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Abstract: Proprioception of all animals is important in being able to have coordinated locomotion.
Stretch activated ion channels (SACs) transduce the mechanical force into electrical signals in the
proprioceptive sensory endings. The types of SACs vary among sensory neurons in animals as
defined by pharmacological, physiological and molecular identification. The chordotonal organs
within insects and crustaceans offer a unique ability to investigate proprioceptive function. The effects
of the extracellular environment on neuronal activity, as well as the function of associated SACs are
easily accessible and viable in minimal saline for ease in experimentation. The effect of extracellular
[Ca?*] on membrane properties which affect voltage-sensitivity of ion channels, threshold of action
potentials and SACs can be readily addressed in the chordotonal organ in crab limbs. It is of interest
to understand how low extracellular [Ca?*] enhances neural activity considering the SACs in the
sensory endings could possibly be Ca?* channels and that all neural activity is blocked with Mn2+.
It is suggested that axonal excitability might be affected independent from the SAC activity due to
potential presence of calcium activated potassium channels (Kc,)) and the ability of Ca?* to block
voltage gated Na* channels in the axons. Separating the role of Ca?* on the function of the SACs
and the excitability of the axons in the nerves associated with chordotonal organs is addressed.
These experiments may aid in understanding the mechanisms of neuronal hyperexcitability during
hypocalcemia within mammals.
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1. Introduction

It is well established that free Ca?* within the presynaptic terminal is key for chemical
synaptic transmission [1,2] and is also important for electrical transmission though gap
junctions [3]. However, the impact of ionic Ca?* on electrical conduction along neurons
remains to be addressed. The role of Ca?* on the generation of action potentials, conduction
of electrical events as well as other biophysical properties of the membrane differs among
neurons within an animal and among animals. In mammals, hypercalcemia as well as
hypocalcemia is life threatening [4] because of the effects on function of the cardiovascular
system, neurons as well as synaptic transmission. To address the effects of Ca* on intact
neural circuitry, brain slices of rodents [5,6] has been used where most of the attention
is focused on the impact on synaptic transmission [2,7,8] and ionic currents in single
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cells [9]. It still remains to understand how the [Ca?*] impacts conduction along central
neurons. There are two common responses in humans which are indicators of someone in
a state of hypocalcemia where motor nerves are activated to result in twitches of the face
(Chvostek’s sign; [10]) or a slow contraction of the muscles in the hand resulting in flexion
referred to as carpopedal spasm (Trousseau’s sign; [11]). However, there is some doubt the
Chvostek’s sign are all related to hypocalcemia [10,12,13]. These signs have led to much
speculation as to the mechanism of the responses due to low extracellular Ca?* which
appears to be counterintuitive due to the role of Ca?* in enhancing synaptic transmission
at the neuromuscular junction [1,2]. The mechanisms behind these observed phenomena
are still debated as to the effects of excitability, conduction of electrical signals, the types of
ion channels activated or inhibited by Ca®* in neurons [14-19].

Since altered levels of [Ca?*], can impact neuronal function independent of synaptic
transmission, it is of interest to know the effects on sensory perception and conduction to
the CNS before central processing. In addressing a given sensory system one can address
fundamental aspects of the effects of altered [CaZ*],, without the involvement of synapses,
which may well be applicable to other types of neurons within a neural circuit.

In addressing the role of Ca?" in propagation of electrical signals of neurons there
are a few potential explanations for the observed effects. There is the possibility of Ca*
ions altering the screening charge of the membrane and associated proteins (i.e., chan-
nels) [20], Ca®* ions blocking voltage-gated ion channels and altering the kinetics of the
channels [9,17,21] and activation of calcium activated potassium channel (K(c,)) [17]. One
or in combination of these possibilities can influence excitability, conduction properties and
refractory period of the neurons. Isolated nerves allow one to address these possibilities
but usually a nerve used as a model is a mix of neuronal types (sensory and motor) and of
a mix in types of myelinated and unmyelinated neurons which can induce other variables
needing to be considered. In developing neuronal models for addressing the effects of extra-
cellular Ca?* on the biophysical properties of neurons and on a given sensory modality, we
used a chordotonal organ in the limb of the marine crab which monitors the proprioceptive
status of the distal joint in walking legs [22]. These neurons are all sensory and unmyeli-
nated. Using this preparation, one can address the effect of Ca®* on the mechanosensitive
channels (i.e., stretch activated channels, SACs) as well as for propagation of the nerve
signals. The mechanosensitive channels for proprioception in mammals have recently been
identified as PIEZO2 subtype in muscle spindles [23]. To date, the subtype of SACs in
chordotonal organs in crustaceans has not been fully identified. It appears they are not
PIEZO1 nor DEG/ENaCs (Degenerin/epithelial sodium channel) subtype from previous
studies as examined with low pH (pH 5), ruthenium red, amiloride and Gd** [24-26].
Only Gd** provided evidence of reduced activity and was reversible but it is not a specific
blocker in types of SACs [26]. The SACs might be a type of Ca®* ion channel, but this has
yet to be determined. In addition, unlike the muscle spindles in vertebrates, the sensory
endings of the chordotonal organs are not embedded in muscle fibers. The contraction
of the intrafusal muscle fibers in the muscle spindle is altered by differing concentration
of extracellular calcium [CaZ*], and the effect on the membrane potential of the muscle
can impact the SAC in the sensory endings. The arrangement the crab chordotonal organ
enables for the exploration of the direct effects of agents on the sensory endings, without
the effects on muscle fibers, as well as axon excitability [27,28]. Given there is still an active
interest in how [Ca?*], influences the function of nerves as well as understanding the
function of SACs, in the vast variety of SAC subtypes, among organisms [29], the crab leg
proprioceptive neurons serve as a viable model for such investigations [24-28,30].

2. Materials and Methods
2.1. Animals
Blue crabs (Callinectes sapidus) were obtained from a local supermarket in Lexington,

KY, which were delivered from a distribution center in Atlanta, GA. They were bought and
maintained in a seawater aquarium for several days prior to use to assess their health. The
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crabs were adults and in the range of 10-15 cm in carapace width (from point to point). All
crabs used were very active upon autotomizing a leg for experimentation.

