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Abstract 13 

Practical demonstration of cardiomyocyte function requires substantial preparation, a source of 14 

freshly isolated animal hearts and specialized equipment. Even where such resources are 15 

available, it is not conducive for demonstration to any more than a few students at a time. 16 

These approaches are also not consistent with the 3R principle (replacement, reduction and 17 

refinement) of ethical use of animals. We present an implementation of the LabHEART software, 18 

developed by Donald Bers and Jose Puglisi, for medical students. Prior to the activity, students 19 

had lectures covering the physiological and pharmacological aspects of cardiac excitation-20 

contraction (EC) coupling. We used this problem-based activity to help students consolidate 21 
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their knowledge and to allow a hands-on approach to explore the key features of EC coupling. 22 

Students simulate and measure action potentials, intracellular calcium changes and 23 

cardiomyocyte contraction. They also apply drugs which target ion channels (e.g. nifedipine or 24 

tetrodotoxin), or sympathetic input (using isoproterenol) and explore changes to EC coupling. 25 

Furthermore, by modifying the biophysical parameters of key ion channels involved in the 26 

electrical activity of the heart, students also explore the effect of channelopathies such as long 27 

QT syndromes. We describe approaches to implement this activity in a flipped classroom format, 28 

with recorded lecture materials provided ahead of the practical to facilitate active learning. We 29 

also describe our experiences implementing this activity online. The content and difficulty of the 30 

activity can be altered to suit individual courses, and is also amenable to promote peer-driven 31 

learning.  32 
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Introduction 33 

Objectives and overview 34 

Practical demonstration of heart muscle cell (cardiomyocyte) function requires simultaneous 35 

patch-clamp electrophysiology, fluorescence and cell length measurements which require a 36 

large amount of space and specialized equipment (22). The techniques involved are also difficult 37 

to master to obtain meaningful data, require substantial preparatory work, and not conducive 38 

for demonstration to more than a few students at a time. Freshly harvested animal hearts from 39 

rodents or rabbits are also required, which is not consistent with improving animal welfare (24). 40 

In addition, the demonstration of diseased states, such as channelopathies or heart failure, 41 

require additional genetically or surgically modified animal models. Therefore, the delivery of 42 

important cardiac physiology concepts such as the cardiac action potential and excitation-43 

contraction (EC) coupling are almost exclusively limited to classroom based pedagogies such as 44 

lectures (18). However, while lecture-based pedagogies may be sufficient to allow students to 45 

grasp these fundamental concepts of cardiac function, practical demonstration through active- 46 

and inquiry-based learning will allow students to consolidate their knowledge (1, 20). This can 47 

improve student performance, problem-solving skills and interest towards science (15, 33). We 48 

have previously found that students agree that implementation of active-learning sessions 49 

(using LabAXON software) following lectures helped them consolidate key aspects of basic 50 

neurophysiology (19). Furthermore, with a general drive for medical education to incorporate 51 

higher-order thinking and active participation from students (17), approaches which are 52 

amenable to the flipped classroom format is also important (34).  53 

We present a practical implementation of the LabHEART simulation software, developed by 54 

Donald Bers and Jose Puglisi (25). LabHEART is an interactive, user-friendly software which 55 
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simulate action potentials, ionic currents and Ca2+ handling in a robust rabbit cardiomyocyte 56 

model. Importantly, it allows the user to manipulate parameters such as the ionic 57 

concentrations around the cardiomyocyte, and the biophysical properties of key ion channels 58 

and explore these effects on EC coupling. It therefore provides an ideal platform to allow 59 

medical (and other biomedical) students to consolidate their knowledge on aspects of EC 60 

coupling without the need for animal sacrifice. It is entirely consistent with the replace, reduce 61 

and refine principle to improve animal welfare (24).  62 

We use LabHEART with our medical students to explore activities such as:  63 

1. Measurements of the cardiac action potential and its relationship to the Nernst 64 

potentials of Na+ and K+;  65 

2. Measurements of intracellular Ca2+ concentrations and the development of force; 66 

3. Demonstration of the Frank-Starling mechanism;  67 

4. Modelling common cardiac channelopathies;  68 

5. Demonstration of the effects of drugs which affect cardiac function; 69 

6. Exploring cardiac intracellular Ca2+ handling mechanisms.  70 

We emphasize the accuracy of quantitative measurements, as well as the correct use of units. 71 

We believe this helps students build an understanding between different scientific parameters 72 

(e.g. an electrical current measured in pA and the membrane potential measured in mV). This 73 

will also improve their awareness when interpreting the scientific literature. Our activity is 74 

designed mainly for working individually, but can be adapted for group work to enable peer-led 75 

learning. The difficulty of the activity can also be altered through different multiple choice 76 

questions relating to material introduced in the associated lectures. This practical activity is 77 
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suitable for different class sizes and is adaptable for delivery using online platforms and also the 78 

flipped classroom.  79 

Background  80 

In cardiomyocytes, the process of EC coupling translates electrical events on the cell membrane 81 

(sarcolemma) into a mechanical shortening of the cardiomyocyte (3). It is a complex process, 82 

involving a choreographed voltage- and Ca2+-dependent opening and closing of a number of ion 83 

channels on the sarcolemma and sarcoplasmic reticulum (SR), coupled to intracellular second 84 

messenger systems (i.e. Ca2+) and the contractile machinery at the single cardiomyocyte level. 85 

