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      Abstract
The extracellular matrix (ECM) provides structural support to cells, but also has key roles in mediating cell adhesion, cell 
signaling, and differentiation. While this topic is discussed in the lecture setting, it is not heavily studied in laboratory 
sessions. This lesson was created so that students can understand how the ECM is molecularly structured by using the ECM 
in the brain as a model. More specifically, the students study a particular structure in the neural ECM called the perineuronal 
net (PNN). In this exercise, students examine which cell type in the brain helps produce this structure and whether changes 
in activity affect PNN development. In this lesson students isolate and plate single cells derived from embryonic mouse 
brains; they then perform aspects of a standard immunofluorescence staining protocol. Lastly, the students will image 
the cultures using a fluorescence microscope. All of the aforementioned fundamental techniques are widely used by cell 
biologists. After completion, students hand in a formal lab report that is contextualized by primary literature. Students 
thoroughly enjoyed this exercise, and they found it challenging but rewarding and thought provoking.
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Lesson

INTRODUCTION

The American Association for the Advancement of Sciences 
(AAAS) has emphasized the importance of providing 
opportunities for undergraduate students to engage in research 
in the classroom laboratory setting (1). This requires students 
to learn how to set forth hypotheses, design experiments, and 
analyze their results in a manner consistent with that of research 
scientists. As part of this process, students become versed in 
performing literature searches and discussing their results in the 
context of a greater body of work. To address the changes set 

forth by the AAAS, it is essential that as instructors, we allow 
students the freedom to carry out these experiments, hone these 
skills, and become immersed in the exercise.

One of the most fundamental techniques in cell biology is 
mammalian cell culture, which involves the generation and 
maintenance of cells isolated from specific animal tissues. This 
procedure necessitates the use of a sterile cell culture hood 
and incubator, as well as a proper medium and supplements 
to sustain cell growth. Many undergraduate students only learn 
about this technique in the lecture setting and do not have 

Learning Goal(s)

Students will:

• Appreciate the use of the mouse as a model organism.
• Understand how the neural extracellular matrix is structured.
• Understand the structural and molecular components of the 

perineuronal net.
• Address how the methods and tools of cell biology enable and limit 

our understanding of the cell.

Learning Objective(s)

Students will be able to:

• Isolate single cells from dissected cerebral cortices of embryonic 
mice.

• Develop hypotheses and find support for these hypotheses in the 
literature.

• Treat primary cultures with agents to inhibit glial cell growth and 
increase activity levels.

• Fix and block primary cultures in addition to applying primary 
antibodies.

• Use fluorescence microscopes to analyze and interpret their results.
• Complete a lab report that is contextualized by primary and 

secondary literature. 
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opportunities to perform such experiments. Recently, Bowey-
Dellinger and colleagues devised an exercise in which students 
learn how to trypsinize cells, assess cell viability, and generate 
cell counts using immortalized HeLa cells (2). Additionally, 
others have created exercises utilizing human embryonic 
kidney cells (HEK293 cells) and mouse fibroblast cells (3T3 
cells) (3-4). Similarly, Catlin and colleagues generated an 
experiment in which students work with purchased primary 
cultures to study a number of cellular processes as well as 
the mechanisms underlying neurodegeneration (5). However, 
in these exercises the students do not directly learn how to 
isolate cells from tissue.

To address this, many undergraduate instructors have 
developed experiments in which the students receive hands-
on experience isolating cells from a particular tissue. In 
exercises such as these, students employ enzymatic and 
mechanical methods to create a single cell suspension, plate 
the cells, and then use them in downstream applications, such 
as Western blotting, staining, or qPCR. Chicken eggs represent 
one such model system that can be utilized to generate 
primary cultures. In particular, neurons from the chick 
forebrain can be readily isolated, and then students have the 
opportunity to examine axon growth and neuronal structure 
(6). Additionally, fundamental pharmacological concepts can 
be studied through the isolation and subsequent culture of 
chick cardiomyocytes (7). Others have reported using chick 
cardiomyocytes as an exercise to demonstrate that living tissue 
can maintain normal structure and function even in a culture 
dish (8). Keratocytes have been isolated from fish scales to 
allow students to study the intricacies of cell migration (9). In 
the lesson described here, students isolate single cells from 
previously dissected cerebral cortices of embryonic mice to 
study how a particular structure within the neural extracellular 
matrix (ECM) is organized to address two specific questions. 
The two questions addressed are (1) Is aggrecan expression 
modulated by activity? and (2) Is aggrecan likely produced by 
neurons or glia?

