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The ion selectivities of the Ca®* sensors for the two components of exocytosis in rat
phaeochromocytoma (PC12) cells were examined by measurement of membrane capacitance
and amperometry. The cytosolic concentrations of metal ions were increased by photolysis of
caged-Ca™ compounds and measured with low-affinity indicators benzothiazole coumarin
(BTC) or 5-nitrobenzothiazole coumarin (BTC-5N).

The Ca**-induced increases in membrane capacitance comprised two phases with time
constants of 30—100 ms and 5 s. Amperometric events reflecting the exocytosis of large dense-
core vesicles occurred selectively in the slow phase, even with increases in the cytosolic Ca’*
concentration of > 0.1 mM.

The slow component of exocytosis was activated by all metal ions investigated, including Cd**
(median effective concentration, 18 pm), Mn** (500 nm), Co™* (900 nm), Ca™ (8 um), Sr**
(180 ), Ba™ (280 M) and Mg™ (> 5 mm). In contrast, the fast component of exocytosis was
activated by Cd‘zJr (26 pm), Mn** (620 nn), Ca™* (24 pun) and Sr** (320 pw), but was only slightly
increased by Ba’™ (> 2 mum) and Co™ and not at all by Mg™.

The fast component, but not the slow component, was competitively blocked by Na* (median
effective concentration, 44 mu) but not by Li*, K* or Cs™. Thus, the Ca™" sensor for the fast
component of exocytosis is more selective than is that for the slow component; moreover, this
selectivity appears to be based on ionic radius, with cations with radii of 0.84 to 1.13 A
(1 A =0.1 nm) being effective.

These data support a role for synaptotagmin—phospholipid as the Ca** sensor for the exocytosis
of large dense-core vesicles and they suggest that an additional Ca* -sensing mechanism
operates in the synchronous exocytosis of synaptic-like vesicles.
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Regulated secretion in neurosecretory cells is mediated by
two types of organelles, large dense-core vesicles (LV5s)
and small synaptic-like vesicles (SVs), that differ in their
biogenesis and contents (Clift et al. 1990; Kelly, 1993;
Itakura et al. 1999). The exocytoses of both LVs and SVs
exhibit distinct ion selectivities. Exocytosis of LVs from
endocrine cells is supported when external Ca’" is
replaced with Ba®" (Berggren, 1981; Douglas et al. 1983;
Brown et al. 1990; von Ruden et al. 1993; Seward et al.
1996; Borges et al. 1997; Nucifora & Fox, 1998). In
contrast, synchronous SV exocytosis from presynaptic
terminals is not maintained by Ba® in the external
solution (Dodge et al. 1969; Alvarez-Leetmans et al. 1978;

Augustine & Eckert, 1984; Medina et al. 1994; but see
Ohno-Shosaku et al. 1994), although Ba* does support
asynchronous slow neurotransmitter release (Silinsky,
1978; McMahon & Nicholls, 1993; Sihra et al. 1993;
Verhage et al. 1995). None of these studies, however,
examined the effects of divalent cations introduced
directly into the cytosol.

The LVs and SVs of rat phaeochromocytoma (PC12) cells
contain monoamines and acetylcholine, respectively
(Greene & Tischler, 1976; Baumert et al. 1990; Schmidt et
al. 1997). We have previously shown that abrupt
increases in the cytosolic Ca®" concentration ([Ca®7])
generated by photolysis of caged-Ca’" compounds trigger
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Table 1. Internal solutions

Monovalent  Divalent
Na,-DM- Monovalent cation pH cation cation Ca™*
Solution nitrophen glutamate buffer chloride chloride indicator
(mr) (m) (mm) (mMm) (mr) (mm)
Sol-Ca 10-20 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4—11 CaCl, 0.2 BTC or BTC-5N
Sol-Sr 10 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4 SrCl, 0.2 BTC
Sol-Ba 10-20 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4-8 BaCl, 0.2 BTC or BTC-5N
Sol-Cd 10 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4 CdCl, 0.2 BTC
Sol-Mn 10 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4 MnCl, 0.2 BTC
Sol-Co 10-20 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4-9 CoCl, 0.2 BTC or BTC-5N
Sol-Mg 10 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 5 MgCl, 0.2 BTC
Sol-Cs 10 100 Cs-glutamate 50 Cs-Hepes 5 CsCl 4 CaCl, 0.2 BTC
Sol-Li 10 100 Li-glutamate 50 Li-Hepes 5 LiCl 4 CaCl, 0.2 BTC
Sol-K 10 100 K-glutamate 50 K-Hepes 5 KCl 4 CaCl, 0.2 BTC
Sol-Na 10 100 Na-glutamate 50 Na-Hepes 5 NaCl 4 CaCl, 0.2 BTC

The pH and osmolarity of all internal solutions were adjusted to 7.4 and between 290 to 310 mosmol 17,
respectively.