The voltage-dependent nature of the process adds an additional level of complexity as it also 86 

involves the movement of ions in different directions across the sarcolemma.  87 

Electrical activity of the cardiomyocyte is caused by the movement of ions across the 88 

sarcolemma. The movement of ions generates an electrical current. This is measured in units of 89 

picoamperes per picofarad (pA/pF) in LabHEART. Current values (and conductance values below) 90 

are usually presented normalized to cardiomyocyte size. The size of the cardiomyocyte is 91 

proportional to the amount of membrane, which can be estimated electrically by measuring the 92 

capacitance of the cardiomyocyte (expressed as pF).  93 

The relevant ions across the sarcolemma are Na+, K+, Ca2+ and Cl-, and their relative distributions 94 

across the sarcolemma are determined by the activity of pumps and transporters (Table 1). The 95 

distribution of ions and separation of charge across the thin sarcolemmal lipid bilayer also 96 

creates an electrical potential – a driving force across the sarcolemma, measured in units of 97 

millivolts (mV) in LabHEART. The combination of this electrical potential and the concentration 98 

gradients of each ion creates an electrochemical gradient along which ions can move, provided 99 

there is a conductance pathway. Ion channels are transmembrane proteins which provide a 100 
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conductance pathway for ion movement across the sarcolemma. Conductance is measured in 101 

units of picosiemens per picofarad (pS/pF) in LabHEART, and its value is a property of each 102 

individual ion channel, determined by the three dimensional structure of the ion channel 103 

protein itself. Ion channels can be either gated (i.e. opened by changes in voltage or the 104 

presence of ligands) or un-gated , which provides a conductance pathway for ion movement 105 

even at resting conditions. Opening of a selective ion channel will allow the movement of a 106 

particular ion along its electrochemical gradient. The movement of ions depends on the 107 

electrochemical gradient. The membrane potential at which there is no net movement of ions is 108 

called the equilibrium (or Nernst) potential (also measured in mV). It is when the electrical 109 

forces and chemical forces balance each other. The equilibrium potential for any ion (Eion) can be 110 

calculated using the Nernst equation: 111 

𝐸𝑖𝑜𝑛 =
𝑅𝑇

𝑧𝐹
× 𝑙𝑛

[𝑖𝑜𝑛 𝑜𝑢𝑡𝑠𝑖𝑑𝑒]

[𝑖𝑜𝑛 𝑖𝑛𝑠𝑖𝑑𝑒]
 

Where R, T, z and F are the ideal gas constant, temperature (in Kelvin), the valence of the ion 112 

and Faraday’s constant. The equilibrium potential (at room temperature; 20 oC or 293 K) for Na+, 113 

K+, Ca2+ and Cl- are given in Table 1. Using LabHEART, students will determine the changes in 114 

equilibrium potential through altering the concentration of the relevant ions. 115 

The resting membrane potential: The Na+ and K+ concentration gradients across the sarcolemma 116 

is maintained by the Na+/ K+ ATPase (28), which moves Na+ out of the cardiomyocyte and K+ into 117 

the cardiomyocyte at the expense of energy (ATP). This results in the characteristic distribution 118 

of Na+ and K+ ions across the sarcolemma (Table 1). Under resting conditions, K+ can move down 119 

its electrochemical gradient through Kir2.1 channels (11), while Na+ and Ca2+ ion channels are 120 

closed. This means that at rest, the sarcolemma is more permeable to K+, relative to Na+ and 121 

Ca2+. The passive movement of K+ at rest towards its equilibrium potential therefore sets the 122 
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resting membrane potential to be close to the equilibrium potential of K+ (~-90 mV). Using 123 

LabHEART, students will explore the influence of changing the extracellular K+ concentration on 124 

the resting membrane potential. Physiologically, this models the extracellular K+ changes 125 

experienced during high-intensity exercise (16), renal failure and massive haemolysis (13). 126 

The cardiac action potential: Electrical stimulation of cardiomyocytes to threshold results in an 127 

all-or-nothing action potential, which is a characteristic sequence of membrane potential 128 

changes across the sarcolemma. The membrane potential changes are due to the activation 129 

(and inactivation/ deactivation) of different ions channels at different time points. The cardiac 130 

action potential is broadly divided into five phases (Figure 1). Phase 0 (rapid upstroke) involves 131 

the activation of voltage-gated Na+ channels (VGSCs) (5). This depolarizes the sarcolemma 132 

towards the equilibrium potential of Na+. VGSC activity is very brief, due to activity dependent 133 

inactivation. The inactivation of VGSCs and also the activation of the transient outward K+ 134 

channels (voltage-gated KV1.4, KV4.2 and KV4.3 channels) results in a brief period of 135 

repolarization (Phase 1) (7, 11). The depolarization during Phase 0 also activates voltage-gated L-136 

type Ca2+ channels (LTCCs), resulting in the movement of Ca2+ into the cardiomyocyte. This, 137 

together with the opposing outward movement of K+ via voltage-gated KV7.1 and KV11.1 K+ 138 

channels, results in the plateau phase (Phase 2). LTCCs undergo Ca2+-dependent inactivation and 139 

together with the activities of KV7.1, KV11.1, result in the repolarization of the membrane (Phase 140 

3). The resting membrane potential is then maintained by the passive movement of K+ through 141 

the inwardly-rectifying Kir2.1 (Phase 4). 142 

Ion channel mutations, particularly those which affect the repolarization of the cardiomyocyte, 143 

result in inherited long QT syndrome (LQTS) (27). These are life-threatening arrhythmias and 144 

cause sudden death in young people. Mutations in most of the ion channels involved in shaping 145 

the cardiac action potential can cause LQTS, but those which involve KV7.1 (LQT1), KV11.1 (LQT2) 146 
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and NaV1.5 (LQT3) are the most common. As the name suggests, LQTS manifest as a prolonged 147 

