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We have explored the processes regulating presynaptic cal-
cium concentration ([Ca2�]i ) in the generation of post-tetanic
potentiation (PTP) at crayfish neuromuscular junctions, using
spectrophotometric dyes to measure changes in [Ca2�]i and
[Na�]i and effects of inhibitors of Ca2�-transport processes.
The mitochondrial Na�/Ca2� exchange inhibitor CGP 37157
was without effect, whereas the reverse mode plasmalemmal
Na�/Ca2� exchange inhibitor KB R7943 reduced PTP and
Ca2� accumulation caused by increased [Na�]i. Exchange
inhibitory peptide and C28R2 had opposite effects, consistent
with their block of the plasma membrane Ca2� ATPase. All
drugs except CGP 37157 reduced Ca2� accumulation caused
by Na� accumulation, which occurred on block of the Na�/K�

pump, acting in proportion to their effects on plasmalemmal
Na�/Ca2� exchange. We find no role for mitochondrial Na�/

Ca2� exchange in presynaptic Ca2� regulation. The plasma
membrane Na�/Ca2� exchanger acts in reverse mode to admit
Ca2� into nerve terminals during and for some minutes after
tetanic stimulation, while at the same time the plasma mem-
brane Ca2� ATPase operates as an important Ca2� removal
process. The interplay of these two Ca2� transport processes
with Na�-independent mitochondrial Ca2� fluxes and the plas-
malemma Na�/K� pump determines the magnitude of tetanic
[Ca2�]i accumulation and potentiation of excitatory transmis-
sion, and the post-tetanic time courses of decay of elevated
[Ca2�]i and PTP.
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When presynaptic activity persists at high levels for several min-
utes, many synapses display a gradual potentiation of synaptic
transmission. After activity subsides, individual action potentials
continue to evoke potentiated postsynaptic potentials for several
minutes, a process called post-tetanic potentiation (PTP)
(Zucker, 1989). At crayfish neuromuscular junctions, PTP reflects
an increase in the number of quanta released by action potentials
(Wojtowicz and Atwood, 1986) that is caused by a persistent
increase in presynaptic calcium concentration ([Ca2�]i) (Delaney
et al., 1989). This so-called “residual Ca2�” remaining in nerve
terminals after bouts of activity arises primarily from efflux of
Ca 2� from mitochondria that become Ca2� loaded during the
conditioning activity (Tang and Zucker, 1997). It appears to
induce PTP by acting on a presynaptic Ca2� target distinct from
those involved in exocytosis and short-term synaptic facilitation
(Kamiya and Zucker, 1994). Excessive Na� loading of presyn-
aptic terminals also enhances and prolongs PTP and the persis-
tence of residual Ca2� (Mulkey and Zucker, 1992), suggesting
that accumulation of Na� retards Ca2� extrusion by Na�/Ca2�

exchange, contributing to the genesis of PTP.
There are two Na�/Ca2� exchangers that could mediate an

influence of Na� on [Ca2�]i: plasmalemmal Na�/Ca2� exchange
(Blaustein and Lederer, 1999) and mitochondrial Na�/Ca2� ex-
change (Friel, 2000; Gunter et al., 2000). In the first case, tetanic

[Na�]i elevation could retard or even reverse the direction of
Ca 2� flux through the plasmalemmal Na�/Ca2� exchanger, re-
sulting in Ca2� influx into cytoplasm from the external medium.
In the second case, [Na�]i elevation could activate mitochondrial
Ca 2� efflux into cytoplasm. Both plasmalemmal Na�/Ca2� ex-
change (Luther et al., 1992; Gleason et al., 1994; Kobayashi and
Tachibana, 1995; Regehr, 1997; Scotti et al., 1999) and mitochon-
drial Ca2� fluxes (Alnaes and Rahamimoff, 1975; David et al.,
1998; Peng, 1998; Brodin et al., 1999) are known to be involved in
Ca2� regulation at nerve terminals.

Two other important Ca2� regulatory processes are the plas-
malemma Ca2� ATPase (Garcia and Strehler, 1999) and Ca2�

channels in endoplasmic reticulum (Pozzan et al., 1994; Simpson
et al., 1995). Both have been implicated in controlling [Ca2�]i at
nerve terminals (Fossier et al., 1994; Kobayashi and Tachibana,
1995; Tucker and Fettiplace, 1995; Peng, 1996; Smith and Cun-
nane, 1996; Morgans et al., 1998; Juhaszova et al., 2000; Zenisek
and Matthews, 2000).

Here we explore roles for these processes in controlling the
residual Ca2� responsible for the induction of PTP at crayfish
motor nerve terminals. We report effects of drugs that target the
plasmalemmal or mitochondrial Na�/Ca2� exchanger or the
Ca2� ATPase. Although these drugs were developed in mamma-
lian preparations, the high genetic and immunological conserva-
tion of these molecules across vertebrates and invertebrates, par-
ticularly for the plasmalemmal Na�/Ca2� exchanger (Blaustein
and Lederer, 1999), encouraged us to apply them to this prepa-
ration. We observe important effects of plasmalemmal Na�/Ca2�

