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ABSTRACT 

Earthworms have large impacts on the environment they inhabit. Through their 

movement, they assist in aerating the soil as well as increasing soil permeability to water 

which can increase plant growth. Despite their importance to agriculture, little is known 

about earthworm chemesthesis i.e., the detection of chemical irritants. Based on a 

ecotoxicology soil sampling method which expels earthworms with allyl isothiocyanate, 

a common Transient Receptor Potential 1 (TRPA1) channel agonist, we hypothesized 

that earthworms possess TRPA1-like channels. We examined whether the earthworm 

Eisenia hortensis possesses TRPA1-like channels, as well as other TRP channel members. 

We assessed whether E. hortensis could detect canonical TRP channel agonists and other 

potential aversive compounds using DASPEI imaging. DASPEI is a styryl dye that stains 

active cells. DASPEI-loaded epithelial cells fluoresced in the presence of the TRP 

channel agonists cinnamaldehyde and menthol but not capsaicin. To our knowledge, this 

the first time that DASPEI has been used to image live cells in response to specific 

sensory stimuli. From our results, we conclude that E. hortensis possess TRPA1-like and 

TRPM8-like channels while lacking functional TRPV1 channels.  
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INTRODUCTION 

Earthworms 

Charles Darwin said of the earthworm: “Without the work of this humble creature, 

who knows nothing of the benefits he confers upon mankind, agriculture, as we know it, 

would be very difficult, if not wholly impossible” (1881). Earthworms affect the soil they 

inhabit in a variety of ways. Earthworms allow for easy infiltration of water through the 

paths they create in the soil. In addition, their constant movement through the soil assists 

in aeration as well as preventing compaction which allows for easier spread of roots and 

increases root access to oxygen (Duiker, 2008). The effects were summarized by 88 

studies, 75% of which reported a positive effect of earthworms on plant growth as 

indicated by an increase in shoot mass or grain yield (Edwards, 2004). While earthworms 

are often beneficial to plant growth, their impact on ecosystems can also be deleterious as 

seen in northern temperate forests in which the introduction of non-native earthworms 

increased the rate of nutrient cycling and soil composition. This resulted in a change to 

the soil ecosystem and in turn resulted in negative plant growth (Bohlen et al., 2004).  

Despite their impact on agriculture, little is known about how earthworms detect 

chemicals in their environment. One clue may come from the standard assay for sampling 

earthworms in a plot of soil in ecotoxicology studies. Allyl isothiocyanate (AITC), the 

active ingredient in wasabi and a canonical transient receptor potential channel ankyrin 

subfamily member 1 (TRPA1) agonist, is used as an expellant to remove earthworms 

from the soil (Zaborski, 2003). As such, we hypothesized that earthworms likely possess 

TRPA1-like channels and possibly other TRP-like channel members. My goal was to test 

this hypothesis using imaging techniques.  
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Earthworm Sensory Mechanism 

 For effective imaging of earthworm epithelial receptors, a general understanding 

of its anatomy is crucial. The earthworm’s body is segmented and separated by a body 

wall. The body wall is further divided into the cuticle, epithelial layer, and muscle layer 

with the epithelial layer being made of columnar epithelial cells. Within this epidermal 

layer are free nerve endings and three types of ciliated cells believed to be involved in 

sensory function with cilia penetrating through the cuticle: multiciliate sensory cells 

which group to form sensory organs, uniciliate sensory cells found within some of the 

sensory organs, and isolated multiciliate sensory cells which are usually dispersed 

throughout the epithelial layer (Knapp and Mill, 1971). Most of these sensory cells are 

found in higher density along the first one third of the body as well as along the 

ventrolateral and dorsolateral surfaces of each segment (Csoknya et al., 2005). 

A ventral nerve cord runs through the length of the earthworm with a cerebral 

ganglion near the head region. Segmental nerves branch from the ventral nerve cord 

along its length (Drewes, 2002). Sensory organs, made up of multiciliate sensory cells, 

project to the segmental nerves which relay the sensory information to the ventral nerve 

cord. In addition, the segmental nerve also directly receives sensory information from 

free nerve endings innervating the epidermal layer (Kiszler et al., 2016). It is not yet clear 

what stimuli (chemical, thermal, mechanical) activate these different presumed sensory 

neurons. 
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Chemesthesis 

Chemesthesis is the cutaneous detection of chemical irritants. Originally called 

“the common chemical senses,” chemesthesis began with identification of nerve fibers 

used for detecting acids in the environment of various marine organisms including 

lampreys, lancelets, and bullheads (Parker, 1912). While it was originally hypothesized 

that chemesthesis worked through a unique sensory system, it is now known to be 

mediated by receptors located on subsets of temperature and pain-sensitive nerve fibers 

(Green, 1996). 