QT interval on the electrocardiogram. The action potential duration (APD) in turn, is an 148 

important determinant of the QT interval. Therefore, perturbations in the function of these 149 

LQTS causing ion channels will affect the APD. In practice, the APD is usually measured from the 150 

start of the action potential to a point when repolarization is complete by 80% (also known as 151 

the APD80). Functional changes to ion channels have been modelled in LabHEART previously (10) 152 

and in this activity, students will use LabHEART to measure the APD80, and through modifying 153 

the conductance of KV11.1 and the persistent component of the NaV1.5 current they will mimic 154 

the effects of LQT2 and LQT3 respectively. They will explore the effects of these changes on the 155 

cardiac action potential. 156 

Calcium-induced calcium-release: Ca2+ entry via LTCCs during Phase 2 of the cardiac action 157 

potential serves an important purpose – it acts as the trigger for the process of Ca2+-induced 158 

Ca2+-release (CICR) (8). LTCCs are clustered around ryanodine receptor type 2 (RyR2) on the 159 

sarcoplasmic reticulum (SR), the main Ca2+ store of the cardiomyocyte. RyR2 are Ca2+-gated Ca2+ 160 

channels and Ca2+ entry via LTCCs activate RyR2. In a single cardiomyocyte, this leads to the 161 

synchronous activation of RyR2, followed by a global release of Ca2+ from the SR. Students will 162 

use LabHEART to explore the relationship between LTCC activity and Ca2+ release from the SR.  163 

CICR leads to a rise in intracellular Ca2+ concentration ([Ca2+]i). This results in Ca2+ binding to 164 

troponin, initiating the cross bridge cycle and the sliding filament mechanism (23). The 165 

development of force in cardiac muscle is linked to the extent of sarcomere stretch. The 166 

sarcomere length is a measure of cardiomyocyte stretch. A greater degree of stretch leads to a 167 

greater generation of force up to a physiological limit. This is known as the Frank-Starling 168 

relationship (14). At the level of the whole heart, the extent of stretch is determined by the 169 

amount of blood which fills the ventricles, i.e. the end-diastolic volume. A larger venous return 170 
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will result in a greater degree of cardiomyocyte stretch. However, over-stretching the 171 

cardiomyocyte will lead to an impairment in contraction, as seen in dilated cardiomyopathies 172 

where the larger ventricular volume results in impaired contractility of the heart. Students will 173 

simulate a series of contractions at different sarcomere lengths and reproduce the Frank-174 

Starling relationship as a length-tension plot. 175 

Removal of Ca2+ and the Ca2+ transient: Following contraction, Ca2+ has to be removed from the 176 

cytoplasm to allow relaxation of the contractile apparatus to occur. The bulk of the Ca2+ is re-177 

sequestered into the SR via the SR Ca2+-ATPase (SERCA). Ca2+ is also removed from the 178 

cardiomyocyte by the Na+/ Ca2+ exchanger (NCX) and plasmalemmal Ca2+ ATPase (PMCA). These 179 

Ca2+ removal mechanisms are important to maintain Ca2+ balance, mainly because the Ca2+ 180 

trigger for CICR, which is an exogenous source, has to be removed from the cardiomyocyte to 181 

prevent Ca2+ overload (9). CICR and the subsequent removal of [Ca2+]i results in a characteristic 182 

Ca2+ transient. Throughout the LabHEART activity, students will simulate Ca2+ transients and 183 

explore the influence of changes to ion channel function, and also ion channel blockers. 184 

Learning objectives 185 

After completing this activity, the student will be able to: 186 

 Review and consolidate the basic concepts of bioelectricity, the cardiac action potential 187 

and EC coupling. 188 

 Distinguish between changes in ion movement (i.e. current), membrane potential and 189 

contraction. 190 

 Measure transmembrane voltages, currents, [Ca2+]i and contractile force. 191 

 Calculate Ca2+ transient amplitudes and also the action potential duration. 192 
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 Record cardiomyocyte force of contraction data by altering the sarcomere length and 193 

plot the resulting Frank-Starling relationship. 194 

 Simulate changes to action potential and Ca2+ transients in the presence of functional 195 

changes to ion channels involved in LQT2 and LQT3. 196 

 Measure changes to action potential duration, Ca2+ transient amplitudes and force of 197 

contraction in the presence of drugs which target LTCCs and also β-adrenergic receptors. 198 

Activity level 199 

This activity is mainly targeted at undergraduate medical, biological sciences and pharmacology 200 

students. It may also be suitable for advanced higher certificate (e.g. A-levels) students with 201 

some modifications. 202 

Prerequisite knowledge or skills 203 

Students should have a basic understanding of: 204 

 The rhythmic nature of cardiac function and its importance for the heart to function as a 205 

pump. 206 

 The principles of bioelectricity including Ohm’s Law, the equilibrium potential and the 207 

generation and maintenance of resting membrane potential. 208 

 The phases of the cardiac action potential and the ion channels involved in each phase. 209 

 The broad process of EC coupling and the mechanisms of CICR and how Ca2+ is removed 210 

from the cardiomyocyte cytoplasm. 211 

 Drugs which target ion channels in the heart. 212 

Time required: 2 to 3 hours.  213 

Downloaded from journals.physiology.org/journal/advances (081.129.007.203) on September 8, 2021.