two components of exocytosis in PC12 cells with
markedly different time constants of 30—100 ms and 10 s
(Kasai et al. 1996). The slow component appears to be
mediated by LVs, given that it is accompanied by
monoamine secretion; conversely, the fast component is
probably mediated by SVs, given that it is associated
with secretion of acetylcholine, but not with that of
monoamines (Ninomiya et al. 1997). Dissociation of the
fast increase in membrane capacitance (C,) from the
amperometric detection of monoamine secretion has also
been demonstrated in pancreatic g cells (Takahashi et al.
1997) and adrenal chromaffin cells (Ninomiya et al. 1997;
Haller et al. 1998; Kasai, 1999). This dissociation is less
marked in chromaffin cells (Ninomiya et al. 1997) and
most increases in €, in these cells at [Ca™"]; values of
< 100 uM have been attributed to the exocytosis of LVs
(Haller et al. 1998).

To characterise the ion selectivities of exocytosis of LVs
and SVs, we have chosen to study PC12 cells, because of
the pronounced differences in the corresponding time
courses of exocytosis. We triggered exocytosis by inducing
the photolysis of caged-Ca® compounds loaded with
various metal ions, which results in direct increases in the
cytosolic concentrations of these ions, and we monitored
exocytosis by measurement of C, and amperometry. We
detected marked differences in ion selectivity between
exocytosis of LVs and that of SVs and these selectivities
are similar to those of endocrine secretion and synchronous
synaptic neurotransmitter release, respectively. The ion
selectivities of exocytosis in PC12 cells support a role for
synaptotagmin—phospholipid as the Ca** sensor (Brose et
al. 1992; Bommert et al. 1993; Elferink et al. 1993;
Studhof & Rizo, 1996; Thomas & EKlferink, 1998; Mikoshiba
et al. 1999) for the exocytosis of LVs, but they suggest an
additional mechanism for the Ca**-dependent exocytosis

of SVs.

METHODS

Preparation of cells

For most experiments, we used a subclone (B7) of PC12 cells kindly
provided by K. Inoue (NIHS, Tokyo, Japan) (47th passage from the
original PC12 clone; Greene & Tischler, 1976). The cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 7%
horse serum, 7% fetal bovine serum and 50 g ml™" penicillin (in the
absence of nerve growth factor) and were maintained at 37 °C under
an atmosphere of 10% CO, (Kasai et al. 1996). They were passaged
approximately once a week and plated 1-3 days before patch-clamp
experiments on circular cover glasses (diameter, 14 mm; Matsunami
Glass, Osaka, Japan) that had been coated with poly-L-lysine
(10 ug ml™") (Sigma) for 30 min and placed in four-well culture plates.
All electrophysiological experiments were performed at 20—24°C.

Amperometric detection of monoamine secretion

Oxidative currents due to monoamines were recorded with a patch-
clamp amplifier (CEZ2400; Nihon Kohden, Tokyo, Japan) and a
carbon-fibre electrode (Pro-CFE; Dagan, Minneapolis, MN, USA)
with an applied positive potential (650 mV). Amperometric currents
were filtered at 40 Hz and sampled at 83 Hz. Artifacts of
amperometry due to flash irradiation were subtracted with the use of
a trace from the same cell at a second or third flash for which no
secretion was detected. In the amperometric latency histogram, the
onset of the current spike was taken as the time at which the
transient current became increased by twice the size of the standard
deviation of the baseline noise level.

Capacitance measurement

Capacitance was measured in cells patch clamped in the whole-cell
mode as described previously (Kasai et al. 1996). The external
solution (pH 7.4, 310 mosmol 17') contained (mwm): 140 NaCl, 5 KCl,
2 CaCl,, 1 MgCl,, 10 Hepes-NaOH and 10 glucose. For Ca’™ jump
experiments, the patch pipette contained Sol-Ca solution (Table 1),
which comprised (mM): 100 caesium glutamate, 5 CsCl and 50
Hepes-CsOH (pH 7.4); the solution also contained 0.2 mM benzothiazole
coumarin (BTC) or 5-nitrobenzothiazole coumarin (BTC-5N) (Molecular
Probes, Eugene, OR, USA) for a low-affinity or very-low-affinity
Ca®" indicator, respectively, as well as 10—20 mM dimethoxy-
nitrophenamine tetrasodium salt (DM-nitrophen) (Calbiochem, La
Jolla, CA, USA) or dimethoxynitrophenyl-EGTA-4 (DMNPE-4)
(Ellis-Davies, 1998), as ca,ged—(}a2+ compounds, together with 4—11 mum
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Table 2. Calibration parameters of BTC and BTC-5N for various divalent cations

BTC BTC-5N
Divalent

Cation I((l/ Rmax Kl Enin /Enzu Kl/ Rmam [(d Enin /Emu
Ca™* 102 um 2.5 — — 44 mm 1.2 — —
Sr** 1.32 mM 1.6 — — — — — —
Ba™ 227 um 4.7 — — 3.6 mm 2.2 — —
ca* 168 pu 3.2 — — — — — —
Mn™ — — 0.30 pw 0.208 — — — —
Co** — — 1.0 um 0.256 — — 512um  0.102

R, and R, represent the fluorescence ratios of metal-free and metal-bound BTC (or BTC-5N),
respectively, and K;’ is the apparent dissociation constant. F,; /F,.. indicates the maximal value of
quenching by the metal ion and K, is the dissociation constant.