While Cell Biology lectures primarily focus on cellular 
functions and processes, most courses include discussions 
of the ECM and more broadly, the extracellular environment. 
The ECM not only provides structural support to cells, but 
mediates cellular events, including cell migration, adhesion, 
differentiation, and tissue development (10). Classical ECMs 
like the basement membrane, that are found within epithelial, 
endothelial, muscle, and adipose tissues are comprised of 
fibrous proteins, like fibronectin, laminin, and collagen in 
addition to glycoproteins and proteoglycans (11). Interestingly, 
the neural ECM has a somewhat different composition from 
that of more classical ECMs (12), which demonstrates to 
students that there is a great degree of heterogeneity within 
the extracellular environments of different tissue types. This 
laboratory exercise would dovetail well with presentations 
about the ECM in the lecture setting and would stimulate 
discussions of the interplay between structure and function.

The perineuronal net (PNN) is a specialized substructure 
found within the neural ECM that plays an integral role in 
restricting plasticity within the brain. Structurally, the PNN is 
highly organized and surrounds the cell body and extensions 
stemming from particular neurons. In terms of molecular 
composition, PNNs are made up of proteoglycans and 

complex sugars (13). Interestingly, appropriate sensory input 
is needed for PNNs to develop properly (14). A complete 
understanding as to how these molecules link together to form 
PNNs still eludes us. Because of this, many investigators have 
turned to in vitro or cell culture models to more thoroughly 
analyze and manipulate this structure with the hopes of 
gathering information about how PNNs are organized (15-18).

In this exercise, students will answer two central questions 
focused on one particular component of the PNN, aggrecan: 
(1) Is aggrecan-based PNN formation modulated by sensory 
activity? and (2) Is aggrecan likely made by neurons or glia? 
This work will shed light onto how the PNN forms and which 
cell types contribute to its formation—two areas that are 
currently under active study. To carry this out, students will 
undertake a four-week experiment in which they isolate single 
cells from dissected cerebral cortices of embryonic mouse 
brains and plate the cells into culture dishes (Lab Session 1). 
Then they treat these cultures with agents to increase activity 
levels to address Question 1 and a glial cell inhibitor to address 
Question 2 (see above). In Lab Session 2, the students will 
focus on setting forth hypotheses and predictions based on 
the two central questions, while the cultures are incubating. 
Additionally, the students will have time to gather primary 
and secondary literature articles to support their hypotheses 
and predictions, as well as discuss their thoughts in small 
groups. To end this particular session, the discussion is opened 
up to the entire class to ensure that all students are able to 
find supporting literature. Students then fix and block their 
cultures and apply antibodies directed against aggrecan and 
glial fibrillary acidic protein (GFAP, a marker of glial cells) (Lab 
Session 3), and use fluorescence microscopes to analyze their 
results (Lab Session 4). Each lab session takes about 3 hours to 
complete, with one week separating each exercise.

This lesson requires the use of a cell culture hood (one 
that is approved for mouse work), incubator, centrifuge, and 
fluorescence microscopes. To maintain the cells, specific cell 
culture media and supplements need to be purchased, but 
these could easily be stored for use in multiple semesters, or 
even used for research purposes.