Methods 214 

Equipment and supplies 215 

 Personal computers (PCs) running Windows XP (or above) operating systems. For best 216 

results each student should have his/ her own PC to work on. 217 

 LabHEART software installed on each PC. LabHEART can be downloaded free (for 218 

academic uses) from https://www.labheart.org. 219 

 The LabHEART workbook (written by Donald Bers and Jose Puglisi, University of 220 

California, also downloadable from https://www.labheart.org), our activity booklet 221 

(provided in Supplementary Information 1; 222 

https://doi.org/10.6084/m9.figshare.14880408), or modifications of these. Each student 223 

should have their own copy. 224 

Specific activities 225 

Part A- Software familiarization 226 

This section involves making simple measurements to allow students to familiarize themselves 227 

with the user interface of LabHEART, particularly the use of the cursors. They will measure the 228 

resting and peak membrane potentials, and calculate the action potential amplitude. They will 229 

also measure the resting and peak [Ca2+]i, as well as the maximum force of contraction. They will 230 

also measure peak ICa and IKr, currents carried by the LTCC and KV11.1. These will serve as control 231 

measurements for later sections. 232 

Part B- Equilibrium and membrane potentials 233 

This section focuses on the equilibrium potentials of key ions. We ask multiple choice questions 234 

on the relationship between ionic concentration and equilibrium/ membrane potential, and the 235 
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effect when selective ion channels open. Students will also explore the influence of changing 236 

extracellular [K+] on the resting membrane potential.  237 

Part C – The action potential duration 238 

This section allows the students to determine the action potential duration (APD). We highlight 239 

the significance of determining the APD when the action potential has repolarized by 80% (the 240 

APD80). Students then explore how manipulation of ion channel function, either by drugs or ion 241 

channel dysfunction, may modulate the APD80.  242 

Part D – Modulation of contraction 243 

This section specifically explores the Frank-Starling relationship. Students simulate a change in 244 

the extent of stretch within the cardiomyocyte by altering the sarcomere length, and explore 245 

the changes to contractility. They record the passive and active tensions at various sarcomere 246 

lengths and plot a length-tension relationship. Using multiple choice questions, we also review 247 

the physiological correlates of sarcomere length, as well as how sympathetic stimulation may 248 

alter this relationship. 249 

Part E - Channelopathies 250 

This section of the workbook allows the students to modify the biophysical parameters of ion 251 

channels involved in cardiac function to simulate channelopathies. Students will first reduce the 252 

conductance of the IKr current. Physiologically, the IKr current is carried by KV11.1 and loss of 253 

function in this ion channel results in LQT2. They will verify that the changes in parameters 254 

result in reduced IKr, by comparing the current amplitude to control values measured in Part A. 255 

They will then explore the influence of impaired IKr on the APD80. Students will then look at VGSC 256 

channelopathies, by increasing the background conductance for sodium. This simulates an 257 
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increased persistent INa, and students explore its influence on the APD80 and also the potential 258 

mechanisms by which persistent INa can manifest. 259 

Part F - Pharmacology 260 

This section allows the students to explore the effects of blocking the activity of the LTCC on EC 261 

coupling. Students will then explore the effects of beta-adrenergic stimulation (using 262 

isoproterenol) on the action potential, Ca2+ transient and contraction. 263 

Part G – Ca2+ handling 264 

This section explores the influence of Ca2+ release and re-uptake on cardiomyocyte function. 265 

Students will alter the rate of Ca2+ release from ryanodine receptors, and investigate its effect 266 

on LTCC function, APD80 and explain these findings on the basis of intracellular Ca2+ control 267 

within the cardiomyocyte. 268 

General instructions 269 

The following instructions are written on the basis of a face-to-face delivery of the activity. 270 

Approaches to implement this activity online, or in a flipped classroom format is discussed in 271 

Additional Information below. 272 

1. Ahead of the activity, all teachers and technical staff involved should have a briefing 273 

meeting. We recommend that this is done on the day before the activity. The exercises 274 

and questions in the workbook should be performed once and an answer key should be 275 

agreed upon. 276 

2. On the day of the activity, each student is provided with access to a PC with LabHEART 277 

software installed. Each student is also provided with an activity booklet. 278 
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3. The activity begins with a short (5-10 min) presentation outlining the learning objectives 279 

of the activity, a brief introduction of LabHEART software, and an overview of the 280 

traditional approaches to measuring cardiomyocyte function (e.g. cardiomyocyte 281 

isolation, patch-clamp electrophysiology and fluorescence measurements). This allows 282 

the students to have an appreciation of the in silico approach used. 283 

4. The students are subsequently briefed on the general interface and navigation of the 284 

LabHEART interface. 285 

a. Open the software by double-clicking the LabHEART icon. 286 

b. The splash screen of the software contains the Start, Help, About and Exit 287 

buttons. It should be pointed out to the students that on every page, the Help 288 

button provides important information. They are encouraged to check the 289 

contents of the Help button regularly. 290 

5. Clicking “Start” on the main splash screen of the software takes the user into the Start 291 

Menu.  292 

a. Students should check the Help button to get an overview of the icons on this 293 

page. On the left are icons to modify the ionic concentrations, stimulation 294 

modes (voltage vs current clamps, single stimulation vs multiple/ continuous 295 

stimulation), and the biophysical parameters of the major ion channels and 296 

transporters in the cardiomyocyte.  297 

b. On the right are the Run force, Force diagram, Ca2+ Buffers, Save, Load, Help and 298 

