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Presynaptic Strontium Dynamics and Synaptic Transmission

Matthew A. Xu-Friedman and Wade G. Regehr
Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115 USA

ABSTRACT Strontium can replace calcium in triggering neurotransmitter release, although peak release is reduced and the
duration of release is prolonged. Strontium has therefore become useful in probing release, but its mechanism of action is not
well understood. Here we study the action of strontium at the granule cell to Purkinje cell synapse in mouse cerebellar slices.
Presynaptic residual strontium levels were monitored with fluorescent indicators, which all responded to strontium (fura-2,
calcium orange, fura-2FF, magnesium green, and mag-fura-5). When calcium was replaced by equimolar concentrations of
strontium in the external bath, strontium and calcium both entered presynaptic terminals. Contaminating calcium was
eliminated by including EGTA in the extracellular bath, or by loading parallel fibers with EGTA, enabling the actions of
strontium to be studied in isolation. After a single stimulus, strontium reached higher peak free levels than did calcium (~1.7
times greater), and decayed more slowly (half-decay time 189 ms for strontium and 32 ms for calcium). These differences in
calcium and strontium dynamics are likely a consequence of greater strontium permeability through calcium channels, lower
affinity of the endogenous buffer for strontium, and less efficient extrusion of strontium. Measurements of presynaptic divalent
levels help to explain properties of release evoked by strontium. Parallel fiber synaptic currents triggered by strontium are
smaller in amplitude and longer in duration than those triggered by calcium. In both calcium and strontium, release consists
of two components, one more steeply dependent on divalent levels than the other. Strontium drives both components less
effectively than does calcium, suggesting that the affinities of the sensors involved in both phases of release are lower for
strontium than for calcium. Thus, the larger and slower strontium transients account for the prominent slow component of
release triggered by strontium.

INTRODUCTION

Strontium is a divalent cation similar in size to calcium, calcium-dependent processes involved in release. This is an
which can substitute for calcium in a wide variety of bio- important issue because calcium is known to play multiple
logical processes. Studies at the squid giant synapse (Auweles in transmission. Studies of paired-pulse facilitation,
gustine and Eckert, 1984), the neuromuscular junctiorposttetanic potentiation, and asynchronous release (also
(Miledi, 1966; Dodge et al., 1969; Meiri and Rahamimoff, called delayed release) have pointed to the existence of two
1971; Mellow et al., 1982; Bain and Quastel, 1992), and atensors with high and low affinity for calcium (Stanley,
central synapses (Goda and Stevens, 1994; Abdul-Ghani €bg6; Delaney et al., 1989; Adler et al., 1991; Swandulla et
al., 1996) have shown that strontium can trigger neurotransy|, 1991: Delaney and Tank, 1994; Goda and Stevens,
mitter release, but that release by strontium and calciumggy: Kamiya and Zucker, 1994; Atluri and Regehr, 1996,
differ in two majgr ways. First, t_he amplitude of re_lease 1S1998). One study has suggested that strontium is more
reduced, indicating that strontium is less effective thangteciive at triggering the high-affinity site than the low one
caIC|um_at triggering rglease. Second, in strqntlum, evoke(aGOda and Stevens, 1994). This hypothesis has led to the
release is desynchronized, such that a significant number Qfse of strontium to identify candidate high-affinity calcium

quanta are rgleased for hundr_eds of milliseconds, Cc.)mp"?‘re:%nsors, such as synaptotagmin lll, based on its high relative
to release triggered by calcium, which occurs prlmanlyStrontium binding affinity (Li et al., 1995)

within a few mllllsecond§ of st|mul_at|on.. . To more fully understand synaptic transmission in the
Although the mechanism for this striking effect on the . o )
a{)resence of strontium, it is necessary to characterize the

time course of release is unknown, it makes strontium . . . . .
. o . amplitude and time course of strontium levels in presynaptic
useful experimental tool. Strontium is often used to isolate

individual quantal currents underlying evoked release (O”e{grrr_unals foIIo_wmg_ stimulation. _Because stront|_um 1S S0
et al., 1996; Choi and Lovinger, 1997; Morishita and Alger, similar to calcium, its pre_synapnc _Ievgls are subj_ect to the
1997: Otis et al., 1997: Behrends and ten Bruggencatesame regulatory mechanisms during influx (Hagiwara and

1998; Levénes et al., 1998). It is also a useful probe of the Ohmori, 1982; Hess et al., 1986; Mangoni et al., 1997;
Wakamori et al., 1998), internal sequestration and buffering

(Mermier and Hasselbach, 1976; Rasgado-Flores et al.,
: — o 1987; Fujimori and Jencks, 1992a, b), and extrusion (Graf et
Tgegglved for publication 21 October 1998 and in final form 31 Decemberal” 1982). However, because strontium and calcium have
Address reprint requests to Dr. Wade Regehr, Department of Neurobiolsj.I1Eferent kmetlcs an.d aﬁmlty ".1 these proce.sses’ itis p_OS-
ogy, Harvard Medical School, 220 Longwood Ave., Boston, MA 02115. sible that intraterminal strontium and calcium dynamics
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This preparation offers the advantage of a simple cellulapptic currents mediated by GABAreceptors. Parallel fibers were stimu-
architecture, which is ideal for the measurement of change'é“ed extracellularly with a second electrode. In experiments in which we
in presynaptic calcium with fluorescent indicators (Regehycasured spontaneous miniature EPSCs (MEPSCs), TTX (@g5vas

. dded to the external solutions.
and Tank, 1991; Regehr and Atluri, 1995). Here we exten To prevent de-esterification, EGTA-AM solutions were prepared im-

this method to the measurement of presynaptic strontiurfmediately before use. As described in Atluri and Regehr (1996), introduc-
levels. We find that the slow time course of release triggere(ﬂon of this slow calcium buffer accelerates the decay of calcium in parallel
by strontium can be accounted for by the observation thafPers without greatly affecting the peak influx.

: ) . - _ With the exception of fura-2FF (Teflabs, Austin, TX), all fluorescent
stimulus-evoked Changes In strontium are Iarger and IongeEndicators and EGTA-AM were obtained from Molecular Probes (Eugene,

lived than are changes in calcium. OR). Other chemicals were obtained from SIGMA (St. Louis, MO).