exchange and the Ca2� ATPase, whereas we could detect no role
for mitochondrial Ca2� efflux via Na�/Ca2� exchange.
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MATERIALS AND METHODS
Animals, solutions, and drugs. Experiments used isolated opener muscles
of the first walking leg of crayfish (Procambarus clarkii, 2–2.5 inches)
obtained from KLM Bioscientific (San Diego, CA) and Niles Biological
(Sacramento, CA). Autotomized first walking legs were pinned in a
Sylgard-lined chamber continuously perfused with a solution containing
(in mM): 195 NaCl, 13.5 CaCl2, 5.4 KCl, 2.6 MgCl2, and 10 Na-HEPES,
pH 7.4, at 15–17°C. Opener muscles and exciter axons were exposed as
described previously (Delaney and Tank, 1991; Landò and Zucker,
1994). Chemicals were obtained from the following suppliers: 2-[2-[4-(4-
nitrobenzyloxy)phenyl]ethyl]isothiourea (KB R7943) and 7-chloro-5-(2-
chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2( 3H)-one (CGP 37157)
from Tocris (Ballwin, MO); exchange inhibitory peptide (XIP) (RRLL-
FYKYVYKRYRAGKQRG) and C28R2 (Ca 2� ATPase inhibitor, LR-
RGQILWFRGLNRIQTQIRVVKAFRSS) from Alpha Diagnostic In-
ternational (San Antonio, TX); ouabain and palytoxin from Sigma (St.
Louis, MO); fura-2 pentapotassium salt from Molecular Probes (Eugene,
OR); sodium-binding benzofuran isophthalate (SBFI) from TefLabs
(Austin, TX); and gramicidin D and monensin from Calbiochem (San
Diego, CA). Stock solutions of KB R7943 (100 mM) and CGP 37157 (25
mM) were made in dimethyl sulfoxide and diluted to the desired concen-
tration in crayfish saline before experiments. The final concentration of
solvent did not exceed 0.1%. Ouabain was freshly prepared in crayfish
saline before each experiment.

Electrophysiology. The exciter motor neuron to the opener muscle was
stimulated with a suction electrode on the leg nerve exposed in the
meropodite while excitatory junction potentials (EJPs) were recorded via
microelectrodes (12–25 M�) filled with 3 M KCl impaled in central–
proximal or proximal muscle fibers. Electrical signals were amplified and
filtered at 2 kHz (Neuroprobe 1600, A-M Systems, Everett, WA) and
digitized at 5 kHz (DigiData 1200A, Axon Instruments, Foster City,
CA). In some experiments, axon action potentials were recorded using a
beveled microelectrode (25–45 M�) penetrating a primary or secondary
branch of the exciter axon and amplified (Getting Microelectrode Am-
plifier Model 5, Iowa City, IA) before digitization. After penetrating a
nerve terminal, a second microelectrode was placed into an adjacent
postsynaptic muscle fiber within 100–200 �m of the presynaptic impale-
ment site to measure EJPs. Intracellular recordings from synaptic termi-
nals and muscle fibers were stable for several hours. Recordings from the
Y branch or a secondary branch were within 0.3–0.5 space constants of
imaged sites of excitatory transmitter release (Baxter and Bittner, 1981,
1991). The average resting membrane potential was �71 � 3 mV (n � 4).
EJPs and action potentials were stored on a personal computer using
pClamp7 software (Axon Instruments). EJP amplitudes were analyzed
off-line (Clampfit 6.05, Axon Instruments).

Presynaptic peptide injection. The primary or secondary branch of the
excitatory axon was penetrated with a beveled electrode containing XIP
(0.33 mM) or C28R2 (0.23 mM) in a dye-marked carrier solution (6 mM

fura-2, 200 mM KCl, 10 mM HEPES, pH 7.4). Pressure injection used
trains of pressure pulses (30–40 psi, 400 msec duration, 0.33 Hz) for 1 hr.
From the fluorescence intensity of fura-2, the dye concentration was
estimated as described previously (Mulkey and Zucker, 1992) and used
to estimate peptide concentrations in presynaptic terminals. For EJP
measurements, responses to a control tetanus were obtained before
peptide injection and then after injection responses to a second tetanus
were recorded. [Ca 2�]i measurements were obtained from another group
of animals in which peptide with fura-2 was injected and effects of tetanic
stimulation were recorded. Controls consisted of identical experiments
performed in different cells injected with fura-2 but no peptide. In these
experiments, fura-2 (17 mM in 200 mM KCl) was iontophoresed into the
axon using 10–15 nA of continuous hyperpolarizing current for �30 min.
The final concentration of fura-2 was �150 �M.

[Ca 2�]i measurement. Fura-2 fluorescence was detected with a silicon-
intensified target (SIT) camera (Dage MTI, model 66), via a 40� 0.7
numerical aperture water immersion objective (Olympus, Lake Success,
NY). Fluorescence was alternately excited through 350 � 10 and 382 �
5 nm filters (Omega Optical, Battleboro, VT). A dichroic mirror (455
nm; Nikon, Tokyo, Japan) separated excitation and emission wave-
lengths, and a barrier filter (530 � 20 nm) (Omega Optical) limited
interference by autofluorescence. An area near the imaged bouton with
uniform intensity similar to that around the bouton was chosen for
obtaining tissue background. Background subtraction and shading cor-
rection were performed automatically in an image processor (FD5000;
Gould Inc., Fremont, CA). Shading correction removes errors attribut-

able to changes in the color of the excitation illumination with age of the
bulb or other variable optical chromatic distortions.

