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Neuropeptides comprise the largest class of neural and neuroendocrine signaling 31 

molecules. Vertebrate tachykinins (TKs) and the structurally-related invertebrate 32 

tachykinin-related peptides (TRPs) together form the largest neuropeptide superfamily, 33 

with a number of conserved neural and neuroendocrine functions across species. 34 

Arthropods, including crustaceans, have provided many insights into neuropeptide 35 

signaling and function. Crustacean tachykinin-related peptide occurs in endocrine 36 

organs and cells and in two of the major crustacean CNS components, the 37 

. However, 38 

little is known about TRP sources in the remaining major CNS component, the thoracic 39 

ganglion mass (TGM). To gain further insight into the function of this peptide, we aimed 40 

to identify intrinsic TRP sources in the TGM of the Jonah crab, Cancer borealis. We first 41 

adapted a clearing protocol to improve TRP immunoreactivity specifically in the TGM, 42 

which is a dense, fused mass of multiple ganglia in short-bodied crustaceans such as 43 

Cancer species of crabs. We verified that the clearing protocol avoided distortion of cell 44 

body morphology yet increased visibility of TRP immunoreactivity. Using confocal 45 

microscopy, we found TRP-immunoreactive (TRP-IR) axon tracts running the length of 46 

the TGM, TRP-IR neuropil in all ganglia, and approximately 110 TRP-IR somata 47 

distributed throughout the TGM, within and between ganglia. These somata likely 48 

represent both neural and neuroendocrine sources of TRP. Thus, there are many 49 

potential intrinsic sources of TRP in the TGM that are positioned to regulate behaviors 50 

such as food intake, locomotion, respiration, and reproduction.  51 

 52 

Keywords: neuropeptide, neuroendocrine, crustacean, immunohistochemistry, confocal 53 

54 
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Abbreviations: ACO, anterior commissural organ; AG, abdominal ganglion; TRP, 55 

tachykinin-related peptide; TRP-IR, tachykinin-related peptide immunoreactive; TRPCT, 56 

tachykinin-related peptide central tract; cocs, circumoesophageal connectives; CoGs, 57 

commissural ganglia, poc: postoesophageal commissure; SA, sternal artery; SoG, 58 

suboesophageal ganglion; STG, stomatogastric ganglion; T1-T5, thoracic ganglia 1-5; 59 

TGM, thoracic ganglion mass. 60 

61 
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1. Introduction 62 

 63 

Neuropeptides comprise the largest class of neural and neuroendocrine signaling 64 

molecules (Cropper et al., 2018; Jékely et al., 2018; Katz and Calin-Jageman, 2008; 65 

Nusbaum et al., 2017; Skiebe, 2001; Smith et al., 2019; Taghert and Nitabach, 2012). 66 

The form and function of many neuropeptides are highly conserved between 67 

vertebrates and invertebrates (Buma and Roubos, 1986; Chowanski et al., 2017; Kim et 68 

al., 2017; Nässel, 2006; Taghert and Nitabach, 2012). To mediate their effects, 69 

neuropeptides can be released at classical synapses or non-synaptic sites to reach 70 

nearby targets in a paracrine fashion, and hormonally to have wide-ranging effects 71 

(Buma and Roubos, 1986; Cropper et al., 2018; Jékely et al., 2018; Landgraf and 72 

Neumann, 2004). Although there is increasing information regarding neuropeptide 73 

functions, particularly in motor and sensory systems (Cropper et al., 2018; Jékely et al., 74 

2018; Nässel et al., 2019; Nusbaum and Blitz, 2012; Taghert and Nitabach, 2012), there 75 

is much less known regarding the natural stimuli that activate peptidergic neurons and 76 

trigger neuropeptide release (Chowanski et al., 2017; Skiebe, 2001; Taghert and 77 

Nitabach, 2012). Anatomical analyses of peptidergic neurons can provide a framework 78 

for identifying inputs, and therefore physiological stimuli, that regulate peptidergic 79 

neuron activity. 80 

 Vertebrate tachykinins (TKs) comprise one of the largest known neuropeptide 81 

families and have a high degree of conservation with invertebrate analogs, the 82 

tachykinin-related peptides (TRPs) (Chowanski et al., 2017; Harrison and Geppetti, 83 

2001; Nässel et al., 2019; Steinhoff et al., 2014; Taghert and Nitabach, 2012). 84 

Vertebrate TKs and invertebrate TRPs share a similar C terminal amino-acid sequence 85 

(Phe-x-Gly-Leu-Met-NH2 vs Phe-x-Gly-y-Arg-NH2) and bind to similar receptors (Nässel 86 

et al., 2019; Steinhoff et al., 2014). TKs and TRPs also regulate many of the same 87 

behaviors and functions in their respective organisms, including feeding, foraging, 88 

aggression, digestion, and reproduction (Chowanski et al., 2017; Doi and Ramirez, 89 

2008; Harrison and Geppetti, 2001; Kim et al., 2017; Nässel et al., 2019; Steinhoff et al., 90 

2014; Taghert and Nitabach, 2012; Winther et al., 2006). Both TKs and TRPs act as 91 

local and hormonal signaling molecules across organisms (Harrison and Geppetti, 92 
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2001; Nassel, 1999; Nässel, 2006; Nässel et al., 2019; Steinhoff et al., 2014; Winther et 93 

al., 2006). Due to the extent of conservation between TKs and TRPs, plus the smaller 94 

size and greater accessibility of invertebrate nervous systems, much can be learned 95 

about the function and regulation of this peptide superfamily using invertebrate 96 

organisms (Chowanski et al., 2017; Christie, 2011; Nässel et al., 2019).  97 

 Crustaceans have proven particularly useful in the study of neuropeptide 98 

signaling, from the early demonstration of neurosecretion, to numerous general 99 

principles of neuropeptide modulation of neural circuits, to comparative analyses of 100 

peptides and peptide families across species (Christie et al., 2010; Dickinson et al., 101 

2016; Nusbaum et al., 2017). Immunocytochemistry, biochemistry, mass spectrometry, 102 

including mass spectral imaging, and genome/transcriptome mining have enabled the 103 

identification of many neuropeptides in crustacean neural and endocrine tissue (Chen et 104 

al., 2009a,b; Christie, 2011; Christie et al., 2015). However, the distribution of many of 105 

these peptides remains to be determined, particularly at the cellular level. 106 

Neuroendocrine release in crustacea occurs from different types of structures 107 

including peripheral organs such as the X-organ-sinus gland complex in the eyestalk 108 

and the pericardial organ (PO) surrounding the heart, central organs such as the 109 

anterior commissural organ (ACO) located within the neuropil of a central ganglion, and 110 

additional neurosecretory terminals and cells distributed along nerves and the gut lining 111 

(Christie, 2011). TRP labeling occurs in most of these neuroendocrine sites, however, 112 

which combination of structures contains TRP varies across different crustacean 113 

species (Christie et al., 2010, 2007, 1995; Messinger et al., 2005). Here we focus on the 114 

Jonah crab, Cancer borealis, in which native TRP isoforms have been identified as 115 

Cancer borealis tachykinin-related peptide Ia and Ib (CabTRP Ia/Ib) (Christie et al., 116 

1997). Both isoforms are recognized by the same antibody, but CabTRP Ia has higher 117 

bioactivity (Christie et al., 1997). In C. borealis, among endocrine structures, TRP 118 

immunoreactivity is present in the PO, ACO, and midgut epithelial cells (Blitz et al., 119 

2008; Christie et al., 2007, 1995; Li et al., 2003; Swallie et al., 2015). 120 

The major components of the crustacean CNS are the supraoesophageal 121 

122 

cord, which is compressed into a fused thoracic ganglion mass (TGM) in short-bodied 123 
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crabs such as C. borealis (Bullock and Horridge, 1965; Smarandache-Wellman, 2016). 124 

TRP immunoreactivity is present in neuropil and local interneuron somata in regions 125 

involved in processing olfactory, visual, and tactile information in the supraoesophageal 126 

ganglion (Chen et al., 2009a; Sandeman et al., 1990; Schmidt and Ache, 1994; Yasuda-127 

Kamatani and Yasuda, 2006). However, most information about TRP function is 128 

regarding its actions within the STNS, a key system for studying neuromodulation at 129 

multiple levels of a motor system (Daur et al., 2016; Marder and Bucher, 2007; Stein, 130 

2009).  131 

The STNS controls feeding behaviors such as food chewing and filtering (Marder 132 

and Bucher, 2007). In particular, TRP is present in a modulatory projection neuron, 133 

intrinsic to the STNS, which modulates feeding motor circuits through paracrine actions 134 

(Blitz et al., 2008; Christie et al., 1997; Messinger et al., 2005; Stein et al., 2007; 135 

