Advances in Biology Laboratory Education
Publication of the Association for Biology Laboratory Education
Volume 42, Article #?, 2021

ABLE FORMAT WITH INSTRUCTOR AND STUDENT TEXT
Authentic curriculum undergraduate research experimentation to learn about the effects of septicemia on cardiac function: frog and larval Drosophila models

Jate Bernard1, Melody Danley1, Rebecca M.  Krall2, Katherine A. Sharp2 and Robin L. Cooper1

1675 Rose St., Department of Biology, University of Kentucky, Lexington, KY 40506-0225 USA
 2Rm 105 Taylor Education Bldg, 597 S. Upper St, Department of STEM Education, University of Kentucky, Lexington, KY 40506-0001, USA 
(jatebernard@gmail.com; mlda227@uky.edu; Rebecca.krall@uky.edu; katherinesharp@uky.edu; RLCOOP1@uky.edu)

Abstract 
Our educational module offers a new approach to studying cardiovascular function by utilizing a high-interest topic, effects of endotoxin-related septicemia (Lipopolysaccharides, LPS) from gram negative bacteria. Research on LPS is abundant in the area of neuroscience and neuromuscular junction activity.  However, little is known on its effects in cardiac tissue. We have developed and piloted several hands-on laboratory exercises including simple heartbeat counts (HR) to more advanced electrical recording of diastolic and systolic periods with in-situ hearts. Furthermore, the laboratory module is highly flexible for virtual or in-person completion: we have adapted this module to both the frog and larval Drosophila melanogaster.  The flexibility of this module also makes it adaptive to different classroom and laboratory settings, including CUREs courses. Utilization of comparative laboratory exercises combined with primary literature reviews can be used to foster a deeper understanding of the diversity of cardiovascular mechanisms possible among animals. Finally, this module contains pedagogical support for instructors interested in open inquiry and active learning approaches.  
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Introduction
[bookmark: _heading=h.gjdgxs]     Traditional undergraduate anatomy and physiology courses follow standard protocols for laboratory experimentation, partly because of the commercialization of student equipment and pre-packaged software.  As a result, much student laboratory coursework utilizes similar experiments across colleges and universities, such as measuring lung volumes as a human respiration lab or measuring properties of the frog gastrocnemius muscle contractions as a skeletal muscle lab. While such laboratory exercises have been shown to increase the students’ understanding in factual concepts, chronic reuse of the same pre-packaged lab exercises raises many concerns, including reduced academic diversity, loss of critical thinking opportunities, transfer of completed worksheets directly among peers at the same institution or indirectly from other institutions (e.g. downloading completed reports from internet websites), and lack of student interest and motivation to complete the work (Henige, K., 2011: Esparza et al., 2020).  

To increase student interest and motivation, foster critical thinking skills, and promote academic diversity and independence of student work, there is strong interest to develop effective course-based authentic undergraduate research experiences, or ACUREs (Bakshi, et al., 2016; Linn, 2015). Effective ACUREs also have the potential to empower students to communicate novel scientific findings to the scientific community, thus helping the student develop scientific communication skills as well as a sense of scientific identity (Staub et al. 2016; Esparza et al., 2020).  Furthermore, there are now increased numbers of journals which promote peer-reviewed undergraduate research (e.g. Malloy et al., 2017). Such journals as IMPULSE (The Premier Undergraduate Neuroscience Journal. https://impulse.appstate.edu/issues/2017) and American Journal of Undergraduate Research (AJUR) are overseen by faculty with the emphasis on publications by undergraduates. 

Development and implementation of ACURES frequently begins with identification of unique research opportunities that can be scaled up for use in laboratory-based courses (e.g. Makarevitch et al., 2015; Stanback  et al., 2019; Staub et al., 2016; Swanson et al. 2016; Thenappan et al., 2019).  Modern ACUREs are different from traditional internship-like research experiences, because the experienced mentors (faculty, post docs, and graduate students) assist larger groups of students through a series of modules and/or assignments based on experimentation where the results are not yet known to the scientific community.  This approach can be limiting however, since the “straight from the research lab” approach often requires identification of suitable research topics, development of an entirely new course and student-friendly procedures, a large investment of the mentor’s time, and/or purchase of new equipment and materials.  However, what if the traditional lab exercises and equipment could be modified without the need for development of new courses, changes to program curriculum, or purchase of new equipment?  In this paper, we describe the development and implementation of a flexible mini-ACUREs within a pre-existing upper division animal physiology course, that utilized pre-existing equipment, standardized lab procedures and readily available software packages.  The novelty of the project is the use of experimental treatments with unknown effects within the context of a traditional lab exercise: the effects of  lipopolysaccharides (LPS) from gram-negative bacteria on the contractile properties of frog and Drosophila hearts.  Further, new findings are of interest to the scientific community, since LPS is known to trigger illness in humans such as septicemia. 

