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Abstract 12 

Patch-clamp electrophysiological recordings of neuronal activity requires a large amount of space 13 

and equipment. The technique is difficult to master and not conducive for demonstration to more 14 

than a few medical students. Therefore, neurophysiological education is mostly limited to 15 

classroom based pedagogies such as lectures. However, demonstration of concepts such as 16 

changes in membrane potential and ion channel activity is best achieved using hands-on 17 

approaches. This article details an in silico activity suitable for large groups of medical students, 18 

which demonstrates the key concepts in neurophysiology using the LabAXON simulation software. 19 

Learning activities in our practical include: 1) measurements of voltage and time parameters of 20 

the neuronal action potential and its relationship to the Nernst potentials of Na+ and K+; 2) 21 



determination of the stimulus threshold to evoke action potentials; 3) demonstration of the 22 

refractory period of an action potential; 4) voltage-clamp experiments to determine the current-23 

voltage relationship of voltage-gated Na+ and K+ channels, the voltage-dependence of, and 24 

recovery from, inactivation of voltage-gated Na+ channels. We emphasized the accuracy of 25 

quantitative measurements, as well as the correct use of units. The level of difficulty of the activity 26 

can be altered through different multiple choice questions relating to material introduced in the 27 

associated lectures. This practical activity is suitable for different class sizes and is adaptable for 28 

delivery using online platforms. Student feedback showed that the students felt the activity 29 

helped them consolidate their understanding of the lecture material. 30 

Snapshot 31 

This article details the use of the LabAXON software in teaching basic neurophysiology to 32 

undergraduate medical students. Student perceptions about the activity was obtained using 33 

anonymous feedback. Our experience showed that LabAXON was easy to implement and students 34 

found the activity engaging and helped them consolidate the basic neurophysiology concepts. 35 

Some of the weaknesses and wider implications to medical student teaching are discussed.   36 



Introduction 37 

The generation of an action potential is one of the crucial concepts which underpins basic 38 

neurophysiology teaching to medical students. Understanding the action potential and basic 39 

neuronal function requires medical students to have a basic grasp of bioelectricity, such as an 40 

appreciation of Ohm’s Law, the Nernst potential and the maintenance of the resting membrane 41 

potential. Demonstration of these concepts to students is largely limited to texts, graphs and 42 

mathematical formulae (9). These are usually delivered using pedagogies such as lectures and 43 

small group tutorials, and are not conducive for interactive learning. Interactive approaches to 44 

learning can enhance a student’s understanding, interest and performance in a particular topic (1, 45 

10, 11, 16). Therefore, whilst lectures are the most common way to introduce medical students 46 

to basic neurophysiology, consolidation of these concepts may require more interactive 47 

approaches.  48 

Demonstration of bioelectricity, action potentials and ion channel function requires patch-clamp 49 

electrophysiology. The minimal patch-clamp setup requires a large amount of space and is 50 

expensive (14). Furthermore, patch-clamp experiments are labor intensive and requires 51 

substantial training. Therefore, using patch-clamp electrophysiology as an interactive teaching 52 

tool is not realistic. There are a number of interactive tools for neurophysiology, such as 53 

MetaNeuron (12), Neurodynamix II (6), Neurons in Action (21) and LabAXON (15). The LabAXON 54 

software in particular is a free Microsoft Windows-based simulation software of the squid giant 55 

axon. The simulation itself utilizes the model of the classic squid giant axon experiment from 56 

Hodgkin and Huxley in 1952 (8). This model describes the flow of Na+, K+ and leak currents across 57 

a cell membrane to produce the characteristic changes in membrane potential which underlies 58 

the action potential. 59 



Despite the availability of these interactive tools to demonstrate basic neurophysiology, student 60 

feedback on the benefits of these tools are scarce. We therefore implemented a series of in silico 61 

activities using the LabAXON software with our Year 2 Bachelor of Medicine and Bachelor of 62 

Surgery (MBBS) students, and conducted an anonymous feedback survey of the activity. These 63 

activities complemented the lecture material, and students could consolidate their knowledge 64 

through answering multiple choice questions as they worked through the activities. Students 65 

performed virtual experiments using LabAXON, and answered questions which underpinned the 66 

following key learning objectives: 1) define the Nernst potential, and describe its relationship with 67 

ionic gradients; 2) discuss the dependence of the resting membrane potential on K+; 3) describe 68 

the concept of a threshold in action potential generation; 4) measure the refractory period of the 69 

action potential; 5) investigate the voltage-dependence of voltage-gated Na+ and K+ ion channels 70 

