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Glutamate is released from synaptic vesicles following formation of a fusion pore, connecting
the vesicle interior with the synaptic cleft. Release is proposed to result from either full fusion
of the vesicle with the terminal membrane or by 'kiss-and-run,” where release occurs through
the fusion pore. ‘Kiss-and-run’ seems implausible as passive diffusion of glutamate through
the pore is too slow to account for the rapidity of release. Vesicular accumulation of glutamate
is driven by a proton gradient, resulting in the co-release of protons during exocytosis. We
tested whether the proton gradient between the vesicle and cleft contributes to glutamate
exocytosis. Collapse of the gradient reduced hippocampal glutamatergic transmission, an effect
that was not associated with presynaptic changes in excitability, transmitter release probability,
or postsynaptic sensitivity. These data indicate that approximately half of glutamate release
utilizes the proton gradient between vesicle and cleft, suggesting a significant proportion of
release by ‘kiss-and-run.’
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INTRODUCTION

The amino acid L-glutamate mediates the vast majority of excitatory
transmission in the vertebrate central nervous system. Transmitter
release from synaptic vesicles into the synaptic cleft was classically
thought to occur following formation of a fusion pore that dilated
to result in full vesicle fusion with the presynaptic membrane. This
process is considered to be responsible for the omega-shaped profile
of membranes observed in ultra-structural investigations of the
release sites of presynaptic terminals (Heuser, 1989). This classical
release mechanism requires that components of the vesicle mem-
brane are retrieved after the vesicle has merged with the terminal to
discharge its contents into the synaptic cleft, with vesicle retrieval
and repriming taking tens of seconds (Ryan et al., 1993; Liu and
Tsien, 1995). More recently, it has been proposed that vesicles can
remain intact, with release occurring through a transient fusion
pore, which can close to produce incomplete exocytosis of the vesi-
cle contents. This is often referred to as ‘kiss-and-run’ exocytosis
(An and Zenisek, 2004).

The contribution of full fusion and ‘kiss-and-run’ exocytosis to
transmitter release in the CNS is a matter of considerable debate.
It has been reported that up to 70-80% of glutamate release in
the hippocampus occurs by ‘kiss-and-run’ during low frequency
stimulation (Aravanis et al., 2003; Richards et al., 2005; Harata
etal.,2006; Zhang et al.,2007). The release of dopamine in ventral
midbrain is also proposed to be largely by ‘kiss-and-run’ (Staal
et al., 2004). In contrast, other studies have suggested that as few
as 20% of vesicles in the CNS release their transmitter by ‘kiss-and-
run’ (Stevens and Williams, 2000; He et al., 2006). It is becoming
apparent that the two release mechanisms can co-exist, with it
being proposed that synapses with a low release probability favor

‘kiss-and-run, while high probability terminals preferentially
utilize full fusion exocytosis (Gandhi and Stevens, 2003; Harata
et al., 2006).

It is estimated that transmitter must exit a vesicle within 100 us
to support the rapid rate of synaptic communication observed
at glutamatergic synapses (Clements, 1996; Wadiche and Jahr,
2001). This fact alone can be used to question the contribution
of exocytosis via ‘kiss-and-run’ for rapid synaptic communication,
because the estimated conductance (200-300 pS, Klyachko and
Jackson,2002; He et al.,2006) and open time (<100 ms, Stevens and
Williams, 2000; Gandhi and Stevens, 2003) of a fusion pore suggest
that diffusion of glutamate through the pore would be too slow to
generate the rapid rise in glutamate to produce the time-course of
synaptic currents (Khanin et al., 1994). Therefore, it is likely that
glutamate is expelled from synaptic vesicles to provide excitatory
transmission with the observed time-course if ‘kiss-and-run’is a
plausible contributor to fast transmission.

A mechanism of ion-interchange or co-efflux of counter-charged
particles would accelerate the movement of glutamate out of the
vesicle (Khanin et al., 1997). Simulations of acetylcholine (ACh)
release at the neuromuscular junction show that the interchange
of the positively charged ACh with Na*ions or co-efflux of Cl™ions
markedly increases the rate of efflux of transmitter from vesicles,
allowing models to account for the time-course of synaptic cur-
rents (Khanin etal., 1997). This has been confirmed experimentally
by finding that release of positively charged catecholamine from
chromaffin cell vesicles uses an ion-interchange mechanism of a
counter flux of Na* ions into the vesicle through the fusion pore
(Gongetal.,2007). The intravesicular pH is acidic (pH~5.5), which
dictates that glutamate possesses a negative charge while stored in
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vesicles within glutamatergic terminals. Efflux of H* from vesicles
releasing glutamate has been reported during synaptic activation
(Krishtal et al., 1987; Traynelis and Cull-Candy, 1990; DeVries, 2001;
Palmer et al., 2003) raising the possibility that the co-efflux of H*
promotes glutamate efflux from synaptic vesicles. However, this has
never been directly tested. To investigate this, we have perturbed
the H* gradient between vesicle lumen and synaptic cleft at CA3-
CAL1 synapses in hippocampal slices and studied the effects on
synaptic transmission.