Averages of 32 sequential images excited at 350 and 385 nm were
stored on an optical disk recorder (TQ-2028F, Panasonic, Secaucus, NJ).
The imaging processor, optical disk recorder, and filter changer were
under the control of a Scientific Microsystems SMS 1000 computer
(Mountain View, CA), using software written by Dr. Roger Tsien (Phar-
macology Department, University of California, San Diego). Fura-2
images were calibrated by measuring the fluorescence ratio obtained with
50 �M fura-2 in solutions at 280 mM ionic strength, resembling crayfish
cytoplasmic solution (250 mM K-gluconate, 15 mM NaCl, 15 mM
K-HEPES, pH 7.02) with zero-calcium (10 mM K2EGTA), 5 mM Ca 2�,
or [Ca 2�]i buffered to 500 nM with 10 mM K2EGTA and 5 mM CaCl2.
Ratios measured in terminals were converted to [Ca 2� ]i (Grynkiewicz et
al., 1985) after application of a viscosity correction corresponding to a
30% reduction in the minimum and maximum 350 nm/385 nm fluores-
cence ratios (Mulkey and Zucker, 1992). Calibrations used values of
Rmax/Rmin � 22.9 and KD � 523 nM.

[Na �]i measurement. The [Na �]i measurements were done in separate
preparations from those used for EJP and [Ca 2�]i measurements. The
exciter axon was penetrated with a beveled microelectrode (25–45 M�)
containing 20 mM SBFI in 200 mM KCl, 10 mM HEPES, pH 8.5. Dye was
iontophoresed (�10 nA for 30 min) to a final concentration of �0.5 mM.
Ratiometric SBFI images were produced in the same manner as that used
for fura-2. A 50% neutral density filter reduced excitation light intensity
to minimize photobleach.

SBFI was calibrated in situ (Harootunian et al., 1989). Axons injected
with SBFI were permeabilized by addition of sodium ionophores paly-
toxin (0.1 �M), gramicidin D (10 �M), and monensin (10 �M) and
subsequently perfused with solutions comprising varying [Na �]. This
was achieved by mixing a “high Na �” solution [containing (in mM): 13
NaCl, 244 Na-gluconate, 10 Cs-HEPES, 5 CaCl2, 1 MgCl2, pH 7.00]
with a “Na-free” solution [containing (in mM): 13 KCl, 244 K-gluconate,
10 Cs-HEPES, 5 CaCl2, 1 MgCl2, pH 7.00] so that ionic strength
remained at 280 and [Na �] could be set from 0–257 mM. Palytoxin also
inhibits the Na �/K � ATPase (Habermann, 1989), permitting [Na �]i to
rise to high levels when external [Na �] is high. Ratiometric fluorescence
images were obtained at different [Na �]. Rmax/Rmin was 1.88 and the KD
of Na � binding to SBFI was determined as 21 � 2 mM (n � 3) using
Equation 5 of Grynkiewicz et al.(1985).

Data analysis. Curve-fitting algorithms in Prism (GraphPad Software,
San Diego, CA) were used to determine the decay time constants of PTP
and [Ca 2� ]i. EJP amplitudes normally showed a double exponential
decay. We quantified PTP by fitting an exponential function to the slowly
decaying component of the post-tetanic decay in EJP amplitude. A
two-sided Student’s t test on percentage changes from control in each
pair was used to estimate statistical significance unless indicated
otherwise.

RESULTS
To investigate roles played by Ca2� removal processes in PTP,
we normally compared the effects of PTP-inducing tetani on
presynaptic [Ca2�]i accumulation and removal, and the induction
of PTP, in the same preparation before and after administration
of specific blocking agents. [Na�]i was determined in some prep-
arations. We first needed to show that repetition of PTP-inducing
tetani produced repeatable effects on [Ca2�]i, [Na�]i, and trans-
mission when there was no drug present for either tetanus. Figure
1 illustrates two control experiments, and the results of eight
experiments are tabulated in Table 1. PTP was induced by stim-
ulation of the exciter motor neuron at 20 Hz for 10 min, and EJPs
were sampled at 2 Hz before and after the tetanus, and one
ratiometric fura-2 image of [Ca2�]i or SBFI image of [Na�]i was
produced every minute. The second tetanus followed the first by
at least 90 min, to allow for full recovery. Pretetanic, tetanic, and
post-tetanic EJP amplitudes, and the decay of PTP, remained
constant on repetition of PTP induction. [Ca2�]i was measured in
four experiments and [Na�]i in one, and pretetanic, tetanic, and
post-tetanic [Ca2�]i and [Na�]i levels and their rate of decay also
were unchanged.
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Plasmalemmal Na�/Ca2� exchange does
influence PTP
As one probe of plasma membrane Na�/Ca2� exchange we used
the relatively specific blocker KB R7943. This agent is much
more effective against the reverse mode of transport, in which
Ca 2� enters in exchange for Na� efflux (IC50 � 0.3–2 �M cyto-
plasmic concentration) (Iwamoto et al., 1996; Watano et al.,
1996), than against forward transport, in which Ca2� is extruded
in exchange for Na� influx (IC50 � 17–30 �M). However, at these
higher concentrations KB R7943 (�30 �M) also affected currents
through voltage-dependent ion channels, including Ca2� chan-
nels (Watano et al., 1996). At 10 �M bath concentration, KB
R7943 was without effect on PTP in our preparations. At con-
centrations of 50 �M and higher, baseline synaptic transmission
and tetanic presynaptic [Ca2�]i accumulation were strongly re-
duced, probably because of presynaptic Ca2� channel block. At
20 �M, such nonspecific effects on baseline transmission were not

observed, but there was a modest reduction in tetanic Ca2�

accumulation and tetanic EJP amplitude, and the post-tetanic
decay of [Ca2�]i and EJP amplitude were accelerated (Fig. 2,
Table 1). To confirm inhibition by KB R7943 of Na�/Ca2� ex-
change, effects on [Na�]i were observed. KB R7943 (20 �M) had
no clear effect on [Na�]i accumulation during tetanic stimulation,
but it did slow post-tetanic [Na�]i decay (Fig. 2E,F, Table 1).