CaCl,. To induce concentration jumps of other metal ions, we replaced
CaCl, with the corresponding chloride salt (Sol-Ba, Sol-Sr, Sol-Cd,
Sol-Mn, Sol-Co and Sol-Mg in Table 1). In the experiments shown in
Figs 5 and 6, all internal Cs* (115 mM) was replaced with Na*, K* or
Li* (Sol-Na, Sol-K and Sol-Li in Table 1). If necessary, the pH of the
solutions was readjusted with HCl and the osmolarity of the internal
solution was adjusted to between 290 and 310 mosmol 17,

For measurement of membrane capacitance, a 1 kHz sine-wave
voltage command with a peak-to-peak amplitude of 100 mV was
superimposed on the holding potential of —20 mV. The C, was
calculated from 10 cycles of sine waves and was sampled at 83 Hz.
The influx of Ca’* through voltage-gated Ca™" channels contributed
little to exocytosis under our experimental conditions, given that the
cytosolic concentrations of divalent cations were clamped with high
concentrations of caged-Ca™* compounds. Large increases in the
concentrations of divalent cations might be expected to trigger Ca™"
release from cytosolic Ca’* binding sites (Tomsig & Suszkiw, 1996).
However, such Ca’™ release is likely to be negligible under our
experimental conditions because the cytosol was perfused with high
concentrations of caged-Ca’ compound with a dissociation constant
(K,) for Ca™ of 5 nM. If we assume that 5 nM free Ca’ might remain
in the cytosol, then the total concentration of bound Ca’" would be
predicted to be < 1 uM (assuming a binding ratio of 100) (Maeda et al.
1999). Such small increases in [Ca™*}; caused little exocytosis (Fig. 1).

The C,, of PC12-B7 cells (Kasai et al. 1996; Ninomiya et al. 1997) was
7.3+ 2.7 pF (mean +8.0.; n=201). Mean access resistance was
8.9 + 3.9 MQ. Vertical and horizontal error bars in figures represent
S.E.M. and 8.D., respectively. Continuous curves on graphs represent
the best fit of the data obtained with the use of the Hill equation,
with a Hill coefficient of 3.

Photolysis of caged-Ca** compounds

Photolysis of DM-nitrophen or DMNPE-4 was induced with a xenon
flash lamp (High Tech Instrument, Aberdeen, UK) for Ca™™, Sr™,
Ba** and Cd**. A mercury lamp (IX-RFC; Olympus, Tokyo) was used
for Mn**, Co™ and Mg™", because the caged compounds were resistant
to photolysis in these metal-bound forms. The radiation of the
mercury lamp was gated through an electronic shutter (Copal, Tokyo)
with an opening duration of 33—125 ms.

Measurement of divalent cation concentration

The cytosolic concentrations of Ca™, Sr**, Ba’™ and Cd*" were
measured as described (Grynkiewicz et al. 1985) with the use of the
ratiometric long-wavelength indicator BTC; large concentrations of
Ca™ or Ba™ were measured with BTC-5N. BTC or BTC-5N was
excited with light emitted from a xenon lamp (TILL Photonics,
Planegg, Germany) alternating rapidly between 430 and 480 nm,

and the emitted fluorescence was collected through the objective lens,
passed through an LP520 filter and detected with a photomultiplier
(NT5783; Hamamatsu Photonics, Hamamatsu City, Japan). The
cytosolic concentration of each metal ion ([M**]) was estimated from
the fluorescence ratio (R = Fyy/ Fis) as:

[1\12+]i Kl/(R - Rmin)/(Rmax -

R),

where K," represents the apparent dissociation constant for the
indicator and R,;, and R, are the fluorescence ratios of metal-free
and metal-bound BTC (or BTC-5N), respectively (Grynkiewicz et al.
1985). The calibration parameters were experimentally obtained as
described below and are shown in Table 2. The measurement of [M**];
was performed at 83 Hz and the mean values during every 3 s are

presented (Figs 1—4).