Swensen and Marder, 2000). TRP is also located in axon terminals forming a 136 

neuroendocrine organ, the ACO, within the STNS (Messinger et al., 2005). TRP release 137 

from the ACO triggers activation of a particular form of chewing through paracrine 138 

actions (Blitz et al., 2008; Diehl et al., 2013; White and Nusbaum, 2011). Additionally, 139 

hormonal TRP actions modulate muscles involved in chewing and food filtering 140 

behaviors (Messinger et al., 2005). The cells contributing to the ACO originate outside 141 

of the STNS and thus provide an extrinsic source of TRP to this area of the crustacean 142 

CNS. TRP is also present in the final crustacean CNS structure, the TGM (Blitz et al., 143 

2008; Huybrechts et al., 2003; Schmidt, 1997), however, there is little information about 144 

its distribution within the TGM, with no information available for C. borealis.  145 

In this study, we aimed to characterize TRP distribution in the TGM of C. 146 

borealis, with particular attention to sources that originate within the ganglion. We used 147 

immunofluorescence and confocal microscopy to visualize TRP-immunoreactive (TRP-148 

IR) structures. Determining TRP distribution in the crab TGM is an important step 149 

toward identifying potential functional roles, which could extend to regulating behaviors 150 

such as ventilation, locomotion, food intake, and reproduction as is true for TKs and 151 

TRPs in other organisms (Doi and Ramirez, 2008; Harrison and Geppetti, 2001; Kahsai 152 

et al., 2010; Nassel, 1999; Steinhoff et al., 2014; Taghert and Nitabach, 2012; Winther 153 

et al., 2006).   154 
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2. Methods 155 

2.1. Animals 156 

C. borealis males (Fresh Lobster Company; Gloucester, MA) were housed in 157 

10 °C recirculating salt water tanks. Crabs were anesthetized prior to dissection by 158 

packing them in ice (30-40 min). During dissection, the TGM was isolated from the 159 

cephalothorax then pinned in a Sylgard-lined Petri dish and maintained in chilled C. 160 

borealis saline (~ 4 °C).  Under a dissecting microscope, the remaining fat and 161 

connective tissue were removed. The sternal artery was carefully trimmed close to the 162 

TGM in order to prevent damage to the tracts running near where the artery passes 163 

through the TGM. 164 

 165 

2.2. Solutions  166 

C. borealis saline (pH 7.4-7.6) was composed of: 440 mM NaCl, 26 mM MgCl2, 167 

13 mM CaCl2, 11 mM KCl, 10 mM Trizma Base, and 5 mM Maleic Acid. Phosphate 168 

buffer (P) (pH 7.3) was a 2.3:1 ratio of sodium phosphate dibasic [1 M] and sodium 169 

phosphate monobasic [0.1 M]. P-Triton consisted of 3% Triton-X (Fisher Scientific) 170 

diluted in phosphate buffer. 171 

 172 

2.3. Immunocytochemistry  173 

Directly after dissection, TGMs were fixed in 4% paraformaldehyde in phosphate 174 

buffer solution for 12-24 hrs. After fixation, TGMs underwent five, 1 hr washes in P-175 

Triton and were stored overnight (7-12 hr) in P-triton to permeabilize cell membranes 176 

before incubation with the primary antibody, rat anti-Substance P (monoclonal, 177 

generated against human Substance P; clone NC1/34, Accurate Chemical and 178 

Scientific Corporation catalog number YMC1021). The initial characterization of this 179 

antibody demonstrated that it binds to the C-terminal of Substance P, the conserved 180 

region across TK and TRPs, has low (5%) cross-reactivity with the TK, eledoisin, but no 181 

cross- -endorphin 182 

(Cuello et al., 1979). Several lines of evidence support this antibody reacting with native 183 

TRPs in decapod crustaceans. First, in the crab nervous system, pre-adsorption of this 184 

antibody with CabTRP Ia blocks labeling (Christie et al., 1997; Christie et al., 2007). 185 
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Second, anti-Substance P labeling colocalizes with anti-locust TRP labeling in the 186 

STNS (Blitz et al., 1995). This includes a distinct neuroendocrine structure, also labeled 187 

by the Substance P antibody across many species (Messinger et al., 2005), and a pair 188 

of identified modulatory network inputs (Blitz et al., 1995; Blitz et al., 1999). Third, 189 

exogenous CabTRP Ia application mimics the actions of the anti-Substance P labeled 190 

neuroendocrine structure; a tachykinin receptor antagonist blocks the actions of the 191 

network inputs that label with the anti-Substance P antibody; and actions of both of 192 

these anti-Substance P labeled cell populations are prolonged by applying an inhibitor 193 

(phosphoramidon) of an extracellular endopeptidase that cleaves TKs (Wood et al., 194 

2000; Blitz et al., 2008). Combined, these data support the conclusion that the anti-195 

Substance P antibody used in this study labels native TRPs in C. borealis. Thus far, 196 

CabTRP isoforms are the only TRPs isolated from C. borealis neural and endocrine 197 

tissues using radioimmunoassay as well as multiple mass spectrometry techniques 198 

(Christie et al., 1997; Li et al., 2003; Chen et al., 2009a,b; Yu et al., 2014). However, 199 

because there may be additional, not yet identified TRP family members that cross-200 

react with the Substance P antibody, we will refer to the Substance P antibody labeling 201 

as TRP immunoreactivity. Preparations were incubated with anti-Substance P (1:300) 202 

for 72 hrs on a shaker-plate at room temperature.  Specimens then underwent an 203 

additional five, 1 hr washes with a final incubation of 7-12 hr in P-triton before incubation 204 

with the secondary antibody (goat anti-rat Alexa Fluor 488 or 563, 1:300; Invitrogen).  205 

Incubation with the secondary antibody occurred on a shaker plate at room temperature 206 

for 16-18 hr. Finally, the tissue underwent five, 1 hr rinses in phosphate buffer and were 207 

stored in phosphate buffer until mounting or clearing. 208 

TGMs were mounted within a well consisting of either cover-slip stacks or a 209 

silicone gasket. Cover-slip stacks were created by sealing multiple coverslips together 210 

(2-5) with nail polish. Then one stack was placed along each side of a slide to create a 211 

rectangular well (Bucher, 2014; Swallie et al., 2015).  Alternatively, silicone gaskets 212 

(Electron Microscopy Sciences) were glued onto slides using nail polish or Permount 213 

mounting medium (Fisher Scientific). Uncompressed or cleared specimens were 214 

mounted in wells that were five coverslips deep or made from 1 mm thick gaskets. 215 

Compressed specimens were mounted in chambers that were 2-3 coverslips deep or 216 
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made from 0.5 mm gaskets. Uncleared specimens (both uncompressed and 217 

compressed), were mounted in glycerol solution (80% glycerol in 20% 20mM Na2CO3) 218 

or Vectashield (Vector Laboratories). Cleared TGMs were mounted in 100% methyl 219 

salicylate or Permount. Coverslips (#1.5) were used to cover the wells and sealed into 220 

place with nail polish or Permount.  221 

 222 

2.4. Tissue Clearing  223 

A clearing protocol was adapted for the TGM in C. borealis from previously 224 

reported procedures (Bucher, 2014; Kononenko et al., 2018; Nässel 1984; Richardson 225 

and Lichtman, 2015). Specifically, ultra-dry 200 proof Ethanol was prepared by pouring 226 

200 proof anhydrous EtOH (Deacon Laboratories) over molecular sieves and allowing 227 

to dehydrate for 24 hours (Bucher, 2014; Thorn et al., 2007). The methyl salicylate used 228 

for rehydration was 100% reagent grade (Fisher Scientific) diluted with ultra-dry ethanol 229 

(EtOH). All solutions, with the exception of the ultra-dry EtOH, were made immediately 230 

prior to use to avoid water contamination.   231 

 Tissue was dehydrated through a graded series of EtOH concentrations diluted 232 

in reverse osmosis (RO) water; starting with incubation in 30% EtOH (1 hr), 50% (1 hr), 233 

75% (1 hr), 95% (1 hr), and then incubated twice in 100% ultra-dry EtOH (1 hr each). 234 

Between each concentration, 3 quick (<1 sec) washes with the new solution were 235 

performed. After dehydration, TGMs were rehydrated in a desiccation chamber by 236 

incubating the preparation in 1:1 methyl salicylate/EtOH for 30 min, then in 3:1 methyl 237 

salicylate/ EtOH for 1 hr, and then in 100% reagent grade methyl salicylate in the 238 

desiccation chamber until mounting (15-60 min). Between each solution, specimens 239 

were rinsed 3 times (<1 sec) in the next solution.  240 

 241 

2.5. Image Collection  242 

Confocal micrographs were collected using the Zeiss 710 confocal microscope 243 

located in the Center for Advanced Microscopy and Imaging (CAMI; Miami University, 244 

Oxford OH).  Images for this study were collected using 10x (EC Plan-Neofluar 10x/0.3 245 

NA), 20x (Plan-apochromat 20x/0.8 NA), and 40x air (Neofluar 40x/0.75 NA) objectives. 246 