METHODS Calibration of divalent-sensitive indicators

Transverse cerebellar slices were prepared using 11-21-day-old ICR micehe binding affinities of calcium-sensitive indicators for strontium and
(Harlan Sprague-Dawley, Indianapolis, IN), using methods similar to thosecalcium were determined with the method described by Tsien (1980).
described previously (Regehr and Atluri, 1995). All recordings were car-Briefly, divalent levels are buffered to known levels with EGTA, while
ried out at 24°C in one of three external solutions. Standard externaiminimizing calcium contamination from glassware, chemicals, and the
solution, which is also referred to as £eaontained (in mM) 2 CaGJ 125 distilled water supply. Calibration solutions contained 100 mM KCI, 10
NaCl, 2.5 KClI, 1 MgCl, 26 NaHCQ, 1.25 NaHPO,, and 25 glucose (310 mM MOPS, and 1uM indicator in addition to EGTA and divalents, as
mOsm). Sg refers to a solution in which 2 mM SrCreplaces CagGl described below. We verified the pH of all solutions using a Fisher
External solutions with no divalents added containegdM calcium, as  Accumet model 15, calibrated using National Institute of Standards and
assessed with a calcium-sensitive electrode (Orion model 9720 BN, BevFechnology recipes, adjusting solutions to pH 722@.02 after all ingre-
erly, MA), calibrated with a 0.1 M CagGlstandard (Orion). S-EGTA  dients were added. We calculated the divalent binding affinities of EGTA
refers to external solution containing 4 Sy EGTA, 125 NaCl, 2.5 KClI, using the tables in Martell and Smith (1974), as explained in Tsien and
1 MgCl,, 34 NaHCQ, 1.25 NaHPO,, and 25 glucose (320 mOsm). Flow Pozzan (1989) (see footnote to their Table 1). The binding affinity of
rates were at least 2 ml/min, and all solutions were bubbled with 95%/5%EGTA for calcium and strontium depends on ionic strength, temperature,
0,/CO, at pH 7.4. and pH (roughly doubling for a 0.15 increase in pH). Under our conditions,
Parallel fibers were loaded with ion-sensitive indicators by directing atheK, of EGTA is 150.5 nM for calcium, 43.6aM for strontium, and 19.7
jet of the acetoxymethyl ester (AM) form (Tsien, 1981) over a restrictedmM for magnesium.
area of the molecular layer. Slices were incubated for another hour to allow Following Tsien and Pozzan (1989), we prepared two calibration solu-
the indicator to diffuse along the parallel fibers. The fluorescence lighttions in our MOPS buffer, one with 10 mM EGTA (“0 CaEGTA”"), and one
source was either a 150 W xenon bulb or a 100 W tungsten bulbwith 10 mM of both EGTA and calcium (“10 CaEGTA"). The amount of
Fluorescence transients produced by extracellular stimulation of the fibecalcium in the 10 CaEGTA solution was carefully titrated to match the
tract were recorded from parallel fibers in a 1@6xdiameter region inthe  concentration of EGTA using the pH-metric method (Moisescu and Pusch,
molecular layer hundreds of microns away from the fill site. A photodiode 1975). Starting with 0 CaEGTA in a quartz cuvette, we performed serial
that responded to a step change in intensity with a time constant gi®00 dilutions with the 10 CaEGTA solution to raise the total concentration of
was used to record the fluorescence. Signals were filtered with a 500 Hzalcium in the cuvette to (in mM) 0, 1, 2, 3, 4,5, 6, 7, 8, 85,9, 9.25, 9.5,
8-pole filter (Frequency Devices model 900, Haverhill, MA), and sampled9.75, and 10, which corresponds to free calcium of (in nM) of 0, 16.7, 37.6,
at 5 kHz with an Instrutech ITC-16 interface. Igor Pro (Wavemetrics, Lake64.5, 100, 150, 226, 351, 602, 852, and ) 1.32, 1.85, 2.84, 5.73, and
Oswego, OR) and Pulse Control software (Herrington and Bookman, 199538.7, respectively. We prepared a similar series for strontium using O
were used to collect and analyze data. SrEGTA and 10 SrEGTA solutions, setting the total strontium concentra-
For fura-2 (Grynkiewicz et al., 1985), mag-fura-5 (Zhao et al., 1996), tion to (in mM) O, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, and 10;
and fura-2FF (London et al., 1996) we used excitation filter 380DF15,corresponding to calculated free strontium concentrations of.it) O,
dichroic 435DRLP, and emission filter 455LP, unless otherwise noted. Fod.11, 2.29, 3.52, 4.82, 7.64, 10.8, 18.5, 28.8, 42.9, 63.8, 97.3, 159, 294, and
magnesium green, a 450—-490 nm excitation filter, a 515DRLP dichroic,639.
and a 530LP emission filter were used. For calcium orange, a 540DF15 For the low-affinity indicators (magnesium green, mag-fura-5, fura-
excitation filter, a 560DRLP dichroic, and an OG570 emission filter were 2FF), the EGTA buffered series was used to set values of calcium up to
used. For some fura-2 experiments, as indicated, we used a filter whe&8.7 uM. Higher values of calcium and strontium were required to allow
(Sutter Lambda 10, Novato, CA) to select between a range of excitatiora good estimate of the dissociation constants. Therefore, we added a further
filters (340DF15, 355DF15, 360DF15, 370DF10, and 380DF15). We alscseries with QuM CaCl, (“0 Ca”), 100uM CaCl, (100 Ca”), and 100wM
screened several other indicators (magnesium orange, calcium green-2aCl (“1000 Ca”), in our MOPS buffer. Starting with the 0 Ca solution,
calcium crimson, Oregon green-5N, BTC, furaptra, Newport green), nonave performed serial dilutions, first with 100 Ca solution, and then with the
of which was more sensitive to strontium than calcium, so we chose the 000 Ca solution, covering a free calcium concentration of{f) 10, 20,
five most suitable indicators listed above. Optical components were ob30, 50, 75, 100, 200, 300, and 1000. The actual free calcium concentration
tained from Chroma (Brattleboro, VT) and Omega Optical (Brattleboro, departs from this for two reasons. First, we estimate thafM calcium
VT) with the exception of the magnesium green filter set, which waswas present in our nominally 0 Ca solution, as assessed with a calcium-
obtained from Zeiss. Fluorescence data are presented as ptF¢Entor sensitive electrode; therefore, this series could not be used for calcium
clarity, all fura-2 (with the exception of Fig. 4), mag-fura-5, and fura-2FF concentrations lower than 30M. Second, calcium bound to AM of the
traces are inverted such that an increase in calcium corresponds to amdicator itself reduces free calcium in the above dilution series tp.Kin
increase iNAF/F. 9.3, 19.2, 29.1, etc., for a BM K, indicator, and to 9.7, 19.5, 29.4, etc.,
We recorded excitatory postsynaptic currents (EPSCs) from Purkinjdor a 20uM Ky indicator. It was also necessary to measure fluorescence at
cells in the whole-cell patch configuration at a holding potential-af0 higher strontium levels than those achieved with the EGTA-buffered series.
mV. The internal solution consisted of (in mM) 108.5 CsST0 EGTA, This was done by addinl M SrCl.
4 CaCl,, 10 HEPES, 1.5 MgGJ 5.35 MgSQ, 4 NaATP, and 0.1 D-600 A SPEX fluorolog (Edison, NJ) was used to measure fluorescence
(pH 7.5, 317 mOsm). Electrode resistances were 1-1(h Bicuculline spectra. Spectra were determined for magnesium green with 475 nm
(20 uM) was added to the external solutions to suppress inhibitory postsynexcitation and 490—650 nm emission; for calcium orange excitation was
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530 nm and emission 540—660 nm; for fura-2 and fura-2FF excitation waFABLE 1 Dissociation constants measured in 0.1 M KCI, 10
250—-450 nm and emission 510 nm; and for mag-fura-5 excitation wasnM MOPS, pH 7.2, room temperature
250-450 nm and emission 490 nm. There were small shifts in some of the

spectra, including the isosbestic point shift displayed by fura-2 in Fig. 4 Indicator Kea (BM) Ksr (uM)