The cytosolic concentrations of Mn** and Co™ were measured on the
basis of quenching by the metal ions of BTC fluorescence excited at
480 nm; BTC-5N was used for determination of large concentrations
of Co™. The concentration of Co™ or Mn** was estimated from the
fluorescence value obtained during stimulation (#)and that obtained
before stimulation (/) according to the equation:

[lV12+]i = Kd(l - F/E))/(F/EJ - Enin/Enax),

where K, represents the dissociation constant and F,;,/F,. is the
ratio of the fluorescence of the metal-bound quenched dye to that of
the free dye. The calibration parameters for Co™ and Mn** were
obtained experimentally as described below and are shown in Table 2.
The cytosolic concentration of Mg™* was estimated by assuming both
the dissociation constant of photolysed DM-nitrophen to be 6 mm
(Delaney & Zucker, 1990) and no cytosolic binding of Mg™*.

Estimation of calibration parameters of BTC and BTC-5N

The K, values of BTC and BTC-5N were measured with an internal
solution from which trace metal ions were removed by BAPTA
polystyrene (Calcium Sponge S; Molecular Probes). The fluorescence
of BTC or BTC-5N was measured with a spectrofluorimeter (FP-777;
JASCO, Tokyo) at excitation wavelengths of 430 and 480 nm and
emission wavelengths of 510 and 530 nm, respectively. The
fluorescence ratios of BTC and BTC-5N in the absence of any
divalent cations (R,,;,) were 0.61 and 0.57, respectively, and the R,
values were measured in the presence of 10 mM cation. To obtain the
K, values of BTC and BTC-5N for Ca’", Sr** or Ba’", we measured
the fluorescence ratios of 1 uM BTC or 10 gm BTC-5N in the presence
of various concentrations of added divalent cation (> 100 uM), given
that K" values of BTC or BTC-5N for these cations are > 100 gM. The
values are summarized in Table 2.

The K, value of BTC for Cd** and the K, values of BTC and BTC-5N
for Co™" or Mn®" were estimated with solutions in which the
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concentrations of metal ions were adjusted with chelators in the
presence of 1 g BTC or BTC-5N. For the buffering of Cd**, Mn**
and Co™", we used 10 mM EDTA-OH, 1,3-diamino-2-hydroxy-
propane-N,N,N’'N’-tetraacetic acid (DPTA-OH) and N,N-bis(2-
hydroxyethyl)glycine (DHEG), respectively. The values thus
obtained are listed in Table 2. The affinities of the buffers at pH 7.4
were estimated from previously determined pK, (—log of the
dissociation constant) values of chelators (9.86, 9.46 and 8.14 for
EDTA-OH, DPTA-OH and DHEG, respectively) and from the stability
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constants of metal ions (5.31 for EDTA-OH and Cd**, 6.96 for DPTA-
OH and Mn*" and 8.14 for DHEG and Co™*) as 7.31 pu for EDTA-OH
and Cd**, 0.137 um for DPTA-OH and Mn*" and 6.1 M for DHEG
and Co™ (Martell & Smith, 1974).

Values of K" may vary depending on the setup for measurement
because of differences in the intensities and spectra of excitation
lights. We applied the K" values obtained with the spectrometer to
those of the patch-clamp setup, given that the determined K" value
of BTC for Ca™ was ~100 uM with both setups.
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Figure 1. Ca’ -induced exocytosis

A, time course of exocytosis in a PC12 cell during a Ca**

jump to 0.47 mM. The changes in C,,, amperometric

current, as well as [Ca®]; and AR for BTC-5N recorded from the same cell are shown in the upper, middle

and lower traces, respectively. The time of photolysis of the caged-Ca** compound is indicated by UV
(ultraviolet). B, three examples of amperometric current (/,,,) recorded during large Ca”* jumps
(> 0.1 mm). Each spike reflects quantal secretion of monoamines. C, latency distribution of quantal
monoamine secretion. Data were obtained during four different Ca*" jumps (mean 4 8.0.: 750 + 520,
25+ 8.0, 59+ 2.1 and 2.1 + 1.0 uM, respectively) in 8—20 cells. The latency was defined as the time
between the onset of the Ca™ jump and that of the quantal event. D and E, two components of Ca’"-

dependent exocytosis. Representative experiments are shown for two different cells. Changes in

the time courses of [Ca’]; and AR for either BTC (D)

C, and

m

or BTC-5N (/) are shown in the upper and lower

traces, respectively. The time axis in traces a is expanded by a factor of > 20 relative to that in traces b.
F and @, dependence on [Ca’™ ] of the peak rates of the fast and slow components of exocytosis,
respectively. Each point is the mean value from 4—9 experiments performed with different cells and with
pipette solutions containing DM-nitrophen or DMNPE-4 loaded with various amounts of CaCl,.
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RESULTS