Student interest can be peaked by the use and careful selection of such novel treatments.  As students explore the scientific literature before and/or after the experiment, they will need to acquire an understanding of the anatomy of the heart (frog, human, and/or Drosophila models), as well as the mechanism by which the cardiac pacemaker cells, cardiac contractile cells, autonomic nervous system, and endocrine systems work together to accomplish the goal of synchronized, rhythmic contractions. Students can be directed to consider experimental design elements such as appropriate model organisms, treatment concentrations, exposure location and method, as well as appropriate response variables to record. Efforts to explain the results can help reinforce concepts covered in the lecture portion of the course. For example, our module could be used to support cardiac, neural, and homeostatic concepts in an animal physiology course. Finally, as the results must be explained de novo each semester, students are provided an opportunity to diversify their explanations and utilize critical thinking skills. As with other ACUREs, small changes to experimental design can be used to help sustain the “authentic” aspect of the ACUREs between semesters.   


Student Outline
Objectives
Students will learn: 
· How the frog heart is arranged anatomically compared to mammalian hearts.
· The general anatomy of the cardiovascular system, relevant subsystems, and practical health-related terms associated with the cardiovascular system. 
· How the heart generates electrical activity and conducts electrical activity.
· Types of septicemia and how they arise. 
· The effects of bacterial septicemia on the physiology of the body and general immune response.
· The potential mechanism of action of LPS on heart rate.
· Comparative cardiac physiology and immune response with insects and mammals.


Introduction
Imagine what would happen physiologically if your heart suddenly sped up, slowed down, or started beating erratically? To understand the physiological consequences of an irregular heartbeat, one needs to understand the various roles of the cardiovascular system, heart anatomy, and peripheral circulation. But how can we do this in a living person? One approach to learning more about the human heart and cardiovascular system is to use a different model organism with a similar physiological system. For example, frogs have long been used as model organisms to study the human cardiovascular system and heart because, like humans, frogs have closed circulatory systems with multi-chambered myogenic hearts. Another approach is the study the same system among many different animals so that different strategies to solving the same issue can be better understood. For example, many researchers study properties of the human heart by conducting experiments on insects, such as Drosophila.

We can use larval Drosophila and frog hearts to learn about concepts relating to human hearts.  For example, what conditions might trigger the heart of Drosophila, frog or human to beat with an irregular pattern? Conditions might originate externally, such as exposing the organism to extreme environmental conditions or being threatened by a large predator.  Conditions might also originate internally through malnutrition or toxins released by cells. Furthermore, the duration of the irregular heart beat may be transient, chronic, or both. For example, suppose a man is bitten on the hand by an aggressive dog. As the dog’s teeth bite down and penetrate the man’s skin, the man’s heart suddenly speeds up in his chest. This occurs because the man’s nervous system activates fight or flight responses that increase sympathetic signaling to the sinoatrial node, or patch of pacemaker cells in the right atrium that controls his heart rate. This ability to change the rate of contractions in the heart was first explored more than 150 years ago when it was noted that the sinoatrial node (SA node) was the master pacemaker of the mammalian heart (Purkinje 1845). As our understanding of the pacemaker activity increased, scientists discovered that the SA node conducted signals down to the atrioventricular node, the Bundles of His, and Purkinje fibers.  Contraction events then followed the rhythmic, synchronized electrical signals (Purkinje 1845; Ono et al., 2009). Comparison of experimental results from different model organisms revealed that other vertebrates had similar types of cardiac pumps (Victor & Nayak, 2000; Anderson, et al., 2018). Comparative studies in the circulatory system of invertebrates has shown additional similarities across vastly different animal lineages (Monahan-Earley et al., 2013; Rizki T (1978). For example, the heart tube of Drosophila has been of particular interest due to the genetic amenability and its usefulness when modeling human disorders and disease states (Lehmacher et al. 2012; Gu and Singh 1995; Akasaka and Ocorr 2009; Bodmer 1995; Cripps and Olson 2002; Rotstein and Paululat, 2016; Wessells and Bodmer 2004; Nishimura et al. 2011; Na et al. 2013)
The increase to the heart rate of the man bit by the dog was both predictable and normal, as his body prepares him to defend himself or flee from the threat.  For example, in the man bitten by the dog, suppose the saliva from the dog’s mouth was forced through the protective top layers of the skin and down into the underlying dermis.  Mixed in the dog saliva was toxin producing bacteria that was introduced into the man’s body.  The way this new threat will affect the man’s body and heart is less predictable. 