There were only slight differences in the peak fluorescence values meaura-2 0.15 5

sured in saturating concentrations of strontium versus calcium. Thus, foCalcium orange 0.30 6

the wavelengths we employed in our experiments, such small alterations iMagnesium green 6 33

the excitation and emission spectra for strontium compared to calcium ar#ag-fura-5 20 70

unlikely to contribute significantly to the differences seen in the fluores- Fura-2FF 5 55

cence transients measured in strontium compared to those measuredn

calcium. Dissociation constants were determined using the following

wavelengths: 530 nm emission for magnesium green, 572 nm emission for

calcium orange, and 380 nm excitation for fura-2, mag-fura-5, and fura-

2FF. Fluorescence values were fit to an equation of the form, for mag-fura-5. All calcium binding affinities measured here are close to
previously reported values, except for the new dye fura-2FF, which has

Fmaidivalenﬂ + FroinKyg been reported by the manufacturer to hau€g of 35 uM.
[divalenﬁ + Kq . Fluorescence signals may be contaminated by presynaptic magnesium

levels, particularly with magnesium green and mag-fura-5, which bind
For low divalent concentrations, fluorescenceFis,, and for saturating ~Magnesium with dissociation constants of 1 mM and 2.3 mM, respectively.
divalent concentrations, fluorescence Fi,.,. For the wavelengths we We conﬂrrned the magnesium 'dISSOCIatIOI’l constant'for mag-fu.ra-5 under
used, an increase in divalent levels led to a decrease in fluorescence fGH! €XPerimental conditions using the method described by Tsien (1980).
fura-2, mag-fura-5, and fura-2FF, and to an increase in fluorescence fof/€ also attempted to measure the dissociation constant for magnesium
magnesium green and calcium orange. For the purpose of presentation finding to fura-2FF. We found that fura-2FF did not respond to magnesium
Fig. 1A, calibration curves have been normalized to range between 0 (n§"2nges that werel M, indicating that fura-2FF has negligible magne-
divalent bound to the fluorophore) and 1 (saturating divalent levels). AsSiUm affinity.
shown in Fig. 1B and Table 1, these indicators differ greatly in their
relative sensitivity to calcium and strontium. For example, fura-2 is 33 .
times more sensitive to calcium than to strontium, compared to 3.5 time!vmck:}llr‘g

A single-compartment model was made for fluorescence and divalent
transients. The model incorporated an endogenous buffer (concentration 2
MM, Ky.ca 20 uM, Ky, 30 uM, on rate 2- 10° M~* s7%), a divalent-
sensitive indicator (concentration gV, K, values in Table 1, on rate 5

10° M~ s™%), a Michaelis-Menten pumpV(,,.,/K,, for calcium 2000 s*,

for strontium 400 s%), differential influx (calcium 45uM, strontium 48

uM, and up to a 4.5uM increase in intracellular calcium accompanying
strontium influx), and leak to provide a resting calcium of 50 nM. These
model parameters were chosen by fitting the signals measured using
low-affinity indicators. The simple pump here does not perfectly capture
the time course of calcium decay, but it is useful as a first approximation.

>

Relative Fluorescence

m Fura-2

o Caicium orange
o Fura-2FF

1 o Magnesium green

‘ Replacing calcium with strontium in the external solution
& Magiuad e pepfRT : . . strongly affects the amplitude and time course of evoked
10° 10% 107 10® 10° 10* 10% 10% synaptic release in the granule cell to Purkinje cell synapse
bivalent Concentration (M) in mouse cerebellum, in a manner similar to that observed at
other synapses (Fig. 2). The peak EPSC dred®-fold
B 40 when the external solution is switched from a solution
1 containing 2 mM calcium (Ga to one containing 2 mM
; strontium (Sy) (Fig. 2,A andC). In Ca,, there are very few
release events 25 ms after the stimulus, whereas jnaSr
significant amount of release persists for hundreds of mil-
4 liseconds (Fig. 2B). The persistent release in s also
evident in the average EPSC (FigD3.

RESULTS

Fura-2

Measuring the time course of strontium decay in
the presynaptic terminal

Ca-Orange

Fura-2FF
Mag-green
Mag-fura-5

To explore the effect of strontium on neurotransmitter re-

FIGURE 1 Responses of different indicators to calcium and strontiumgace  we measured changes in presynaptic intracellular
(A) Binding affinity curves for different indicators for calciurtop graph ’

and strontium lgottom graph. Curves were measured and normalized as residual free strontium |EVE|33['Sr]i) in Sr,, using an ap- '
described in Methods. Measurdd, values are found in Table 1B  Proach that we have used previously to measure presynaptic

MeasuredK ratios for different indicators, from data if), residual intracellular free calcium levela[Ca]). Granule



2032 Biophysical Journal Volume 76  April 1999

A . 2% (n = 9) for mag-fura-5, and 22t 1% (h = 4) for
1000 Joeee o0 e fura-2FF.

AT oML, When combined with the measured dissociation constants
. AN of the different indicators for strontium and calcium, these
experiments allow us to estimate the relative amplitudes of
% A[Sr]; in Sr, and A[Ca]; in Ca.. Assuming that theAF/F
signals in Sg result exclusively from an increase in stron-
tium, the ratio of the amplitude oA[Sr]; in Sr, to the

500

Peak EPSC (pA)

30 amplitude ofA[Ca], in Ca, (Rs,cd can be estimated for
s these low-affinity indicators by the formula,
re
A[Sr:li KSr (AF/F)Sr
Rsica= Atear = (k- \(AE/E) ) 1)
AlCal,  \Kco/ \(AF/F)c
M whereKg, and K, are the dissociation constants for indi-