2.2. Dissection and Physiology

Similar dissection procedures and electrophysiological measures as is described in
detail in text and video format [22]. In brief, the animal was induced to autotomize the first
or second walking leg by lightly pinching with pliers at the base of the leg. The propodite-
dactylopodite (PD) chordotonal organ spans the last segment of the leg and was exposed
through cutting a window of the cuticle on both sides of the leg (in the propodite segment;
Figure 1A). With a window in the cuticle the PD nerve can be observed independent of the
main leg nerve (Figure 1B). The chordotonal organ spans the PD joint and the neurons in
various regions of the PD organ (Figure 1C). After physiological recordings were made the
preparation was stained with methylene blue to observe the PD nerve (Figure 1D) and the
cell bodies of the sensory neurons (Figure 1E). Staining with methylene blue is also useful
to learn the dissection so the physiology can be accomplished without staining.

B opener muscle

Dactylopodite Distal attachment in dactylopodite
nerve

Static position neurons

o
Closer muscle =" =-—PD organ

Movement sensitive neurons

Figure 1. The isolation of the PD nerve for electrophysiological recordings. (A) The PD organ spans the most distal
joint in the limb between the propodite and dactylopodite. (B) The PD nerve branches away from the main leg nerve
close to the base of the chordotonal strand. (C) The PD nerve contains neurons which monitor movement as well as
static positions of the chordotonal strand. (D) The PD nerve can carefully be dissected away from the main leg nerve for
electrophysiological recordings. (E) In learning the dissection and to observe the individual neurons, the preparation was
stained with methylene blue.

The leg was pinned in a Sylgard-lined dish and covered with crab saline (Figure 2A).
The PD nerve was then exposed and pulled into a suction electrode for recording. During
the experiment, the dactyl was moved from a flexed position to an open positioninals
time frame, held for 10 s and then moved back to the starting position (Figures 1A and 2A).
An insect dissecting pin was used to mark the maximum displacement range for consistency
among trials and each displacement was marked on the recorded computer file. The PD
nerve can be carefully dissected away from the main leg nerve for varying lengths. The
proximal end was pulled into a suction electrode to record nerve activity.
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Figure 2. Exposing the PD nerve and distal limb segments for recording nerve activity. (A) A length
of PD nerve can be isolated from the main leg nerve for the length of the limb from the autotomy
plane. This dissection can be used for monitoring joint movement as well as inducing and recording
compound action potentials of the PD nerve. (B) Isolating the leg segments not needed and keeping
the two most distal segments with the long length of the PD nerve, reduced movement artifacts of
touching the recording electrode with the cuticle when moving the joint. This also helped to maintain
the saline integrity from damaged tissue within the exposed leg.

The PD nerve was left intact to the PD organ to record the activity from static position
neurons, with the joint pinned in a set position (Figure 3). In this arrangement compound
action potentials (CAPs) are initiated by stimulating the proximal end of the PD nerve
isolated from the main leg nerve or with leaving the main leg nerve associated with the PD
nerve. Leaving the main leg nerve associated helped to pin the connective tissue and blood
vesicle to the dish and sped up the dissection. The PD nerve is well exposed to compounds
while changing out the bathing media when the main leg nerve is left with the PD nerve.
The PD nerve was cut away from the PD organ when recording isolated CAPs without the
background firing from the static position neurons. The isolated PD nerve was used for
recording the refractory periods of the PD nerve in the varying conditions.
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PD nerve for Whole leg nerve
stimulating or recording for recording or stimulating

Figure 3. Set up for recording sensory activity of the PD organ and compound action potentials
(CAPs) of the PD nerve. Leaving the PD nerve intact along the main leg nerve decreased the dissection
time and reduced the likelihood of damaging the PD nerve. The distal end of the main leg nerve
can be cut more distal than where the PD nerve branches off. This provided tissue to pin the main
leg nerve to the dish and provide slack in the PD nerve for en passant recording or stimulating for
measuring CAPs. The proximal end of the main leg nerve was used to record or provide stimulation
for inducing CAPs. In this arrangement the activity of static-position sensitive neurons or activity
from joint movement while inducing CAPs can also be monitored along with CAPs.

The standard crab saline used during recordings of the sensory nerves consisted of
(in mM): 470 NaCl, 7.9 KCl, 15.0 CaCl,-2H,0, 6.98 MgCl,-6H,0, 11.0 dextrose, 5 HEPES
((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) acid and 5 HEPES base adjusted to
pH 7.5. Each concentration of CaCl,, BaCl, and MnSO,4 was examined for 6 preparations.
The various concentrations of salts and compounds are presented along with the results
for the activity measures. As a control for higher salt concentrations in the bathing media,
sucrose or mannitol was used.

The numbers of extracellular recorded action potentials (i.e., spikes) recorded over
the first 10 s from the start of the joint displacement were used as an index in the neural
activity. In each bathing condition, the joint displacement occurred three times with 10 s
between displacements. The number of spikes of the three trials was averaged for graphical
purposes and comparisons among bathing conditions (Figure 4).

2.3. Statistical Analysis

All data are expressed as a mean (:SEM-standard error of the mean). The paired t-test
was used to compare the differences in responses before and after exchanging solutions.
Normality test was the Shapiro-Wilk. Wilcoxon rank sum, non-parametric test was used
when appropriate as presented with the results. To compare among different conditions
an all pairwise multiple comparison procedure with a Tukey Test was used or a Friedman
repeated measures analysis of variance on ranks along with a one-way repeated measures
analysis of variance and a post analysis with an all pairwise multiple comparison proce-
dure with a Bonferroni ¢-test. The analysis was performed with Sigma Stat software. A
p-value < 0.05 was considered statistically significant for determining changes for exposure
to the compounds. To examine the consistency and reproducibility of the data, groups of
participants blinded to the specific settings of the analysis software were asked to supply
their interpretations of the number of spikes for some of the same data sets.
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Figure 4. The experimental paradigm in joint displacements and analysis of the spikes. (A) The joint is displaced from a

flexed position to an extended position within 1 s and held in extended position for at least 10 s and then moved back to a
flexed position. This was repeated three times for each bathing solution. Depending on the media used the preparation
was bathed for a given amount of time. The joint was rapidly moved back and forth 10 times after each exchange in the
media (not illustrated in figure) and then the three trials from a flexed position to an extended position are repeated. (B) The
number of spikes obtained from the beginning of the movement (1 s) and over the held static position for the next 9 s was
used as an index of the neural activity of the PD organ. AVG means an average of the three trials is used for an index in a

given condition.