(VGSC and VGKC, respectively) and 6) explore the voltage-dependence of inactivation of VGSC 71 

and its recovery. In this article, we share details of our practical, our experiences and also the data 72 

from our anonymous student feedback of the practical. 73 

  74 



Methods 75 

Setting – The LabAXON activity was carried out with our second-year MBBS students (n = 42), 76 

during their nervous system block, consisting of a series of lectures, team-based learning sessions, 77 

practical and clinical skills sessions. Prior to the LabAXON activity, students received lectures 78 

covering basic neurophysiology. These included bioelectricity, membrane ion transport, the 79 

generation and maintenance of the resting membrane potential, chemical neurotransmission and 80 

synaptic integration of electrical signals. The activity was run in a computer laboratory. Each 81 

student had access to a Windows 7 computer with LabAXON 5.2 software installed. The Microsoft 82 

Windows-based software is available free for academic purposes (at https://www.labheart.org/). 83 

The practical was timetabled for 3 hours. 84 

Activity design – The design of the activity complemented the material delivered in the lectures, 85 

and was based on some of the available activities in the LabAXON Workbook written by Donald 86 

Bers and Jose Puglisi from University of California (also available to download at 87 

https://www.labheart.org/). Our LabAXON activity booklet can be downloaded as Supplementary 88 

Information 1 (https://doi.org/10.6084/m9.figshare.14402354) to assist colleagues in the 89 

educational community to implement similar activities. A key to this activity booklet is available 90 

upon request. Each student was given a booklet and instructed to complete the exercises, and 91 

also answered multiple choice questions during the 3 hour session which linked to key learning 92 

objectives covered in the lectures. We also emphasized to our students to provide quantitative 93 

information to three significant figures, with the correct units. Students were aware from the 94 

beginning of the practical session that their completed practical booklet would be assessed. The 95 

activity was divided into 7 parts, and the recommended time to spend in each section was 96 

indicated in the booklet: 1) Making simple measurements (15 min), 2) The membrane potential 97 

(15 min), 3) The stimulus threshold (30 min), 4) The refractory period (30 min), 5) VGSC and VGKC 98 

https://www.labheart.org/
https://www.labheart.org/
https://doi.org/10.6084/m9.figshare.14402354


current-voltage relationship (20 min), 6) VGSC voltage-dependent inactivation (20 min) and 7) 99 

VGSC recovery from inactivation (20 min). 100 

Four faculty members and one technician oversaw the activity. All people involved were briefed 101 

on the activity and a run through of the activity booklet was performed to ensure that the 102 

exercises were achievable and logical. Any issues with the activity booklet were raised and dealt 103 

with immediately. The key to the questions were also discussed and all agreed with the answers. 104 

Completed booklets were marked according to this key. 105 

Specific activities - Parts 1 to 4 utilized the current-clamp mode of the LabAXON simulator to 106 

record changes in membrane potentials. Part 1 involved making simple measurements to allow 107 

students to familiarize themselves with the user interface of LabAXON, particularly the use of the 108 

cursors. They measured the resting and peak membrane potentials, and calculated the action 109 

potential amplitude. They also measured Na+ and K+ peak conductances, as well as the time from 110 

the beginning of the stimulus to the peak of the action potential. Part 2 focused on the resting 111 

membrane potential and the effect of increasing extracellular [K+]. We linked concepts such as 112 

the Nernst equation and equilibrium potentials in this section. Students were also asked questions 113 

related to the threshold and the influence of the membrane potential on VGSC activity. Part 3 114 

expanded further on the action potential threshold and students measured the stimulus strength 115 

to fire an action potential given different pulse widths. They plotted the relationship between 116 

pulse width and the stimulus intensity and were asked questions about the in vivo correlates of 117 

the simulation, in relation to the summation of different excitatory inputs at the dendrites. Part 118 

