bafilomycin
r concanamycin alone did not deplete glutamatergic vesicles
f transmitter sufficiently to significantly reduce evoked EPSCs
Figs. 1B and 2A).

A priori, there are several possible reasons for this difference.
irst, postsynaptic GABAA receptors might be less saturated

han glutamate’s AMPA receptors by the peak transmitter con-
entration reached in the synaptic cleft, so that a reduction
f vesicular transmitter content could affect IPSCs more than
PSCs. However, recent work suggests that neither AMPA nor

ABAA receptors are saturated [14,19,22]. Second, glutamate

nd GABA are accumulated into vesicles using different ener-
etic components of the proton motive force set up across the
esicle membrane by the H+-ATPase, i.e. the voltage gradient

m
m
i
s

vesicle with conductance (g) to glutamate only, to glutamate and H+, or to
lutamate and Cl−.

nd the proton gradient, respectively. However, the voltage gra-
ient produced by the ATPase might be expected to dissipate
aster than the proton gradient when the H+-ATPase is inhibited
because inhibiting the ATPase current will immediately pro-
uce some voltage change, whereas it will take some time for
he proton gradient to dissipate), suggesting that this difference
ould result in vesicles losing glutamate faster than GABA.
inally, the difference could reflect GABAergic neurons being
ore spontaneously active, or having more spontaneous trans-

itter release, than glutamatergic neurons, if vesicle turnover

s necessary for bafilomycin and concanamycin to act. Con-
istent with this possibility, although hippocampal CA1 pyra-
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idal cells receive far more excitatory (30,000) than inhibitory
1700) synapses [16], 97% of spontaneous postsynaptic currents
ecorded in these cells are produced by release from GABAergic
eurons [20,8,1].

Our observation that depolarizing neurons, either with ver-
tridine or high [K+], during exposure to bafilomycin or con-
anamycin results in these agents successfully depleting vesi-
les of glutamate suggests that vesicle turnover promotes the
ction of bafilomycin and concanamycin. Consistent with this,
uppression of EPSCs is produced by bafilomycin if synaptic
ransmitter release is evoked electrically during the application
f bafilomycin [12]. In cultured neurons Zhou et al. [30] reported
hat bafilomycin could deplete glutamate from vesicles: this may
eflect more spontaneous activity, causing vesicle turnover, in
xcitatory neurons in culture than in our hippocampal slices.

There are two possible explanations for this effect of vesi-
le turnover. First, the action of these agents may be limited by
heir access to the H+-ATPase. The ATPase is composed of a
arge multi-subunit cytoplasmic domain, attached to a smaller
ntramembrane domain composed of a and c subunits [18].
afilomycin and concanamycin are thought to block H+ flow
cross the membrane by binding to the c and a subunits [7,29,6],
nd it is plausible that access to the binding site can only be
btained from the intravesicular side of the membrane. In this
ase extracellularly applied bafilomycin/concanamycin would
nly act if vesicles are being exocytosed, so that they expose
he interior of their volume to the extracellular fluid. Alterna-
ively, the need for vesicle turnover might reflect the time needed
or the transmitter gradient across the vesicle membrane to run
own when the ATPase is inhibited. Simulating vesicle energet-
cs (Fig. 3) suggested that if the vesicle membrane is permeable
o glutamate and protons then on inhibiting the vesicular ATPase
he vesicles will lose glutamate rapidly. However, if the vesicle

embrane is permeable solely to glutamate, or to glutamate
nd Cl−, then intravesicular glutamate will be maintained for an
xtended period on inhibition of the ATPase. In this case vesi-
les will only lose glutamate, and the vesicular transmembrane
oltage and proton gradients will only be irreversibly lost, when
xocytosis occurs, and rapid vesicle turnover will promote the
ction of bafilomycin/concanamycin. Consistent with this, vesi-
le alkalinization produced by bafilomycin alone is much slower
han the alkalinization produced by electrical stimulation in the
resence of bafilomycin ([23], Fig. 2C).

In addition to giving insight into the mode of action of the
lecomacrolide antibiotics, our data provide a useful method for
ltering excitatory transmission. Combining bafilomycin with
eratridine treatment to enhance vesicular turnover effectively
uppresses EPSCs (Fig. 1C). This provides a useful alternative
o the use of tetanus neurotoxin for the inhibition of vesicular
lutamate release.
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