Exit buttons. 299 

6. Clicking “Run Force” will take the students into the Run Single Action Potential page. 300 

Students are reminded to consult the contents of the Help button. All of the 301 

measurements will be performed here. 302 
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7. It is important to spend a little longer with the students about the contents of the “Run 303 

Force” page (Figure 2A).  304 

a. The concentrations panel is where they can alter the extracellular and 305 

intracellular concentrations (in mM) of Na+, K+ and Ca2+.  306 

b. The potentials panel is where the equilibrium potential (in mV) of Na+ and K+ are 307 

displayed. The resting membrane potential (Em) is also displayed here.  308 

c. The oscilloscope is where the traces will be displayed and also where the 309 

measurements will be taken.  310 

d. The display toggle (Figure 2B) allows the student to display on the oscilloscope 311 

the different currents/ measurements. Highlight to the students that there are 312 

multiple pages by clicking the blue arrows.  313 

e. The currently selected traces are indicated to the right of the oscilloscope 314 

(Figure 2C). The colour of the trace is also indicated. 315 

f. The red cursor control buttons toggle the yellow cursor on the oscilloscope 316 

between the displayed traces (Figure 2C). The x-y position of the cursor is 317 

displayed in the boxes. Importantly, the units of the values are also indicated. 318 

The blue cursor control buttons can fine tune the position of the cursor on the 319 

time axis. This is useful to find maximum or minimum values. 320 

g. The duration and amplitude dials (blue and red dials, respectively; Figure 2D) 321 

allow the students to manipulate the width and strength of the stimulus used to 322 

simulate EC coupling. The time max dial (green dial; Figure 2D) can be used to 323 

set the maximum scale on the x- (time) axis. 324 

h. The sarcomere panel allows the student to alter the length of the sarcomere. 325 

This can mimic stretch of the sarcomere. 326 
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8. Students are asked to work through the individual sections in the workbook. 327 

Instructions are provided regarding the manipulation of any parameters. It is also 328 

important to highlight to the student at this stage to default the values after every 329 

section. This is also written in the booklet. 330 

9. We reiterate to the students that numerical answers must be given to three significant 331 

figures, and the relevant units must be given. 332 

Troubleshooting 333 

Throughout the activity, students are encouraged to ask questions, and also discuss their 334 

findings with their peers. In terms of the practical running of the activity, we find that the most 335 

common problem is resetting the values between exercises. Students often get erroneous 336 

results because they had not defaulted the values after manipulating some of the parameters, 337 

which is then carried over to the next section. In our workbook, and also during the activity, we 338 

remind students to click default values after each section.  339 

We also find that students often struggle with setting the axes optimally to observe faster 340 

events. It is important that teachers are familiar with how to zoom in on the x-axis (by using the 341 

green Time max dial, Figure 2D). The scale of the y-axis can also be manipulated by clicking on 342 

the tick labels and manually inputting the scale (Figure 2E). Teachers should note that the 343 

default button does not reset the y-axis. Other practical problems with running the activity 344 

involves navigating the interface of the LabHEART oscilloscope. Students find the red and blue 345 

diamond buttons (to toggle the cursor between traces and adjusting the x-position of the cursor, 346 

respectively) particularly difficult to use. More elaboration of its use during the introduction 347 

section of the activity is useful. 348 
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We also find that a prior briefing session among teachers involved in the activity is important. 349 

This usually takes around the same time as doing the activity itself, i.e. 2 to 3 hours. This briefing 350 

session ensures that the exercises are achievable and logical. Also, any issues with the activity 351 

workbook can be raised and dealt with immediately. The answer key to the questions can also 352 

be discussed and all teachers can agree on the correct answers. The completed student booklets 353 

will subsequently be assessed according to this answer key.   354 
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Results 355 

This activity is dependent on an activity workbook which relates to content the students have 356 

been exposed to in lectures. The content of the workbook can be altered to suit individual 357 

courses. The original LabHEART workbook can be downloaded from the LabHEART.org website. 358 

We have provided a sample of our workbook in Supplementary information 1.  359 

Expected results 360 

The evaluation of this workbook forms part of our continuous assessment. We have therefore 361 

not included a comprehensive key with our workbook. Instead, in this section we describe some 362 

of the expected findings with simulated data from LabHEART. The data traces from LabHEART 363 

were exported as x-y values into a text file and replotted using GraphPad Prism 5.0. These 364 

figures were created for illustration only, and with the exception of the Frank-Starling plot, 365 

students are not expected to produce these figures in the activity. 366 

Basic measurements 367 

Simulation of the membrane potential, [Ca2+]i and force under control (default) conditions is 368 

shown in Figure 3. The resting membrane potential can be read from the Em value in the 369 

Potentials box. Measurement of the peak membrane potential is achieved using the yellow 370 

cursor: 371 

1. Ensuring the Vrm trace is selected (using the red diamond buttons). 372 

2. Placing the yellow cursor near the peak. 373 

3. Find the maximum value by fine tuning the position of the yellow cursor using the blue 374 

diamond buttons. 375 
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Measurement of the peak [Ca2+]i is achieved by placing the yellow cursor on the [Ca2+]i trace, 376 

and reading the value at 20 ms. This is the time where junctional SR Ca2+ release is at its 377 

maximum, and thus corresponds to peak [Ca2+]i. Measurement of the force of contraction 378 

requires determination of the difference between peak tension and basal tension.  379 