MATERIALS AND METHODS

SLICE PREPARATION

Hippocampal slices (350 pm thick) were prepared from P14 Wistar
rats in ice cold solution of composition (in mM): 119 NaCl, 2.5
KCl, 1.0 NaH,PO,, 26.2 NaHCO,, 11.0 glucose, 2.5 CaCl,, and 9.0
MgSO,, bubbled with 95% O,/5% CO,, pH 7.4, 300 mOsm. Slices
were subsequently stored at room temperature in aCSF consisting
of (in mM): 119 NaCl, 2.5 KCl, 1.0 NaH,PO,, 26.2 NaHCO,, 21.0
glucose, 2.5 CaCl,, and 1.3 MgSO,, bubbled with 95% O,/5% CO,,
pH 7.4,300 mOsm. Slices were left to recover for at least 1 h before
recordings were made.

CELL CULTURE

Hippocampal cultures were prepared as described previously
(Corréa et al., 2004). The cells were plated onto 22 mm glass cover-
slips coated with poly-L-lysine and used 14-21 days after plating.

ELECTROPHYSIOLOGY

Whole-cell voltage-clamp recordings were made from visual-
ized CA1 pyramidal neurons within transverse cut hippocampal
slices superfused with aCSF at room temperature (18-20°C) (to
minimize the incidence of spontaneous release). To determine
the effect of extracellular pH6, slices were superfused with aCSF
of composition (in mM): 119 NaCl, 2.5 KCI, 1.0 NaH,PO,, 16.2
NaHCO,, 21 glucose, 2.5 CaCl,, and 1.3 MgSO,7H,0, 10 MES,
bubbled with 95% O,/5% CO,, 300 mOsm. The solution was
adjusted to either pH6 (using HCI) or pH7.4 (using NaOH). The
solution was supplemented with picrotoxin (100 uM) and tetro-
dotoxin (1 pM). For both slice and culture recording, whole-cell
current was recorded with an Axopatch 200A (Axon Instruments,
Sunnyvale, CA, USA), low-pass filtered at 5 kHz (8-pole Bessel,
Frequency Devices, Haverhill, MA, USA) and acquired at 20 kHz
using Pulse (HEKA Elektronik, Lambrecht/Pfalz, Germany).
Neurons were whole-cell voltage-clamped at =70 mV with boro-
silicate glass electrodes of resistances between 4 and 6 MQ that
contained (in mM): 130 cesium methane sulfonate, 10.0 HEPES,
0.5 EGTA, 4.0 MgATP, 0.3 Na,GTP, 4.0 NaCl, 5.0 QX314-Cl, pH
7.2, 285 mOsm. For slice recording, series resistance was moni-
tored for the duration of the recording, with experiments dis-
carded if changes of more than 20% were observed. In contrast,
series resistance was compensated approximately 95% in record-
ing from cultured neurons. For slice recording, a twisted 50 pm
nickel/chromium bipolar stimulating electrode was placed in the
stratum radiatum proximally and distally from the CA1 soma,
to evoke an EPSC in the CA1 pyramidal neuron by stimulating
the Schaffer-collateral pathway for 0.1 ms stimulus duration at
a frequency of 0.067 Hz. EPSC amplitude is normalized to the

mean of the baseline EPSC amplitude. Inhibitory postsynaptic
potentials (IPSCs) were isolated by holding at —40 mV and includ-
ing D-AP5 (50 uM) and NBQX (20 uM) in the aCSF to block
NMDA and AMPA receptors respectively. The stimulating elec-
trode was placed in the stratum radiatum, proximal to the cell
soma to directly stimulate interneurons. IPSCs were abolished by
picrotoxin (50 uM), demonstrating that they originated from acti-
vation of GABA, receptors. During paired-pulse experiments, two
stimuli were delivered with an inter-stimulus interval of 50 ms.
The second facilitated EPSC was contaminated by the decay phase
of the first EPSC, therefore the waveform of a single EPSC was
subtracted from each paired-pulse record to obtain an uncon-
taminated amplitude. Paired-pulse ratio (PPR) was calculated by
dividing the amplitude of the second response by the first. For
extracellular recordings, a recording electrode containing 4 M
NaCl, was placed into the stratum radiatum whilst the stimulat-
ing electrode evoked action potentials in the Schaffer-collateral
pathway. Extracellular voltage was recorded with an Axoclamp
2B (Axon Instruments, Sunnyvale, CA, USA), low-pass filtered at
1 kHz and acquired at 20 kHz using Pulse. The biphasic presyn-
aptic fiber volley (PFV) amplitude was measured from the initial
positive peak to the negative peak, and the slope of the excitatory
postsynaptic potential (EPSP) measured using PulseFit (HEKA
Elektronik). The first evoked response [EPSC, IPSC, paired-pulse
facilitation (PPF), PFV] after resumption of stimulation in test/
control solutions was used, because that response was not con-
taminated by the effect of test solutions on vesicle refilling.