The immune system helps to defend the body from foreign organisms such as bacteria, viruses, and parasites. However, when the body is overloaded with foreign organisms, the immune system’s ability to defend itself can become compromised.  For example, septicemia is a type of blood poisoning that results when a bacterial infection moves into the bloodstream and begins circulating throughout the body. Different types of bacteria result in varied immune responses within organisms, which is partly due to the different types of endotoxins released from bacteria. Strains of gram-negative bacteria, such as Escherichia coli, Pseudomonas aeruginosa, and Serratia marcescens, are commonly associated with septicemia in invertebrates and humans (Lorenzon et al., 2002; Pien et al., 2010; Carl et al., 2014; Kim et al., 2015; Palavutitotai et al., 2018). In the case of the man with the dog bite, suppose the site of injury became infected with gram negative bacteria that began producing and releasing endotoxins into the surrounding tissues.  At first, the site of injury may have looked like any other cut or scrape, with a scab, redness and swelling.  The man may have been unaware that lurking at that site of infection there was an endotoxin building up. If too much of the endotoxins accumulate and begins entering the bloodstream, they could compromise the ability of his heart to function normally.  
Release of endotoxins into a person’s body, particularly lipopolysaccharides (LPS) from gram-negative bacteria, triggers the immune system to respond in several ways. First, immune cells such as macrophages and T cells release chemicals known as cytokines. Cytokines are chemical messengers that are released by cells at the site of injury to recruit more immune cells to move towards that location.  However, cytokines are also linked to triggering abnormal neural and cardiac function which can be harmful to the host (Eidelman et al., 1996; Wilson and Young, 2003; Friedrich et al., 2015; Tong and Zhou, 2017).  High levels of cytokines in mammalian sepsis cases have been correlated with the degradation of skeletal muscles (Al-Nassan and Fujino, 2018).  High levels of cytokines have also been shown to impair cardiac function by triggering muscle atrophy and electrical abnormalities (Cimolai et al., 2015; Gao et al., 2015; Liu et al., 2017; Shashikumar et al., 2017; Walley 2018; Wang et al., 2019). Thus, during infection, the bacterial endotoxins often act indirectly on remote tissues (such as the heart) by triggering release of cytokines.  
Endotoxins such as LPS may also act directly on the host tissues to produce physiological changes in the host tissues’s function. For example, it is known that LPS binds to a Toll-like receptor 4 (TLR4) known as the CD14/TLR4/MD2 receptor complex in mammals (Yoshida et al., 1996; Steiner, 2004). These receptors are conserved from insects to mammals in most all tissues examined (Levin and Malik, 2017). More recent studies have discovered that unlike mammals, toll-like receptors in Drosophila melanogaster do not appear to mediate the immune response. Instead, the immune response in Drosophila melanogaster appears to be mediated by the Immune deficiency (Imd) signaling pathway (Coscia et al., 2011; Loker et al., 2004; see review by Kleino and Silverman, 2014). 
Recently, LPS has been examined for direct effects on the larval heart of Drosophila melanogaster and medicinal blow fly (Phaenicia sericata) in a dose-dependent manner (Anyagaligbo et al., 2019). However, responses varied between these two species of insects to the same type of LPS (Anyagaligbo et al., 2019). The effects of direct application of LPS on the frog heart has not yet been investigated. This brings us to our experimental questions: 
(1) Does LPS act directly on cardiac tissue to change the heart rate of an organism? 
(2) Is the effect of LPS on the cardiac tissue similar among different organisms?  

This module is divided into two main experimental procedures. One involves examining the effect of exposure to LPS on frog heats to determine if there is an acute effect on the heart rate. The second and more challenging activity is to determine if there is any effect by LPS exposure on the heart rate in larval Drosophila. The experimental exercises will be conducted following the protocol below. After the experimentation is completed, then the two lesson assignments can be completed and turned in along with the laboratory report.
Take home assignments to be turned in:
Lesson 1: frog and human
1. Draw the 3 chambered frog heart.
2. Draw the 4 chambered mammalian heart.
3. On the two hearts above label the chambers, septum, and list as well as draw on the heart the components for the electrical flow.
4. On the mammalian heart diagram, list out the average pacemaker rate for the various regions independent of each other.
5.  Draw on the human heart where the parasympathetic and sympathetic innervation occurs and list where the neurons (part of the CNS) where the cell bodies reside.
6. Label on the frog and human heart (make new drawings) the direction of blood flow through the heart.
7. Diagram what is assumed to be the ionic regulation of a pacemaker cell in the mammalian heart.
8. Diagram the cellular process for cardiac muscle contraction beginning with electrical depolarization of the cell.
9. What is known to date in how mechanistically LPS might be directly altering the heartbeat?
Lesson 2: Drosophila
1. Draw the heart tube location within a larva of a Drosophila. Also, label if located on the dorsal or ventral side of the animal and associated tracheal tubes for help in locating the heart tube.
2. Draw where hemolymph will enter and how it flows through the heart tube, as well as the direction of flow. Label the values associated with the heart tube.
3. Label which part of the heart is considered the true heart as compared to the aorta of the heart tube. Label where the hemolymph leaves the heart tube out to the body cavity.  
4. If the heart tube is cut between the true heart and aorta do the two parts beat at different rates? Does a human heartbeat at different rates in the atria and ventricle if the AV node conduction is blocked to the Bundle of HIS?
5.  In the larval heart neurally innervated? Can hormones or compounds such as serotonin alter heart rate and, if so, does it increase or decrease the rate?
6. Does temperature alter the heart rate in larval Drosophila? If so, does it increase or decrease at colder environmental temperatures?
Discussion
In these exercises, one may have recorded heart rate in a frog and/or a larva of a fruit fly and applied a compound. Specifically for this module, a form of LPS to examine the direct action on cardiac activity. Understanding the general anatomy of the heart among different animals illustrates the generalities, but also the differences. In addressing how a whole tissue functions, one is driven to understanding the function of individual cells. 
	As one general knows, a heart is necessary to circulate hemolymph or blood in a body from an insect to a mammal. However, there are other aspects of the circulatory system such as circulating hormones, delivery of nutrients to cells, transport oxygen and carbon dioxide (.i.e., HCO3-) as well as help the body rid itself of waste products. The circulatory system also promotes lymph flow in animals with a lymphatic system. In vertebrates, the lymphatic system is important in aiding the body in its immune defense. Interestingly, as compared to mammals, the developing embryo of Drosophila can survive and even grow  without the heart tube, as demonstrated in the altered gene expression of Tinman (Bodmer, 1993).  Whereas there are similarities in the heart of fruit flies to humans (Rotstein and Paululat, 2016) the differences in the function of the circulatory systems is that gas transport of oxygenation occurs primarily through a tracheal system directly associated with tissues and the circulation is open which results in all the tissues and cells being directly bathed by the hemolymph. However, the central and peripheral nervous system does have a glial barrier. Like mammals, cells and components within the hemolymph can rapidly bind to foreign substances to aggregate the matter and provide an immune response. However, how endotoxins, such as LPS, influence tissue and cellular function is still an active area of investigation (Anyagaligbo et al., 2019; Cooper et al., 2019; Coscia et al., 2011; Istas et al., 2019; Loker et al., 2004; see review by Kleino and Silverman, 2014). 
These laboratory exercises bring awareness to the comparative investigations necessary to better understand how endotoxins, such as LPS, can have an influence directly on cardiac function. The ability to examine many other forms of LPS and associated endotoxins that gram negative bacteria are known to release, such as repeats-in-toxin (RTX; Linhartová et al., 2010), can also be screened using the protocols established herein.  

