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Abstract— Neuroscience is a highly interdisciplinary field but
more collaboration among STEM disciplines is needed to
advance undergraduate neuroscience education. This paper
reports the use of code-based virtual laboratories to cross-foster
ideas from engineering and biology in the neuroscience
classroom. We report that the use of computational tools in the
classroom increase student self-reported comfort in
participating in a computational research project. The tools we
developed have potential to increase persistence and retention of
undergraduate students by encouraging interdisciplinary
thinking and reducing barriers to entry.

I. INTRODUCTION
Quantitative tools are increasingly important for biologists
and should be incorporated into the undergraduate curriculum
to facilitate a deeper understanding a provide opportunities for
independent research [1], [2]. The Vision and Change
initiative identified competencies related to computation and
the need for quantitative reasoning and modeling [3]. These
trends in undergraduate high education create opportunity for
collaboration among STEM fields. The field of neuroscience
is, by nature, a highly interdisciplinary field. Many
neuroscience programs exist as collaborations between
psychology and biology program. More recently, there has
been a recognition that engineering, mathematics, and
computer science concepts enhance neuroscience degree
programs [4].
Despite the need for increasing collaboration, there are
many barriers to entry for incorporating computation into the
life science classroom at the undergraduate level. First, STEM
fields place a premium on laboratory experiences that provide
students concrete, discipline-specific skills. Techniques
learned in the life science laboratories provide a foundation for
students seeking summer research internship or mentored
research experience during the academic year. Second,
computer-based learning using simulations or virtual “lab”
exercises have traditionally not been viewed as an effective
method to promote student learning. In part, this is due to the
fact that many simulations and computer models oversimplify
the current state of our understanding of biological processes.
Many computer-based tools lack a strong mechanistic
foundation and may be used solely as a cost-saving measure.
Third, programming languages often seem inaccessible to
those who are unfamiliar with the basic processes. To solve
these issues and open more opportunities for interdisciplinary
course offering, tools are needed that address these barriers.
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There have been several studies that demonstrate the
usefulness of virtual laboratories or simulations in the life
science classroom [5]–[7]. Particularly when used in
combination with other teaching modalities, simulations and
virtual demonstrations can increase student interest and
facilitate inquiry-based learning [5], [7]. In the future,
undergraduate instructors will need a computational toolbox
on which to draw that addresses barriers to entry for
computation and integrates into the current curriculum.
Herein, we describe the implementation of virtual labs that
simulate central nervous system functions. The virtual labs use
Jupyter Notebooks as a method of distribution. The underlying
physiology is implemented using NEURON [8]. The
simulations rely on Python code to handle graphing and
development of interactive portions of the code. Together,
these tools provide a method for engaging students in inquirybased exploration of neuroscience processes. Additionally, we
report that computational tools have potential to engage
students and promote inclusion in the research community
similarly to student who have a traditional laboratory
experience.
II. METHOD
CRediT Taxonomy Assessment.
The CRediT Taxonomy as an assessment instrument was
adapted from a previously published instrument [9]. In this
study, students were asked to envision a hypothetical future
experiment in neuroscience using either primarily
computational tools or primarily traditional ‘wet-lab’ tools.
Students were asked to rate their level of comfort with each
CRediT item using the following scale:
0 = I would be most comfortable with no responsibility
in this area
1 = I would be comfortable with very little responsibility
in this area or would only be comfortable if I had a lot of
supervision
2 = I would be comfortable with moderate responsibility
in this area and could work somewhat independently in this
role if I had a mentor or collaborator
3 = I would be comfortable with primary responsibility
in this area and would be comfortable and competent
with little to no supervision
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Table 1: CRediT Taxonomy for contributor roles in a
research project. Students were asked to rate their comfort
level with taking on each role in a hypothetical future
research project.
Role
Conceptualization
Data curation
Formal analysis
Funding
acquisition
Investigation
Methodology
Project
administration
Resources
Software
Supervision
Validation
Visualization
Writing – original
draft
Writing –
reviewing, editing

Definition
Ideas; formulation or evolution of overarching
research goals and aims
Management of activities to annotate, clean data,
and maintain research data for initial and future use
Application of statistical, mathematical,
computation techniques to synthesize study data
Acquisition of the financial support for the project
leading to publication
Conduct of research process, specifically
performing the experiments or data collection
Development of methodology; creation of models
Management and coordination responsibility for
research activity planning and execution
Provision of study materials, reagents, patients,
laboratory samples, instruments, computing
resources, and/or other analysis tools
Programming, software management;
implementation of computer code; testing or use of
existing code components
Oversight and leadership responsibility for the
research activity planning and execution, including
mentorship of others on the core team
Verification; evaluating replication / reproducibility
of results or research output
Preparation, creation, and/or presentation of the
work, specifically data presentation
Preparation and writing of the initial draft that
reports the work
Critical review, commentary, or revision of reports
on the work