For excised patches, a whole-cell recording from a CA1 pyrami-
dal cell in a hippocampal slice or a hippocampal neuron in culture
was first obtained, and then an outside-out patch pulled. For experi-
ments studying the effect of pH on the amplitude of glutamate-
activated currents, the patch was positioned in front of a glass theta
capillary from which a HEPES-MES buffered solution (HMBS) was
continuously flowing from one barrel and HMBS plus glutamate
of varying concentrations (1-10 mM) from the other barrel. A
HMBS consisting of (in mM): 125 NaCl, 2.5 KCI, 1 NaH,PO,, 1.3
MgSO,, 21 Glucose, 10 HEPES, 10 MES, 2.5 CaCl, (pH7.4 or 6 as
appropriate) was used for these experiments. This external solution
was used because of the relatively slow flow rate of solution from
the reservoirs to the tip of the theta glass, potentially allowing CO,
to diffuse out of the aCSF solution, thus altering the pH. A pulse
of glutamate (25 ms duration) was rapidly applied to the patch by
moving the theta capillary using a piezo element (Lester and Jahr,
1990; Colquhoun et al., 1992). Glutamate-evoked currents were
recorded at a holding potential of =70 mV. Solution exchange time
was <400 ps for complete exchange (~150 ps for 20-80% exchange
time) as estimated using open tip currents in the same experiments.
To test for the effects of changing pH on the glutamate-evoked
current, responses to pH7.4 aCSF and aCSF + glutamate were
first collected and then the solutions switched to pH6.0 aCSF and
aCSF + glutamate and tested again on the same patches. To deter-
mine if antagonism by y-p-glutamylglycine (y-DGG) was affected by
pH, cultured hippocampal neurons were bathed in HMBS supple-
mented with cyclothiazide (30 uM) to block AMPA receptor desen-
sitization (Donevan and Rogawski, 1998). Outside-out patches were
voltage-clamped at =70 mV and positioned in front of capillaries
connected to a RSC200 rapid switcher (Biologic, Claix, France),
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to permit two point concentration-response curves to glutamate
(0.3-3 mM) in the absence and presence of a fixed concentration
of v-DGG (300 uM) at both pH7.4 and 6 to be generated.

Miniature EPSCs (mEPSCs) were recorded from 14- to
21-day-old hippocampal cultures bathed in HMBS, with this solu-
tion being supplemented with N-methyl-p-glutamine (30 mM)
to allow equimolar replacement with NH Cl for determination of
the effects of extracellular ammonium ions (NH,*). mEPSCs were
analyzed with Clampfit (Molecular Devices) to determine effects
on amplitude and kinetics of activation.

Bafilomycin A1, cyclothiazide, and tetrodotoxin were purchased
from Tocris (Bristol, UK), and FCCP was obtained from Sigma
(Poole, UK). All data are presented as mean = SEM. Statistical com-
parisons between test and control groups were carried out using
an unpaired or paired #-test where applicable (Origin, Microcal
Software, Inc.) with statistical significance accepted when p < 0.05,
with * indicating p <0.05, ** indicating p <0.01, and *** indicating
p <0.001 in the Figures and p values stated in the text.

RESULTS

The loading of vesicles with glutamate requires an H* gradient,
as transport of the amino acid into the vesicle is coupled with H*
efflux (Maycox et al., 1988; Shioi and Ueda, 1990). We designed
an experimental protocol to manipulate the H* gradient between
the interior of the synaptic vesicle membrane and the synaptic
cleft without compromising the glutamate content of vesicles. This
protocol was strictly followed for all experiments. The baseline
EPSC/P amplitude in response to stimulation of Schaffer-collateral/
commissural axons was measured for 10 min. Synaptic activation
was then stopped for 5 min to allow active presynaptic terminals
to retrieve released vesicles, reload them with glutamate, and dock/
prime them ready for the next round of release (Maycox et al., 1988;
Ryan etal., 1993; Liu and Tsien, 1995; Sankaranarayanan and Ryan,
2000). The slice was then superfused with test or control aCSF for
a further 15 min, in the absence of stimulation. Synaptic stimula-
tion was then resumed to determine the effect of the manipulation
on the amplitude of the synaptic response before any subsequent
effects on vesicle refilling occurred (see Figures 1A,B). Therefore,
this experimental design allowed the measurement of the effect of
manipulating the H* gradient between vesicle and cleft on gluta-
mate release in isolation from any effect on vesicle refilling.

REDUCTION OF SYNAPTIC TRANSMISSION BY EXTRACELLULAR
ACIDOSIS

The effect of a diminished H* gradient between vesicle lumen
and synaptic cleft on synaptic transmission was first tested by
exposing the hippocampal slice to pH6 aCSE. Extracellular aci-
dosis reduced the first EPSC after resumption of stimulation by
69.5+5.9% (n = 6, p < 0.00005). This is compared with experi-
ments where the slice remained in pH 7.4 solution, where a small
augmentation of the EPSC was observed upon resuming stimula-
tion (+17.1+11.0%, n = 5; Figures 1A,B). These data indicate that
reducing the H* gradient between the vesicle lumen and synaptic
cleft reduces EPSC amplitude by a mechanism that is independent
of vesicular accumulation of glutamate. These data are consistent
with the hypothesis that the H* gradient between vesicle and cleft
can influence the rate of glutamate exocytosis, although additional

data were required to rule out effects of extracellular acidosis on
other components of synaptic transmission including presynaptic
excitability and postsynaptic AMPA receptor function.