3. Results
3.1. Altering Extracellular [Ca®*] Effects on Proprioceptive Activity

The effect of altering [Ca®*] on the function of the chordotonal organ and nerve activity
was performed by first bathing the preparation in standard saline with the standard [Ca?*]
of 15 mM and displacing the joint to obtain a baseline activity profile for the preparation.
Then, the bath was exchanged with varying [Ca?*] and the same displacements were
performed. To determine if altered activity compromised the preparation (i.e., damaged
the neurons) the bath was exchanged back to the standard saline and activity was again
obtained with joint displacements. Standard saline of 15 mM Ca?* was used as a control
for exchanging the bathing media and repetitive displacements. Representative traces for
each of the bathing conditions are shown in Figure 5.

The average number of spikes of the three trails in each bathing media was used as an
index of neural activity. The responses due to the joint displacements from each preparation
while bathing in varying [Ca®*], is illustrated in Figure 6. The exposure to 45 mM or
100 mM Ca?* significantly decreased responsiveness to joint displacement as compared to
the initial saline exposure of 15 mM Ca%* (Paired T-test, p < 0.05, N = 6 and/or 7 for each
condition). In contrast, a saline in which no Ca?* was added increased responsiveness to
joint displacement as the average number of spikes increased significantly compared to the
initial saline exposure of 15 mM Ca?* (Paired T-test, p < 0.05, N = 6 and/or 7).



NeuroSci 2021, 2

359

Saline 100 mM Ca?**

Saline

Saline Saline Saline

Saline 45 mM Ca?** Saline

Saline
2 sec

No added Ca?*

Figure 5. Representative recordings of one trail of three in each of the varied conditions in exchanging the bathing media

with alterations in the extracellular [Ca?*] on the activity of the PD organ during displacements. For each preparation
the activity in the initial standard saline (15 mM Ca?*) is shown. Then, after the bath was changed with (A) control (i.e.,
standard saline) or (B) 45 mM or (C) 100 mM or (D) no added Ca?*. Each condition is also shown with a return to normal

saline after flushing the recording chamber.

The standard saline contains 6.98 mM Mg?* and could potentially aid more in blocking
SACs in the sensory endings with the absence of Ca?*. That is if Ca®* was having a direct
effect on the function of SAC. However, in examining five preparations in which the
bathing media was exchanged from standard saline to one in which Mg?* and Ca?" was
not added, the results did not have a consistent trend (Figure 7). As shown, one preparation
had a large increase in activity with joint displacement for the saline without Mg?* and
Ca?* while others decreased in the activity. These results are important as this indicates
the SACs themselves can function without Ca?* and Mg?* added to the saline. In addition,
just as important is knowing that the nerve can conduct the electrical signals without Ca?*
and Mg?* in the media.

In order to understand how another divalent cation (i.e., Mn?*) influences activity
of the SACs and electrical conduction along the nerve, a high concentration of Mn?* was
exposed to the preparation while the joint was held in a static position. In addition, the
PD was stimulated to evoke compound action potentials (CAPs) while monitoring the
activity from the static position sensitive-neuronal firing. The exchange in the bathing
media from standard saline to one containing Mn?* (100 mM) depressed the responses
from the static position-sensitive neurons (6 out of 6 preparations, p < 0.05 Wilcoxon rank
sum, non-parametric test; Figure 8). Interestingly, the CAPs were able to be maintained
suggesting the mechanism of action of Mn?* depressing activity is at the level of the SACs.
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Figure 6. The activity profiles for each preparation in the paradigms of altering the [Ca*] in the
bathing media. The activity in (A) standard saline (15 mM Ca?*) (B) 45 mM or (C) 100 mM or (D) no
added Ca?* is shown. Both conditions of 45 mM and 100 mM Ca?* decreased activity, while the
saline with no added Ca?* increased activity. The comparisons are made to the initial saline exposure
for each preparation (Paired T-test, p < 0.05, N = 6 or 7 for each condition). Each line is an individual
preparation. Each symbol is an average number of spikes in the three trials for each condition within
the paradigm of changing the bathing media.

To assess the effect of low Ca?* in increasing activity of the PD organ during displace-
ments, the PD was pinned in a static position to monitor the activity profile from the static
position-sensitive neurons while at the same time being able to evoke CAPs. In a static
position, the exchange of the bathing media to one with no Ca?* presented with an increase
in activity in 6 out of 6 preparations (p < 0.05 Wilcoxon rank sum, non-parametric test;
Figure 9). The evoked CAPs were similar in shape for the two conditions but isolated CAPs
without the activity from the organ were difficult to obtain. Thus, the need to cut away the
PD organ and to investigate the CAPs with an isolated PD nerve as shown below.
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Figure 7. PD organ activity without Ca?* and without Mg?*. A representative activity profile during
joint displacement for (A) standard saline and after exchanging saline with one where (B) CaCl, and
MgCl, was not added. (C) When saline without CaCl, and MgCl, was exchanged for the standard
saline activity, the neural activity was not consistently increased or decreased with joint displacement.

