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SUMMARY: 26 

Swimming induced paralysis (SWIP) is a well-established behavioral assay used to study the 27 

underlying mechanisms of dopamine signaling in Caenorhabditis elegans (C. elegans). However, 28 

a detailed method to perform the assay is lacking. Here, we describe a step-by-step protocol for 29 

SWIP. 30 

 31 

ABSTRACT: 32 

The swimming assay described in this protocol is a valid tool to identify proteins regulating the 33 

dopaminergic synapses. Similar to mammals, dopamine (DA) controls several functions in C. 34 

elegans including learning and motor activity. Conditions that stimulate DA release (e.g., 35 

amphetamine (AMPH) treatments) or that prevent DA clearance (e.g., animals lacking the DA 36 

transporter (dat-1) which are incapable of reaccumulating DA into the neurons) generate an 37 

excess of extracellular DA ultimately resulting in inhibited locomotion. This behavior is 38 

particularly evident when animals swim in water. In fact, while wild-type animals continue to 39 

swim for an extended period, dat-1 null mutants and wild-type treated with AMPH or inhibitors 40 

of the DA transporter sink to the bottom of the well and do not move. This behavior is termed 41 

“Swimming Induced Paralysis” (SWIP). Although the SWIP assay is well established, a detailed 42 

description of the method is lacking. Here, we describe a step-by-step guide to perform SWIP. To 43 

perform the assay, late larval stage-4 animals are placed in a glass spot plate containing control 44 
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sucrose solution with or without AMPH. Animals are scored for their swimming behavior either 45 

manually by visualization under a stereoscope or automatically by recording with a camera 46 

mounted on the stereoscope. Videos are then analyzed using a tracking software, which yields a 47 

visual representation of thrashing frequency and paralysis in the form of heat maps. Both the 48 

manual and automated systems guarantee an easily quantifiable readout of the animals’ 49 

swimming ability and thus facilitate screening for animals bearing mutations within the 50 

dopaminergic system or for auxiliary genes. In addition, SWIP can be used to elucidate the 51 

mechanism of action of drugs of abuse such as AMPH. 52 

 53 

INTRODUCTION: 54 

Animals perform a variety of innate and complex behaviors that are mediated by different 55 

neurotransmitters coordinated by intricate signaling processes. The neurotransmitter dopamine 56 

(DA) mediates highly conserved behaviors across species, including learning, motor function and 57 

reward processing.  58 

 59 

The soil nematode C. elegans, with a relatively simple and well mapped nervous system 60 

consisting of only 302 neurons, shows markedly complex behaviors, including many that are 61 

regulated by DA such as mating, learning, foraging, locomotion and egg laying1. Among other 62 

features, short life cycle, ease of handling and the conservation of signaling molecules, highlight 63 

the advantages of using C. elegans as a model for studying the neural basis of conserved 64 

behaviors.  65 

 66 

The hermaphrodite C. elegans contains eight dopaminergic neurons; In addition to these, the 67 

male contains six extra pairs for mating purposes. As in mammals, these neurons synthesize DA 68 

and express the DA transporter (DAT-1), a membrane protein found exclusively in dopaminergic 69 

neurons, which transports DA released in the synaptic cleft back into the dopaminergic neurons. 70 

Moreover, most of the proteins involved in each step of synthesis, packaging and release of DA 71 

are highly conserved between worms and humans and, like in mammals, DA modulates feeding 72 

behaviors and locomotion in C. elegans2. 73 

 74 

C. elegans crawls on solid surfaces and swims with a characteristic thrashing behavior in water. 75 

Interestingly, mutants lacking expression of DAT-1 (dat-1) crawl normally on solid surface but fail 76 

to sustain swimming when immersed in water. This behavior was termed swimming induced 77 

paralysis, or SWIP. Previous experiments demonstrated that SWIP, in part, is caused by an excess 78 

of DA in the synaptic cleft that ultimately overstimulates the D2-like postsynaptic receptors (DOP-79 

3). Although originally identified in dat-1 knockout animals3, SWIP is also observed in wild-type 80 

animals treated with drugs that block the activity of DAT (e.g., imipramine4) and/or induce DA 81 

release (e.g., amphetamine5). On the other hand, pharmacological or genetic manipulations 82 

averting synthesis and release of DA and blocking DOP-3 receptor function prevent SWIP6. Taken 83 

together, these already published data have established SWIP as a reliable tool to study the 84 

behavioral effects caused by mutated proteins within dopaminergic synapses3,4,7 and to be 85 

employed for forward genetic screens for the identification of novel regulatory pathways 86 

involved in DA signaling7–12. Additionally, by providing an easily quantifiable readout of drug-87 
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induced behavior in living animals, SWIP enables the elucidation of mechanisms of action of drugs 88 

