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SUMMARY: 
Planarian motility is used to gauge the stimulant and withdrawal properties of natural products when compared to the movement of the animals in spring water alone. 

ABSTRACT: 
A straightforward, controllable means of using the non-parasitic planarian, Dugesia tigrina, a free-living aquatic flatworm, to study the stimulant and withdrawal properties of natural products is described. Experimental assays benefitting from unique aspects of planarian physiology have been applied to studies on wound healing, regeneration, and tumorigenesis. In addition, because planarians exhibit sensitivity to a variety of environmental stimuli and are capable of learning and developing conditioned responses, they can be used in behavioral studies examining learning and memory. Planarians possess a basic bilateral symmetry and a central nervous system that uses neurotransmitter systems amenable to studies examining the effects of neuromuscular biomodulators. Consequently, experimental systems monitoring planarian movement and motility have been developed to examine substance addiction and withdrawal. Because planarian motility offers the potential for a sensitive, easily standardized motility assay system to monitor the effect of stimuli, the planarian locomotor velocity (pLmV) test was adapted to monitor both stimulation and withdrawal behaviors by planarians through the determination of the number of grid lines on the path crossed by the animals with time. Here, the technique and its application are demonstrated and explained.

INTRODUCTION: 
[bookmark: _Hlk34821254]The protocol described uses planarian motility to provide a means of assessing the biomodulating effects of natural substances. It was specifically adapted to determine if these substances function as stimulants, and if they then were associated with a measurable withdrawal behavior1. This assay, known as the planarian locomotor velocity (pLmV) test, was first used to test known pharmacological agents2,3. The application of this planarian motility-based assay has since grown in popularity and has been adopted by different laboratories interested in a substances other than natural products4,5. A means to assess planarian motility is presented here, where an animal is placed on a plate with a grid, and the number of grid lines crossed within a period of time are counted to determine how much the animal moved. The light/dark test, otherwise referred to as the conditioned place preference test (CPP), is another variation on the theme of monitoring planarian motility, and assesses how quickly the animals respond and migrate to a darkened environment6,7. Video tracking of planarian movements can also be analyzed using computer programs and center of mass (COM) tracking8-11.

Using the planarian as an animal model for such studies offers several advantages over other animals in that the experimenter can easily control the assay environment. Specifically, starving the planarians before experimentation can prevent their exposure to other nutritional or pharmacological agents that might otherwise confound the results, and the specific biomodulator under investigation can be introduced to the planarians simply by adding it directly to the culture water, thereby standardizing exposure. Furthermore, because planarians have a nervous system and neurotransmitters that are reminiscent of ‘higher-order’ animals, the physiology and experimental responses of these animals to neuromuscular stimuli are considered relevant to other organisms12-16. Also, because planarians are relatively inexpensive and straightforward to maintain in the laboratory, they offer an accessible biological model for many investigators.

As an experimental animal, planarians are suitable to a wide range of studies. For example, investigators use planarians to study tumorigenesis17-19. Planarians also exhibit a host of response behaviors to chemical, thermal, gravitational, electrical, photo, and magnetic stimuli that have formed the basis of other assay systems. Some of these effects have been used to study learning and memory in these animals20-27. The primary use of the planarian model in the literature at present focuses on the activity of planarian pluripotent stem cells, called neoblasts, and their role in regeneration28-30. Thus, adopting the model described here allows for further study using other planarian-based assays to provide a broader understanding of how natural products and other biomodulators affect the organism.

PROTOCOL: 

1. Planarian husbandry

1.1. Use planarians purchased from a biological supply company or wild-caught if needed. The planarians used in this protocol are Dugesia tigrina, as listed in the supply list. This species is also referred to as Girardia tigrina31. Other aquatic planarian species are also acceptable2,3. 

NOTE: The protocol described is geared to animals purchased from a biological supply company. This assay system has not been tested with wild-caught planarians. However, if wild-caught planarians are used, it is recommended that they be habituated to the water used in the experiments as well as the laboratory environment for at least 1 week before use.

1.2. Upon arrival, transfer planarians to plastic food storage containers containing clean spring water and keep the lids ajar. 

