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Abstract
Proprioception in mammals and invertebrates occurs through stretch activated ion channels (SACs) localized in sensory endings. In mammals, the primary organs for proprioception are the intrafusal muscle spindles embedded within extrafusal muscle. In invertebrates there are varied types of sensory organs, from chordotonal organs spanning joints to muscle receptor organs (MRO) which are analogous to the mammalian muscle spindles that monitor stretch of muscle fibers. A subset of SACs are the PIEZO channels. They are comprised of a distinct type of protein sequence and are similar among species, from mammals to invertebrates.  We screened several new agents (YODA 1, JEDI 2, OB 1 and DOOKU) which have been identified to act on SACs of the PIEZO 1 subtype. YODA 1 and JEDI 2 increased activity in the crayfish MRO but not the crab chordotonal organs. The SACs of the crustacean proprioceptors have not been satisfactorily pharmacologically classified, nor have their molecular makeup been identified. We screened these pharmacological agents on model sensory organs in crustaceans to learn more about their subtype classification and compare genomic profiles of related species. 
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Highlights
1. Crab chordotonal organ and crayfish MRO proprioceptors examined
2. Stretch activated ion channels pharmacologically screened
3. YODA 1, JEDI 2, OB 1 and DOOKU had no effect on crab chordotonal organ
4. JEDI 2 agent had slight effects on crayfish MRO
5. Genomic screens and pharmacology suggest no PIEZO 1 SAC subtype present