4 of the activity looked at the refractory period. Students simulated two consecutive action 119 

potentials at a defined interval. They modified this interval and determined the stimulus intensity 120 

to evoke an action potential. These were plotted to illustrate the inverse relationship between 121 



stimulus intensity and interval between action potentials. Students were asked questions about 122 

the absolute refractory period. 123 

Parts 5 to 7 of our LabAXON practical utilized the voltage-clamp mode of the simulator which 124 

allowed us to measure the currents flowing through the VGSCs and VGKCs. Part 5 looked at the 125 

basic current-voltage relationship of VGSCs or VGKCs. We encouraged students to think about the 126 

shape of the ensemble currents, and how to isolate currents through a specific ion channel to 127 

study its function. The students then applied either tetrodotoxin or tetraethylammonium via the 128 

LabAXON simulator to isolate VGKC currents or VGSC currents, respectively. We also encouraged 129 

students to think about the driving forces for ion movement, and its influence on the magnitude 130 

and direction of current flow. Part 6 looked at the inactivation of the VGSC, and how it is 131 

influenced by membrane potential. Students were encouraged to make sense of the voltage-132 

dependence of inactivation curve, as well as the voltage-command protocol which produced the 133 

data. The influence of drugs which target the VGSC (e.g. local anaesthetics) were explored. Local 134 

anaesthetics (such as lidocaine) are known to stabilize the inactivated state of the VGSC and shift 135 

the voltage-dependence of inactivation curve to the left (2, 5). Part 7 of the practical allowed the 136 

students to explore the recovery of VGSCs from inactivation, using paired-stimulation protocols 137 

of increasing intervals. 138 

Activity assessment – Students were asked to submit their activity booklets at the end of the 139 

session. These were marked by faculty members according to the pre-agreed key. Numerical 140 

answers were given a 10% error margin. However, numerical answers not expressed in three 141 

significant figures or had wrong units were marked wrong. The marked booklets were re-142 

distributed to the students and the answers were discussed. 143 



Student feedback survey – Towards the end of the practical session, students were encouraged to 144 

complete an anonymous feedback on the activity. We emphasized to the students that 145 

completion of this feedback was anonymous and voluntary. The feedback consisted of 13 146 

questions and was delivered via Google Forms using a QR code given to the students. The 147 

complete questionnaire is given in Supplementary Information 2 148 

(https://doi.org/10.6084/m9.figshare.14402354). All questions were in a multiple choice format. 149 

The main purpose of taking the feedback was to obtain student perceptions about the use of the 150 

activity in achieving the learning objectives. We also explored which aspect of bioelectricity and 151 

neuroelectrophysiology students found most challenging. Finally, we also gauged whether taking 152 

part in these interactive simulation experiments may have stimulated students’ interest in 153 

learning more or getting involved in neuroscience research. The final question of the feedback 154 

asked for student consent to use their responses for potential publication. Approval was also 155 

obtained from the institutional Ethical Review Committee of Macau University of Science and 156 

Technology to publish the anonymous student feedback data. 157 

Data analysis – Student scores from the activity were converted into percentages and sorted into 158 

5% bins. The counts in each bin were plotted as a distribution histogram. Responses from the 159 

survey were expressed as raw counts and percentages. 160 

  161 

https://figshare.com/s/be51c0d5d033abf0180a


Results 162 

Practical aspects of running the activity 163 

At the time of publication, the MBBS program at the Macau University of Science and Technology 164 

is the first and only MBBS program in the city (13). The first cohort of students were admitted in 165 

2019. The first two years were the pre-clinical years, during which students attended a foundation 166 

block, followed by 9 systems blocks. Our LabAXON activity was run with our first cohort of 167 

students during nervous system block in the second semester of Year 2. Prior to the activity, 168 

students had lectures covering basic neurophysiology concepts. Students were asked to revise 169 

these materials before the activity. 170 

The LabAXON activity began with a short introduction to the software, some of the key features 171 

of the interface and instructions on completing the activity booklet (Supp. Info. 1; 172 

https://doi.org/10.6084/m9.figshare.14402354). Students were asked to provide quantitative 173 

values to three significant figures with appropriate units.  174 

Students then worked their way through the booklet. Any student queries were dealt with by 175 

faculty members immediately. The most common queries related to the toggling and use of the 176 

cursor function to measure current or voltage values. Other questions related to navigating the 177 

