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Alteration of Ca®* Dependence of Neurotransmitter Release by
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Presynaptic N-type calcium channels interact with syntaxin and
synaptosome-associated protein of 25 kDa (SNAP-25) through
a binding site in the intracellular loop connecting domains Il and
Il of the a4 subunit. This binding region was loaded into em-
bryonic spinal neurons of Xenopus by early blastomere injec-
tion. After culturing, synaptic transmission of peptide-loaded
and control cells was compared by measuring postsynaptic
responses under different external Ca®* concentrations. The
relative transmitter release of injected neurons was reduced by
~25% at physiological Ca®™ concentration, whereas injection

of the corresponding region of the L-type Ca®* channel had
virtually no effect. When applied to a theoretical model, these
results imply that 70% of the formerly linked vesicles have been
uncoupled after action of the peptide. Our data suggest that
severing the physical interaction between presynaptic calcium
channels and synaptic proteins will not prevent synaptic trans-
mission at this synapse but will make it less efficient by shifting
its Ca®" dependence to higher values.
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Classic studies by Fatt and Katz (1951) at the frog neuromuscular
junction revealed that Ca®* influx into the presynaptic terminal
provides the trigger for fast synaptic transmission in the verte-
brate CNS. Calcium ions enter the synaptic terminal through
voltage-gated calcium channels, which are clustered at specialized
regions called active zones (Heuser and Reese, 1981; Robitaille et
al., 1990). The release of neurotransmitter molecules is steeply
dependent on the external calcium concentration [Ca?"].. Dodge
and Rahamimoff (1967) estimated that the probability of acetyl-
choline release at the frog neuromuscular junction increases as
the fourth power of [Ca?*]..

The delay between Ca?" influx and fusion of synaptic vesicles
is estimated to be in the range of 200-700 psec (Llinas et al.,
1981; Borst and Sakmann, 1996; Yazejian et al., 1997), leading to
the suggestion that there might be a physical link between pre-
synaptic channels and proteins of the docking and fusion machin-
ery. Indeed, coimmunoprecipitation studies indicated a close as-
sociation between w-conotoxin GVIA-sensitive N-type calcium
channels and syntaxin, a 35 kDa protein anchored by its C
terminus in the presynaptic membrane and a member of the
synaptic core complex (Bennett et al., 1992; Yoshida et al., 1992).
An 87 amino acid region from the cytoplasmic loop between
homologous repeats II and IIT (L) of the channel is respon-
sible for binding to syntaxin 1A (Sheng et al., 1994). A peptide
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containing this synaptic protein interaction (synprint) site also
blocks binding of native N-type channels to syntaxin and interacts
with synaptosome-associated protein of 25 kDa (SNAP-25)
(Oyler et al., 1989), another presynaptic protein involved in
docking and fusion of synaptic vesicles. Binding of the peptide to
syntaxin and SNAP-25 occurs in a Ca”"-dependent manner,
being maximal in the range of 10-30 um [Ca*"] (Sheng et al.,
1996), near the calcium threshold for secretion (for review, see
Burgoyne and Morgan, 1995). Recently, it has been shown that
introduction of synprint peptide into presynaptic superior cervi-
cal ganglion neurons reversibly inhibits synaptic transmission
(Mochida et al., 1996), underscoring the physiological significance
of this interaction. This inhibition might be attributable to either
interference with the secretory machinery or changes in the
calcium dependence of transmission as the vesicle is separated
from the calcium channel.

To learn about the effect of synprint peptide on the calcium
dependence of synaptic transmission, we injected the purified
syntaxin binding site of N-type Ca*" channels into one of the
early blastomeres of Xenopus laevis. Nerve—muscle cocultures
obtained from developing Xenopus embryos provide a powerful
system for the study of synaptic transmission. Synaptic transmis-
sion in these cultured neurons is mainly dependent on N-type
Ca?* channels (Yazejian et al., 1997), thus making it an ideal
preparation for studying the possible interaction of the N-type
channels with proteins of the synaptic core complex. During the
first days of development, the embryos undergo cell divisions
without substantial growth. Injection of macromolecules into
early blastomeres therefore leads to efficient loading of all prog-
eny cells, including spinal cord neurons and muscle cells. The
effect of the injected macromolecules on synaptic transmission
can be assayed at neuromuscular junctions developed by these
cells in culture (Tabti and Poo, 1991), and the presynaptic calcium
concentration can be monitored with fluorescent indicators. Our
results show that synprint peptides reduce the calcium sensitivity
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of synaptic transmission and support a model in which the syn-
print peptides increase the distance between docked vesicles and
calcium channels.

MATERIALS AND METHODS

Preparation of nerve-muscle cocultures. Xenopus nerve—muscle cocultures
were prepared from the neural tube and associated myotomal tissue of
stage 20-22 embryos as described (Tabti and Poo, 1991). After dissoci-
ation in Ca?*-Mg?*-free solution (125 mM NaCl, 2 mm KCI, 1.2 mm
EDTA, 5 mm HEPES, pH 7.6), cells were plated on glass coverslips
pretreated for ~60 min with ECL (entactin, collagen, and laminin;
Upstate Biotechnologies, Lake Placid, NY) and grown for ~24 hr at
22°C. The culture medium consisted of 70% Leibovitz L-15 supple-
mented with GMS-X and antibiotics (all components from Life Technol-
ogies, Gaithersburg, MD). All electrophysiological experiments were
performed 1 d after plating.