Introduction
Proprioception in mammals and invertebrates occurs through stretch activated ion channels (SACs) localized in sensory endings of particular structures. In mammals, the primary organs for proprioception are the intrafusal muscle spindles embedded within extrafusal muscle. In invertebrates there are varied types of sensory organs, from chordotonal organs (Whitear, 1960), which are not embedded within muscle, to muscle receptor organs (MRO) which have endings embedded in the muscle fibers. The MRO is analogous to the mammalian muscle spindle as being comprised of sensory neurons which monitor stretch of muscle fibers (Kuffler, 1954; Swerup and Rydqvist, 1992). The classification of the SACs in the sensory neurons associated with mammal muscle spindles have recently been described as a PIEZO 2 subtype and they also have a role in sensing mechanical stimulation on skin (Chesler et al., 2016). 
SACs are identified in various ways from gene/protein sequence similarities which are correlative to pharmacological profiles, but not in all cases (Boscardin et al., 2016). The reviews on classification and characterization of SACs are excellent, but one is still left without knowing which type is associated with proprioception in crustaceans (Arnadottir and Chalfie, 2010; Coste et al., 2010; Ernstrom and Chalfie, 2002; Geffeney and Goodman, 2012). The fundamental SACs are TRP channels (Transient Receptor Potential channels), DEG/ENaCs (Degenerin/epithelial sodium channels; known to be present in invertebrates and vertebrates; Geffeney and Goodman, 2012), PIEZO (pressure sensitive channel; found in plants and eukaryotic species; Coste et al., 2010) and TMC (transmembrane channels; sound and vibration-sensing hair cells in mice; Geffeney and Goodman, 2012).
Some subsets of the TRP family are blocked by ruthenium red, while the DEG/ENaC channels are blocked by amiloride (Omerbašić et al., 2015). Low extracellular pH (5.0) can activate some forms of the DEG/ENaC channels referred to as acid sensitive stretch activated channels (ASCs) (Welsh et al., 2002), and some ASCs are blocked by amiloride (Omerbašić et al., 2015). The PIEZO channels are comprised of a distinct type of protein sequence and are similar among species from mammals to invertebrates. They are now considered a novel class of ion channels involved in mechanotransduction through stretch activation (Coste et al., 2012). The mammalian form is blocked by ruthenium red while the subtype in Drosophila is not (Coste et al., 2012), and other sensory neurons within the cuticle are amiloride sensitive (Suslak et al., 2015). Gadolinium (Gd3+), a non-selective blocker for SACs, blocks a variety of SACs, some of which are unique in pharmacology.  Relatively new agents have been identified to have action on SACs of the PIEZO 1 subtype. YODA 1 and JEDI 2 will activate PIEZO 1, and the action by YODA 1 can be reversed by DOOKU (Evans et al., 2018; Mikhailov et al., 2019; Syeda et al., 2015; Wang et al., 2018). Additionally, OB 1 can modulate activity of PIEZO 1 channels (Wetzel et al., 2017).
Furthermore, pharmacologically identifying the SACs in the MRO of the crayfish and the chordotonal organ of a crab has been attempted with the profiling of extracellular acid sensing (pH 5), ruthenium red, amiloride, and Gd3+. Only Gd3+ provided evidence of reduced activity and was reversible (Dayaram et al., 2017a,b). It was reported with preliminary studies that D‐GsMTx4 (10μM) had no effect on the crayfish MRO activity (Rydqvist et al. 2007). There is also evidence that the antibiotic streptomycin can antagonize a subset of the TRP channels (i.e. TRPM8), particularly in the cardiovascular system in mammals (Goralczyk et al., 2017).  In addition, the mechanosensitive ion channel PIEZO1 is inhibited by the peptide GsMTx4 in a closed state and the streptomycin (1 mM) blocked the channel in an open state within 90 seconds of application (Bae et al., 2011). To date the SAC of the crustacean proprioceptors have not been satisfactory classified pharmacological or their molecular makeup identified. Thus, the potential action of streptomycin and the newly identified agents of YODA 1, JEDI 2, DOOKU and OB-1 were examined on proprioceptors in a chordotonal organ of a crab leg and the MRO of in the crayfish abdomen. Given that the subtype of the stretch activated channels in the chordotonal organs of the crab and the muscle receptor organ of the crayfish have not been classified with genomic profiling or pharmacological examination we hypothesized that these channels are sensitive to the novel pharmacological agents which target the PIEZO 1 subtype.