Protocol
Safety and initial set up
Participants need to wear lab coats and gloves for these experiments. Do not rub your face or eyes with your gloves. The LPS used is hazardous to humans so care needs to be taken when weighing it out. The compounds will be in saline to avoid powder from being airborne. Dispose of waste saline with chemicals in waste beakers for the lab personalpersonnel to dispose of properly. 
Frog heart
The frogs will be deemed unconscious and double pithed (brain and spinal cord) by the lab staff. The frogs will be placed in a dissection dish for participants to expose the heart to compounds for recordings of the heartbeat. The general procedures for dissection to expose the heart of frogs and set up are readily obtained on the internet and various comparative physiology laboratory manuals. We are following the general procedure supplied by ADI Instruments which accompanies the software package (CHART version 8.0) used for recording the heartbeat with the purchased force transducers from ADI Instruments. The protocol supplied by ADI was modified for this particular laboratory exercise.
Force transducer 
In these experiments, one can record the rate only with the force transducer or record both a force of contraction and the rate. The force transducer captures the responses electronically, allows one to store the files, and complete the analysis after experimentation. If the force of contraction is to be obtained, then the force transducer needs to be calibrated prior to beginning the experiments. This is obtained by the following steps:

Calibrate force transducer
1. Turn on the Powerlab analog to digital (AD) equipment. Open the software Lab Chart and select “Frog Heart Settings”. 
[image: ] 
Figure 1: Bridge Pod to be used with hardware and software for the ADI force transducers.
2. Next, your station will have one of the two different force bridge pods. It will have either a manual bridge pod, or a newer digital bridge amp. If your station contains a bridge pod (Figure 1), continue to step 3 below. If your station does not contain a bridge pod, skip to step 4. 
3. For stations with a Bridge Pod only: Click on Channel 1, over on the right side of your screen, then select Bridge Pod from the pop-up menu. Observe the signal (Figure 2) in the dialog. Zero this signal by turning the knob on the front of the Bridge Pod. Click OK when done. 

4. Next, you will need to calibrate your force transducer so that it records responses in force (Newtons) and not the default value of mV. 
5. Obtain a set of weights pre-hung on a fishing swivel. Use a digital scale to measure the mass (g) of the weights. 
6. Next, hang the weights from the force transducer. Wait for them to stop swinging. 
7. Next, you will need to adjust the sampling time. Click the Set-up tab at the top of the screen. From the drop-down menu, click Sampling. Adjust the sampling time to 20 sec. Then close the window. 
8. Click the start button to begin the recording. While the recording is still running, carefully lift the weights off the force transducer so you will have a “with weights” and “without weights” area in the recording. It is probably easiest to lift the weights up so they are no longer pulling down on the force transducer, without unhooking them. Click STOP to end the recording. If needed, repeat the recording until both areas of the recording are clearly visible (see Figure 3 for an example). 
9. Once the recording with the weights has been completed, use the mouse to click-and-drag (highlight) the region of the trace that contains both the “with weights” and “without weight” recording. 