Transient Receptor Potential (TRP) Channels 

An important mediator of chemesthesis are TRP channels. TRP channels 

responding to irritant chemicals consist of 6 transmembrane elements and a nonselective 

cation pore. They are usually also implicated in thermal detection (Wang & Woolf, 2005). 

Activation by the binding of irritants directly to the channel, (Clapham, 2003) as well as 

various other physical parameters (Minke & Cook, 2002) cause cations, including Ca
2+

, 

to move through the channel. Calcium may also be released from internal stores through 

G-protein-coupled receptors and tyrosine kinases (Hinman et al., 2006. Ramsey et al., 

2006). Based on structural similarities, the 28 TRP channel subunit genes are divided into 

7 subfamilies (Ramsey et al., 2006) and are found in a variety of  species in a highly 

conserved fashion (Kang et al, 2010. Peng et al., 2015). These TRPs are used for 

detection and response to a variety of stimuli including temperature, pH, mechanical 

force, and chemical agonists (Zheng, 2013). 
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TRP Ankyrin subfamily member 1 (TRPA1) 

Like other TRP channels, TRPA1 exhibits 6 transmembrane regions. Electrophilic 

irritants elicit reactivity-based, reversible, covalent modifications of the cytoplasmic N-

terminal tail; likely on C455, C452, C650, C670, and K744 (Minke & Cook, 2002. Kang 

et al., 2010). This results in the opening of the cation pore (Minke & Cooke., 2002). In 

addition, C619, C639, and C663 on the ankyrin repeats likely enhance the response 

through release of calcium ions from internal stores (Hinman et al., 2006). The ankyrin 

repeats have been shown to inhibit inositol 1,4,5-trisphosphate and ryanodine receptor-

mediated calcium ion release from internal stores (Bourguignon et al., 1993. 

Bourguignon et al., 1995). Thus, modifications to these repeats results in the non-specific 

influx of cations to depolarize the cell and lead to the release of calcium ions from 

internal stores. 

In addition, the structure and function of TRPA1 has been shown to be highly 

conserved in many organisms (Kang et al., 2010). Recently, the leech, Hirudo verbena, 

another annelid, was reported to possess TRPA1 channel homologs, based on 

concentration dependent behavioral responses to common TRPA1 agonists such as AITC, 

cinnamaldehyde, and N-methylmalemide which were attenuated by the presence of a 

TRPA1 blocker (Summers et al., 2015. Bandell et al., 2004). In addition, phylogenetic 

analysis found that the TRPA of Capitella teleta, a marine polychaete from the same 

phylum as E. hortensis, has derived its TRPA channels from the same ancestor as mouse 

TRPA1 and Drosophila melanogaster TRPA1 (Peng et al., 2015). 
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TRP Melastatin subfamily (TRPM) member 8 (TRPM8) 

 While the TRPM subfamily contains six transmembrane regions serving as the 

ion channel, unlike other subfamilies, TRPM channels are structurally diverse with low 

sequence homology (Ramsey et al., 2006). TRPM8 is located on sensory neurons and has 

been implicated in detection of cold temperatures (Wang & Woolf, 2005) between 10-

28ºCwith a TRP domain near the C-terminus (Latorre et al., 2007). Its agonist menthol 

(Jordt et al., 2004) decreases the depolarizing threshold to elicit activation (Ramsey et al., 

2006)  

TRP Vanilloid subfamily member 1 (TRPV1) 

TRPV1 is implicated in the detection of noxious heat (Wang & Woolf, 2005) at 

42ºC (Latorre et al., 2007).  TRPV1 was originally named for the vanilloids which are 

their most studied agonists (Jordt et al., 2004). TRPV1 contains 6 transmembrane regions 

with a hydrophobic region between S5 and S6, 3 ankyrin repeats in the N-terminus, and a 

TRP domain by the C-terminus. The canonical TRPV1 agonist, capsaicin, binds to 

TRPV1 lowering the depolarizing threshold close to that of body temperature (Voets et 

al., 2004). Despite TRPV1 being found in many species (Peng et al., 2015), earthworms 

do not respond to capsaicin and are unlikely to possess functional TRPV1 channels 

(Silver et al., 2019). 

Does E. hortensis Use TRP Channels for Chemesthesis? 