Demographic data from students was gathered as a part of
this survey. This survey was approved by the Harding
University Institutional Review Board (#2020-141). Data was
gathered from three different upper-division course-based
undergraduate research experiences. Students anonymously
completed the rating scale and no student grades were
impacted by this survey.
Development of Inquiry-based Software Labs
Previously, we reported the development of ‘Software
Labs’ using NEURON [10]. Laboratory exercises are based on
the NEURON programming language. These Software Labs
used and illustrated both neuroscience and engineering
principles. Software tutorials involve active learning strategies
that promote student engagement [11].
Development of the multi-platform notebooks
Software labs built in NEURON were adapted to Software
tutorials that use Jupyter Notebooks. Each Notebook runs
multiple programming platforms to generate the final tutorial.
Python was used at the command line to run the NEURON
simulations previously reported and generate graphs. This
structure requires students to become familiar with multiplatform distributors (such as Anaconda) to run Jupyter
Notebooks as well as basic Python and NEURON commands.
To facilitate student engagement, each Software tutorial
allows students to engage with the simulations either through
command-line manipulation or through Python widgets. All
source code and notebooks can be found at

https://courses.missoui.edu/ under the ‘Canvas Guest and
Visitor Login’ link. The username for these tools is ‘cns’ and
the password is ‘workshop’. (without quotes)
III. RESULTS
To understand how well computational laboratory
exercises prepared students for entry into the scientific
community, the CRediT Taxonomy survey was used to
assess how students responded to research-based
experiences. Students rated the extent to which they would
feel comfortable in various roles in a future research project
in any topic of neuroscience.

Figure 1. Total ratings from the CRediT Taxonomy from
life sciences students who have previously used
computational or virtual tools to learn biology (white bars)
compared to student who have not had computation
experience (grey bars). Students rated their level of comfort
for each CRediT role for a hypothetical future study using
primarily computational tools (hatched bars) or primarily
wet-lab tools (open bars). Bars represent means ± standard
deviation.
Students were asked to rate how comfortable they would
feel in each role using a 0-3 rating for a project using
primarily computational methods and a research project
using primarily traditional ‘wet-lab’ techniques (Fig. 1). All
students surveyed were majoring in the life sciences, 40% of
responses were from students majoring in Biology and 60%
of responses were from students majoring in Molecular
Biology. Students were asked about their experience with
learning neuroscience and resources used. There was no
difference in student scores on the CRediT Taxonomy for a
project that used traditional ‘wet-lab’ techniques. However,
students who had previously used computational tools to in
courses or laboratories reported that they would be equally
comfortable in a primarily computational project or a
primarily ‘wet-lab’ project. These result are somewhat
unsurprising given that students with more experience using
a technique are more likely to be comfortable using that
techniques in the future. Interestingly, these students would
still feel comfortable in a ‘wet-lab’ research project,
suggesting that the laboratory experiences in a normal
undergraduate curriculum provide students some level of
confidence. These data also demonstrate that students who

have experience with command-line interfaces are more
comfortable with the idea of a computation-based research
project. Students scores were similar for common aspects of
the research process such as Formal Analysis, Data
Curation, Visualization, and Writing. The largest differences
between student ratings were in project-specific roles such
as Conceptualization and Investigation. Students overall felt
more comfortable in a Conceptualization role for wet-lab
experiments irrespective of research project methods
(1.75±0.4 for primarily computation projects versus 2.6±0.2
for primarily wet-lab research). However, prior experience
with virtual tools increased student comfort with
Investigation (from 0.7±0.5 for students without experience
to 2.0±0.6 for students with prior experience).
We approached the incorporation of computational models
for neuroscience education with the hypothesis that students
should be responsible for understanding the underlying
biology of the system. Previously we reported the
development of “Software labs” and their incorporation into
an interdisciplinary neuroscience course [11]. These
simulations use biophysical characteristics of neurons to
model biological processes. We now report improvements to
these simulations use a multi-platform environment that
encourages student inquiry. The new “Software tutorials”
allow students to use Python-based widgets to manipulate
biophysical parameters of neurons and gain understanding.
(Fig. 2A) As student gain experience with the environment,
they have access to edit programming commands. Each
‘Software tutorial’ contains questions to guide learning and
direct the manipulations of the models. The models provide
graphs that plot dependent outcomes including membrane
voltage, current, and ion concentrations. (Fig. 2B-F)
Students must read and interpret the graphs to answer
questions and develop new questions. Therefore, these
tutorials develop quantitative literacy. In the example shown
in Figure 2, students work with a bursting neuron. In this
model, students begin to construct mental models of the
relationships between biophysical parameters in the soma
versus axon of a neuron.

Figure 2. Representative images of the ‘Burster’ Software
tutorial using Python and NEURON programming
languages. A. Widget options for students to perform
inquiry-based manipulations a model of a bursting
hippocampal neuron. B. Soma membrane potential plot. C.
Plots of the currents through ion channels in the soma. D.