Peptide injection and immunoblot analysis. Recombinant His-fusion
proteins containing the syntaxin/SNAP-25 binding site of N-type Ca?*
channel (L ; 718-963) and, as a negative control, the corresponding
region of the L-type calcium channel (Ly;; 670-800), were purified as
described (Mochida et al., 1996) and concentrated to a final concentra-
tion of 1 mg/ml. Peptides were mixed 1:1 with rhodamine-dextran (mo-
lecular weight 10,000; 10 mg/ml) (Molecular Probes, Eugene, OR), and
~10 nl of that mixture was injected into one blastomere of embryos at
the two- to four-cell stage by pressure injection (Microinjector 5242)
(Eppendorf, Hamburg, Germany). For Western blotting, embryos at
various stages were collected and homogenized by trituration through
Eppendorf tips with 20 ul of extraction buffer (100 mm KCI, 0.1 mm
CaCl,, 1 mm MgCl,, 10 mm HEPES, pH 7.7). After centrifugation
(14,000 rpm, 10 min), the supernatant of one embryo was loaded onto
each lane, separated by SDS-PAGE, and transferred overnight to nitro-
cellulose (0.2 wm) (Schleicher & Schuell, Dassel, Germany). Immunoblot
analysis was performed with Anti-T7.Tag monoclonal antibody
(1:10,000) (Novagen, Madison, WI), and the immunoreactive bands were
visualized by enhanced chemoluminescence (ECL system) (Amersham,
Arlington Heights, IL).

Electrophysiological recordings. Before recording, spinal neurons were
examined for rhodamine fluorescence (see optical setup for details). Fluo-
rescent nerve cells were considered peptide-positive. Synaptic currents
were recorded from innervated muscle cells in the whole-cell configuration
using a combination of EPC-9 and EPC-7/EPC-8 amplifiers driven by the
Pulse v8.06 software package (Heka Elektronik, Lambrecht, Germany).
The pipette solution for the muscle cells contained 107 mm CsCl, 1 mMm
MgCl,, 1 mM NaCl, 10 mm EGTA, 10 mm HEPES, pH 7.3. The bath
solution contained normal frog Ringer’s solution (116 mm NaCl, 2 mm KCl,
1 mm MgCl,, 5 mm HEPES, pH 7.3), with varying calcium concentrations
(ranging from 0.3 to 10 mm) as indicated in the figures. Solutions were
changed by rapid perfusion with an estimated exchange rate of 2—4 ml/min,
the bath volume being 1 ml. To keep approximately the same external
divalent cation concentrations, external magnesium concentrations were
2.5,2.3,and 1.8 mm for 0.3, 0.5, and 1 mm [Ca”]e , respectively. For 1.8 and
10 mMm [Ca?*)., the external magnesium concentration was kept at 1 mm.
The muscle cells were routinely clamped at —50 mV holding potential. A 10
msec test pulse to —60 mV was given before each EPSC sweep to estimate
the series resistance for later offline series resistance compensation. Action
potentials were routinely elicited on external stimulation (0.3-0.5 msec,
0.2-2 nA) of the nerve cell soma, with frequencies between 0.2 and 1.0 Hz.
In the case of fura-2 experiments, the whole-cell configuration was estab-
lished on the soma of the nerve cell. The nerve cell was held at a potential
between —45 and —70 mV in the current clamp mode. Action potentials
were elicited every 1-5 sec or as a train of 10 action potentials (20 Hz) with
2 msec current injections of 700-900 pA. The pipette was filled with 114
mM potassium gluconate, 10 mm KCl, 1 mm NaCl, 1 mm MgCl,, 10 mm
HEPES, 2 mm MgATP, 0.3 mm GTP, 100 um fura-2, pH 7.3.

Data analysis. Amplitudes of EPSC were analyzed with locally written
software in IGOR (WaveMetrix, Lake Oswego, Oregon). Synaptic cur-
rents were counted as evoked currents when they occurred in a 6 msec
time window after the stimulus. Because of the large EPSC amplitudes
(up to 10 nA), there was sometimes a significant clamp error in our
measurements. The series resistance before each EPSC was estimated
from the peak of the capacitive current during the test pulse. We
corrected the EPSC amplitudes assuming a linear /- relation and a
reversal potential of +2 mV (as measured independently). Experiments
with clamp errors larger than 30 mV were excluded from further analysis.
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Model calculations. Equilibrium calculations for the Ca?* dependence
of transmitter release were also performed in IGOR (WaveMetrix). We
used a model scheme with four sequential Ca** binding steps similar to
those used to describe the Ca* dependence of secretion in neuroendo-
crine cells and bipolar nerve terminals (Heinemann et al., 1994; Heidel-
berger et al., 1994). The equilibrium Ca?" binding is described in matrix
notation by:

1 1 1 1 1 S,
—4aX B 0 0 0 0
4aX —B—3aX  2Bb 0 0 0

0  3aX —2Bb—2aX  3Bb o [B=|ol

0 0 20X  —3Bb’— aX 4Bb° 0

0 0 0 aX  —4pb? 0

where X denotes [Ca®*],. a and B are rate constants for binding and
unbinding of Ca?" to a single Ca*" binding site, and B = (B,, B;, B,,
B;, B,) is the vector of pool sizes of vesicles that have bound zero, one,
two, three, and four Ca>" ions, as denoted by the subscripts. S, is the
total number of releasable vesicles. We also implemented cooperative
Ca?* binding by the factor b. Values for kinetic parameters a, 8, and b
were taken from Heidelberger et al. (1994). The dissociation constants
for the four sequential Ca>* binding steps were 143 uM, 57 uM, 23 uMm,
and 9 uMm. The amount of transmitter release was calculated for different
[Ca?*]; as the equilibrium filling state of the pool B, (B,([Ca*"];)).