Two components of Ca**-dependent exocytosis in
PC12 cells

Increases in [Ca™"] of > 10 um generated in PC12 cells by
photolysis of caged-Ca** compounds result in a two-phase
increase in C, (Kasai et al. 1996, 1999) (Fig. 14, Dand E).
The time derivatives of capacitance traces exhibited two
peaks, representing the release rates of the two different
components of Ca*"-dependent exocytosis (Kasai et al.
1996). The fast component of the increase in C, in PC12
cells probably represents synchronous exocytosis of SVs
(Ninomiya et al. 1997; Kasai, 1999), because little
exocytosis of monoamines was detected at such early times
(Fig. 1B and (). We quantified the rate of synchronous
SV exocytosis from the maximal slope of the increase in
C,, apparent within 1 s. The peak value actually appeared
within 0.2 s after the Ca*" jump in most experiments and
was not much affected by endocytosis, which occurred
after a longer delay (Fig. 1 Ea) (Smith & Betz, 1996). The
slow component of the increase in C, probably represents
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exocytosis of LVs, given that its time course (Fig. 14-0)
and Ca™" dependence (Fig. 1C and @) were identical to
those of quantal monoamine secretion. We therefore
quantified the rate of LV exocytosis from the maximal
slope of the increase in C, apparent after 1 s. The peak
release rates were normalized to the total membrane area
of each cell and are expressed in units of per cent per
second (% s7') and plotted against peak [Ca**] in Fig. 1 #
and G.

The rate of the slow component of exocytosis in PC12 cells
is less than one-tenth that of quantal monoamine
secretion in chromaffin cells (Ninomiya et al. 1997) and
the rate of the fast component of exocytosis in PC12 cells
is smaller than that of neurotransmitter release from
synapses by a factor of 200 (Bollman et al. 2000;
Schneggenburger & Neher, 2000). To examine whether
the measured slow rates of exocytosis in PC12 cells were
due to the relatively small values of [Ca*"] achieved in
our previous studies (Kasai et al. 1996; Ninomiya et al.
1997), we applied larger increases in [Ca®"), with the use
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Figure 2. Ba**-induced exocytosis

50 1.0
25] 0.53
0- 0.0

A—C, representative examples of the time course of Ba’"-dependent exocytosis in three different PC12
cells. Changes in C,, as well as in [Ba’], and AR for BTC (4) or BTC-5N (Band C) are shown in the upper
and lower traces, respectively. The time axis in traces a is expanded by a factor of > 20 compared with
that in traces b. D and E, dependence on [Ba™] of the peak rates of the fast and slow components of

exocytosis, respectively. Each point is the mean value from 3—10 experiments performed with different
cells and with pipette solutions containing DM-nitrophen or DMNPE-4 loaded with various amounts of

BaCl,. F, example of amperometric current recorded over a period of 30 s during a Ba™*

jump to 42 uM.
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of DM-nitrophen or DMNPE-4 loaded with higher
concentrations of CaCl,. Measurement of [Ca**], was also
performed with BTC-5N, whose affinity for Ca*" is lower
than that of BTC. The mean values for the maximal rates
of the slow and fast components of exocytosis were
1.39 + 0.64 and 301 +67% s even when the applied
increases in [Ca**]; were > 0.1 mu (Fig. 14 and B); these
values are not substantially larger than those achieved at
50 puM (Fig. 1 Fand @) (Kasai et al. 1996). Consistent with
our previous results, the slow component of the increase
in C, occurred at the same time as did quantal monoamine
secretion (Fig. 14—C) and exhibited a similar dependence
on Ca**. No rapid monoamine secretion was detected even
at [Ca**]; values of > 0.1 mM. Thus, we confirmed that the
half-maximal rates for the slow and fast components of
exocytosis were attained at [Ca’™; values of 8 and 24 uM,
respectively, with Hill coefficients of 3 (Fig. 1/ and @).
Cooperativity in the action of Ca®™ on exocytosis has
been demonstrated both in endocrine cells (Knight &
Baker, 1982) and in presynaptic terminals (Dodge &
Rahamimoft, 1967; Augustine & Charlton, 1986;
Takahashi & Momiyama, 1993).

100 ;%/
- — 0 (:5‘1;«
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Sensitivities of the two components of exocytosis to
Ba™ and Sr**

With the use of the same techniques, we examined the
selectivities of exocytosis of LVs and SVs to the alkaline
earth metal ions Ba®" and Sr*". We found that Ba™"
selectively triggered the slow component of exocytosis at
concentrations of <1 mM. The slow component was
induced at [Ba*']; values of > 30 uM, the half-maximal
release rate was attained at 280 uM and the maximal
rate (1.23 + 0.3% s~') was achieved at 400 un (Fig. 24, B
and E). The Ba**-induced monoamine secretion occurred
in parallel with the slow component of the increase in G,
(Fig. 2F). The maximal rate of the Ba’-induced slow
component was the same as that of the slow component
of Ca*-induced exocytosis (Figs 1G° and 2E). With
increases in [Ba™]; of > 2 mM, we occasionally detected
the fast component of exocytosis, but the rate
(>8.1 +2.2%s"") was less than one-twentieth of that of
the corresponding value for Ca* jumps (Fig. 2C' and D).
Thus, Ba™" induces synchronous SV exocytosis only at
very high concentrations.