1.3. Maintain planarians in a darkened environment. 

1.4. Feed newly delivered planarians after 24–36 h in their new environment.

1.5. Allow planarians to acclimate to the laboratory at least 1 week prior to experimentation.

1.6. Feed planarians on a regular twice-a-week schedule.

1.6.1. Allow planarians to feed ad libitum on chopped organic boiled eggs or blended organic beef liver for 1–2 h.

1.6.2. Place fed planarians into a clean container after feeding.

1.6.2.1. Remove the soiled water off the planarians.

1.6.2.2. Use a small flat watercolor paintbrush (number 3–6) to transfer food debris and slime adhering to the container from around planarians to a paper towel. 

1.6.2.3. With fresh spring water and gentle swirling or agitation, dislodge planarians and pour them into a clean container.

1.6.2.4. Any planarians remaining adhered to the container can be transferred using a round watercolor paintbrush (number 3–6) or transfer pipette with a wide bore. 

NOTE: When manipulating planarians, use a small, clean, flat, or round watercolor paintbrush (number 3–6). When moving planarians, the brush should be placed under the animal to lift it gently. To ensure planarians are not damaged when using the brush, the bristles of the brush should not be splayed out under the animal. Spreading out of the bristles could harm the planarian if it is caught between the fibers of the brush.

1.6.2.5. Decant the transfer water.

1.6.2.6. Cover the planarians with clean spring water.

1.6.2.7. After 24 h, remove the planarians from any expelled food waste by transferring them to a clean container as described above (steps 1.6.2.1–1.6.2.6).

1.7. To clean containers and utensils used for planarian husbandry, do not use soap or detergent. Clean these items by rinsing them well with clean water (tap water is acceptable) and drying them with a clean cloth or paper towel.

2. Preparation of planarians for experiments

2.1. Allow newly delivered planarians to acclimate to their environment at least 1 week prior to experimentation. 

2.2. Starve planarians for 5–10 days prior to experimentation.

2.3. Change the culture water at least 1x during the starvation period.

3. Planarian locomotor velocity (pLmV) test: Stimulant behaviors

3.1. Prior to experimentation, ensure starved planarians are fully formed, with a complete and pigmented head and tail.

3.2. Prepare a glass or plastic 10 cm Petri dish and a habituation container for the pLmV test prior to starting the experiment.

3.2.1. Place a clean 10 cm diameter Petri dish to be used for the pLmV test on prelaminated grid paper with 0.5 cm squares).

3.2.2. Add 20 mL of unadulterated spring water for controls, or spring water containing the appropriate concentration of the natural product being tested, to the 10 cm diameter Petri dish to be used for the pLmV test.

3.2.3. Position a camera (e.g., cell phone or high-resolution camera) above the prepared 10 cm diameter Petri dish to record planarian motility over the grid paper during the experiment. A ring stand is a convenient way to position the camera at a distance that can record the entire view of the 10 cm Petri dish and grid lines.

3.2.4. Prepare a habituation container with 5–10 mL of unadulterated spring water (controls), or spring water containing the appropriate concentration of the natural product being tested. A container similar to a scintillation vial or small 5 cm Petri dish is suitable.

3.3. Use a small, clean, flat, or round watercolor paintbrush to gently transfer a planarian from the stock container with spring water to the habituation container having 5–10 mL of unadulterated spring water or spring water containing the natural product being tested. 

NOTE: A wide bore transfer pipette can also be used for transferring the planarian into a clean and dry habituation container. 

3.3.1. If using the pipette, remove excess water moved with the planarian from the habituation container using the transfer pipette. 

3.3.2. Carefully add the habituation solution (i.e., spring water for controls or spring water containing the concentration of natural product being tested) to the habituation container containing the planarian. 

3.4. Habituation periods will depend on the stimulation dynamics assessed for the natural product being tested. A habituation time of 2 min proved acceptable to detect stimulation in this work1. 

3.5. Following the 2 min habituation period use a watercolor paintbrush to gently transfer the planarian to the center of the prepared 10 cm Petri dish for the pLmV stimulation experiment. Gently move the animal from the habituation container to the 10 cm Petri dish. 