Measurement of APD80 380 

The APD is usually measured at the point when the action potential has repolarized by 80%. This 381 

corresponds roughly to the region of the action potential where repolarization is the fastest. 382 

Therefore, time measurements around this region offers more accuracy. Figure 3 shows a 383 

simulation of an action potential. Note that the x- and y-axis values are modified to zoom in on 384 

the trace. Students should always be encouraged to zoom in on a particular region of interest 385 

when making measurements. To obtain the APD80, the action potential amplitude should first be 386 

determined (note that the action potential amplitude is the difference between the peak and 387 

the Em). The point at which the action potential has repolarized by 80% (or 20% of the amplitude 388 

is remaining) is therefore evaluated as the amplitude multiplied by 20%. The yellow cursor is 389 

placed at this point and the corresponding time value is the APD80 (Figure 4). The blue diamond 390 

buttons should be used to place the yellow cursor as close as possible to the desired membrane 391 

potential value. 392 

The Frank-Starling relationship 393 

Ca2+ binding to troponin initiates the cross bridge cycle and the sliding filament mechanism (23). 394 

The development of force in cardiac muscle is linked to the extent of sarcomere stretch, known 395 

as the Frank-Starling relationship (14). This can be simulated by modifying the value in the 396 

sarcomere length box and determining the active tension produced (difference between 397 

baseline and peak tensions). Using a range of sarcomere lengths, we have simulated and plotted 398 
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a length-tension relationship in Figure 5. The data show that for sarcomere lengths under 2.2 399 

µm, there is a near linear relationship between active tension and sarcomere length. For 400 

sarcomere lengths above 2.2 µm, further increase in stretch does not produce any increase in 401 

active tension. 402 

Channelopathies 403 

Mutations in cardiac ion channels can result in inherited long QT syndromes (LQTS) (27). In our 404 

LabHEART practical, students investigate the consequences of perturbed KV11.1 and NaV1.5 405 

function, which result in LQT2 and LQT3, respectively.  406 

Loss of function mutations in KV11.1 leads to a reduced amplitude of IKr, which is a major 407 

component of the plateau phase as well as the repolarization phase of the action potential. This 408 

can be simulated in LabHEART by reducing the KV11.1 conductance from 0.030 mS/µF to 0.015 409 

mS/µF (GKr; Supplementary information 1). This results in a reduced IKr (Figure 6A). The impaired 410 

IKr will subsequently lengthen the time required to repolarize the membrane potential, resulting 411 

in a prolonged APD (Figure 6B).  412 

By contrast, mutations in NaV1.5 which manifest as LQT3 are gain of function mutations. They 413 

cause an increase in the persistent component of INa through impaired inactivation. This can be 414 

simulated in LabHEART by increasing the background sodium conductance from 0.0014 mS/µF 415 

to 0.005 mS/µF (GNab; Supplementary information 1). The effect of impaired NaV1.5 inactivation 416 

on the APD is shown in Figure 7.  417 

Effect of nifedipine 418 

Nifedipine is an inhibitor of the LTCC. Application of a 50% efficacious concentration in 419 

LabHEART results in a reduced ICa current (Figure 8A). The reduced depolarization during the 420 

Downloaded from journals.physiology.org/journal/advances (081.129.007.203) on September 8, 2021.



plateau phase of the action potential will also shorten the APD (Figure 8B). Furthermore, the 421 

consequences of a reduced trigger for CICR will result in a reduced accumulation of [Ca2+]i 422 

(Figure 8C) as well as force of contraction (Figure 8D). 423 

Effect of isoproterenol 424 

Isoproterenol is a β-adrenergic agonist. At the cardiomyocyte level, activation of the β-425 

adrenergic receptor signals through a stimulatory G-protein leading to increased protein kinase 426 

A activity (PKA) (4). PKA has a number of phosphorylation targets including troponin and LTCC. 427 

Application of a maximally efficacious concentration of isoproterenol in LabHEART leads to a 428 

number of changes. PKA-mediated increases in LTCC activity (and also IKr) results in a shortened 429 

APD (Figure 9A). This shortened APD is important to accommodate additional action potentials 430 

since one major effect of β-adrenergic stimulation is an increase in heart rate. The increased 431 

trigger for CICR also increases accumulated [Ca2+]i (Figure 9B). Phosphorylation of 432 

phospholamban, the accessory protein of SERCA, relieves the brake on SERCA resulting in faster 433 

SR refilling. This manifests as an increased decay on the Ca2+ transient (Figure 9B). Finally, 434 

phosphorylation of troponin increases its sensitivity to Ca2+, leading to increased contractility 435 

(Figure 9C). The increased rate of SR Ca2+ reuptake also results in increased relaxation. 436 

Modulation of RyR2 activity 437 

RyR2 is the main Ca2+ release channel of the SR. They are located close to the LTCCs in the 438 

cardiomyocyte and play a central role in CICR. The activity of RyR2 also plays a role in feedback 439 

regulation of the LTCCs, through Ca2+-dependent inactivation of LTCCs (9). This can be 440 

demonstrated using LabHEART by reducing the release rate of Ca2+ from the SR to 8/ms (Grel, 441 

Supplementary information 1). This simulates an inhibition of RyR2 activity. The effect of 442 

reduced SR Ca2+ release on the ICa is shown in Figure 10A. While the amplitude of ICa is not 443 
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altered, the inactivation is impaired. This will result in an overall increase in Ca2+ entry. The 444 

consequences of reduced SR Ca2+ release on the action potential is shown in Figure 10B. The 445 

prolonged kinetics of ICa results in a longer plateau phase and therefore lengthens the APD. 446 