The isolated PD nerve provided an approach to directly examine the effect of altered
[Ca?*] on excitability of the neurons and the shape of the evoked CAPs without activity
from activating the SACs. To determine if the amplitude of the CAP would increase, a
maximal amplitude was obtained with increasing the stimulus voltage and then decreasing
the voltage to produce a submaximal amplitude (Figure 10A). The submaximal stimulus
was given while changing the bathing saline to one of no Ca?* to higher [Ca?*]. When
saline with no added Ca?* is exposed to a nerve being stimulated every 2 s to obtain evoked
CAPs, the nerve produces all different shapes and amplitude CAPs. This implies that
various groups of neurons are excited at different times (Figure 10B). Upon returning to
standard saline the random activity goes away (Figure 10C). Further exchanging of the
saline bath for one with high [Ca%*] at 100 mM the CAPs are not able to be induced at
the same stimulus voltage, but the nerve requires a more intense voltage to recruit the
neurons to be excited (Figure 10(D1-D3)). Returning the saline bath back to standard
saline composition the CAPs were still altered in shape after 10 min (Figure 10E). Perhaps
more flushing of the bath and a longer wait period is required for activity to return to
baseline conditions.
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Upon flushing out the MnSO, with standard saline the SACs were again activated (C1) and the CAPs
were still able to be induced (C2).
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Figure 9. Exposure to reduced Ca®* increased activity of the PD nerve when the PD joint was held
in a static position. (A1) The activity of the PD organ in standard saline. (B1) The activity of the
PD organ in standard saline when Ca?* was not added to the saline. (C1) The activity of the PD
organ upon returning to standard saline. Note the PD organ activity was increased in the saline
lacking Ca?* for the joint pinned to the dish in the same position as shown for the activity in A1. The
compound action potentials (CAP) initiated by evoked stimuli of the PD nerve in saline (A2), in saline
without Ca?* (B2) and when returned to standard saline (C2). Note in B2 there was a spontaneous
CAP early in the trace. The random occurrences of CAPs are present when exposed to saline with
reduced [Ca2*].
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Figure 10. Exposure to reduced [Ca%*] increased excitability of the PD nerve isolated from the PD organ and SACs, while

increased Ca2* decreased excitability of the isolated PD nerve. (A) The maximum sized compound action potential (CAP)

was determined by increasing voltage. The voltage was reduced to be submaximal (red line) in standard saline (B) With

submaximal stimulation of the nerve produced random CAPs along with the evoked stimulation when exposed to saline
without Ca?*. (C) The random CAPs ceased when returning to standard saline, although the evoked CAP had recruited
more neurons. (D1) With high [Ca?*] exposure the amplitude of the CAP was reduced and even inhibited at a given

stimulation voltage. However, the neurons were recruited with increased stimulus voltage (D2,D3). (E) Upon returning to

standard saline and waiting 10 min the nerve was hyperexcitable as the CAPs are broad and complex.

3.2. Refractory Periods

The absolute and refractory periods are hard to assess in this PD nerve due to the
complex shape of the CAPs. To ensure that more neurons are not recruited due to the
increased excitability of the neurons due to low Ca?* or that some drop out (or too small
to detect) with high [CaZ*],, the same set of neurons were fully recruited before and
during the changed bathing media. We found a sub-maxim recruitment to obtain a simple
shaped CAP was not feasible to reliably assess changes in refractory periods in many
preparations as the CAPs changed in amplitude with a Ca®* free bath. In some cases where
the shape of the CAP was deemed to be a maximum amplitude and not changing in shape,
where a particular peak of the secondary CAP was able to be followed through the initial
complex CAP, the absolute refractory periods did not appear to show a consistent increase
or decrease in timing for the Ca?* free bath or for the 45 mM Ca?* bath.

An example of changing the bathing Ca?* from 15 mM to zero Ca?* is shown in
Figure 11. As illustrated an increase in the absolute refractory period occurred when
reducing the [Ca?*].
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Figure 11. Exposure to reduced Ca?* did not produce consistent changes to the absolute refractory period of the isolated
PD nerve among preparations. In the example shown, the absolute refractory period increased in time with lower Ca?*. The
same nerve is used in this example with 15 mM (left column) and no Ca?* (right column).

Given the variability noted and the difficulty to ensure a peak being followed is not
overriding on a part of the initial complex CAP, it is difficult to state if refractory periods are
shortening or elongating due to altering the extracellular Ca?* concentrations. In addition,
when changing the bath from 15 mM to no Ca?* added, the spontaneous firing of the nerve
made it difficult to obtain a constant shape of the CAP for most of the recordings due to
overlapping random CAPs.

3.3. BaCly Experiments

The potential action of K(c,) channels in altering the PD organ activity or the electrical
conduction along the PD nerve was examined by use of BaCl,. BaCl, is known to depress
K(ca) currents due to Ba>* going into the cell through voltage gated Ca?* channels. The
Ba?* does not serve as a surrogate for Ca?* in activating the K(ca) channels. However, the
assumption is that Ca?* channels are present for Ba* to rise in concentration intracellularly
close to the K(c,) channels. The effect of adding Ba®* to the standard saline and to have
BaZ* present when Ca?* was absent provided some interesting results. With Ba?* (15 mM)
added to the standard saline no significant effects were noted to the activity profile when
the joint was displaced (Figure 12A). Exposure to saline without Ca?* added but Ba?*
added at the same concentration of 15 mM resulted in fairly stable recordings as standard
saline (Figure 12A). Returning the bathing media back to standard saline and then exposure
to saline without Ca?* added presented with an increase in random activity. This was
expected from previous studies as mentioned above (Figure 12A). There was a significant
increase in the average number of spikes for the saline without Ca?* added as compared
to the initial saline exposure as well as the saline flush (Figure 12A; p = 0.005, Friedman
repeated measures analysis of variance on ranks, normality test with Shapiro-Wilk, one
way repeated measures analysis of variance and post analysis with an all pairwise multiple
comparison procedures with a Bonferroni ¢-test, N = 6). The slightly higher averages in the
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number of spikes for saline with Ba?* and saline without Ca?* but added Ba?* is the reason
they were not significantly different. To normalize the initial differences in the number
of spikes among preparations a percent change from the initial saline was determined
for each individual preparation. In this analysis, there was a significant difference from
saline with Ba?* added to saline without Ca?* and the saline flush (Figure 12B; p = 0.004,
normality test with Shapiro-Wilk, all pairwise multiple comparison procedures with a
Tukey Test, N = 6). In examining a percent difference of saline exposure of Ba?* (15 mM)
and no Ca?* added to saline without Ca?* added. All 6 preparations showed an increase in
activity (Figure 12B right side; p < 0.05, Wilcoxon rank sum non-parametric analysis).
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Figure 12. The effect of alterations in exposure to Ba?>* and/or Ca?* on PD organ activity with
PD joint displacement. (A) An experimental paradigm of changes the bathing saline consisted as
standard saline, standard saline with 15 mM BaZ* added, 15 mM Ba2* and no Ca%*, back to standard
saline and lastly saline without Ca?* added. Each line is an individual preparation and each symbol
is an average of three trials of responses from the initial 10 s in activity or in the initial displacement.
There is a statistical difference (*) between the initial saline to no Ca2* exposure and from the second
standard saline exposure to no Ca?* exposure (p = 0.005, Friedman repeated measures analysis
of variance on ranks, normality test with Shapiro-Wilk, one way repeated measures analysis of
variance and post analysis with an all pairwise multiple comparison procedures with a Bonferroni
t-test, N = 6). (B) To normalize the variability among preparations, a percent change from the initial
saline was performed and statistical difference for the percent changes was shown for saline with
added Ba%* (15 mM) to the saline without Ca?* added as well as the standard saline prior to saline
without Ca%* added (p = 0.004, normality test with Shapiro-Wilk, all pairwise multiple comparison
procedures with a Tukey Test, N = 6). Comparing a percent change in saline with Ba?* but no Ca?*
added to standard saline without Ca?* added provided an increase in the percent change for all
6 preparations (p < 0.05, Wilcoxon rank sum non-parametric analysis) as shown on the right side.
The Y -axis has the same values as other percent changes.
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To address the effect of altered Ba?>* and Ca?" concentration on nerve activity, the
isolated nerve was used to induce CAPs. The addition of Ba** (15 mM) produced a
decrease in the CAP amplitude (Figure 13B; 6 out of 6 preparations, p < 0.05, Wilcoxon
rank sum non-parametric analysis) and with the following saline exposure of Ba?* but
without Ca?* added, a decrease in the amplitude occurred compared to initial saline but
also an increase in occurrence of CAPs at random times with some small CAPs (Figure 13C;
6 out of 6 preparations, p < 0.05, Wilcoxon rank sum non-parametric analysis) to large
amplitude ones as shown in Figure 13E. Upon flushing the saline with standard saline and
then changing the bath to saline without Ca?* added rapidly resulted in the occurrence of
multiple random CAPs (Figure 13E; 6 out of 6 preparations, p < 0.05, Wilcoxon rank sum
non-parametric analysis).