In this laboratory project, students employ techniques that 
they learned about in the lecture setting (use of trypsin and 
manual trituration to isolate single cells, fixation and blocking 
of primary cultures, application of primary antibodies, and use 
of fluorescence microscopy), all of which are widely used in 
scientific research. Therefore, this experiment affords students 
the opportunity to engage in authentic, hypothesis-driven 
research. While the two main questions being addressed are 
provided to the students as well as the experimental design, 
the students are responsible for delving into the literature 
to find support and rationale for their own hypotheses and 
corresponding predictions. Formative assessments are given 
after the completion of Lab Session 1 and Lab Session 3 to 
help the students prepare for the lab report, with instructor 
feedback provided. The lab report mimics the style of a journal 
article, consisting of the following sections: Introduction, 
Materials and Methods, Results, and Discussion. Students 
also need to provide images of PNNs and glial cells as well as 
tables documenting how they plated their cells and how the 
cells were treated and stained.
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The students thoroughly enjoyed conducting this experiment 
and found it fascinating that they were able to isolate cells, stain 
them, and then visualize the staining under the microscope. 
Throughout this experiment, students worked in groups that 
they selected, and they established a rapport with one another. 
In the second session there is time to discuss the background 
information as well as the procedural details pertaining to the 
experiment. Additionally, in this session, students discuss the 
results not only within each group, but as a class to ensure that 
everyone feels comfortable interpreting and thinking about 
what they found.

Intended Audience
This laboratory exercise was designed for an upper-level 

undergraduate course in Cell Biology in which students are 
either Biology or Biochemistry majors. This experiment has 
been tested over multiple semesters with 2-3 laboratory 
sections offered per semester. Each section has had a maximum 
of 16 students.

Presenting material in lecture detailing the various molecular 
constituents of the ECM before the laboratory sessions ensures 
that the students have a strong foundation on which to build 
upon.

Required Learning Time
The experiment requires a total of four laboratory sessions 

that are one week apart, with each session lasting about three 
hours. There are some steps in each of these sessions that 
require waiting time so you have the freedom to incorporate 
active learning techniques based on lecture material or allow 
students time to start working on the laboratory assignments 
and report. To ensure that the activities can be carried out 
during the given lab period, you will need to perform some 
parts of the experiment yourself. (Consult Table 1: Use of a 
Primary Cell Culture Model to Study the Neural Extracellular 
Matrix Teaching Timeline for further information).

Prerequisite Student Knowledge
Students should be aware of what the ECM does and the 

molecules that are found in these matrices. Additionally, 
prior to this exercise, my students complete an experiment 
where they work with immortalized cell lines, which instills 
in them the importance of maintaining a sterile environment. 
Specifically in this exercise, they wash, trypsinize, and split 
cells in addition to generating cell counts. Thus, when they 
perform the neural ECM experiment, they are able to draw 
upon that previous experience. They should have learned 
about immunofluorescence and microscopy in the lecture 
setting before they perform that part of the experiment.

In addition, students should have experience using PubMed, 
Google Scholar, JSTOR or similar resources to gather primary 
and secondary literature pertaining to this lab report. Since this 
exercise is best suited for an upper level Biology or Biochemistry 
major, it is highly likely that the students have either taken a 
course on scientific communication or writing, or at the very 
least have been required to write a formal lab report in another 
science-based class. Lab Session 2 is designed to allow for 
students to utilize lab time to work on the fundamentals of the 
lab report. You will also have the opportunity to work with the 
students either one-on-one or in small groups during this time.

Prerequisite Teacher Knowledge
The instructor should be able to generate primary neuronal 

cultures from embryonic mouse brains, maintain these cultures, 
instruct students how to perform staining experiments and use 
fluorescence microscopes. In terms of concepts, the instructor 
needs to have an understanding of how the neural ECM differs 
in molecular composition from other ECMs. Some knowledge 
about PNNs would help, but that information could easily be 
learned in enough detail to instruct the class (13-18).

SCIENTIFIC TEACHING THEMES

Active Learning
Students are provided with questions that will be answered 

in this exercise, and then they individually come up with 
specific hypotheses. They will find primary literature articles 
to support their hypotheses and put the results they obtained 
in the context of this work. The students will process the 
previously dissected mouse brain tissue to generate single 
cells. Importantly, students will count the cells and determine 
how many cells to plate based on a given density. In addition, 
the students will treat their cultures with a glial cell inhibitor 
as well as with potassium chloride to increase overall activity. 
Next, they will stain the cultures, and lastly, analyze the 
cultures using a fluorescence microscope.

Assessment
The main form of assessment for this activity is a lab report. 

