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Trudeau, Louis-Eric, Vladimir Parpura, and Philip G. Haydon.  mitters in synaptic vesicles (Fykse and Fonnum 1996)egu-
Activation of neurotransmitter release in hippocampal nerve termingging synaptic vesicle endocytosis (Lindgren et al. 1997; Wang et
during recovery from intracellular acidificatiod. Neurophysiol81: Eé 1995), andB) possibly influencing some of the multiple pro-

2627-2635, 1999. Intracellular pH may be an important variable. S . . . .
regulating neurotransmitter release. A number of pathological con Fin—protein interactions involved in the process of synaptic ves-

tions, such as anoxia and ischemia, are known to influence intrad&l€ €XOCYtosis. _ _
lular pH, causing acidification of brain cells and excitotoxicity. We Neurotransmitter release could also be affected by intrater-

examined the effect of acidification on quantal glutamate releasminal pH through an indirect effect on [€4;. A number of
Although acidification caused only modest changes in release, recpgssible mechanisms may be proposed. First, intracellular pH
ery from acidification was associated with a very large (60-folghay affect the ability of endogenous buffers to bind calcium
increase in the frequency of miniature excitatory postsynaptic curregits, (Zucker 1981). Second, calcium currents can be pH sen-

(mEPSCs) in cultured hippocampal neurons. This was accompanie . . . -
by a block of evoked EPSCs and a rise in intracellular fred*ca S!Ve (Mironov and Lux 1991; Takahashi et al. 1993), directly

([Ca2*],). The rise in MEPSC frequency required extracellulat'Ca impacting neurotransmitter release (Barnes et al. 1993). Fi-
but influx did not occur through voltage-operated channels. Becau¥@lly, the activity of ionic pumps and exchangers may be pH
acidic pH is known to activate the NéH* antiporter, we hypothe- sensitive. The sodium—hydrogen antiporter, for example, is
sized that a resulting Naload could drive C&" influx through the activated by intracellular acidification, leading to sodium up-
Na'/Ca&" exchanger during recovery from acidification. This hytake from the extracellular medium and extrusion of intracel-
pothesis is supported by three observations. First, intracelluldr Ng|ar protons (Jean et al. 1985; Raley-Susman et al. 1991). This
rises during acidification. Second, the elevation in 90a and is one mechanism through which many cell types attempt to
mEPSC frequency during recovery from acidification is prevented by, nansate for deviations from normal intracellular pH levels.

the Na"/H™ antiporter blocker EIPA applied during the acidificatio . : i
step. Third, the rise in free €& and mEPSC frequency is blocked b;Because some synaptic terminals are known to express partic

the Na /Ca&" exchanger blocker dimethylbenzamil. We thus propoéélarly high levels of the sodium—c_alcium exchanger (Fontana
that during recovery from intracellular acidification a massive activ&t @l- 1995; Luther et al. 1992; Michaelis et al. 1994; Reuter

tion of neurotransmitter release occurs because the successive ac@l Porzig 1995), one possible consequence of intracellular
tion of the Na/H* and Na/Ca&* exchangers in nerve terminalsacidification and such sodium loading may be to cause an
leads to an elevation of intracellular calcium. Our results suggest thiacrease in [C&']; through reverse activity of the N&Ca"
changes in intracellular pH and especially recovery from acidificati@xchanger or diminished rate of calcium efflux. In support of
have extensive consequences for the release process in nerve tegiig-type of mechanism, it has recently been demonstrated that
nals. Excessive release of glutamate through the proposed mecharjgiytridine-mediated sodium loading may activate neurotrans-
cogld be implicated in excitotoxic insults after anoxic or ischemiﬁmter release by inducing calcium uptake independently of the
episodes. activation of voltage-gated calcium channels (Bouron and Re-
uter 1996). Evidence has also been presented to suggest that
under some conditions activation of N&&* exchange can
INTRODUCTION trigger noradrenaline release from cultured sympathetic neu-

The final cascade of events leading to neurotransmitter rele g@s_(Wakade etal. 1993) and dopamine fe'?ase from tuberoin-
ndibular hypothalamic neurons (Annunziato et al. 1992).

from synaptic vesicles is known to be initiated by a rise i . . Y . .
intracellular calcium ([C&'];) (Dodge and Rahamimoff 1967). unctional coupling of Né/H and Na/Ca" exchangers has
0 been demonstrated in non-neuronal systems (Urcelay et al.

Other intracellular ions have also been proposed to play a criti : . ; A
role in the release process. Among others, a role has been sutp?)- One potential problem with the hypothesis that acidifi-

gested for intracellular sodium (Adam-Vizi et al. 1993; Nordman Iolr\]l T;g a;rlltlatehsuch a s_equhennil activation ?f rt]hélmh .
and Stuenkel 1991) and hydrogen ions. Intracellular pH may be‘%{r\‘{j “a b egcb ang%(s 'SHt at(’; e f%C“V'g/g’ t”? I_atter I'_|S
important variable influencing neurotransmitter release in a ntg% ually inhibited by acidic pH (and activated by alkaline pH)

ber of ways such influencing the uptake of some neurotran .ogr'ing'and' Lederer 1993). However, becausc_a .intrf’;lcellular
¥ & ¢ P acidification is often followed by rebound alkalinization on