An overview of the trends in the PD organ activity and effect on CAPs for the saline
exchanges in the paradigm of altering Ba?* and Ca®* concentrations is illustrated in Table 1.

Table 1. Effects of exposure to Ba>* and changes in [Ca®*].

Condition PD Organ CAPs
Standard saline Normal Normal
Saline + Ba%* (15 mM) Normal | Amplitude
Saline + Ba2* (15 mM) & No Ca2* slight 1 Activity 1 Amplitude
T Activity
Standard saline Normal Normal
Saline no Ca?* 1 Activity 1 Amplitude
T Activity

General trends in the number of spikes in the PD nerve with joint displacement and changes in the compound
action potential shape in the isolated PD nerve in different bathing conditions with BaCl, and CaCl,. Comparisons
are made to the initial standard saline exposure.

3.4. Model

A schematic model to summarize the findings of this study on electrical excitability of
the axon and potential mechanisms are shown in Figure 14. The shape of the theoretical
action potential is shown in the middle of the figure with the effects lower [CaZ*] to the
left and higher [Ca?*] to right. The explanation of the effects on the shape of the action
potential are outlined in the figure legend.
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Figure 13. The effect of alterations in exposure to Ba?* and/or Ca?* on compound action potential
(CAP) of the PD nerve. An experimental paradigm of changes is the same as shown in Figure 13
with the bathing saline consisted as (A) standard saline, (B) standard saline with 15 mM BaZ* added,
(C) 15 mM Ba?* and no Ca?*, (D) back to standard saline and (E) lastly saline without Ca?* added.
Representative single trials for each condition are shown. Note that exposure to Ba?* decreases the
amplitude of the CAP (B). The red trace is with 15 mM Ba2* and the black trace is the same shown
in A for standard saline. With 15 mM Ba?* and no CaZ* (C) a random CAP is shown riding on the
normal evoked CAP. In the condition without CaZ* in the saline (E) many random CAPs occur. The
Y and X axis are at the same scales for all traces.
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Figure 14. Theoretical model in how action potential amplitude and shape is altered by changes in [Ca®*],.

4. Discussion

This study has substantiated that a higher [Ca%*] and [BaZ*] likely block the Nay
channels which leads to a decreased amplitude of CAPs and threshold of recruiting CAPs.
Low [Ca?*] likely removes a Ca?* block of Nay channels resulting in lower threshold of
activation resulting in prolonged activity of the neurons. In addition, this study aided in
better physiological classification of the SAC in the crustacean chordotonal organs. Since
activity was still present with reduced [Ca?*] it would imply the SACs prefer Na* ions and
is a different SAC subtype than a PIEZO 2 and that these SACs are blocked by Mn?* and
not Mn2+ permeant. It was not clear, in these studies, if altering [Ca2*] and [Ba?*] had an
impact on potentially present K(c,) channels in the sensory endings or on the axons. It is
not yet known if K, channels have a role in the excitability of these neurons.

It appears feasible that Ca?* ions blocked voltage-gated ion channels and possibly
influenced the kinetics of the various channels as Armstrong and Cota [9] noted to occur for
GH3 (Growth hormone 3) cells from a rat pituitary cell line. Ca?* may alter the screening
of charges on membranes to account for the changes observed [20]; however, with the
recording procedures used in this study this possibility was not able to be addressed. In
conditions with saline devoid of the standard 15 mM of Ca?* and containing 15 mM Ba?*,
the neurons were not highly hyperactive indicating that Ba?* can substitute for Ca?* in
some manner preventing the threshold from large changes. In addition, like for Ca?*, Ba®*
depresses the amplitude of the CAPs hinting that Ba?* is binding or screening the Nay
channels in a similar manner. Surprisingly, Ba** did not decrease the PD organ activity
while Mn?* substantially blocked activity without noticeable changes on the CAPs of the
isolated PD nerve. In an early study, 15 mM exposure for either the MnSOy4 or MnCl,
did not show significant differences in the number of spikes for the PD organ, but 30 mM
MnSO; did depressed activity [31]. MnSO, was the ionic form of Mn?* also used in the
study herein.