D
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Figure 3. Sr**-induced exocytosis
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[S] (uM)

A-C, representative experiments showing the two components of Sr**-dependent exocytosis in three
different PC12 cells. Changes in C,, as well as in [Sr**]; and AR for BTC are shown in the upper and lower
traces, respectively. The time axis in traces a is expanded by a factor of > 20 relative to that in traces b.
D and E, dependence on [Sr*']; of the peak rates of the fast and slow components of exocytosis,
respectively. Each point is the mean value from 4—15 experiments performed with different cells and
with pipette solutions containing DM-nitrophen loaded with various amounts of SrCl,.
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In contrast, Sr*" induced both the slow and the fast
components of the increase in (. The slow component
was apparent at [Sr™*]; values of > 50 uM and its rate was
half-maximal at 180 uM and maximal (1.5 + 0.1 % s™') at
> 300 uM (Fig. 34-C and FE). The fast component of
exocytosis occurred at [Sr**]; values of > 150 uM and its
rate was half-maximal at 320 uM and maximal at
> 800 uM (Fig. 34-D). The maximal rates of Sr**-induced
LV and SV exocytosis were the same as those for Ca’*-
induced exocytosis (Figs 1 F and ¢, 3D and E).

Sensitivities of the two components of exocytosis to
Cd*, Mn™, Co®* and Mg™*

To characterize further the ion selectivities of the Ca’*
sensors for exocytosis in PC12 cells, we examined the
effects of Mg2+, Co**, Mn®* and Cd*" on the two
components of this process. The slow component of
exocytosis was induced by each of the four metal ions
examined (Fig. 44-D). It was apparent at cytosolic Cd**
concentrations in the low picomolar range, at 150 nM

A a

1 pF

cml_/_‘

2003

ICCl2 I ARm
(PM) w
B a
2 pF
Cm | _/‘_-' J/,?gs

39833 [Zamn f

[an I (F/Fa)“c'f\
(1M) w

C a b

2 pF s 19—5
le /
140, 0.8
007 0% g
[Co2 1, (F/F) A A
( ) BTC-5N J\/ uv
D a 15 b 10s
0.2 pF —_— —_
Cm| /
10
N B
Mg=], A A
(mM)  uv uv

L. 92
Ton selectivities of Ca™

sensors for exocytostis 633

Mn*" and at 200 nM Co®*, with half-maximal rates
achieved at 18 pm Cd**, 500 nMm Mn*" and 900 nm Co™*
(Fig. 4F); it was induced even by Mg** at 6 mu (Fig. 4D).
The maximal rates of Cd*"-, Mn*"- and Co™*-induced LV
exocytosis were the same as that of Ca**-induced LV
exocytosis. In contrast, the fast component of exocytosis
was induced substantially by Cd** and Mn**, but to only
a small extent by Co™* and not at all by Mg™" (Fig. 44-D).
The fast component was detected at 10 pm Cd** and
100 nM Mn**, with the half-maximal rates apparent at
26 pM Cd*" and 620 nM Mn** (Fig. 4E). The maximal rate
of the fast component of Cd**-induced exocytosis was
smaller than that of the corresponding value for Ca**-
induced exocytosis, indicating that Cd** induces
synchronous SV exocytosis less efficiently than does Ca**
The maximal rates of the fast components of Mn**- and
Co**-induced exocytosis were also smaller than that of the
corresponding value for Ca**-induced exocytosis. However,
these differences might be due to the slow increases in the
concentrations of these divalent cations that result from

E Rate of fast exocytosis (% s1)
a Cd?* o Mg?* Lo

105105 10410 102
[M2*]; (M)

10-1210-1110-10

F Rate of slow exocytosis (% s1)
. Mgz*

u Cd?*
2 e MnZ*

106 105 104 103 102
[M2*], (M)

0-1-# X
10-1210-1110-10

Figure 4. Heavy metal cation-induced exocytosis

A-D, components of exocytosis induced by rapid increases in the cytosolic concentrations of Cd**, Mn**,
Co™ or Mg™, respectively, in four different PC12 cells. Changes in C,, and the time courses of the cytosolic
concentrations of the heavy metal cations (as well as AR for BTC and F/F, for BTC or BTC-5N, as
indicated) are shown in the upper and lower traces, respectively. The time axis in traces a is expanded by
a factor of > 20 relative to that in traces b. Fand F, dependence of the peak rates of the fast (£) and slow
(F) components of exocytosis on [Cd**], [Mn*"]; and [Co™*]. Each point is the mean value from 3-8
experiments performed with different cells and with pipette solutions containing DM-nitrophen or