sub-menus of LabAXON to toggle between the various stimulation modes (e.g. paired pulse or 178 

current/ voltage-clamp), the setup of the axes to plot duration-intensity graphs and the definition 179 

of significant figures. Students also often neglected to reset the software parameters (by clicking 180 

the default button) before performing a new experiment. 181 

The activity booklet included the recommended amount of time students should spend in each 182 

section. The first student completed the activity after approximately 2 hours, with a few requiring 183 

the full 3 hours to complete the activity. All students completed the activity within 3 hours. As 184 

https://figshare.com/s/be51c0d5d033abf0180a


students completed the activity, they were reminded to complete the feedback form. We 185 

emphasized to the students that the feedback was anonymous and voluntary.  186 

All booklets were collected and faculty members involved marked the booklets according to the 187 

key. The distribution of students’ scores is shown in Figure 1. The median score was 92% with a 188 

S.D. of 6.23 (n = 42). The distribution of scores was approximately bell-shaped, with the exception 189 

of one score of 63%. This particularly low score was a result of numerous mistakes with significant 190 

figures. 191 

Student feedback on LabAXON activity 192 

We asked students to fill out a feedback form after they had completed the activities (Supp. Info. 193 

2; https://doi.org/10.6084/m9.figshare.14402354). Out of 42 students present, we received 41 194 

responses. Four students did not give consent for their survey results to be published and 195 

therefore these were removed from the analysis. Therefore, a total of 37 responses were included 196 

in the analysis.  197 

Students were asked about the practical aspects of the activity, i.e. whether the activity booklet 198 

was easy to follow, whether they needed guidance from teachers, and whether they felt the 199 

teachers had sufficient knowledge of the subject matter and the activity. These data are 200 

summarized in Table 1. 81% of responses agreed (20 students) or strongly agreed (10 students) 201 

that the activity booklet was easy to follow. 70% of responses agreed (16 students) or strongly 202 

agreed (10 students) that they needed guidance from teachers. Students also thought that the 203 

teachers had sufficient knowledge of the subject and the activity, with 92% and 86% respectively 204 

agreed or strongly agreed. No students disagreed or strongly disagreed that the teachers had 205 

sufficient knowledge of the subject or activity. Our data therefore suggests that the prior 206 

preparation of the activity involving faculty members was an important component. 207 

https://figshare.com/s/be51c0d5d033abf0180a


We provided a suggested time to complete each section of the activity in the booklet. We asked 208 

the students whether they were able to finish the activity within the allocated time. 34 students 209 

(corresponding to 92% of the responses) responded “Yes”, indicating that the suggested time 210 

provided in the booklet was appropriate.  211 

Ahead of the activity, we asked the students to revise the relevant lecture material. 28 students 212 

(corresponding to 76% of the responses) responded that they heeded our advice. We also asked 213 

the students about their knowledge regarding bioelectricity and neuronal excitability before the 214 

activity. The majority of responses were average (68%, 25 students). 29% of responses were 215 

novice (2 students) or below average (9 students). 1 student responded that their knowledge was 216 

expert. The vast majority of responses referred to the difficulty level of the activity as appropriate 217 

(76%, 28 students), with 24% responding the activity was too difficult (9 students). No student 218 

responded that the activity was too easy. We also explored which of the concepts the students 219 

found the most challenging. For this question, students were allowed to select as many choices 220 

as they wished. The results are shown in Figure 2. 84% of responses (31 students) included VGSC 221 

inactivation as the most challenging topic. This was followed by the refractory period (59%, 22 222 

students), membrane potential changes as a result of ion channel activity (35%, 13 students), 223 

Ohm’s Law (24%, 9 students), reversal potentials (24%, 9 students) and the all-or-none principle 224 

of the action potential (14%, 5 students). 225 

The main objective of the activity was to help students consolidate their knowledge on basic 226 

bioelectricity and neuronal excitability. We therefore asked our students whether the activity had 227 

achieved this objective. Student responses are summarized in Table 2. 65% of responses agreed 228 

(23 students) or strongly agreed (1 student) that the activity had consolidated and enhanced their 229 

knowledge. 27% (10 students) had a neutral response. 8% of responses disagreed (1 student) or 230 

strongly disagreed (2 students) that the activity had an impact on their knowledge. We also asked 231 



the students if they found the activity enjoyable and engaging. 70% of responses agreed (21 232 

students) or strongly agreed (5 students). 19% (7 students) responded neutral and 11% disagreed 233 