Mustard oil and AITC are standard expellants used in earthworm ecotoxicology 

studies (Zaborski, 2003). These compounds are placed on the ground to drive worms 

from the soil where they can be counted and examined. The TRPA1 channels of various 
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organisms such as rat, human, and the leech, Hirudo verbena (Jordt et al., 2004. Summers 

et al., 2015) respond to AITC. We previously reported that the earthworm, Lumbricus 

terrestris, is aversive to AITC and menthol, but not capsaicin in a T-maze assay (Silver et 

al., 2019).  Ongoing behavioral experiments (unpublished data) demonstrate similar 

findings in E. hortensis. We therefore hypothesized that earthworms such as E. hortensis, 

possess TRPA1-like channels and possibly other TRP channels (TRPV1-like and 

TRPM8-like) based on this information. 

 The present experiments were designed to provide further evidence for TRP-like 

channels in E. hortensis using cell imaging methods (calcium imaging and DASPEI). We 

successfully demonstrated with DASPEI staining that a number of canonical TRP 

channel agonists activate epidermal sensory cells. We also began developing a video 

behavioral assay to further assess the repellency or attractiveness of a variety of stimuli.  
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METHODS 

Subject 

Earthworms, Eisenia hortensis, were obtained from online composting shops: The 

Worm Dude (www.thewormdude.com) and Uncle Jim’s Worm Farm 

(www.unclejimswormfarm.com). The earthworms were housed in plastic storage bins 

filled with topsoil purchased from a local hardware store. Each bin contained  roughly 

two hundred worms. . The bins were held at room temperature and an incandescent 

overhead light bulb on a timer provided a 12:12 light:dark cycle. The worms were fed 

through the addition of roughly 20mL of Purina Worm Chow and 100mL of water to 

each bin twice a week. Only sexually mature worms as denoted by the clitellum were 

used in the experiments. 

Chemicals 

Stock solutions of 10M for AITC (Acros Organics), 5M for cinnamaldehyde 

(Tokyo Chemical Industry), 5M for menthol (Acros Organics), 818mM for capsaicin 

(MP Biomedicals), were made in mineral oil. These solutions were diluted in spring 

water for the video assay and 0.1M phosphate buffered saline (PBS) for calcium imaging 

and DASPEI imaging. A stock solution of  67.21M of ethyl pentanoate (Oakwood 

Chemicals) (EP) and 6.03M ethyl hexanoate (Sigma-Aldrich) (EH) was diluted with 

spring water or 0.1M PBS. A stock solution of 6.3M octanol (Sigma-Aldrich) was diluted 

in spring water for use in the video assay. 10mM stock solutions of acetylcholine (Sigma-

Aldrich) (ACh), gamma-aminobutyric acid (Sigma-Aldrich) (GABA), glutamate (Sigma-

Aldrich) (GLU), and octopamine (Sigma-Aldrich) were made in 0.1M PBS and further 
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diluted in PBS for use. KCl (Fisher Scientific) solutions were made at their appropriate 

concentrations on the days of the experiments. A stock of 10mM TRPA1 blocker HC-

030031 (Alomone Labs) and 1mM TRPM8 blocker RQ-00203078 (Biovision) were 

made in 0.5% methyl cellulose (Alfa Aesar) in spring water. 

Video Assay 

Half of an open-top plexi-glass container (20cm x 20cm x 20cm) was filled with 

400mL of sifted topsoil from a local hardware store mixed with 80mL of the test solution 

while the other half was filled with 400mL of soil mixed with 80mL of vehicle (Figure 1). 

Five worms were washed and were placed in the center of the arena. Each image (640 

pixel x 480 pixel) was captured in the dark in increments of 10s for 5 hours using an 

infrared night-vision mini camera. A custom script was then used to compare and bin 

each image to the previous image to denote movement (Saunders, 2018). The solutions 

used in this assay were AITC (0.5mM, 1mM, 3mM, 5mM, and 10mM), 50mM octanol, 

and 50mM glutamate. In addition, dry Purina Worm Chow was used a positive appetitive 

stimulus. . 
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Figure 1. Diagram of video assay. The arena is filled with 400mL of soil containing the 

stimulus solution and 400mL of soil containing the vehicle. 

