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Abstract: Residual Ca
2+

 can accumulate in the nerve terminal during repetitive stimulation; thus, the basis for short-term 

facilitation (STF). The plasmalemmal Na
+
/Ca

2+
 exchanger [NCX], the Ca

2+
-ATPase (PMCA) and the 

sarcoplasmic/endoplasmic reticulum Ca
2+

-ATPase (SERCA) on the endoplasmic reticulum are three important Ca
2+

 

regulatory processes in controlling [Ca
2+

]i. The role of these [Ca
2+

]i regulators in the development and maintenance of 

STF was addressed at the neuromuscular junction. When the NCX is compromised by reduced [Na
+
]o, the EPSP 

amplitudes decrease, but with KB-R7943 (a reverse blocker of NCX) the amplitude increases. Compromising the PMCA 

with pH 8.8 produces an increase in EPSP amplitudes, but treatments with carboxyeosin (a blocker of PMCA) produced 

mixed results. Blocking the SERCA increases EPSP amplitudes. Facilitation was only slighted altered in some conditions 

with these manipulations. The results support the view that release is not saturated during a plateau phase of STF since the 

terminal is able to reach a new plateau with higher stimulation frequency or an altered [Ca
2+

]i. Multiple approaches in 

compromising the NCX and PMCA are presented. These findings are significant because there is a rapid alteration in 

transmission when compromising Ca
2+

 extrusion mechanisms during STF. 
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INTRODUCTION 

 Chemical synaptic transmission is well established, from 
insects to mammals, to be dependent on the extracellular 
calcium levels [1-3]. A power relationship of 3 to 5 exists for 
the influence of calcium on transmitter release for a number 
of preparations [4,5]. Transmission is generally enhanced 
with an increase in [Ca

2+
]i in the presynaptic terminal. In 

addition, residual Ca
2+

 due to previous evoked activity can 
accumulate which is the basis for short-term facilitation 
(STF) [6-8]. Pumps and the sodium/calcium exchanger 
(NCX) can rapidly regulate [Ca

2+
]i; thus, having an effect on 

the rise and decay of [Ca
2+

]i and on the dynamics of residual 
[Ca

2+
]i [9, 10]. Calcium binding proteins also alters the time 

course of residual [Ca
2+

]i [7,11]. 

 The release of Ca
2+

 from internal stores such as smooth 
endoplasmic reticulum (ER), mitochondria, Golgi apparatus, 
synaptic vesicles, and calcium bound to molecules, such as 
calmodulin [12], can account for background [Ca

2+
]i that 

might well play a role with sustained stimulation 
frequencies. Release of Ca

2+
 from ER can be regulated by 

inositol 1,4,5-trisphosphate (IP3) [13-15] and possible other 
mediators: activation of ryanodine receptors, cyclic adeno-
sine diphosphate-ribose (cADPR), NAADP, ryanodine, 
caffeine, or Ca

2+
 itself (the so-called Ca

2+
-induced Ca

2+
-

release or CICR) [16-22]. Since activation of ryanodine 
receptors within presynaptic nerve terminals is known to 
alter evoked transmitter release [23], this would suggest that 
there is an uptake into the ER by the sarcoplasmic/  
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endoplasmic reticulum Ca
2+

-ATPase (SERCA). Dropic et 
al., [18] also demonstrated that adenophostin-A (a stable 
analog of IP3) and caffeine enhanced transmitter release at 
the crayfish neuromuscular junction which unloads Ca

2+
 

from the ER. This general phenomena is likely a 
commonality among motor nerve terminals since electron 
microscope spectroscopic imaging in frog motor nerve 
terminals revealed the presence of Ca

2+
-loaded smooth ER, 

mitochondria, SER and synaptic vesicles [24]. 

 The NCX, PMCA and SERCA are all well established to 
have rapid effects on synaptic transmission and the 
associated facilitation and/or depression, for particular 
synaptic preparations, when their activity is inhibited [25-
28]. [Ca

2+
]i during stimulation is dependent on the electro-

chemical driving gradients on the voltage-dependent Ca
2+

 
channels (Ca

2+
V) but also on the distribution and density of 

these channels as well as others (i.e., KCa channel) that 
regulate depolarization of the membrane [29]. Evidence 
suggests that within synapses the Ca

2+
V channels are 

localized within an area around the "active zone". They are 
recruited for transmission when stimulation is sufficient. 
Depending on the number of AZs within a synapse and the 
number of synapses within a length of nerve terminal, the 
amount of Ca

2+
 entry within the terminal during 

depolarization may be restricted locally or more diffuse. 
Structural differences of synapses such as the size of the AZ 
(i.e. the length of the dense bar) and spacing between AZs on 
the synapse can influence the resulting [Ca

2+
]i, thus 

regulating vesicular release [7,30-32]. The synaptic 
complexity at the crayfish NMJ has been fairly well 
described by direct structure-function studies with serial 
electron micrographic reconstruction on physiologically 
recorded terminals [30,32-37]. Furthering knowledge in 
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understanding the Ca
2+

 regulation, during STF, allows one to 
build on this past knowledge in synaptic structure and 
efficacy to model the terminal in relation to vesicle kinetics 
and spatial organization of proteins and organelles that could 
have an impact on STF. 