3.6. Start the camera to record the movement of the planarian. Record 10–11 min of video.

3.7. Prepare the habituation container and the 10 cm Petri dish for the pLmV experiment with fresh solutions for each planarian.

3.8. Having dedicated pipettes, dishes, containers, and paintbrushes for each experimental concentration of the natural product being tested is a convenient way to avoid inadvertently exposing planarians to the wrong solution during experimentation.

3.9. Because planarians exhibit learned behaviors, each planarian (control or test) should only be used once21,22.

4. Planarian locomotor velocity (pLmV) test: Withdrawal behaviors

4.1. Prior to experimentation, ensure starved planarians are fully formed, with a complete and pigmented head and tail.

4.2. Prepare a 10 cm Petri dish (glass or plastic) for the pLmV experiment, a 5 cm Petri dish (glass or plastic) for rinsing the planarian following habituation, and a habituation container prior to starting the experiment.

4.2.1. Place a clean 10 cm diameter Petri dish to be used for the pLmV experiment on prelaminated grid paper with 0.5 cm squares). 

4.2.2. Add 20 mL of unadulterated spring water to the 10 cm diameter Petri dish to be used for the pLmV experiment.

4.2.3. Position a camera above the prepared 10 cm diameter Petri dish as in step 3.2.3 to record planarian motility over the grid paper during the experiment. 

4.2.4. Prepare the planarian rinse container by adding 5 mL of spring water alone to the 5 cm Petri dish.

4.2.5. Prepare a habituation container with 5–10 mL of unadulterated spring water (controls) or spring water containing the natural product being tested. A container similar to a scintillation vial or small 5 cm Petri dish (glass or plastic) is suitable.

4.3. Use a small, clean, flat, or round watercolor paintbrush to transfer a planarian from spring water to the prepared habituation container having 5–10 mL of unadulterated spring water (controls) or spring water containing the natural product being tested. Gently move the animal from the stock container to the habituation container. Ensure the planarian is not damaged by the brush.

NOTE: A wide bore transfer pipette can also be used to transfer the planarian into a clean and dry habituation container. 

4.3.1. If using the pipette, excess water moved with the planarian should be removed from the habituation container using the transfer pipette. 

4.3.2. Carefully add the habituation solution (i.e., unadulterated spring water for controls or spring water containing the natural product being tested) to the habituation container containing the planarian. 

4.4. Habituation periods for withdrawal will depend on the stimulation dynamics assessed for the natural product being tested; 2–5 min have proven sufficient.

4.5. [bookmark: _Hlk34823680]Following the habituation period use a watercolor paintbrush to gently transfer the planarian to the prepared 5 cm Petri dish containing spring water to rinse off any natural product from the habituation container. Ensure the planarian is not damaged by the brush.

4.6. Immediately transfer the planarian to the center of the prepared 10 cm Petri dish containing spring water for the pLmV withdrawal experiment. Ensure the planarian is not damaged by the brush.

4.7. Start the camera to record the movement of the planarian. Record 10–11 min of video. 

4.8. Prepare the habituation container, the rinse container, and the 10 cm Petri dish for the pLmV experiment with fresh solutions for each planarian.

4.9. Use dedicated pipettes, dishes, containers, and paintbrushes for each experimental concentration of the natural product being tested to avoid inadvertently exposing planarians to the wrong solution during experimentation.

4.10. Because planarians exhibit learned behaviors, use each planarian (control or test) only once26,27.

5. Data analysis

5.1. Prepare a data collection table to document the behavior and the motility of planarians as the number of grid lines crossed for each minute during the pLmV run. The table should allow for the accumulated number of lines per minute crossed by the planarian to be documented as well. Include lines for notes and a table of definitions to tally the observation of behaviors during the experimental period, such as ‘wander’ and ‘stop’ (see Discussion).

5.2. Using the video, count the number of full grid lines crossed by the planarian per minute for 10 min, and record that number on the data table. Typical planarian behavior consists of continuous velocity, forward-directed, horizontal movement, with periodic turns, and without stops.