like amphetamine (AMPH) and azaperone at the dopaminergic synapses5,6,13–15. 89 

 90 

Protocols for performing the SWIP assays have been described before16. Here, we describe in 91 

detail the methodology and setup to perform the assay with the goal of providing a visual guide 92 

for the C. elegans community to effectively perform SWIP.  93 

 94 

PROTOCOL  95 

 96 

1. Preparation of solutions and media 97 

 98 

1.1. Prepare M9 buffer by dissolving KH2PO4 3.0 g (22.05 mM), Na2HPO4 6.0 g (42.2 mM), and 99 

NaCl 5.0 g (85.5 mM) in 1 L of autoclaved deionized water. Add 1.0 mL of 1 M MgSO4 (12 g in a 100 

final volume of 100 mL autoclaved deionized water) after autoclaving. Mix 100 mL of the resulting 101 

10X M9 with 900 mL of autoclaved deionized water to make a 1x solution. 102 

 103 

1.2. To make egg buffer, dissolve 6.896 g of NaCl (118 mM), 3.578 g of KCl (48 mM), 0.294 g 104 

of CaCl2-2H2O (2 mM), 0.406 g of MgCl2-6H20 (2 mM) and 5.958 g (25 mM) of HEPES in 1 L of 105 

autoclaved deionized water. Adjust pH to 7.3 using NaOH.  106 

 107 

1.3. Prepare fresh sodium hypochlorite/NaOH solution by adding 1 mL of 5-6% sodium 108 

hypochlorite (bleach) and 180 µL of 10 N NaOH to 3.8 mL of deionized water. 109 

 110 

1.4. Weigh 60 g sucrose and dissolve in autoclaved deionized water to a final volume of 100 111 

mL to make 60% sucrose solution. 112 

 113 

1.5. Dissolve 0.684 g of sucrose in 10 mL of autoclaved deionized water to make 200 mM 114 

sucrose. Check and adjust to the same an osmolarity using osmometer. Make 1 mL aliquots in 115 

1.5 mL microcentrifuge tubes and freeze at -20 °C. 116 

 117 

1.6. Weigh 0.184 g of AMPH (molecular weight 184.75 g/mol) and dissolve in 10 mL of 118 

deionized water to make a 100 mM stock solution. Mix 2 µL of the stock solution in 400 µL of 119 

water to make 0.5 mM working solution. 120 

 121 

1.7. Prepare Nutrient growth media (NGM) plates 122 

 123 

1.7.1. Mix 3 g of NaCl (52.65 mM), 20 g of peptone, 25 g of bacto-agar and 975 mL of deionized 124 

water in a 2 L Erlenmeyer flask. Include a magnetic stir bar and autoclave (121 °C, 15 PSI) for 1 125 

hour using liquid cycle.  126 

 127 

1.7.2. Cool to and maintain the temperature at about 50 °C by placing the flask on a heater while 128 

stirring. Add 0.5 mL of cholesterol (5 mg/mL in ethanol), 1 mL of 1 M MgSO4, 1 mL of 1 M 129 

CaCl2 and 25 mL of 1 M potassium phosphate buffer, pH 7.4 (108.3 g of KH2PO4, 35.6 g of K2HPO4, 130 

deionized water to 1 L).  131 
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 132 

1.7.3. Pipette 25 mL each into 100 mm x 15 mm Petri plates and allow the media to solidify. 133 

Store the plates upside down at 4 °C in a box for up to 4 weeks. 134 

 135 

1.8. Preparation of Lysogeny broth (LB) broth 136 

 137 

1.8.1. Dissolve 5 g of LB powder mix in 200 mL of deionized water in an Erlenmeyer flask. 138 

Autoclave for 30 minutes utilizing the liquid sterilization cycle. Allow the broth to cool down. 139 

Store at room temperature for 1-2 weeks. 140 

 141 

1.9. Preparation of NA22 bacterial plates  142 

 143 

1.9.1. Use a sterile pipette tip or a sterile bacterial loop to streak an LB plate with a small volume 144 

of NA22 E. coli bacteria from glycerol stock and incubate the plate upside down in a 37 °C 145 

incubator overnight to grow isolated colonies. Pick and introduce a single colony into 200 mL of 146 

LB broth prepared in step 1.8 and let grow overnight at 37 °C on a shaking platform.  147 