The costs of publication of this article were defrayed in part by the paymeﬁFssatlon of th_e acidic _challenge, this may prpwde Ide?' con-
of page charges. The article must therefore be hereby maeidacbftisemerit |t|0+n5 for sodium loading and reverse activation of the"Na
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ca exchanger.
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A better understanding of the influence of intracellular plextracellular saline contained (in mM) 140 NaCl, 2 MgCP CaCl,
on neurotransmitter release may provide data helpful in undér<Cl, 10 HEPES, 6 sucrose, and 10 glucose (pH 7.35). High-divalent
standing neurotoxicity associated with conditions such as &lineé was used to decrease spontaneous synaptic activity and to
rebral ischemia, anoxia, and hypoglycemia. Indeed the%{i@llltate recording of monosynaptic action potential-evoked EPSCs.

; P : . _contained (in mM) 135.5 NaCl, 7 Mggl 3 CaC}, 5 KCI, 10
t)atg]otl.()glcal fC(_)rldltlorlllslare I|<_|no_wnbto_be aﬁSOCilatﬁd V\.”th P EPES, and 8 glucose (pH 7.35). Propionate saline used to acidify
urbations ‘ot intracefiular ph In brain celis. ischemia a_nqeurons was prepared by completely replacing NaCl with Na propi-
anoxia cause intracellular acidification and sodium loadingpate in either normal or high divalént salines. Nominally calcium-

which can be followed by rebound alkalinization during recoviree saline contained (in mM) 140 NaCl, 5 KCI, 4 MgCL EGTA,

ery (Chen etal. 1992; Chopp et al. 1990; Friedman and HaddaxlHEPES, 4 sucrose, and 10 glucose (pH 7.35). To record action
1994; Pirttila and Kauppinen 1992). In the heart, evidence hgstential-evoked EPSCs, 0M SR-95531 (RBI; Natick, MA) was
been presented to suggest that acidification during ischeragfled to the saline to block GABAreceptors. To record mEPSCs,
may be associated with a rise in intracellular sodium andn@mal saline was supplemented with 41 SR-95531 to block
subsequent activation of N&Ce&* exchange (Murphy et al. GABA, receptors and 0.xM TTX (Calbiochem) to block sodium
1991). Reverse operation of the NE2+ exchanger has also channgls. The internal patch pipette solqtlon u.sed to record action
been shown to occur in response to sodium accumulatig) tential-evoked synaptic currents contained (in mM) 140 K glu-

. . - . . ate, 10 EGTA, 4 Mg-ATP, 0.2 Tris-GTP, and 10 HEPES (pH
during anoxia in myelinated axons (Lehning et al. 1996; Stys;e 5). To record mEPSCs, the internal patch pipette solution consisted

al. 1992). Hypoglycemia may also be associated with intracgf n mm) 117.5 Cs gluconate, 10 NaCl, 4 MgCl5 EGTA, 2

lular alkalinization and is associated with excessive release\-ATP, 0.2 Tris-GTP, and 15 HEPES (pH 7.35). Statistical com-

excitatory amino acids and excitotoxic damage (Auer amgrisons were performed with Studentgest, unless otherwise

Siesjo 1993). indicated.

To determine more directly how intracellular acidification

affects neurotransmitter release, we have recorded quantal ghiaging

tamate release from cultured hippocampal neurons under suc, 21 pH. and sodium level itored by fi )

conditions. We find that recovery from acidification is assocj- [o2 1l PH; and sodium levels were monitored by fluorescence im-
- . o aging with a silicon-intensified target camera (Hamamatsu; Bridgewater,

ated with a substantial activation of the spontaneous releq\%zh

o - . , IC-300 intensified charge-coupled device (CCD) camera (Photon
process under conditions where action potential-evoked relegg nology International: Monmouth Junction, NJ), or CH-250 cooled

is mostly blocked. CCD camera (Photometrics; Tucson, AZ). Images were acquired with
Metafluor (Universal Imaging; West Chester, PA) or NeDsoftware

METHODS (Prairie Technologies; Waunakee, WI). Signals were measured from
regions representing cell bodies and/or major neurites. Fluorescent

Cell culture dyes {fura-2AM, fluo-3AM, 2,7'-bis-(2-carboxyethyl)-5-carboxyfluo-

rescein~AM (BCECF-AM), and 1,3-benzenedicarboxylic acid,’-4,4
Primary cultures of neonatal rat hippocampal neurons were pie;4,10-trioxa-7,13-diazacyclopentadecane-7,13-diylbis(5-methoxy-6,12-
pared as described previously (Trudeau et al. 1996). Briefly, thenzofurandiyl)-AM (SBFI-AM)} were acquired from Molecular
hippocampus was dissected from newborn rats and dissociated vitbes (Eugene, OR). Calcium levels were estimated according to Basar-
papain. Neurons and astrocytes were plated onto collagen/polysky et al. (1995). Calibration was performed in situ (Thomas and
lysine—coated glass coverslips (0.1 mg/ml). Culture medium copelaville 1991) with the C&" ionophore 4-BrA-23187 (Molecular
tained 5% fetal calf serum (GIBCO BRL; Grand Island, NY) angbrobes) at the end of each experiment. Although it is known that the
Mito + serum additives (Collaborative Biomedical Products; Bedkffinity for calcium of fluorescent indicators such as fluo-3 may be
ford, MA). A mitotic inhibitor was added after the 4th day in culturesensitive to acidic pH, this is not likely to have significantly affected the
to halt glial proliferation (5-fluoro-2-deoxyuridine and uridinew®l).  results reported because intracellular pH never reached the critical level
One-third of the medium was replaced with fresh medium twice ¢ 5.5 (Lattanzio and Bartschat 1991). Furthermore, the experiments
week. Neurons were used in physiological experiments after 3—4 ywirformed in this study investigated calcium changes during alkaliniza-
in culture. In preliminary experiments we noted that the major obsefon of the cytosol. Alkalinization by itself has not been reported to have
vations reported in this paper appeared to be less robust in 2-wk-glehajor effect on fluo-3 fluorescence. This is experimentally supported by