Cell Dissociation for Calcium Imaging 

 A dorsolateral incision was made on the anterior end of the worm to remove the 

gut and isolate the ventral nerve cord from the body wall. Both the body wall and ventral 

nerve cord were cut into small segments and incubated separately in 1mL of a 0.15% 

collagenase (Sigma-Aldrich) solution in Hank’s Balanced Salt Solution (Invitrogen) 

(HBSS) in a 37ºC shaking waterbath for 45 minutes. 50µL of 2.2mg/mL DNAse (Sigma-

Aldrich) and 50µL of 11mg/mL Trypsin I (Genelone) was added to the collagenase 

solution and returned to the shaking waterbath for 15 minutes. 4mL of complete dorsal 

root ganglion (DRG) culture medium (1:1 F12:Dulbecco’s Modified Eagle Medium 

(Hyelone) (DMEM), 10% Fetal Bovine Serum (Sigma-Aldrich), and 1% Penicillin 

(Thermo-Fisher)) were added and triturated with a Pasteur pipet before being strained 

through a 100µm nylon mesh and centrifuged at 500RPM (50xG) for 5 minutes. The 

pellet was then resuspended in 4mL of new complete DRG culture medium then plated 

onto poly-D-lysine cover slips and incubated at 37ºC for 24 hours.  

Whole Mount for Calcium Imaging 

Earthworms were housed in isolation for 2 days in a beaker containing 3% agar. 

A 1:1 cornmeal: dry agar mixture along with a wet Kim wipe was placed near the worm 

before the top was covered to prevent escape. This allowed clearing of soil from the 

earthworm’s digestive tract. The worm was anesthetized using 15% ethanol and a 0.5cm 

head section was mounted onto a Compresstome (Precisionary Instruments) tissue 
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sectioner plunger and embedded in 3% agar. The plunger was loaded onto the 

compresstome with 0.1M PBS and the worm was cut into 200 micron transverse sections. 

Calcium Imaging 

Loading solutions were made for fluo-8 AM (Abcam), fluo-3 AM (Invitrogen), or 

fura-2 AM (Thermo-Fisher) using 0.5 µL of a 10mM dye in DMSO (Fisher Bioreagents), 

0.5µL of 20% Pluronic f127 (Sigma-Aldrich) in DMSO, and 1mL of 2mM probenecid 

(Tokyo Chemical Industry) in PBS (Guatimosim et al., 2011). The earthworm section 

was loaded with the solution for 40 minutes in the dark at room temperature; followed by 

3 washes in 0.1M PBS of 5 minutes each. Upon loading, the earthworm section was 

placed onto a glass-bottom petri dish with a 1cm x 1cm 600micron mesh and a metal 

washer to weigh it down (Figure 2). A steady flow of stimulus (0.1M PBS, KCl at 0.5M, 

1M, and 3M, and AITC at 25mM and 100mM) of 1mL/minute was used and the sample 

was visualized using Zeiss Observer D1 inverted fluorescent microscope and HCimage. 
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Figure 2. Calcium Imaging. The earthworm section was visualized on a glass-bottom 

petri dish with a constant flow of solution at 1mL/minute. The sample was weighed down 

with a 600 micron mesh over the sample and a metal ring around the sample.  

DASPEI 

2-(4-(dimethylamino)styryl) -N-Ethylpyridinium Iodide (DASPEI) is a styryl dye 

believed to stain mitochondria in electrically active cells. Its large Stokes shift at 488nm 

and membrane potential-dependent loading allows for imaging of electrically active cells 

(Thermo-Fisher, 2019). A 1mL aliquot of 10 mg/mL DASPEI (Biotium) in 0.1M PBS 

was made. This was further diluted with the appropriate amount of stimulus (AITC, 

cinnamaldehyde, menthol, capsaicin, EP, EH, Ach, glutamate, GABA, octopamine, and 

KCl) and 0.1M PBS for a final volume of 10mL of 1 mg/mL for the DASPEI loading 

solution maintained at 4ºC. Earthworms were washed and placed in a sealed container 

with 3mL of the loading solution for 30s. The worm was washed and an incision made 

along its dorsal side for removal of the gastrointestinal tracts. The sample was mounted 

on a slide and the second segment was visualized using a Zeiss 710 confocal microscope 

and excited with a 488 Argon laser with a resolution of 1024 pixels x 1024 pixels using a 

10x objective lens with all other microscopy settings held constant. 