 148 

1.9.2. To seed the plates, dispense 200 µL of bacterial culture onto the NGM plates prepared 149 

earlier in step 1.7 and spread with a sterile glass hockey stick. Let the plates dry overnight or 150 

longer under a hood and store upside down in an airtight box at 4 °C.  151 

 152 

1.10. To make the eyelash/platinum tool to pick worms, glue a thick eyelash or a platinum 153 

filament into a glass Pasteur pipette using super glue. Cut the tip of the eyelash at an angle using 154 

a razor blade. Alternatively, a Bunsen burner can be used to melt the tip of the glass pipette 155 

around the platinum filament. 156 

 157 

2. C. elegans husbandry 158 

 159 

NOTE: Culture wild-type N2 C. elegans strain on Escherichia coli NA22 plates. The detailed 160 

culture methods are described below. 161 

 162 

2.1. Preparation of worm culture 163 

 164 

2.1.1. To make a starter culture of worms, cut a small piece of agar from a plate containing well-165 

fed animals and transfer it onto a NA22 E. coli bacteria plate prepared in step 1.9 using a sterile 166 

spatula. Incubate plates at 20 °C for 3-4 days. Under a stereo microscope, visually confirm the 167 

presence of gravid adults. 168 

 169 

2.2. Preparation of synchronized population of worms  170 

 171 

2.2.1. Collect gravid adults from at least 2 plates by dispensing autoclaved deionized water all 172 

around the plate using a squirt bottle. Gently swirl the plate to dislodge the worms and collect 173 

the worms into a 15 mL polystyrene conical tube using a disposable plastic pipette.  174 

 175 
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2.2.2. Spin down the tube in a centrifuge at 140 x g for 2 minutes to pellet the worms, then 176 

aspirate off supernatant using a vacuum pump or with built in laboratory vacuum.  177 

 178 

2.2.3. Resuspend and wash the worms by filling the tube with autoclaved deionized water and 179 

mix and centrifuge at 140 x g for 2 minutes. Aspirate the supernatant and repeat this last step 180 

two more times or until worms are clear from bacteria (water appears clear when mixed with the 181 

worms). 182 

 183 

2.2.4. Add 5 mL of freshly made sodium hypochlorite/NaOH solution (step 1.3) to the worm 184 

pellet and rapidly mix using a vortex. Incubate the tube on a rocker for about 4-8 minutes. The 185 

time of incubation with sodium hypochlorite/NaOH solution fluctuates between 4-8 minutes 186 

based on the quality of the stock sodium hypochlorite solution (bleach).  187 

 188 

2.2.5. Put a drop (2-50 µL) of solution containing worms on a glass microscope slide and check 189 

every 2 minutes under the microscope for worm lysis. When about 70% of the worms are lysed 190 

and eggs are released, fill the tube with egg buffer prepared in step 1.2 and immediately 191 

centrifuge for 1 min at 140 x g to pellet the embryos and worm carcasses. 192 

 193 

2.2.6. Aspirate the supernatant and wash the pellet 3 more times by filling the tube each time 194 

with egg buffer. Spin down at 140 x g for 1 minute and remove the supernatant each time. The 195 

pellet turns white at the end of washes. 196 

 197 

2.2.7. After the final wash, separate the embryos from the dead carcasses in 30% sucrose 198 

solution. Add 5 mL of autoclaved deionized water to the pellet, resuspend and add 5 mL of 60% 199 

sucrose prepared in step 1.4. Mix thoroughly and centrifuge at 160 x g for 6 minutes.  200 

 201 

2.2.8. Use a glass Pasteur pipette to transfer the embryos floating at the upper meniscus into a 202 

fresh 15 mL conical tube. Do not take more than 3-4 mL. To remove any remaining sucrose, wash 203 

the embryos 3 times with autoclaved water by centrifuging at 140 x g for 3 minutes, removing 204 

the supernatant and resuspending the pellet (and filling the tube) each time.  205 

 206 

2.2.9. Repeat the washes with 1x M9 buffer. After the final wash, resuspend the pellet in 10 mL 207 

of M9. Leave the tubes on a shaker overnight (no more than 14 hours) for the eggs to hatch into 208 

L1 larvae. Worms will remain in L1 larval stage due to lack of food. 209 

 210 

2.2.10. Wash the L1 larvae 3 times with autoclaved water to remove any pheromones released 211 

by the larvae by centrifuging at 140 x g for 2 minutes. Resuspend the larvae in 1 mL of water. 212 

Make a 1:10 dilution of the worms in water, pipette a 10 µL drop on a glass slide, put a coverslip 213 

on and count the number of worms under a stereoscope. Repeat this twice and average the 214 

results.  215 

 216 

2.2.11. Pipette the volume of worms that corresponds to about 1,000 worms onto an NA22 plate 217 

(that was previously brought to room temperature) by placing small drops on the plate. Leave 218 

the plate half-open until the drop dries out. Then cover the plate and incubate upside down in 219 
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20 °C incubator for about 44-48 h or until the worms reach late L4 stage, as confirmed visually 220 

under a stereomicroscope. Now the worms are ready to be tested for SWIP. 221 

 222 

3. SWIP  223 

 224 

NOTE: We describe the manual method of assessing SWIP in wild-type worms treated with 225 