cator binding to strontium and calcium, respectivefy,/
Kcalis 3.5 for mag-fura-5, 5.5 for magnesium green, and 11
for fura-2FF. Ry, is estimated to be 1.68& 0.07 for
mag-fura-5, 1.74- 0.11 for magnesium green, and 2.18
0.07 for fura-2FF.
We also examinedF/F signals for fura-2 and calcium
_____ ) orange, which are useful in this study because of their
v relative insensitivity to magnesium and their high sensitivity
to calcium relative to strontiunk,/Kc,is 33 for fura-2 and
20 for calcium orange). As has been shown previously, the
presynaptic calcium transient produced by a single stimulus
is sufficiently large to partially saturate fura-2, thereby
50 ms distorting calcium signals in two ways: the/F signal is
slower than that measured with low-affinity indicators, and
the amplitude is a nonlinear function of the free divalent
FIGURE 2 Effect of strontium on Purkinje cell EPSCA) EPSC peak levels. Thus, the second of two closely spaced stimuli (10
;mprllitu_del drops th”tahe EXt:fE”;'SSCO]U“OH is Chat”QEd_ffC:@t?fs%l- ’ ms) results in an incrementalF/F signal that is much
Ircle represents the pea In response 1o a sin m on . H H
theelchaﬁ'allel fibpers.E) Samplloe EPSCs recordrfd in Q& Sr. E%ihssws::) ° ghaller than that produced py the first .St.lml.“us (Fi®L3,
represents the response to a stimulus in the molecular layer (stimulu§Y€" thOUQh experiments using '|0W-aff|n|ty .|nd|cators show
artifact edited for clarity). Traces are expanded to show mEPSCs, séhat the additional influx is identical. Changing from (a
EPSCs in Caare truncated.) Average EPSCs recorded in 0@ = 38 Sr, decreased the degree of saturation and the amplitude of
traces) or §r(n = 17). O) Average EPSCs fronQ) scaled and overlaid. the fura-2AF/F signal. The peak height of the single pulse
dropped to 27.6= 1.7% ( = 15). The ratio of the height of
a double pulse to a single pulde,() was 1.29+ 0.01 f =
cell terminals are small~«1 um diameter) and represent 15) in Cq and 1.66*= 0.02 ( = 15) in Sg. The higheR,,
~85% of the total granule cell axon volume (Palay andindicates that fura-2 is less, but still partially, saturated in
Chan-Palay, 1974). Therefore, calcium reaches spatial equér, compared to Ga which is qualitatively consistent with
librium quickly, and AF/F measurements reflect divalent the lower affinity of fura-2 for strontium. Similar results
levels in presynaptic terminals. were obtained with calcium orange (peak height 32.1
Despite screening many indicators (see Methods), we di@.8%,R, in calcium 1.37+ 0.004,R,, in strontium 1.67+
not find an indicator that was selective for strontium over0.05,n = 9).
calcium. However, we found a number that responded to The slowing of the time course in Sthat was revealed
both strontium and calcium, but with differential sensitivi- by the low-affinity indicators (Fig. 3:\c) was not apparent
ties. We began by using mag-fura-5, magnesium green, anathen fura-2 was used (Fig. Bc). Because of indicator
fura-2FF, which all bind calcium and strontium with low saturation, high-affinity indicators provide a poor estimate
affinity. As shown in Fig. 3A for mag-fura-5, changing of the time course of the underlying free calcium and
from Ca, to Sr, decreased the amplitude and slowed thestrontium levels (Konishi et al., 1991; Regehr and Atluri,
time course of theAF/F signal. Similar effects were re- 1995; Atluri and Regehr, 1996; Zhao et al., 1996). However,
ported by all of the low-affinity indicators, but the reduction the degree of saturation of calcium orange and fura-2 can be
in peakAF/F depended on the indicator: the ratio of peakused to estimate peal{Ca], andA[Sr]; (Regehr and Atluri,
AF/F signals in Sy compared to Gafor single pulses was 1995; Sabatini and Regehr, 1995), yielding estimates of
32 * 2% (mean*+ SE,n = 6) for magnesium green, 5t Rsyca Of ~7. This value is considerably higher than for
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Aa Mag-fura-5 low-affinity indicators (1.7—2.2). One possible explanation
g Sr, is that signals detected by these indicators inrBight be

~ . e POy contaminated by calcium. Fura-2 and calcium orange would
= ] o * be more sensitive to such contamination because of their
é \.‘Wﬂ‘l\- selectivity for calcium over strontium binding.

-

[

¢

0 (l) slo Using fura-2 to separate calcium and

strontium signals

Time (min

We used fura-2 to distinguish between strontium and cal-
cium transients, and to determine whether strontium makes

)
Ca, sr, 0.5% a major contribution to the fluorescence signals ip 8ve
= found that the shift of the excitation spectrum of fura-2,
e which is a well-known property of fura-2 binding to cal-

cium, has a different wavelength dependence for strontium
and calcium (Fig. 4\): the isosbestic point for fura-2 is 357
nm for calcium and 363 nm for strontium (Fig.A}. Thus
Ca, a change in calcium levels will not alter the fluorescence
01s intensity for 357-nm excitation, while a change in strontium
Ba Fura-2 levels will not alter the intensity for 363-nm excitation.
Sr, Such a shift in the isosbestic point has been observed and
1.8+ R exploited for fura-2 bindingl to other divalents (e.g., Sage et
+F al., 1989; Murray and Kotlikoff, 1991; Vega et al., 1994),
and we also take advantage of it here. For bothaBd Ca
the stimulus-induced fluorescence increased for 340-nm
excitation (Fig. 4B, bottom) and decreased for 380-nm
excitation (Fig. 4B, top). But for an excitation filter cen-
Po000 ©G000000 tered at 355 nm, fluorescence decreased {bQaincreased
“"“'%OOOO Cooeecsce in Sr, (Fig. 4B, middlg. The reversal in the direction of the
%t etcennnnonao0l AF/F signal for the 355-nm filter can only be explained if
: . fura-2 is binding a different ion with a different isosbestic
60 point, which in this case indicates a significant influx of
Time (min) strontium in Sg. Thus strontium makes a major contribution
to the fluorescence transient measured iy 8ven though

fura-2 is much more sensitive to calcium than to strontium.
Ca, o . . .
The possibility remains, however, that calcium also contrib-
M utes to the signal.
0.1s

C Elimination of calcium contamination

b
Cc

Sr,

++
o+
4ttt + e+

Peak ratio
o
L

[95]
o
1

Peak AF/F (%)

o
o

We used EGTA to determine whether calcium contributes
Sfe to the fluorescence transient in,SBecause EGTA binds
Ca, calcium with an affinity 300 times greater than that of
T01s strontium (Martell and Smith, 1974), it is possible to perturb
the calcium transient without greatly affecting the strontium
FIGURE 3 Effect of strontium on fluorescence transients measured wittransient. EGTA is commonly used to manipulate the mag-
the low-affinity indicator mag-fura-54) and the high-affinity indicator  nitude and time course of calcium transients (e.g., Adler et
fura-2 B). (Aa) PeakAF/F during application of Sr Each circle represents al., 1991; Swandulla et al., 1991; Atluri and Regehr, 1996;
the peakAF/F in response to single parallel fiber stimulatioh) Average E ’” t, | 1996). As sh P ’F fter bathi ,th !
AF/F transients recorded in Car Sr. (c) AverageAF/F transients from e er e al., ) S shown in '9-'5 aiter bathing the
b scaled and overlaidBg) PeakAF/F for fura-2 in response to single and  Slices in 20uM EGTA-AM for 10 min, EGTA-AM enters
double pulse stimulikotton). Filled circles represent the pea/F in the presynaptic terminal where it is deesterified into EGTA,
response to single stimulation of the parallel ficers, and open circledeading to an acceleration of the decay of the calcium
represent the peakF/F in response to two stimuli, spaced 10 ms apart. In transient reported by magnesium green, with only a modest
the top part, plus signs represent the ratio of pARK- to double stimuli d . litude (Fia. 3Aa. b. Th ,ff t dil
over single stimuli. i) AverageAF/F transients in response to single and rop I,n amplitude ( 9. 9Aa, ) esg € e.C s.are readily
double pulse stimuli recorded in Car St.. (c) Average single pulsAF/F explained by the slow on-rate of calcium binding to EGTA
transients fromb scaled and overlaid. (Smith et al., 1984). By making the calcium contribution
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distinctively rapid, high concentrations of EGTA inside the
cell allow separation of strontium and calcium transients.
When the external solution is changed tQ,$wo compo-
nents are revealed in th&F/F signal (Fig. 5Ac): a fast
decaying component that roughly matches the shape of the
early calcium transient and a slowly decaying component.