cultures. In some experiments neuron-enriched cultures were piiata in Fig. 5, where, in the absence of external calcium, alkalinization
pared, as previously described (Goslin and Banker 1991), to permgid no effect on fluo-3 fluorescence.

better visualization of neuronal processes.

RESULTS

Electrophysiology To produce intracellular acidification, cultured hippocampal

Whole cell recordings were performed on the stage of a Nikdteurons were exposed to saline in which NaCl was replaced with
Diaphot inverted microscope equipped with phase contrast optitise weak acid Na propionate. This approach has been previously
Signals were recorded through Axopatch-1D patch amplifiers (Ax@hown to produce reliable intracellular acidification in neurons
Instruments; Foster City, CA), digitized at 5 kHz and acquired ignd other cell types (Chen et al. 1998; Lindgren et al. 1997,
pClamp software (version 6.0) (Axon Instruments). Miniature synagsy,enkel and Nordmann 1993). An advantage of this approach is
i'/?n‘é‘érr:fntfc"é%e (f:“/&t)hel:] a;i%ggpﬁﬁ?ﬂéﬁ?iﬁgg ;gsft;’;’;;eth; d'%hat intracellular alkalinization can be produced on propionate

: : . . ; aline washout, under conditions where the extracellular solution
quately resolve all unitary synaptic events. However, in a SUbset'ggagain normal, bypassing problems related to the extracellular

experiments the frequency of miniature excitatory synaptic currer o - - -
(MEPSCs) rose to very high levels, and it is possible that sorfdects of alkalinizing agents such as ammonium chloride, which

proportion of elementary events failed to be detected. This may hdgeknown, for example, to affect glutamate receptors (Fan and
caused a slight underestimation of maximal mEPSC frequencies Gaerb 1993; Fan et al. 1990). Imaging experiments were per-
should not affect any of the conclusions reached in this paper. Nornfiaimed with the fluorescent pH indicator BCECF. We found that,
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8.5 ‘ presynaptic neuron was maintained at its resting potential,
8.0 | T ! whereas the postsynaptic neuron was voltage clampedb@at
7.5 | mV. Action potentials evoked rapid EPSCs (Figh)2which
pH, 7.0 } were blocked by the glutamate receptor antagonist 6-cyano-7-
6.5 ! nitroquinoxaline-2,3-dione (CNQX) (not shown). Intracellular
6.0 . s ~ acidification produced by propionate-containing saline pro-
) PROP duced only transient and variable decreases in the amplitude of
St EPSCs (Fig. 2A andB) (68 = 22% of control, mean- SE,
0 2 4 6 8 10 12 14 16 P > 0.05;n = 7). The amplitude of EPSCs recovered com-
) ) pletely within 3 min in the continued presence of propionate
Time (min) (Fig. 2, A andB). Washout of propionate rapidly produced an

Fie. 1. Intracellular acidification and rebound alkalinization produced b§iMOSt complete block of evoked EPSCs (Fig.A2and B)
propionate. Intracellular pH in cultured hippocampal neurons was measuredyl = 5% of control,P < 0.05,n = 7). This block of evoked
imaging of BCECF fluorescence. The cells were exposed to propionatelease occurred within 30 s after perfusion with normal saline
containing saline for 3 min (—). Propionate (PROP) caused a rapid intracgig_ ZC), in paraIIeI to the timing of rebound alkalinization

lular acidification followed by rebound alkalinization on washout of propionatg—: : : .
with normal saline. Cells then gradually recovered to basal pH. pH recovery\ 9. 1)' Block of release was not caused by irreversible dam

the presence of propionate was slow, and full recovery on washout requid€ 0 nerve termina|5_a as re!ntrOdUCtion of propionate-contain-
>10 min. Points represent meanSE (1 = 10). ing saline allowed an immediate and almost complete recovery
. - P ig. 2,A andB) (74 = 5% of control,n = 7). In the absence
as expected, propionate produced a rapid intracellular acidificat Jd- < A N
b brop P b of such re-acidification, EPSC amplitude was found to recover

followed by partial and gradual recovery (Fig. I) € 10). e .
Washout with normal saline caused a rapid rebound intracellu%{laduaruy btUt very slowly (to 15% of basal level within 10 min
alkalinization within 1 min. This was followed by a graduaP F\i\lr?)foigr?a)té-induced intracellular acidification was associated
recovery to resting intraceliular pH (Fig. 1). with a modest but reliable increase in the frequency of spon-
taneous MEPSCs (606 136% of control,P < 0.05,n = 8)