AMPH. We also briefly discuss the tracking of worms and further analysis of worm kinetics using 226 

an automated worm tracker and a tracking software which were previously described by 227 

Hardaway et al.10. 228 

 229 

3.1. Manual method to test for SWIP 230 

 231 

3.1.1. Aliquot 40 µL of 200 mOsm/L sucrose solution either with or without 0.5 mM AMPH into 232 

a glass spot plate. Under the stereoscope, pick 8-10 late-L4 stage worms with an eyelash or 233 

platinum pick and submerge the pick in the plate containing the solution until worms move off 234 

the pick and swim into the solution. Note the number of worms picked into the well, start the 235 

timer, observe and record the number of worms exhibiting SWIP at each minute mark.  236 

 237 

3.1.2. Copy the raw data into a spreadsheet and calculate the percent of worms paralyzed by 238 

dividing the number of worms paralyzed at each minute by total number of worms tested 239 

throughout the assay and multiply by 100. Copy the percent values into any graphing and 240 

statistical software and plot the data with percent values on the Y axis and time on X axis using 241 

the XY graph format.  242 

 243 

3.1.3. Perform two-way ANOVA followed by post-hoc analysis (e.g., Bonferroni post-test) to test 244 

for statistical significance among control, AMPH groups and time of treatment. 245 

  246 

3.2. Automated analysis of SWIP 247 

 248 

3.2.1. Perform automated analysis on a single worm at a time. The protocol to set up camera, 249 

the worm tracker software and script to run the tracking software analysis are described in detail 250 

in Hardaway et al.16.  251 

 252 

3.2.2. Briefly, place a single late L4 stage hermaphrodite into a glass spot plate utilizing an 253 

eyelash pick, as described in the manual method in section 3.1.2. Record swimming videos of one 254 

worm at the time and use the worm tracker software to calculate the frequency of body bends. 255 

Follow the script provided with the tracking software to obtain worm thrashing frequency and to 256 

generate heat maps from the worm thrashing data.  257 

 258 

REPRESENTATIVE RESULTS  259 

We present an example of SWIP assay induced by AMPH treatment. Figure 1 shows a schematic 260 

representation of the assay setup as described above. For the manual assay, about 8-10 age 261 

synchronized late L4 stage worms are collected with an eyelash or platinum pick and placed 262 
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into a glass spot plate filled with 40 µL of 200 mOsm/L sucrose (control solution) or sucrose 263 

with 0.5 mM AMPH and tested for SWIP. 264 

 265 

When animals stop swimming (i.e., exhibit SWIP), they quickly sink to the bottom of the well 266 

and do not move. Therefore, the discrimination between animals that still swim on the surface 267 

of the water versus the ones that are steady at the bottom of the well is very straightforward. 268 

Most of the worms tested in control solution swim continuously for at least 10 minutes, 269 

whereas under AMPH treatment, the number of animals exhibiting SWIP progressively 270 

increases. The maximal percentage of animals exhibiting SWIP is proportional to the 271 

concentration of AMPH used1,5,13. When DAT-1 knockout (dat-1) worms are tested in control 272 

solution, 40-70% worms exhibit SWIP within 10 minutes4,13. This result is comparable to the 273 

percentage of paralyzed animals measured in wild-type animals treated with 0.5 mM AMPH 274 

(Figure 2). 275 

 276 

Worms exposed to either sucrose or sucrose containing AMPH do not show SWIP in the first 277 

minute of observation (Figure 2). However, while worms treated with sucrose continue to swim 278 

for 10 minutes, worms treated with AMPH start to exhibit SWIP after 2 minutes of treatment 279 

and after 10 minutes, 66 ± 3% animals show SWIP (Figure 2). 280 

 281 

For the automated analysis, videos of worms under control or AMPH treatments are recorded 282 

one worm at a time using a video recording software. A computer tracking software is used to 283 

track worm thrashing and the resulting data are imported into and analyzed with the software 284 

suit. Samples of heat maps of animals exposed to control or AMPH, displaying actively moving 285 

animals in red and paralyzed worms in green, are shown in Figure 3. 286 

 287 

FIGURE AND TABLE LEGENDS  288 

Figure 1. Assay set up for SWIP. Gravid adult wild-type (N2) worms were lysed with sodium 289 

hypochlorite/NaOH treatment to release embryos. The embryos were allowed to hatch and 290 

develop into synchronized L1 larvae in M9 buffer for 14 hours on a shaker and then plated on 291 

an NGM plate seeded with NA22 bacteria. After 42-48 hours late L4 stage larvae were visually 292 

identified under the stereoscope and picked with an eyelash pick into a spot plate with or 293 

without amphetamine in control sucrose solution and scored for SWIP either manually or 294 

through automated analysis. 295 

 296 

Figure 2. Amphetamine-induced SWIP using manual assay. Worms in sucrose or sucrose with 297 

