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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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