 With repetitive stimulation in terminals which do not 
rapidly depress, such as for the crayfish tonic opener motor 
neuron, STF [8] as well as LTF [38] can be induced. With 
short pulse trains, the excitatory postsynaptic potentials 
(EPSP) may reach a plateau in their amplitude [39,40]; 
however, with a higher frequency of stimulation a new 
plateau in the EPSP amplitude will be obtained. Even though 
the electrochemical driving gradient for the EPSP is still 
sufficient to result in larger potentials, a plateau in the EPSP 
amplitude occurs. This is because the number of vesicles 
fusing is regulated but not limiting. The [Ca

2+
]i increase 

during the stimulation train, but it is presumed that 
equilibrium is reached with the influx, buffering and 
exchange mechanisms to result in a steady state of vesicle 
docking and fusion [2]. This suggests vesicles rapidly refill 
and/or that they are replenished from a reserve pool as not to 
deplete filled vesicles for a readily releasable pool. With a 
transition to a higher stimulation frequency it is likely a new 
equilibrium is established at a higher [Ca

2+
]i. The higher 

stimulation rate also results in a faster rise in [Ca
2+

]i, thus 
resulting in a faster rise of the EPSPs to the plateau level. 
This phenomenon may in part be due a lingering residual 
[Ca

2+
]i or even to an increase in [Ca

2+
]i induced enhancement 

by the NCX working in reverse due to the high influx 
through the evoked Na

+
V channels, thus resulting in a faster 

steady state process. One might assume, a limitation in the 
number of vesicles that can be released at the AZs within a 
short period accounts for a steady state. Such an anatomical 
limitation in the number of active zones may also be the 
rational for higher-output terminals associated with phasic 
motor nerves terminals which do not facilitate as much as 
lower-output tonic motor nerve terminals [41,42]. However, 
a limitation in vesicular docking does not appear to be a 
factor for 20 pulse trains of 20, 40 and 60Hz stimulation 
rates since application of the neuromodulator 5-HT produces 
more vesicles to fuse presynaptically (i.e., an increased 
probability) during these evoked stimulus trains [43]. 

 The purpose of this study was to determine if the release 
process during the plateau phase of STF is in part balanced 
by the NCX, PMCA and SERCA. In addition, we were 
interested to know to what extent these proteins function to 
induce STF. Since the crayfish is not amenable to genetic 
manipulation, as other model organisms, such as the fruit fly, 
we used pharmacological and ionic manipulations to 
compromise the function of these three Ca

2+
 regulatory 

proteins. We did perform a comparable study at the 
Drosophila NMJ earlier [44]. Herein we compared different 
approaches to target the same protein to address if the 
approaches are complimentary to each other. One approach 
in dampening the function of the NCX is by reducing the 
driving gradient of Na

+
 into the terminals by using a lower 

[Na
+
]o; however, we were concerned that this could have an 

impact on the shape of the action potential which would 
indirectly effect Ca

2+
V channels. To address this issue, we 

measured, with intracellular electrodes, the shape of the 
action potential in the pre-terminal axons before and during 
[Na

+
]o manipulations. Previous experiments by Hodgkin and 

Katz [45] in the giant axon of the squid have shown that 
reducing the [Na

+
]o produced a significant change in the 

amplitude of the action potentials while alterations in the 
resting membrane potential was comparatively small. These 
experiments were done in the squid, where the [Na

+
]o is 

more than twice that for the fresh water crayfish, so the 
results cannot be extrapolated directly to the crayfish without 
being first tested. The crayfish opener NMJ serves as a good 
model for synaptic physiology since the postsynaptic 
responses are graded, shows pronounced STF, and the 
amplitude of the EPSPs are directly related to the 
presynaptic efficacy.  

MATERIALS AND METHODS 

General 

 All experiments were performed using the first and 
second walking legs of freshly obtained crayfish, 
Procambarus clarkii, measuring 6-10 cm in body length 
(Atchafalaya Biological Supply Co., Raceland, LA). 
Animals were housed individually in an aquatic facility and 
fed dried fish food. Dissected preparations were maintained 
in crayfish saline, a modified Van Harreveld's solution (in 
mM: 205 NaCl; 5.3 KCl; 13.5 CaCl2.2H2O; 2.45 
MgCl2.6H2O; 5 HEPES adjusted to pH 7.4). Crayfish were 
induced to autotomize the first or second walking leg by 
forcefully pinching at the merus segment. Details of the 
dissection and equipment used are shown in video format 
[46]. 

Chemicals 

 All chemicals were obtained from Sigma chemical 
company (St. Louis, MO) with the exception of thapsigargin 
and KB-R7943 which were obtained from Tocris (Ellisville, 
MO) and 5,6-carboxyeosin from Marker Gene Technologies 
Inc. (Eugene, OR). 

 To reduce the driving force for the NCX a saline with a 
reduction of [Na

+
]o by two-thirds was used. The Na

+
 was 

substituted by choline chloride to balance osmolarity. In 
order to inhibit the PMCA, the pH of saline is raised to 8.8 
from its normal value of 7.4. Thereafter, in order to study a 
compromised NCX and PMCA, the concentration of Na

+
 in 

the saline is reduced by 2/3
rds

 and pH held at 8.8. Reduction 
in function of the SERCA was approached by exposure to 
thapsigargin (TG) (10 μM) for 10 minutes while providing 
stimulus pulse trains [47]. We also compared a reduction in 
2/3

rds
 [Na

+
]o to the reverse NCX blocker ( KB-R7943; 40 

M) for any potential effects. KB-R7943 is known to block 
the influx, but not the efflux, of Ca

2+
 through the NCX in rat 

myocytes (5 mol/L within 15 seconds, [48]). To examine 
the difference of inhibiting the PMCA by pH8.8 and a 
pharmacological approach carboxyeosin (CE) was used. It 
was shown that 5 M is sufficient to inhibit PMCA in rats 
and in guinea pigs [49]. Therefore, we used this 
concentration and incubated the preparation for 10 minutes. 

Physiology 

 To elicit an evoked response, the excitatory axon was 
selectively stimulated by placing a branch of the leg nerve 
(from the merus segment) into a suction electrode connected 
to a Grass stimulator [50]. STF was obtained by giving a 
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train of 10 or 20 pulses at 10 or 20 second intervals, 
respectively, to the excitatory nerve. The frequency of 
stimulation within the train varied depending on the 
paradigm (20, 40, 60 and/or 80 Hz). Intracellular EPSP 
recordings were performed by standard procedures 
[36,40,51,52].  