Since this is a multi-week experiment and the lab report is 
intensive, small homework assignments can be given after the 
students conduct the exercise in Lab Session 1 and Lab Session 
3 to assess student understanding (Supporting File S1: Studying 
the Neural Extracellular Matrix – Lab Session 1 assignment 
and Supporting File S2: Studying the Neural Extracellular 
Matrix – Lab Session 3 assignment). In my class, the small lab 
assignments are each worth approximately 1% of the final 
grade, while the lab report is worth 5-10% of the final grade. 
Weekly lab quizzes are a good idea to ensure that students are 
reading the handouts before completing the exercise.

Inclusive Teaching
Students are allowed to pick the groups (maximum 4 

members) in which they work for the duration of the project. 
After working together for weeks, students become comfortable 
with their peers, which creates a more interactive and positive 
environment (19). When students select their groups, they 
get started on the project more quickly as the time needed 
to get to know one another is reduced (20), which could 
lead to increased productivity and even creativity. Students 
will employ a variety of techniques in this activity, including: 
generation of single cells that are then plated, cell counting, 
staining, and microscopy, which will engage all types of 
learners. Group work allows for students to teach one another, 
which is an effective pedagogy tool. For example, a student 
proficient in microscope work can help other members of 
the group that may be intimidated or unsure of how to use 
such equipment. In terms of assessments, the small homework 
assignments are designed to help the students gather and 
organize the information that needs to be incorporated into 
the lab report, which can set the students up for success on the 
formative assessment. Additionally, feedback provided to each 
student on the small homework assignments directly addresses 
each individual’s background and preferences. Lastly, since 
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the formative assessment is a written lab report, students who 
have anxiety around test-taking or oral presentations will have 
an opportunity to boost their grade in this course through this 
assignment.

LESSON PLAN

Execution of this lesson requires planning. It takes place 
over four weeks, and there are a number of preparatory steps 
that need to be carried out by the instructor (Table 1: Use of a 
Primary Cell Culture Model to Study the Neural Extracellular 
Matrix Teaching Timeline).

Lab Session 1: Pre-laboratory preparation

Obtaining timed-pregnant mice and embryos
The Institutional Animal Care and Use Committee (IACUC) 

must approve any work requiring the use of vertebrate 
animals. The work described here adhered to the guidelines 
set forth by the Western Connecticut State University IACUC. 
Pregnant mice can be obtained from a number of companies, 
including Charles River Laboratories (Wilmington, MA, USA) 
and Taconic Biosciences (Rensselaer, NY, USA). It is important 
that timed-pregnant mice be ordered because the age of the 
embryos matters, in terms of how easy it is to perform the 
dissections, isolate cells, and ultimately, generate PNNs. 
These experiments are performed at embryonic day 16 (E16). 
Usually, mice are delivered a few days prior to the experiment 
so that the animals can acclimate to the new environment and 
are not stressed on the day of the exercise.

I recommend using wild-type CD-1 mice [referred 
to as Crl:CD1(ICR) on Charles River’s website: https://
www.criver.com/products-services/find-model/cd-1r-igs-
mouse?region=3611]. These mice are excellent breeders and 
produce on average 12 embryos per litter (22). For this lesson, 
I recommend that each group have about 3-4 dissected mouse 
brains to work with, which means that 2 timed-pregnant mice 
per laboratory section (with 4 groups per lab section) should 
suffice. This can be altered if necessary.

Preparation of cell culture materials and reagents
The first session of this exercise requires instructor 

preparation of cell culture materials and reagents prior to lab 
in order to ensure that students will be able to fully complete 
the experiment in the allotted time. First, load glass coverslips 
into the coverslip holders and then, along with forceps and 
Schifferdecker Staining Jars, autoclave all the equipment under 
a standard solid cycle. The following steps must be carried out 
under sterile conditions in a designated cell culture hood. 
After cooling, incubate the coverslips within the holders in 0.5 
M hydrochloric acid for one hour at room temperature (RT) in 
the Schifferdecker Staining Jars. Next, rinse the coverslips in 
water for 15 minutes at RT. Distribute coverslips to individual 
wells in a 24-well plate using forceps and then wash with 
1x Dulbecco’s phosphate buffered saline for 10 minutes at 
RT. Lastly, coat coverslips with laminin (final concentration 
5 μg/ml) and poly-D-lysine (final concentration 100 μg/ml) 
made up in Dulbecco’s phosphate buffered saline. Incubate 
the plates overnight at 37°C with 5% CO2 in a standard cell 
culture incubator.