REDUCTION OF SYNAPTIC TRANSMISSION BY EXTRACELLULAR
ACIDOSIS IS NOT MEDIATED BY CHANGES IN PRESYNAPTIC
EXCITABILITY OR RELEASE PROBABILITY

Extracellular acidosis could alter glutamate release by reducing
presynaptic excitability through alteration of presynaptic sodium
channel activity (Daumas and Andersen, 1993; Tombaugh and
Somjen, 1996). The effect of pH6 aCSF on presynaptic fiber excit-
ability was determined by measurement of the PFV amplitude. The
relationship between the PFV and EPSP slope was first determined
to resolve how much of a decrease in the PFV amplitude would
cause a significant reduction in synaptic response. This relation-
ship was determined either by incremental decrease of the stimu-
lus intensity or by partial reduction of the PFV by tetrodotoxin
(200 nM). Both approaches showed that the relationship between
the PFV amplitude and EPSP slope was ~1:1 (Figures 2A,B).
Therefore, a substantial reduction in the PFV amplitude would
be expected if changes in presynaptic excitability were responsible
for the ~70% inhibition of the EPSC amplitude observed at pH6.
However, there was no significant difference between the initial
PFV amplitude recorded in pH6 and pH7.4 solution (p > 0.87;
Figure 1C). Consistent with whole-cell voltage-clamp recordings
of EPSC amplitude (Figures 1A,B), pH6 reduced the slope of the
first EPSP (—67.5 £ 5.1%, n = 5), whereas a small increase was
again observed when slices remained at pH7.4 (+10.3£7.9%,n=28;
p <0.0002; Figure 1C, also see Figures 2C-F).

It is possible that the effects of pH6 aCSF on the amplitude of
evoked EPSCs reflect a decrease in the probability of transmitter
release. Transmitter release is dependent on a number of factors,
including calcium (Ca?") entry through N-, P/Q-, or R-type channels
(Takahashi and Momiyama, 1993; Wheeler et al., 1994; Gasparini
et al., 2001). PPF is used to resolve changes in release probability,
with two stimuli applied in quick succession (e.g., 50 ms) produc-
ing an augmentation in the second response that is considered to
result from the presence of residual intra-terminal Ca*". Therefore,
the effect of pH6 aCSF on PPF was determined to resolve whether
the probability of transmitter was affected. Extracellular acidosis
had no effect on the PPR of the first response after resumption of
stimulation (p > 0.77; Figures 1D and 2E), although the amplitude
of the first EPSC in pH6 solution decreased by 61.1 +4.5% (n=7).
In contrast, the EPSC amplitude increased in controls left in pH
7.4 solution (+21.8 £10.3%, n = 7; p < 0.00001) with no change in
PPF (Figures 1D and 2F). Therefore, these data indicate that the
reduction in EPSC amplitude observed in pH6 is not caused by a
reduction in the probability of glutamate release.

Finally, extracellular acidosis can lead to the release of adenosine,
which can inhibit Ca** influx into presynaptic terminals by acti-
vation of presynaptic Al receptors (Latini et al., 1998). Although
such a change would also be expect to produce a change in PPR (cf.
Figure 1D), we wished to determine whether the decrease in EPSC
amplitude by pH6 aCSF resulted from the release of adenosine
into the slice. This was discounted by finding that the reduction
of EPSC amplitude by pH6 was not affected by antagonism of Al
receptors (Figures 3A,B).
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FIGURE 1 | Extracellular acidosis reduces the EPSC. (A) EPSC amplitude was
reduced by approximately 70% after stimulation was resumed in the presence of
pH6 aCSF. Representative EPSCs show the final baseline response (i) and the first
response in pH6 solution (ii). (B) Application of pH74 augmented EPSC amplitude
following the absence of stimulation, apparent in traces of the final baseline
response (i) and the first response evoked in pH74 (ii). (C) Initial PFV amplitudes in
pH6 and pH74 solutions are not significantly different, in contrast to reduction of
the initial EPSP slope by pH6. (D) Initial PPR ratios in pH6 and pH74 are not

A
i ii 4\/___
gzoo
S .
8 pH 6 solution
'é.mo ;i : :
T g No stimulation
Q
] P riiosinze,
0l . . . Al
o o 10 20 30 40 50
Time (min)
C
fo)
£
2
a
ES
S \2@\ & \2\6\
$ &
) S
& < s 5
& <
E F
= 100,
R .
© g0 =1.01
T g
& 60] T
c B E 0.6
2 404 2"
%] 4
. 3
& 2 0.2
8 1
0] ]
1 3 10
[Glutamate] (mM)
G
9 .
~ 1
o 100 _
©
2
= 80/
£
& 60
D
& 40/
[}
[
= 20/
(2]
@
o ol
+ = + <
=
§% 53
B o =2
g2 32
g 2%
e S 1
Q = =