[image: ]
Figure 2: Bridge Pod Dialog (Image taken from ADI protocol)

[image: ]
Figure 3: Units Conversion Dialog (Image taken from ADI protocol)

10. Select Units Conversion from the Channel 1 pop-up menu (Figure 3 above). 
11. From the pop-up window, click in the box next to “Point 1” and use the mouse to double click on an area of the trace showing the “without weight” recording. Enter zero for the corresponding Newtons (N). 
12. Next, click in the box next to “Point 2” and use the mouse to double click on an area of the trace showing the “with weight” recording. Enter the desired unit value in Newtons (N) for the second point. Use the equation below to determine the mass of the weights into Newtons: 

Force (N)= (mass in grams)/1000) X 9.80665

Recording the defections on the force transducer to obtain a heart rate
1. The frog needs to be anchored well to the inside of a deep dissection dish to allow saline to be applied to the heart throughout the experiment. The dish may be a wax dish or an elastomer coated dish which allows strong dissection pins to hold the frog in place (Figure 4). 
[image: ]
Figure 4: Frog anchored to the dissecting dish

2. To expose the heart and have it beat for a prolonged length of time, you do not want to cut the arteries or large veins. There will be some bleeding while cutting the skin. Do not cut too deep just enough to get through the skin. First make a longitudinal incision as shown in Figure 5A-D. Then with tweezers pick up the skin at the cut and then make a lateral incision to the right and repeat to the left. The lateral incisions are about the mid-length of the abdomen below the heart. 

[image: A bunch of items that are on display  Description automatically generated]
Figure 5: A series of cuts to remove the skin and to expose the location of the heart. Note connective tissue needs to be cut to lift off the skin.


3. When lifting the skin to the lateral side it can be pinned to the dissection dish. The sternum should now be visible(Figure 5E). The sternum can now be cut away with scissors which will open the thoracic cavity containing the heart (Figure 6). The physiological frog Ringer saline should be applied to the heart and the heart should be kept moist at all times with saline.


[image: A close up of many different types of food  Description automatically generated]
Figure 6: To expose the heart, the abdominal muscles and sternum need to be removed. After removing the abdominal muscles (A through G), the sternum can be isolated by cutting on each side and lifting to be cut away with scissors (H and I). The thoracic cavity containing the heart is now exposed.


4. The pericardial sac needs to be removed (Figure 7). This next step needs fine care as not to nick the heat with the scissors or scalpel. With tweezers pick up a section of the pericardium and cut it away to fully expose the apex of the heart (i.e., the tip of the ventricle). 
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Figure 7: The pericardium needs to be teased away from the heart and cut away to fully expose the apex of the heart (i.e., the tip of the ventricle). Follow A through E steps as shown.


5. To now connect the heart to the force transducer, it is best to maintain the heart in the natural position as best as possible. This requires one to use the clay or some substance which is not slippery. Surgical wax works the best.  Hook the very tip of the apex of the heart trying not to go through the ventricle chamber of the heart (Figure 8). Then, one can tilt the heart from itself and the dish with Styrofoam or wax. Tilt the dissecting dish so the heart is almost a 45-degree angle (Figure 8). 
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Figure 8: The fishhook is shown next to a scalpel for size (A). Piercing the apex with the hook as shown in B. Slanting the frog and the dish to provide an alignment of the heart with the pull on the transducer (D and E).


6. Now with the other end of the monofilament thread the hole on the force transducer and tie off the line. The monofilament line should be as short as possible (around 5-10 centimeters) from the heart to the Force Transducer. 

7. To adjust the monofilament line so there is no slack in the line very carefully adjust the position of the force transducer. The heart will tear easily if one pulls too hard on the hook.

8. To record the rate and force of contraction before testing any compounds a baseline level of rate and force needs to be obtained. Open LabChart if it is not open yet and the “Frog Heart Settings” should be selected. In the lower right corner click on “Start” and write a comment at the top of the menu such as “baseline recording in normal Ringer’s saline.” 

9. Record for 2 minutes and make sure a good signal with defections is observed. Visually inspect that when the heart beats a signal is obtained on the computer screen. Make sure to keep the heart moist with normal Ringer’s saline. 

10. Now add a comment in the menu as “applying a new solution” containing the compound or drug of interest and make sure it is added to the screen by clicking Return or Enter on the keyboard. One might want to add in the comment the concentration of the compound and the name of the compound.
Collect the data as long as one seems necessary to note any changes in the rate and force of contraction. Remember to add a small amount of the saline containing the compound of interest to keep the heart moist. When the experiment is to be terminated click on “Stop” (bottom right) and SAVE the file. This is important to save the file with the date and some identification of the set station or the experimenter’s name.

11. To control for the time the heart is exposed and attached to a transducer, control experiments should be run by possible other lab stations in the same lab setting. These control stations should not be adding any drug or compounds but only using the normal Ringer’s saline for the same amount of time the experimental stations are conducting their experiments.

Analysis of heart rate and force

 1. To index the rates of contractions one can count the total deflections over 30 second periods of time for the baseline recording in normal Ringer’s saline and overtime while being exposed to the compound of interest. These values can now be graphed Rate vs Time.