5.2.1. Begin to time the experiment at the point that the planarian has moved off the paintbrush used to transfer it to the 10 cm Petri dish. Record this start time.

5.2.2. To determine when the animal crosses a full grid square, focus on the head and score one line when the head fully crosses a square. 

5.2.3. To score a full grid when the worm moves around the edge of the dish, visualize a distance of 0.5 cm by referring to the lines as they extend out from the margins of the dish. If the planarian crosses the corner of a box, refer to the second line crossed to score one grid line. Again, focus on the head to make these determinations.

5.2.4. Stop the video after each minute to record the data. 

5.2.5. When restarting the video to count the next minute, if the head of the worm was between grid lines when the video was stopped, record the first line crossed as a full box.

5.2.6. Score the number of grid lines crossed for 10 min.

5.3. If the animal stops moving during a pLmV test and no longer crosses grid lines during the 10 min recording time, document the behavior of the planarian in the behavioral chart (e.g., ‘wander’ or ‘stop’). Animals that cease their forward track during the pLmV assay should instead be taken note of and the data presented as a frequency of the total number of animals exposed to that reagent concentration. Coiling or convulsive behavior (known as a C behavior) preventing any forward movement during the habituation period indicates that the concentration of the natural product is not appropriate for use in a pLmV assay because the pLmV assay is motility-based. C-type behaviors can be analyzed using a different type of analysis (see Discussion).

5.4. If possible, test multiple experimental concentrations of the natural product using at least 9–12 worms on different days and different times of the day if determining the overall effect of the reagent on planarian physiology. However, if researchers endeavor to reduce circadian rhythm-induced variability, experiments can be conducted with constant lighting at a set time of day using worms that are cultured with timed light/dark cycles and set feeding times. Have at least two experimenters involved in the project to allow for the option of having one individual record data, while the second individual counts the grid lines ‘blind’ to the conditions used for data collection. Having different individuals involved in data collection, as well as statistical calculations and analysis, also reduces possible bias.

5.5. Calculate grid line counts for each natural product concentration on each day as relative to control counts for each minute so that data from different days, times, and experimenters can be combined. These data can be averaged and then analyzed using Student’s T-test. P-values for each test can be assessed per minute compared to the control and between reagent concentrations. ANOVA assessments using data sets derived from different experimental concentrations provide a further method of analysis.

REPRESENTATIVE RESULTS: 
The laboratory setup and preparation of the workspace for the pLmV assays should be completed before experimentation begins. This includes the preparation of the habituation container, rinse container if needed (for withdrawal experiments), Petri dish over laminated grid paper, and properly placed camera (Figure 1). Once all the videos are taken, it is advisable to use a common datasheet to standardize data collection and presentation between investigators (Figure 2 and Figure 2 Supplement).

The camera setup allowed for a clear view of the planarian and the grid paper to permit an accurate assessment of the progress of the animal for the duration of the experiment (Figure 3A and Figure 3A Supplement). Data collection included the number of grid lines crossed, as well as the cumulative total number of lines crossed per minute of the experiment (Figure 3B). During pLmV analysis, planarians had a continuous velocity, forward-directed, horizontal movement, with periodic turns, and do not stop. When beginning, the first full grid box crossed was scored as one, not the first line crossed as seen in the example video. It was important to record the start time of directional movement after the planarian was free of the paintbrush used to transfer it to the pLmV dish, and then followed each minute thereafter. If a planarian was part way through a box at the minute time, the next grid line crossed after restarting the video was counted as a full box. When the animal moved around the edge of the dish, the lines as they extend out from the dish were referred to in order to determine a distance of 0.5 cm. When worms encountered the corner of a box, the second line crossed was referred to in order to score one grid line. These determinations were always made relative to the position of the head. If the planarian began to cover a tight area, the experimenter followed the head of the worm to monitor the distance of a full grid box. An example of this behavior is included in the supplementary video (Figure 3A Supplement). 