0.5 mM amphetamine (AMPH) were visually scored for SWIP behavior every minute using a 298 

stereoscope. The percent of animals exhibiting SWIP was calculated by dividing the number of 299 

paralyzed worms by the total number of worms assayed for each time point, and then 300 

multiplying the result by 100. The percent of worms exposed to AMPH (blue squares) showing 301 

SWIP increases overtime, while the untreated worms (red circles) continue to swim during the 302 

10-minute window. N represents the number of animals tested in each group. Error bars 303 

indicate standard error of means (SEM). Statistical significance was assessed by performing 304 

two-way ANOVA with Bonferroni multiple comparison test (p < 0.0001).  305 

 306 
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 307 

Figure 3. Amphetamine-induced SWIP via automated analysis. Videos of worms in sucrose or 308 

sucrose with 0.5 mM AMPH were recorded using a camera mounted on a stereoscope. 309 

Swimming videos of individual worms were tracked with a tracking software and analyzed using 310 

tracking software suit. Heat maps were generated from the data where red areas show the 311 

worms that are actively moving, and green areas indicate paralyzed worms. Each experimental 312 

group is representative of 6 animals. 313 

 314 

DISCUSSION: 315 

Here, we describe a step-by-step protocol to perform a behavioral assay, SWIP, in C. elegans. This 316 

protocol is simple and straightforward with no major technical hurdles making this assay very 317 

user friendly. Nevertheless, there are some critical aspects that need to be considered in order 318 

to effectively perform the assay.  319 

 320 

Care should be taken to ensure that the worms used for the assay are well fed, since dietary 321 

restriction affects SWIP17. Gentle handling of worms while picking as well as timed sodium 322 

hypochlorite/NaOH treatment during lysis are critical steps, as trauma during picking (more 323 

common when using a platinum pick) or extended exposure of embryos to sodium 324 

hypochlorite/NaOH solution can cause permanent damage to the worms18 and thus compromise 325 

their ability to swim.  326 

 327 

Sterile techniques should be followed to avoid contamination. Contamination of the agar plates 328 

compromises the health of the animals and thus alters their ability to swim. Slight difference in 329 

the percentage of animals exhibiting SWIP can be observed using agar plates seeded with 330 

different strains of E. coli bacteria (NA22, OP50, etc.). In our protocol, we use NA22 to yield a 331 

large number of worms.  332 

 333 

Glass-spot plates, used during the SWIP assay, are preferred to plastic plates because they can 334 

be thoroughly washed, autoclaved and re-used when different types of drugs are tested. 335 

 336 

Another important factor to be considered in a SWIP assay is the osmolarity of the liquid media 337 

in which the animals are tested19. In our protocol, we use sucrose to bring the osmolarity of water 338 

up to 200 mOsm/L which was previously shown to be an optimal condition for the animals 339 

(Blakely RD. personal communication). Water with a controlled osmolarity is preferred because 340 

it eliminates possible differences in water quality over multiple assays performed in different 341 

days, weeks or months. Notably, dat-1 and wild-type animals treated with AMPH do not exhibit 342 

SWIP if salty solutions (e.g., M9 solution) are used as control media. 343 

 344 

The time required for most of the animals to exhibit SWIP can slightly change among different 345 

worm stages (L1-L4). For example, Masoudi et al. (2014) reported that after 5 minutes 80% of 346 

dat-1 L1 animals still swim, thus only 20% of animals exhibit SWIP. On the other hand, only 50% 347 

of L4 dat-1 animals still swim after 5 minutes20. Therefore, it is important that animals tested for 348 

SWIP are assayed at the same age. We have optimized our assay using always late L4 staged 349 

animals. Late L4 larvae have the advantage of being easily recognizable among the other larval 350 
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stages because, at this stage, animals have reached their adult size and exhibit a characteristic 351 

thin line dividing the white spot in the center of their body that will later differentiate into a 352 

mature vulva. The time-span of the assay is also critical. For example, after 15 minutes 90% of L4 353 

dat-1 mutants exhibit SWIP but at later time (30 minutes), only 60% of them exhibit SWIP20.  354 