The crayfish MRO preparation continues to be used as a model of the mammalian muscle spindle due to the anatomical similarity of rapid and slowly adapting sensory neurons, as well as the motor neuron innervation of the muscle fibers maintain the fibers to be taut (Swerup and Rydqvist, 1992). The chordotonal organs in the crab leg are analogous in anatomical ultrastructure and in arrangement of sensory endings within the elastic strand as for other chordotonal organs in crustaceans and many insects (Burke, 1953; Frantsevich et al., 2019; Göpfert and Hennig, 2016; Strauß, 2017; Whitear, 1962, 1965; Wiersma, 1959). Thus, understanding the pharmacological actions on these SACs can potentially extend to numerous other model preparations in invertebrates. Being able to tweak how sensory neurons respond to muscle stretch allows one to address how neural circuits respond in a feedback loop which allows this model system to be used in novel ways for future studies. Examining the pharmacological profile along with genomic studies in a comparative nature allows an enrichment of identifying the potential of pharmacological actions on other SACs. 
Methods
Animals 
The maintenance of the animals used was the same as mentioned in previous reports (Dayaram et al., 2017a,b; Malloy et al., 2017; Stanback et al., 2019). In brief, both the Blue Crab (Callinectes sapidus) and Red Swamp Crayfish (Procambarus clarkii) were obtained from a distribution center in Atlanta, GA. They were then delivered to and bought from a local supermarket in Lexington, KY, USA. The crayfish (6-10 cm in body length and 12.5-25 g in body weight) were housed in individual standardized plastic containers with weekly exchanged dry fish food and oxygenated water (20-21°C). The Blue Crabs were maintained in a seawater aquarium prior to use for three to five days. All experiments were implemented in female adults with a carapace width (from point to point) of 10-15 cm. Only females were used for the blue crab as the supplier only provided female blue crabs.  The crayfish were of both sexes were used. We did not use a crayfish or crabs if they were gravid, if either male or female was close to molting, or just after a molt. The crabs were fed frozen squid and the water temperature was maintained between 14-16°C. The crabs and crayfish were caught from the wild.
Similar dissection procedures and electrophysiological measures as these preparations are described in detail in text and video format (Leksrisawat et al., 2010; Majeed et al., 2013). They are also briefly described below. 
Crab chordotonal organ
	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). The leg was then pinned in a Sylgard-lined dish and covered with crab saline. 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 position in a 1 second time frame, held for 10 seconds, and then moved back to the starting position (Figure 1A). An insect dissecting pin was used to mark the displacement range, and each displacement was marked on the computer recording file. The crab saline used during recordings of the sensory nerves consisted of (in mM): 470 NaCl, 7.9 KCl, 15.0 CaCl2·2H2O, 6.98 MgCl2·6H2O, 11.0 dextrose, 5 HEPES acid and 5 HEPES base adjusted to pH 7.4.
Crayfish muscle receptor organ (MRO)
The dissection and recording procedures are described in Leksrisawat et al., (2010). In brief, the isolated crayfish abdomen was placed in a Sylgard-lined dish filled with crayfish saline. The MRO was moved using a wooden dowel from a relaxed position to a stretched position in a 1 second time frame, held for 10 seconds, and then moved back to the starting position. An insect dissecting pin was used to mark the displacement range, and each displacement was marked on the computer recording file. The segmental nerve to the segment of interest was pulled into a suction electrode for recording the extracellular spikes (Figure 1B).
The displacement rates were the same as for the crab PD organ. The crayfish saline used was a modified Van Harreveld’s solution (in mM: 205 NaCl, 5.3 KCl, 13.5 CaCl2ꞏ2H2O, 2.45 MgCl2ꞏ6H2O, and 5 HEPES adjusted to pH 7.4).
To insure reproducibility in experimentation for standardizing the rate of the movements, all joint movements were performed by one individual (RLC) and the activity of the PD organ was analyzed by one person (SM) while the activity of the MRO was analyzed by two people (AJ and RLC). The movements were made by physically moving the joint and counting out loud: one- Mississippi (1 sec). We timed the counting on a stopwatch several trials to be consistent in the speed of counting. The static holds were held for at least 9 seconds as monitored on the acquisition software. The velocity throughout the movement was kept as constant as possible by manual movement from the starting position to the end position for the crab PD and the crayfish MRO. 