(3 students) or strongly disagreed (1 student). Overall, the data indicate that the activity had 234 

achieved its objective and that our students found the activity enjoyable and engaging.  235 

We also asked our students whether they would like to learn more about electrophysiology 236 

related research. 51% of responses agreed (18 students) or strongly agreed (1 student). 41% of 237 

responses (15 students) had a neutral response and 8% disagreed (3 students). By contrast, 238 

students’ responses to whether they would like to get involved with ion channel/ neuroscience 239 

research were less enthusiastic, with 25% agreed (8 students) or strongly agreed (1 student) that 240 

they would like to be involved. 65% of the students gave a neutral response (24 students) and 10% 241 

disagreed or strongly disagreed (5 students in each category) that they want to get involved in 242 

neuroscience research. 243 

Discussion 244 

There are several simulation software available for basic neurophysiology. Some of these have 245 

already been used in undergraduate teaching. MetaNeuron simulates neuronal behavior (12). It 246 

is used in a number of institutions but feedback data are scarce. Student feedback on MetaNeuron 247 

from the University of Minnesota Medical School suggests that the software is useful as a learning 248 

tool (12). Neurons In Action is a series of 25 hyperlinked tutorials and interactive simulations of 249 

patch-clamp experiments (21). No formal feedback of its practical use is available. Neurodynamix 250 

II uses electrical circuits to help students build the conductance model from Hodgkin and Huxley 251 

(6). Its use in a semester long undergraduate teaching program showed a gradual improvement 252 

in student knowledge (4). These studies showed that the use of interactive simulations for 253 

neuronal function can help students gain valuable insight and consolidate their classroom based 254 



knowledge. In designing the first nervous system block for our newly established MBBS program, 255 

we implemented the LabAXON software (15) in an interactive activity with our second-year 256 

students. We found the LabAXON interface to be very user-friendly, simple to implement and also 257 

allowed for a great deal of flexibility on the topics and concepts to explore with our students. 258 

Student feedback of our LabAXON activity is the first formal analysis of its use in undergraduate 259 

MBBS teaching. Our data showed that students mostly agreed that our LabAXON activity has 260 

enhanced and consolidated their knowledge regarding basic neurophysiology. However, our 261 

conclusions are limited to students’ perceptions of learning and knowledge. It would be helpful 262 

to correlate the assessment scores with the responses in the student feedback survey, to gauge 263 

actual learning and knowledge. Nevertheless, it is arguably more important that such feedback 264 

was collected in an anonymous manner, in order to obtain honest responses from the students. 265 

Indeed, we emphasized to the students that completion of the feedback was anonymous and 266 

voluntary. This precluded any correlation analyses and represented a weakness in our analysis of 267 

the activity.  268 

Furthermore, it is also possible that any additional sessions will offer additional chances for 269 

students to consolidate their knowledge. The activity was run with our first cohort of MBBS 270 

students and as a result we lack a true control group, for example a past cohort of students. In 271 

depth analyses of these interactive teaching tools in the future will benefit from a control group. 272 

Furthermore, survey questions which allow students to select the most appropriate response, as 273 

opposed to agreement with leading statements, may also offer further insight into the use of 274 

LabAXON as an interactive teaching tool.  275 

Our experience with LabAXON showed that one of the key components was the activity booklet. 276 

Student feedback of the booklet was overwhelmingly positive. It is our opinion that the effort and 277 

time put into discussing the details of the booklet, and also doing a “dry-run” of the activity was 278 



critical to its implementation. It also helped teachers involved to go through the answers which 279 

simplified the assessment of the activity. 280 

Our data indicated that most students scored very well in the activity, with a median score of 92%. 281 

The range of scores had a lower range of around 80%, with one outlier of 62%. This outlier score 282 

was due to numerous mistakes in returning the correct number of significant figures required. 283 