DMNPE-4 loaded with various amounts of cation. Curves for Ca**, Sr** and Ba**

comparison.

are also included for
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Figure 5. Competitive inhibition of the fast component of

58 uM _L/ 0.5 pF| exocytosis by Na*
f Increases in [Ca**] to the indicated values were induced in four
different PC12 cells with an internal solution containing 155 mM
0.5 pFl Na* (Sol-Na). Each pair of left (a, ¢, e and g) and right (b, d, f

159 uM f
0.5 pF|
276 uM

the long UV irradiation time required for the photolysis
of caged-Ca™" compounds complexed with Mn** or Co™*
(see Methods).

Inhibition of the fast component of exocytosis by Na*

We noticed that the fast component of exocytosis was
inhibited when all Cs* (115 mM) in the internal solution
was replaced with Na™; the fast component of exocytosis
was small even at a [Ca™], of 58 um (Fig. 5¢). This Na*
block of the fast component of exocytosis was competitive,
given that the size of this component increased to control
values at a [Ca™], of > 60 um (Fig. 5¢ and g); the half-
maximal rate was achieved at a [Ca™ ] of 70 um (Figs 5
and 6B). Thus, an increase in the concentration of Na*
from 40 to 155 mM shifted the Ca’ concentration for the
halt-maximal rate of the fast component of exocytosis by
46 uM. The results yield values of 14 uMand 44 mm for the

and h) traces is from the same cell, but the time axis is expanded
by a factor of > 20 in the left traces.

macroscopic dissociation constants of the Ca’* sensor for
Ca* and Na™, respectively, assuming a Hill coefficient of
3 for both Ca** and Na* binding. A Hill coefficient of 3 is
necessary to account for the steep [Na'], dependence of
the blocking action. This inhibitory effect was specific to
Na® (Fig. 64). The half-maximal rates for the fast
component of exocytosis were apparent at a [Ca**]; of
~20-30 uM with internal solutions containing Li*, Kt or
Cs* at 115 mum (Fig. 6B). The slow component of
exocytosis was not blocked by any of the monovalent
cations examined (Figs 5 and 64).

DISCUSSION

We have systematically examined the ion selectivities
of exocytosis by directly increasing the cytosolic
concentrations of various divalent cations with the use of

B

g h 1 10 100
Ca?*
. J\ m| [Ca?], (uM)

uv uv

Figure 6. Ion selectivity of monovalent cation-induced inhibition of the fast component of

exocytosis

A, two components of Ca’*-dependent exocytosis were recorded from four different PC12 cells with
internal solutions containing 115 mM Li* (traces a and b), 155 mM Na* (traces cand d), 115 mm K* (traces
¢ and /) or 115 mu Cs* (traces g and 7); the induced increases in [Ca™]; were 42, 32, 35 and 50 uM,
respectively. Each pair of left (a, ¢, e and g) and right (b, d, fand k) traces is from the same cell, but the
time axis is expanded by a factor of > 20 in the left traces. B, dependence on [Ca’*; of the peak rate of the
fast component of exocytosis. Each point is a mean value from 3—6 experiments performed with different
cells and with pipette solutions containing the indicated monovalent cations as well as DM-nitrophen

loaded with various amounts of CaCls,.
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caged-Ca’" compounds. Our results indicate that the two
components of exocytosis in PC12 cells exhibit distinct ion
selectivities. They thus provide a new line of evidence for
the hypothesis that the two components of exocytosis are
mediated by two distinct types of secretory vesicle, SVs
and LVs, in PC12 cells (Kasai, 1999). Our data are not
inconsistent with a model that assumes transitions of
state within a single population of vesicles in adrenal
chromaffin cells (Gillis et al. 1996; Smith el al. 1998;
Voets, 2000), given that, unlike in PC12 cells (Ninomiya et
al. 1997), the major component of exocytosis is attributed
to LVs in chromaffin cells (Haller et al. 1998; Kasai,
1999).

The slow component of exocytosis in PC12 cells,
representing LV exocytosis, was induced by all divalent
metal ions investigated, with half-maximal rates apparent
at cytosolic concentrations of 18 pM for Cd**, 500 nm for
Mn**, 900 nm for Co™*, 8 um for Ca’*, 180 um for Sr**
and 280 uM for Ba®™. The extent of synaptotagmin—
phospholipid binding is half-maximal at Ca**, Sr** and
Ba** concentrations of 5.4, 177 and 254 uM, respectively
(Li et al. 1995), values that are similar to those that give
rise to half-maximal rates for the slow component of
exocytosis in PC12 cells. In addition, exocytosis of LVs in
endocrine cells monitored either biochemically (Berggren,
1981; Douglas et al. 1983; Brown et al. 1990), by
capacitance measurement (Seward et al. 1996; Nucifora &
Fox, 1998) or by amperometry (von Ruden et al. 1993;
Borges et al. 1997) has been shown to be supported by
Ba® in place of Ca®" in the external solution. Thus, the
ion selectivity of the slow component of exocytosis
quantified in the present study supports a major role for
synaptotagmin—phospholipid in the triggering of
exocytosis of LVs.