 In order to examine if the reduced [Na
+
]o had an effect on 

the shape of the presynaptic action potential, the preterminal 
of the excitatory axon in the walking leg opener muscle was 
impaled with sharp intracellular electrode filled with 3 M 
KCl. The neuromuscular junctions were exposed in situ and 
bathed in a physiological saline. The motor nerve, in the 
merus segment, was stimulated by placing it into a suction 
electrode which was connected to a stimulator. Stimulations 
were given at a frequency starting from 0.5 Hz and if the 
recording started in normal saline with the stimulation just 
slightly greater than threshold of activation. The stimulation 
intensity had to be increased as the [Na

+
]o was reduced. The 

responses were obtained at a 20 KHz acquisition rate. 
Initially the preparation was maintained in normal crayfish 
saline and stimulated. After every 200 stimulations 
(delivered at 0.5Hz) the external saline was replaced by one 
with a different [Na

+
]o. Six salines with reduced Na

+ 

concentrations from the normal saline were used (see Table 

1). When Na
+ 

was reduced, the osmolarity was maintained 
by replacing it with choline chloride. The six different 
salines with the amounts of NaCl and choline chloride used 
for each are shown in Table 1. An agar bridge (1.5% agar in 
normal crayfish saline) was used to keep the action potential 
amplitudes from fluctuating when the saline was changed. 
Electrical signals were recorded to a on line Power Mac 
9500 via a MacLab/4s interface. 

Analysis 

 To index facilitation, the ratio in the peak amplitude of 
the EPSP for one of the preceding pulses from the last one 
within the stimulus train was used. A unitary value of 1 was 
subtracted from the ratio to provide a facilitation index (FI). 
The subtraction of one ensures that if no facilitation is 
present (i.e., the amplitudes of the responses are the same), 
FI will be zero. In addition, the amplitudes of the plateau 
EPSPs were compared within preparations at different 
stimulation frequencies by procedures previously described 
[40]. Statistics employed were either the Student’s t-test or a 
Wilcoxon paired rank sum test (a non-parametric test). 

RESULTS 

Opener Muscle and STF 

 The opener muscle is divided in three general regions: 
distal, central and proximal. Even though the entire open 
muscle is innervated by a single motor neuron, the NMJs are 

structurally different and have regional specific differences 
in synaptic efficacy in these three general regions [30,36]. 
The muscle fiber phenotype type has also been shown to be 
different in these regions [53,54]. For these reasons, the most 
distal fibers were used (Fig. 1A). The STF induced by a 
series of pulses delivered at different frequencies to the 
opener motor neuron produces a train of EPSPs that initially 
facilitate and then reach a quasi-stable state which produces 
a plateau in the amplitude of the responses. The opener 
muscle preparation and the responses for 20 stimulus pulses 
delivered at 20, 40, and 60 Hz stimulation trains are shown 
in Fig. (1B) and 30 pulses at 40 Hz in Fig. (1C). The rate of 
the increase in the EPSP amplitude and the amplitude of the 
plateau increases as the stimulation rate increases.  

 Given the amplitudes of the EPSPs are fairly consistent 
after the 20

th
 pulse in the 20 Hz stimulation paradigm one 

might predict that the rate of vesicle recycling might have 
reached a maximum; however stimulating at a higher 
frequency the EPSPs amplitudes increase and reach a new 
plateau level (Fig. 1B, C). Thus, the rate of vesicle recycling 
likely increases during the onset of STF which is followed 
by a steady state vesicle recycling during the plateau of the 
amplitudes. 

 The changes in the plateau level in the EPSP amplitude 
with frequency of stimulation is even more pronounced 
when the bathing saline is switched to one containing 2/3

rd
 

[Na
+
]o. The depression in the amplitudes is substantial for all 

the amplitudes within the train. However, only subsets of the 
EPSPs are analyzed for quantitative purposes (i.e., 1

st
, 5

th
, 

10
th

, 15
th

, 20
th

, 25
th

 and 30
th

 events). The change in the EPSP 
amplitudes for each preparation was decreased in 8 out of 8 
preparations for all EPSP amplitudes measured (P<0.05, 
Wilcoxon rank-sum test). In comparing the responses among 
preparations a percent change from saline exposure to a 
reduced NCX state was determined. A percent is used since 
the absolute EPSP amplitudes varied among preparations. 
The means in the percent differences for the various events 
within the train were decreased (Fig. 2; P<0.05, Student’s 
paired t-test).  

 The rate of reaching a plateau response is indicated by 
the facilitation index taken at various EPSPs within the train 
(Fig. 3A). Also the facilitation index suggests that the 
response reaches a plateau by about the 10

th
 event in normal 

[Na
+
]o and with choline chloride containing saline. Thus, the 

effect of reducing the NCX results in an alteration early in 
the initiation of STF but not throughout the train. Since there 
is substantial variation in the FI for A30/A5, the individual 
preparations are compared for their absolute change (Fig. 
3B). Here 7 out of 8 preparations increased in FI with the 
reduced [Na

+
]o. To further compare subtleties in the FI, a 

percent change in the various FI values is shown (Fig. 3C). 
No significant differences are present. 

Table 1. Composition of Saline with Reduced Na
+
 and Compensated with Choline Chloride 

 100% Na+ 

(Normal Saline) 

80% Na+ 66.66% Na+ 50% Na+ 33.33% Na+ 20% Na+ 

NaCl 205 mM 164 mM 136.65 mM 102.5 mM 68.32 mM 41 mM 

Choline 

Chloride 

NA 41 mM 68.3 mM 102.5 mM 136.53 mM 164 mM 
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Effects on the Action Potential when Lowering [Na
+
]o  

 In order to study the influence of decreasing [Na
+
]o on 

the size of the action potential in the presynaptic neuron, 
intracellular recordings were carried out on the crayfish tonic 
motor neuron which innervates the opener muscle in the first 
walking leg, while changing the [Na

+
]o. The axon 

(preterminal) was impaled as close to the terminal string of 
varicosities as possible (Fig. 4A). The action potential was 
typically in the range of 60 to 80 mV in amplitude with 
approximately -74 mV for a resting membrane potential 
(Fig. 4B). The [Na

+
]o was decreased successively from 100% 

to 20% in respect to the concentration in normal crayfish 

 

Fig. (1). (A) The schematic of the opener muscle in the crayfish walking leg in which the distal muscle fibers were recorded with an 

intracellular electrode (black arrow). (B) EPSPs in response to a train of 20 stimulation pulses given at three different frequencies 20, 40 and 

60 Hz in normal crayfish saline. (C) The measurement in the amplitudes of the EPSPs was obtained by the difference in the potential prior to 

the event to the peak, as shown for the 15
th

, 20
th

, 25
th

 and 30
th

 events in a 40 Hz stimulus train.  