Resting membrane potential in crayfish muscle 
Details of the dissection and electrophysiological recordings of the opener neuromuscular junction of the walking legs are described in video and text format (Cooper and Cooper, 2009). Intracellular recordings of the membrane potential were performed by standard procedures (Sparks and Cooper, 2004) of the most distal muscle fiber of the muscle. The preparations were monitored for 10 minutes in saline, 10 minutes in saline with DMSO and 10 minutes in saline containing YODA which was dissolved in DMSO. The concentrations of DMSO and YODA were the same as those used for the MRO preparations. Electrical signals were recorded on-line to a PowerLab/4s interface (ADInstruments, Australia) and calibrated with the Powerlab Chart software version 7. 

Pharmacological agents
	The concentration of DMSO (40 µl) was used to dissolve YODA 1, JEDI 2, DOOKU and OB-1 to a concentration of 48 µM in either crab or crayfish saline consistently for these agents. 40 µl of DMSO was added to 20 ml of saline to maintain the same concentration used to dissolve the agents. For examining the antagonists action of DOOKU to YODA a 5 times higher concentration (250 µM) than YODA (48 µM) was used. Since streptomycin (1 mM) is able to be dissolved in saline, DMSO was not used with the streptomycin. To exchange the bathing media to the various compounds, the bathing solution was removed with a pipette and the next solution was added with swishing the next media over the preparation. A final washout of the compounds of interest with a saline only bath was not performed. In hindsight, this final saline only exposure should have been incorporated into the experimental paradigms.
Data collection and analysis
The analysis of the electrical signals from the PD and MRO was processed through measuring the number of spikes within the 10 seconds from the beginning of the movement (including both the stretched and held position). The initial moment to the static position occurred within 1 second. The 9 seconds following the initial 1 second movement included the activity of the static position sensitive neurons as indicated in Figure 1C. Initially, only the electrical activity over the 10 second periods were analyzed for both PD and MRO preparations. Since the MRO preparations indicated a trend in the effects to DMSO, YODA and JEDI the data was further analyzed for the initial 1 second and the following 9 seconds during the displacements
Three 10 second trials were performed for each condition (saline, DMSO with saline, and DMSO with pharmacological agent in saline) and the activity from the set of three trials were averaged for each condition. Measures of the 10 second displacements were first made during saline exposure, prior to saline tainted with DMSO or pharmacological agents. DMSO containing saline was then allowed to incubate the preparation for 10 minutes before initializing movements, at which point the three trials of flexion to extension were again conducted. After completion of the DMSO and saline trials, the DMSO/saline/pharmacological mixture was added to the dish and ten more minutes of exposure occurred before engaging in the next series of three movements.