The 543 nm diode laser and Texas red filter set were used to collect images from 247 
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preparations in which Alexa 568 was the fluorophore. The 488 nm Argon laser and the 248 

GFP filter set were used to collect images from preparations in which Alexa 488 was the 249 

fluorophore. Images were acquired with Zen Black software (Zeiss), which was also 250 

used to generate maximum intensity projections or 3D renderings from z-stacks of 251 

confocal images. In maximum intensity projections, z-stack optical sections are 252 

compressed into a single 2D plane. For each pixel location across the X-Y plane, the 253 

brightest intensity of that pixel from all optical sections in a z-stack is displayed. To 254 

produce a 3D image, pixels through a z-stack are used to build voxels which are then 255 

assembled into a rotatable image. In some figures, 2D images were generated after 256 

rotation of a 3D image as noted. In some images, a depth code, a color code that is 257 

based on the dorsal to ventral extent of each pixel, was applied to provide 3D 258 

information in a 2D image. 259 

 260 

2.6. Data Analysis  261 

TRP-IR cells were identified based on the presence of punctate staining and a 262 

non-immunoreactive nucleus. Cell size was determined using Zen Black software to 263 

measure the shortest (horizontal diameter) and longest (vertical diameter) distance 264 

through the center of the nucleus (Dircksen and Keller, 1988; Kornthong et al., 2014). 265 

For all identified cells, the horizontal diameters were used to assign cells to size classes 266 

based on previous classifications of crustacean neurons (Dircksen and Keller, 1988; 267 

Khornchatri et al., 2015; Kornthong et al., 2014; Yasuda et al., 2004). As a number of 268 

cell diameters were in gaps between the previously used size ranges, we expanded the 269 

ranges for cell size classes for this study. Specifically, the adjusted size classes (using 270 

horizontal diameters for classifications) were globuli, <9 µm; small, 9-16.9 µm; medium, 271 

17-34.9 µm; large, 35-94.9 µm; giant, >95 µm. 272 

Cells were counted in each ganglion through consecutive optical sections in a z-273 

stack by using the drawing tool in Zen Black software to mark each cell with a circle 274 

then counting the circles. The ganglion in which each cell occurred was recorded along 275 

with diameter. The anterior-posterior and ventral-dorsal location of each cell was 276 

measured relative to a set of TRP-IR branches projecting from a dense TRP-IR axon 277 

bundle that projects centrally through the length of the TGM. This tract is referred to as 278 
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the TRP central tract (TRPCT) and is likely within the ring commissure, a bilateral 279 

longitudinal axon bundle that runs through the central-dorsal aspect of the TGM 280 

(Dircksen and Keller, 1988; Kornthong et al., 2014; Saetan et al., 2013). All cells were 281 

noted as ventral or dorsal based on whether they were ventral or dorsal to where the 282 

TRPCT branches met the dorsal extent of the TRPCT within a ganglion. The TRPCT 283 

branches project near the anterior-posterior midline of each ganglion and were thus 284 

used to establish an anterior-posterior boundary for cells within each ganglion. Some 285 

TRP-IR cells were located in the spaces between each of the ganglia rather than within 286 

a ganglion. The depth of these inter-ganglionic cells was compared to the depth of the 287 

TRPCT branch closest to the largest number of cells between each set of ganglia.   288 

 Axons were traced through a z-stack using the Bezier drawing tool in Zen Black 289 

software. First, the leading edge of the Bezier was placed on an axon exiting the soma. 290 

Then the Bezier line was continued by clicking on the axon as it was followed through 291 

the z-stack, scanning through z-planes. Most axon lengths spanned a greater x-y 292 

distance than could be obtained within a single z-stack. Thus, multiple z-stacks were 293 

obtained with overlap between the z-stacks. The location of an axon relative to a 294 

feature, such as distinctive neuropil or the sternal artery within the overlapped region, 295 

was noted in order to follow an axon from one z-stack to another. 296 

 297 

2.7. Statistics 298 

 Statistical analysis was performed using Sigma Plot (Systat software) or Excel 299 

2016 (Microsoft). Data are reported as mean ± SD. N values are reported as the 300 

number of animals (N) and/or the number of occurrences for structures that occur 301 

bilaterally (n). Fisher Exact Test was used to compare the number of tracts, cells, or 302 

other anatomical structures identified in compressed, uncompressed, and cleared 303 

TGMs.  To correct for errors due to multiple (three) comparisons, the value was 304 

adjusted to 0.017 using Bonferroni correction (McDonald, 2014). The number of visible 305 

cells across processing methods was compared using a One-Way ANOVA followed by 306 

a post hoc Holm-Sidak analysis. The horizontal and vertical diameters were compared 307 

between processing methods using One-Way ANOVA followed by a post hoc Holm-308 

Sidak analysis.  309 
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2.8. Figures  310 

All images and figures were assembled in Corel Draw (Corel Corporation, v16). 311 

Graphs were imported into Corel Draw from Sigma Plot (Systat software) or Excel 2016.  312 

Image collages were generated from consecutive, overlapping confocal micrographs. 313 

Maximum intensity projections of whole z-stacks or subsets were generated in Zen 314 

Black software and imported into Corel Draw. Once in Corel Draw, features shared 315 

between two micrographs were aligned using the transparency tool to verify overlap.  316 

3. Results 317 

 318 
3.1. Optimizing Visibility of TRP-IR Structures in the TGM 319 

The TGM of short bodied crustaceans, such as C. borealis, consists of multiple 320 

ganglia fused into a ring around the sternal artery (SA) (Fig. 1A, B). The anterior-most 321 

ganglion in this fused mass is the suboesophageal ganglion (SoG). The SoG is followed 322 

by the five bilateral thoracic ganglia (T1-T5), located on either side of the SA, and the 323 

posterior-most ganglion, the abdominal ganglion (AG), which is also a fusion of multiple 324 

abdominal ganglia (Fig. 1A, B) (Bullock and Horridge, 1965; Sandeman and Atwood, 325 

1982; Smarandache-Wellman, 2016). The TGM connects to the rest of the crustacean 326 

central nervous system via the large circumoesoesophageal connectives (cocs) at the 327 

anterior end of the SoG (Fig. 1A, B). The many additional nerves around the border of 328 

the TGM connect this structure to the pericardial organ, an endocrine structure 329 

surrounding the crab heart, and many other structures to send and receive information 330 

related to locomotion, respiration, digestive, and reproductive function (Bullock and 331 

Horridge, 1965; Harzsch, 2003; Sandeman and Atwood, 1982). The TGM is a relatively 332 

thick ganglion mass, with a dorsoventral depth of approximately 1 mm in crabs 333 

(Kornthong et al., 2014). This presents a challenge to performing detailed microscopic 334 

analysis of neurochemical distributions (Dircksen and Keller, 1988; Mangerich and 335 

Keller, 1988; Schmidt, 1997). Thus, our initial aim was to optimize our ability to identify 336 

and determine the size and axonal projections of potential endogenous TRP-IR cells. 337 

Both the soma diameter and the projection pathway can provide information about a 338 
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potential cell type (Dircksen and Keller, 1988; Elson, 1996; Kornthong et al., 2014; 339 

Mangerich and Keller, 1988; Stephens, 1986; Yasuda-Kamatani and Yasuda, 2006).  340 

A TRP-IR axon bundle was previously traced through the cocs to the SoG in 341 

TGMs that were compressed between a slide and coverslip. This study noted dense, 342 

intense TRP immunoreactivity in the TGM but did not include images or characterize 343 

this immunoreactivity (Blitz et al., 2008). In our initial examination of TRP 344 

immunoreactivity we used TGMs that were partially compressed to approximately half of 345 

the normal dorsoventral depth (0.5 mm) (compressed TGMs). We found extensive TRP 346 

immunoreactivity throughout the TGM (Fig. 1B), including the previously described 347 

TRP-IR axons in the cocs that entered into the SoG as in Blitz et al. (2008) (n=30, 348 

N=18). We also identified a bilateral pair of TRP-IR axon tracts projecting from anterior 349 

to posterior through the center of the SoG (n=23, N=13), then spreading apart to run 350 

around the perimeter of the SA toward the AG (n=5/5, N=3/3) (Fig. 1B). We refer to this 351 

centrally located tract as the TRP central tract (TRPCT). The TRPCT appeared to run 352 

through the ring commissure/longitudinal axon bundle which is a thick band of axons 353 

that runs along the dorsal-medial aspect of the sternal artery (Dircksen and Keller, 354 

1988; Kornthong et al., 2014; Saetan et al., 2013). There was also TRP-IR neuropil 355 

located lateral to each TRPCT along the length of the SoG (n=12, N=6) (Fig. 1B-C), in all 356 

of the T-ganglia (n=7-9, N=4-6) (Fig. 1B, D-H) and along both lateral margins of the AG 357 

(n=12, N=6) (Fig. 1B, I). 358 

Although compression allowed us to identify major aspects of TRP 359 

immunoreactivity in the TGM, we were concerned that compressing the tissue could 360 

distort TRP-IR structures and their 3-D relationships. Therefore, we tried mounting 361 