The acceleration of post-tetanic [Ca2�]i decay and slowing of
[Na�]i removal are consistent with a block of Na�/Ca2� ex-
change occurring in reverse mode. However, the effects on Ca2�

accumulation and tetanic EJP amplitude could be attributable to
a reduction of Ca2� influx through Ca2� channels. This could
result in reduced mitochondrial Ca2� accumulation and there-
fore a reduction in both PTP and in post-tetanic [Ca2�]i (Tang
and Zucker, 1997), but the effect on Na� removal is difficult to
explain this way and suggests instead an action on Na�/Ca2�

exchange. To distinguish effects on tetanic Ca2� influx from
effects on Na�/Ca2� exchange, KB R7943 was applied at the end
of the tetanus. A solution containing 20 �M KB R7943 was
washed in during the last minute of tetanic stimulation. The peak
EJP amplitude (12.7 mV in the second tetanus vs 11.9 mV in the
first tetanus) and [Ca2�]i accumulation (1.09 �M in the second
tetanus vs 1.07 �M in the first tetanus) were not influenced.
Nevertheless, KB R7943 still accelerated Ca2� removal (�slow �
3.41 min in the second tetanus vs 4.69 min in the first tetanus) and
PTP decay (� � 2.79 min vs the control value of 3.4 min) (Fig. 3).
These effects are similar to those occurring when KB R7943 was
present throughout the second tetanus (Fig. 2, Table 1).

Taken together our results show that plasma membrane Na�/
Ca2� exchange operates in reverse mode (admitting Ca2� into
nerve terminals) during and for some minutes after tetanic stim-
ulation, attributable to the presynaptic accumulation of Na�,
contributing to tetanic [Ca2�]i accumulation and EJP potentia-
tion and slowing post-tetanic Ca2� removal and PTP decay.
Blocking this process then reduces tetanic [Ca2�]i accumulation
and EJP potentiation and speeds Ca2� removal and PTP decay.

Tetanic Na� accumulation reverses plasmalemmal
Na�/Ca2� exchange and prolongs PTP
The operation of Na�/Ca2� exchange in reverse mode in PTP is
further supported by our measurements of [Na�]i and [Ca2�]i

changes during and after tetanic stimulation (Fig. 4, Table 1). We
have performed such measurements on small individual presynap-
tic boutons and with greater accuracy on larger preterminal nerve
branches. Tetanic stimulation causes [Na�]i to rise from 7 to 80 mM

and [Ca2�]i to rise from 0.13 to 1.15 �M. [Ca2�]i recovers to only
slightly above resting levels within 2–5 min after the tetanus (Tang
and Zucker, 1997), whereas [Na�]i relaxes more slowly to pretetanic
levels (�Na � 8.52 � 1.92 min, p 	 0.05, vs �Ca � 5.71 � 0.69 min).

Na�/Ca2� exchange involves the movement of three Na� ions
in one direction in exchange for one Ca2� ion in the opposite
direction. Because there is a net transport of charge, the process
is not electroneutral and depends on membrane potential as well
as the Na� and Ca2� gradients across the membrane (Blaustein
and Lederer, 1999). The direction of Ca2� flux can be outward
(normal mode) or inward (reverse mode), according to whether
the difference (
�) between membrane potential (Vm) and the
equilibrium potential for Na�/Ca2� exchange (ENa/Ca) is nega-
tive or positive:


� � Vm � ENa /C a ,

ENa /C a � 3ENa � 2EC a,

Figure 1. EJP amplitude (A), [Ca 2�]i (B), and [Na �]i (C) measured
before, during, and after 10 min, 20 Hz tetanic stimulation (Tet). The
[Na �]i measurements were from a separate experiment.
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where ENa/Ca depends on the Nernst potentials for Na� (ENa)
and Ca2� (ECa):

ENa �
RT
F

ln
�Na��o

�Na��i

EC a �
RT
2F

ln
�Ca2��o

�Ca2��i
.

From measurements of changes in [Na�]i, and [Ca2�]i during and
after stimulation, and with [Na�]o � 205 mM and [Ca2�]o � 13.5
mM, ENa/Ca can be calculated. When compared with measurements
of Vm (Fig. 4), it can be seen that the 
� is negative at rest (when
Vm � �70 mV and ENa/Ca � �42 mV, 
� � �28 mV), but rapidly
goes positive during tetanic stimulation (when Vm � �80 mV and
ENa/Ca � �177 mV, 
� � �93 mV). The hyperpolarization of
nerve terminals during tetanic stimulation is caused by operation of

Table 1. Effects of KB R7943 and CGP 37157 on presynaptic [Ca2�]i and short-term synaptic enhancement

Measurement

Control KB R7943 (20 �M) CGP 37157 (25 �M)