To standardize the results from each trial, the pLmV runs were calculated and plotted as the number of boxes crossed relative to the progress of the matching control worm (Figure 3B). Each user should be trained to perform the assay and counting grid lines prior to beginning tests using reagents of interest. As a benchmark, using the experimental set up, planarians in spring water typically covered approximately 24 boxes in 3 min (Figure 4A; data from 4 users, average of 24.8 ± 4.8). A range of test reagent concentrations were examined to determine the type of behavioral analysis to be used for each. For pLmV analysis, researchers should determine if the animals display motility when exposed (Figure 4B). Other types of behavioral analyses may be more effective for different types of behaviors (see Discussion). Relative to the spring water control, stimulant data showed an increasing number of grid lines crossed as the animal moved through the pLmV container with the desired concentration of the test reagent in spring water after being habituated in the same concentration of the test reagent. In contrast, withdrawal data showed a decreasing number of grid lines crossed relative to the spring water control, when the planarian moved through the pLmV container having spring water alone after being habituated in the desired concentration of the reagent mixed in spring water (Figure 4C and 4D). Notably, plain withdrawal data can lead to fewer grid counts than those of the controls, as has been observed in drug-induced withdrawal data by other groups2,6. 

Spring water control planarians moved over grid lines for the duration of the experiment. At times, however, the test planarians ceased crossing grid lines during the assay. When this occurred, these data were tallied separately. Documenting these data as a percentage of the total number of animals exposed to that particular reagent concentration was an effective way to illustrate the relative frequency of these findings (Figures 5A–C, Figure 5A Supplement and Figure 5B Supplement). Behaviors not preventing the planarians from crossing grid lines were included in the pLmV analyses, even if these movements impeded the steady progress of the animals. 

FIGURE AND TABLE LEGENDS: 
Figure 1: Representative setup for the pLmV assay. The laboratory space was prepared prior to beginning the assay. Shown is a typical setup with a 10 cm Petri dish placed over laminated 0.5 cm grid paper. A document camera was positioned such that a clear view of the 10 cm Petri dish could be recorded on a linked computer. However, any camera can be used for recording the progress of the planarians during the experiment including a cell phone camera positioned above the Petri dish using a ring stand. In the background is a 5 cm Petri dish to rinse worms for withdrawal experiments, as well as small white containers used for habituating the planarians. Also, in the background are labeled, dedicated round watercolor paintbrushes, pipettes, and Petri dishes for each product concentration.

Figure 2: pLmV data sheet. A prepared data sheet to record the number of grid lines crossed for the tested substance and the control data, as well as a means to tally any behaviors useful for data collection purposes. See Figure 2 Supplement for a downloadable PDF version of this figure.

Figure 3: Representative pLmV experiment and data sheet. (A) A camera was placed above the 10 cm Petri dish used for the pLmV assay such that the planarian and the full 0.5 cm grid under the dish was clearly visible. The full pLmV run was recorded (Figure 3A Supplement), and the number of grid lines crossed each minute placed into a prepared data table (B). The accumulated total grid lines crossed were tallied, and then these were converted to the number of accumulated lines crossed relative to the corresponding spring water control worm (B). The data on the table provided (B) matches the counts in the supplementary video (Figure 3A Supplement). Corresponding control counts are not shown. 

Figure 4: Representative graphs of stimulant and withdrawal data. Researchers should be trained to use and score the pLmV assay grid lines using spring water alone prior to experimentation. Typically, planarians travelled about 25 grid lines in 3 min. (A) Data from four users; 10 spring water control worms each. To appreciate the effect of a reagent on planarian motility a series of concentrations were surveyed using the pLmV assay and the total number of grid lines crossed were examined relative to the corresponding control counts at 3 min. (B) Control data represented by white bar. Test data for different concentrations (mM) of test substance represented by black bars. Test data were plotted relative to control data to best represent all the data collected. (C) Stimulant data represented by blue line/diamonds show a rise in grid lines crossed, versus (D) withdrawal data represented by blue line/diamonds, showing a decreasing slope from the initial start value relative to the control data, represented by red line/squares in both figures C and D. Error Bars = ±S.D.