 

 

Fig. (2). Composite Fig. (showing percent change in EPSP amplitude before and in the presence of 2/3
rd

 reduced [Na
+
]o. (mean ±SEM; N=8 

preparations). 
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saline (205 mM). The amplitude was seen to drop on an 
average by 35% when the [Na

+
]o was reduced to 20%. The 

resting membrane potential (RP) was also measured at each 
of the different [Na

+
]o. At each [Na

+
]o the RP only dropped 

(more negative) by a couple of mVs. From normal [Na
+
]o to 

1/3
rd

 reduction there was an average decrease of 3.6 mV 
(SEM ± 0.7) and from normal to 2/3

rd
 reduced [Na

+
]o there 

was an average decrease of 4.0 mV (SEM ±1.4) (see Table 

2). Generally the RP became more negative as the [Na
+
]o 

was decreased. Although the maximum drop in RP was not 
consistent for a particular [Na

+
]o but the RP did drop in 5 out 

of 5 experiments when the [Na
+
]o was reduced from the 

initial concentration (P<0.05, Wilcoxon rank-sum test). 
There is a significant reduction (P<0.05, One Way Repeated 

Measures ANOVA at 2/3
rds

 [Na
+
]o. This reduction is still 

above the level to activate the Ca
2+

V channels. The effect of 
lowering [Na

+
]o on the amplitude of the action potential is 

shown for a representative preparation (Fig. 4C). Note the 
linear drop in amplitude up to the 2/3

rds
 reduction. Further 

reduction in [Na
+
]o resulted in a drastic drop in the action 

potential amplitude.  

Table 2. Observed and Theoretical Values for the Resting 

Membrane Potential in the Axon when [Na
+
]o is 

Varied 

% Na+ in 

Saline 

100% 80% 66.6% 50% 33.3% 20% 

Theoretical RP -96 -97 -97 -97 -97 -97 

Observed RP -73 -76 -78 -80 -77 -77 

 

Fig. (4). (A) Light micrograph showing the axon innervating the 

crayfish walking leg. The preparation was stained using 4,2-DiASP 

for representative purposes, but the physiological preparations were 

not stained prior to recording. Note the string of varicosities on the 

muscle showing that indeed the axon is preterminal. The black 

arrow indicates the region where the axon is impaled with a 

recording intracellular electrode. (B) The action potential trace 

recorded from the excitatory nerve. (C) The change in the 

amplitude (in mV) of the action potential as the [Na
+
]o is changed 

for a representative preparation. The [Na
+
]o is expressed in percent 

of [Na
+
]o in normal crayfish saline which is 205mM.  

 
Fig. (3). Facilitation index (FI) in presence of normal and 2/3

rd
 

reduced (low) [Na
+
] o. The FI is compared for a subset of the 

EPSPs with a 30 pulse train (A). There is only a significant 

difference in FI among the A30/A5 index (B). (C) Composite Fig. 

(showing percent change in the facilitation index before and in the 

presence of 2/3
rd

 reduced [Na
+
]o. Facilitation Index [(A30/Ax)-1] 

(where x is amplitude indicated). (mean ±SEM; N=8). 
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Theoretical Calculations 

 In order to determine if the reduced [Na
+
]o follows a 

predicted decrease in the resting membrane potential a 
theoretical estimation was made. Previously, ion 
permeabilities of Na

+
 and K

+
 were determined in the crayfish 

giant axon by Strickholm and Wallin [55], and the results of 
the study indicated that when [K

+
]o= 5.4 mM the value of 

PNa/PK is 2.4 X 10
-3

. Moreover, an updated value was 
determined by Strickholm [56] states PNa/PK value as 1.44 X 
10

-3
. Using the values of PNa/PK one can calculate the change 

in resting membrane potential with changes in the [Na
+
]o. 

These theoretical values were then compared to the 
experimentally determine values (Table 2).  

 It should be kept in mind that these values for PNa/PK 

have been determined in the crayfish giant axon while the 
experimental results have been obtained from the axon of the 
opener muscle in the walking leg of the crayfish, so there 
might be some discrepancy. But the point of emphasis here 
is that the resting membrane potential does not vary by more 
than 5 mV in each case. This demonstrates that a change in 
[Na

+
]o does not greatly affect the membrane potential. This 

was also shown earlier by Strickholm and Wallin [55], where 

 

Fig. (5). The average percent change in amplitude of action potentials recorded at different [Na
+
]o. The [Na

+
]o is expressed in percent of 

[Na
+
]o in normal crayfish saline which is 205mM. There is a linear reduction in action potential amplitude as the [Na

+
]o is reduced up to a 

2/3
rd

 reduction. The change is not significant until the [Na
+
]o is reduced to 33% of the original [Na

+
]o. When [Na

+
]o is reduced by 2/3

rd
s (to 

33%) of the original concentration, the action potential amplitude decreases by ~17%. When the [Na
+
]o is reduced to 20% of the original 

concentration the amplitude of the action potential drops to about 50%. (P<0.05, Student’s paired t-test, N=5). 

 

Fig. (6). (A) The average percent change in amplitudes recorded in the presence of the reverse NCX blocker KB-R7943. KB-R7943 causes 

an increase in all EPSP amplitudes (P<0.05; Wilcoxon rank-sum test), but the 10
th

, 25
th

 and 30
th

 pulses showing a significant increase as 

grouped data (Student’s paired t-test, n=6, P values as indicated on graph). (B) The facilitation index (FI) in presence of normal saline and 

saline with KB-R7943 did not significantly change. (mean ±SEM). 