First Second Before drug After drug Before drug After drug

Pretetanic EJP amplitude (mV) 0.22 � 0.02 0.23 � 0.02 (8) 0.17 � 0.03 0.17 � 0.02 (8) 0.19 � 0.02 0.20 � 0.02 (6)
Peak EJP amplitude during tetanus (mV) 10.54 � 0.41 10.51 � 0.41 (8) 11.93 � 0.75 9.77 � 0.80 (8)** 10.28 � 1.0 10.48 � 1.0 (6)
EJP amplitude 1 min after tetanus (mV) 1.53 � 0.13 1.63 � 0.11 (8) 1.55 � 0.18 0.79 � 0.12 (8)** 1.03 � 0.10 1.15 � 0.14 (6)
EJP amplitude 5 min after tetanus (mV) 0.68 � 0.093 0.65 � 0.063 (8) 0.79 � 0.17 0.38 � 0.08 (8)* 0.76 � 0.09 0.74 � 0.07 (6)
PTP decay time constant (min) 4.84 � 0.51 4.62 � 0.41 (8) 4.75 � 0.31 3.22 � 0.43 (8)** 4.12 � 0.30 4.19 � 0.33 (6)
Pretetanic [Ca2�]i (�M) 0.15 � 0.02 0.16 � 0.03 (4) 0.15 � 0.02 0.15 � 0.01 (5) 0.15 � 0.02 0.17 � 0.03 (4)
Peak [Ca2�]i during tetanus (�M) 1.54 � 0.09 1.57 � 0.13 (4) 1.65 � 0.16 1.34 � 0.13 (5)** 1.53 � 0.05 1.52 � 0.06 (4)
[Ca2�]i 1 min after tetanus (�M) 0.78 � 0.07 0.78 � 0.08 (4) 0.78 � 0.02 0.55 � 0.03 (5)** 0.77 � 0.01 0.78 � 0.01 (4)
[Ca2�]i 5 min after tetanus (�M) 0.34 � 0.04 0.34 � 0.01 (4) 0.40 � 0.04 0.26 � 0.043 (5)* 0.36 � 0.04 0.33 � 0.03 (4)
Slow [Ca2�]i decay time constant (min) 5.66 � 0.62 5.63 � 1.45 (4) 5.71 � 0.69 3.30 � 0.71 (5)* 5.07 � 1.48 5.93 � 1.03 (4)
Pretetanic [Na�]i (mM) 7.93 7.67 7.91 � 0.67 7.96 � 0.75 (3)
Peak [Na�]i during tetanus (mM) 80.6 80.5 80.6 � 5.32 82.6 � 3.27 (3)
[Na�]i 5 min after tetanus (mM) 33.2 36.4 36.8 � 4.34 57.7 � 2.47 (3)*
[Na�]i decay time constant (min) 7.66 7.19 8.52 � 1.92 13.44 � 2.08 (3)*

Postsynaptic EJP amplitude and presynaptic [Ca2�]i or [Na�]i in boutons were measured before and after tetanic stimulation. Data: mean � SE; numbers of measurements
in parentheses; significant changes by Student’s paired t test; *p 	 0.05; **p 	 0.01.

Figure 2. Effects of KB R7943 on [Ca 2�]i , [Na �]i , and PTP. The first tetanus was given in normal saline and the second one in the presence of 20 �M
KB R7943 (reverse mode plasmalemmal Na �/Ca 2� exchange inhibitor). A, B, Tetanic [Ca 2�]i and EJP amplitude were reduced in 20 �M KB R7943.
C, D, Running averages of five post-tetanic [Ca 2�]i measurements and eight post-tetanic EJP amplitudes in control saline (F) and 20 �M KB R7943 (E).
E, F, Tetanic [Na �]i and running average of three post-tetanic [Na �]i measurements in control crayfish saline (F) and 20 �M KB R7943 (E).
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the Na�/K� pump (Wojtowicz and Atwood, 1985), which extrudes
three Na� ions for each two K� ions admitted. 
� remains positive
for some 15 min after stimulation, even rising slightly immediately
post-tetanically because [Ca2�]i recovers more rapidly than
[Na�]i. These data show that the plasma membrane Na�/Ca2�

exchanger should run in normal mode at rest, extruding Ca2� from
cytoplasm, but in reverse mode during and for some time after
tetanic stimulation, admitting Ca2� ions from outside, increasing
the tetanic rise in [Ca2�]i, potentiating synaptic transmission,
slowing the post-tetanic recovery of [Ca2�]i, and prolonging PTP.

Figure 3. KB R7943 application delayed until the end of tetanic stimulation. A, B, Tetanic [Ca 2�]i and EJP amplitude were unchanged when applying
20 �M KB R7943 at the end of a 20 Hz tetanus. C, D, Running averages of three post-tetanic [Ca 2�]i measurements and two post-tetanic EJP amplitudes
in control saline (F) and 20 �M KB R7943 (E). E, F, Tetanic [Na �]i and post-tetanic [Na �]i measurements in control crayfish saline (F) and when
applying 20 �M KB R7943 at the end of the tetanus (E).