Optical setup. A monochromator-based illumination system (T.L.L.L.
Photonics, Planegg, Germany) was coupled into the epifluorescence port
of an inverted Axiovert 10 or IM 35 microscope (Zeiss, Oberkochem,
Germany). For fluorescence measurements we used an Achrostigmat or
Fluar objective (40X, 1.3 numerical aperture, oil immersion; Zeiss).
Rhodamine and fura-2 were excited at 530 nm or 350/380 nm, respec-
tively. The filter sets for rhodamine were 565DCLP, LP580 (AHF
Analysentechnik, Tibingen, Germany), and those for fura-2 were
DC495, LP505 (T.I.L.L. Photonics). The illumination area was reduced
to a spot of ~15 pwm diameter to reduce background fluorescence
originating from dye-filled pipette and soma. The fluorescence detection
area was adjusted by a “view finder system” (T.I.L.L. Photonics) to cover
just the nerve terminal. Fluorescence light was detected with a photo-
multiplier tube (R928, Hamamatsu) and acquired with the Pulse software
package (Heka Elektronik).

RESULTS

Loading of synprint peptide into Xenopus embryos
Purified synprint peptide containing the syntaxin-binding region
of the N-type calcium channel was injected into one blastomere of
a Xenopus embryo at the two- to four-cell stage. To identify
peptide-containing neurons in cell culture, rhodamine-dextran
was included as a fluorescent marker. After 24 hr of development
(stage 19-22 according to Nieuwkoop and Faber, 1967), the
spinal cord was dissected, and nerve-muscle cocultures were
prepared. To determine whether injected peptide was still present
and intact, we performed immunoblot analysis on pools of in-
jected and noninjected embryos at different developmental stages.
As shown in Figure 1, the peptide could still be detected in 2- and
3-d-old embryos, indicating the presence of the peptide at times
when electrophysiological measurements were performed. As ex-
pected, noninjected embryos showed no immunoreactivity. The
presence of the control peptide, which contained the correspond-
ing region of an L-type calcium channel, was also confirmed by
immunoblot analysis (data not shown).

Influence of synprint peptide on Ca?* dependence of
synaptic transmission

Assuming that the injected synprint peptide binds to syntaxin and
SNAP-25 from Xenopus, it should exert its effect by competing
with the native N-type calcium channel. Thus, the fusion machin-
ery should be dissociated from the channel and therefore located
further away from the source of Ca®* influx. The uncoupled
fusion complex should experience a lower calcium concentration
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Figure 1. Presence of exogenous synprint peptide after early blastomere
injection. Injected and noninjected embryos were collected at the indi-
cated days, and the soluble fraction of one embryo was loaded into each
lane. As a control, 50 and 100 ng of purified synprint peptide, respectively,
were loaded into lanes 7 and 8. Numbers on the right indicate positions of
molecular weight markers (in kDa). Two gels with identical probes were
run in parallel. After SDS-PAGE, one gel was stained with Coomassie
blue to demonstrate even loading (fop panel), whereas the other was
subjected to immunoblotting. Detection of synprint peptide was per-
formed by enhanced chemoluminescence (bottom panel). Note the per-
sistence of the peptide 2 d after injection, which is when all electrophys-
iological experiments were performed.

and have a lower release probability. To elucidate the action of
the synprint peptide, we studied the effect of different external
calcium concentrations ([Ca®*],) on transmitter release. For
these experiments nerve cells were stimulated extracellularly by a
monopolar electrode to elicit action potentials, and the resulting
EPSC responses were monitored on muscle cells in the whole-cell
configuration. The influence of different [Ca®"], on synaptic
transmission for a control cell is illustrated in Figure 2. In this
experiment, a double pulse was applied every 2 sec with a 50 msec
interval between the two pulses. Because of the high variability of
EPSC amplitudes, at least 50 responses were averaged in each
calcium concentration (Fig. 24). Access resistance in the muscle
cell, which was monitored continuously, was stable throughout the
experiment (Fig. 24, bottom trace). The amplitude histograms at
the different external calcium concentrations showed a typical
Gaussian distribution (not shown), which was taken as an indica-
tor of a functional, mature synapse.

The double-pulse protocol also enabled us to examine the effect
of external calcium concentration on paired-pulse facilitation in
this preparation. This form of facilitation occurs when two stimuli
are given in rapid succession and is reflected in a larger amplitude
of the second EPSC, most likely attributable to elevated resting
[Ca?*); remaining from the first stimulus. In Figure 2B, the ratios
of the amplitudes of the second and first pulses are plotted against
[Ca*"].. Facilitation was observed in external solution containing
0.5, 1.0, and 1.8 mm calcium, being most pronounced in 0.5 mm
[Ca**], (r = 1.47). In 1.0 and 1.8 mm [Ca*"],, the facilitation
declined with ratios of 1.32 and 1.16, respectively. In 10.0 mm
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[Ca?*]., we measured a slight depression with a ratio of 0.91,
which is probably attributable to depletion of the readily releas-
able pool after the first stimulus. A qualitatively similar Ca®"
dependence of paired-pulse facilitation was observed for 25 msec
pulse intervals. These data are summarized in Table 1.