2. To index the force of contractions a relative measure could be used to compare different conditions if the force transducer was not calibrated. On the saved file one can use the marker "M" and move to the baseline. Then use the cursor and move to the peak of the deflection and take note of the value listed on the top right of the screen as a delta value (the difference from M to the peak). Note the cursor needs to be kept stationary for the measure of the change. Then move the M to the next waveform of interest and repeat the measure over various regions of the recording. Make sure to note at which time the measures are being made. These values can now be graphed Force vs Time.

Statistical analysis

A group set of data would be best to use for analysis as one preparation will not be good enough to make generalized conclusions. The raw data of heart rate (beats per min) before and after exposure to the compound over time would be informative to graph for a group of preparations. A paired t-test could then be performed from saline to a time point with exposure to a compound.  If various time points are to be compared, then an ANOVA could be used. Due to different initial rates which maybe be obtained, a percent change to the initial rate in normal saline could be used but again if various time points are to be compared a percent change to saline could be used for each and then an ANOVA or a non-parametric Sign test could be used to detect trends. The changes over time with exposure to a given compound should also be compared to the changes for the control experiments of saline exchanges to saline only. In this case, the percent changes in one-time point with saline to the compound can be compared to the percent changes to the same time frame for saline to saline by a standard student’s t-test.

One can now start on the take-home assignments to be turned in for Lesson 1 on the frog and human (see above).

Larval Drosophila Heart

The procedure to dissect and expose the heart to saline and other compounds are detailed in video format freely accessible at http://www.jove.com/index/details.stp?id=1596 
1. Small dishes with elastomer bottoms for fine insect pins can be used or preferable the glass slides with magnetic tape and mounted insect pins can be used (Figure 9). These dissection dishes will be provided to the participants. Either the larvae will be opened and the heart exposed ready for visual counting of the heartbeat, or one will need to learn to dissect the larvae. Drosophila larvae can be used easily by the 3rd instar or if other insect larvae are to be used, the dissections might need to be modified.

[image: A picture containing indoor, object, table  Description automatically generated]
Figure 9: Larval Drosophila dissection dishes for exposing the heart. Glass slides with magnetic tape and mounted insect pins (A). Elastomer coated dish for fine insect pins to pin down the preparations (B). 
2. To dissect the larvae it is best to wash any growth media off of them. This can be accomplished by bathing the larvae with fresh physiological saline. The larvae need to be pinned with the ventral side up so that a longitudinal slit can be made from the mouth hooks to the spiracles of the tracheal system at the caudal end. One has to be careful not to nick the heart tube in this process. 
3. The intestines and salivary tissues can be removed gently. Very sharp # 5 tweezers are needed for this step. Flushing the preparation with fresh saline helps to remove the excess and loose tissue. 
4. The dissection pins may need to be adjusted to elongate the dissected larvae and to spread out the caudal end in order to visualize the heart tube well.
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Figure 10: Larval heart tube in a 3rd instar. The animal is pinned with the dorsal side down. The heart tube is between the two trachea (Tr) running the length of the larvae. The spiracles (SP) are seen on the caudal end. The heart tube has the region of the true heart (H) where the heart generates the electrical rhythm and the aorta (AO) to direct hemolymph toward the head.
5. The contraction rate can be visually counted or a period of 30 seconds or a minute to then determine beats per minute.
6.  The saline bath can be readily exchanged by using a wick constructed of tissue paper. The small piece of tissue paper twisted at one end to make a thin tip and to touch to the saline but not the preparation or pins. The saline containing the compound of interest can now be added to the preparation and the heartbeat for 30 seconds to a minute can be counted again. The counting can continue to take place at various time points as informed by the instructor.
7. Data can be graphed as raw values. A Sign pairwise test was used to analyze changes in heart rate after changing bath conditions or with exposure to light. Since some data sets may not be normally distributed (a number of zeroes in some groups) the non-parametric Sign test can be used. When appropriate, paired and unpaired t-tests (i.e., for percent changes as explained above) can be utilized.
Materials
Frogs
1. Adult, unsexed Northern leopard frogs (Lithobates pipiens) (Carolina Biological, Burlington, NC).
2. Approval by an Institutional Animal Care and Use Committee (IACUC)
3. A modified standard frog saline (Ringer’s solution) composed of (mM): NaCl 0.11, KCl 0.33, MgCl2 8.0, CaCl2-2H2O 1.1, Glucose 0.11 and HEPES 1.0. Saline is adjusted to a pH of 7.4 using NaOH. 
4. Dissection dish with wax or elastomer (i.e., Sylgard) coated bottom
5. Dissection tools: Fine #5 tweezers, fine scissors, knife blade holder, #26002-20 insect pins (all obtained from Fine Science Tools (USA), Inc., 373-G Vintage Park Drive, Foster City, CA 94404-1139)
6. Beakers (to hold chemical solutions) and disposable plastic pipettes for exchanging solutions.
7. Electrical signals are recorded on line to a PowerLab 26T interface to a computer (ADInstruments, Colorado Springs, CO, USA). We use standard software from ADInstruments named Chart or Scope.
8. Bridge pod for the force transducer (different Bridge pods are required for different types of force transducers).
9. MLT0402 (2 grams) force transducer is the research grade as shown in the video. MLT 0210/D (10 mg-25 grams) and the MLT 500/A (0-500g) are the educational grades transducers (ADInstruments). This also depends on the size of the frogs or if toads are being used.
10. The compounds to be examined. In this case all saline chemicals and LPS were obtained from Sigma-Aldrich (St. Louis, MO, USA). The LPS should be dissolved in saline right before it is to be used.
11. Ring stand with clamps to mount the force transducer.