TGMs without compression in 1 mm wells (uncompressed TGMs). This approach 362 

greatly diminished the visibility and clarity of TRP immunoreactivity. For example, the 363 

TRPCT became more difficult to follow beyond the anterior SoG (Fig. 2Aii), cell bodies 364 

were more difficult to visualize (Fig. 2B-C), and the clarity of fine detail was poor (Fig. 365 

2A-B) as detailed below. We thus needed a technique that both protected the anatomy 366 

of the TGM and improved resolution of immunoreactive structures throughout the thick, 367 

opaque TGM tissue.  368 
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We decided to employ a methyl-salicylate clearing technique which is routinely 369 

used to reduce tissue opacity by replacing water with methyl-salicylate (see Section 2.4) 370 

(Amos and Mesce, 1994; Bucher, 2014; Kononenko et al., 2018; Nässel, 1984; Thorn et 371 

al., 2007; Zucker et al., 2000).  Although there was no statistical difference in visibility of 372 

the TRPCT in the anterior SoG across mounting protocols (Fig. 2A) (compressed: 100%, 373 

n=23, N=13; uncompressed: 88%, n=16/18, N=8/9; cleared: 100%, n=20, N=10; 374 

p=0.236-0.618), there were differences 375 

progressing posteriorly along the TGM. The TRPCT was visible through the entire SoG, 376 

along the ipsilateral side of the sternal artery, and into the AG in all compressed TGMs 377 

(n=5/5, N=3/3) and all cleared TGMs (Fig. 3) (n=9/9, N=7/7), but only visible from the 378 

SoG to the AG in 50% of uncompressed TGMs (n=3/6, N=2/5). In the remaining 379 

uncompressed TGMs, the TRPCT typically became too difficult to follow beyond T2 380 

(n=3/6, N=3/5) (Fig. 2A) (Compressed vs. Uncompressed: p=0.031; Compressed vs. 381 

Cleared: p=1.00; Uncompressed vs. Cleared: p = 0.009; 382 

correction ). Thus, the clearing protocol that we adapted to the crab TGM 383 

enabled more consistent tract tracing compared to uncompressed TGMs. Further, 384 

clearing the tissue did not appear to impact fine immunoreactive structures, as there 385 

was extensive neuropil labeling in all ganglia in cleared TGMs similar to compressed 386 

TGMs, and fine branches were evident between the TRPCT and the regions of neuropil 387 

(SoG, AG: n=5, N=5; T1-T5, n=10, N=5) (Figs. 2, 3).   388 

We examined somata in an anterior (thick) and a posterior (thin) location in 389 

TGMs to compare the visibility and numbers of somata across mounting protocols. In 390 

the SoG, which is one of the thicker ganglia of the TGM (~ 800 µm; Kornthong et al., 391 

2014), there was a pair of TRP-IR cells in the anterior-medial SoG in 75% of 392 

compressed specimens (N=9/12) (Fig. 2Bi), 33% of uncompressed preparations 393 

(N=2/6) (Fig. 2Bii) and 100% of cleared specimens (N=7/7; Fig. 2Biii). Thus, the paired 394 

SoG cells were visible in more compressed than uncompressed TGMs 395 

test, Bonferroni correction, p<0.001) and in more cleared than uncompressed TGMs 396 

(p<0.001) but in similar numbers of compressed and cleared TGMs (p=0.208). In the 397 

thinnest part of the TGM, the AG (~300 µm; Kornthong et al., 2014), neurons were 398 

consistently visible in compressed (N=6/6, Fig. 2Ci), uncompressed (N=9/9, Fig. 2Cii), 399 
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and cleared TGMs (N=10/10, Fig. 2Ciii).  Thus, we turned to counting the number of 400 

neurons per AG in order to assess if our clearing technique increased our ability to 401 

visualize cells, even in the thinnest part of the TGM. There were more cells in 402 

compressed (8 ± 1.9; N=6) and cleared (9.3 ± 2.4; N=10) ganglia than in uncompressed 403 

(3.9 ± 1.4; N=9) ganglia (One Way ANOVA, compressed vs uncompressed: p=0.003, 404 

cleared vs uncompressed: p<0.001), but no difference between cleared and 405 

compressed ganglia (p=0.235) (Fig. 2E). Due to the thickness of the TGM, we needed 406 

to extend the duration of the dehydration/rehydration steps (Section 2.4) compared to 407 

previous protocols that we used as a starting point (Bucher, 2014; Thorn et al., 2007; 408 

Zucker et al., 2000). Thus, we also wanted to determine whether this longer duration 409 

clearing process was distorting the tissue. We reasoned that the measures of AG cells 410 

in uncompressed TGMs were the most accurate. AG cell horizontal and vertical 411 

diameters were 59.42 ± 7.12 µm and 81.66 ± 10.32 µm in uncompressed preparations 412 

(N=9), 70.03 µm ± 5.99 µm and 104.08 µm ± 13.02 in compressed ganglia (N=6), and 413 

54.33 ± 3.24 µm and 72.60 µm ± 7.90 µm in cleared TGMs (N=10) (Fig. 2F). The 414 

horizontal and vertical diameters of AG cells in compressed TGMs were larger than in 415 

uncompressed (One Way ANOVA, horizontal p=0.003, vertical p<0.001) and cleared 416 

TGMs (horizontal p<0.001, vertical p<0.001) (Fig. 2C, F). However, the AG cells in 417 

cleared TGMs were not different from those in uncompressed (horizontal diameter, 418 

p=0.059; vertical diameter, p=0.065) (Fig. 2F). Thus, our clearing method did not distort 419 

the anatomy of TRP-IR cells in the TGM, but compressing TGMs did cause distortion. 420 

We predict that we identified the low end of distortion that can be caused by 421 

compression as the AG is the ganglion with the smallest dorsoventral depth and 422 

therefore should be subjected to the least amount of compression. Eliminating size 423 

distortion is important for placing TRP-IR cells in previously determined size classes 424 

(Dircksen and Keller, 1988; Khornchatri et al., 2015; Kornthong et al., 2014; Saetan et 425 

al., 2013; Senarai et al., 2016).  426 

 427 

3.2. TRP-IR cells in the SoG and AG 428 

Using our modified clearing protocol, we examined the entire TGM for TRP-IR 429 

cell bodies that could contribute to paracrine and/or endocrine release of this signaling 430 
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molecule. For all identified cells, the horizontal diameters were used to assign cells to 431 

size classes based on the classification of crustacean neurons used in Kornthong et al. 432 

(2014) (see Section 2.6). As noted above, a pair of cell bodies was consistently 433 

identified in the SoG (Fig. 2). The average horizontal and vertical diameter of the SoG 434 

neurons in cleared TGMs was 39.00 ± 2.67 µm and 49.30 ± 2.70 µm, respectively 435 

(n=12, N=6). Based on horizontal diameter, 9/12 (75%) of these neurons were in the 436 

large size class, and 3/12 (25%) were just below the cutoff and fell within the medium 437 

size class (Fig. 2G) (Table 1). As evident by tracing them through z-stacks of optical 438 

sections, SoG cell primary neurites projected posteriorly and appeared to contribute to 439 

an area of neuropil located at the midline (Fig. 2Biii) (n=12, N=6), but we were unable to 440 

trace them beyond this neuropil region. This pair of neurons were the only TRP-IR cells 441 

in the SoG and likely do not contribute to all of the neuropil within the SoG.  442 

 As indicated above, ~9 AG cells were visible in cleared TGMs (Fig. 2E) which 443 

had horizontal diameters that placed them primarily into the large size class (n=86/87, 444 

N=10) with the exception of one neuron classified as medium (n=1/87, N=10) (Fig. 2G) 445 

(Table 1). Many cells were located near the posterior end of the AG. However, several 446 

were along the anterior-posterior axis of the AG (Fig. 4). In cleared, uncompressed 447 

ganglia we were able to discern the relationship of the AG cells, their axons, and the AG 448 

neuropil to each other dorsoventrally in 3D space. A color depth code demonstrates that 449 

most of the AG neurons were ventral to the AG neuropil but some, especially the 450 

posterior neurons, were on a similar level as the AG neuropil or ventral to it (N=6, Fig. 451 

4D). In cleared preparations, individual AG cell primary neurites were readily identifiable 452 

(Fig. 4). We found that single primary neurites crossed to the contralateral side of the 453 

ganglion close to their somata before proceeding anteriorly towards the sternal artery 454 

(N=6, Fig. 4B-C). The AG cell primary neurites did not appear to contribute to any 455 

neuropil in the AG (N=6, Fig. 4B-C). As noted above, the bilateral TRPCT continue as 456 

central tracts running the length of the AG (Figs. 3, 5) and branches project from this 457 

continuation of the TRPCT laterally toward the regions of neuropil (n=5, N=5) (Fig. 5B).  458 