Figure 1. The anatomical location and range of displacements for the crab PD and crayfish MRO proprioceptors. (A) A schematic representation of the 1st walking leg of a crab with the PD organ highlighted in the distal most segments. An insect dissecting pin is placed at the 0-degree location so the distal segment is moved to the same position. Rates of displacement for the crab joint were 1 second to the pin and then held for at least 9 seconds in a static position. The joint was held initially at 90-degree and fully extended to 0-degree. (B) The anatomical location and range of displacements for the MRO organ in the crayfish abdomen. Insect dissecting pins were placed at a set location for maximal displacement of bending the joint to the same position. Rates of displacement for the segment were 1 second and held in a static position for at least 9 seconds. The joint was held initially at an extended position and then bent to the stop pins for consistency. Anatomical drawing is the same shown in Dayaram et al. (2017a). The particular muscles identified: deep extensor medial (DEM) muscles have a spiral fiber pattern; DEL1 is the first lateral group followed by the DEL2 muscles; the superficial extensor medial muscle (SEM) lies directly dorsal to DEL2. The two MRO muscles are more dorsal to the DEL1. (C) A representative trace of an extracellular recording of a crab PD organ to illustrate the analysis procedure. The number of spikes recorded over the ten seconds from the start of the movement were used for analysis.
A rank sum pairwise test or a sign test was used to compare the differences in responses before and after exchanging solutions. A p≤0.05 is considered as statistically significant. To examine the consistency and reproducibility of the effects, experiments were also conducted with a teaching lab in neurophysiology where the students in this class were blind to the agents they were testing. 
Web-based Blast
For the first pass search of PIEZO genes in crustaceans, the web-based blast tools were used. The full genetic region of the PIEZO1 genes (see below) was run against NCBI housed crustacean genomes Parhyale hawaiensis, and Eriocheir sinensis (Song et al 2016, NCBI 1988, Kao et al 2016). The blastn and tblastx programs were used for these searches. 
Crustacean genomes
Three crustacean genomes were acquired from the National Center for Biotechnology Information webpage, Trinorchestia longiramus, Procambarus virginalis, and Eulimnadia texana (Gutekunst, 2018, NCBI – Presubmission 2019, Baldwin-Brown et al., 2018).  
PIEZO gene
PIEZO1 gene sequences from Drosophila melanogaster were acquired from FlyBase database (Thurmond et al., 2019). The gene ID for the full genic region is FBgn0264953, and the ID for the CDS is FBpp0312565. The human PIEZO1 gene sequence was also acquired from NCBI for the initial Web-based blast searches (NCBI 1988). 
Alignments
BLAST executables from the BLAST+ 2.6.0 version were downloaded from the NCBI BLAST webpage. The “makeblastdb” command was used to create BLAST databases from the various crustacean genomes acquired. A tblastx local alignment search was run between each genome database and the PIEZO1 sequence file. The following is an example of the code used to generate alignments (Camacho et al., 2008): ncbi-blast-2.6.0+/bin/tblastx -query FlyBase_RVNHFM.fasta -db amiphod -out PIEZO-amiphod -outfmt 6. 
Blasts were done between both the full genic region and the CDS region of the PIEZO1 gene. All alignments were completed on the Dell High Performance Cluster that is available for use by researchers through the University of Kentucky Center for Computational Sciences.
Analysis of alignments
Alignment outfiles were assessed by percent identity, alignment length and e-value. A cutoff value of 1e-36 for expected value was used. 
Results
Responses of the crab PD organ to pharmacological agents
After incubation for 10 minutes in streptomycin (1 mM), the average number of spikes during the ten second displacement periods for the crab PD organ is shown in Figure 2A1. Each data point is an average number of spikes after three displacements in each condition. The percent change among the six preparations revealed no significant effects due to streptomycin Figure 2A2. Likewise, there were no significant changes noted from saline to DMSO (solvent), from DMSO to YODA (Figure 2B1), DMSO to JEDI (Figure 2C1), or DMSO to OB-1 (Figure 2D1). The percent changes (+/-SEM) for each compound illustrate the large variation among the six preparations for saline to DMSO and DMSO to each compound: YODA (Figure 2B2), JEDI (Figure 2C2), and OB-1 (Figure 2D2). 
[image: ]