The fluorescence values were obtained through ImageJ. Three backgrounds of 

similar values were obtained from random background locations on each image using a 

50 pixel x 50 pixel region of interest (ROI). The image was then subjected to 

thresholding at 3 times the maximum background intensity value. The average 

fluorescence of threshold areas were recorded from three random 50 pixel x 50 pixel ROI 

containing cell-like fluorescence. Average differences in ROI fluorescence intensity were 
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compared using ANOVA and Tukey’s honest significant difference, and T-tests for 

differences between responses in the presence or absence of blockers were examined with  

(aov(), TukeyHSD(), and T.test() from stats package in R version 3.5.1) (R Core Team, 

2018).
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RESULTS 

Earthworm Epithelium Cannot Load Calcium Indicator Dye 

 To familiarize myself with calcium imaging, I imaged human embryonic kidney 

293 (HEK-293) cells kindly supplied by Dr. Erik Johnson. Once HEK-293 cells were 

successfully calcium imaged, the procedure was attempted on earthworms. For successful 

calcium imaging, a thin and even sample is important to reduce defraction. Due to the 

softness of earthworm tissue, obtaining thin and even slices from the compresstome or 

vibratome was difficult. While a minimum thickness of 150µm could be achieved, this 

cut was rarely even. As such, 200µm slices were often used from the first few segments 

of the earthworm. However, this was unreliable as the earthworm often compressed 

against the blade at a 200µm setting which prevented any cutting. An impressive ability 

of the earthworm is that, despite their soft tissue, it can compress into tiny spaces and is 

resistant to cutting. An attempt was made to dissociate earthworm epithelial tissue as well 

as neural tissue from the ventral nerve cord. Unfortunately, the earthworm tissue did not 

stick to the poly-D-lysine coverslip. Because of this, we decided to manually dissect the 

prostomium which often resulted in varying thickness but was often 300 to 600µm. Upon 

imaging the slices, no response was seen to KCl (Figure 3) or AITC (Fig. 4) at any 

concentration with the exception of tissue deformation at high concentrations of KCl 

(Figure 3). We used food coloring to confirm that stimuli were reaching the earthworm 

skin, so this cannot not be responsible for the lack of a response. Next, we checked to see 

if a seal may have formed between the sample and the glass dish, limiting access of 

stimulus to the cells of interest. We repeated the procedure after placing a 600µm mesh 

under the sample, separating it from the glass dish. This had no effect on our inability to 
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obtain a response to the stimuli (Figure 3 and 4). The lack of difference in response 

between background and sensory organs for both KCl and AITC seems to indicate a lack 

of loading (Figure 3 and 4). 

 

Figure 3. 1M KCl Calcium Imaging. 1M KCl was introduced to the prostomium as a 

positive control for calcium imaging. Sensory organ-like structures can be noted (A). 60s 

after the addition of KCl, tissue deformation due to hypertonic KCl solution caused an 

increase in fluorescence (B). Fluorescence of the regions of interest are noted (C). There 

was no difference in the change in fluorescence for sensory organ-like regions and 

epithelial cells. 
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Figure 4. 100mM AITC Calcium Imaging. 100mM AITC was introduced to the 

prostomium for calcium imaging (A). An increase in fluorescence was noted 10s after 

addition of 100mM AITC. However, the increase was the same in areas containing 

sensory organs and ones without sensory organs (B). The decrease in fluorescence at 20s 

was equal regardless of the presence of sensory organs (C). Only minor changes in 
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fluorescence were noted after 20s up to 60s (D). Depicted is the fluorescence over time 

with the regions of interest depicted (E). 

Video Assay Requires Low Artifacts 

 First, we determined that our video cameras could discriminate E. hortensis from 

the soil in the test arena. Next, we developed a custom R script to detect movement. We 

validated the script by comparing recordings of the constant movement of a peristaltic 

pump in the test area to recordings from a non-moving pump.  (Figure 5). While the R 

script clearly detected more movement on the side of the moving pump, we noticed a 

significant number of artifacts on both sides of the arena. We believe these artifacts are 

due to inconsistencies in the ten second snapshots. Because of these artifacts, we decided 

that this assay could not be of value in its present form and our lab plans to rewrite the R 

script or use cameras with less artifact in the future. 

We found the results from the actual experiments involving chemical stimuli 

difficult to analyze (data not shown). We now believe that the underground movement by 

the earthworm was too subtle to parse from areas of high artifact. 
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Figure 5. Peristaltic Pump Heat Map. The motion of a peristaltic pump (left) was 

captured and compared over time to an identical pump which was not moving (Right). 

White circles indicate areas of high artifact with little actual motion. 
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DASPEI Stains Cells Stimulated by Chemicals 

 DASPEI has previously been used to anatomically label cells in the lateral line 

organ of Zebrafish (Whitfield et al., 1996). We initially attempted to visualize cells in the 

earthworm epithelial sensory organ using DASPEI but observed no fluorescence. Upon 

addition of AITC as a stimulant, fluorescence was noted in a concentration dependent 

manner. Based on the voltage-dependent nature of DASPEI, we hypothesized DASPEI is 

likely loading proportionally to cell activity. To our knowledge, this is the first time that 

DASPEI has been used to image live cell response to specific sensory stimuli. 