Role of NCX, PMCA and SERCA on Synaptic Transmission The Open Physiology Journal, 2010 Volume 3    43 

they varied [Na
+
]o at normal or depolarized membrane 

potentials and in both cases found no appreciable effect on 
the membrane potential occurred. The calculations used the 
following Goldman-Hodgkin-Katz equation: 

E= (RT/nF) ln (PNa[Na
+
]o + PK [K

+
]o ) / ( PNa[Na

+
]i + PK [K

+
]i) 

 The values used were: R= 8.3145 VCmol
-1

K
-1

; T= 273.15 
+ 21°C= 294.15 K; [Na

+
]i =17.4 mM; [K

+
]i = 256 mM; 

[Na
+
]o =variable; [K

+
]o =5.3 mM; PNa/PK=1.44X10

-3
. 

Action of KB-R7943 in Compromising NCX 

 The reduction in [Na
+
]o is one approach to dampen the 

ability of the NCX to extrude Ca
2+

. KB-R7943 is also used 
in other animal models to address a role in the reversal of 
NCX [57]. The action of KB-R7943 was surprising given 
that the EPSP amplitudes increased throughout the response 
train when exposed to this compound. KB-R7943 effects 
showed the same increasing trend in 6 out of 6 preparations 
for EPSP amplitudes (Fig. 6A; P<0.05; Wilcoxon rank-sum 

test). The EPSP amplitudes that were significantly different 
using a paired Student’s t-test are indicated on the graph with 
an star. The calculated FI did not show any significant 
difference for any FI measures (Fig. 6B). 

The Effect on Transmission and STF with Compromised 

PMCA 

 In order to block the function of the PMCA the bathing 
media was switched to one from a normal pH 7.2 to one at 
pH 8.8 while continuing to provide trains of stimuli. The 
initial EPSP within the train rapidly increased (Fig. 7A1; 
P<0.05 paired Student’s t-test). This trend was observed 6 
out of 6 times for all EPSP measures within the response 
train (P<0.05; Wilcoxon rank-sum test). No significant effect 
was observed for the FI (Fig. 7A2). Using carboxyeosin (CE; 
5 M) to inhibit PMCA, as used in rats and in guinea pigs 
[49], did not produce the same result as raising the pH to 8.8. 
CE produced a decrease in EPSP amplitudes for some of the 
preparations. Thus, an overall trend was not consistent. The 

 
Fig. (7). The average percent change in EPSP amplitudes in the presence of saline at pH 8.8 (to inhibit the PMCA) (A1) and the PMCA 

inhibitory drug Carboxyeosin (CE) (B1). The results for pH 8.8 and CE were not similar. The amplitudes increase for pH 8.8 exposure 

(P<0.05, Student’s paired t-test, N=6) but not for the actions of CE. A2 and B2 show the facilitation index (FI) for these two treatments pH 

8.8 and CE respectively. There is no significant change in the FI with these two treatments by either parametric Student’s t-test or Wilcoxon 

rank-sum. (mean ±SEM). 
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percent change in the EPSP amplitudes also indicates the 
varied response in the action of CE (Fig. 7B1). Likewise 
there is no effect on FI (Fig. 7B2). 

The Effect on Transmission and STF with Compromised 

SERCA 

 The Ca
2+

pump on the ER (SERCA) was targeted by a 
pharmacological approach with application of TG (10 μM). 
The preparations were first examined in normal saline and 
then incubated with TG for 15 min without nerve 
stimulation. The amplitude of the EPSPs increased in 6 out 
of 6 preparations (P<0.05; Wilcoxon rank-sum test) by TG 
for the various EPSP amplitudes measured. The percent 
change in the EPSP amplitudes is significant by paired 

Student’s t-test for a subset of amplitudes within the train 
(Fig. 8A). No significant effect was observed for the FI (Fig. 
8B). 

The Combined Effects in Reduced Function of the NCX, 

PMCA and SERCA 

 With use of the pharmacological approaches and ionic 
approaches a composite effect on the channels could be 
compared for synergistic or antagonist effects. Initially the 
effect of TG, 2/3rds reduced [Na

+
]o and pH 8.8 was 

examined. The effects on the EPSP at the start of the train 
were mixed among the preparations with some increasing 
and others showing a decrease. The percent change in the 
EPSP amplitudes further along in the train increased. The 

 

Fig. (8). (A) The percent change in EPSP amplitudes in the presence of saline with thapsigargin (TG), a SERCA inhibitor. A significant 

increase in amplitude of EPSPs is observed throughout the EPSP train starting with the 5
th

 EPSP (Student’s paired t-test, n=6, P<0.05); 

however, by Wilcoxon rank-sum test for each EPSP amplitude, there is a significant increase throughout the train. (B) The facilitation index 

(FI) in presence of TG is not significantly different from saline control. (mean ±SEM). 

 

Fig. (9). (A) The average percent change in EPSP amplitudes in the presence of saline with thapsigargin (TG), 2/3
rd

 reduced [Na
+
]o and pH 

8.8 (to inhibit all three Ca
2+

 related proteins; SERCA, NCX and PMCA). Inhibiting all three proteins causes and increase in the EPSP 

amplitudes, with pulses 10 (A10), 20 (A20) and 25 (A25) showing a significance (P<0.05, Student’s paired t-test, N=6,). (B) The facilitation 

index (FI) when all the three channels /changers are inhibited did not show a significant change. (mean ±SEM). 
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effect was significant after the 10
th

 EPSP within the train 
(Fig. 9A; P<0.05, Student’s paired t-test, N=6). The 
facilitation index (FI) did not significantly change (Fig. 9B). 

 Comparing the effects of pharmacological agents and 
ionic treatments to the altered function in the NCX and 
PMCA are compared individually. The effect of inhibiting 
PMCA by pH 8.8 treatments and exposure to CE produced 
somewhat similar effects in increasing the EPSP amplitudes 
except for the initial EPSP amplitudes of the train (Fig. 
(10A); replotting Fig. (7A1) and (7B1) for comparison). 
There is no significant difference in the effects of the two 
compounds using a non-paired Student’s t-test. A paired 
Student’s t-test is not valid since different preparations are 
being compared. To compare different approaches in 
targeting the NCX, one with 2/3 reduced [Na

+
]o is compared 

to treatment with reverse blocker KB-R7943. The two 
conditions produced opposite results in the percent change of 
EPSP amplitudes all throughout the train (Fig. 10B).  