Figure 4. Relationship between the membrane
potential (Vm ) and calculated Na �/Ca 2� ex-
change equilibrium potential (ENa/Ca ) before,
during, and after 10 min, 20 Hz tetanic stimula-
tion. Top panel shows average [Na �]i (E, n � 7)
and [Ca 2�]i (F, n � 8) in primary and secondary
branches of the exciter axon (lef t) or in terminal
boutons (right). Bottom panel shows the calculated
ENa/Ca (E) and measured Vm (�, n � 4); it indi-
cates that during the tetanus and PTP phase, the
Na �/Ca 2� exchange operates in reverse mode.
Tetanic and PTP periods are indicated by differ-
ent shading patterns (tetanic period o; PTP p).
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Mitochondrial Na�/Ca2� exchange does not appear to
participate in PTP
In addition to the plasmalemmal Na�/Ca2� exchanger, mito-
chondrial Na�/Ca2� exchange might also play a role in PTP. We
probed this possibility with CGP 37157, a specific inhibitor of
mitochondrial Ca2� efflux (IC50 � 0.36 �M cytoplasmic concen-
tration) (Cox et al., 1993). If mitochondrial Na�/Ca2� exchange
regulates [Ca2�]i in PTP, then with sufficient tetanic Na� accu-
mulation, mitochondrial Na�/Ca2� exchange might transport
Ca 2� into the cytoplasm, increasing [Ca2�]i accumulation and
EJP potentiation and retarding the post-tetanic decay of [Ca2�]i

and PTP. Block of this process would then reduce tetanic cyto-
plasmic [Ca2�]i accumulation and synaptic transmission, and
[Ca2�]i and PTP would decay more rapidly. Contrary to this
scenario, we found that 25 �M CGP 37157 applied 20 min before
a tetanus and left on until at least 20 min after the end of the
tetanus was completely without effect on the pretetanic, tetanic,
and post-tetanic [Ca2�]i changes and baseline transmission or
PTP (Fig. 5, Table 1). Because the EJP during tetanic stimulation
reflects facilitation and augmentation as well as potentiation
(Zucker, 1989), these processes were all apparently unaffected.

Plasmalemma Ca2� ATPase does influence PTP
Transport inhibitory peptide (XIP) is another blocker of Na�/
Ca2� exchange (Li et al., 1991), which binds to a cytoplasmic
autoinhibitory calmodulin-binding domain of the exchanger with
IC50 � 1.7 �M (Xu et al., 1997). This agent must be injected into
presynaptic nerve terminals, so it is impractical to measure
[Ca 2�]i and synaptic transmission in the same preparations be-
fore and after drug administration. We therefore compared

[Ca2�]i responses with tetanic stimulation in two groups of ex-
periments (different from those used to record effects on EJPs), in
one of which XIP had been injected to an estimated concentra-
tion of �5–10 �M. If Na�/Ca2� exchange operates in reverse
mode in a tetanus, we would expect block of this process to
reduce [Ca2�]i accumulation and EJP potentiation and speed
post-tetanic Ca2� removal and PTP decay. In fact, we observed
just the opposite effects (Fig. 6A, Table 2).

One explanation of these results is that XIP also blocks the
plasma membrane Ca2� ATPase at similar levels (2.5 �M) to
those blocking Na�/Ca2� exchange (Enyedi and Penniston,
1993). Block of Ca2� efflux by this route should increase [Ca2�]i

accumulation and EJP potentiation and retard post-tetanic Ca2�

removal and PTP decay, as we observed. To test this explanation,
we used a different inhibitory peptide, C28R2, an agent that is
somewhat more effective in blocking the plasmalemma Ca2�

ATPase (IC50 � 1 �M) (Enyedi and Penniston, 1993) than Na�/
Ca 2� exchange (IC50 � 6.2 �M) (Xu et al., 1997). Presynaptic
injection of this inhibitor to �1–5 �M had effects identical to
those of XIP (Fig. 6B, Table 2), suggesting that both act mainly
on the Ca2� ATPase to increase [Ca2�]i accumulation and EJP
potentiation and retard post-tetanic Ca2� removal and PTP
decay.

Increasing [Na�]i with ouabain acts on plasmalemmal
Na�/Ca2� exchange
The results of Figures 2–4 and Table 1 suggest that tetanic Na�

accumulation activates the Na�/Ca2� exchanger in reverse
mode, enhancing tetanic Ca2� accumulation and prolonging its
post-tetanic decay. Previous results also implicated Na�/Ca2�

exchange as a target for Na� action in PTP, but they did not
distinguish mitochondrial from plasmalemmal Na�/Ca2� ex-
change (Mulkey and Zucker, 1992). It was shown, for example,
that elevation of presynaptic [Na�]i by block of the Na�/K�

ATPase with ouabain (Delaney and Tank, 1994) led to an in-
crease in [Ca 2�]i and EJP amplitude. We have now used the
mitochondrial Na�/Ca2� exchange inhibitor CGP 37157 and the
plasmalemmal Na�/Ca2� exchange inhibitors KB R7943 and
XIP to identify the target of Na� action on [Ca2�]i when
ouabain is used to elevate [Na�]i (Fig. 7).

The Na�-dependent increases in [Ca2�]i and EJP amplitude
were blocked almost completely by inhibitors of the plasma mem-
brane exchanger but were affected very little by inhibition of
mitochondrial Na�/Ca2� exchange. We also tested the effect of
C28R2 on Na�-dependent [Ca2�]i elevation and EJP potentia-
tion and found it to have a modest blocking effect (Fig. 7). C28R2
is most effective in blocking the plasmalemma Ca2� ATPase, but
it also inhibits plasmalemmal Na�/Ca2� exchange to some ex-
tent, as indicated above. In ouabain, with no tetanic stimulation,
the only source for a rise in [Ca 2�]i is by reverse mode Na�/
Ca 2� exchange, and its inhibition would prevent a rise in [Ca2�]i.
Under these circumstances, with Ca2� accumulation reduced,
inhibition of the Ca2� ATPase should have little effect, and this
accounts for our observation of reduced Ca2� accumulation in
ouabain in the presence of C28R2. This is the opposite of the
effect of C28R2 on Ca2� accumulation and EJP potentiation in a
tetanus, where its major action is to reduce the Ca2� ATPase-
dependent extrusion of Ca2� that has entered through voltage-
dependent Ca2� channels in the tetanus (Fig. 6).