Figure 2. The effects of various compounds on the activity of the crab PD organ. (A1) The average number of spikes from three displacements in saline followed by exposure to streptomycin and an additional three displacements. (A2) The average percent changes (+/- SEM) for the six preparations shown in A1. (B1) The average number of spikes from three displacements in saline followed by exposure to DMSO (three more displacements) and then exposure to YODA (three more displacements). (B2) The average percent changes (+/- SEM) for the six preparations shown in B1. (C1) The average number of spikes from three displacements in saline followed by exposure to DMSO (three more displacements) and then JEDI (three more displacements). (C2) The average percent changes (+/- SEM) for the six preparations shown in C1. (D1) The average number of spikes from three displacements in saline followed by exposure to DMSO (three more displacements) and then OB-1 (three more displacements). (D2) The average percent changes (+/- SEM) for the six preparations shown in D1. YODA, JEDI, and OB-1 all at 48 µM dissolved in the same concentration of DMSO use in the saline containing DMSO trails.
Responses of the crayfish MRO to pharmacological agents
The average number of spikes for the crayfish MRO within the ten seconds of displacement and held static was initially analyzed for the activity over the full 10 seconds. Since the activity in a number of preparations was noted to change for exposure to DMSO and to the pharmacological agents, the data was reanalyzed accounting for the initial 1 second movement (dynamic activity) and the remaining 9 seconds of the preparation held in a static position. The neural activity is presented for the 1 second period and the following 9 seconds for the MRO preparation.
In saline and after 10-minute incubation in streptomycin (1 mM), the responses are shown in Figure 3A. Each data point is an average number of spikes after three displacements in each condition. The percent change among the six preparations revealed no significant effects due to streptomycin Figure 3B.  

Figure 3. The effects of streptomycin on the activity of the crayfish MRO. (A) The average number of spikes from three displacement in saline followed by exposure to streptomycin and an additional three displacements. (B) The average percent changes (+/- SEM) for the six preparations shown in A.  
There was a significant change noted for the change from saline to DMSO (solvent) (p<0.05, Non-parametric Sign test; Figure 4A) in both the 1 second and 9 second responses, but no further significant effect was noted after exposing the preparations to YODA (Figure 4A). There was also a significant effect from saline to DMSO for the 9 second data set for experimental paradigms for the JEDI (Figure 4B). There was a significant change from DMSO to JEDI (p<0.05, Non-parametric Sign test; Figure 4B) for both the 1 second and 9 second responses. In conducting the experiments for the OB-1 the DMSO did not consistently show an effect on the neural activity (Figure 4C), but upon exchange to OB-1 compound only the 9 second activity profile showed a significant effect (p<0.05, Non-parametric Sign test). The percent changes (+/-SEM) for each compound illustrates the large variation among the six preparations from saline to DMSO and from DMSO to each compound: YODA (Figure 4A2), JEDI (Figure 4B2), and OB-1 (Figure 4C2).