Similarly, if we apply EGTA-AM after switching to Qf
the AF/F signal shows an early fast component and a later
slow component (Fig. Bb, §. During the first 100-200
ms, there is a significant difference between thg &rd
Sr.+EGTA-AM transients, which corresponds to the dura-
tion of the signal in Ca(Fig. 5Bh). These results suggest
that the fast component that emerges after treatment with
EGTA-AM is largely due to calcium contamination. Part of
B the signal may arise from calcium contamination of the

Ca, 380DF15 external solution. Using a calcium-sensitive electrode, we
found that the external solution with no added divalents had
6 uM free calcium, similar to previously reported values
(Bers, 1982; Miller and Smith, 1984). Another important
factor may be our inability to lower external calcium levels
deep within the brain slice.

To address these issues and eliminate calcium contami-
nation, we used EGTA in the external solution. Sr-EGTA
contains 2 mM EGTA and 4 mM SrglWe calculate that
with this external solution, even if there was an initial
contamination of 2QuM calcium in the external solution,
the inclusion of EGTA would reduce external calcium lev-
els to below 100 nM. The remainder of the EGTA binds
strontium, leaving 2 mM free strontium. In this solution the
sharp peak observed after loading with EGTA-AM is nearly
eliminated (Fig. 6A andC). If we subtract the fluorescence
transient recorded in Sr-EGTArom that recorded in Qr

— 38.7 uM
350 400

Excitation Wavelength (nm)

2%

Sr, —\_

355DF15
Ca

e

M
. W

340DF15

Ca 2%

e

ST, Poipatl TR Nl

50 ms

C

the difference has a very similar time course to the transient
recorded in Cg after treatment with EGTA-AM (Fig. ®).
Thus, it appears that the rapid transient component observed
in Sr, after loading with EGTA-AM is a result of calcium

5 contamination in the external solution, and that this com-
ponent is eliminated in Sr-EGTA

The effects of S and Sr-EGTA are compared for a
number of calcium-sensitive indicators in Fig. 7. All show
differences in peak fluorescence and time course in Sr
compared to Sr-EGTA Furthermore, all indicators show

o

Peak AF/F (%)
&
1
——

m Ca,

1 ions. With a 355-nm excitation filtenfiddle trace} the calcium transients
380 are negative-going, indicating that the effective excitation wavelength is
longer than the isosbestic point for calcium, whereas the strontium tran-
sients are positive-going, indicating the effective excitation wavelength is
shorter than the isosbestic point for strontium. With the 340-nm excitation
FIGURE 4 Effect of strontium on fluorescence transients measured witHilter, both calcium and strontium show an increase in fluorescence, indi-
the high-affinity indicator fura-2. For the purposes of this figure only, cating that the effective excitation wavelength is shorter than the isosbestic
fura-2 transients are shown unrectified) (Shift in excitation spectrum  point for both ions. Traces are averages of 7 to 15 triélsPeakAF/F for

with addition of strontium or calcium. Note that the isosbestic point for calcium and strontium over a range of different excitation filters. Calcium
calcium (357 nm) is different from the isosbestic point for strontium (363 crosses to negative transients between excitation filters of 340 and 355 nm.
nm). B) Effect of excitation wavelength on average=/F transients  Strontium crosses to negative transients between excitation filters of 355-
recorded in Caor Sr. With a 380 nm excitation filtertpp traceg, both and 360-nm center wavelengtarfow). Note that the apparent crossover
calcium and strontium show a decrease in fluorescence, indicating that thgoints differ from the isosbestic points i), because the optics in the
effective excitation wavelength is longer than the isosbestic point for bothmicroscope additionally filter the excitation light.

1 1
340 360
Nominal Excitation Wavelength (nm)
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FIGURE 5 Calcium contamination
of strontium signal, uncovered using
EGTA-AM. (A) EGTA-AM applied in
Ca.. (a) Peak magnesium greexF/F ] ". attam
measurements during the experiment. % VeolS AN WS
Each circle represents the pesk/F in 0 . ' . T .
response to one stimulation of the par- 0 60 120 0 60
allel fibers. ) AF/F signals recorded Time (min) Time (min)
in Cg, after EGTA-AM is applied, and b b
in Sr.. (¢) Sr, and CarEGTA-AM
traces scaled and superimposed to
sfhow that the strontium tran§ic3_nt ini- L EGTA-AM ‘ 0o
tially decays very sharply, similar to °
the decay of the CaEGTA-AM tran-

sient. @) EGTA-AM applied in Sg, in

a different experiment fromA). (a)
Peak AF/F measurements during the
experiment. i) AF/F signals recorded
in Ca,, in Sr, and after EGTA-AM is C c Sn
applied. ¢) Sr, and Sr+ EGTA-AM 0.5%
traces enlarged. After EGTA-AM is sr + EGTA-AM |
applied, a sharp initial peak becomes € 01s
apparent. Traces ib and c are aver-
ages of 5 to 20 trials.

24 .'.*.1..1:.‘.

Peak AF/F (%)
Peak AF/F (%)

Ca,

‘ 2%
Sr,

0.1s e 01s

+ EGTA-AM

Ca

Wi i ey

50 ms

longer wash-in times in gcompared to S-EGTA(Fig. 7,  even the shape of thAF/F signals can be recreated in
left), consistent with the idea that in Sexternal calcium simulations based on a single compartment model (Fig. 8
levels in the slice are poorly controlled and that calcium isAd; see Methods). Similar results were obtained for calcium
removed from the slice gradually and incompletely. Theorange (Fig. 8B); thus the AF/F signals measured with
effects of Sr-EGTAreach steady-state rapidly and wash outfura-2 and calcium orange are consistent with the amplitude
reliably, indicating that it is much more effective at control- and time course oA[Sr]; estimated using the low-affinity
ling external calcium levels and better suited to estimatingndicators.
the relative entry of strontium and calcium. PeAK/F
signals and estimates B, are smaller in Sr-EGTAthan
in Sr, for all of the indicators (Fig. D), which is consistent
with calcium contamination of the signals in.SFurther-
more, the drop in peallF/F in Sr-EGTA, is more pro- Lowe-affinity indicators, which have fast kinetics and are not
nounced for indicators relatively less sensitive to strontiumprone to saturation, were used to measure presynaptic cal-
being 21% for fura-2FF, 9% for magnesium green, and 7%ium and strontium dynamics. The time coursesAfEa];
for mag-fura-5. In Sr-EGTAestimates oRg,,c,are 1.89+ and A[Sr]; appear to be reflected accurately by the time
0.02 g = 6) for fura-2FF, 1.58+ 0.05 (h = 9) for  courses of the fluorescence changes of low-affinity indica-
magnesium green, and 1.860.11 = 4) for mag-fura-5. tors. We corrected thé\F/F transient measured in Sr-
We also compared the effects of,@mnd Sr-EGTA for  EGTA. using Eq. 1 to estimate relativ&Sr];. Initial time
high-affinity calcium-sensitive indicators (Fig. 8). For both course estimates were based on measurements with magne-
fura-2 and calcium orange, wash-in times were much longesium green, which provided the best signal-to-noise ratio.
for Sr, than for Sr-EGTA (Fig. 8, Aa, Bg. PeakAF/F  The average time course and relative amplitudé\[@a];
signals are smaller in Sr-EGTAhan in Sg (Fig. 8, Aa—0, andA[Sr]; are shown in Fig. $\. Peak free strontium levels
and ratios of fluorescence changes produced by doublare 1.58 times larger than calcium levels, and they deday
stimuli to those produced by single stimuRf) are larger times more slowly (a half-decay time of 32 1 ms for
(Fig. 8 Aa, top graph. Signals in Sr-EGTAdo not have the calcium, compared to 18& 18 ms for strontium).
rounded appearance that is characteristic of signals recordedWe were concerned that stimulus-evoked changes in
in Ca, and St (Fig. 8 Ac). The amplitude differences and magnesium might contribute to the fluorescence transients