Prepare and aliquot the following solutions under sterile 

conditions: Hank’s Buffered Saline Solution with 1x penicillin/
streptomycin, 0.25% trypsin-EDTA, 10/10 trypsin solution 
(made up of Earle’s Balanced Salt Solution, 10 mg/ml 
ovomucoid inhibitor, and 10 mg/ml bovine serum albumin), 
1/1 trypsin solution (Earle’s Balanced Salt Solution, 10% of 
the 10/10 solution and DNase I), and Neurobasal Medium 
with 3x B27 supplement, 1x GlutaMAX, and 1x Penicillin/
Streptomycin. The Hank’s Balanced Salt Solution and 0.25% 
trypsin-EDTA can be prepared and stored days before the 
exercise, while the other solutions should be prepared on the 
day of the experiment.

Mouse brain dissections
After the mouse has been euthanized according to the 

IACUC protocol, remove the embryos from the abdominal 
cavity and place them in Hank’s Balanced Salt Solution with 
1x Penicillin/Streptomycin. Then remove the brain from the 
skull and dissect the cerebral cortex (21). Supporting File 
S3: Studying the Neural Extracellular Matrix – Dissection 
Instructions, provides detailed information as to how to carry 
out the dissections of the mouse brains including pictures to 
orient anyone interested in implementing this lesson in their 
class. Perform these dissections prior to the lab session and 
place them in the supplemented Neurobasal Medium. Right 
before the class, place tissue from 3-4 brains (total of 6-8 
cortices) into a tube of 10 mL of pre-warmed 0.25% trypsin-
EDTA while working in the cell culture hood. This will create 
enough tissue/group; you can decide how many tubes are 
needed. Lastly, place the tube in a 37°C water bath, shaking at 
maximum speed to dissociate the tissue for 25 minutes.

Lab Session 1
Since the protocol for the first session takes up the entire 

laboratory period, I recommend starting the exercise 
(Supporting File S4: Studying the Neural Extracellular Matrix 
– Lab Session 1 Handout) right after the quiz. Pre-warm all 
solutions that will be used prior to the start of the exercise. 
When students enter the lab, the samples will already be 
incubating in 0.25% trypsin-EDTA to ensure separation of 
single cells. At this point, students will break into small groups 
and receive their own conical tube with tissue in it. All of the 
following steps, with the exception of cell counting, must 
be executed in a cell culture hood. Students will manually 
triturate the tissue, by vigorously pipetting up and down to 
isolate single cells. They should avoid cell clumps, as this can 
affect the health of the cultures and skew the total cell number. 

Next, spin samples in a centrifuge that is maintained at RT 
to remove the trypsin. All centrifugation steps are carried out 
at RT for 7 minutes at 400 x g or 1,389 RPM. Remove the 
supernatant, leaving the cells within the pellet. To inhibit the 
trypsin, resuspend the pellet in the 1/1 solution containing 
ovomucoid inhibitor and bovine serum albumin. At this point, 
some of the pellet will be insoluble, likely requiring filtering 
the sample with a 70 μm cell strainer. Next, layer the 10/10 
solution beneath the sample. The easiest way to do this is to 
place the pipette filled with the 10/10 solution at the bottom 
of the tube and dispense the liquid in full before moving the 
tip upwards. After another centrifugation step, wash the pellet 
in the supplemented Neurobasal medium. Lastly, centrifuge 
the samples and then resuspend the resulting pellet in an 
appropriate amount of media (for samples of this size, it is 
usually between 500 μl and 1 mL). Students then dilute their 