B
i il
)\r }lf J 50 pA
50 ms
200 )
150 pH 7.4 solution

)

S L &

& PO
& & £

> O
(86

pH6
|
029 g g gig @ %% rrrrrrrrrr
X o
XXXL
‘100 pA V — pHT7.4
20 ms ——pHB
0 50 100 150 200
Time (s)
H

8
>
o)
° —_
g Se
=5
2 84/
2w
=R
©
g T2
3
fa)

ol

pH7.4 pH6

significantly different, in contrast to reduction of the initial EPSC amplitude in pH6.
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concentration-response curves to glutamate (0.3-3 mM) by v-DGG (300 uM) was
not affected by extracellular pH (n =3, p> 0.65).
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inhibition of the EPSC amplitude, comparable with that observed in the absence

of 8-CPT. Representative EPSCs show the final baseline response (i) and the first
response evoked in pH6 solution containing 8-CPT (10 uM) (ii). (B) As seen in the

absence of 8-CPT, the EPSC amplitude was augmented after stimulation in pH74
containing 8-CPT (10 uM). Traces show the final baseline response (i) and the first
response evoked in pH74 containing 8-CPT (10 uM) (ii).

REDUCED SYNAPTIC TRANSMISSION BY EXTRACELLULAR ACIDOSIS
ONLY PARTLY RESULTS FROM A CHANGE IN POSTSYNAPTIC RECEPTOR
SENSITIVITY

Inhibition of AMPA receptor-mediated currents has been observed
with extracellular acidification, with the degree of inhibition reflect-
ing the concentration of applied AMPA receptor agonist ( Traynelis
and Cull-Candy, 1991; Lei et al., 2001). The concentration of gluta-
mate in the synaptic cleft has been estimated to be in the region
of 3 mM (Diamond and Jahr, 1997; Choi et al., 2003) and is likely
to be significantly higher at receptors immediately juxtapose to
release sites (Clements et al., 1992). Rapid application of glutamate
concentrations (1, 3, and 10 mM) within this range to outside-out
patches excised from the soma of hippocampal CAl pyramidal
neurons within a slice showed a modest concentration-dependent
inhibition by pH6 (Figures 1E,F). These data would suggest that
approximately one third of the reduction of EPSC amplitude results
from a direct effect on the postsynaptic receptors, indicating that an
approximately two-thirds of the reduction in the EPSC amplitude
must arise from a different mechanism.

REDUCTION OF SYNAPTIC TRANSMISSION BY EXTRACELLULAR

ACIDOSIS OCCURS BY A DECREASE IN TRANSMITTER RELEASE

The presented data have not directly determined whether the
amount of glutamate released is affected by pH6 solution. The
low affinity competitive glutamate receptor antagonist y-DGG can
be used to resolve whether the concentration of glutamate at the
postsynaptic receptors is different during extracellular acidosis,
because the antagonism is inversely proportional to the amount
of glutamate released (Clements et al., 1992; Diamond and Jahr,
1997; Liu et al., 1999; Wadiche and Jahr, 2001). Antagonism of the
EPSC amplitude by y-DGG (300 pM) was significantly greater in
pH6 than pH7.4 aCSE, with the EPSC amplitude being antago-
nized by 49.0 £ 3.9% (n = 6) in pH6 solution and 25.1 £ 6.7%
(n = 6) in pH7.4 (p < 0.01; Figure 1G). This effect was not the
result of a change in affinity of y-DGG for AMPA receptors, as
the measured dose ratio produced by the rightward shift of two

point concentration-response relationships to glutamate by the low
affinity competitive antagonist was not affected by extracellular
pH (Figure 1H). These data indicate that less glutamate is released
during acidosis. Together, these data indicate that the reduction
of EPSC amplitude by extracellular acidosis partly results from a
decrease in the concentration of released glutamate and does not
involve changes in presynaptic excitability (Figures 1Cand 2C,D),
glutamate release probability (Figures 1D and 2E,F), or the second-
ary release of adenosine (Figure 3).

SLOWING OF MINIATURE EPSC ACTIVATION BY ACIDOSIS IS
CONSISTENT WITH A DECREASE IN TRANSMITTER RELEASE

The increased EPSC antagonism by y-DGG at pH6 (Figure 1G) sug-
gests that less transmitter is released during acidosis of the synaptic
cleft. A reduction in transmitter release should not only depress
EPSC amplitude but also reduce the rate of rise of mEPSCs. It is
well known that the recording conditions for neurons within a slice
preparation are far from optimal to permit quantitative examina-
tion of the rising phase of the EPSC (Williams and Mitchell, 2008).
This is of particular concern when trying to measure fast responses
such as the rate of rise of glutamatergic EPSCs. Analysis of EPSC
kinetics can often be better achieved by the recording mEPSCs
in cultured neurons (Stevens and Williams, 2000). Application
of pH6 extracellular solution to cultured hippocampal neurons
significantly reduced the amplitude of spontaneous mEPSCs
by 55%, from —15.03 £ 2.36 to —6.77 + 0.62 pA (n = 8; p < 0.05;
Figures 4A—C). Notably, this reduction in mEPSC amplitude is
likely to be an underestimate, because the reduced amplitudes in
pH6 resulted in smaller events in the population falling below the
resolution of event detection. Application of extracellular pH6 solu-
tion also slowed the rate of rise of spontaneous mEPSCs. The time
constant of an exponential function fitted to the rising phase of
the mEPSC increased from 0.85 £ 0.09 at pH 7.4 to 1.18 £0.15 ms
at pH 6 (n = 5; p < 0.05; Figures 4D,E). These data confirm that at
least part of the decrease in evoked EPSC amplitude by extracellular
pHG6 solution arises from a decrease in glutamate release.