Estimates of the amplitude and time course of
strontium and calcium transients
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FIGURE 6 Elimination of magne-
sium green calcium contamination
using EGTA in the external solution.
(A, B) PeakAF/F measurements dur-
ing the experiment and average
traces. Q) AverageAF/F traces cor-
responding to treatments iB). As in
Fig. 5, EGTA-AM application speeds
the decay in Ca(ii), and reveals an
early fast-decaying component in.Sr
(iii), which is largely eliminated in
Sr-EGTA, (v). (C) Transients in S
and Sr-EGTA, enlarged and over-
laid. The early fast component in Sr
is greatly reduced by EGTA in the
external solution. The difference be-
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measured with magnesium green, which binds magnesiursiowing of the time course of the EPSC (Fig. AQinsej.

with a dissociation constant of 1 mM. We therefore repeatedn average, peak EPSCs were smaller in Sr-EG(BMA +

these experiments with fura-2FF (FigB9, which is insen-  0.9% of controln = 5) than in Sg (13.5* 1.4% of control,
sitive to magnesium (see Methods). Estimates of peak = 7).

A[Sr]; were slightly larger for fura-2FF (1.89 times that of We also tested the effect of Sr-EGTAn fiber excitabil-

the calcium transient). The time courses of the signals haiy, and on the amplitude and frequency of mMEPSCs. As

a half-decay time of 46- 2 ms f = 6) in Cq, and 179+

shown in Fig. 10B, the amplitude of the presynaptic volley

13 ms in Sr-EGTA similar to those measured using mag- was virtually identical in Sr-EGTAand in Ca. This indi-
nesium green (Fig. €). The similarity of the magnesium cates that differences in the number of fibers excited does
green and the fura-2FF signals indicates that magnesiumot contribute to differences in the EPSCs evoked in Sr-

does not contribute significantly to the fluorescence t
sients measured with magnesium green.

The effect of Sr-EGTA, on
neurotransmitter release

ran£GTA, and in Ca. Additionally, we found that the ampli-
tude distribution, average size, and time course of sponta-
neous MEPSCs were the same in Sr-EGaAd Ca (Fig.
10 C). Thus, changes in the average mEPSC time course or
amplitude do not contribute to differences in the evoked
EPSCsin Sr-EGTAand in Ca. The mEPSC frequency was

To allow us to make a direct comparison between releaselevated~50% in the presence of Sr-EGTAAt present we
rates and presynaptic divalent levels for calcium and strondo not know why the mEPSC frequency increases. We were
tium, we repeated the electrophysiological experiments ofinable to detect any change in resting fluorescence levels

Fig. 2 in Sr-EGTA, to eliminate contamination by calciu

m with any of the indicators in the presence of Sr-EGTA

(Fig. 10 A). Qualitatively, the results were similar to those indicating that it is unlikely to be a consequence of changes
obtained in St (Fig. 2) with a drop in amplitude and in resting divalent levels, although it is difficult to defini-
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A Furaorr are primqrily a consequence of the change in the stimulus-
Sr Sr-EGTA evoked divalent transient.
— = e Ca A comparison of the EPSCs measured in, @ith those
T2 ,‘P 4 2% measured in Sr-EGTAreveals that although the peak am-
E\: . s plitude is smaller in Sr-EGTA 20 ms after stimulation the
L_é 14 5 . : 19 synaptic current is larger in Sr-EGTAFig. 10D). Further-
3 %. . T e . more, EPSCs recorded in Sr-EGJand in Ca each have a
. A *.'..; Py SrEGTA, fast and a slow component. The fast component is much
0+ T =2 1 more prominent in Ga while the slow component is more
0 60 120 02s prominent in Sr-EGTA Because the mEPSC time courses
Time (min) are the same in Sr-EGTAand in Ca, the average evoked

B Magnesium green EPSCs can be used to compare the relative release rate in
Sr S-EGTA Sr-EGTA, and in Ca for times long compared to the

—e—f—e ca, duration of the mEPSC. Thus, during this slow decay phase

e the release rate is2—4 times as large in Sr-EGTAS in

Ca.. These findings are similar to those described at hip-

1 \ : 2% pocampal synapses, which gave rise to the hypothesis that

T the two components of release correspond to high- and

low-affinity calcium binding sites, with strontium preferen-

Peak AF/F (%)
[¢)]
i
gJ
m
o)
> L

T — tially activating the high-affinity site (Goda and Stevens,
0 60 120 1994). However, the interpretation changes when we con-
Time (min) sider presynaptic strontium and calcium levels, as described
C Mag-fura-5 below.
Sr-EGTA,
s5 O
g N, S . . .
o . & 0.5% Release as a function of presynaptic strontium
= ,"5,.*‘ seon and calcium levels
§ e Average presynaptic free divalent leveldCa], andA[Sr];)
measured using magnesium green, and EPSCs measured in
T 1 vl Ca, and Sr-EGTA, are summarized in Fig. 1A. Release
Time (minio can be described as a function of the divalent concentration
D E (Fig. 11 B). The shape of the dependence in Fig. B1
T ; indicates that in Cathe release of neurotransmitter consists
S O s,?EGTAe 5] of two components, as reported previously (Goda and
S 0.54 g’ Stevens, 1994; Atluri and Regehr, 1998). The first compo-
o g ] nent covers the first 40 ms after stimulation. During this
s & 11 period, calcium drops te-50% of peak levels and the EPSC
g < ; drops below 1% of peak values, indicating that release is
2 0.04 0d steeply dependent on calcium. A more quantitative analysis
LL(I\J': g ‘g § g g of the release rate during the first component is complicated
§ g »3) § ‘g i by two factors: 1) the kinetics of the calcium-dependent
o g g i g g release process, and 2) the kinetics of the mEPSC (Katz and

Miledi, 1964; Diamond and Jahr, 1995; Isaacson and
FIGURE 7 Effect of Sgand Sr-EGTA on fluorescence transients mea- YWalmsley, 1995; Atluri and Regehr, 1996, 1998; Bertram et
sured with fura-2FF4), magnesium greerBj, and mag-fura-5@). Left ~ al., 1996). However, there is little doubt that calcium is
column:PeakAF/F measurements in response to parallel fiber stimulation. more effective than strontium during this phase of release,
Right column:Average traces for GaSY, and Sr-EGTA overlaid. ©) iy agreement with previous conclusions (Goda and Stevens,