Figure 5. Effects of mitochondrial Na �/Ca 2� transport inhibitor CGP
37157 on [Ca 2�]i and PTP. The first tetanus was given in normal saline
and the second one in the presence of 25 �M CGP 37157. In 25 �M CGP
37157, [Ca 2�]i (A) and EJP amplitude ( B) were unchanged.
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DISCUSSION
Previous work (Tang and Zucker, 1997) showed that mitochon-
dria accumulate Ca2� during tetanic stimulation and release that
Ca2� back to the cytoplasm post-tetanically at crayfish neuro-
muscular junctions. That work also found no role for uptake or
release of Ca2� from endoplasmic reticulum in PTP. Assuming
that CGP 37157 blocks mitochondrial Na�/Ca2� exchange in
crayfish as effectively as in other preparations, the present study
refines the role of mitochondrial Ca2� transport by excluding
Na�-dependent efflux of Ca2� as a major route of Ca2� flux in

regulating the [Ca2�]i responsible for PTP. Together the results
suggest that Na�-independent modes of Ca2� transport domi-
nate in the tetanic uptake and subsequent post-tetanic release of
Ca 2� by mitochondria. These modes include a Ca2� uniporter
and an apparently distinct rapid mode for uptake, and a
Ca2�/H� exchanger and permeability transition pore for Ca2�

efflux (Gunter et al., 2000; Rizzuto et al., 2000). Our results do
not distinguish among these processes.

Previous work (Mulkey and Zucker, 1992) also implicated
[Na�]i accumulation and activation of Na�/Ca2� exchange in

Figure 6. XIP and C28R2 increase [Ca 2�]i accumulation and potentiation and retard [Ca 2�]i decay in PTP. A, B, EJP amplitudes during the first
control tetanus and the second tetanus after presynaptic injection of inhibitors of plasma membrane Na �/Ca 2� exchange and Ca 2� ATPase: XIP (A)
or C28R2 (B). C, D, Running averages of five ( C) or four (D) post-tetanic EJP amplitudes in control saline (F) and in the presence of inhibitory peptide
(E). E, F, [Ca 2�]i , averages with SEs in controls (F; with no presynaptic peptide injection; n � 7), XIP injections (E in E; n � 4), or C28R2 injections
(E in F; n � 4).

Table 2. Effects of XIP and C28R2 on presynaptic [Ca2�]i and short-term synaptic enhancement

Measurement

XIP C28R2

Control 5–10 �M Control 1–5 �M

Pretetanic EJP amplitude (mV) 0.22 � 0.03 0.23 � 0.03 (5) 0.23 � 0.05 0.24 � 0.04 (4)
Peak EJP amplitude during tetanus (mV) 9.45 � 1.02 14.43 � 1.28 (5)** 9.96 � 1.55 14.94 � 1.62 (4)**
EJP amplitude 1 min after tetanus (mV) 1.13 � 0.19 2.39 � 0.37 (5)** 1.20 � 0.31 2.76 � 0.42 (4)**
EJP amplitude 5 min after tetanus (mV) 0.69 � 0.12 1.47 � 0.26 (5)* 0.68 � 0.17 1.56 � 0.37 (4)
PTP decay time constant (min) 3.78 � 0.46 7.01 � 0.61 (5)** 3.89 � 0.30 8.31 � 0.33 (4)*
Pretetanic [Ca2�]i (�M) 0.16 � 0.05 (7)a 0.15 � 0.04 (4) 0.16 � 0.05 (7)a 0.16 � 0.04 (4)
Peak [Ca2�]i during tetanus (�M) 1.47 � 0.15 (7)a 2.28 � 0.13 (4)‡ 1.47 � 0.15 (7)a 2.38 � 0.13 (4)‡

[Ca2�]i 1 min after tetanus (�M) 0.84 � 0.10 (7)a 1.29 � 0.20 (4)† 0.84 � 0.10 (7)a 1.59 � 0.21 (4)†

[Ca2�]i 5 min after tetanus (�M) 0.41 � 0.04 (7)a 0.69 � 0.10 (4)† 0.41 � 0.04 (7)a 0.89 � 0.12 (4)‡

Slow [Ca2�]i decay time constant (min) 4.77 � 0.96 (7)a 8.78 � 1.04 (4)† 4.77 � 0.96 (7)a 9.07 � 1.15 (4)‡

Data: mean � SE; numbers of measurements in parentheses; significance tested by Student’s paired t test; *p 	 0.05; **p 	 0.01.
aPresynaptic [Ca 2�]i measurements were obtained from boutons in different preparations from controls. Multiple comparisons between groups were tested for significance
by one-way ANOVA with Tukey’s HSD test: †p 	 0.05; ‡p 	 0.01 versus control.
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elevating [Ca2�]i accumulation in PTP and prolonging its re-
moval. However, that work failed to distinguish mitochondrial
from plasmalemmal Na�/Ca2� exchange. The present work iden-
tifies the plasma membrane Na�/Ca2� exchanger as the target of
Na� action and shows that this exchanger operates in reverse mode
to enhance tetanic [Ca2�]i accumulation and EJP potentiation and
to retard post-tetanic Ca2� removal and the decay of PTP.