(Fig. 3,AandB). This was short lasting, similar to the observed
decrease in evoked EPSC amplitude during acidification. Con-
Dual whole cell recording experiments were performed tgidering the powerful block of action potential-evoked gluta-
monitor action potential-evoked neurotransmitter release. Tingte release after removal of propionate saline, it was some-

A Wﬁ“ﬂ e jb//fw»v — ﬁv«—‘

Effect on action potential-evoked and spontaneous
neurotransmitter release
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FiG. 2. Block of action potential-evoked excitatory postsynaptic currents (EPSCs) during recovery from acidification. Dual
whole cell recordings from pairs of cultured hippocampal neurons. The presynaptic néyrbottom tracey was briefly
depolarized to trigger an action potential. This produced an EPSC in the voltage-clamped postsynapticAyeamtrgces.

Although propionate caused only a brief and modest reduction in EPSC amplitude (not significant), an almost complete block was
observed on washout of the propionate-containing saline (WASH). Rapid recovery of the EPSC amplitude was observed when the
neurons were re-acidified by a second application of propionate saline. Data from 7 experiments are summBri&atsn
represent mearr SE (0 = 7; *P < 0.05). Time course of the block of evoked EPSCs on propionate saline washout is illustrated

in C for the experiment shown iA. EPSC amplitude started to decline as soon as 10 s after the beginning of the washout, and a
maximal block was obtained by 60-70 s.
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A Ctrl _ curves for fluo-3 (Minta et al. 1989), we estimated a{0a
T 4 min accumulation of~700 nM caused by rebound alkalinization.
308 Pro . In parallel experiments with fura-2, we confirmed that similar
P 6 min [Ca?*], accumulations£800 nM) occur in neuronal processes
SE——F | |1 8 min (n=2). . . .
To determine whether extracellular calcium was required for
1 min NS 10 min the rebound rise in [C4]; and MEPSC frequency, propionate
f saline was washed out with nominally calcium-free saline instead
2 min 12 min of normal saline. We found that, although rebound alkalinization
! me V was unimpaired under such conditions (Fig),3oth the rebound
Tioms rise in [C&"]; (Fig. 5C) and mEPSC frequency (FigAbwere
prevented. Reintroduction of normal saline after calcium-free
B Z 10000 saline still caused a substantial rise in € (Fig. 5C) and
5 8000 T, mEPSC frequency (2,606 924% of control after 1 minP <
g 0.05,n = 4) (Fig. %), thereby showing that the driving force
g 6000 behind the rise in MEPSC frequency was not dissipated by the
o 4000 absence of external calcium during rebound alkalinization. These
E 2000 results suggest that calcium influx is important for the rebound
E 0 oo _n i. increase in MEPSC frequency. The observation that the rise in
T 21 23 1234 68 10 MEPSC frequency is blocked under conditions where the rebound
CTRL  PROP WASH intracellular alkalinization still occurs suggests that the latter phe-

Minutes

nomenon is not sufficient by itself to cause the rise in MEPSC

Fic. 3. Delayed stimulation of MEPSC frequency. Whole cell recordings (];Eequenc.y Further. support for this hypo_th_es[s Com.es from the
MEPSCs in the presence of TTX) Propionate saline produced a small,0PServation that direct intracellular alkalinization with 15 mM
short-lasting, and rapid increase in mEPSC frequency (30 s Prop). Washou@Bmonium chloride fails to cause a rise in mEPSC frequency
the acidifying propionate-saline with normal saline (NS) was also accomp(en = 2, mEPSC frequency at 60% of baseline after 3 min; results
nied by an enhancement of mEPSC frequency, but this was delayed by Zyk shown).

min after the beginning of the washout period and was much more substantia PR
(4 min). The effect then gradually declined with time. Summary data from 8 lBecause the delayed rsein [%jé' and mEPSC frequency

such experiments are shownEn(*P < 0.05). requires extracellular calcium, it may be hypothesized that this
occurs through the activation of voltage-gated calcium chan-
what unexpected to observe that the mEPSC frequency rosedts. Alternately, calcium influx could occur through a carrier
very high levels=2—4 min after washout (Fig. 3 andB). such as the N&#C& " exchanger. The role of calcium channels
This increase in mMEPSC frequency was not immediate, suchwass tested by determining whether washing out propionate-
for the block of evoked EPSCs, and was delayed in relation ¢ontaining saline with saline containing 1QM cadmium
the timing of the peak of intracellular alkalinization, suggestingiould prevent the rebound rise in mEPSC frequency. This
that alkalinization per se did not stimulate exocytosis. After doncentration of cadmium is sufficient to block most high-
min of propionate washout, the frequency of mEPSCs wasltage-activated calcium channels (Bouron and Reuter 1996)
increased~60-fold above baseline (5,948 2,530% of con- (results not shown) while sparing the activity of the N@af*
trol, P < 0.05,n = 8) (Fig. 3,A andB). Recovery was gradual exchanger (Bouron and Reuter 1996). We found that the re-
and reached levels close to baseline by 10 min (31031%
of baselineP > 0.05,n = 8) (Fig. 3,A andB). This massive
increase in release was obtained without any significant depo-
larization of neuronal cell bodies. On average, resting potential