Misconceptions 447 

The most common misconception we find from running this activity is the definition of 448 

significant figures. Many students often confuse significant figures with the number of decimal 449 

places. We also find that while most students can describe the sequence of events involved in 450 

the action potential and EC coupling, they find it difficult to describe the consequences when 451 

the activity of a particular ion channel (e.g. the LTCC) is perturbed. Similarly, they find it difficult 452 

to describe the consequences of reduced SR Ca2+ release on other components of the Ca2+ 453 

handling machinery. This activity therefore consolidates the taught knowledge and promotes 454 

practical application of lecture contents. It also provides a tool for revision. 455 

Evaluation 456 

The activity is evaluated on the basis of the answers given in the workbook. Teachers involved in 457 

the activity have a prior discussion on the correct answers, and a key to the workbook is 458 

produced. Throughout the evaluation we emphasize the accuracy of the measurements, for 459 

example that the correct number of significant figures is reported, and also the correct units are 460 

provided with numerical answers. For graphical questions, aside from the correct plotting of the 461 

data, we also place emphasis on correctly and clearly labelled axes. 462 

Inquiry applications 463 

The inquiry application of this activity is at the Methods level, i.e. the questions and the design 464 

of the experiments are determined by the teacher. It mainly serves as a complement to the 465 
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lectures, and allows the students to explore some of the concepts on a virtual cardiomyocyte 466 

and consolidate their knowledge.  467 

This activity can be implemented at higher inquiry levels. For example, teachers can provide a 468 

general research question to the students, such as “Examine the role of the L-type Ca2+ channel 469 

in cardiomyocyte function”. Students will have to design experiments using all the tools 470 

available in LabHEART (e.g. pharmacology and manipulation of the biophysics of the ion channel) 471 

to explore not just the function of the LTCC, but also contraction and [Ca2+]i. They should obtain 472 

control data and then modify the function of the LTCC, pharmacologically and also by altering 473 

the biophysical characteristics. They can also mimic the effect of a genetic knock-down model of 474 

the LTCC. Students then produce a lab report or a mini-thesis to report their findings and 475 

compare with published work. Such open inquiry applications can be implemented as a 476 

dissertation project. 477 

Additional information 478 

Online implementation of LabHEART 479 

In light of the current disruptions to education due to the COVID-19 pandemic, any approaches 480 

which can be easily implemented to online/ hybrid teaching is important for the continued 481 

delivery of high quality medical education (12, 21, 26, 29, 30). Moreover, limitations in 482 

infrastructure hamper meaningful laboratory experience for undergraduate students, and thus 483 

their chances of gaining real experience in interpreting data. Implementation of LabHEART 484 

therefore not only allows students to gain laboratory experience in a virtual setting, but it is also 485 

not dependent on a face-to-face mode of delivery.  486 

We have implemented LabHEART in face-to-face, hybrid and fully online modes. The share 487 

screen option (on any video conferencing software) is used to demonstrate to the students the 488 
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key features of LabHEART, and students work their way through the workbook. Any questions 489 

are dealt with via the instant chat function. Our experience with such online delivery is the lack 490 

of interactivity between students, and also between students and teachers. This can be 491 

mitigated by implementing online LabHEART as a peer-led learning exercise. We have explored 492 

running online LabHEART using breakout rooms, to drive peer-led learning. Students are divided 493 

into teams (up to 4 students per team) and each team work through the exercises together in 494 

individual breakout rooms. Teachers enter each breakout room successively to answer any 495 

questions and discuss students’ findings. However, while this approach allows for a more 496 

interactive learning environment, any issues that arise cannot be dealt with until a teacher 497 

enters the room. Furthermore, it does not offer the opportunity to address the entire class for 498 

more common problems and teachers find themselves repeating the same points in each 499 

breakout room and is time consuming. These issues can be mitigated by individual and 500 

dedicated teachers/ demonstrators for each breakout room so that any questions can be 501 

answered immediately. Another approach would be to host an additional breakout room 502 

dedicated for addressing students’ questions. Individual teams can send representatives to this 503 

“Help room” for assistance. Other online meeting software with more dedicated functions for 504 

better interactivity can also be used but these may be limited by institutional subscriptions. 505 

Implementation of LabHEART as a flipped classroom 506 

The flipped classroom allows students to learn basic concepts, such as those which would 507 

normally be delivered using lecture-based pedagogies, in their own time often as homework or 508 

assignments (34). The classroom time is then spent performing active-learning, application-509 

based or inquiry-based tasks. There is some evidence of its effectiveness (2, 6). The 510 

implementation of LabHEART is fully compatible with a flipped classroom, where students are 511 

asked to review lecture materials and relevant research articles ahead of the activity. Students 512 
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then attend the LabHEART practical (either online or face-to-face) and apply their knowledge 513 

during the activity.  514 

The flipped classroom format of LabHEART is a good opportunity to implement higher inquiry 515 

levels of the activity described above, such as mini-research projects where students need to 516 

design their own experiments and postulate hypotheses. In addition to lecture materials, 517 

students can be given relevant reviews on LTCC channelopathies (for example (32) and (31)) to 518 

prime them on the latest research and expert opinions.  519 

In summary, implementation of LabHEART in teaching cardiovascular science can provide 520 

solutions to reinforce lecture materials, establishment of an inquiry-based approach to learning 521 

and also amenable to online teaching. This is particularly important since the ongoing 522 

disruptions to education, caused by COVID-19, has drastically reduced practical opportunities at 523 

undergraduate level. Together with the increased popularity for recorded lectures, in silico 524 

activities such as LabHEART also provides an opportunity to flip the classroom. However, we 525 

acknowledge that while LabHEART is a well-designed, user-friendly and scientifically robust 526 

software, it is primarily a research tool to visualize complex physiological interactions within the 527 

cardiomyocyte. It is therefore a useful tool to provide inquiry-based learning opportunities for 528 

students to consolidate important physiological and pathophysiological concepts, rather than a 529 

tool to develop that understanding. Future efforts to develop tools directed towards developing 530 

this understanding will be very useful to increase flexibility in delivering undergraduate medical 531 

education.  532 
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Figure legends 627 