An example of the dependence of the EPSC amplitude on
[Ca?*]. is shown in Figure 2C. These results show, as predicted
from the classic studies on the adult neuromuscular junction, that
the release is steeply dependent on [Ca®"], in the low calcium
range up to 1 mm. When [Ca?*], was further elevated to 1.8 and
10.0 mmM, saturation of the EPSC amplitude was observed. A
slightly different dependence on the calcium concentration was
found for the second EPSC, which reached its maximal amplitude
at 1 mm [Ca?"].. In 1.8 mm [Ca*"]., the amplitude remained at
the same level, whereas there was a decrease in EPSC amplitude
in 10.0 mm [Ca?*]..

Analysis of 14 noninjected cells illustrated that the absolute
EPSC amplitudes were highly variable between cells (3.65 * 2.45
nA for 10.0 mm [Ca*"],). This variability may reflect the differ-
ence in number of terminals between each pair of cells; however,
the dependence on [Ca®*], was comparable in all of these cells.
Therefore, to compare between different cells, we normalized the
average EPSC amplitudes to the value measured in 10.0 mm
[Ca?*].. On average, our experiments illustrate that for a control
synapse the relative release for the first EPSCs is already close to
saturation at 1.8 mm [Ca®"],. Increasing the [Ca®*], by a factor
of >5 (i.e., to 10.0 mm [Ca?*],) caused only a 22% increase in
EPSC amplitudes (see Fig. 5B; Table 1).

To examine the effect of the synprint peptide on transmitter
release, we used either a single- or a double-pulse protocol on
neuromuscular junctions, the nerve cells of which contained the
synprint peptide (as identified by rhodamine fluorescence). We
chose the method of early blastomere injection because large
peptides are difficult to load through the recording pipette, espe-
cially when the distance between soma and terminal is highly
variable (from 20 to 300 wm). A representative example of a
single-pulse experiment is shown in Figure 3. In 1.8 mm [Ca?*].,
the average EPSC amplitude was 0.33 nA. Perfusion of the bath
with 10 mm [Ca?*], caused an increase in the average EPSC
amplitude to 1.1 nA. Again, perfusion with 1.8 [Ca®*], resulted
in a decrease in the average EPSC amplitude to 0.51 nA, com-
parable to the initial value. Changing the solution into low cal-
cium concentration (i.e., 0.5 mM [Ca®*],) caused a sharp de-
crease to 0.2 nA and the appearance of many failures. EPSC
amplitudes recovered after perfusion with 1.8 mm [Ca®"],. The
amplitude histogram in the different [Ca®*], showed a typical
Gaussian distribution, like that of the control cell (not shown).

For comparison of the Ca** dependence of the EPSC ampli-
tudes of peptide-injected cells with that of control cells, amplitudes
were normalized to values measured in 10 mm [Ca?"], (Fig. 3C).
When [Ca?"], is raised from 1.8 to 10.0 mm, the EPSC amplitudes
increase ~2.5-fold compared with only a 1.25-fold increase in
noninjected cells. An average of 19 peptide-injected cells showed
that the relative release in 1.8 mm [Ca®"], was ~54% of the values
obtained in 10 mm [Ca?*], (3.02 * 2.12 nA). Double-pulse exper-
iments with 25 msec pulse intervals indicated that the peptide had
no effect on paired-pulse facilitation (Table 1).

We also performed the identical protocol on neuromuscular
junctions injected with the corresponding region of an L-type
calcium channel. This peptide does not bind to syntaxin or
SNAP-25 in binding assays, which correlates well with the mostly
postsynaptic localization of this channel (Ahlijanian et al., 1990).
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Figure 2. Representative experiment of a noninjected pair of cells with double-pulse stimulation. A, The top trace shows the different external calcium
concentration [Ca®"], (in mM) during the experiment. The nerve cell was stimulated at 0.5 Hz with a pulse interval of 50 msec. In the two middle traces
the amplitudes of the EPSCs resulting from the first and second stimulus, respectively, are displayed. The solid lines indicate the averaged EPSC
amplitude in each [Ca?*],. Because of the large variability, at least 50 responses in each [Ca>"], were averaged. The bottom trace shows the series
resistance on the muscle cell (R;) throughout the experiment. B (top), The average EPSCs (10 responses) in the different external calcium concentrations
are displayed. [Ca?*], are 0.5, 1.0, 1.8, and 10.0 mMm (left to right). The graph below illustrates the dependence of the ratio of 2.EPSC to 1.EPSC on the
external calcium concentration. Note the constant decrease in the ratio with increasing [Ca®*].. C, The dependence of the average EPSC amplitudes

(O, 1.LEPSC; A, 2.EPSC) on different [Ca?"].. Error bars represent SEM.

The relative release at different external calcium concentrations
in the presence of the L-type peptide was comparable to that of
control cells (Table 1), indicating that the effect of the N-type
synprint peptide is specific.