The SACs within the sensory endings of the crustacean chordotonal organs are not
likely a PIZEO 2 subtype since this subtype is a Ca?* permeant type in mammals [23].
Likewise, earlier pharmacology studies do not allude to these crustacean SACs as a PIEZO1
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or DEG/ENaCs subtype [24-26]. The genomic or protein sequence for these SACs in
crustaceans remains to be determined. The large nature of the cell bodies and easily
isolation of the cell bodies, with identified function, open a ripe opportunity to molecular
identity the SACs at a cellular level. Such identification would be beneficial for examining
SACs in chordotonal organs in other crustaceans and arthropods. These SACs may be a
unique subtype given the pharmacology and physiological profiles known.

The CAPs obtained in the PD were complex in waveform which made it difficult
to establish refractory periods in the subgroups of the CAPs with changes in [Ca?*]. In
the few preparations where defined peaks in the CAPs were able to be identified while
decreasing the interpulse interval between stimuli, the absolute refractory period did not
show a consistent trend with changes in [CaZ*]. Thus, it was not feasible to determine if
there were alterations in the refractory periods. It would be beneficial to determine the
absolute refractory periods with intracellular recording from single neurons to investigate
if K(ca) has an effect. Since low [Ca?*] produces random CAPs, it is hard to distinguish
the evoked CAPs and a high [Ca?*] can dampen the amplitudes where they can be lost in
the baseline.

Using the crustacean model to address the effects of altered [Ca%*] on neuronal ex-
citability is useful for a fundamental understanding on the mechanisms altering excitability.
However, there are substantial differences as compared to mammalian neurons in that
these crustaceans are marine organisms with higher ionic concentration in the cytoplasm as
well as in the extracellular fluid and saline to mimic the ionic makeup of extracellular fluid.
In addition, the PD neurons are unmyelinated, but do have a connective sheath which
holds the neurons in a separated nerve bundle from the main leg nerve. Understanding
the evolutionary differences in managing electrical excitability and conduction in neurons
among animals can help in better addressing what fundamental properties are shared
among organisms [32].

To directly address if K(c,) channels are present in the PD nerve and sensory endings
it would be useful to be able to obtain intracellular recordings from the cell body. In
examining a longer exposure of extracellular Ba?* substitution for Ca?* or examine potential
pharmacological agents known to impact K(c,) channels while recording evoked action
potentials would allow one to establish any changes in the shape of the action potentials
and if any after hyperpolarization was impacted. In addition, determining if refractory
periods are altered with changes [Ca?*] in would be able to be obtained. The attempts to
date to obtain intracellular recordings have not been fruitful due to rolling of the soma
and the connective tissue around the soma have made it difficult. In the past, loose-patch
recording has been able to be made on somas of the neurons for chordotonal organs in
crabs to identify neuronal function with movements of the chordotonal strand [33]. This
technique was only feasible for the larger somas for the dynamic sensitive neurons but not
the small somas for the static position sensitive neurons. It might be feasible to use a loose-
patch electrode to hold the cell body in place while impaling the cell with a sharp glass
microelectrode. In addition, a loose patch recording over the scolopedium, which contains
the sensory endings, might be feasible to record the currents of the SACs to determine if
they are solely Na* driven currents.

The reproducibility in physiological recordings and data analysis of previously recorded
data sets from participants within a neurophysiology course revealed the same trends as
reported herein. Sixteen participants in groups of two conducted the same set of experi-
ments in altering the concentration of Ca?* and effects of Ba?*. The classroom setting did
not have vibration free tables and each group might have moved the joint at various rates;
however, the same general trends occurred. In addition, data collected earlier in a research
laboratory, as presented herein, analyzed 3 different data sets (one of no Ca?*, 45 mM Ca?*
and the paradigm with changes in Ba?* and Ca?* in the saline). All analysis showed the
same trend in increasing or decreasing the number of spikes; however, the absolute values
differed. Such differences occur due to the observer choosing a different threshold from
the baseline in detecting a spike. In using standardized software for analysis such as Chart
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7 or Chart 8 (ADI Instruments, Colorado Springs, CO, USA) for detecting a deflection from
baseline to count a spike was kept consistent throughout the analysis within a data set
but varied depending on the group analyzing a data set. This is an important issue to
mention as raw and/or compiled data are generally made available with published reports.
Depending on what one may choose as a threshold for analysis in determining a response
a different absolute value in the number of spikes will be obtained. As highlighted in an
earlier report on similar data analysis [28], this topic is an issue when implementing citizen
science or crowdsourcing projects to analyze data sets [34] as well as providing open source
data without extensive explanation for every data set. This can be a large undertaking to
annotate each data set to reproduce the exact raw counts, while the trends will be similar
despite some variation choosing a threshold for analysis.

This ACURE (authentic course-based undergraduate research experiences) [27,30,31,35]
approach we have taken with this project builds on the CURE (course-based undergraduate
research experiences) concept [36,37]. This provides an exposure to a research experience
as a team within a course setting.

Author Contributions: All authors are equal in contribution. Alphabetical order. All authors have
read and agreed to the published version of the manuscript.

Funding: Research reported in this publication was supported by an Institutional Development
Award (IDeA) from the National Institute of General Medical Sciences of the National Institutes of
Health under grant number P20GM103436 (H.N.T.). University of Kentucky Neuroscience Research
Priority Area and College of Arts and Sciences Summer Research Fellowship to N.P. Chellgren En-
dowed Funding to R.L.C. Use of classroom teaching equipment by Department of Biology, University
of Kentucky. We thank Olivier Thibault for the barium chloride to use for these experiments.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to requiring specific software to view
the data files. Most of the data are presented within this publication in the line graphs.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Katz, B. The Release of Neural Transmitter Substances; Liverpool University Press: Liverpool, UK, 1969.