PeakAF/F transients in Srand Sr-EGTA, normalized by the Capeak . . . o
AF/F for the three low-affinity indicators. Peak levels are all lower in 1994) that did not consider differences in intracellular stron-

Sr-EGTA, compared to Sr Points are averages of 4-9 experimen®E.  tium and calcium transients.
(E) Peak free strontium levels relative to calcium for the three low-affinity ~ In considering the second component of release, which

indicators. These values are calculated fr@), (using Eq. 1. corresponds to the period 40 ms after stimulation, we reach
a different conclusion from previous reports. As calcium
levels drop from 50% to~7% of peak levels, the EPSC
tively rule out this possibility. The onset of the frequency drops from~1% to 0.1% of peak levels, indicating that
increase was slower than the effect on evoked synaptitelease is less steeply dependent on calcium. The second
current. This suggests that changes in release in Sr-EGTAomponent is not subject to the two complicating factors
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just mentioned, because divalents are probably in equilib-
rium with the release process, and it takes place on a time
scale much longer than the mEPSC. Therefore, the time
course of the evoked EPSC provides a good measure of the
time course of release, and it is possible to estimate the
relative affinities for strontium and calcium (Atluri and
Regehr, 1998). From Fig. 1B we estimate that this com-
ponent of release is 2—4 times more sensitive to calcium
than to strontium. Thus it appears that strontium drives both
components of release less effectively than does calcium.

Aa Fura-2
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20 . Sr-EGTA,

Peak Ratio
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DISCUSSION

To better understand the effect of strontium on the ampli-
tude and time course of synaptic release, we measured

60 )
Time (min)

c &~

(o)

10% 10%

Sr-EGTA,

Ca, ca 25 ms

Sr,

SM
EGTA,

0.1s sr

Ba caicium orange

Sr, Sr-EGTA,

2.0

Peak Ratio
++
A
%

1.2 +
o
L]
BERRRAEIRTD
ot
T T
60

T T T 1

120 180

Peak AF/F (%)

‘E\M

Time (min)

c o

O

4% 4%

Sr-EGTA,
Ca, Ca

25 ms

Sr+Ca

Sr-
EGTA,
Sr

presynaptic strontium levels in response to axonal stimula-
tion. We found that after single stimuli, residual free stron-
tium reaches~1.7 times higher peak levels, and that it
decays much more slowly than calcium. Release in stron-
tium, as in calcium, showed two components, with one more
steeply dependent on divalent levels than the other. Stron-
tium is less effective than calcium at evoking release
through either of these components; thus, the higher con-
centration of strontium and its slower extrusion from the
presynaptic terminal appear to be two important factors in
the prolonged time course of release in strontium.

Measurement of presynaptic strontium

We used a range of low- and high-affinity fluorescent
indicators that gave consistent results. The low-affinity in-
dicators were most effective for measuring the time course
and amplitude of intracellular residual free strontium levels
(A[Sr);), as previous work has found for calcium[Cal];)
(Konishi et al., 1991; Regehr and Atluri, 1995; Atluri and
Regehr, 1996; Feller et al., 1996; Zhao et al., 1996). We
could account for the high-affinity indicataxF/F signals
using a model with reasonable parameters, derived from
low-affinity indicator measurements.

We also found that loading presynaptic terminals with
EGTA-AM is a useful approach for discriminating calcium
from strontium signals. Application of EGTA-AM acceler-
ates the decay ak[Ca]; due to the slow on-rate of EGTA
(Atluri and Regehr, 1996). Because EGTA has a 300-fold
higher affinity for calcium over strontiumA[Sr]; is not
significantly affected unless high concentrations of
EGTA-AM are applied. This allowed us to separate a rap-
idly decaying component due to calcium from a slowly
decaying component due to strontium. We found that even
in a nominally calcium-free bathing solution, small amounts

FIGURE 8 Effect of Sgand Sr-EGTA on fluorescence transients mea-
sured with fura-24) and calcium orangeB). (a) PeakAF/F measurements
in response to singldiled circles) and double ¢pen circle stimulation,
and the ratio of double- to single-peak height)( In this experiment,
double pulses were not delivered during wash-in gt&reduce bleaching.
(b) Average traces for single- and double-pulse stimuli in, G, and Parameters (see Methods) were determined by fitting data using low-
Sr-EGTA.. (c) Average traces for single pulses from overlaid. ¢) affinity indicators, and then substituting the kinetics and binding affinity of
Responses of a computational model to calcium influx (Ca), to strontiumfura-2 or calcium orange.

of contaminating calcium<(10 uM) led to measurably

influx with contaminating calcium (St Ca), and to strontium influx (Sr).
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ation constants of the endogenous buffer for strontium and
calcium, respectively. We found thak[Sr];),eaxis 1.6-1.9
times larger thanA[Cal;),cqx following single stimuli. As
shown in Eq. 2, this difference results from relative differ-
ences in both influx and buffering.

Divalent influx is a function of the action potential wave-
form and the kinetics and permeabilities of calcium chan-
nels. Because the action potential is unaffected by replace-
ment of calcium with strontium in the bathing solution (Fig.
10 B), alterations in influx appear to arise solely from
permeability differences. Estimation of the relative stron-
tium and calcium permeability is complicated by the fact
that several calcium channel types are present in granule
cell terminals, includingw-conotoxin-GVIA-sensitive (N-
type, 27%) andv-Aga-1VA-sensitive (P/Q-type, 50%), plus
a toxin-insensitive component (23%) (Mintz et al., 1995).
The relative permeability of all of these channel types for
strontium has not been well characterized. It is known that
C Both the permeability of strontium relative to calcium for ex-

pressed N-type calcium channels is 1-1.2 (Mangoni et al.,
1997; Wakamori et al., 1998).

Returning to Eq. 2, and using the permeability ratio for
expressed N-type channels 0[Sr];./A[Cal;giar We esti-
mate Kg /K, to be 1.3 to 1.9. Thus, a combination of
slightly greater influx of strontium and lower binding affin-
ity of the endogenous buffer results in higher pegsr];.
More refined estimates of the contribution of differential
FIGURE 9 Residual presynaptic calciurtef) and strontium iight)  influx and differential buffering await direct measurement

levels measured using magnesium greépand fura-2FF §). Data for o strontium permeability through the calcium channels
both indicators are overlaid irCj. Traces are averages from five experi- .
present at granule cell terminals.

ments for magnesium green and six for fura-2FF, with error bars show .
only for strontium in &) and @), because error bars in calcium are hidden W€ determined that\[Sr]; decays more slowly than
in the line thickness. Error bars are meansSE. Averages traces were A[Cal,. The decay of free divalent levels in the presynaptic

computed after aligning the transients by the time of fastest rise, anderminal is controlled by the interaction between the endog-
normalizing A[Caj; and A[Sr]; from the same experiment by the peak onqys puffer and extrusion via the Ca-ATPase pump and the
height of theAF/F transient in Ca . . .