Figure 4. The effects of various compounds on the activity of the crayfish MRO. (A1) The average number of spikes from three displacements in saline followed by exposure to DMSO (three displacements) and then exposure to YODA (three more displacements). (A2) The average percent changes (+/- SEM) for the six preparations shown in A1. Since the one preparation, indicated with the diamond symbol, appeared to show some potential run down over time, the percent change was again calculated without that preparation included for the 1 second and 9 second displacement (hatched bars). Removing that preparation from the overall percent changed did not influence the mean from the other 5 preparations. (B1) The average number of spikes from three displacements in saline followed by exposure to DMSO (three displacements) and then exposure to JEDI (three more displacements). (B2) The average percent changes (+/- SEM) for the six preparations shown in B1. (C1) The average number of spikes from three displacements in saline followed by exposure to DMSO (three displacements) and then exposure to OB-1 (three more displacements). (C2) The average percent changes (+/- SEM) for the six preparations shown in C1.  YODA, JEDI, and OB-1 all at 48 µM. The preparations which showed a significant trend based on the Non-parametric Sign test (p<0.05) are indicated with an asterisk. 
Since it was recently established that DOOKU can antagonize the effect of YODA on rings of the mouse aorta (Evans et al., 2018), the pharmacological agent was also applied to the crayfish MRO to determine if the effects of YODA could be blocked by DOOKU in this model. In this set of experiments, DOOKU was used at a 5 times higher concentration (250 µM) than YODA (48 µM) as performed in Evans et al., (2018). The activity of six MRO preparations were first examined through three displacements in saline and then three in DMSO, as conducted previously. The DOOKU was then examined on its own (an additional three displacements) before then combining DOOKU and YODA (three more displacements). Each exposure was again incubated for 10 minutes prior to stretching the MRO, aside from the saline prep. It should be noted that the DOOKU was hard to dissolve in DMSO at such a high concentration and though forty microliters of DMSO were used, there were still a few crystals observed once the DOOKU and DMSO mixture was added to 20 ml of crayfish saline. This same dissolving issue was also present for the combined DOOKU and YODA solutions. Additionally, the DMSO control exposures were prepared with 40 µl DMSO placed in 20 ml of saline for these preparations. For the DOOKU aspect of the crayfish preparations, the same analysis was performed as mentioned above, with an average of 3 trials in each condition (i.e., saline, DMSO, DOOKU, DOOKU combined with YODA) after the 10 minute incubation times (Figure 5). There was no effect by DMSO, DOOKU and the combination of DOOKU and YODA for 1 second displacements and the 9 seconds for DMSO and DOOKU. However, the 9 second combined DOOKU and YODA showed a significant decrease from DOOKU alone (Figure 5). This is suggestive that DOOKU combined with YODA decreases overall activity for the static sensitive proprioceptive SACs of the crayfish MRO. 
The exposure to DMSO alone produced varied responses among the preparations for the crab PD and crayfish MRO preparations. In the PD preparations, the variability is large among preparations examined for the DMSO alone where some preparations increased activity and others decreased in activity. In combining all the data sets to examine a before and after effect to DMSO there was no statistical significant effect due to exposure of DMSO (Paired-T test, N=18; figure 2). However, in combining all data sets for the MRO preparations among each displacement measure (1 second dynamic movement and  9 second static held displacement), to examine a before and after effect to DMSO, there was a statistical significant effect of DMSO increasing activity for the 1 second displacement (P = <0.001, Paired T-test, N=24; Figures 4 and 5) and for the 9 second static held position (P = 0.007, Paired T-test, N=24; Figures 4 and 5). In comparing the effect of DMSO among the different groups of compounds examined there as statistically significant difference for saline to DMSO between the YODA and JEDI groups for the 9 second data sets but not the 1 second data sets (not normal distributed, Kruskal-Wallis one way analysis of variance on ranks, P = 0.046; N=6 in each group).


Figure 5. The effect of DOOKU on YODA's response on the crayfish MRO. (A) The six trials showed varied responses to DOOKU; however, the combination of DOOKU and YODA decreased overall activity in all six preparations.  (B) The percent change from saline to DMSO and from DMSO to DOOKU both showed no significant effects. However, the exposure to the combination of DOOKU and YODA did result in a significant decrease of overall neural activity for the 9 seconds of static sensitive responses, but not for the rapid dynamic neurons (1 second). The Non-parametric Sign test p<0.05 is indicated with an asterisk. DOOKU (250 µM) and YODA (48 µM).


Effect on muscle membrane potential
Since the crayfish MRO preparation showed the application of DMSO to have some effect (and some of the pharmacological agents) there’s potential that the biophysical properties of the muscle fibers were altered, which then resulted in tension on the sensory endings embedded in the fibers. One approach to address this possibility was to examine the resting membrane potential in muscle fibers. However, the two very thin muscle fibers associated with the MRO are challenging to maintain prolonged intracellular recordings due to the suspended nature between the abdominal segments. Thus, the distal muscle fibers in the opener muscle in the walking legs of the crayfish were used for assessment. These muscle fibers are well supported by neighboring fibers for long term monitoring of the resting membrane potential. There was no significant effect from the saline containing the same concentration of DMSO or concentration of combined DMSO and YODA, as used to assess action on the MRO preparations (Table 1).
	