As shown in Figure 2C, the relative transmitter release in
control cells increases only ~20% when the [Ca®"], was raised

from 1.8 to 10.0 mm. One possible explanation for this phenom-
enon might be the saturation of the postsynaptic response. There-
fore, we performed experiments with tetracthylammonium
(TEA) and 3,4-diaminopyridine (3,4-DAP), which block voltage-
gated potassium channels and consequently prolong action poten-
tials. After application of 10-20 mm TEA and 50-100 um 3,4-
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Table 1. Summary of the Ca®>*-dependence of relative synaptic transmission, paired-pulse facilitation (25 msec pulse interval), and coefficient of

variation

[Ca?*]. in mMm

0.5 1.0 1.8 10.0
% Transmitter release
Control cells 220=*=54(7) 525 +4.6(8) 773 + 1.8 (12) 100 (14)
Synprint (N-type) 11.6 = 3.6 (3) 28.0 = 3.8 (8) 539 *£34(17) 100 (19)
L;_11670-800 (L-type) ND ND 69.6 = 3.5 (14) 100 (14)
w-conotoxin GVIA 15.5(1) 26.0 =0(2) 50.4 = 4.5 (6) 100 (6)

Paired-pulse facilitation
Control cells 1.60 = 0.26 (3)
Synprint (N-type) ND
Ly 11670-800 (L-type) ND

Coefficient of variation
Control cells
Synprint (N-type)
Ly 11670-800 (L-type)

0.66 + 0.07 (8)
0.67 + 0.06 (4)
0.84 + 0.29 (3)

1.26 + 0.1 (7)
1.29 + 0.09 (7)
1.15 = 0.08 (5)

0.56 = 0.11 (7)
0.81 = 0.08 (8)
0.67 = 0.10 (10)

1.05 = 0.05 (5)
1.06 = 0.05 (7)
1.08 = 0.09 (5)

0.87 = 0.06 (5)
0.70 = 0.05 (7)
0.72 + 0.08 (4)

0.40 = 0.04 (14)
0.54 = 0.05 (17)
0.38 = 0.07 (13)

0.35 = 0.05 (14)
0.35 = 0.03 (18)
0.29 = 0.05 (13)

Data are presented for control cells (noninjected), cells injected with synprint (N-type), and control (L-type) peptides and cells treated with w-conotoxin GVIA. Errors are
given as the SEM; numbers in parentheses indicate the number of experiments. ND, Not determined.

DAP to the bath, the EPSC amplitudes in injected and
noninjected cells increased up to twofold even in 10.0 mm
[Ca?"],, demonstrating that the postsynaptic response is not
maximal under our experimental conditions (data not shown).
The increase was followed by a diminishing of EPSCs attributable
to blockade of acetylcholine receptors.

We also tested the possibility that the decline in relative release
in control cells is attributable to saturation of the Ca?" influx
through the presynaptic calcium channels. Recording of single
channel currents could prove this; however, because of the small
size of presynaptic terminals, this is difficult to accomplish.
Therefore, we used the calcium indicator dye fura-2 (Grynk-
iewicz et al., 1985) as a probe to measure relative Ca>* influx into
control terminals with 1.8 mm and 10.0 mm [Ca?*], (Neher,
1995). In addition, it remained possible that the synprint peptide
exerts its effect by altering Ca?" influx in 1.8 mm [Ca?*], and
10.0 mm [Ca?*],. Therefore, we also measured the relative Ca?™*
influx into peptide-loaded terminals under these [Ca®*].. A rep-
resentative trace of fura-2 measurements in a peptide-loaded
terminal is shown in Figure 4. After whole-cell configuration on
the nerve cell soma was established, 100 um fura-2 was loaded
through the pipette and allowed to equilibrate. This concentra-
tion might not fully overcome endogenous buffer, but it should
yield reliable estimates of the relative Ca®* influx under different
external calcium concentrations. Trains of ten action potentials at
a frequency of 20 Hz were given, and the resulting change of
fluorescence amplitude at 380 nm was measured. The ratio of the
changes in fluorescence in 10.0 and 1.8 mm external calcium
[AF;g, (10.0 mm)/AF;g, (1.8 mM)] was 1.8 £ 0.4 (mean = SD; n =
3) in peptide-injected terminals, whereas it was 2.0 £ 0.1 (n = 2)
in control terminals. These values indicate that saturation of the
Ca?" influx through the presynaptic calcium channels is at least
partially responsible for the saturation in relative release in high
[Ca?"].. They also show that the effect of the synprint peptide is
not attributable to a change in relative Ca®* influx at 1.8 and 10.0
mM external calcium, suggesting an action of the peptide down-
stream of the triggering event of synaptic transmission.

These findings suggest that the synprint peptide exerts its effect

by reducing the efficiency of neurotransmitter release on the
presynaptic side without affecting the Ca®* influx through the
channels.

Model calculations

We next tried to correlate the action of the synprint peptide with
a simple model of Ca*"-dependent synaptic transmission. The
assumptions included in our model are illustrated in Figure 54.
We distinguish two classes of releasable vesicles: (i) vesicles
linked to a Ca®* channel through the synprint site and (i)
vesicles that are not linked to a Ca®" channel. The first class
senses the sum of [Ca?"]; originating from Ca*" influx through
the local channel (termed [Ca*"];) and through the channels at
some distance (termed [Ca®"],), whereas the second class senses
only [Ca®*]; from the Ca?* influx through the channels at some
distance. The values for “local calcium” ([Ca®*],) and “surround-
ing calcium” ([Ca?"],) are given by:

[Cah]l = ali([caz+]c)
[Ca’*], = a i([Ca’"].).