Na/Ca exchanger. This interaction is complex for normal
calcium extrusion (Regehr, 1997), but if we approximate
extrusion using a single Michaelis-Menten process well
below saturation (Sala and Hernandez-Cruz, 1990), then
free divalent levels decay exponentially with a time constant
of 7, for strontium andr, for calcium:

A Magnesium green
Ca

B Fura-2FF

higher AF/F signals. To obtain a clean signal of free stron-
tium levels, we had to use EGTA buffering externally. We
further found that this solution had the experimental advan
tages of fast wash-in and wash-out.

Tsr - (VmaJKp)Ca&
Differences in free strontium peak Tca  (VmadKp)sr Ksr’
amplitude and decay

(©)

. . whereV,,,is the pump’s maximum efflux rate anq, is the
Our measurements allow us to make a preliminary descnp-ump,S half-maximal concentration (Tank et al., 1995).

tion of the mechanisms that control the amplitude and tim lthough the actual decay of calcium we observe is not
course of strontium Ieve]s in presynaptic terminals. In theexponential, Eq. 3 provides a framework for understanding
S'”‘P!es.t case of one hlgh-capacn)_/ endogenous buff_er 3he factors that could lead to differences in decay for stron-
equilibrium, the relative peak free divalent levels are given,m gng calcium; the decay is faster if extrusion is faster,

by and slower if the dissociation constant of the endogenous
(AlSTpeax [ AlSHoi\(Ksr buffer for the divalent decreases. We found the half-decay
(A[Ca]i)peakz (A[Ca]totm)(KCa), (2)  times of strontium to be 190 ms and calcium to be 32 ms,

thus we estimateg/7-,to be ~6. As described above, we
where A[Sr]o.; @nd A[Cal,oi are the changes in total di- estimateKg/Ke, to be 1.3-1.9. The lower capacity of the
valent concentrations in the presynaptic terminal due teendogenous buffer for strontium would tend to speed up the
calcium channel opening, ard, and K, are the dissoci- decay of strontium relative to calcium. To account for the
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C FIGURE 11 Synaptic release as a function of strontium and calcium. All
strontium measurements were done in Sr-EGTA) Average EPSC and
> 1A fluorescence transient$op graph:Fluorescence transients measured us-
B ing mggnesium green, from Fig. 9\)(_ Bottom graph:Average‘EPSCs,
S from Fig. 10 D). (B) EPSC as a function of[Sr]; andA[Ca],, using data
(=] . - - .
= in (A), starting 20 ms after the peak and continuing for 1 s.
g |5 A
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=
g sixfold increase in decay time, extrusion must be 8 to 11
3 . . .
O o0 r T T 1 times slower for strontium than for calcium.
0 50 100 The time course and amplitude of free strontium levels
mEPSC Amplitude (pA) are expected to vary at different presynaptic terminals. The
D calcium channels, endogenous buffers, and extrusion mech-
100T anisms can vary greatly for different terminals. Further-
more, because all these components evolved to regulate
o 10" A calcium and not strontium, their relative efficacy in stron-
g tium is difficult to estimate a priori. Therefore, for other
o 102 4 Sr synapses, it is important to individually assess their peak
> .
B strontium levels and rates of decay.
k4 107 4 Ca
Strontium and release
10-4 - 0.2s

Our results show that peak free strontium levels following
FIGURE 10 Effect of Sr-EGTAon synaptic releaseAf EPSC peak  Single stimuli are higher than calcium levels and decay more
amplitude drops when the external solution is changed fromt€&r-  slowly. When we compare free divalent levels with release,

EGTA.. Each circle represents the peak of the EPSC following singIeWe observe two components (Fig. 11): one steeply depen-
stimuli. Inset: Average EPSCs in Gand Sr-EGTA overlaid. 8) Presyn- ’ )

aptic volley is minimally affected by Sr-EGTAEach circle represents the d_ent on divalent levels, and one more linearly d_ependent on
peak-to-peak height of the field potential recorded in the molecular layer indivalent levels. For all measured concentrations of free
response to stimulatiorinset: Average traces recorded in Cand Sr-
EGTA, overlaid (Ca trace shifted earlier by 0.2 ms)CY Cumulative
probability distribution of mMEPSC amplitude measured in Sr-EG&Ad
Ca.. Insetshows superimposed average mEPSC measured in Sr-EGTAransients by the time of fastest rise, and normalizing calcium- and stron-

and Ca. (D) Semilog plot of average EPSCs in @ = 10 cells) and  tium-induced EPSCs from the same experiment by the peak height of the
Sr-EGTA, (n = 4 cells). Average traces were computed after aligning the EPSC measured in Ca
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divalents, the release rate in strontium is lower than théelaney, K. R., and D. W. Tank. 1994. A quantitative measurement of the

; ; ; ; '« i« dependence of short-term synaptic enhancement on presynaptic residual
release rate in calcium. The simplest explanation for this is caleium.J. Neurosci14-5885-5903.

that the affinities OT both calmum-dgpendent COmponem%)elaney, K. R., R. S. Zucker, and D. W. Tank. 1989. Calcium in motor
are lower for strontium than for calcium. The large asyn- nerve terminals associated with posttetanic potentiatiorNeurosci.
chronous component, which is the hallmark of strontium’s 9:3558-3567.

effects on release, can be accounted for by the higher pedkamond, J. S., and C. E. Jahr. 1995. Asynchronous release of synaptic

: ;. vesicles determines the time course of the AMPA receptor-mediated
![evels alnd slower removal of strontium from the presynaptic -5c~\ciron 15:1097-1107.
erminal.

. . L . . Dodge, F. A. J., R. Miledi, and R. Rahamimoff. 1969. Strontium and
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tic divalent | | d th N Fyjimori, T., and W. P. Jencks. 1992a. Binding of tw& ‘Sions changes
measure presynaptic divalent levels, an €rerore assumedpe chemical specificities for phosphorylation of the sarcoplasmic retic-

that strontium decays with the same time course as calcium, ulum calcium ATPase through a stepwise mechanidnBiol. Chem.
leading to the conclusion that asynchronous release was267:18475-18487.

more sensitive to strontium than to calcium (Goda andFuiimori, T., and W. P. Jencks. 1992b. '_I'he kineticsf for the phosphoryl
S 1994). We f d h h . transfer steps of the sarcoplasmic reticulum calcium ATPase are the
tevens, ) e found, however, that strontium tran- same with strontium and with calcium bound to the transport sites.

sients are larger and slower than calcium transients, imply- J. Biol. Chem267:18466-18474.
ing that strontium is less effective than calcium at drivingGoda, Y., and C. F. Stevens. 1994. Two components of transmitter release
the slow component of release. This will have to be taken 2t & central synapseroc. Natl. Acad. Sci. US/R1:12942-12946.

; ; ; i s Graf, E., A. K. Verma, J. P. Gorski, G. Lopaschuk, V. Niggli, M. Zurini,
Into account in attempts to use strontium bmdmg afflnlty to E. Carafoli, and J. T. Penniston. 1982. Molecular properties of calcium-

identify high-affinity calcium sensors involved in release pymping ATPase from human erythrocyteBiochemistry. 21:
(Li et al., 1995). 4511-4516.
Grynkiewicz, G., M. Poenie, and R. Y. Tsien. 1985. A new generation of
Ce&* indicators with greatly improved fluorescence propertiesBiol.
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