Frontiers in Synaptic Neuroscience

www.frontiersin.org

July 2010 | Volume 2 | Article 15 | 6



Brown et al.

Vesicular release of glutamate

A control (pH7.4) recovery (pH7.4)
|10 pA
250 ms
B C
(0]
° -30
= 10/ = ]
g P ‘
£ 25|
S o8 3
2 2
g = -20
= 064 g_ .\
g & -15] ;
3 044 ——control (H7.4) 2 H——
—pl -10
E 024 recovery (pH7.4) & |
; S R I
£ 004
z ; : ; : ; " 0 T T
0 10 20 30 40 50 control (pH7.4) pH6
amplitude (pA)
D E
02 1.6,
L 00/ ] ]
2 2 12] [
Q -02 ] = o
£ o A
[ 3 | ——e
04 ] 2
g = o8]
T 06 e "
£ —— control (pH7.4) PR
S o8] —PHE 04
10 1
— T ———————— 0.0 T T
0 2 4 6 8 10 12 14 16 18 control (pH7.4) pHE
time (ms)
F G H
501 0.2 - 6
§40_ . § 00 . .
(0] = —
%—30- ;\ (_%--0.2- i€’4-
£ e $ 0.4 1 o
3 -—— K £ ]
& 201 ~ ® T 06 5 2
a o £ e 21
b 2 081 <
-10- 1 ——4
1.0 l”; *
control NH,* 0 2 6 8 10 12 14 control NH,*

FIGURE 4 | Extracellular pH6 reversibly reduces the amplitude of
spontaneous miniature EPSCs. (A). Sample current traces showing miniature
EPSCs (mEPSC) before and after application of pH6 extracellular solution,
showing a clear reduction of amplitude of the spontaneous events.

(B) Cumulative amplitude plot for the experiment shown in (A) Application of
pH6 extracellular solution reduces mEPSC amplitude, an effect that is partially
reversible. (C) Meaned (+sem, n = 8) mEPSC amplitude before and after
application of pHB6 extracellular solution. Amplitudes from individual cells are
shown in a combined line series plot. (D) Normalized mEPSC waveforms from a
single cell before and after the application of pH6 extracellular solution, showing

time (ms)

the clear slowing of the rate of rise. (E) Meaned (+SEM, n = 5) tau rise of
mEPSCs before and in the presence of pH6 solution, with time-courses from
individual cells shown as an associated line series plot. (F) Meaned (+sem, n = 8)
mEPSC amplitude before and after addition of extracellular NH,CI (30 mM).
Amplitudes from individual cells are shown in a combined line series plot.

(G) Normalized mEPSC waveforms from a cell before and after the extracellular
addition of NH,CI (30 mM), showing the clear slowing of the rate of rise.

(H) Meaned (+sem, n = 8) tau rise of mEPSCs before and after the extracellular
addition of NH,CI (30 mM), with time-courses from individual cells shown as an
associated line series plot.
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The pH gradient between the vesicle interior and synaptic cleft
can also be dissipated by intracellular alkalization using extracellular
ammonium ions (NH,*) (Boron and De Weer, 1976). Extracellular
application of NH,Cl (30 mM) significantly reduced the amplitude
of spontaneous mEPSCs by 28%, from —30.9+£2.2 to—22.3+ 1.5 pA
(n=8;p<0.05; Figure 4F). In addition, extracellular NH Cl slowed
the rate of rise of spontaneous mEPSCs. The time constant of the
rising phase of the mEPSC increased from 0.72 £ 0.07 in control to
1.9310.49 msin the presence of NH,* (n = 8; p<0.05; Figures 4G,H).
These data confirm that decreasing the H* gradient between vesicle
and cleft reduces the amount of glutamate released.