The factors a, and a, scale the relative amplitude of local and
surrounding calcium, respectively. The dependence of the “rela-
tive Ca®" influx” i as a function of [Ca®*], is described by
i([Ca?"]e) = [Ca" ] may/(1 + Ky/[Ca®"],), with [Ca®"]; ., =
1.0 mMm. The product of [Ca®"]; .. X @, determines the maximal
[Ca?"]; added by an open channel at infinity [Ca®"].. This value
scales linearly with the K of the secretion apparatus. From our
fura-2 measurements we estimated a twofold increase of Ca®*
influx between 1.8 and 10.0 mm [Ca?"].. Because this is a rather
indirect measurement, we adapted the K; (Ca®" current) of 5.6
mM from a single channel study on L-type Ca®" channels by
Church and Stanley (1996). This would result in a 2.6-fold in-
crease in Ca?" influx between 1.8 and 10.0 mm [Ca?*],, which is
comparable to our estimates from fura-2 measurements.

If we assume further that synaptic transmission is proportional
to the quadruply bound state of a calcium binding site, we can
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Figure 3. Representative experiment on a synapse that contained the synprint peptide. A, EPSCs resulting from stimulation of the nerve cell at 1 Hz. The
top trace shows the different external calcium concentration [Ca?*], (in mMm); the bottom trace shows the series resistance on the muscle cell (R,) during the
experiment. B, Examples of averaged EPSCs at the indicated external calcium concentrations. C, Comparison of the dependence of relative synaptic
transmission on [Ca>"], for control cells and cells that contained the synprint peptide. For control cells, averaged data from 14 cells are displayed (for
details, see Table 1). The curve for the synprint peptide is derived from the data shown in A (for averaged data of peptide-injected cells, see Fig. 5B and
Table 1). Error bars represent SEM. Note the decrease in relative transmitter release under physiological [Ca?"], for the peptide-injected cell.

now calculate the amount of release from each class of vesicles by
the following equations:

release of linked vesicles (i) = p;B4([Ca*'], + [Ca®*],)
release of nonlinked vesicles (ii) = (1 — p;)B4([Ca**]),

with p, denoting the probability of a docked vesicle being linked
to a calcium channel.

In Figure 5B, a fit of our pooled experimental data for control
and peptide-injected cells with the model equations is displayed.
We assumed the same K, values and cooperativity as for the
goldfish bipolar terminal (b = 0.4) (Heidelberger et al., 1994). As
mentioned above, the K, values scale linearly with the [Ca®"],.

Because there are no K values available for this preparation, we
adapted the ones measured from the bipolar nerve terminal. The
sharp saturation of the dose-response curve can be influenced by
both the cooperativity of the calcium binding to the secretion
apparatus and the calcium dependence of the Ca®* influx. Use of
only one of these parameters results in rather extreme assump-
tions, whereas reasonable values for cooperativity (b = 0.4) and
the calcium dependence of the Ca®" influx (see above) describe
our measured data well. We fixed g, and a, at 0.5 and 0.25,
respectively, which assumes that the linked channel contributes
twice as much to the local [Ca"] as all the other channels
together. The resulting local calcium ([Ca®"],) predicted by the
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Figure 4. Measurement of the relative Ca?* influx in a nerve terminal
that contained the synprint peptide. Fura-2 (100 um) was loaded through
the pipette on the nerve cell soma and allowed to equilibrate. 4, Different
external calcium concentrations used during this experiment. B, C, Fluo-
rescence values after excitation at 350 nm (B, F350) and 380 nm (C, F380).
Shown traces start approximately 12 min after the whole-cell configura-
tion was established on the nerve cell soma. A train of 10 action potentials
was given at a frequency of 20 Hz. The relative Ca>" influx was calculated
from the reduction in fluorescence at 380 nm. For this experiment, the
ratio of AF,q, at 10 and 1.8 mM [Ca>*], was 1.8.

model is ~163 um at 1.8 mm [Ca?*].. The best fit for control cells
could be obtained when 95% of the vesicles are linked to a
calcium channel, which correlates well with the reported in vivo
situation in the adult frog neuromuscular junction (Yoshikami et
al., 1989). For the peptide-injected cells, the model predicts that
only 25% of the vesicles remain linked to a calcium channel after
action of the synprint peptide. The majority of vesicles (70%) has
been uncoupled from a single calcium channel but is still releas-
able by increasing the Ca®" influx through the channels at some
distance. A major assumption of our model is the ratio of calcium
concentrations sensed by linked and nonlinked vesicles. When
changing this ratio from 3:1 to 5:1, the estimate for the fraction of
uncoupled vesicles required for a proper fit is reduced from 70 to
60%. At the same time, however, the accuracy of the fit is
reduced. These model-derived numbers may not correctly reflect
the absolute numbers in vivo, but they indicate that in peptide-
injected cells the fraction of uncoupled vesicles is larger than the
measured reduction in relative release (Fig. 3C, Table 1). These
results therefore support the conclusion that competition with the
binding region on N-type channel does not prevent synaptic
transmission, but it shifts its Ca?* dependence to higher values.

Mimicking the synprint peptide effect with
w-conotoxin GVIA
An alternative approach that should mimic the action of the
synprint peptide is the irreversible blockade of a portion of the
calcium channels involved in transmitter release by toxin. In terms
of our model described above, blocking channels will have two
effects. (1) The fraction of blocked channels will no longer con-
tribute to the Ca?* influx. This leads to a reduction in surround-
ing calcium concentration. (2) A vesicle that is linked to a blocked
Ca?* channel will be converted to the class of nonlinked vesicles
experiencing only the surrounding calcium.

