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SHORT ABSTRACT:
The abdominal dorsal vessel of the honey bee and other insects serves as the functional equivalent of the mammalian heart and plays an important role in nutrient transport, waste removal, immune function, and more. Here we describe a protocol for the visualization and pharmacological manipulation of bee heart rate.

LONG ABSTRACT:
The European honey bee, Apis mellifera L., is a valuable agricultural and commercial resource noted for producing honey and providing crop pollination services, as well as an important model social insect used to study memory and learning, aging, and more. Here we describe a detailed protocol for the dissection of the dorsal abdominal wall of a bee in order to visualize its dorsal vessel, which serves the role of the heart in the insect. A successful dissection will expose a functional heart that, under the proper conditions, can maintain a steady heartbeat for an extended period of time. This allows the investigator to manipulate heart rate through the application of cardiomodulatory compounds to the dorsal vessel. By using either a digital microscope or a microscope equipped with a digital camera, the investigator can make video recordings of the dorsal vessel before and after treatment with test compounds. The videos can then be scored at a time convenient to the user in order to determine changes in heart rate, as well as changes in the pattern of heartbeats, following treatment. The advantages of this protocol are that it is relatively inexpensive to set up, easy to learn, requires little space or equipment, and takes very little time to conduct. 

INTRODUCTION:
The overall goal of this methodology is to allow the investigator to quickly and easily observe and quantify the effect that a pharmacological agent has on the heart rate of honey bees. Bees, like other insects, have an open circulatory system that disseminates hemolymph, the insect equivalent of blood, throughout the body cavity, known as the hemocoel. The circulation of hemolymph is essential for the transport of nutrients, immune factors, waste products, as well neurohormones and other signaling molecules1. Circulation is facilitated by the dorsal vessel, which extends along the dorsal midline of the insect, as well as accessory pulsatile organs. The dorsal vessel is divided into two functionally distinct sections, designated the heart in the abdomen and the aorta in the thorax and head. Propagated contractions in the heart pump hemolymph towards the thorax and head, while accessory pulsatile organs ensure hemolymph flow to the extremities.

Insect cardiac function can be observed using a variety of methods, depending upon the size, physiology, or life stage of the insect. A common approach for observing heart rate in larvae or smaller insects is the use of intravital imaging2. This method is less useful in adult bees, however, as it can be difficult to clearly view the dorsal vessel through the abdominal wall. An established approach for recording heart rate in a variety of insects, including bees, is the use of contact thermography, which utilizes thermistors applied to the exterior of the insect to detect cardiac pulsations3,4. Heart rate in adult bees has also been recorded using an electrophysiological technique to measure an electrical impedance signal4,5. This technique requires the insertion of electrodes into the animal next to the heart and the use of an impedance converter to record heartbeats4. Similarly, electrocardiograms have been used to detect electrical signals produced by the heart and combined with video recording of the bee to observe changes in cardiac activity6. A distinct advantage to these approaches is that heart rate is assessed in an intact, living bee, rather than in a dissected specimen, which helps to ensure the availability of the full range of physiological responses in the subject. The challenges of these approaches include accounting for immobilization or anesthetization of the subject, the need to limit outside variables and stimuli that might alter heart rate, as well as determining an appropriate delivery method when testing pharmacological agents. 

Another approach that has been used for studying bee cardiac activity is to partially dissect the insect in order to expose the heart, then measure dorsal vessel contractions using a force displacement transducer7. In this protocol, the heart is continually bathed with running physiological saline and test compounds can be dissolved in this solution for application to the subject7. A significant difference between this method and those previously described is that the ventral nerve cord is removed, eliminating the role that the central nervous system has been shown to play in modulating heart rate5. The result is that the baseline heartbeat, which is usually quite erratic, stabilizes at a much lower frequency and amplitude than is typically observed in a living insect5,7. What all of these methods have in common is that they require highly specialized and often expensive equipment, in addition to a certain level of expertise, in order to be conducted. Perhaps the greatest disadvantage is that none of these approaches are particularly well suited to experiments that involve testing a large number of subjects, such as screening a library of potentially cardiomodulatory compounds.

The greatest strength of the approach described here is its simplicity. The protocol is relatively easy to master, the setup requires little space, and only a minimal financial input is necessary. The method requires little more than some bees, a few surgical instruments, an isotonic solution, and either a digital microscope or a traditional microscope with a digital camera. Bees are dissected to visualize the dorsal vessel and digital videos are used to record heart rate before and after treatment with pharmacological agents. Although video recording is not actually necessary to observe changes in heart rate, it will greatly increase throughput (i.e., the number of subjects that can be processed in a given amount of time). The investigator can maximize efficiency by recording a large number of videos at once and then later scoring these videos at a more convenient time. Another advantage of this approach is that videos allow the investigator to start over, should the scoring process be interrupted, and make it easier for the viewer to be blinded to the treatment in order to reduce bias.