The fast component of exocytosis in PC12 cells,
representing synchronous SV exocytosis, appeared more
selective for divalent cations than did the slow component.
The rate of the fast component was half-maximal at
26 pM Cd™, 620 nM Mn™*, 24 v Ca™ and 320 um Sr™*, and
this component was little activated by Ba** (< 1 mu) or
Co™". Moreover, the fast component of exocytosis was
competitively inhibited by high concentrations of Na®
but not by K*, Li* or Cs™. This pattern of ion selectivity
can be explained by the ionic radii of these cations, given
that the divalent cations (Mn®**, Cd** and Sr**) and
monovalent cation (Na™) with radii most similar to that of
Ca™ triggered and inhibited, respectively, the fast
component of exocytosis (Fig. 7). A similar divalent ion
selectivity is exhibited by EF-hand proteins such as
calmodulin (Chao et al. 1984). The binding of Ca™ to the
EF-hand proteins a-lactalbumin (Eberhard & Erne, 1991)
and parvalbumin (Permyakov et al. 1983; Eberhard &
Erne, 1994) is also inhibited by Na®. Previous studies
have shown that synchronous synaptic transmission is
maintained when external Ca™* is replaced by Sr**, but is
supported to only a small extent, or not at all, by external
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Ba™" (Dodge et al. 1969; Alvarez-Leefmans et al. 1978;
Augustine & Eckert, 1984; Medina et al. 1994; Ohno-
Shosaku et al. 1994). Thus, the ion selectivity of both
synchronous synaptic transmission and the fast
component of exocytosis in PC12 cells is more stringent
than that of exocytosis of LVs.

There is some uncertainty as to whether the fast
component of the capacitance increase faithfully reflects
the exocytosis of SVs. First, this component may also
reflect changes in other electrical properties of the plasma
membrane caused by a sudden increase in [Ca®'].
However, the complete absence of the fast component of
the capacitance increase in PC12 cells exposed to Ba™*
(< 1 mm) or Co™* jumps or to Ca’ jumps (< 58 uM) in the
presence of 155 mM Na™ is consistent with the conclusion
that fast synchronous SV exocytosis is not induced by
Ba®™ (< 1 mm) or Co™* and is blocked by Na*. Second, the
fast component of the capacitance increase may be
curtailed by concurrent endocytosis even at the peak of
the increase that is apparent within 0.2s. However,
endocytosis occurs only in the presence of exocytosis and
the ion selectivities of each component of the capacitance
increase in PC12 cells were identical when measured at
the minimal effective concentrations or the median
effective concentrations (Fig. 4 and F).

The ion selectivity of synchronous SV exocytosis in
PC12 cells appears inconsistent with that of the
synaptotagmin—phospholipid interaction. The more
stringent ion selectivity and higher [Ca*]; requirement of
synchronous SV exocytosis suggests a larger coordination
number and smaller negative charge for the Ca** binding

lonic radius (A)

18--—---------m -
Cs* (1.70)
16--—-—-—--—-""="——"——- -~
Slow exocytosis
14-------=--=--F-—==—-- —_————
K*(1.33) |Ba?*(1.33)
Fast exocytosis
2= - —f—=
Sr2* (1.13)
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1.0--=-—-===--~ o mary T~
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2+
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Figure 7. Ionic radii and ion selectivities of
exocytosis in PC12 cells

The exocytosis of LVs was induced by all divalent
cations studied, whereas synchronous SV exocytosis
was induced by the divalent cations with ionic radii
most similar to that of Ca** and was blocked
selectively by Na*. 1 A = 0.1 nm.
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sites that underlie synchronous SV exocytosis. Such Ca**
binding sites may be provided by (1) the synaptotagmin—
phospholipid interaction in a distinct conformational
state (Davis et al. 1999), (2) the interaction of
synaptotagmin with syntaxin (Li et al. 1995) or SNAP25
(Gerona et al. 2000), or (3) another Ca** binding protein
with a high ion selectivity, such as an EF-hand protein
(Peters & Mayer, 1998; Quetglas et al. 2000). Testing the
actions of Ba** and Na™ in the experiments cited above (Li
et al. 1995; Peters & Mayer, 1998; Davis et al. 1999;
Quetglas et al. 2000; Gerona et al. 2000) may help to
clarify the molecular events that underlie synchronous
SV exocytosis.
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