2. Augustine, G.J. How does calcium trigger neurotransmitter release? Curr. Opin. Neurobiol. 2001, 11, 320-326. [CrossRef]

3. Peracchia, C. Chemical gating of gap junction channels: Roles of calcium, pH and calmodulin. Biochim. Biophys. Acta Biomembr.
2004, 1662, 61-80. [CrossRef]

4. Duval, M.; Bach-Ngohou, K.; Masson, D.; Guimard, C.; Le Conte, P.; Trewick, D. Is severe hypocalcemia immediately life
threatening? Endocr. Connect. 2018, 7, 1067-1074. [CrossRef]

5. Odackal, J.; Sherpa, A.D.; Patel, N.; Colbourn, R.; Hrabetova, S. T-type calcium channels contribute to calcium disturbances in
brain during hyponatremia. Exp. Neurol. 2015, 273, 105-113. [CrossRef]

6.  Chebabo, S.R.; Hester, M.A; Jing, ].; Aitken, P.G.; Somjen, G.G. Interstitial space, electrical resistance and ion concentrations
during hypotonia of rat hippocampal slices. J. Physiol. 1995, 487, 685-697. [CrossRef] [PubMed]

7.  Feng, TP; Dai, Z.-S. The Neuromuscular Junction Revisited: Ca?* Channels and Transmitter Release in Cholinergic Neurones in
Xenopus Nerve and Muscle Cell Culture. J. Exp. Biol. 1990, 153, 129-140. [CrossRef] [PubMed]

8. Scarnati, M.S.; Clarke, S.G.; Pang, Z.P,; Paradiso, K.G. Presynaptic Calcium Channel Open Probability and Changes in Calcium
Influx Throughout the Action Potential Determined Using AP-Waveforms. Front. Synaptic Neurosci. 2020, 12, 17. [CrossRef]
[PubMed]

9. Armstrong, C.M.; Cota, G. Calcium block of Na+ channels and its effect on closing rate. Proc. Natl. Acad. Sci. USA 1999, 96,
4154-4157. [CrossRef]

10. Kamalanathan, S.; Balachandran, K.; Parthan, G.; Hamide, A. Chvostek’s sign: A video demonstration. BMJ Case Rep. 2012, 2012,
bcr2012007098. [CrossRef]

11. Patel, M.; Hu, E.W. Trousseau Sign. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2021.

12. Hujoel, I.A. The association between serum calcium levels and Chvostek sign: A population-based study. Neurol. Clin. Pract.
2016, 6, 321-328. [CrossRef]

13. Shrimanker, I.; Bhattarai, S. Electrolytes. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2021.


http://doi.org/10.1016/S0959-4388(00)00214-2
http://doi.org/10.1016/j.bbamem.2003.10.020
http://doi.org/10.1530/EC-18-0267
http://doi.org/10.1016/j.expneurol.2015.08.003
http://doi.org/10.1113/jphysiol.1995.sp020910
http://www.ncbi.nlm.nih.gov/pubmed/8544131
http://doi.org/10.1242/jeb.153.1.129
http://www.ncbi.nlm.nih.gov/pubmed/2177766
http://doi.org/10.3389/fnsyn.2020.00017
http://www.ncbi.nlm.nih.gov/pubmed/32425764
http://doi.org/10.1073/pnas.96.7.4154
http://doi.org/10.1136/bcr-2012-007098
http://doi.org/10.1212/CPJ.0000000000000270

NeuroSci 2021, 2 371

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mackie, G.O.; Meech, R. Separate sodium and calcium spikes in the same axon. Nat. Cell Biol. 1985, 313, 791-793. [CrossRef]
Jirounek, P; Chardonness, E.; Brunet, P.C. Afterpotentials in nonmyelinated nerve fibers. J. Neurophysiol. 1991, 65, 860-873.
[CrossRef] [PubMed]

Robert, A.; Jirounek, P. Uptake of potassium by nonmyelinating Schwann cells induced by axonal activity. J. Neurophysiol. 1994,
72,2570-2579. [CrossRef] [PubMed]

Mert, T.; Gunes, Y.; Guven, M.; Glinay, I.; Ozcengiz, D. Effects of calcium and magnesium on peripheral nerve conduction. Pol. J.
Pharmacol. 2003, 55, 25-30.

Han, P; Trinidad, B.J.; Shi, J. Hypocalcemia-induced seizure: Demystifying the calcium paradox. ASN Neuro. 2015, 7,
1759091415578050. [CrossRef] [PubMed]

Bostock, H.; Sears, T.A.; Sherratt, R.M. The effects of 4-aminopyridine and tetraethylammonium ions on normal and demyelinated
mammalian nerve fibres. |. Physiol. 1981, 313, 301-315. [CrossRef]

Armstrong, C.M. Distinguishing surface effects of calcium ion from pore-occupancy effects in Na+ channels. Proc. Natl. Acad. Sci.
USA 1999, 96, 4158-4163. [CrossRef]

Narahashi, T.; Frazier, D.T.; Takeno, K. Effects of calcium on the local anesthetic suppression of ionic conductances in squid axon
membranes. J. Pharmacol. Exp. Ther. 1976, 197, 426—438.

Majeed, Z.R.; Titlow, J.; Hartman, H.B.; Cooper, R. Proprioception and tension receptors in crab limbs: Student laboratory
exercises. J. Vis. Exp. 2013, 80, e51050. [CrossRef]

Woo, S.-H.; Lukacs, V.; De Nooij, ].C.; Zaytseva, D.; Criddle, C.R.; Francisco, A.G.; Jessell, T.M.; Wilkinson, K.A.; Patapoutian, A.
Piezo2 is the principal mechanotransduction channel for proprioception. Nat. Neurosci. 2015, 18, 1756-1762. [CrossRef]
Dayaram, V.; Malloy, C.; Martha, S.R.; Alvarez, B.; Chukwudolue, I.; Dabbain, N.; Mahmood, D.; Goleva, S.; Hickey, T.; Ho, A.;
et al. The Effect of CO,, Intracellular pH and Extracellular pH on Mechanosensory Proprioceptor Responses in Crayfish and
Crab. Am. . Undergrad. Res. 2017, 14, 85-99. [CrossRef]

Dayaram, V.; Malloy, C.; Martha, S.; Alvarez, B.; Chukwudolue, I.; Dabbain, N.; D.mahmood, D.; Goleva, S.; Hickey, T.; Ho, A.;
et al. Stretch activated channels in proprioceptive chordotonal organs of crab and crayfish are sensitive to Gd3+ but not amiloride,
ruthenium red or low pH. IMPLUSE Prem. Undergrad. Neurosci. |. 2017. Available online: https://impulse.appstate.edu/issues/
2017 (accessed on 15 October 2021).