THE EFFECT OF EXTRACELLULAR ACIDOSIS IS MIMICKED BY FCCP

An additional approach is to dissipate the H* gradient before release
is initiated by using FCCP, a protonophore that collapses H* gra-
dients across membranes (Tarasenko et al., 2005). Application of

FCCP during cessation of synaptic stimulation will dissipate the H*
gradient of vesicles preloaded with glutamate that are primed/docked
and ready for release. The evoked EPSC amplitude was significantly
reduced (—66.7 + 6.4%, n = 8; p < 0.0004) following resumption of
stimulation in the presence of FCCP (3 uM). In contrast, the evoked
EPSC amplitude exhibited a small increase with the vehicle control
(0.03% ethanol) (+11.6 £ 11.6%, n = 8; p < 0.00004; Figures 5A,B).
This effect is consistent with data from extracellular acidosis, but the
same potential caveats apply with data interpretation. For example,
the reduction in EPSC amplitude could arise from a reduction in
presynaptic excitability. Assessment of the PFV amplitude showed
that FCCP (3 uM) did not affect presynaptic fiber excitability (n =5,
p=0.50; Figure 5C). Consistent with whole-cell voltage-clamp data,
FCCP reduced the EPSP slope by 75.1 £ 7.2%, compared with the
ethanol control (+23.1 £10.6%, n = 8; p < 0.00004; Figure 5C, also
see Figures 6A,B). Determination of the probability of glutamate
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FIGURE 5 | FCCP (3 pM) reduces the EPSC amplitude. (A) Diary plot of EPSC
amplitude showing that the EPSC was reduced by approximately 70% 15 min
after the application of FCCP (3 uM). Representative EPSCs show the final
baseline response (i) and the first response evoked in FCCP {ii). (B) The effect of
FCCP is not observed with the vehicle control (0.03% ethanol), with the EPSC
amplitude following the 20 min cessation being augmented. This is apparent in
the representative traces from a single experiment showing the final baseline
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response (i) and the first response evoked in 0.03% ethanol (ii). (C) Comparison
of the initial PFV amplitude and EPSP slope in FCCP (3 uM) and ethanol (0.03%)
(control). FCCP did not affect the initial PFV amplitude (p = 0.87), but did reduce
the initial EPSP slope. (D) Comparison of the initial PPR and EPSC amplitude in
FCCP (3 uM) and ethanol (0.03%). The initial PPR in FCCP (3 uM) and ethanol
(0.03%) were not significantly different, in contrast to the initial

EPSC amplitudes.
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release using PPR, showed that the PPR of the first responses in
FCCP (3 uM) was not significantly different from the correspond-
ing ethanol control (p = 0.16; Figure 5D), suggesting that FCCP did
not change release probability. The simultaneous measurement of
EPSC amplitude showed a significant effect of FCCP (—58.4£7.2%,
n = 8) compared with the ethanol control (+53.6 £ 15.2 %, n = 9;
P <0.00002; Figure 5D, also see Figures 6C,D).

LOSS OF TRANSMITTER FROM VESICLES DOES NOT UNDERLIE
REDUCTION OF SYNAPTIC TRANSMISSION

Our data show that loss of the H* gradient between the lumen of
the synaptic vesicle and cleft reduces the concentration of released
glutamate, downstream of presynaptic excitability and Ca** influx.
It is possible that disrupting the H* gradient causes the synap-
tic depression by depleting vesicles of glutamate (since the H*
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gradient is required to load vesicles with glutamate) or by leakage
of glutamate out of filled vesicles (Zhou et al., 2000), rather than
our favored model in which transmission is depressed as a result
of lost H* co-efflux from fused vesicles. To test this possibility, we
investigated the effects on synaptic transmission of the v-ATPase
inhibitor, Bafilomycin (Baf A1).

This compound inhibits the accumulation of H* into synaptic
vesicles, preventing recently released vesicles from refilling with
glutamate (Roseth etal., 1995). For our favored model, this manipu-
lation would be predicted to have no effect, since our experiments
are designed to assay release of only preloaded vesicles. Consistent
with this, application of Baf A1 (1 pM) did not cause a reduc-
tion in the EPSC amplitude compared with the DMSO (0.025%)
vehicle control (p = 0.72; Figures 7A,B). However, a subsequent
stimulus-dependent reduction in EPSC amplitude was observed in
the presence of Baf A1 (=76.7 £ 12.6% by the end of the stimulation;
p <0.01 vs control; Figures 7A,B). This slow decline in amplitude
did not result from a problem in access of Baf Al into the slice, as
the onset of slow decline was apparent within 15 min application
(Figures 7C,D).

The lack of effect of Baf A1 after 20 min application on the EPSC
evoked immediately following resumption of stimulation [inter-
rupted stimulation (1.S.)] compared with continuous stimulation
(C.S.) is clearly seen in Figure 7E. The EPSC amplitude following L.S.
was in excess of the baseline amplitude, while the EPSC amplitude
was significantly reduced by approximately 30% when evoked by
C.S.(p<0.01).In contrast, after a further 5 min of stimulation in Baf
Al reduced the EPSC following L.S. by approximately 10% and the
EPSC amplitude evoked by C.S. by a further 25% (Figure 7E). This
difference was not significant, which suggests that this subsequent
slow decline in EPSC amplitude likely reflects the time-course of
depletion of filled vesicles, because under these conditions, recycling
vesicles are unable to reload with transmitter (see Discussion).