Drosophila
1. Dissection tools: Fine #5 tweezers and fine scissors (all obtained from Fine Science Tools (USA), Inc., 373-G Vintage Park Drive, Foster City, CA 94404-1139)
2. Dissecting microscope with zoom function for dissection and counting heart rate. (10X ocular objective and 4X zoom magnification)
3. Chemicals: All saline chemicals are obtained from Sigma chemical company (St. Louis, MO).
4. A modified HL3 saline was used to maintain the in situ hearts (NaCl 70 mM, KCl 5 mM, MgCl2·6H2O 20 mM, NaHCO3 10 mM, Trehalose 5 mM, sucrose 115 mM, BES buffer 25 mM, and CaCl2·2H2O 1 mM, pH 7.1) (de Castro et al., 2019)
5. The preparation dish consisted of a glass slide (VWR) with magnetic tape (Best Buys retail out-let) adhered to one side. A hole in the center of the magnetic strip allows the preparation to be viewed with transmitted light. Dissecting pins (Fine Scientific Tools, WA) are bent and glued to paper clips. The paper clips are easily maneuvered on the magnetic tape to hold the filleted preparation in place. This type of recording dish has been previously described for utilization of pinning ganglia isolated from the leech ventral nerve cord (Muller et al., 1981) and for larval Drosophila (Cooper et al., 2009). If the elastomer dish is to be used then a small Petri dish filled with about 5 to 10 mm of hardened elastomer and fine insect pins (Fine Science Tools, Inc catalog # 26001-60) 
6. Beakers (to hold chemical solutions) and disposable plastic pipettes for exchanging solutions.
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Notes for the Instructor
This report is primarily a teaching tool for advanced undergraduate students in physiology courses that participate in experimentation. The significance as well as the potential mechanism behind how the heart functions can be addressed by the students. The frog preparation is amenable to student laboratories in physiology and for demonstrating pharmacological concepts to students. This preparation has been in use for over 100 years, and it still offers much as a model for investigating the generation and regulation of pacemaker rhythms and for describing the mechanisms underlying their modulation. This robust preparation is well suited to training students in physiology and pharmacology. The students will also learn to present data in graphical form for statistical analysis. The frog heart is very easy to expose with minimal dissection and the contractions are easy to record. However, pithing the frog might be best performed by staff in a preparation room not visible to students as this can sometimes be a bit unnerving
The exposed frog heart is readily able to be examined to the effects of exogenous substances or even as the classical laboratory experiments to vagal nerve stimulation. The alteration in peristaltic activity can be monitored visually or with a force transducer, which can also monitor the rate and force of contractions. Because of its simplicity and reliability as a bioassay preparation, the frog heart is still very useful for investigating many research questions about the mechanisms of the function of the pacemaker cells, electrical conduction, muscle contraction, and receptor function. The frog heart is also useful for testing various factors related to the direct effects of different LPS strains, as well as the many downstream compounds (i.e. cytokines) involved in septicemia. A number of wet lab experiments using the frog heart, or even the turtle heart, use a standard approach of vagal nerve stimulation with or without the use of muscarinic agonists and antagonists as well as sympathomimetic drugs. These classic physiology teaching lab experiments can be tweaked with the addition of examining the effects of the various bacterial endotoxins.
A novel twist in standard physiology laboratory teaching exercises in the use of insects or invertebrates to address cardiac function. Crayfish and crabs are easy to use for monitoring heart rate in the intact functioning animal (insects- Bellen et al., 2010 and Bier and Bodmer, 2004; crayfish-Bierbower and Cooper, 2009; crabs- Wycoff et al., 2018). Injection of LPS (Saelinger et al., 2019) or other substances such as serotonin or dopamine (Listerman et al., 2000) can also be performed. Injecting compounds into the intact animal will likely have an effect on various physiological systems, such as ventilation rate (Schapker et al., 2002; Shuranova et al., 2003) and not just the heart.  Addressing how compounds might also have an effect on the autonomic nervous system in crustacean can be addressed as a comparative exercise in the autonomic nervous system of different animals (Choma et al., 2011; Shuranova et al., 2006). Annelids (i.e., worms and leeches) are also able to be used with exposed hearts for direct application of compounds (Bohrer 2006; Halfmann and Crisp, 2011; Stent et al., 1979).
If these experimental labs are to be performed each year or semester small variations can be implemented such as a different concentration of a substance or different strains of LPS, as there are many. At some point in time, it would be nice to report the effects of the various modifications so it may add to the scientific literature. By tweaking the procedure with varied compounds the lab reports will not as likely be shared from student to student over the years as well.
[bookmark: _Hlk66079269][bookmark: _Hlk66079341][bookmark: _Hlk66079308][bookmark: _Hlk66079374]One may also have students engage in related history to various topics, such as to the development of saline that keeps the frog heart alive which led to the saline used today in Human IV bags (i.e Ringers, saline). Amazingly, the key component of the use of Ca2+ ions was serendipitously discovered to be important back in the 1880’s (Miller 2004). Only recently has a saline been developed which maintains the larval Drosophila heart to keep beating upon exposing to an in situ heart (deCastro et al., 2014, 2019). The discovery of the chemical released by Vagal nerve stimulation (Vagusstoff) in the 1921which reduced heart rate in frogs lead to the understanding of autonomic nervous system control of the mammalian heart (Loewi 1921; Friedman 1971). 
[bookmark: _Hlk66079431][bookmark: _Hlk66079456][bookmark: _Hlk66079491]If students show an interest in the comparative response to bacterial strains or even just the response to LPS from gram-negative bacteria they might be surprised that plants as well as animals have to defend themselves from bacterial infection while also having a mutualistic relationship with some strains of bacteria. In defense of bacteria, invertebrates use innate immune processes while amphibians and mammals use an innate as well as adaptive immune system. Even though invertebrates use an innate immune response it can be complex (Loker et al., 2004). The innate immune system will promote rapid aggregation of the bacteria and related endotoxins (Lorenzon et al., 1999). In fact, the blood (i.e., hemolymph) of the horseshoe crab has been used for many years to test for the presence of gram-negative bacteria related to human health care by the Limulus amebocyte lysate assay (Andrä et al., 2004; Novitsky 1994; US Department Health and Human Services, 1987). 