A vesicle linked to a blocked channel will not be released, if we
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Figure 5. Correlation of the action of synprint peptide with a model of
Ca?*-dependent synaptic transmission. 4, Schematic presentation of the
assumptions implied in the model. The Ca?* concentration at the inner
surface of the membrane reaches its highest value at an open Ca?*
channel. With increasing distance from a channel the Ca** concentration
declines, leading to the formation of so-called Ca** domains. Two classes
of vesicles, linked (i) and nonlinked (ii), can be distinguished. A linked
vesicle senses the sum of local and surrounding calcium, whereas a
nonlinked vesicle senses just the surrounding calcium. Note that the shape
of the Ca®" domains is drawn schematically; for the model calculations
(see Results) we assumed a cylindrical shape. Also note that the line,
which indicates the value for the calcium threshold of synaptic transmis-
sion, should be considered arbitrary. B, Fit of the experimental data with
model-derived curves. Pooled control data (open circles) are best de-
scribed if one assumes that 95% of all releasable vesicles are linked to a
Ca?" channel (solid curve). For pooled data of cells containing the
synprint peptide (open squares), the model predicts that only 25% of all
releasable vesicles remained linked to a Ca®" channel (dashed curve).
Error bars represent SEM.

assume that the surrounding calcium concentration is below the
threshold to stimulate release (Fig. 6, bottom left panel). Increas-
ing calcium influx through the neighboring channels by elevating
[Ca**], (i.e., from 1.8 to 10.0 mm), however, will lead to a rise in
calcium in the vicinity of this vesicle and therefore increase its
probability of release (Fig. 6, bottom right panel). We used the
following experimental approach to examine this question.
w-conotoxin GVIA (200 nm), an irreversible blocker of the
N-type calcium channel, was applied to the bath, and EPSCs were
monitored before and after toxin application. EPSCs were
evoked every 2 sec as described for Figures 2 and 3. Shortly after
application of the toxin, EPSC amplitudes started to decline from
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Figure 6. Schematic comparison of actions of the synprint peptide and
an irreversible Ca>" channel blocker. The top panel illustrates the pro-
posed action of the synprint peptide, starting from the situation in the
uninjected neuromuscular junction where both shown vesicles are linked
to a certain Ca®* channel (left). The solid lines represent the Ca**
domains in 1.8 mM [Ca?"],; the horizontal, dotted line indicates an
assumed calcium threshold. After opening of the Ca®* channels, both
vesicles would be released. After action of the synprint peptide (right), a
vesicle was uncoupled from a Ca?* channel. In 1.8 mm [Ca?*],, only one
vesicle would be released, resulting in a reduction of EPSC amplitude.
Rising [Ca?"], from 1.8 to 10.0 mM (dashed lines), however, would release
both vesicles. In the bottom panel, the action of an irreversible Ca>"
channel blocker, e.g., w-conotoxin GVIA, is illustrated. In the situation
on the left, the toxin has blocked one of the Ca2* channels. EPSC
amplitude would be reduced in 1.8 mMm [Ca?"], (solid lines), because the
linked vesicle at the blocked channel would not be released. Rising
[Ca?*). from 1.8 to 10.0 mM (dashed lines) would again release both
vesicles because of the increased Ca>* domain of the open Ca2* channel.

6 to <1 nA (Fig. 74). Thereafter, excess toxin was removed by
perfusion for 2 min in 10 mm [Ca®"],, which led to an increase
in average EPSC amplitude to 1.7 nA. After perfusion with 1.8
mM [Ca*"],, EPSCs decreased to 0.86 nA, a reduction to <60%
of the average amplitude recorded in 10 mm [Ca?"].. Perfusing
again with 10 mm [Ca?*], resulted in an increase of the average
amplitude to 2.5 nA. Lowering the external calcium to 0.3 mMm
caused a remarkable decrease in the amplitude to <0.2 nA, which
corresponds to <20% of the average amplitude recorded in 10
mM [Ca®*].. The pooled data for the toxin experiments are
shown in Table 1; the average amplitude in 10 mm [Ca?"]_ was
1.55 = 0.36 nA.

Comparison of the relative amplitudes in the toxin experiment
with those of the control cells reveals that the dependence on
external calcium is very different (Fig. 7C). On the other hand, the
toxin curve is very similar to the one obtained in peptide-loaded
neurons, showing a higher dependence of synaptic transmission
on external calcium. It also correlates well with the assumption
that transmitter release in the case of blocked channels could be
partially restored by increasing [Ca®"], from 1.8 to 10.0 mm. It is
difficult, however, to calculate the percentage of blocked channels
from the relative decrease in release, because the relation be-
tween calcium concentration and release is not linear. To use our
model to estimate the portion of blocked channels, we introduced
Db as the probability of a channel not being blocked. Although

Rettig et al. « Synprint Peptide and Synaptic Transmission

the value for local calcium ([Ca®*];) would not be influenced,
that of surrounding calcium ([Ca®*],) would then be given by:

[Ca®" ], = a,pwi([Ca’"]o).

The amount of release for each class of vesicles would then be
calculated with the following equations:

release of linked vesicles (i) = p; pnBs([Ca®"]; + [Ca®*],)
release of nonlinked vesicles (ii) = (1 — p;p,,)B4([Ca®*],).

For the toxin simulation we used the same assumptions as for the
control cells (95% of the vesicles are docked, and the ratio between
local calcium and surrounding calcium is 3:1). According to the
simulation, block of 60% of the channels would account for an
expected inhibition of 80% in relative transmitter release (Fig. 7C).
Thus, the experimental data as well as our model calculations
suggest that uncoupling a vesicle from the calcium channel
through the action of the synprint peptide or alternatively block-
ing a fraction of the channels irreversibly will lead to a similar
change in the calcium dependence of synaptic transmission.