DISCUSSION 

 In this study it was demonstrated that there is a steady 
state in the amplitude of the EPSPs during prolonged STF. 
This is likely due to a continuous recycling of vesicles which 
equates to a homeostatic balance of the [Ca

2+
]i during the 

maintained STF. Perturbing one or a combination of the 
SERCA, PMCA and NCX channels resulted in an alteration 
in the amplitudes of the EPSPs, but not necessarily FI. Also 
the results support the notion that all three proteins shape the 
extent of STF within relatively short high frequency bursts. 
The results support the idea that vesicular fusion is not 
saturated due to the lack in the ability of the terminal to dock 
more vesicles or that there is a limitation in synaptic area for 
docking during the plateau phase of STF. The plateau of 
transmission during the stimulus train is likely a response to 
steady state of influx, buffering, and efflux of calcium ions. 
The efflux is mostly due, in part, to the SERCA, PMCA and 
NCX channels. There are differences in the effects on the 
EPSP amplitudes depending on how the NCX is 

compromised. When [Na
+
]o is reduced by 2/3

rd
 to retard Ca

2+
 

efflux, there is a general reduction in the EPSP amplitude, 
when it was expected to increase due to a build-up of [Ca

2+
]i. 

The application of the NCX reverse inhibitor (KB-R7943) 
revealed unexpected results in producing an increase in the 
EPSP amplitudes. The pharmacological inhibitor of the 
PMCA mimicked the same trend as other conventional 
approach of increasing pH to 8.8, with both producing an 
increase in the EPSP amplitudes. Although pH 8.8 was more 
consistent in raising the EPSP amplitudes throughout the 
stimulus train. The ER appears to be a major contributor in 
[Ca

2+
]i handling in these motor nerve terminals since 

inhibition of the SERCA with TG produced the most 
substantial increase in EPSP amplitudes throughout the pulse 
train during STF. On average all of the manipulations of 
[Ca

2+
]i did not have a large impact of facilitation, instead the 

EPSP amplitudes as a whole tended to increase or decrease 
in unison throughout the pulse train. This produced small 
changes in the ratios used to calculate FI, resulting in 
negligible effects on the FI. 

 Since the presynaptic action potential is slightly reduced 
(17%) in amplitude by the lowering [Na

+
]o, this can have 

some effect in the duration of the depolarization remaining 
above the threshold for the Ca

2+
V channels. This might 

reduce enough of the Ca
2+

 influx during the early phase of 
STF as well as reduce the residual [Ca

2+
]i which could be 

responsible for maintaining a lowered EPSP throughout the 
rest of the train. The net result did not have a significant 
change on facilitation. The action potential was typically in 
the range of 60 to 80 mV in amplitude with approximately -
74 mV for a resting membrane potential, which for these 
terminals is substantially above the threshold (-40 mV ) for 
the P-type Ca

2+
 channels present [58,59]. Also, the potential 

would exceed the voltages needed to cover most all of the ICa 
range for the channels as shown in the I-V curve (See Fig. 3 
in Wright et al., [59]). However, when the [Na

+
]o is reduced 

by 2/3
rd

 the action potential is reduced to about 66 mV in 
amplitude which would then still be past the ICa maximum 
but would not cover the full range of inward ICa as shown for 

 

Fig. (10). (A) Comparing the average percent change in amplitude of EPSPs on blocking the PMCA by two different treatments. Both 

treatments show an increase in EPSP amplitudes. pH 8.8- Black bars; CE- Gray bars. (B) Comparing the average percent change in 

amplitude of EPSPs on inhibiting the NCX by two different treatments (forward and reverse NCX inhibition). 2/3
rd

 reduced [Na
+
]o- Black 

bars; KB-R7943- Gray bars. 
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the I-V relationship. Thus, possibly the full influx of Ca
2+

 is 
compromised by the reduced action potential amplitude. 
However, the reduced amplitude may have impacted the 
width of the action potential and shortened the duration of 
ICa. In the superimposed action potential traces, obtained 
from the squid axon, with reduced [Na

2+
]o and raised choline 

chloride (as used in this current study to control for 
osmolarity with reduced Na

+
) the action potential broadens 

(See Hodgkin and Katz, [45]; Fig. 3). Such mixed actions as 
a reduced amplitude but broader action potential could result 
in even a greater Ca

2+
 influx. We measured the widths of the 

action potential, but in the crayfish axons, with reduced 
[Na

2+
]o and raised choline chloride (Fig. 11A). Note the 

width is not as prolonged as in the squid axon. Therefore, the 
total ICa is likely retarded slightly in our experiments with 
2/3

rd
 reduced [Na

2+
]o. This is also suggestive by examining 

the ICa curves in Fig. (3) of Wright et al., [59]. The slightest 
reduction in duration of the action potential is on a steep 
slope in the influx of the ICa.  

 It is interesting to note the similarities in the amplitudes 
of the action potential of the squid and crayfish axon; 
however, the response to lowered [Na

+
]o is strikingly 

different. The earlier report by Hodgkin and Katz [45] the 
RP became slightly more positive (~2-5 mV) with reduced 
[Na

+
]o. Even though each axon preparation had a slightly 

different range in resting membrane potentials as the [Na
+
]o 

was manipulated the resting membrane potential became 
more negative with the reduction in [Na

+
]o. Such a 

phenomena would incline one to suggest that there is likely a 
INa leak at the normal [Na

+
]o used and that upon reduction of 

[Na
+
]o the driving gradient is reduced with the membrane 

potential being driven to the EK for the cell.  

 The slight shifts in the ICa, from altering the ionic 
composition of the Na

+
, likely produces indirect effects on 

STF, which complicates dissecting apart the direct effect of 
compromising the NCX. There may be other non-direct 

effects we have not accounted for in reducing [Na
+
]o, such as 

the possibility in altered screening potential around other ion 
channels which could impact the shape of the presynaptic 
action potential. 

 We used various approaches to address the role of NCX 
and PMCA and did not rely on a single method. The action 
of KB-R7943 was not expected. In growth cones of crayfish 
motor neurons KB-R7943 was shown to have nonspecific 
effects by increasing the resting [Ca

2+
]i in normal saline [47]. 