 355 

The automated SWIP assay eliminates human errors and improves high-throughput screening 356 

with respect to manual assays. However, tracking software programs are time consuming since 357 

they can only track a single worm at a time.  358 

 359 

With respect to other C. elegans DA-dependent behaviors, SWIP is a less time-consuming type of 360 

assay. For instance, the basal slowing response2 is not an immediate-type of assay. In fact, worms 361 

need to be chronically fed with the drugs, and this could result in penetrant and off-target effects. 362 

Thus, it might not be as effective to screen for drugs. 363 

 364 

One of the major applications of SWIP is to screen for various drugs that target the dopaminergic 365 

pathway. In cases where the drugs are not water soluble (e.g., mazindol), proper dilutions should 366 

be performed to achieve concentrations where the carrier solution is not toxic to the worms. 367 

Moreover, if different concentrations of the same drug are used5,13,14, dose-response curves can 368 

also be analyzed. For example, the rate of progression (slope of the curve of animals per minute, 369 

Figure 2) can be reported as function of the concentration and used to compare the effects of 370 

different drugs (e.g., AMPH vs cocaine). 371 

 372 

When SWIP is used to investigate the mechanism of action of drugs at the dopaminergic 373 

synapses, attention should be paid if results are extended to other animals. For instance, 374 

imipramine, a specific inhibitor of the mammalian norepinephrine transporter (NET) has been 375 

used to induce DA-mediate SWIP in N2 animals4. C. elegans does not synthetize norepinephrine 376 

and consequently does not express NET. However, the C. elegans DA transporter shares 377 

homology with mammalian NET21. For this reason, drugs that are specific inhibitors of 378 

mammalian NET and have limited effects on mammalian DAT (e.g., imipramine) show high 379 

selectivity to C. elegans DAT. Thus, species selectivity might limit our ability to extrapolate 380 

findings from C. elegans to humans.  381 

 382 

The most important factor to consider when designing SWIP assays is the inclusion of 383 

experiments proving that SWIP is mediated by the dopaminergic system. In fact, impaired 384 

swimming could be generated by factors other than genes related to the DA system (e.g.,  general 385 

defects in muscles contraction). To ensure that SWIP is indeed mediated by DA, protocols should 386 

include experiments performed with animals in which DA has been depleted. This can be 387 

achieved by either using knockout animals lacking expression of cat-2, the C. elegans homologue 388 

of the tyrosine hydroxylase, which is the rate-limiting enzyme for DA synthesis, or by pre-treating 389 

wild-type animals with reserpine, a drug that causes DA depletion from vesicles3. For instance, 390 

McDonald et al.3 showed that basal SWIP observed in dat-1 mutants was recovered when these 391 

animals were pre-treated with reserpine. This result suggests that SWIP is DA-mediated. On the 392 

other hand, using cat-2, dat-1 and mutants lacking expression of each of the dopaminergic 393 

receptors, Safratowich et al. (2014) demonstrated that the trace amine β-phenylethylamine 394 
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(βPEA) induces SWIP within 1 minute of treatment independently from DA but by direct 395 

activation of the ligand-gated ion channel LGC-5514. The authors showed that βPEA- and DA-396 

induced SWIP are mechanistically different and they can be easily discriminated experimentally. 397 

In fact, while βPEA-induced SWIP is DA- and dop-3-independent, it reaches maximal values within 398 

1 minute and rapidly decreases after 2 minutes14, DA-mediated SWIP is cat-2 and dop-3 399 

dependent and is essentially zero after 1 minute (Figure 2). Thus, there is a large difference in 400 

the time required to reach maximal effects, and this allows to quickly discriminate between the 401 

two phenomena: 1) the fast βPEA-induced SWIP within 1 minute obtained by direct activation of 402 

the LGC-55 channels and 2) the slow DA-mediated SWIP which occurs when a surplus of 403 

extracellular DA builds up over time (10-15 minutes) and the DA receptors DOP-3 are 404 

overstimulated3. 405 

 406 

In conclusion, with the right set of experiments, which include the use of knockout animals for 407 

key player genes of the dopaminergic system (cat-2, dat-1, dop-3) and the use of drugs depleting 408 

DA storages (reserpine), SWIP has been successfully used to elucidate the mechanism of action 409 

of drugs like AMPH5,13, βPEA14,15 and azaperone6.  410 

 411 
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Name of Material/ Equipment Company Catalog Number