To gain further insight into their potential roles, we traced the AG cell axons. 459 

Continuing beyond the AG, individual AG cell axons projected up to T1 (N=4, Fig. 5) but 460 

we were unable to consistently trace them farther. In a single preparation, an AG cell 461 
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axon was evident projecting beyond T1 (white arrows; Fig. 5C), but was lost as it 462 

entered the SoG. Although one possibility was that the AG cell axons merged with the 463 

TRPCT, we found instead that they remained lateral to the TRPCT, and primarily on a 464 

different dorsal-ventral plane. The bulk of the TRPCT was more dorsal than the AG cell 465 

axons through T5-T3 but was more ventral beginning around T2. Due to their different 466 

dorsal-ventral planes and the extent of TRP immunoreactivity it is difficult to visualize 467 

the thin AG cell axons in a maximum intensity projection from a complete confocal z-468 

stack (Fig. 5B). To allow comparison of their locations, maximum intensity projection 469 

images from a complete z-stack that includes the TRPCT and from a partial z-stack that 470 

includes the AG cell axon, but not the TRPCT are presented. The circles indicate the 471 

same x-y location in the full (Fig. 5B) and partial (Fig. 5C) z-stack to provide reference 472 

points. The AG cell axons remained lateral to the TRPCT and were continuing to project 473 

toward the anterior edge of T1 away from the sternal artery, at the point when we were 474 

no longer able to trace them (Fig. 5C). These data suggest that the AG cell axons do 475 

not merge with the central TRP-IR tract, but may project out of the TGM through nerves 476 

in T1 or the SoG. Thus, in the SoG and AG there are primarily large size class TRP-IR 477 

neurons. SoG neurons may contribute to a central region of SoG neuropil, while AG 478 

neurons appear to project most of the distance of the TGM without contributing to 479 

neuropil. We next looked for additional TRP-IR somata in the remainder of the TGM. 480 

 481 

3.3. TRP-IR cells throughout the T1-T5 region 482 

TRP-IR cells were located in each of the T1-T5 ganglia (Fig. 6) (Table 1). The 483 

number of cells ranged from a consistent population of 3 neurons in T1, T2 and T4 to an 484 

average of 5 and 9 cells in T3 and T5 respectively (Fig. 6) (Table 1). Among the largest 485 

population in T5, there were isolated neurons (4 ± 1) as well as cells arranged in a 486 

cluster (6 ± 1 cells) (n=7, N=4) (Fig. 6B; T5, arrows). The cells in T1-T5 were primarily 487 

large and medium class cells based on their horizontal diameters, with a few small cells 488 

also located in T3 (5/35 cells, n=2/7, N=2/4) (Fig. 6C) (Table 1). We used the TRPCT and 489 

its branches into the T-ganglia as references for the location of TRP-IR somata. 490 

Specifically, we noted whether T1-T5 cells were dorsal or ventral to the TRPCT, and 491 

anterior or posterior to the TRPCT branches in each ganglion (see Section 2.6). Most 492 
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cells were located ventral to the central TRP-IR tract with the exception of some cells in 493 

T3 (8/35 cells, n=7, N=4) (Fig. 6B) (Table 2). There was less consistency in the relative 494 

anterior-posterior location of somata in T1-T5 (Table 2). Throughout T1-T5, no 495 

connections from the primary neurites of TRP-IR cells to the TRPCT were observed 496 

(n=7, N=4). In the TGM, cell bodies are located not only within individual ganglia, but 497 

also between them (Mangerich and Keller, 1988; Saetan et al., 2013; Senarai et al., 498 

2016). Thus, we also explored the regions between the ganglia for TRP-IR cells. 499 

 The regions between ganglia are referred to by their bordering ganglia. For 500 

example, the area between T1 and T2 is T1:T2 (Fig. 7A). The number of TRP-IR cells 501 

varied between ganglia and included varying percentages of cells in the large, medium, 502 

and small size classes (Fig. 7) (Table 3). The between ganglia cell numbers ranged 503 

from 0 for SoG:T1 (N=4), to an average of 10 cells in the T2:T2 region. Just anterior to 504 

the SA there is a non-bilateral commissure between the right T2 and the left T2 505 

(T2R:T2L, Fig. 7A, B) (Bullock and Horridge, 1965; Harzsch, 2003; Sandeman and 506 

Atwood, 1982). All of the cells within this commissure were close to the SA (N=4, Fig. 507 

7B). Based on their horizontal diameters, these cells fell in the small and medium class, 508 

and they did not have visible axons (n=40 cells, N=4, Fig. 7B, C) (Table 3). Across all 509 

intra- and inter-ganglia regions, T2R:T2L contained the only population of cells that did 510 

not include large size class cells. 511 

No TRP-IR branches projected into the spaces between each of the ganglia, thus 512 

the depth of the inter-ganglionic cells was compared to depth at which the TRP branch 513 

in the ganglion closest to the most cells entered the TRPCT (see Section 2.6). Most of 514 

the inter-ganglia cells were ventral to their respective intra-ganglion TRP-IR branch (92-515 

100%; n=7-8; N=4) (Table 4). None of the inter-ganglia cell axons had visible 516 

connections with the TRPCT (n=7-8; N=4). 517 

 518 

4. Discussion 519 

 Using cleared tissue and confocal microscopy, we found TRP-IR tracts that 520 

projected the length of the TGM, neuropil in all ganglia, and ~110 cell bodies distributed 521 

within and between ganglia comprising the fused TGM of the crab, C. borealis (Fig. 8).  522 



19 
 

Due to the thickness and size of the TGM, compression or sectioning has been 523 

used with various labeling protocols to describe the TGM anatomy (Blitz et al., 2008; 524 

Bullock and Horridge, 1965; Dircksen and Keller, 1988; Khornchatri et al., 2015; 525 

Kornthong et al., 2014; Schmidt, 1997). We found that in compressed TGMs, the 526 

diameters of large TRP-IR neurons in the posterior AG were ~20-30% (horizontal-527 

vertical) larger than in uncompressed TGMs. The AG has the smallest dorsal-ventral 528 

extent within the TGM (Kornthong et al., 2014; Saetan et al., 2013) and therefore is 529 

subject to the least compression, suggesting that greater distortion is likely in other 530 

TGM regions. Sectioning of tissue can avoid distortion due to compression and can be 531 

useful for characterizing anatomical structures, such as cell clusters throughout the 532 

TGM (Kornthong et al., 2014; Saetan et al., 2013). However, a downside to sectioning is 533 

the difficulty in reconstructing tissue, particularly a large structure such as the TGM, in 534 

order to trace axons outside the extent of individual sections and maintain three-535 

dimensional spatial information.  536 

Clearing techniques are routinely used to decrease the opacity of tissue and thus 537 

the light scatter that decreases detection of immunofluorescence (Amos and Mesce, 538 

1994; Carrow et al., 1984; Nässel, 1984; Richardson and Lichtman, 2015; Seo et al., 539 

2016; Silvestri et al., 2016; Vigouroux et al., 2017). Combining a clearing technique with 540 

confocal microscopy enables detection even in thicker tissues, thus making it feasible to 541 

maintain three-dimensional anatomy and trace processes without the need for 542 

reconstruction (Richardson and Lichtman, 2015; Seo et al., 2016; Silvestri et al., 2016; 543 

Vigouroux et al., 2017). Several clearing protocols improve visibility in thick tissue and 544 

still enable fluorescence confocal imaging. However, there is variability in the efficacy of 545 

protocols across tissues, including differences in distortion (Richardson and Lichtman, 546 

2015; Seo et al., 2016; Zucker et al., 2000). Methyl salicylate protocols preserve 547 

morphology better than others, including mounting in glycerol (Bucher, 2014; Zucker et 548 

al., 2000). Further, methyl salicylate clearing works with whole-mounted tissues (up to 2 549 

mm), including preserving morphology in whole-mounted insect and embryonic mouse 550 

tissues (Amos and Mesce, 1994; Carrow et al., 1984; Zucker et al., 2000). Optimizing a 551 

methyl salicylate clearing protocol for the TGM (Bucher, 2014; Zucker et al., 2000) 552 

improved our ability to detect TRP-IR structures, including axons and cell bodies 553 
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throughout the crab TGM without distortion. Other anatomical studies of the TGM of 554 

short bodied crustaceans cite difficulty visualizing or a failure to trace axons very far 555 