PROTOCOL:

1. Collection and preparation of test subjects

1.1) Collect the appropriate number of bees from the colony. 

Note: The number needed depends upon not only the size and scope of the experiment, but also the skill of the investigator. For example, if there are 2 treatment groups with a desired sample size of 10 bees per group, a reasonably skilled investigator might collect at least 30 bees to account for unsuccessful dissections and end up with 20 useful videos to score. 

1.2) Minimize the amount of time that passes between collection and dissection. 

Note: Although bees can be housed in the lab for days prior to dissection, the success rate of dissections (i.e., the likelihood of maintaining a stable heart rate in a dissected dorsal vessel) has been observed to decrease relative to the amount of time that bees are housed away from the colony.

1.2.1) Provide bees with a source of water and food while housed in the lab. For example, at a minimum, provide access to a 50% (w/v) solution of sucrose in water (this is sufficient for durations of less than 6 h). For longer periods, provide bees access to honey.

1.2.2)  House bees in the lab overnight at a temperature of approximately 32 °C and 60-80% relative humidity to reduce stress and avoid dehydration.

1.3) Prior to dissection, anesthetize bees briefly to aid in handling. 

Note: This can decrease the success rate of dissections and reduce throughput. 

1.3.1) Chill the bees either by placing them on ice or into a refrigerator for just long enough to reduce movement in order to aid in handling. 

1.3.2) Alternatively, briefly expose bees to CO2 in order to aid in handling. 

Note: Extended exposure to cold can reduce the success rate of dissections. Extended or repeated exposure to CO2 can also reduce the success rate of dissections.

2. Dissection of dorsal abdominal wall

Note: Bees should be alive at the time of dissection.

2.1) Using forceps and/or microdissection scissors, remove legs and wings to facilitate dissection of the abdomen. Keep a small beaker or similar container filled with distilled water nearby for the purpose of rinsing instruments between dissections.

2.2) While restraining the bee with forceps, utilize the microdissection scissors to cut laterally along the dorsal abdominal wall between the first and second tergites (see Figure 1).

[Place Figure 1 here]

2.3) While lightly gripping the posterior edge of the second tergite with the forceps, cut longitudinally along each side of the bee from the initial incision to the stinger (see Figure 2). Use caution when cutting to avoid puncturing the gastrointestinal tract.

[Place Figure 2 here]

2.4) Exchange the scissors for a second set of fine forceps and utilize them to carefully separate the dorsal abdominal wall from the rest of the abdomen. Gently remove the stinger and any portion of the gastrointestinal tract that remains attached to the dorsal abdominal wall. Avoid rupturing the gut, as the contents can coat the abdominal wall and impede visualization of the dorsal vessel.

2.5) Arrange the dorsal abdominal wall in the desired orientation beneath the camera so that the dorsal vessel is visible (see Figure 3). Utilize the microdissection scissors to trim away any excess abdominal wall that impedes visualization of the dorsal vessel. The shape of the dorsal abdominal wall should resemble a shallow cup or bowl when properly situated.

[Place Figure 3 here]

2.5.1) Since the dorsal vessel does not extend into the hindmost abdominal segment of the bee, remove the final tergite in order to improve visualization of the dorsal vessel.

2.6) Utilizing an adjustable volume micropipette, cover the dorsal vessel with 10 µL of an isotonic solution to maintain physiological conditions and facilitate a steady heartbeat. 

Note: The recommended solution is quarter strength Ringer’s solution (0.120 g/L calcium chloride, 0.105 g/L potassium chloride, 0.050 g/L sodium bicarbonate, and 2.250 g/L sodium chloride), which has been found to facilitate a stable, continuous heartbeat. 

3. Observation and modulation of heart rate

3.1) Allow the dorsal vessel to sit undisturbed until a stable, continuous heartbeat is achieved (usually within 300 s). 

Note: Heartbeat is visualized as rhythmic contractions of the dorsal vessel. Initially, there may appear to be no heartbeat, especially if the bee was anesthetized, but the heart will usually resume beating after resting in isotonic solution for several minutes and can continue beating for hours, provided it remains bathed in solution.

3.2) Measure the heart rate in terms of the number of beats per minute (bpm). 

3.2.1) Record the number of contractions observed during a 60 s period. Use a hand tally counter and a timer to facilitate this process.