	RP Saline
	RP DMSO + YODA
	RP DMSO

	Prep. 1
	-61 RP
	- 61 RP
	- 61 RP

	Prep. 2
	-73 RP
	- 71 RP
	- 70 RP

	Prep. 3
	-68 RP
	- 69 RP
	- 68 RP

	Prep. 4
	-76 RP
	- 75 RP
	- 74 RP

	Prep. 5
	-66 RP
	- 68 RP
	- 65 RP

	Prep. 6
	-77 RP
	-75 RP
	-74 RP



Table 1: Resting membrane potentials (mV) after 10 minutes
 in each condition. Crayfish walking leg opener muscle.

Genomic comparison
Five crustacean genomes were surveyed; mangrove amphipod (Parhyale hawaiensis), Chinese mitten crab (Eriocheir sinensis), sand-hopper (Trinorchestia longiramus), marbled crayfish (Procambarus virginalis), Texas clam shrimp (Eulimnadia texana) for homologs of the PIEZO 1 gene. The focus was on the PIEZO 1 gene comparison as the pharmacological agents tested in this study are known to be specific for the PIEZO 1 stretch activated channels (Wang et al., 2018). Initially, web-based blasts were performed using the human and fruit fly PIEZO1 gene sequences to search the mangrove amphipod and Chinese mitten crab genomes. There were no significant hits in terms of query cover, e-value, or percent identity for either species. It is worth noting that consistent hits to two small regions of the PIEZO 1 gene were shown in the human to Chinese mitten crab comparison.
Upon these results the search was expanded to include the sand-hopper, the marbled crayfish, and the Texas clam shrimp genomes, and blast executables were run locally. Full genic and CDS sequences of the fruit fly PIEZO 1 gene were used in these searches, and final outputs were analyzed for significant hits. For the sand-hopper and the Texas clam shrimp, there were no significant results when using the CDS sequence. For the marbled crayfish, there were short hits with e-values of 4.69e-174 to the scaffold MRZY010015166.1, when using the CDS sequence. For the full genic sequence there were hits with e-values of 1.98e-198 for the marbled crayfish to the scaffold MRZY010015166.1. There were also hits from the sand-hopper to the KV721777.1 scaffold with e-values 1.16e-176. For all of these hits the alignment lengths were about 60bp or under, which lends towards low confidence in their significance.
Discussion
The crab PD organ and crayfish MRO are robust preparations in neural activity and maintain neural activity and reproducibility to joint movements well for hours at room temperature in minimal physiological salines. This is one reason they are good preparations for educational models in neurophysiology laboratories.  In addition, they are good models when it is required to incubate pharmacological agents as they are so hardy for short multiple incubation periods. Thus, if a pharmacological compound is to have an effect on the exposed sensory endings one would likely be able to observe changes in activity. The crab PD preparation did not show a significant trend in altered evoked activity to streptomycin, YODA, JEDI, or OB 1. However, the crayfish MRO did show an increase in evoked activity in the presence of JEDI as well as showing a reduced activity of YODA when pre-incubated with DOOKU. The results from our genomic search for PIEZO1 homologs within multiple crustacean genomes, including crayfish species, indicate possible an absence of PIEZO1 genes from these genomes. Thus, one would not expect a high pharmacological similarity to the SACs for PIEZO 1.
The chordotonal organs in leg segments of crabs and in insects anatomically are very similar with movement and static position sensitivity of the primary sensory endings within the elastic strands. The sensory endings having a scolopale cap over them and the action potentials are initiated close to these endings (Mendelson, 1963; Hartman and Boettiger, 1967; Whitear, 1962). Thus, it is likely the SACs are located within the scolopidium. Likewise for the crab, it would appear bathing the PD preparation for 10 minutes would suffice for the agents tested to gain access to the SACs in the sensory endings since Gd3+ was able to gain access which rapidly blocked the SACs in an earlier study (Dayaram et al., 2017b). Whereas the sensory ending of the MRO are free endings embedded within the muscle fibers (Elekes and Florey, 1987; Eyzaguirre and Kuffler, 1955). These sensory endings are also fairly accessible to compounds added to the bathing saline as Gd3+ was able to rapidly block the SACs and be removed quickly with exchanging the bathing media (Dayaram et al., 2017b). Given that the sensory endings of the MRO directly monitor the stretching forces on the muscle, if the compounds increase the stiffness or even promote contraction of the muscle fibers themselves then there would be an alteration on the sensory activity even though there was no direct action of the compounds on the SACs within the sensory endings. One might be able to damage the muscle fibers in regions not associated with the sensory endings and wash away the cellular debris to isolate sensory ends and apply pressure to examine direct effects of compounds on the SACs, but this has not been accomplished to date. However, this intact muscle and sensory ending generally mimics the function of the mammalian muscle spindle so studying the function of the whole unit is a better comparison to the mammalian muscle spindle.
Since the pharmacological compounds YODA, JEDI, OB 1 and DOOKU were not soluble in saline they had to be first dissolved in DMSO and then saline. Thus, the effect of DMSO in saline without the agents was examined. The exposure to DMSO produced varied responses for the PD organ without a significant trend; however, DMSO produced an enhance activity on the MRO preparations. Since the sensory neurons for the MRO are embedded in the muscle fibers we assumed the muscle might have depolarized and added tension of the sensory endings. The examination of the membrane potentials for the opener muscle upon exposure of DMSO did not support this concern. In speculation, maybe the muscle become more ridged without depolarization so when it was stretched a larger effect on the sensory endings was produced. Alternatively, DMSO may have had a direct effect on the neuronal properties for the crayfish neurons as compared to the crab preparations. Not considering the effect of DMSO, but the overall variability of the responses for the PD or MRO preparations may also be inherent among the neurons themselves. Previous recordings of single neurons in chordotonal organs of the crab leg did reveal that some neurons were consistent in their responses and others were not to the same displacements (Cooper and Hartman, 1999). Such detailed analysis in variability of responses has not yet been performed on the crayfish MRO or the crab PD organ at a level of single neurons.
It is possible the SACs are of a different subtype in the crayfish MRO as compared to the chordotonal organs of crabs. However, no pharmacological profiles have yet been able to classify the SACs in these sensory neurons. Just as important are findings which determine compounds that do not have an action on SACs as then this helps in the process of elimination of receptor subtypes. In some preparations, OB-1 can inhibit the PIEZO 1 subtype. The membrane of the cultured mouse neuroblastoma cell line (Neuro2A or N2a) expressing Piezo 1 channels was displaced ranging from 100 to 1,000 nm, and both OB-1 and OB-2 reduced the sensitivity of mechanosensitive currents (Wetzel et al., 2017). The action potential amplitudes were not affected in these cells by OB-1 and OB-2 compounds (Wetzel et al., 2017). 
Even if genomic or protein identification was available for the SACs in these crab and crayfish preparations, it would still be important to screen pharmacological agents assumed to have an action. Considering the five subunits forming the postsynaptic receptors at the Drosophila neuromuscular junction were deemed to be similar in genomic homology to kainate receptors in vertebrates, they were termed kainate-like (Qin et al., 2005). However, the application of the kainate has no physiological action at the larval Drosophila NMJ (Bhatt and Cooper, 2005; Lee et al., 2009). Thus, one should be cautious to define receptors on pharmacological terms based on genomic comparisons until they are also physiologically screened.  
Genomic, mRNA and protein isolation comparisons among species are also important means in identifying the types of SACs possible. Once knowing if a subtype is even possible from genomic analysis it is of interest to determine which tissues express the SACs of interest. From the bioinformatic scanning of multiple crustacean genomes for PIEZO 1 it is unlikely that this SAC subtype is present in crustaceans. Future studies are underway to scan these genomes for other SAC possible in crabs and crayfish so further identification at a cell level can be made in the cellular expression and localization. Future studies could address various concentrations of these pharmacological agents; however, the 48 µM concentration used in this study is a concentration used in other studies which had shown substantial effects for PIEZO 2 subtype of SACs. It would also be of interest to know if the activity would be able to return to the initial levels by removing the compounds when exchanging the bathing saline. Potentially, the DMSO or the compounds themselves may have long term effects not able to be readily reversed.
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