If this occurred in our study, we would have expected an 
increase in the background Ca

2+
 level to have an impact on 

the FI but facilitation was no different before and during 
exposure to KB-R7943. As stated in the study by Rumpal 
and Lnenicka [47], KB-R7943 is known to have nonspecific 
effects in other systems, (blocking L-type Ca

2+
 channels, Na

+
 

channels, and N-methyl-D-aspartate (NMDA) channels) [60-
62]. Both approaches in blocking the PMCA (raised pH or 
application of CE) produced similar results. These results 
allow confidence for future investigations in using CE. 
Likewise, TG appeared to function as expected for blocking 
the SERCA. In this study, we used a mixture of ionic 
approaches to examine a combined role of the Ca

2+
 

pumps/exchangers as we were not confident that a mixture 
of three pharmacological organic agents would not confound 
indirect effects. In addition, invertebrates have shown not to 
conform to all pharmacological profiles as describe for 
vertebrates. For example, m-chlorophenylpiperazine (m-
CPP) which is known as a non-selective agonist to vertebrate 
5-HT1 and 5-HT2 family receptors but also antagonizes 5-
HT2B receptors in some models, blocks Na

+
V in crayfish 

axons [43]. Paradoxical results in application to ouabain, a 
well known compound for blocking the Na

+
/K

+
-ATP pump, 

appeared not to have an effect on Drosophila Malpighian 
tubules. But this was due to the unique nature of the cells to 
actively excrete this organic compound [63]. Even within the 
vertebrate brain there are different PMCA and NCX 
isoforms that account for the variable responses in Ca

2+
 

Fig. (11). (A) The superimposed action potentials, obtained in the crayfish axon from this current study, revealed a reduction in the 

amplitude but not in broadening over a range in [Na
+
]o. The percentage values of Na

+
 are). 1= 100% ; 2= 80% ; 3= 66.6%; 4= 50%; 5=33.3% 

and 6= 20%). (B) The action potentials are shifted so that the initial rise is synchronized to compare the widths.  
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extrusion [26]. Thus, there might be different forms of 
feedback regulation or modulation of these different 
isoforms. Since it is not yet known which isoform exists, or 
even if there are multiple forms, at the crayfish motor nerve 
terminals we can only speculate to potential differences in 
regulation of these channels. It is known that in Drosophila, 
the NCX is inhibited by [Ca

2+
]i, where as other NXC forms 

are not [64]. Also it was established that KB-R7943 is a 
weaker inhibitor (4-5 times) of the NCX in Drosophila 
(CALX1.1) than for the NCX in canines [65]. Similar 
activity studies needs to be performed in the crayfish model 
to ideally know the efficiency of pharmacological agents on 
the NCX, PMCA and SERCA. 

 Internal release of Ca
2+

 does not necessarily need to be 
localized within the terminals to have an effect within the 
terminals. This has been shown in hippocampal mossy fiber 
synapses with ryanodine receptors in axons which are 
involved through CICR activation leading to increases in 
Ca

2+
 load within the terminal in a activity dependent manner 

[66]. However, the axons and preterminals in this crayfish 
preparation are some distance (millimeters) from the very 
distal ends within the string of varicose terminals that are on 
the muscle surface. So the axonal alteration is unlikely to 
impact the terminals directly but might have a role in altering 
the electrochemical gradient of Ca

2+
 across the axonal 

membrane as the action potential in crayfish motor axon has 
a Ca

2+
 component [67]. Since application of 5-HT did 

produce a rise in intracellular Ca
2+

 with axons [68], there my 
well be ER present in axons that can modulate internal Ca

2+
 

release. 

 Rumpal and Lnenicka [47] conducted a study on two 
types of crayfish motor neurons grown in culture and 
demonstrated that the that NCX exchange has a significant 
action in extruding large Ca

2+
 loads from the growth cones in 

both tonic and phasic motor neurons. They did compromise 
the NCX function by lowering [Na

+
]o so there could be other 

consequences, as mentioned above, in neuronal function. 
However, the study also documented when the NCX was 
compromised that the PMCA was able to extrude the [Ca

2+
]i 

sufficiently. It was also noted in the crayfish neurons that 
mitochondria can play a role in sequestering Ca

2+
 for high 

[Ca
2+

]i and that the mitochondria releases it slowly as the 
[Ca

2+
]i decays. In our studies, we have not addressed the role 

of the mitochondria’s ability in sequestering Ca
2+

 to a role in 
STF. It would be of interest to compromise SERCA, NCX, 
PMCA as well as the other [Ca

2+
]i regulators (e.g., vesicle 

sequestering of Ca
2+

, Ca
2+

 binding proteins); however, it is 
difficult to tackle all possibilities without inducing indirect 
actions on vesicle docking and other ionic channels. There 
could be other ionic exchangers in these neurons such as the 
K

+
-dependent NCX (NCKX). This exchanger has a greater 

role in clearing Ca
2+

 in the Calyx of Held than NCX, 
SERCA and the PMCA [69]. The NCKX is also known to 
have a significant role in rat neurons [20] and in some 
Drosophila cells [70]. Thus, it is a challenging task to model 
all the factors and time domains in the multifaceted 
approaches occurring within the nerve terminal to regulate 
Ca

2+
. 

 In order to attempt a mechanistic explanation of the 
results obtained in this study, a relatively simple hypothetical 
model is shown in Fig. (12). Three sources of [Ca

2+
]i 

regulation are shown for the nerve terminal being induced 
during STF where SERCA, PMCA and the NCX can 
function (Fig. 12A). Additional we are proposing that the ER 
could have a CICR mechanism through ryanodine receptors, 
which is based on previous studies from our research group 
[18]. We had shown with this NMJ preparation (leg opener 
muscle in crayfish) that injections of adenophostin-A (an IP3 
analog) in the nerve terminals greatly enhances synaptic 
transmission. Also when the NMJ was exposed ryanodine a 
biphasic response occurred: At low concentration it is 
excitatory and high concentration it is inhibitory. Likewise, a 
low concentration (1 μM) of caffeine enhances synaptic 
transmission, whereas a high concentration (10 mM) had 
little effect on transmission. The varied responses and 
sensitivity to ryanodine and caffeine suggest a CICR and/or 
the presence of an IP3-receptor within the terminal [18].  