3.3) Measure the change in heart rate by recording the observed bpm before and after treatment with a cardiomodulatory compound. 

Note: Although the time required to observe an effect on heart rate may vary depending upon the compound being tested, changes in heart rate can typically be observed within minutes.

3.3.1) Determine the baseline heart rate immediately prior to the addition of any test compound. 

Note: Post-treatment heart rate can usually be determined after 90 to 120 s. 

3.3.2) Prepare potential cardiomodulators (e.g. octopamine) by dissolving the compound in the same isotonic solution used to bathe the dorsal vessel. 

3.3.3) Add the test compounds to the solution surrounding the dorsal vessel by utilizing a micropipetter. 

3.4) For greater accuracy and higher throughput, make a video recording of each test subject and then use the videos to score heart rate at a later time. 

Note: This allows a single investigator to stagger dissections in order to facilitate almost continuous production of videos. When recording videos, the minimum recommended length is approximately 240 s with any test compound being added at the 60 s mark. This ensures that the investigator has a 60 s window for scoring baseline heart rate and then another 60 s window for scoring post-treatment heart rate 120 s after treatment. 

REPRESENTATIVE RESULTS: 
Since many of the pharmacologically active compounds that might be tested using this protocol are not soluble in water, it is necessary to have a reliable solvent that will allow test compounds to be delivered via the isotonic solution used to bathe the dorsal vessel. Dimethyl sulfoxide (DMSO) is a solvent that is commonly used as a vehicle for delivering experimental drugs and other compounds in animals8, and it has been used successfully for this purpose in studies examining the effect of pesticides on honey bee cardiac activity9. Consequently, DMSO was selected as a potential vehicle for delivering test compounds to the dorsal vessel, which required that it first be tested for cardiomodulatory activity. In this protocol, the dissected dorsal vessel is initially bathed in 10 µL of quarter strength Ringer’s solution and then heart rate is determined prior to adding test compounds. Test compounds are delivered at a known concentration in 10 µL of DMSO dissolved in quarter strength Ringer’s solution and then the dorsal vessel is observed for subsequent changes in heart rate. 

Prior to testing any compounds, a concentration range of DMSO was tested for any effect on heart rate, relative to quarter strength Ringer’s solution with 0% DMSO. DMSO was dissolved at 0.2%, 2%, 10%, and 20% v/v in quarter strength Ringer’s solution in order to test a final concentration of 0.1%, 1%, 5%, and 10% when added in equal volume to the solution already bathing the dorsal vessel. This approach was used, as opposed to adding DMSO at the desired concentration in the initial 10 µl used to bathe the dorsal vessel, because not every dissection yields a stable heartbeat. If DMSO has an adverse effect on heart rate, this effect might not be distinguishable from a failed dissection. Heart rate was assessed immediately prior to adding DMSO, and then again 120 s later. Figure 4 shows the results of this experiment, demonstrating that 0.1% and 1% DMSO in solution had no significant effect on heart rate, relative to the quarter strength Ringer’s solution without DMSO, whereas 5% and 10% DMSO significantly decreased heart rate.

[Place Figure 4 here]

In order for this assay to be relevant, it must be possible to observe changes in heart rate following treatment with cardiomodulatory compounds. The biogenic amine octopamine is known to act as a neuromodulator in invertebrates10 and has been shown to act as a cardioaccelerant in both fruit flies11 and honey bees7. Octopamine was tested against vehicle (1% DMSO in quarter strength Ringer’s solution) as described above at concentrations of 100 nM, 10 µM, and 100 µM. Figure 5 shows the results of this experiment, demonstrating that 10 µM and 100 µM concentrations of octopamine significantly increased heart rate.

[Place Figure 5 here]

Figure 1: Dorsal view of bee abdomen. The initial incision should be made between the first and second tergites, as denoted by the red line. Scale bar = 1 mm.

Figure 2: Lateral view of bee abdomen. The second and third incisions should be made along either side of the abdomen, as denoted by the red line. Scale bar = 1 mm.

Figure 3: View of the dorsal vessel. Once the gut and stinger have been removed, the dorsal vessel is visible along the midline of the dissected dorsal abdominal wall. Scale bar = 1 mm.

[bookmark: OLE_LINK1]Figure 4: Effect of DMSO on bee heart rate. Graph shows the percentage change in basal heart rate, as measured in beats per minute. Treatment of honey bee dorsal vessel with 0.1% or 1% DMSO v/v in quarter strength Ringer’s solution does not significantly increase or decrease heart rate, relative to quarter strength Ringer’s solution without DMSO. Treatment with 5% or 10% DMSO in solution causes a significant decrease in heart rate. Results expressed as mean +/- SEM (n = 10). *P<.05 vs 0% DMSO control (Kruskal-Wallis test with Dunn’s multiple comparisons test).