(Dircksen and Keller, 1988; Mangerich and Keller, 1988; Schmidt, 1997). While we were 556 

still unable to trace axons to their terminals, the optimized clearing technique allowed us 557 

to trace axons of AG cells through ~ 80% of the length of the TGM without the need to 558 

section and reconstruct this large, fused ganglion mass.   559 

The distribution of TRP-IR somata has been assessed in the STNS and 560 

supraoesophageal ganglion of some decapod crustaceans (Blitz et al., 1995; Goldberg 561 

et al., 1988; Yasuda-Kamatani and Yasuda, 2006) but, to our knowledge, an anatomical 562 

analysis of TRP-IR somata in the TGM of a decapod has not been conducted. Previous 563 

examination of TRP immunoreactivity in the lobster Hommarus americanus focused on 564 

sensory afferents entering the TGM (Schmidt, 1997). Here, we characterized the 565 

distribution of the major TRP-IR structures and in particular, TRP-IR somata in the TGM 566 

of C. borealis.  567 

 568 

4.1. TRP immunoreactivity in the SoG 569 

 The SoG controls appendages in the mouth area including the labrum, mandible, 570 

maxilla 1 and 2 and maxilliped 1-3 (Bullock and Horridge, 1965; Harzsch, 2003; 571 

Harzsch et al., 1998; Robertson and Laverack, 1979; Saetan et al., 2013; Wales et al., 572 

1976). Most of these are important for food intake. Thus, the two TRP-IR neurons or 573 

other extrinsic sources contributing to the TRP-IR neuropil in the SoG might modulate 574 

food intake. TRP modulates other feeding related behaviors, including chewing and 575 

food filtering within the foregut (Blitz et al., 2008; Diehl et al., 2013; Stein et al., 2007). 576 

Additionally, maxilla 2 controls the gill bailer and thus gas exchange via ventilation 577 

(Dicaprio, 1989; Pilkington and MacFarlane, 1978), which could also be modulated by 578 

TRP in the SoG. Similarly, the respiratory system in mammals is modulated by the most 579 

well-known tachykinin, the peptide Substance P (Doi and Ramirez, 2008; Peña and 580 

Ramirez, 2004). 581 

 582 

4.2. TRP immunoreactivity in the T-ganglia 583 
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 Most TRP-IR cells in the T-ganglia were located ventral to the TRPCT, although a 584 

few in T3 and between T5 and the AG were located dorsally. The pattern of labeled 585 

somata appears to differ from cells that are immunoreactive for crustacean cardioactive 586 

peptide (CCAP), pigment dispersing hormone (PDH), FMRF-amide, Leu-enkephalin-like 587 

peptide, serotonin, and dopamine which are located on the dorsal side of the TGM in 588 

several crustacean species (Dircksen et al., 1987; Dircksen and Keller, 1988; Kornthong 589 

et al., 2014; Maynard, 1961). The exceptions are dopaminergic neurons between the T-590 

ganglia on the ventral side of the TGM (Khornchatri et al., 2015); thus, in the future, 591 

cells could be examined for colocalization of dopamine and TRP. Colocalization of 592 

transmitters is prevalent in nervous systems, although it does not occur in all cells 593 

(Cropper et al., 2018; Nusbaum et al., 2017; Svensson et al., 2019). For example, a 594 

TRP-containing modulatory projection neuron in the STNS has a peptide and small 595 

molecule co-transmitter, while the ACO neuroendocrine organ appears to contain only 596 

TRP (Blitz et al., 1999; Messinger et al., 2005; Stein et al., 2007).   597 

The five bilaterally paired T-ganglia provide input to, and receive sensory 598 

information from, the claws and legs (Bullock and Horridge, 1965; Elson, 1996; 599 

Stephens, 1986). TKs and TRPs modulate locomotion in several organisms including 600 

Drosophila and lamprey (Pérez et al., 2007; Winther et al., 2006) and the localization of 601 

TRP in neuropil and cells throughout the T-ganglia suggest a similar function in crabs. 602 

The TRPCT has projections into all of the T-ganglia (this study), while TRP-IR sensory 603 

afferents project into T-ganglia from the periphery (Schmidt, 1997). In locusts, TRP-IR 604 

axons entering thoracic ganglia originate from sensory hairs on the tarsi of each leg 605 

(Persson and Nässel, 1999). Thus, TRP-IR neuropil within the T-ganglia may be 606 

predominantly sensory input to locomotor circuits. 607 

We were unable to trace the TRP-IR cell axons in their entirety and thus could 608 

not determine if they were motor neurons or interneurons. Each cell type is plausible. 609 

Although small molecule transmitters such as glutamate and acetylcholine are typical 610 

transmitters at the neuromuscular junction, some motor neurons in invertebrates and 611 

vertebrates contain peptide co-transmitters (Cropper et al., 2018; Piehp et al., 1993; 612 

Rosenfeld et al., 1983; Vilim et al., 2000; Walder et al., 2013; Whim et al., 1993). 613 

Alternatively, many interneurons in vertebrates and invertebrates contain neuropeptides 614 
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(Baraban and Tallent, 2004; Nässel and Homberg, 2006), and interneurons that are part 615 

of rhythm generating circuits can be intrinsic sources of modulation to the circuit 616 

(Cropper et al., 2018; Katz and Frost, 1996). 617 

 618 

4.3. TRP immunoreactivity in the AG 619 

Our results suggest that there is no local TRP modulation in the AG, a region that 620 

controls reproductive and digestive functions (Bullock and Horridge, 1965; Kornthong et 621 

al., 2014; Sandeman and Atwood, 1982; Senarai et al., 2016). The TRP-IR cells in the 622 

AG were in the large size class which are proposed to be motor neurons (Kornthong et 623 

al., 2014). However, motor neurons typically innervate muscles in their segment 624 

(Bullock and Horridge, 1965), whereas the AG TRP-IR neurons in this study projected 625 

anteriorly to at least T1. In general, somata within the TGM are interneurons, motor 626 

neurons, or neurosecretory, with sensory somata typically located in the periphery 627 

(Bullock and Horridge, 1965). There appear to be both ascending interneurons and 628 

neurosecretory neurons originating in the AG that project several segments anteriorly. 629 

For instance, AG neurons immunoreactive for CCAP in the green crab C. maenas 630 

project their axons ipsilaterally and anteriorly to the SoG, and then leave through 631 

segmental nerves projecting to the pericardial organ (PO) (Dircksen and Keller, 1988). 632 

The PO is one of the major neuroendocrine organs in crustaceans and it does release 633 

TRP in C. borealis (Christie, 2011; Li et al., 2003), raising the possibility that the TRP-IR 634 

AG neurons project to the PO. Given their large size, and lack of any branching as they 635 

project anteriorly it is perhaps more likely that AG cells are neuroendocrine and release 636 

TRP from the PO organ into the circulation, and do not have any local regulatory 637 

functions. 638 

 639 

4.4. TRPCT 640 

The other major TRP-IR structure in the TGM is in the form of bilateral 641 

longitudinal axon tracts, the TRPCT. There are thick longitudinal tracts that run lateral to 642 

the sternal artery through the entire fused ganglion mass of short-bodied crab species 643 

(Kornthong et al., 2014; Saetan et al., 2013). Other neuromodulators are present in 644 

subsets of these axons, including dopamine, CCAP, FMRFamide, and PDH (Dircksen 645 
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and Keller, 1988; Khornchatri et al., 2015; Mangerich and Keller, 1988; Wood and 646 

Derby, 1996). These labeled axons appeared sparser than the TRP-IR axons in this 647 

study and thus are unlikely to be the same axons. There is no evidence for axons from 648 

TRP-IR somata in the TGM connecting to the TRPCT. This includes the AG cells, which 649 

had axons that were traceable for a long distance, yet remained lateral to the TRPCT. 650 

Thus, the cell bodies from which the TRPCT axons originate likely occur outside the 651 

TGM, and thus may be sensory or neuroendocrine. 652 

  653 

4.5. Neuroendocrine Release  654 

Hormonal TKs and TRPs modulate aggression, reproduction, and hunger/satiety 655 

(Chen et al., 2010; De Felipe et al., 1998; Harrison and Geppetti, 2001; Kahsai et al., 656 

2010; Nässel et al., 2019). In crustaceans, hormonal TRPs modulate heartbeat, gastric-657 

mill muscles, gut motility, and feeding state (Chen et al., 2010; Christie et al., 1997; 658 

Cruz-Bermúdez and Marder, 2007; Messinger et al., 2005). Endocrine sources of TRP 659 

vary across crustacean species with the PO, ACO and midgut epithelial cells being 660 

known sources in C. borealis (Christie, 2011; Christie et al., 2007; Li et al., 2003; 661 

Messinger et al., 2005). The thoracic ganglion mass may serve as yet another source of 662 

hormonal TRP.  663 

There are multiple potential sites at which hormones can be released into the 664 

circulation from TGM neurons. For instance, in the lobster H. americanus ventral nerve 665 

cord 5HT and OCT neurons arborize within ganglia where they can act via paracrine 666 

release, and they project to thoracic nerve roots where they form neurosecretory plexi 667 

(Heinrich et al 2000, Schneider et al 1993). Although, much neuroendocrine release 668 

occurs at axon terminals, release from somata also occurs, including in the TGM 669 

(Matsumoto, 1954; Maynard, 1961). The cells near the sternal artery in the T2:T2 670 

commissure without evident axons, appear similar to B-type neurosecretory cells near 671 

the sternal artery in the crabs Portunus pelagicus and Eriocheir japonicus (Matsumoto, 672 