To determine that DASPEI was not damaging cells, we used KCl as a control. 

High concentrations of KCl depolarize cells and elicit activity. KCl produced an increase 

in fluorescence in a concentration- dependent manner (Figure 8). Next, we tested the 

ability of TRP channel agonists to activate cells filled with DASPEI. Cinnamaldehyde 

(Figure 9, Figure 10) and menthol (Figure 11) stimulated DASPEI-filled E. hortensis 

epithelial cells in a concentration-dependent fashion. These responses were attenuated in 

the presence of blockers (Figure 9, Figure 10, Figure 11). However, no DASPEI-filled 

cells responded to capsaicin at any of the concentrations tested (Figure 12).  

A previous study reported that E. fetida was attracted to two compounds found in 

the fungus, Geotrichum candidum (Zirbes et al., 2011).  These compounds, ethyl 

pentanoate (EP) and ethyl hexanoate (EH) were mixed with DASPEI to see if they would 

stimulate epithelia cells in E. hortensis. We observed a concentration-dependent response 

for EP (Figure 13). EH did not elicit a response at any of the concentrations tested.  
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We also combined a variety of neurotransmitters with the DASPEI loading 

solution to test whether they activate E. hortensis epithelial cells. A concentration-

dependent increase in fluorescence was seen for the invertebrate neurotransmitter 

octopamine (Figure 15) while a concentration-dependent decrease in fluorescence was 

noted for GABA (Figure 16). The remaining neurotransmitters tested with DASPEI 

imaging: 100µM dopamine, 1mM glutamate, and 100µM acetylcholine did not elicit 

responses significantly different from the vehicle, PBS (Figure 17). 

 

Figure 6. KCl DASPEI. A significant concentration-dependent response in the epithelial 

cells to KCl compared vehicle, PBS was noted (* P<0.05, **P<0.01, Tukey’sHSD. n=9 

ROI’s, 3 ROI’s per earthworm). Micrograph shows DASPEI fluorescence for KCl at 1M. 
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Figure 7. DASPEI Imaging: Cinnamaldehyde. An increase in DASPEI fluorescence in 

the epithelial cells was observed upon addition of 20mM cinnamaldehyde when 

compared to vehicle, 1% mineral oil. This increase in fluorescence could be attenuated 

through the addition of the TRPA1 blocker HC-030031. 
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Figure 8. Cinnamaldehyde DASPEI. TRP Agonists. A concentration-dependent response 

to common the TRPA1 agonist, cinnamaldehyde in the epithelial cells was seen when 

compared to vehicle, 1% mineral oil. The response in the epithelial cells could be 

attenuated using TRPA1 blocker HC-030031(**P<0.01, Tukey’sHSD. †P<0.01. n=9 

ROI’s for 0mM, 10mM, 40mM, and 20mM with blocker. n=18 ROI’s for 20mM). 

Micrograph shows DASPEI fluorescence for cinnamaldehyde at 20mM. 
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Figure 9. Menthol DASPEI. A concentration-dependent response in the epithelial cells to 

the common TRPM8 agonist, Menthol, was noted when compared to vehicle, 2% mineral 

oil. The response could be attenuated by the TRPM8 blocker RQ-00203078. (*P<0.05, 

Tukey’sHSD. †P<0.01. n=9 ROI’s for 0mM, 10mM, 80mM, and 80mM with blocker. 

n=18 for 40mM. n=27 for 20mM) Micrograph shows DASPEI fluorescence for menthol 

at 80mM. 
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 Figure 10. Capsaicin DASPEI. Responses in the epithelial cells to capsaicin were not 

significantly different than those seen in the vehicle, 2% mineral oil (n=9 ROI’s).  

Micrograph shows DASPEI fluorescence for Capsaicin at 16.4mM.

Figure 11. Ethyl Pentanoate DASPEI. A concentration-dependent response in the 
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epithelial cells was found to the fungal compound ethyl pentanoate compared to the 

response from vehicle, PBS (*P<0.05, Tukey’sHSD. n=9 ROI’s for 0mM, 10mM, and 

15mM. n=18 for 25mM) Micrograph shows DASPEI fluorescence for EP at 25mM. 