Preparing students for conducting these exercises could be approached by having the students completing the take-home lessons first if one feels the participants might need a more in-depth understanding before conducting the wet lab procedures. The set of questions and assignments could even be performed as open response questions as a pre-lab assessment tool and repeated after the students have performed the laboratory exercise and researched the literature as a post-exercise assessment tool.
A post survey was administered to students as extra credit to learn their perspectives on the laboratory. The post survey asked students to respond to four question to ascertain what they believed was (1) helpful about the laboratory, (2) surprising about the laboratory, (3) challenging, and (4) how they overcame the challenges. Seventy-two students agreed to share their responses with the researchers collecting the data. A summary of the most frequently occurring responses by category and then by response is illustrated in Table 1 for questions 1-3. 

The aspects of the laboratory students found most helpful focused on conducting the experiment rather than learning about the physiological processes through readings and observing models. They were able to learn how to use instruments, following protocols, and collecting data through the experience. Several specifically noted how making observations of the beating frog heat helped them better understand that anatomy and function of the heart rather than trying to make sense of its function from static images and readings. The laboratory write-up also promoted sense-making about the anatomy and physiology of the frog heart and larval heart tube and how LPS affected cardiology in the two models. 
Table 1.

Summary of Aspects of the Laboratory Students Found Most Helpful, Their Surprises, and Challenges. 
 
	Survey Question
	Frequent Responses by Category
	Frequency

	What aspects of the laboratory were most helpful? (n = 89 responses)
	Carrying out the experiment (obs., hands-on)
	45

	
	Scaffolding (I.e., instructors & TAs)
	11

	
	Making observations of the beating heart/heart tube 
	21

	
	Sense-making to explain results  
	7

	What surprised you? 
(n = 72 responses)
	Findings  
	30

	
	Findings did not match hypothesis
	10

	
	Found no significant difference
	19

	
	Observing frog heart beating /Drosophila larval heart tube beating
	18

	What challenges did you experience? (n = 88 responses)
	Lab protocol
	30

	
	Unclear protocol
	15

	
	Set up (i.e., force transducer, orienting frog) & frog dissection
	12

	
	Data collection
	24

	
	Computer crashing
	5

	
	Measuring heart rate, particularly in  Drosophila larva 
	18


 
The surprises students most often cited related directly to observing live organisms in the experiment. They most often reported being amazed to see the beating frog heart and Drosophila heart tube since many of them had not seen a live heart beating before, whereas other students had never dissected an organism before. They also were surprised that their hypothesis that LPS would affect the heart rate was not supported by the data collected across the four laboratory sections. The incongruence between their hypothesis and the findings also created challenges for some students as they tried to make sense of the class findings when they believed they had observed a change in the heart rate of the frog when their unknown substance was applied. They also noted challenges in setting up the lab, including dissecting the frog, inserting the hook in the heart, and setting up the force transducer. Other challenges included one or two computers that crashed during the data collection and difficulty measuring the heart rate, particularly for the Drosophila larva because of the small size of the heart tube and the sporadic rhythm. Partners bumping the table during data collection also made observing the heart tube difficult. The support of the TAs and the instructors were essential in helping students work through the protocol. 
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