1954; Stewart et al., 2013). It is also possible that TRP could be released from cells 673 

scattered in other areas of the TGM to enter the circulation, as the TGM is fenestrated 674 

with capillaries and hemolymph lacunae, including individual neuroendocrine cells 675 

having capillaries wrapped around their somata (Matsumoto, 1954; McGaw, 2005; 676 
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McGaw and Reiber, 2002). Other than the AG cell axons, we were unable to trace 677 

axons very far, and unable to trace any axons to their terminations. Therefore, 678 

determination of potential endocrine or dual neuronal/endocrine TRP release in the 679 

TGM will require other approaches, such as single cell fills that enable an assessment 680 

of the full arborization of cells (Blitz et al., 1999; Dicaprio, 1989; Heinrich et al., 2000).  681 

 682 

5. Conclusions 683 

 We established that a crustacean TRP is highly expressed in the third major 684 

component of the crustacean CNS, the TGM, in addition to the supraoesophageal 685 

ganglion and the STNS. The large number of intrinsic sources of TRP from local cells 686 

likely extends the functions of TRP to local modulation of circuits controlling food intake, 687 

locomotion, and ventilation in C. borealis. Further work is necessary to identify extrinsic 688 

origins of TRP to the TGM, such as the location and type of cells from which the TRPCT 689 

axons originate. Beyond local release, the TGM is a potential additional site of hormonal 690 

TRP release. One potential trigger for hormonal TRP release could be sensory 691 

feedback from the mouthparts, which project into the SoG where there is extensive TRP 692 

immunoreactivity. This fits well with the rise in TRP that occurs in fed crabs and the 693 

ability of mammalian TKs to suppress food intake (Chen et al., 2010, 2009b; Kalra et al., 694 

1991; Lin et al., 2000). TRP actions may also have downstream effects beyond the 695 

TGM due to extensive projections between the TGM and the other major CNS regions. 696 

Thus, understanding the distribution of TRP in the TGM is important for understanding 697 

its many roles in regulating crustacean physiology.  698 

 699 
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Table 1.  Counts and diameters of TRP-IR somata within ganglia of the TGM. 708 

  Count per Cell Categorya 
Horizontal and Vertical Diameters 

per Cell Category (µm)b 

 
Total Cell 

Count 
Small Medium Large Small Medium Large n, Nc 

SoG 2.0 ± 0 0 ± 0 0.5 ± 0.6 1.5 ± 0.6 --- 
32.99 ± 1.45 
46.24 ± 3.77 

40.70 ± 1.97 
50.06 ± 4.28 

6 

T1 3.0 ± 0 0 ± 0 1.8 ± 0.4 0.9 ± 0.3 --- 
26.59 ± 3.97 
41.20 ± 7.27 

79.18 ± 13.61 
98.10 ± 18.24 

8, 4 

T2 3.0 ± 0 0 ± 0 1.5 ± 0.5 1.5 ± 0.5 --- 
25.13 ± 3.77 
36.89 ± 6.21 

43.65 ± 9.67 
53.21 ± 11.37 

8, 4 

T3 5.0 ± 1.5 0.7 ± 1.2 1.7 ± 0.70 2.6 ± 1.1 
15.25 ± 0.86 
25.64 ± 4.46 

27.30 ± 3.53 
36.22 ± 8.45 

44.39 ± 8.80 
55.24 ± 11.02 

7, 4 

T4 3.0 ± 0 0 ± 0 0.6 ± 0.5 2.4 ± 0.5 --- 
32.62 ± 0.78 
47.74 ± 6.74 

49.60 ± 11.72 
59.33 ± 13.00 

7, 4 

T5 9.4 ± 0.7 0 ± 0 6.4 ± 0.9 3.1 ± 1.3 --- 
25.46 ± 4.61 
36.43 ± 6.75 

42.40 ± 5.93 
53.33 ± 9.42 

7, 4 

AG 9.3 ± 2.5 0 ± 0 0.1 ± 0.3 8.6 ± 2.7 --- 
32.85 
56.07 

54.60 ± 10.46 
71.81 ± 14.73 

10 

aThere were no TRP-IR cells that were categorized as Globuli or Giant in any of the 709 
ganglia, thus these two categories were excluded from the table. bFor each ganglion/cell 710 
class entry, the horizontal diameters are the upper numbers and the vertical diameters 711 
are the lower numbers in each set. cThe number of ganglia (n) and the number of TGMs 712 
(N) analyzed are indicated for bilateral structures and only the number of TGMs for 713 
unilateral structures (SoG and AG). All data are presented as Mean ± SD. 714 

715 
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Table 2.  Somata locations within ganglia of the TGM relative to TRPCT branches. 716 
 # Ventrala # Dorsala # Anteriora  # Posteriora n, Nb 

T1 21 0 6 15 8, 4 
T2 24 0 2 22 8, 4 
T3 27 8 20 15 7, 4 
T4 21 0 2 19 7, 4 
T5 66 0 18 48 7, 4 

aThe number of cells that were ventral versus dorsal, and anterior versus posterior to 717 
the TRPCT branches (see Section 2.6) in all analyzed ganglia are indicated. bThe 718 
number of ganglia (n) and the number of TGMs (N) analyzed are indicated for the 719 
bilateral T1-T5 ganglia. 720 
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Table 3.  Counts and diameters of TRP-IR somata between ganglia of the TGM. 721 

  Count per Cell Categorya 
Horizontal and Vertical Diameters per 

Cell Category (µm)b 

 
Total Cell 

Count 
Small Medium Large Small Medium Large n, Nc 

SoG:T1 0 ± 0 --- --- --- --- --- --- 8, 4 

T1:T2 5.1 ± 0.6 0 ± 0 4.1 ± 0.6 0.9 ± 0.3 --- 
24.24 ± 4.49 
32.64 ± 5.78 

55.18 ± 9.32 
74.39 ± 10.17 

8, 4 

T2R:T2L 10.0 ± 1.0 4.5 ± 1.1 5.5 ± 0.5 0 ± 0 
14.47 ± 1.37 
22.20 ± 3.73 

22.65 ± 4.41 
30.19 ±6.83 

--- 4 

T2:T3 6.7 ± 1.4 0.1 ± 0.4 4.4 ± 1.2 2.1 ± 0.6 
15.19 
26.0 

22.86 ± 3.91 
32.81 ± 8.09 

47.52 ± 9.31 
64.35 ± 14.44 

7, 4 

T3:T4 1.9 ± 1.4 0.6 ± 0.5 1.0 ± 0.6 1.0 ± 0.6 
13.94 ± 2.25 
25.23 ± 7.48 

24.6 ± 5.08 
31.80 ± 5.71 

38.1 ± 5.71 
58.73 ± 19.90 

7, 4 

T4:T5 2.7 ± 0.5 0 ± 0 1.3 ± 0.7 1.4 ± 0.5 --- 
27.68 ± 5.52 
39.71 ± 8.78 

45.90 ± 8.71 
57.24 ± 4.93 

7, 4 

T5:AG 3.4 ± 0.9 0 ± 0 0.6 ± 0.7 2.7 ± 0.7 --- 
25.21 ± 14.28 
36.24± 20.47 

46.82 ± 5.80 
66.28 ± 9.68 

7, 4 

aThere were no TRP-IR cells that were categorized as Globuli or Giant between any of the 722 
ganglia, thus these two categories were excluded from the table. bFor each ganglion/cell 723 
class entry, the horizontal diameters are the upper numbers and the vertical diameters are 724 
the lower numbers in each set. cThe number of between ganglia regions (n) and the 725 
number of TGMs (N) analyzed are indicated for bilateral structures and only the number of 726 
TGMs for unilateral structures (T2R:T2L). All data are presented as Mean ± SD. 727 
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Table 4.  Somata locations between ganglia of the TGM relative to the nearest TRPCT 728 
branches. 729 

 # Ventrala # Dorsala 
Boundary 

Ventral-Dorsala 
TRPCT 

Ganglionb 
n, Nc 

T1:T2d 41 0 0 T2 8, 4 
T2R:T2L 38 0 2 T2 4 

T2:T3 47 0 0 T3 7, 4 
T3:T4 13 0 0 T4 7, 4 
T4:T5 19 0 0 T5 7, 4 
T5:AG 22 2 0 T5 7, 4 

aThe number of cells that were ventral versus dorsal to, or at the same dorsal-ventral 730 
depth as the TRPCT branches (see Section 2.6) across all analyzed ganglia are 731 
indicated. bThe ganglion with the closest TRPCT that was used for analysis is listed. 732 
cThe number of between ganglia areas (n) and the number of TGMs (N) analyzed are 733 
indicated for the bilateral T1-T5 ganglia. dThere were no TRP-IR cells identified in the 734 
SoG:T1 region, therefore it was not included in this table. 735 
 736 

737 



  