3507 * k%

during the control period was-55 = 2 mV, whereas it was S
—52 = 3 mV after 4 min of propionate saline washout, which ~
is at the peak of the increase in mEPSC frequency. T8 150
L
Role of [C&*]; < 50
To determine whether the substantial rise in mEPSC fre- 50 * T

quency was caused by a rise in fC} in neurons, imaging
experiments were performed with the fluorescent calcium in- 0 1
dicators fluo-3 and fura-2. In experiments performed with

fluo-3, propionate-containing saline sometimes caused a small . .
and unreliable increase in [€4]; (Fig. 4). However, washout Time (min)

of propionate was associated with a delayed and significant risgc. 4. Delayed increase in intracellular free calcium G0g). Calcium

in [Ca"]; (n = 8; ANOVA and Tukey’s post hoc teSB < measurements with fluo-3 fluorescence imaging. Propionate saline (PROP)
0.01) (g, 4). The time caurse of i ise n0g s very o et o o o wi ssomontt o
similar to the time (_:OUI’SG of the elevation in ”.‘EPSC frequen Iayedjand substaﬁtial rise in calc‘i)ump. Summary data from 8 exp%rimentsyare
observed on propionate saline washout (FiB). 38y using

. 'J shown. Points represent meanSE (1 = 8; *P < 0.01, ANOVA and post hoc
recorded fluorescence changes in cells and standard calibratigkey’s test).

2 3 4 5 6 7 8
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A 5000
)
q:’ 4000 *
g. n—:' 3000 FIG. 5. Requirement for extracellular cal-
Q- cium. The frequency of mMEPSCs was measured
- O 2000 in the presence of TTXA). Perfusion of propi-
8 § 1000 . onate-containing saline (PROP) for 3 min was
o followed by washout with nominally calcium-
“EJ o J— — § ] i e e - i B om free saline (0 C& WASH). This fully prevented
the rise in the frequency of mMEPSCs seen in
1 21 3 1 2 3 4 6 1 2 3 4 6 control preparations. Substitution of calcium-
CTRL PROP 0 Ca2* WASH NORMAL WASH free saline for normal saline (NORMAL WASH)
Minutes allowed the rebound rise ‘in mEPSC frequency to
be expressed. Although it was able to block the
rise in mEPSC, washout with calcium-free saline
B 85 . C 350 0 Carr WASH did not prevent the rebound rise in intracellular
g’g r - PROP pH measured by BCECF imaginB); However,
. 70 L s this treatment (0 Cd) was effective at blocking
S 65 | s u° the delayed rise in [Gd]; measured by fluo-3
6,0 | 2+ T imaging C). Reintroduction of normal saline
55 | PROP  0Ca WASH L<'5 P andiinittline A . then still permitted calcium to rise (WASH) (C).
5.0 e 0 2 4 6 8 10121416 18 20 22 24
0 2 4 6 8 10 12 14 16

Time (min) Time (min)

bound rise in MEPSC frequency that follows intracellular acidRole of ion exchangers

ification was still clearly present under such conditions (Fig. ) _ )

6A). Additionally, the delayed rise in [4]; that parallels ~ One hypothesis that may be proposed is that intracellular
rebound alkalinization was unaffected by cadmium (Fig) 6 acidification activates the N@H " exchanger, thereby driving

(n = 9). Both the rise in MEPSC frequency and the rise fa  accumulation in the cytoplasm. This sodium load may

[Ca?"], were not significantly different from those obtainedhen provide a driving force, allowing reverse.act|vat|on.of th_e

under control conditions{ > 0.05). These results suggest thaf¥a /C& " exchanger to cause an accumulation of calcium in

although calcium influx may trigger the rise in mEPSC freSynaptic terminals. Such a hypothesis finds support from the

quency, this does not occur through voltage-gated calcid@fent observation that synaptic terminals are richly endowed
channels. with the Na'/Ca?* exchanger (Luther et al. 1992; Michaelis et

al. 1994; Reuter and Porzig 1995). The contribution of the
5000 Na"/H* exchanger was tested in preliminary experiments with
the classical blocker amiloride. We found that application of
amiloride (1 mM) together with propionate-containing saline
prevented the rise in mEPSC frequency during propionate
washout (i = 3) (data not shown). Because amiloride is known
to have significant affinity not only for the NéH™ exchanger
but also for the N&/C&" exchanger as well as other pumps
0 (Murata et al. 1995), we performed a second series of experi-
12 01 31 2 3 4 6 8 ments with the more specific amiloride derivativeNs-thyl-
CTRL  PROP 100 yM Cd?* WASH N-isopropyl)-amiloride (EIPA). This compound can be used at
Time (min) much lower concentrations and is known to have close to one
order of magnitude higher affinity for the N&H™ exchanger
than for the Na/Ca&" exchanger (Murata et al. 1995). We
found that 10uM EIPA prevented the ability of propionate-
containing saline to induce the rebound rise in mMEPSC fre-
quency (Fig. A) (n = 3). As expected for a block of NaH™"
exchange, this antagonist was also effective at blocking the
induction of rebound alkalinization (Fig.Bj (n = 5). The
B S — delayed rise in [C&']; was also completely prevented by EIPA
0123 4567 8 (Fig. 7C) (n = 6). To provide additional support for the
Time (min) hypothesis that a sodium load may be induced by intracellular
FIG. 6. Calcium channel blockade fails to prevent the rebound rise acidification, we used SBFI, a fluorescent ratiometric sodium
mEPSC frequencyA: perfusion of propionate-containing saline (PROP) for 3ndicator to directly monitor intracellular sodium levels (Minta
min was followed by washout with saline containing 1081 cadmium (100 and Tsien 1989; Rose and Ransom 1997). Propionate-contain-