Nevertheless, the scores suggest that the exercises within the activity might be too easy. This was 284 

not reflected in the student feedback. The vast majority of students thought that the difficulty 285 

level of the activity was appropriate, with around a quarter saying it was too difficult. Our student 286 

feedback also indicated that VGSC inactivation and the refractory period were among the more 287 

challenging concepts. Other colleagues interested in implementing this activity at their 288 

institutions can expand on the topics which students found challenging. The activity was not 289 

conducted under strict examination conditions, and students were encouraged to discuss their 290 

work with peers and teachers. Students may also have conferred their answers with their peers, 291 

which may have led to more homogenous scores. The content and difficulty of the activity can be 292 

altered to correspond with the concepts taught in the associated lectures. For example, different 293 

multiple choice questions can be asked or short answer questions can be used to test students’ 294 

understanding of a particular concept. 295 

We used LabAXON as an interactive teaching tool for our second-year MBBS students. The main 296 

objective of our activity was to consolidate the main basic neurophysiology topics discussed in 297 

the lectures, such as equilibrium potentials, resting membrane potentials, refractory periods and 298 

voltage-dependencies of voltage-gated ion channels. These are important concepts for medical 299 

students to grasp as some of these underpin the mechanisms of some drugs. For example, local 300 

anaesthetics such as lidocaine work through voltage-dependent block, and stabilization of the 301 

inactive state of voltage-gated Na+ channels (5). As a result, they are not cardiotoxic due to the 302 



very hyperpolarized resting membrane potential of the cardiomyocyte. Understanding the 303 

mechanism of action of lidocaine requires a solid grasp of all of the concepts we covered in the 304 

LabAXON activity. There are also additional exercises that we have not implemented with our 305 

version of LabAXON activity. For example, students can explore single ion channel recordings and 306 

relate these to whole-cell currents. This can explore concepts such as ion channel open probability, 307 

open time and shut time, and its relationship to the ensemble current. We believe that these 308 

advanced ion channel biophysics are not suitable for second-year MBBS students. However, the 309 

clinician scientist has an important role to play in modern medicine (23). Their clinical expertise 310 

allows them to be uniquely poised to raise specific, focused and translational research questions 311 

(18). Nevertheless, the number of clinician scientists has been in decline (18, 20). We therefore 312 

believe that basic neurophysiology, biophysics, and also the laboratory techniques which 313 

generate these data should be introduced early to medical students, to stimulate their interest 314 

towards medical/ academic research in the future, should they wish to pursue such a path. Indeed, 315 

our data showed that these interactive activities could motivate students to learn more about and 316 

be involved in neuroscience research. It suggests that in a subset of students who might be 317 

interested in a clinician scientist pathway, early introduction of interactive activities for 318 

traditionally lecture based topics can have an impact on their future career choices.  319 

The LabAXON software, whilst easy to use and implement in interactive teaching sessions, has not 320 

been updated since 2009. We installed the LabAXON software on machines running Windows 7 321 

without any problems. However, support and updates for Windows 7 has stopped since early 322 

2020, raising potential compatibility issues with newer operating systems. We have installed and 323 

used all of the functions detailed in this activity on machines running Windows 8 and Windows 10 324 

operating systems successfully. Therefore, institutions which use these newer operating systems 325 

will also be able to implement LabAXON. Our activity can also be implemented for online, remote 326 



delivery. The Coronavirus disease 2019 (COVID-19) pandemic has led to a lot of medical schools 327 

conducting some form of online teaching (7, 17, 19, 22). Our faculty had adapted our spirometry 328 

practical session to be delivered via Zoom (3). The LabAXON activity described in this article can 329 

also be fully implemented for remote delivery. The simplest implementation would be to ask the 330 

students to complete the activity booklet offline. More interactive implementations could include 331 

the use of conferencing software (e.g. Zoom), share screen and also break-out rooms to allow for 332 

small group discussions of the material. 333 

  334 
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Figure legends 395 

Figure 1. Frequency distribution of student scores from LabAXON activity. Student scores were 396 

binned at 5% intervals. The bin upper limit is shown on the x-axis. 397 

Figure 2. Student responses on topics in neurophysiology they found most challenging. Students 398 

were given six choices of basic neurophysiology topics and asked to select those they found 399 

challenging. They were allowed to select more than one topic. The number of counts for each 400 

topic are graphed. Students found VGSC inactivation and the refractory period the most 401 

challenging. The all-or-none principle of the action potential had the least votes, indicating that 402 

most students found this topic manageable.  403 