 If the SERCA is inactivated by thapsigargin then one 
would expect a rise in [Ca

2+
]i and thus an increase in the 

amplitude of the EPSPs due to more vesicles fusing (Fig. 
12B). Likewise when the PMCA is dampened by high pH 
the results are fitting as for inhibiting the SERCA (Fig. 12C). 
Impeding the function of the NCX by reduced [Na

+
]o did not 

have the impact predicted on enhancing STF throughout the 
stimulus train or in increasing the EPSP amplitudes (Fig. 
12D). In speculating a potential mechanism, possible with a 
reduction of the NCX the [Ca

2+
]i rose to high enough levels 

to induced a negative feedback on the RyR and maybe even 
the voltage gated calcium channels leading to a subsequent 
decrease in [Ca

2+
]i which resulted in fewer vesicular fusion 

events (as shown by the brown arrows in Fig. 12D). 
However, the initial [Ca

2+
]i rise would have increased the 

amplitude of the EPSPs and the negative feedback would 
have likely been removed between the stimulus trains. An 
alternative mechanism, not experimentally addressed in this 
study, is that when extracellular Na

+
 is reduced, intracellular 

Na
+
 will also be reduced, which will reduce the activity of 

the mitochondrial NCX. Reducing the activity of the 
mitochondrial NCX will effectively enhance mitochondrial 
Ca

2+
 buffering, which could explain the reduced EPSP upon 

[Na
+
]o reduction. We have not addressed the role of the 

mitochondria in these studies. Thus, a question mark is 
denoted on vesicular events within the nerve terminal in Fig 
(12D) during an impairment of the NCX. The KB-R7943 
was used to examine the reverse mode of the NCX. If [Na

+
]i 

is large enough to promote Na
+
 efflux and Ca

2+
 influx then 

potentially inhibiting the reverse mode of NCX one might 
observe a reduction in the EPSP but we observed an 
increase. An increased [Na

+
]i leading to opening of voltage 

gated calcium channels could result in enhanced vesicular 
fusion but this is only speculation at present. It is known that 
KB-R7943 can block a nonselective sodium-gated cation 
channel in lobsters [71]. The selectivity of KB-R7943 also 
needs to be examined for crayfish tissue.  

 If the high capacity NCX was inhibited alone and if the 
PMCA and the SERCA are not able to compensate quick 
enough during STF, the EPSP amplitudes would likely 
increase throughout the stimulus train and a new plateau 
would be reached. Thus, a new homeostatic setting in 
regulation for SERCA and PMCA as well as other Ca

2+
 

buffering sources would occur. In this scenario, the high 
affinity, but low capacity, PMCA would have a role in 
maintaining the new Ca

2+
 equilibrium just as would the 
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SERCA. When all three channels are working normally, 
there could even be a Ca

2+
 induced inhibition of the NCX, 

thus leaning more on the other mechanisms to maintain the 
synaptic balance. However, the inhibition of the SERCA or 
PMCA increased the amplitudes of the EPSPs early in the 
stimulus train and throughout the 30 pulses. This would 
suggest that these share a strong rapid component to bring 
[Ca

2+
]i back into check. The SERCA had a larger impact on 

the initial facilitation when inhibited as compared to the 
PMCA, so likely the PMCA does not have as great of a role 
in rapidly buffering the rapid rise in [Ca

2+
]i with the 

induction of STF. This also supports the results in the 
Rumpal and Lnenicka [47] study on motor nerve growth 
cones in which Ca

2+
-imaging revealed a larger [Ca

2+
]i when 

the NCX was inhibited as compared to the PMCA. A more 
complex model would need to include various Ca

2+
 binding 

proteins with their on/off rates, potentially mitochondrial as 
well as vesicle buffering, other NCX/SERCA/PMCA 

isoforms, account for different density/amounts of the 
proteins, Na/K pump and even potentially the presence of 
KNCX, the types of channels (P-Ca

2+
V, K

+
Ca) present and 

modulation/regulation of the channels (e.g., phosphorylation, 
Ca

2+
 feedback inhibition).  

 The contributions of this study are furthering the 
understanding of three major [Ca

2+
]i regulatory process on 

synaptic transmission and the impact for the onset and 
maintenance of STF as well as directly on vesicle dynamics 
[72-74]. The results indicate that NCX, PMCA and SERCA 
all affect the fundamental mechanisms that allow STF to 
occur based on the residual [Ca

2+
]i model. Since STF is one 

form of memory, the alteration in regulation can lead the 
way to dissecting underlying mechanisms for more 
prolonged forms of memory or synaptic plasticity, such as 
long term facilitation (LTF). In fact, the same preparation 
used in this study is the preparation in which LTF/LTP was 

 
Fig. (12). Model of the presynaptic nerve terminal at the crayfish NMJ. These low-output synapses have few vesicles docked within the 

ready releasable pool (RRP) and many in the reserve pool (RP). Upon starting a short train of stimulations the first action potential will result 

in a few of vesicles to fuse and release transmitter. The subsequent nerve terminal depolarizations result in more primed vesicles and fusion; 

therefore, synaptic facilitation is observed by monitoring the postsynaptic muscle fiber. Reducing the function of one or the other Ca
2+

 

buffering mechanisms results in changes in the probability of vesicle fusion. 
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first described [8]. The information gained can also be used 
to address differences in high and low-output terminals not 
just among the opener NMJs but among other neurons (e.g., 
phasic and tonic NMJs) in established junctions or ones 
undergoing rapid organizational changes during 
development. The regional differences along a given 
terminal need to be examined for differential [Ca

2+
]i 

regulation as the terminals demonstrate a developmental 
time course from older regions to newer ones as the 
terminals grow within the animal. Dysfunction in NCX, 
SERCA, and PMCA is known to be associated with various 
disease states in mammals [75]. Computationally addressing 
diseases and treatments, which impair synaptic transmission, 
may possibly be experimentally tested in electrophysiolo-
gically amenable neurons such as the crayfish opener motor 
nerve terminal. 
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