uM Cd?* WASH). This failed to prevent the rise in the frequency of mMEPSC : . : ;
seen in control preparations. It was also ineffective at preventing the delayﬁep saline was fo“r.‘d to. prOduce a gr_adual and Iong 'aSF'”g rnse
rise in [C&"],, measured with fluo-3). Bars and points represent mearsg N intracellular sodium in neurons (Fig. 8) & 6), compatible

(*P < 0.01). with our results suggesting that acidification activates g

4000

(% CTRL)
N (%]
(=1 (=)
(=7 (=]
o (=)

*
*

1000 *

mEPSC frequency

* ok ok *

Cd2+




2632 L.-E. TRUDEAU, V. PARPURA, AND P. G. HAYDON
A 5000
E,‘ 4000
D —~
§_ EI 3000
<o 2000
s
o =~ 1000 FIG. 7. The N&/H* antiporter blocker 5¥-ethyl-N-
£ 0 - - isopropyl)-amiloride (EIPA) prevents the action of propi-
onate. A: co-perfusion of propionate-containing saline
1.2 1 2 31 2 3 4 6 8 10 together with EIPA (1QuM) prevented the occurrence of
the rise in the frequency of mEPSCs seen in control
CTRL E::&P*' WASH preparations during the washout period. It also blocked
Ti . most of the alkalinization that follows propionate washout
ime (min) without preventing the propionate-induced acidification
B C 350 (B). Delayed rise in [C&"]; seen in control preparations
was also completely prevente@)( Bars and points rep-
8,5 & 250 resent meant SE (*P < 0.05).
8,0 { o
7,5 4 o 150
¥ 21 w PROP+EIPA
2 6’0 1 L 50 EE—
5’5 : PROP+ WASH < bt g o T Ty 5§
5:0 EIPA S50 Loy oy
S a A ae 01 2 3 4 5 6 7 8

0 2 4 6 8 10 12 14 16
Time (min) Time (min)

exchange that consequently leads to a loading of neuratself produces some modification of neurotransmitter release
with Na™*. (Figs. 2 and 3), removal of acidification has a more significant

If the delayed rise in [Cd], and mEPSC frequency isimpact on glutamate release. One major consequence of recov-
caused by activation of NdCa* exchange during the re- ery from temporary acidification is a pronounced but reversible
bound alkalinization phase, then blocking this exchanger dutock of action potential-evoked neurotransmitter release (Fig.
ing the propionate saline washout period should block the rigg This effect is not caused by a block of postsynaptic CNQX-
in calcium and mEPSC frequency. This was tested With'2 sensitive glutamate receptors because mEPSCs are still easily
dimethylbenzamil (DMB), a N&/C&* exchanger blocker that detectable during this period (Fig. 3). The block of release is
is not fully specific for the N&/Ca* exchanger at all concen-also not caused by a toxic reaction to rebound alkalinization
trations but that is known to have close to one order of
magnitude more affinity for this exchanger than for thep

Na"/H" exchanger or the sodium ATPase (Murata et al. 1995). 5000 —-
At a concentration of 1(uM, DMB was found to produce a 2 4000 1
complete block of the delayed rise in mEPSC frequency (Fig. § 5 L
9A) and [C&"]; elevation o = 7) (Fig. B). g 3000 +
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Our results demonstrate that acidification and rebound alka- & 0l M o
linization may have considerable effects on quantal neurotrans-
mitter release from synaptic terminals. Although acidification t213123 46123 4°¢
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FIG. 9. The N&/Ca" exchanger blocker DMB prevents the rebound rise
Time (min) in MEPSC frequency. Frequency of mEPSCs was measured in the presence of