Aluminum foil Reynolds wrap 1091835

Amphetamine Sigma 51-63-8  

Autoclave

Bacterial Incubator New Brunswick scientific M1352-0000

Bacteriological grade, Agar Lab Scientific, Inc  A466

Bacto (TM) Peptone BD REF 211677

Calcium Chloride (dihydrate) Sigma-Aldrich C3881

Camera Thorlabs U-CMAD3

Centrifuge Eppendorf 5810R 15amp E215059

Cholesterol Sigma-Aldrich 57-88-5

Deionised water Millipore Z00QSV0WW

Depression glass spot plate Corning Corning, Inc. 722085

Erlenmeyer flask ThermoFisher 4103-0250PK

Eye lash

Glass slide Fisherbrand 12-550-15

Graphing and statistical software Prism

HEPES Sigma-Aldrich RB=H3375 & H7006

Hypochlorite Hawkins Sodium Hypochlorite 4-6%, USP" 1 gal

LB Broth, Miller Fisher BP1426

Magnesium Chloride (Hexahydrate) Sigma-Aldrich RB=M0250

Magnesium sulfate (heptahydrate) Sigma-Aldrich M1880

Magnetic stir bar Fisherbrand 16-800-510 

Microcentrifuge tubes ThermoFisher 69715

NA 22 bacteria CGC

Nystatin Sigma 1400-61-9

Osmometer Advanced Instruments, Inc Model 3320

Pasteur Pipettes Fisherbrand 13-678-20A

Petriplates Falcon 351007

pH Meter Orion VersaStar Pro IS-68X591202-B 0514

Polystrine conical tubes Falcon 352095

Potassium Chloride Sigma-Aldrich P9541

Potassium dihydrogen phosphate Sigma-Aldrich 7778-77-0
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Potassium Phosphate - DIBASIC Sigma-Aldrich P-8281

Potassium Phosphate - MONOBASIC Sigma-Aldrich P0662

Serological pipettes VWR 10ml=89130-898

Shaker Reliable Scientific 55S 12x16

Sodium Chloride Fisher RB=BP358-1

Sodium dihydrogen Phosphate Fisher RB=S381

Spreadsheet MS office

Stereo Microscope Zeiss Model tlb3. 1 stemi2000

Sterile Pipette tips Various 02-707-400

Sucrose Sigma-Aldrich RB=S5016

Superglue Loctite 1647358 .14 oz.

SwimR sofware 10.18129/B9.bioc.SwimR

Tracker 2 Worm Tracker 2.0 www.mrc-lmb.cam.ac.uk/wormtracker/

Video recording software Virtualdub http://www.virtualdub.org/
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Dear Editorial Board, 

We are grateful for the editorial and reviewers’ suggestions and comments. The revised 
manuscript, included in this resubmission, addresses all arguments raised by the reviewers. 
Thanks to the reviewers’ work, our manuscript is improved and better suited for publication in 
JoVE. Below is a step-by-step response to the comments we received. 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues.  

We have corrected any spelling or grammar error. 

2. Please revise the title to avoid the use of colon.  

We have changed the title to Swimming induced paralysis is a valuable behavioral assay to 
assess dopamine signaling in Caenorhabditis elegans. 

 
3. Keywords: Please provide at least 6 keywords or phrases.  

Behavior and thrashing have been included in the keywords section  

 
4. Please rephrase the Long Abstract to more clearly state the goal of the protocol. 

See lines 34-35 

 
5. JoVE cannot publish manuscripts containing commercial language. ...6. Please revise the 
protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 7. Please 
revise the protocol to contain only action items that direct the reader to do something (e.g., 
“Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in 
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 
and “would be” throughout the Protocol. Any text that cannot be written in the imperative 
tense may be added as a “Note.” Please include all safety procedures and use of hoods, etc. 
However, notes should be used sparingly and actions should be described in the imperative 
tense wherever possible. Please move the discussion about the protocol to the Discussion. 8. 
Please revise the Protocol steps (1.7, 1.9, 2.2.1, 2.2.2, 2.2.4, 2.2.5, 3.2.1, etc.) so that individual 
steps contain only 2-3 actions per step and a maximum of 4 sentences per step. Use sub-steps 
as necessary. 9. Please highlight more steps for filming. The currently highlighted content is not 
sufficient for the video. 10. Table of Materials: Please sort the items in alphabetical order 
according to the Name of Material/Equipment. 

 
Changes indicated from point 5 to 10 have been addressed throughout the manuscript  
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Reviewer #1: 
Minor Concerns: 
There were a few minor typographical errors in the text. 

Errors have been corrected throughout the manuscript 
 
 
Reviewer #2:  
Minor Concerns: 
Line 109 - shouldn't this be "to a final volume of 100ml", not "dissolved in 100ml"….. 

Corrected (see line 111) 

 
Line 219: Two-way ANOVA should be "to test for effects of either time or drug", and post-hoc 
analyses should be included. 