Axon membrane potential plot. E. Current graphs through
ion channels in the model axon. F. Total calcium pool in the
neuron.
The use of computational models is well received by
students and contributes to the goals of interdisciplinary
courses.

Figure 3. Schematic demonstrating the multi-platform
nature of the ‘Software tutorials’. Each notebook utilizes
both Python and NEURON code (black) but utilizes specific
aspects of the distributor platform. For example, using an
Anaconda distributor with Jupyter Notebooks, students use
Python to import the needed databases. They need to have
NEURON separately installed on the computer. In contrast,
Google Colab requires students to install NEURON in their
Colab environment using !pip. Each approach had
advantages and disadvantages but encourages students to
develop a cross-disciplinary skill set.
In total, we have developed six complete ‘Software
tutorials’ that can be implemented in courses as classroom
demonstrations, complete modules, or as the beginnings of a
student project such as a senior capstone. The tutorials are
conceptually progressive but can also but used in isolation.
The first tutorial illustrates basic biophysical properties of
neurons using a model circuit diagram. This tutorial is
followed by a simulation of action potential development by
plotting channel gating variables in context of membrane
potential changes. These foundational concepts prepare
students for the third and fourth tutorials that allow students
to explore the bursting activity in neurons (Fig. 2) and
synaptic function. In these activities, students explore larger
biological concepts such as summation in the context of
mathematical and engineering principles. Students then are
able to engage in circuit and network level thinking with
tutorials five and six focused on modeling a central pattern
generator and a memory circuit.
The interdisciplinary nature of the tutorials facilitate the
development of a diverse skill set. Inquiry-based
assignments that use computational tools require students to
learn how to properly install and run programming
environments as well as how to import and use programming
libraries. These skills allow students to have an active role in
their learning experience. In addition to teaching disciplinespecific concepts, students learn concrete, applicable skills

in programming. Together, this multi-platform framework
develops a diverse skill set while maintaining a focus on the
core content. (Fig. 3)

IV. DISCUSSION AND CONCLUSION
More tools are needed to facilitate cross-disciplinary
thinking and the use of computational tools in the life science
classroom. The tools we developed use a strong mathematical
and engineering foundation to develop simulations for the
undergraduate neuroscience classroom. This structure opens
opportunities for Just-in-Time Teaching (JiTT). The JiTT
approach is based on a model where instructors lecture or lead
class discussions only after students generate questions on the
topic [12]. The JiTT model is an iterative method of engaging
students in the learning process. The use of code and
mathematics-based tools similar to these have been used to
engage students across disciplinary boundaries and encourage
a team-based approach to learning [13], [14].
Our survey data suggests that the assumption among
many biologists that virtual or computation laboratory
exercises are inferior may not be correct (Fig. 1). Certainly,
more work is needed to fully elucidate the impact of virtual
laboratory projects. However, our data indicates that
students are, at a minimum, more open to the idea of
computational research when they have prior experience
with virtual tools to learn biological concepts. The results
presented in Figure 1 are consistent we previous reports that
suggest virtual tools are effective in promoting learning,
interests, and curiosity [7], [15].
There are many challenges to offering interdisciplinary
courses and using interdisciplinary tools in the
undergraduate classroom. Herein, we report the development
of ready-to-use tutorials that reduce barriers to entry.
Namely, our tools can be run on freely available platforms
such as Anaconda. These tools also run on Google Collab, a
web-based environment used to run Python notebooks. By
virtue of its flexibility, these tools allow students to easily
access simulation and engage in virtual, inquiry-based
laboratory exercises in neuroscience without having a strong
background in computer science or programming (Fig. 3).
These tools are adapted for classroom use while maintaining
a high level of scientific rigor (Fig. 2). Importantly, these
tools support a mechanistic understanding of neuronal
physiology from both a life science and engineering
perspective.
By providing updated tools that reduce barriers to entry,
encourage critical thinking, and support interdisciplinary
engagement, we predict that these will add to a growing
toolbox that facilitates persistence and retention in across
STEM disciplines. More work is needed to evaluate these
and other similar tools and to develop best practices for their
implementation. We propose a model where students engage
in interdisciplinary, inquiry-based learning in the classroom
that encourages participation in mentored research
experiences during the undergraduate curriculum. We
propose that interdisciplinary tools harness the power of
diversity in the classroom and facilitate a team-based

approach to science. The ‘Software tutorial’ reported on
herein are one set of tools to contribute toward this goal but
more work is needed to understand the long-term impact of
these tools. Additionally, we hypothesize that
interdisciplinary tools such as our simulations and models
can help attract underrepresented groups to STEM fields
[16], [17]. Interdisciplinary neuroscience has potential to
attract, for instance, women in the life sciences to
engineering and mathematics-based disciplines. Women and
other minorities have higher representation in the life
sciences, thus the tools reported her have potential to foster
inclusive learning environments and attract students from
underrepresented groups.
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