TTX (A). Perfusion of propionate-containing saline (PROP) for 3 min was

FiG. 8. Propionate-induced acidification is accompanied by a rise in smllowed by washout with saline containing 1 DMB. This fully prevented
dium. Intracellular sodium was measured with SBFI. A gradual rise in sodiuthe rise in the frequency of MEPSCs seen in control preparations. The delayed
was induced by propionate-containing saline. Recovery during the washdse in [C&"]; was also prevented]. Bars and points represent meanSE
period was very slow. Points represent mearsg (*P < 0.05). (*P < 0.05).
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because the effect is rapidly reversible on re-acidification ohannels may be facilitated by alkalinization (Mironov and
neurons (Fig. 2). Although we have not identified the specifiax 1991; Takahashi et al. 1993).
mechanism responsible for the block of action potential- If calcium channels do not cause the delayed rise irf [Ga
evoked EPSCs, the time course of this block follows that eihd mEPSC frequency, then an alternate hypothesis is that the
rebound alkalinization (Fig.@). One possibility is that intra- rise in calcium is mediated by a transporter-based mechanism.
cellular alkalinization of synaptic terminals leads to a block d@ne hypothesis is that acidification causes the activation of the
inactivation of voltage-dependent calcium channels. Howevéta™/H™ antiporter and thus a rise in intracellular sodium. On
as mentioned previously, the opposite has been reported; alkashout of propionate-containing saline, this rise in sodium
linization is known to facilitate calcium currents (Mironov andnay provide a driving force sufficient to cause a reverse
Lux 1991; Takahashi et al. 1993). Although other mechanisrastivation of the Na/Ca* exchanger. Because this exchanger
may be proposed, two possibilities are that calcium chanrglotherwise known to be highly concentrated in nerve termi-
coupling to synaptic vesicle exocytosis is perturbed or that thals, it is conceivable that such a mechanism may be respon-
synaptic protein complex responsible for the release of neusible for the observed delayed rise in mMEPSC frequency. Al-
transmitter is directly inactivated. kalinization that follows washout of propionate saline may play
A second major consequence of recovery from acidificati@permissive role in this process because it has been shown that
is a delayed but massive increase in the frequency of mMEPSHs Na'/Ca&* exchanger can be activated under alkaline con-
(Fig. 3). In many preparations, the stimulation of quantalitions and inhibited under acidic conditions (Doering and
secretion was large enough to be reminiscent of the effectslafderer 1993). Nonetheless, the current set of data does not
powerful secretagogues such adatrotoxin (Capogna et al. allow us to conclude that alkalinization per se is required for
1996; Krasnoperov et al. 1997). This effect was notably dere activation of Na/C&" exchange.
layed in all neurons (Fig. 3), in contrast to the block of action Our data provide four independent pieces of evidence that
potential-evoked EPSCs (FigC2 This is compatible with the support the hypothesis that elevated exocytosis results from cal-
idea that the two phenomena are mediated by distinct mecham influx driven by Na/C&®" exchange that is activated by
nisms. It also suggests that the increase in mEPSC frequencglévated intracellular Na that accumulates as a result 6fi&a
not induced solely by the intracellular alkalinization that folantiporter activity during acid conditions. First, we show that two
lows washout of propionate saline. This increase in mEP®Mckers of the N&/H" exchanger, amiloride and EIPA, block
frequency was reversible over time, suggesting that the effeebound alkalinization and the delayed rise in mEPSC frequency
was also not caused by an irreversible toxic reaction, althou@fig. 7) when applied simultaneously with the acidifying saline.
a partial depletion of readily releasable vesicles could ha®econd, EIPA also blocks the delayed rise in calcium (F®). 7
occurred. Rather our calcium imaging experiments suggest tiaird, propionate-containing saline causes the predicted rise in
the stimulation of spontaneous exocytosis may be caused byiraracellular sodium (Fig. 8). This rise is relatively long lasting,
intracellular accumulation of free calcium (Fig. 4). Perfusion afompatible with the observation that the driving force for the
propionate-containing saline was initially associated with iacrease in calcium and mEPSC frequency is also relatively long
brief and relatively small rise in [G4]; (Fig. 4B). This oc- lasting (Fig. 5). Fourth, a blocker of the N&Ca" exchanger,
curred in parallel to intracellular acidification and could b®MB, is able to block the rise in MEPSC frequency and?[Ga
caused by the previously described decrease in the calciuswen when applied after the propionate-containing saline (Fig. 9),
buffering power of cellular cytoplasm induced by acidificatiomnder conditions where the rise in sodium has already occurred.
(Zucker 1981) or by release of calcium from intracellular stordsnally, we have found that direct intracellular alkalinization with
(Chen et al. 1998), although other mechanisms cannot @®monium chloride does not cause an increase in spontaneous
rejected. This modest and short-lasting rise was followed byrelease. This argues in favor of the idea that an initial intracellular
more substantial and delayed increase irf[G;zon washout of acidification is specifically required to obtain the observed in-
propionate-containing saline. The delay was usually betweeir2ase in secretion and that alkalinization is not a sufficient con-
and 4 min (Fig. 8), in close parallel to the delay observed fodition. This is compatible with the hypothesis that sodium loading
the rise in mEPSC frequency (Fig. 3). Our observation that tlbé neurons during acidification provides a driving force for the
delayed rise in mMEPSC frequency does not occur if propionagthsequent rise in mEPSC frequency during the recovery period.
containing saline is washed out with calcium-free saline (Figlthough DMB has a~10-fold higher affinity for the N&/Caf™
5) suggests that the rise in [€3; is due to influx or transport exchanger than for other targets such as th&/Na antiporter or
of calcium across the cellular membrane. The finding thtite sodium ATPase, it is not fully selective for the Maa"
re-introduction of normal calcium-containing saline still causesxchanger (Murata et al. 1995). However, because the block of
a rise in mEPCS frequency after exposure of cells to calciuMa™/H" exchange by DMB displays an IC50 above M
free saline (Fig. B) suggests that the driving force for the(Murata et al. 1995), it is likely that at 1M DMB will not
calcium entry, whatever its nature, was still present after thpgoduce a substantial block of the N&* exchanger. Nonethe-
delay. Washout of propionate-containing saline with salifdess, taken by itself the block of the rise in mEPSC frequency by
containing 10QuM cadmium was also not effective at blockingDMB does not prove the involvement of N&C&" exchange.
the delayed rise in mEPSC frequency (Fig. 6). Because tliswever, taken with the rest of our results this observation
concentration of cadmium is sufficient to block most highprovides support for this hypothesis and can be considered the
voltage-activated calcium currents in neurons, this may samplest explanation of our findings.
taken as evidence that the intracellular accumulation of cal-It should be noted that because our experiments were per-
cium is not occurring through activation of voltage-dependefdrmed in nominally CQ and HCQ-free medium we have not
calcium channels. This was important to determine becauseluated the role of sodium-dependent ClI/H@&Rchange in
previous reports have suggested that some classes of calciabound alkalinization. Such an exchange mechanism could
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possibly contribute to rebound alkalinization in vivo (Schwien- calcium influx and synaptic protein distributiod. Neurosci.14: 6402—
ing and Boron 1994). 6411, 1994.