Figure 5: Observation and documentation of behavioral data. Planarians in the pLmV assay that did not maintain directional movement during the experiment, but stopped with characteristic behaviors and no longer moved over the grids were tallied. Typical behaviors included displays ‘wander’ (Figure 5A and Figure 5A Supplement), and ‘stop’ (Figure 5B and Figure 5B Supplement). These tallies of behavioral data are presented to document the frequency of these behaviors compared to all the animals exposed to that product concentration (C). Shown are sample data documenting the percentages of spring water control animals (Ci), and animals exposed to a stimulant (Cii), having a wander (blue), stop (red), or no (green) behavior.

DISCUSSION: 
A straightforward and accessible planarian motility assay is described to determine the stimulant and withdrawal effects of natural products. As a behavioral model it is necessary to have stringent protocols for scoring movement and clear definitions of any behaviors to standardize observations between different experimenters. The ideas presented offer a demonstration of how this can be achieved. Each laboratory using this protocol should adapt the presented information to suit the effects of the particular product being tested. It is recommended to carefully set up the workspace to ensure tests can be done in consistent conditions by each investigator involved in the study (Figure 1). Standardized recording sheets can be compiled to assist with precise record keeping and data collection on motility and behaviors (Figure 2 and Figure 3B).

Motility tests should be done at various times of the day, using different batches of planarians if possible, to account for diverging inherent circadian activities. While these analyses have not been conducted, it is suggested that investigators monitor how the planarian circadian rhythm might affect motility by maintaining planarians using a standard light/dark cycle (e.g., 12/12), and when conducting the pLmV assay, use standard lighting conditions and run the tests at the same time of day32-34. Researchers should practice the mechanics of the pLmV assay and learn to count grid lines to standardize both the handling of the planarians and the assessment of planarian motility (Figure 3). This should be done using unadulterated spring water controls. Typically, after 10–20 such practice runs, data becomes quite standard for all laboratory members. Counts after a set pLmV time should be chosen to compare progress in learning the assay. Investigators typically observe approximately 24 grid lines crossed by 3 min in the pLmV assay in spring water following a 2 min habituation in spring water (Figure 4A; representative data for four investigators with 10 random spring water controls each; 24.8 ± 4.8 grid lines). Having two or three trained investigators conducting each set of tests can further improve the reliability of the results because any user-specific effects on the method and counts can be taken into account in the error analysis. In this way, tests and counts can be swapped between investigators so that counts can be done ‘blind’ to the experimental conditions. To decrease the chance of bias, different individuals could conduct statistical tests on the count data and perform the subsequent analyses. Outside of the presence of the product being tested, environmental variations in water quality such as temperature and pH should be avoided. Because planarians are light sensitive, the setup of the experiment should ensure that the lighting of the workspace is even. Finally, because planarians can exhibit learned behaviors, each worm, including controls, should only be used once26,27.

It is useful to have an experimental checklist in the lab if multiple experimenters are working with the assay, particularly in an undergraduate research laboratory, to avoid common pitfalls that might occur when running the pLmV test, which would affect the statistical value of the results. All solutions should be at room temperature because planarian motility is reduced at lower temperatures. Care should be taken to ensure that the specimens are starved 5–10 days prior to their use and that each specimen is fully formed, with a completely pigmented head and tail. It is also suggested that dedicated flat or round watercolor paintbrushes (number 3–6), habituation containers, and Petri dishes be used for each experimental concentration to make the workflow smoother for the experimenter. The technique of transferring the planarians using small flat or round watercolor paintbrushes should be practiced extensively by the investigators to ensure efficient transfer of the worms between containers without causing injury or distress to the animals (see discussion above; Figure 4A). The use of these paintbrushes minimizes the transfer of liquids between the containers and reduces potential stress on the planarians. However, planarians can be damaged by the bristles if the fibers are spread or splayed out when they contact the animal

Because the pLmV assay relies on behavioral data, it is essential to use a sufficiently large data set to ensure robust data despite innate worm-to-worm response variability. As such, most laboratories use a minimum of nine to twelve planarians to test each concentration of the product being examined, particularly because natural products may not have as marked an effect as standard pharmaceuticals1-7,13-16,35,36. The number of grid lines crossed each minute is calculated relative to the spring water control data for each test day and time. These data are averaged for each test concentration for each minute and compared to the control data, as well as to other time-matched concentrations using both Student’s T-tests and ANOVA.