REDUCTION OF RELEASE BY DISRUPTION OF THE VESICULARH*
GRADIENT REQUIRES A CHARGED TRANSMITTER

Transport of the major inhibitory neurotransmitter GABA into
synaptic vesicles also requires a H* gradient. In contrast to gluta-
mate, this amino acid neurotransmitter is a zwitterion at the acidic
pH within the vesicle, exhibiting close to 0 net charge (Hell et al.,
1990). Therefore, unlike glutamate, release of GABA is unlikely
to use H* efflux to speed release and disruption of the vesicular
H* gradient should not affect the release of GABA. Due to the
striking pH-dependence of GABA, receptor gating (Mozrzymas
et al., 2003), we were unable to use a pH6 solution to test this
hypothesis. However, superfusion of FCCP (3 uM) did not have a
significant effect on GABA, receptor-mediated transmission. The
first IPSC evoked after 20 min without synaptic stimulation was not
affected by FCCP (FCCP: —6.00 £ 25.18%, n = 5; vehicle control:
—7.93 £ 9.41%, n = 5; p = 0.94; Figures 8A,B). The subsequent
time-dependent reduction of the IPSC is likely to reflect effects on
vesicle refilling with GABA.

DISCUSSION

It has been unknown whether the observed acidification of the
synaptic cleft during glutamate release has any physiological
relevance. Here we now show that approximately two-thirds

of glutamate release utilizes an H* gradient between the vesicle
lumen and the synaptic cleft. The presence of an H* gradient to
release glutamate can only be utilized if release occurs through
the narrow fusion pore, with modeling showing that the co-
efflux of a counter-charged ion will facilitate the release of a
charged neurotransmitter through the fusion pore (Khanin
et al., 1994, 1997). Clearly, there would be no role for an H*
gradient if release occurred by full fusion of vesicles with the
terminal membrane. The first EPSC evoked after treatment
with either extracellular pH6 aCSF or FCCP was reduced by
approximately two-thirds compared with control. Following
this initial reduction, a slow decline in amplitude was observed
for the remaining 20 min of recording. This raises the ques-
tions of why the effect on the initial EPSC is incomplete, and
what underlies the secondary slow reduction in amplitude?
We propose that the majority of the approximately two-thirds
reduction of initial EPSC amplitude seen in pH6 or FCCP that
follows the 20 min refractory period, reflects loss of ‘kiss-and-
run’ glutamate release through a fusion pore. The amplitude of
the EPSC remaining after collapsing of the vesicle and synaptic
cleft H* gradient is largely generated by transmitter release
via a full fusion mechanism. The fraction of release indicated
by our data to occur through a transient fusion pore is con-
sistent with current estimates (20-80%) of the proportion of
‘kiss-and-run’ release at CNS synapses (Stevens and Williams,
2000; Aravanis et al., 2003; Gandhi and Stevens, 2003; Richards
et al., 2005; Harata et al., 2006; He et al., 2006; Zhang et al.,
2007). This large range of estimated contribution of release
by kiss-and-run has been proposed to reflect differences in
release probability (Gandhi and Stevens, 2003; Harata et al.,
2006). The secondary slow reduction in EPSC amplitude is
proposed to result from subsequent effects on vesicle filling.
This is supported by our observation that the secondary rate
of decline of EPSC amplitude in FCCP (T ~ 6.2 £ 0.7 min) is
comparable with that seen in Baf A1 (T~ 10.2 £ 6.0 min) (see
Figures 5A and 7A).

Our findings support the idea that synapses can release
glutamate using both kiss-and-run and full fusion, with ‘kiss-
and-run’ exocytosis accounting for the majority of transmitter
release under these conditions. Evidence is accumulating that
postsynaptic glutamate receptors are not saturated by single
quanta at certain synapses (Liu et al., 1999; Choi et al., 2000;
Mainen et al., 1999). Utilization of the H* gradient between
vesicle lumen and synaptic cleft poses the question of how
quantal is the quantal response? (Lisman et al., 2007; Zhang
et al., 2007). Indeed, it has been proposed that plasticity of
release could contribute to the expression of long-term poten-
tiation (Choi et al., 2000, 2003). Changes in the H* gradient
will affect the quantity of glutamate released from a single
vesicle and affect quantal size. This could prevent excitotoxic-
ity during ischemia or hypoxia, where extracellular acidifica-
tion is observed (Lipton, 1999). In addition, accumulation of
co-released H* during high frequency repetitive stimulation
could generate short-term synaptic plasticity by depressing
subsequent release. Alternatively, it is possible that this increase
in transmitter release occurs by an increase in the H* gradient
between vesicle lumen and synaptic cleft mediated by a lower
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comparable with that seen under control conditions. (B) The diary plot shows
that application of the vehicle control (0.03% ethanol) had no initial effect on the
mean IPSC amplitude, with the mean IPSC amplitude gradually decreasing over
the next 15 min of recording. Representative individual IPSCs from a single
experiment show the final baseline response (i) and the first response evoked

in ethanol (0.03%) (ii).

intravesicular pH or cleft alkalosis. These data are consistent
with the proposal that a significant proportion of release occurs
by ‘kiss-and-run’ and shows that the H* gradient is utilized not
only for the filling of vesicles, but also for the rapid release

of glutamate.
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