Our results demonstrate a substantial influence of intraCEP_URON, A. AND REUTER, H. A role of intracellular N& in the regulation of
synaptic transmission and turnover of the vesicular pool in cultured hip-

lular 'pH on qyantal glutama_te. (elease in hippocampal NeUrons;ocampal cellsNeuron17: 969-978, 1996.

We find that intracellular acidification has only modest effects\pocna, M., GirwiLer, B. H., AND THompson S. M. Calcium-independent

on release, even under conditions where pH decreases by mo&etions of alpha-latrotoxin on spontaneous and evoked synaptic transmission
than one-half a unit (Fig. 2). However, recovery from acidifi- in the hippocampusl. Neurophysiol76: 3149-3158, 1996.

cation is associated with both a powerful block of actioRHEN. H., GioPr M., JanG, Q., AND GaRciA, J. H. Neuronal damage, glial
potential—evoked EPSCs and a delayed but substantial rise i[ﬁsponse and cerebral metabolism after hypothermic forebrain ischemia in

. s e rat.Acta Neuropathol84: 184-189, 1992.
mEPSC frequency. AIthoth our EXpe”mental conditions QQ(EN, Y.-H., Wu, M.-L., anD Fu, W.-M. Regulation of acetylcholine release

not specifically mimic pathological conditions such as isch-py intracellular acidification of developing motoneuronsXanopuscell
emia and hypoxia, it is noteworthy that such conditions may becultures.J. Physiol. (Lond.p07: 41-53, 1998.
associated with intracellular acidification and possibly with @0PR M., VANDE-LINDE, A. M., CHEN, H., KNIGHT, R., HELPERN J. A., AND

sequential acidification, alkalinization sequence (Chen et aI?’Svfﬁgr':;igi'n'\s/'ulﬁﬂr?;t'gsfgf:zr?'. Z‘é?_cigléla;;é%alos's following forebrain

1992; Pirttilla and KaUPpinen ];992)- It will .be important folbopag, F. A., . anp Ranamivors, R. Co-operative action of calcium ions in
future studies to examine the influence of in vitro models of transmitter release at the neuromuscular junctibrRhysiol. (Lond.)193:
ischemic or hypoxic episodes on intracellular pH, calcium, and419-432, 1967.

quantal glutamate release. A combined block and stimulatiBRERNG A: E. AND LEDERER W. J. The mechanism by which cytoplasmic
rotons inhibit the sodium-calcium exchanger in guinea-pig heart cells.

of actlon potential-evoked and s_pc_)ntaneous glutamate relgas ', Physiol. (Lond.}i66: 481—499, 1993.

respectively, could have dramatic influences of brain functiopsy, P., Lavoe, J., L&, N.L.O., SErs, J. C., AND BUTTERWORTH R. F.
and play some role in the observed deficits associated witiNeurochemical and electrophysiological studies on the inhibitory effect of
conditions such as ischemia or hypoxia. It is of interest to note2mmonium ions on synaptic transmission in slices of rat hippocampus:

. . . - evidence for a postsynaptic actiddeuroscienc87: 327-334, 1990.
that it has been hypOtheSIZed that neuronal death in bl’?:kﬁ,;’ P.AND Szers, J. C. Effects of ammonium ions on synaptic transmission

ischemia may be caused by two phase_s of eX‘_:eSSi_Ve glutamat@q on responses to quisqualate ahchethylo-aspartate in hippocampal
release. The first may occur during the ischemic episode and beA1 pyramidal neurons in vitrBrain Res.632: 225-231, 1993.

caused by reverse operation of the glutamate transporter. ThAgrANA, G., Rocowski, R. S.,AND BLAUSTEIN, M. P. Kinetic properties of the
second may occur after ischemia and be caused by glutama dium-calcium exchanger in rat brain synaptosonde$hysiol. (Lond.)

. . 5: 349-364, 1995.
released from vesicular stores (Szatkowskl and Attwell 1994:)R’IEDMAN, J. E.AND HADDAD, G. G. Anoxia induces an increase in intracel-

One exciting possibility is that this second phase is caused byular sodium in rat central neurons in vitBrain Res663: 329-334, 1994.
reversed activation of the NaC&™" exchanger in synaptic Fvkse, E. M. aND Fonnum, F. Amino acid neurotransmission: dynamics of
terminals during recovery from the acidic challenge. vesicular uptakeNeurochem. Re€1: 1053-1060, 1996. _
GosLIN, K. AND BANKER, G. Rat hippocampal neurons in low-density culture.
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