Figure 12. Ethyl Hexanoate DASPEI. Responses in the epithelial cells to EH were not 

significantly different than those seen in the control PBS (n=9 ROI’s for 0mM and 40mM. 

n=18 for 25mM). Micrograph shows DASPEI fluorescence for EH at 25mM. 
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Figure 13. Octopamine DASPEI. A concentration-dependent response in the epithelial 

cells for the neurotransmitter octopamine was observed compared to PBS. (***P<0.001, 

Tukey’sHSD. n=9 ROI’s) Micrograph shows DASPEI fluorescence for octopamine at 

100µM. 
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Figure 14. GABA DASPEI. A concentration-dependent decrease in the epithelial cell 

response to the neurotransmitter GABA was noted compared to PBS. (**P<0.01, 

Tukey’sHSD n=9 ROI’s) Micrograph shows DASPEI fluorescence for GABA at 200µM. 
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Figure 15. Neurotransmitters DASPEI. Responses in the epithelial cells to 

neurotransmitters dopamine, glutamate, and acetylcholine were not significantly different 

than those seen in the control PBS (n=18 ROI’s for vehicle. n=9 for dopamine, glutamate, 

and acetylcholine). 
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DISCUSSION 

 Earthworms have large impacts on the soil they inhabit. Through their movement, 

earthworms help aerate soil allowing for increased permeability of water and indirectly, 

assisting in plant growth (Duiker, 2008). Alternatively, the large changes to a soil 

ecosystem brought about by earthworms can have devastating effects on plant growth 

(Bohlen, 2004). Despite their potential impact on agriculture and soil ecosystems, little is 

known about how earthworms detect chemicals in their environment. Based on the 

known aversive response earthworms have towards AITC (Zaborski, 2003), as well as the 

highly conserved nature of TRP channels (Kang et al, 2010. Peng et al., 2015), we 

hypothesized that E. hortensis would possess TRP-like channels in sensory skin cells and 

use these cells to detect irritants. 

Calcium Imaging 

 My initial goal was to adapt an existing calcium imaging protocol for cardiac 

myocytes of adult rats (Guatimosim, 2011) for use on live earthworm tissue. We believed 

that the opening of TRP-like channels would cause a depolarization; resulting in calcium 

flooding the cell’s cytoplasm activating a calcium chelator dye.  Thus fluorescence of 

cells with TRPA1-like channels could be observed with AITC stimulation. To confirm 

that these were TRPA1-like channels, we expected that the TRPA1 blocker HC-030031 

would attenuate the response to TRPA1 agonists like AITC and cinnamaldehyde. 

Although we successfully imaged HEK-293 cells in tests of the procedure, we were 

unable to elicit responses from earthworm epithelial tissue with the addition of KCl or 

AITC. The lack of response seems to indicate that the earthworm cells did not properly 

load the calcium indicator dyes. We have found no reports which used calcium imaging 



29 
 

to examine activity earthworm epithelium. The reason for the inability of earthworm 

epithelia cells to load the calcium indicator dye in our hands remains unknown. While we 

saw no responses in the calcium imaging studies, we did observe many structures on the 

prostomium which anatomically resembled sensory organs as described previously 

(Knapp & Mill, 1971). 

Video Assay 

 We noticed that E. hortensis aggregated under the Purina Worm Chow placed on 

top of the soil in their housing bins.  This was evidence that earthworms exhibited 

appetitive behavior. From this observation, we developed an assay to measure appetitive 

behavior in E. hortensis. This involved a video camera which recorded the amount of 

movement as an indicator of earthworm position on each side of a test arena. One side of 

the arena was filled with soil containing the test compound and the other was the vehicle 

control. While our initial results appeared promising, we soon found that artifacts in the 

recordings made parsing out behavioral data unreliable. The cameras we used were low-

quality cameras. Perhaps with better quality cameras, the artifacts could be eliminated. In 

addition, I believe a different method for analyzing the data may be able to parse out the 

subtle movements from the artifact. Our lab will be exploring these possibilities in the 

future. 

 We are still searching for a viable appetitive assay for earthworms. Few have been 

described in the literature. Zirbes et al. (2011) described three different behavioral assays 

for appetitive behavior for the fungal compounds ethyl pentanoate and ethyl hexanoate. 

These assays measured how many earthworms were in the area of test arenas which 

contained the compound. Each test was performed with at least ten worms in the arena at 
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the start. These assays failed to account for the possibility of earthworm trail following 

behavior (Nuutinen & Butt, 1997. Zirbes et al., 2012). In our behavioral assays (cup 

assay, unpublished data), we found that the fungal compounds were repellant not 

appetitive. We are now developing other assays to be used to test for appetitive behavior. 