29 
 

Figure Legends 738 
 739 

Figure 1. There is dense TRP immunoreactivity throughout the crab TGM. A) A 740 

schematic of the TGM which includes a single SoG at the anterior end, a fused AG at 741 

the posterior end, and the bilaterally symmetrical thoracic ganglia 1-5 (T1-T5) 742 

surrounding the sternal artery (SA). The cocs connect the TGM to the remainder of the 743 

crab central nervous system. B) A maximum intensity projection of a 5 x 17 tile of single 744 

optical sections (86.83 µm optical section) of an entire compressed TGM, illustrates a 745 

bilateral set of TRP-IR axon tracts (TRPCT, open arrows) and neuropil throughout the 746 

TGM. A population of TRP-IR axons enters the anterior SoG from the cocs (Blitz et al., 747 

2008). Scale bar is 1 mm. C-I) Digitally magnified sections from the image in (B) 748 

illustrate the presence of TRP-IR neuropil in all ganglia of the TGM. Scale bar in (C-I) is 749 

200 µm. Abbreviations: AG, abdominal ganglion; cocs, circumoesophageal connectives; 750 

SA, sternal artery; SoG, suboesophageal ganglion; T1-T5, thoracic ganglia 1-5. 751 

 752 

 753 

Figure 2. Clearing improved visibility of TRP-IR structures without distortion. The 754 

visibility of TRPCT axons (A) and cell bodies in the SoG (B) and AG (C) were compared 755 

between compressed, uncompressed and cleared preparations. Ai) In the anterior SoG 756 

of compressed TGMs, the bilateral TRPCT axons (arrowheads) were visible from the 757 

anterior to the posterior SoG (maximum intensity projection; 29 optical sections, 6.76 758 

µm per optical section). Aii) In an uncompressed preparation, the TRPCT was visible 759 

(arrowheads) in the anterior portion but becomes difficult to follow toward the posterior 760 

end of the SoG. Additionally, little other TRP immunoreactivity was visible (27 optical 761 

sections, 6.76 µm per optical section). Aiii) The TRPCT axons were clearly visible 762 

(arrowheads) along the length of the SoG in a cleared TGM. Further, the neuropil was 763 

more distinct and TRP-IR branches were visible projecting from the TRPCT toward the 764 

lateral margins of the SoG (maximum intensity projection, 12 optical sections, 37.09 µm 765 

per optical section). Scale bars: 100 µm. B) A pair of TRP-IR cell bodies was visible, 766 

although fuzzy, between the bilateral TRPCT in a compressed TGM (Bi, arrows) but 767 

barely visible (arrows) in an uncompressed TGM (Bii). In contrast, in a cleared TGM, 768 
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these somata (Biii, arrows) were clearly visible, including their nuclei, and the primary 769 

neurites (arrowheads) could be followed from the cell body toward a posterior region of 770 

neuropil. Also note the improved clarity of the TRPCT axon tracts to either side of the cell 771 

bodies. Scale bars are 100 µm. C) A single TRP-IR somata was 77 µm in a compressed 772 

TGM (Ci), 58 µm in an uncompressed TGM (Cii), and three somata were 58-62 µm in a 773 

cleared TGM (Ciii). Scale bars: 100 µm. D) A TGM schematic highlights the regions 774 

(boxes) used for comparison of TRP immunoreactivity across mounting protocols in A-775 

C. E) The average number of visible TRP-IR cell bodies in the AG is plotted for 776 

compressed (white bar), uncompressed (grey bar), and cleared (black bar) 777 

preparations. F) The average horizontal and vertical diameters of TRP-IR cells in the 778 

AG in compressed (white bars), uncompressed (grey bars), and cleared (black bars) 779 

TGMs are plotted. G) Cells within the SoG and AG fall primarily in the large size class 780 

based on horizontal diameter, with a small number of medium cells in the SoG. AG: 781 

N=10; SoG: N=6.  *p<0.05, **p<0.001. One-Way ANOVA with post hoc Holm-Sidak 782 

analysis. 783 

 784 

 785 

Figure 3. The TRPCT projects the entire length of the TGM with branches into all 786 

ganglia of the TGM. A) The complete projection of the bilateral TRPCT (open arrows) 787 

from the SoG, around the sternal artery and entering into the AG is visible in a 788 

maximum intensity projection of a tiled set of z-stack (12 optical sections, 37.09 µm per 789 

optical section) confocal images of a cleared TGM. Scale bar is 1 mm. B-H) Digital 790 

zoom of regions from all ganglia from the tiled images in (B) highlights the TRPCT (open 791 

arrows) as it passes through and branches (filled arrows) into each ganglion. Scale bars 792 

are 200 µm. 793 

 794 

 795 

 796 

Figure 4. AG somata are distributed throughout the dorsal-ventral axis of the AG 797 

and have contralaterally projecting axons. A) Box on schematic indicates the area of 798 

images in (B-D). B) In the middle of the AG in a cleared preparation, two AG cells and 799 
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their respective axons were clearly visible. The axons of each cell (closed or open 800 

arrows) projected across the neuropil region to the contralateral side of the AG (20x 801 

maximum intensity projection, 188 optical sections, 1.04 µm per optical section). C) In a 802 

cleared TGM, axons from AG cells (arrows) projected anteriorly toward T5. (maximum 803 

intensity projection, 1x2 tile, 13 optical sections, 35.80 µm per optical section). Di) A 3D 804 

rendering from a confocal z-stack with a color depth code applied indicates the relative 805 

dorsal-ventral locations of cells and neuropil. Dii) The 3D rendering in Di was rotated 90 806 

degrees. Although the side view is not as crisp as the top down view due to limitations 807 

of the computer rendered 3D image, it is clear that that several cells are located ventral 808 

to the neuropil with others located at a similar dorsal-ventral extent as the AG neuropil. 809 

(3D rendering, original z-stack 37 optical sections, 6.87 um per optical section). The 810 

color code at the bottom of the figure applies to Di and Dii. Scale bar for all images: 100 811 

µm.  812 

 813 

Figure 5. AG cell axons projected from AG to at least T1, lateral to the TRPCT. A) 814 

Boxes on the schematic indicate the locations of images in B-C. B) In a montage of 815 

maximum intensity projections (15-25 optical sections per z-stack, 6.87 µm per optical 816 

section) from a cleared TGM, the TRPCT projects from the AG to the SoG, near the edge 817 

of the sternal artery. The circles mark points along the TRPCT used for reference in (C). 818 

A subset of optical sections from (B) (maximum projections of 3-9 optical sections per z-819 

stack, 6.87 µm per optical section), in which a single AG axon was visible from the AG 820 

to T1 (arrows), was used to generate the montage in (C). It was not possible to follow 821 

the axon beyond the entrance to the SoG. The AG axon was lateral to the TRPCT 822 

(circles) from the AG to T1. Scale bar: 100 µm. 823 

 824 

Figure 6. TRP-IR cells were present in T1-T5 ganglia. A) The boxes on the TGM 825 

schematic show the location of images in (B). B) TRP-IR somata (arrows) were found in 826 

T1-T5. Most cells had a visible primary neurite projecting from the cell body. Almost all 827 

cells were located ventral to the TRPCT with the exception of a subset of cells in T3 828 

(T3dorsal; see Table 2). The number and sizes of cells varied across the ganglia (see 829 

Table 1), with most cells falling into the medium and large size classes (C) (n=7-8, 830 
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N=4). (maximum intensity projections, 4-8 optical sections per z-stack, 6.87 µm per 831 

optical section). Each scale bar is 100 µm. 832 

 833 

Figure 7. TRP-IR cells were present between most ganglia. A) The boxes on the 834 

TGM schematic show the location of images in (B). B) TRP-IR somata (arrows) 835 

occurred in between ganglia of the TGM and within the commissure between T2 right 836 

and T2 left (T2R:T2L). Similar to cells within ganglia, most cells between ganglia had 837 

visible primary neurites projecting from the cell body, with the exception of small cells in 838 

the T2R:T2L commissure, which runs close to the SA. (maximum intensity projections, 839 

T1:T2 to T4:T5: 2-17 optical sections per z-stack, 6.87 µm per optical sections; T5:AG: 840 

5 optical sections, 7.04 µm per optical section). Each scale bar is 100 µm. C) Cells in 841 

between ganglia mostly fell within the large and medium class sizes, although there 842 

were more small cells between ganglia, than within ganglia, particularly in the T2R:T2L 843 

commissure (n=7-8, N=4). 844 

 845 

Figure 8. TRP immunoreactivity occurred throughout the TGM. A TGM schematic 846 

summarizes the locations of TRP-IR somata throughout the TGM. Only 2 cells were 847 

consistently found in the SoG, ~2-10 cells were found within and between T ganglia, 848 

and ~9 cells were found in the AG. A bilateral axon tract, the TRPCT ran the entire length 849 

of the TGM, with branches into all ganglia. In the SoG and AG, there were bilateral 850 

regions of neuropil to either side of the TRPCT as well as neuropil in the bilateral T1-T5 851 

ganglia. 852 

853 
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