Mulkey and Zucker (1992) tested for operation of Na�/Ca2�

exchange in reverse mode by tetanically stimulating in a Ca2�-
free solution, then restoring external [Ca2�] and looking for a

rise in [Ca2�]i. No such rise was observed, but it may be that by
the time external Ca2� reached normal levels, [Na�]i levels had
already recovered sufficiently that Ca2� influx via Na�/Ca2�

exchange was minimal.
Studies of Ca2� regulation are limited by the imperfect selec-

tivity of agents available to influence Ca2� regulatory processes.
Thus, in Figure 2, KB R7943 could reduce both Ca2� influx
through voltage-dependent Ca2� channels and the operation of
the Na�/Ca2� exchanger in reverse mode. These actions were
distinguished by administering this drug at the end of the tetanus,
when most Ca2� influx had already occurred normally (Fig. 3),
leaving only effects attributable to block of Na�/Ca2� exchange.
Similarly, XIP and C28R2 act on the plasmalemma ATPase, the
dominant regulator of [Ca2�]i, to reduce its extrusion of Ca2�

ions during and after tetanic stimulation (Fig. 6). However, when
ouabain is used to block Na� extrusion without stimulation (Fig.
7), the rise in [Ca 2�]i is more modest, and the Ca2� ATPase is
less strongly activated. Because the only source of a rise in
[Ca2�]i under these circumstances is through reverse mode Na�/
Ca 2� exchange, it is not surprising that the main effect of XIP
and C28R2 is in blocking this exchange, thus reducing [Ca2�]i

accumulation. All our findings are in accord with the reported
relative effects of KB R7943, XIP, and C28R2 on Na�/Ca2�

exchange, Ca2� channels, and the Ca2� ATPase, as indicated in
detail in Results.

These results allow a qualitative, but not a quantitative, de-
scription of the regulation of [Ca2�]i in PTP at crayfish motor
nerve terminals (Fig. 8). At rest (Fig. 8, 1), the plasma membrane
Na�/Ca2� exchanger operates in the forward mode in concert
with the Ca2� ATPase to keep [Ca2�]i low, whereas the
Na�/K� ATPase maintains [Na�]i levels. During high-frequency
stimulation, presynaptic terminals load with Ca2� and Na� en-
tering through voltage-dependent ion channels (Fig. 8, 2). As
[Na�]i rises, plasmalemmal Na�/Ca2� exchange switches to re-
verse mode, and this becomes another source of Ca2� entry.
During this time the plasma membrane Ca2� ATPase and mito-
chondrial uptake processes work to remove cytoplasmic Ca2�.
Blocking mitochondrial fluxes with tetraphenyl phosphonium or
carbonyl cyanide m-chlorophenyl-hydrazone (Tang and Zucker,
1997) or the plasmalemma Ca2� ATPase with C28R2 or XIP
leads to additional [Ca2�]i accumulation and enhanced transmit-
ter release, whereas blocking reverse mode Na�/Ca2� exchange
with KB R7943 has the opposite effects.

In the first 15 min after a strong tetanus (Fig. 8, 3), the slow
removal of cytoplasmic Na� keeps the plasma membrane Na�/
Ca 2� exchanger operating in reverse and admitting Ca2�. The
plasma membrane Ca2� ATPase works to reduce [Ca2�]i,
whereas Ca2� exits mitochondria by Na�-independent pro-
cesses. If mitochondria are prevented from loading with Ca2�,
the ATPase can remove cytoplasmic Ca2� within seconds, even
in the presence of Ca2� influx through the plasmalemmal Na�/
Ca2� exchanger, and so no PTP is expressed (Tang and Zucker,
1997). Blocking reverse mode plasmalemmal Na�/Ca2� ex-
change speeds Ca2� removal and shortens PTP, whereas block-
ing Ca2� removal by the plasma membrane Ca2� ATPase has
the opposite effects. Finally, when PTP has fully decayed (Fig. 8, 4)
and [Ca2�]i is restored to resting levels, [Na�]i has recovered
sufficiently that plasmalemmal Na�/Ca2� exchange reverts to nor-
mal mode and works with the plasma membrane Ca2� ATPase to
maintain [Ca2�]i at low levels. At some still undetermined point
in period 3 or 4, mitochondria are relieved of their excess Ca2�

and return to their resting state. The time course and magnitude

Figure 7. Effects of transport inhibitors on ouabain-induced [Ca 2�]i
accumulation and enhancement of synaptic transmission. A, Effects of 0.5
mM ouabain on presynaptic [Ca 2�]i and EJP amplitude (n � 6). The
preparations were stimulated at 2 Hz during the experiment, and [Ca 2�]i
was measured every 3 min. Arrows indicate ouabain application (black
arrow) and subsequent washout ( gray arrow). B, C, Response of [Ca 2�]i
and EJP amplitude to 25 �M CGP 37157 (F, n � 6), 20 �M KB R7943
(f, n � 5), or after presynaptic injection of C28R2 (�, n � 5) or XIP
(‚, n � 4), compared with controls (E, n � 6). Drugs blocked the [Ca 2�]i
elevation and EJP enhancement in proportion to their efficacy in blocking
plasmalemmal Na �/Ca 2� exchange.
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of PTP depend, therefore, on an interplay between Na�-
independent mitochondrial Ca2� fluxes, the plasmalemmal Na�/
Ca 2� exchanger operating in both normal and reverse modes, the
plasma membrane Ca2� ATPase, and the plasmalemma
Na�/K� pump.
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