DISCUSSION

We have demonstrated that injection of peptides containing the
soluble NSF attachment protein receptor (SNARE) protein-
binding region of N-type Ca?"-channels changes the Ca?*-
dependence of transmitter release in cultured frog neuromuscular
junctions. This effect is most pronounced under physiological
conditions, i.e., in external solution containing 1.8 mm calcium.
Our findings support the in vitro binding data (Sheng et al., 1994),
which revealed an interaction of the N-type but not the L-type
calcium channel with syntaxin and SNAP-25 through that syn-
print site. They are also consistent with the data on rat superior
cervical ganglion neurons (Mochida et al., 1996), in which a
maximum of 42% inhibition of synaptic transmission was ob-
served after diffusion of synprint peptide.

Our results further show that the effect of the synprint peptide
is attributable to neither reduced relative Ca®* influx into the
terminal nor saturation of the postsynaptic response. It has been
reported that coexpression of syntaxin with L-, Q- and N-type
calcium channels in Xenopus oocytes resulted in a decrease of
calcium influx through these channels because of stabilization of
the inactivated state (Bezprozvanny et al., 1995; Wiser et al,,
1996), but this effect was not observed in isolated chick ciliary
ganglion nerve terminals (Stanley and Mirotznik, 1997). If syn-
taxin inhibits Ca2" channel function in our preparation, disrup-
tion of the native syntaxin/channel-interaction by the synprint
peptide would therefore lead to an increase in Ca®* influx and
consequently to an underestimation of the physiological effect.
Our fura-2 measurements indicate that the ratio of relative Ca>*
influx into injected and control terminals at 1.8 and 10.0 mm
external calcium is virtually identical (see Results). Because we
do not measure the absolute Ca" influx at a given calcium
concentration, an equal increase in influx into injected terminals
in both 1.8 and 10.0 mm [Ca?*], still remains possible.

The model calculations in Figure 5 suggest that the observed
25% reduction in relative release in 1.8 mm external calcium
corresponds to an uncoupling of ~70% of the formerly linked
vesicles by the synprint peptide. The fast, Ca?*-dependent syn-
aptic transmission at this neuromuscular junction is entirely
blocked by application of the N-type-specific w-conotoxin GVIA
(Yazejian et al., 1997), but the toxin blocks Ca®" influx and
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Figure 7. Ca?* dependence of EPSC amplitudes after blockade of a fraction of Ca®* channels by w-conotoxin GVIA. 4, EPSCs resulting from
stimulation of the nerve cell at 0.5 Hz. w-conotoxin GVIA (200 nm) was applied (indicated by the bar), leading to a decrease in EPSC amplitude. After
washout of the toxin, a stable fraction of Ca®" channels remained blocked. The top trace shows the different external calcium concentration [Ca®*], (in
mM); the bottom trace shows the series resistance on the muscle cell (R;) during the experiment. B, Examples of averaged EPSCs at the indicated external
calcium concentrations. Note that the shape of EPSCs remained unaltered by the blockade of Ca>* channels. C, Comparison of the dependence of
relative transmitter release on [Ca®*], for control synapses and synapses that had been treated with w-conotoxin GVIA. For both types of synapses,
averaged data of different cells are displayed (for details, see Table 1). Pooled control data (open circles) are best described if one assumes that 95% of
all releasable vesicles are linked to a Ca** channel (solid curve). The Ca®" dependence of synapses treated with w-conotoxin GVIA (open squares) is
predicted by the model, if it is assumed that 60% of the Ca>* channels have been blocked (dashed curve). Error bars represent SEM.

increases the number of vesicles linked to blocked channels, so it varying the amount of injected peptide over a wide range did not
reduces Ca*" at both coupled and uncoupled vesicles. One pos- markedly change the effect, suggesting that the peptide was al-
sible explanation for the vesicle fraction remaining linked to a ready present in excess. Rather, the vesicle fraction remaining
calcium channel would be the incomplete action of the synprint linked to a calcium channel might be attributable to the high
peptide. We consider this possibility not very likely, because density of calcium channels in the active zones of the frog neu-
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romuscular junction (Heuser and Reese, 1981; Robitaille et al.,
1990). The effect of moving vesicles away from local channels
would then reach a maximum of reduction in transmitter release,
after which the Ca*" influx through surrounding channels is high
enough to exceed the threshold of release.

Our model calculations also provide an explanation for the
already high relative transmission of control cells in 1.8 mm
external calcium concentration. If indeed almost all vesicles are
linked to a local channel in this preparation, only minimal Ca>"
influx is needed to release them. The short distance between the
channel as the Ca** source and the Ca** sensor of release would
give endogenous calcium buffers little time to remove the high
calcium at the inner mouth of the channel and consequently
increase the probability of transmitter release. This assumption is
supported by biochemical data that identified the Ca** binding
protein synaptotagmin as an integral member of the SNARE-
complex (for review, see Siidhof, 1995).

In conclusion, our data further underscore the physiological
importance of the interaction between presynaptic Ca®* chan-
nels and members of the docking and fusion machinery. Inter-
ruption of this physical link does not prevent synaptic transmis-
sion, but makes it less probable by shifting its Ca?" dependence
to higher values.
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