Figure 5: Effect of octopamine on bee heart rate. Graph shows the percentage change in basal heart rate, as measured in beats per minute. Treatment of honey bee dorsal vessel with 100 nM octopamine does not significantly increase or decrease heart rate relative to vehicle (1% DMSO v/v in quarter strength Ringer’s solution). Treatment with 10 µM and 100 µM octopamine significantly increased heart rate relative to vehicle. Results expressed as mean +/- SEM (n = 10). *P<.05 vs vehicle control (Kruskal-Wallis test with Dunn’s multiple comparisons test).

DISCUSSION:
The protocol presented here provides a simple and effective approach to testing pharmacological compounds for their effects on honey bee heart rate. As observed in prior experiments that either transect the ventral nerve cord of a living insect5 or dissect out the ventral nerve cord when exposing the dorsal vessel7, the loss of central nervous system regulation results in a stable, low frequency heartbeat. The low frequency of beats allows the investigator to visually assess heart rate without having to rely on delicate or expensive instrumentation. As has been demonstrated, the solvent DMSO can be used in low concentrations to dissolve pharmacological agents for delivery via the isotonic solution used to bath the dorsal vessel. Furthermore, heart rate can be accelerated in this method using the invertebrate neuromodulator octopamine, which has been previously shown to act as a cardioaccelerant in bees7. Although this protocol was designed in order to measure changes in heart rate, it is possible to use it to observe other, more qualitative characteristics of heartbeat as well, such as changes in the pattern of contractions. Regardless of the end point in question, the protocol relies primarily upon the ability of the investigator to perform a clean, rapid dissection. The most common challenge that that an investigator will face when using this protocol is the failed dissection, which results in a dissected abdominal wall that is not useful either because there is no heartbeat, or because the dorsal vessel is not visible.

The dorsal vessel can be easily obscured as the result of a poor dissection. Puncturing or tearing the gut can result in gut contents spilling out onto the abdominal wall, typically in the form of yellow/brown excrement that mixes with the vehicle and obscures the dorsal vessel. Although the abdominal wall can be rinsed with an isotonic solution to remove debris, doing so can increase the chances of damaging the dorsal vessel. With practice, this can be easily avoided; however, if this remains an issue, an alternative is to remove the gut prior to dissection. This can be accomplished by first removing the stinger and then pulling the abdominal gastrointestinal tract out through the same hole. One noticeable difference between this approach and the dissection as described in the protocol is that removing the stinger and gut first will typically leave the dorsal abdominal wall covered by a translucent membrane that can also obscure the dorsal vessel. When dissecting the abdomen as described in the protocol, this membrane will usually be removed along with the gut. If the membrane, or some portion of it, is obstructing view, it can be removed carefully with fine forceps. 

It is not uncommon for the dorsal vessel to display no sign of a heartbeat immediately following dissection. Bathing it in an isotonic solution and allowing it to rest for several minutes will usually result in a steady heartbeat resuming. A continued lack of a heartbeat can be the result of a number of different issues, including damage to the dorsal vessel caused by a clumsy dissection, excessive anesthesia, premature death of the bee, or a slow dissection. The most common cause, however, would seem to be related to the energy reserves of the bee prior to dissection. Bees that have been housed in the laboratory overnight, even when provided access to food and water, are far more likely to result in a failed dissection than bees just collected from the colony. Age may also be a factor, as the success rate appears to be greater with nurse bees than with foragers. This has not been tested in a controlled study, however, and would be an interesting line of inquiry to pursue.

Overall, the goal of this protocol is to provide a simple, inexpensive approach to assessing the effect of potential cardiomodulators on bee heart rate. This protocol could be adapted to observe differences in cardiac function as a result of other types of treatments or factors, or for use with other insects. The greatest limitation of the protocol is that the dorsal vessel is not being observed in a living, intact insect. It is likely that some potentially cardiomodulatory compounds will not show an effect on heart rate if they function at the level of the central nervous system. In this case, an electrophysiological approach is likely necessary. The greatest strength of this protocol is its simplicity, as it costs little, requires little equipment, can be undertaken with little or no specialized training, and can be conducted quickly once mastered. As such, it can be a valuable tool for applications ranging from exploratory pilot work to large scale drug screening studies, and can also serve as a useful teaching tool in high school or university classrooms.
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