DASPEI 

 The styryl dye DASPEI was used to visualize responses of earthworm epithelial 

cells to various compounds. DASPEI is reported to stain mitochondria in electrically 

active cells (Thermo-Fisher, 2019). A number of stimuli, including TRPA1 and TRPM8 

agonists, activated presumed sensory epithelial cells as measured by an increase in 

fluorescence. These cells were roughly a third of the size of the sensory epithelial cells 

observed during calcium imaging of the prostomium as well as having a more regular 

shape. From these observations we noted that the sensory organs of the prostomium may 

be different from those on the rest of the body. As DASPEI loads in a voltage-dependent 

manner, we believe that epithelial sensory organs will load proportionally to cell activity 

and therefore fluoresce more upon activation by chemesthetic irritants. 

In terms of fluorescence, a significant increase in fluorescence was noted for 

cinnamaldehyde and menthol, both TRP channel agonists, when compared to vehicle, 1% 

mineral oil. Both responses were significantly decreased by the introduction of blockers, 

HC-030031for TRPA1and RQ-00203078 for TRPM8. Thus, E. hortensis likely possesses 

functional TRPA1-like and TRPM8-like channels. We believe that the binding of 

cinnamaldehyde to TRPA1 and menthol to TRPM8 depolarizes the cells allowing for the 

membrane potential-dependent loading of DASPEI. As HC-030031 and RQ-00203078 

both reduce the cation influx following activation of TRPA1-like and TRPM8-like 
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channels, the significant decrease in fluorescence in the presence of the blockers provides 

further support for E. hortensis possessing functional TRPA1-like and TRPM8-like 

channels. In addition, the lack of a response to the TRPV1 agonist capsaicin indicates a 

lack of functional TRPV1-like channels. This is further supported by behavioral data in 

which E. hortensis displays no behavioral change upon contact with capsaicin crystals 

(data not shown). 

 In addition to TRP channel agonists, fungal compounds, reported to be appetitive 

(Zirbes et al., 2011) were tested on E. Hortensis using the DASPEI assay. EP clearly 

activated a number of epithelial cells in a concentration-dependent manner. While it is 

impossible to tell from these results how E. hortensis might respond to EP (aversively or 

appetitively) it is clear that EP must bind with receptors on sensory cells to elicit the 

response.  On the other hand EH, which was appetitive to E. fetida (Zirbes et al., 2011) 

and aversive to E. hortensis in our lab (unpublished results), produced no significant 

change in fluorescence in E. hortensis epithelial sensory cells. While this seems to 

indicate the inability of E. hortensis sensory cells to detect EH, a non-significant increase 

in fluorescence was noted at 25mM. This, combined with the small sample size for all 

concentrations of EH, indicates further investigation into EH may be worthwhile.  

 Lastly, we demonstrated that the neurotransmitters octopamine and GABA 

affected   E. hortensis epithelial cells using our DASPEI protocol. These compounds 

were previously reported to be found in earthworm nervous systems (Bieger & 

Hornykiewicz, 1972. Cskonya et al., 2005. Kiszler et al., 2016. Mizutani et al., 2002. Oka 

et al., 1994. Wu, 1939). This similarity helps validate our DASPEI assay. Octopamine, a 

common invertebrate neurotransmitter (Farooqui, 2012), significantly increased 
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fluorescence in a dosage-dependent manner. Octopamine is an analog of norepinephrine 

and elicits a similar response to that of norepinephrine in vertebrates (Farooqui, 2012). 

Motor output in E. fetida was reported to increase upon application of octopamine 

(Mizutani et al., 2002). From our results, it appears that octopamine is also activating E. 

hortensis neurons. In addition, the application of GABA resulted in a dosage-dependent 

decrease in fluorescence in epithelial sensory cells which may indicate that GABA plays 

an inhibitory role in E. hortensis in modulating various sensory responses (Kiszler et al, 

2016). In honey bee, it was found that neurons with the octopamine receptor, AmOA1, 

were found to have GABAergic interneurons synapsing onto it. As such, the interplay 

between octopamine and GABA in modulating E. hortensis sensory cells as well as the 

mechanism within E. hortensis may be a possible area of future study. 

To our knowledge, this is the first time that DASPEI has been used to image live 

cells in response to specific sensory stimuli. Based on the size of the fluorescing cells in 

the DASPEI assay, cells responding to the above compounds are likely multiciliate 

sensory organs as described by Knapp & Mill (1972). We have seen similar multiciliate 

sensory organs in scanning electron micrographs in our lab (unpublished results). 

However, it is difficult to determine if the same set of cells respond to the various 

chemicals tested and further investigation could tease this apart through combined 

loading of multiple chemicals which should lead to summation of fluorescence in cells 

that are activated by multiple chemicals. 
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