Corrected (see lines 235-236)  
 
Reviewer #3: 
Major 
1-Pitfalls. …how specific the effect is to dopamine, and could other phenomena also result in 
SWIP effect?  

The reviewer is right, other phenomena could produce SWIP. The specificity of the 
dopaminergic signaling is ensured by the use of drugs known to act through dopaminergic 
proteins and mutants lacking expression of genes directly involved in the dopaminergic 
signaling. We thank the reviewer who suggested including this valuable information in the 
manuscript (see lines 374-400) 

2-Quantification of the results. The results provided (Fig2) show a constant decrease in number 
of animals showing SWIP when measured every minute. These data do not provide enough 
information to assess the robustness of the method…. 

We agree with the reviewer that rate of progression per minute as a function of drug 
concentration and maximal number of affected animals at the steady state as a function of drug 
concentration are important parameters that can be collected from our assay and used to 
compare the efficiency among different drugs. We discuss these important aspects of our assay 
in the revised manuscript (Lines 359-362).  

 
3-Expected results for C. elegans mutant. I can imagine that the idea of this method is to study 
gene products that would be involved in regulation of dopamine homeostasis. What is missing 



are the possible outcomes of positive mutants. Please describe which could be the expected 
phenotypes for positive mutants. … 

We thank the reviewer who suggested discussing this valuable point (lines 374-400).  

 
4-In the introduction, Imipramine is mentioned as a blocker of DAT-1, this is different than what 
happens in mammalian DAT in which the imipramine effect is weak. … 

In the revised version of the manuscript, we discuss this limitation (see lines 364-372). 
 
Minor 
Almost all solutions described in the protocol are described in grams, but the final molar 
composition of the solutes must be provided when appropriate.  

We have included concentrations molars (see Protocol section). 
 
 
Reviewer #4: 
Major Concerns: 
1) SWIP can only be reliably observed in L4 stage animals. Even though it is mentioned in the 
discussion part, it should be stressed more clearly in both introduction and protocol.  

We thank the reviewer for this valuable suggestion. Accordingly, we have included more 
discussion on this argument in the revised version of the manuscript. In this new paragraph, we 
discuss the work of Masoudi et al. (2014) to inform the reader that SWIP can be observed in 
both L1 and L4 staged animals. But, the rate of paralysis between the 2 larval stages slightly 
changes. (see line 335-340) 

 
2) A lot of drugs paralyze worms in liquid, among which are for example sodium azide, 
levamisol, aldicarb. However, these drugs are not specifically targeting the dopaminergic 
pathway. How can paralysis by other causes such as toxicity be distinguished from a paralysis 
based on specific effects onto the dopaminergic system, especially, if dat-1 mutants at L4 stage 
paralyze in water already without any drug? It is therefore important to include both negative 
and positive controls into the example assay, e.g. L4 dat-1 mutants and cat-2 mutants.  

We agree with the reviewer both positive and negative controls need to be included during the 
assay to confirm dopamine as the only mediator of SWIP. We have discussed this important 
point in the revised version of the manuscript (see lines 374-400). 

 3) The introduction and abstract mention "liquid media" as basis for the assay. Liquid media is a 
vague terminology and can mean anything from water, to M9 buffer….  



We have replaced liquid media with water throughout the manuscript and discussed that salty 
solutions prevent SWIP (see lines 332-333). 

 
4) Is the time span of the assay critical? …. 

The reviewer is correct. The time-span of the assay is critical. In the revised manuscript, we 
discuss this important point (see lines 335-345).    
 
Minor Concerns: 
1) Can an alternative to the Pyrex spot well plate be used e.g. using hydrophobic pen circles on a 
cover slip? Any transparent container works.  

We chose to use glass Pyrex spot well plates because they can be thoroughly washed, 
autoclaved and re-used when different types of drugs are tested (see lines 324-325)  
 
3) Any type of statistical program can be used e.g Prism6 Graphpad.  

The reviewer is right, and we have corrected the manuscript accordingly (see lines 231-232).  

 
4) Why is a two-way ANOVA test used for the analysis if only one parameter is assessed 
(percentage of animals swimming) in 2 or more groups, shouldn't it be one-way ANOVA test 
instead?  

We agree with reviewer that when only one parameter is assessed in two or more groups 1-
way ANOVA should be used to perform statistical analysis. However, for data containing 2 
independent variables, time and treated/control animals (figure 2) or time and N2/mutant 
animals, the two-way ANOVA test needs to be used. We thank the reviewer for suggesting to 
clarify this point. (see lines 235-236).  

5) Figure 2: "percentage of animals exhibiting SWIP was calculated by dividing the number of 
paralyzed worms by total number of worms.." missing: and multiplied by 100.  

We have corrected the text (lines 231 and 292). 
 

 