McCubbin, S.; Jeoung, A.; Waterbury, C.; Cooper, R.L. Pharmacological profiling of stretch activated channels in proprioceptive
neurons. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2020, 233, 108765. [CrossRef]

Stanback, M.; Stanback, A.E.; Akhtar, S.; Basham, R.; Chithrala, B.; Collis, B.; Heberle, B.A.; Higgins, E.; Lane, A.; Marella, S.;
et al. The Effect of Lipopolysaccharides on Primary Sensory Neurons in Crustacean Models. IMPLUSE 2019. Available online:
https:/ /impulse.appstate.edu/articles/2019/ effect-lipopolysaccharides-primary-sensory-neurons-crustacean-models (accessed
on 20 October 2021).

Stanley, C.E.; Adams, R.; Nadolski, J.; Amrit, E.; Barrett, M.; Bohnett, C.; Campbell, K.; Deweese, K.; Dhar, S.; Gillis, B.; et al. The
effects of tricaine mesylate on arthropods: Crayfish, crab and Drosophila. Invertebr. Neurosci. 2020, 20, 1-16. [CrossRef]

Murthy, S.E.; Dubin, A.E.; Whitwam, T.; Jojoa-Cruz, S.; Cahalan, S.M.; Mousavi, S.A.R.; Ward, A.B.; Patapoutian, A.
OSCA/TMEMBS63 are an evolutionarily conserved family of mechanically activated ion channels. eLife 2018, 7, 41844. [CrossRef]
[PubMed]

Malloy, C.; Dayaram, V.; Martha, S.R.; Alvarez, B.; Chukwudolue, I.; Dabbain, N.; Mahmood, D.D.; Goleva, S.; Hickey, T.; Ho, A;
et al. The effects of potassium and muscle homogenate on proprioceptive responses in crayfish and crab. J. Exp. Zool. Part A Ecol.
Integr. Physiol. 2017, 327, 366-379. [CrossRef]

Pankau, C.; Nadolski, J.; Tanner, H.; Cryer, C.; Di Girolamo, J.; Haddad, C.; Lanning, M.; Miller, M.; Neely, D.; Wilson, R.; et al.
Effects of manganese on physiological processes in Drosophila, crab and crayfish: Cardiac, neural and behavioral assays. Comp.
Biochem. Physiol. C 2021, in press.

Castelfranco, A.M.; Hartline, D.K. Evolution of rapid nerve conduction. Brain Res. 2016, 1641, 11-33. [CrossRef]

Cooper, R.L. Mapping proprioceptive neurons on chordotonal organs in the crab, Cancer magister. Crustaceana 2008, 81, 447-475.
[CrossRef]

Clare, J.D.J.; Townsend, P.A.; Anhalt-Depies, C.; Locke, C.; Stenglein, J.L.; Frett, S.; Martin, K.J.; Singh, A.; Van Deelen, T.R,;
Zuckerberg, B. Making inference with messy (citizen science) data: When are data accurate enough and how can they be
improved? Ecol. Appl. 2019, 29, e01849. [CrossRef] [PubMed]

Wycoff, S.; Weineck, K.; Conlin, S.; Grau, E.; Bradley, A.; Cantrell, D.; Eversole, S.; Grachen, C.; Hall, K.; Hawthorne, D.; et al. Inves-
tigating Potential Effects of Clove Oil (Eugenol) in Model Crustaceans. IMPLUSE 2018, 1-21. Available online: https://impulse.
appstate.edu/articles /2018 / effects-clove-oil-eugenol-proprioceptive-neurons-heart-rate-and-behavior-model-crustac (accessed
on 20 October 2021).

Bakshi, A.; Patrick, L.E.; Wischusen, E.W. A Framework for Implementing Course-Based Undergraduate Research Experiences
(CURESs) in Freshman Biology Labs. Am. Biol. Teach. 2016, 78, 448—455. [CrossRef]

Linn, M.C.; Palmer, E.; Baranger, A.; Gerard, E.; Stone, E. Undergraduate research experiences: Impacts and opportunities. Science
2015, 347, 1261757. [CrossRef]


http://doi.org/10.1038/313791a0
http://doi.org/10.1152/jn.1991.65.4.860
http://www.ncbi.nlm.nih.gov/pubmed/2051207
http://doi.org/10.1152/jn.1994.72.6.2570
http://www.ncbi.nlm.nih.gov/pubmed/7897474
http://doi.org/10.1177/1759091415578050
http://www.ncbi.nlm.nih.gov/pubmed/25810356
http://doi.org/10.1113/jphysiol.1981.sp013666
http://doi.org/10.1073/pnas.96.7.4158
http://doi.org/10.3791/51050
http://doi.org/10.1038/nn.4162
http://doi.org/10.33697/ajur.2017.025
https://impulse.appstate.edu/issues/2017
https://impulse.appstate.edu/issues/2017
http://doi.org/10.1016/j.cbpc.2020.108765
https://impulse.appstate.edu/articles/2019/effect-lipopolysaccharides-primary-sensory-neurons-crustacean-models
http://doi.org/10.1007/s10158-020-00243-5
http://doi.org/10.7554/eLife.41844
http://www.ncbi.nlm.nih.gov/pubmed/30382938
http://doi.org/10.1002/jez.2096
http://doi.org/10.1016/j.brainres.2016.02.015
http://doi.org/10.1163/156854008783797499
http://doi.org/10.1002/eap.1849
http://www.ncbi.nlm.nih.gov/pubmed/30656779
https://impulse.appstate.edu/articles/2018/effects-clove-oil-eugenol-proprioceptive-neurons-heart-rate-and-behavior-model-crustac
https://impulse.appstate.edu/articles/2018/effects-clove-oil-eugenol-proprioceptive-neurons-heart-rate-and-behavior-model-crustac
http://doi.org/10.1525/abt.2016.78.6.448
http://doi.org/10.1126/science.1261757

	The Effect of Calcium Ions on Mechanosensation and Neuronal Activity in Proprioceptive Neurons
	Repository Citation

	The Effect of Calcium Ions on Mechanosensation and Neuronal Activity in Proprioceptive Neurons
	Digital Object Identifier (DOI)
	Notes/Citation Information
	Authors

	Introduction 
	Materials and Methods 
	Animals 
	Dissection and Physiology 
	Statistical Analysis 

	Results 
	Altering Extracellular [Ca2+] Effects on Proprioceptive Activity 
	Refractory Periods 
	BaCl2 Experiments 
	Model 

	Discussion 
	References