Figure 1 – The phases of the cardiac action potential. 628 

Figure 2 – The “Run Force” interface of LabHEART showing (A) the general interface, (B) the 629 

toggle display menu, (C) the trace display legends and readout and (D) the stimulus and time 630 

axis dials. (E) Also shown is an example on how to manipulate the y-axis before (left) and after 631 

modification of the y-axis tick labels (right). 632 

Figure 3 – Screenshots from LabHEART showing a simulated action potential (white trace), [Ca2+]i 633 

(red trace) and development of force (black trace) using default settings. The yellow cursor is 634 

placed at the point where SR Ca2+ release is at its maximum, and corresponds to the peak of the 635 

Ca2+ transient (0.712 µM). 636 

Figure 4 – Screenshot from LabHEART showing a simulated action potential with the x- and y-637 

axes modified to highlight the repolarization phase. The yellow cursor is also placed on the point 638 

where the action potential has repolarized by 80% (calculated by (1 - 0.8) x action potential 639 

amplitude). The action potential amplitude (120 mV) is the difference between the peak 640 

membrane potential (40.3 mV) and the resting membrane potential (-80.0 mV). The 641 

corresponding time at the position of the yellow cursor is therefore the APD80 (203 ms). 642 

Figure 5 – Length-tension relationship of simulated active tensions with increasing sarcomere 643 

length. 644 

Figure 6 – Effect of reduced IKr. (A) Representative simulated IKr currents showing the effect of 645 

reduced KV11.1 conductance GKr. (B) Representative simulated action potentials showing 646 

prolonged APD in the presence of reduced GKr. 647 

Figure 7 – Representative simulated action potentials in the absence (black trace) and presence 648 

(grey dashed trace) of increased GNab. 649 

Figure 8 – Effect of nifedipine on cardiomyocyte function. (A) Representative simulated ICa 650 

currents in the absence (black trace) and presence (grey dashed trace) of a 50% efficacious 651 

concentration of nifedipine. (B) Simulated action potentials in the absence (black trace) and 652 

presence (grey dashed trace) of nifedipine. (C & D) Simulated [Ca2+]i (C) and force of contraction 653 

(D) in the absence (black trace) and presence (grey dashed trace) of nifedipine. 654 

Figure 9 – Effect of isoproterenol on cardiomyocyte function. (A) Representative simulated 655 

action potentials in the absence (black trace) and presence (grey dashed trace) of a maximally 656 

efficacious concentration of isoproterenol. (B) Simulated [Ca2+]i in the absence (black trace) and 657 

presence (grey dashed trace) of isoproterenol. (C) Simulated development of force in the 658 

absence (black trace) and presence (grey dashed trace) of isoproterenol showing enhanced 659 

contractility. The increased rate of Ca2+ sequestration also increased the rate of relaxation. 660 

Figure 10 – Effect of reduced SR Ca2+ release. (A) Representative simulated ICa currents in the 661 

absence (black trace) and presence (grey dashed trace) of a reduced SR Ca2+ release rate. 662 

Impaired SR Ca2+ release prolonged the kinetics of ICa, through reduced Ca2+-dependent 663 

inactivation of LTCCs. (B) Simulated action potentials in the absence (black trace) and presence 664 
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(grey dashed trace) of a reduced SR Ca2+ release rate. Impaired SR Ca2+ release, and the resulting 665 

effect on LTCC function, resulted in a prolonged APD.  666 
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Table 1: Approximate concentration of major ions across the sarcolemma and their 667 

equilibrium potential. 668 

 Na+ K+ Ca2+ Cl- 

Extracellular (mM) 140 5 2 140 

Intracellular (mM) 15 140 0.001 15 

Equilibrium 
potential (mV) 

+56 -84 +96 -56 

Equilibrium potential for each ion is calculated using the Nernst equation, where R = 8.314 J K-1 669 

mol-1, F = 96485 C mol-1 and T = 293 K. 670 

Equilibrium potential for Ca2+ calculated using a [Ca2+]i of 0.001 mM (i.e. at rest). In reality the 671 

[Ca2+]i dynamically changes with each contraction. 672 
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Table 1: Approximate concentration of major ions across the sarcolemma and their 1 

equilibrium potential. 2 

 Na+ K+ Ca2+ Cl- 

Extracellular (mM) 140 5 2 140 

Intracellular (mM) 15 140 0.001 15 

Equilibrium 
potential (mV) 

+56 -84 +96 -56 

Equilibrium potential for each ion is calculated using the Nernst equation, where R = 8.314 J K-1 3 

mol-1, F = 96485 C mol-1 and T = 293 K. 4 

Equilibrium potential for Ca2+ calculated using a [Ca2+]i of 0.001 mM (i.e. at rest). In reality the 5 

[Ca2+]i dynamically changes with each contraction. 6 
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