The pLmV assay is geared to studies of reagents affecting the motility of the planarians for the duration of the assay time. Detailed studies of planarian movements can be conducted using a number of other assessments described in the literature4,35-38. Therefore, it is prudent to conduct a series of habituation experiments to take note of how the planarians react to the test reagent using a range of concentrations and comparing any effects with the behavior of the worms in spring water prior to embarking on behavioral tests. In this way, the appropriate behavioral test can be selected to study the individual mannerisms induced by the reagent on the planarian. The planarians can be placed in various concentrations of the reagent for 5–10 min to determine if a concentration permits them to maintain their typical swimming behavior. Behaviors that do not permit motility, such as those resulting in a C-type, or convulsive or seizure-like behavior, have been the focus of studies using separate types of behavioral analyses that can be applied to this method4,39,40. pLmV analyses can be conducted using a range of concentrations after short habituation times and the number of total grid lines crossed at 3 min scored relative to spring water controls prior to time course stimulation and withdrawal analyses (Figure 4B)1-5. Investigators are encouraged to sample other times, such as 15, 30, and 60 min, to see if the stimulation dynamics change with time of exposure1. As has been reported, in spring water control worms maintain a steady, forward-directed horizontal movement for the 10 min assay time1,4. In contrast, product-treated worms may stop and cease their directional motility during the assay and no longer cross grid lines. The investigator can make a judgment whether to limit the length of the experimental pLmV run or derive a means to assess these behaviors as described. It is important, however, to assess the frequency of these behaviors, asf they provide additional data affecting motility. Motility and movement data are discussed separately in the field because combining the information confounds the assessment of such data4,35-38. Two behaviors were observed when the worms stopped and no longer crossed grid lines during the assay. These movements are referred to as ‘wander’ (Figure 5A and Figure 5A Supplement), and ‘stop’ (Figure 5B and Figure 5B Supplement). The frequency of these behaviors are documented as percentages of all the animals exposed to the particular product concentration together with the control data (Figure 5C). Importantly, random behaviors that do not prevent the planarian from crossing grid lines should be included in the pLmV analysis, even if these movements impede the steady progress of the animals (Figure 4B, 3 mM and 10 mM bars). As mentioned, investigators have described a number of behavioral categories that are beyond the scope of this discussion of the pLmV rate of motility protocol and have not been observed using the products described4,35-38.

The pLmV assay relies on the water solubility of the product under investigation. Many of these substances, however, are not fully soluble in water and, as such, only the water-soluble portions can be tested by this assay while the rest must be filtered from the solution as has been done in previous work1. If pLmV assays are run using reagents solubilized using solvents other than water, these require a volume equivalent control in addition to the spring water control. While this method has not been used with such substances, such vector controls should likely be treated as a test, and the motility scored relative to controls as would any other test substance. Another possible means to test non-soluble substances would be to feed them to the planarians by mixing them into food gels. This technique is used to introduce siRNA to planarians in gene knock-down/RNAi experiments41. Feeding planarians biological products and siRNA, however, presents complications to this assay in that the planarians would not be starved and cannot be transferred to the motility assay container within a standardized time that ensures equal exposure or intake of the product under investigation by the experimental animals prior to testing. 

Once stimulant and withdrawal dynamics are established using the pLmV assay, further experimentation can involve comodulators, the introduction of siRNA, as well as biological pathway modifiers or drugs to test for the augmentation or inhibition of the observed motility effects compared to the initial results collected when not using these biomodulators1,3. For example, downregulating the expression of a gene or adding pathway inhibitors could decrease the rate of movement, while others may change the dynamics of withdrawal. Through the observation of changed pLmV results, these additional experiments can provide insight into the underlying physiology affected by a natural product or other test reagent.5,42-44. 

The procedure described is amenable to any laboratory interested in determining the stimulant and withdrawal effects of a variety of biomodulators, including many natural products. Advantages of the application of the planarian pLmV assay include how inexpensive and easy to maintain these animals are, and that they can also be subjects for other planarian-based assays to provide a broad understanding of the physiological effects of the product under investigation.
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