https://www.criver.com/products-services/find-model/cd-1r-igs-mouse?region=3611
https://www.criver.com/products-services/find-model/cd-1r-igs-mouse?region=3611
https://www.criver.com/products-services/find-model/cd-1r-igs-mouse?region=3611
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samples 1:10 in Neurobasal medium to count the cells using a 
hemocytometer. It is a good idea to have students practice how 
to count cells and plate them at desired densities prior to this 
exercise, but if not, work closely with the students to ensure 
they are counting properly and performing the calculations 
correctly. Depending on whether time allows, students can 
plate the cells, or you can plate the cells yourself.. The amount 
of cells each group generates will determine how many wells 
their samples will occupy in a 24-well plate. The desired 
plated density is 1.4 x 106 cells/mL, with 500 μl distributed 
into each well. Thus, each well will contain a total of 700,000 
cells. Once this is completed for all groups, immediately place 
the plate in the cell culture incubator. This is considered to be 
0 days in vitro (0 DIV).

It is imperative that all work be conducted in a cell culture 
hood. If there are multiple hoods available for use, then move 
between the hoods to ensure the students are properly guided. 
If there is only one cell culture hood to work with, then have 
students rotate to complete their work. Those that are not 
actively working in the cell culture hood can engage in another 
activity or assignment. You will likely need to demonstrate 
particularly difficult steps in the protocol (ex: layering the 
10/10 trypsin inhibitor solution beneath the cell suspension). 
Additionally, pay special attention to the sterile technique 
displayed by each student to ensure that the cultures are not 
contaminated. Set up biohazard bags so that waste is disposed 
of according to the IACUC protocol.

Students enjoy this session because they are able to utilize 
tools that we have talked about in lecture. For example, they 
learn first-hand what trypsin-EDTA does and why we use it to 
create a single cell suspension. They are fascinated by the fact 
that they can count the cells under the microscope and that 
they are able to generate so many cells from the small pieces 
of mouse brain tissue.

Care of Cultures Between Lab Session 1 & 3
The cultures need to be incubated until 14 DIV in order 

to observe PNN development and formation. The day after 
plating (1 DIV), require the students to come to the laboratory 
and divide their cells into four categories: untreated control, 
potassium chloride (KCl), cytosine-β-D-arabinofuranoside 
(AraC), and then lastly, KCl + AraC. For example, if 8 
coverslips were generated/group, then each group would have 
2 coverslips for each of the four groups listed above (Figure 1). 
Have them treat the cells in the KCl group with 20 mM KCl 
(final concentration is 25 mM because there is 5 mM in the 
base media), treat the AraC group with 5 μM AraC, and treat 
a group of cells with both KCl and AraC. You may wish to be 
responsible for any media changes moving forward yourself, 
or you can require students to perform these steps. On 3 
DIV, all of the media within the wells must be removed and 
replaced with fresh pre-warmed supplemented Neurobasal 
media. The subset of cells that have been exposed to KCl are 
continuously maintained in media with KCl. Therefore, there 
will be a set of cells that are exposed to normal Neurobasal 
media (untreated control cells and cells that were exposed 
to AraC) and elevated KCl levels (KCl group and those cells 
treated with KCl and AraC). On 6 DIV, 9 DIV and 12 DIV, 
perform a half media exchange, where half of the media in the 
well is removed and replaced with either normal Neurobasal 
media or Neurobasal media with elevated KCl levels. Carry 

out all of the aforementioned steps in a cell culture incubator 
under sterile conditions.

Lab session 2
Prepare a lecture to go over all the necessary material to 

understand the project as well as discuss the experimental 
details from the first session. Typically, this lecture should take 
about one hour to one hour and a half of lab time (Supporting 
File S5: Studying the Neural Extracellular Matrix – Lab Session 
2 Pre-Lab Lecture). With the remaining time, students will 
work in small groups to develop hypotheses and predictions 
based on the two central questions that are being asked in this 
exercise: (1) Is aggrecan expression modulated by activity? and 
(2) Is aggrecan likely produced by neurons or glia? Circulate 
the room to ensure that students are able to ask questions and 
articulate their hypotheses. Next, they will work on gathering 
primary and secondary literature articles to use in the lab 
report, allowing them the opportunity to ask questions about 
finding suitable literature articles and discuss the experiment 
in groups (Supporting File S6: Studying the Neural Extracellular 
Matrix – Lab Session 2 Handout). Additionally, this will afford 
the students more time to work on the actual writing of the 
lab report. You might find it helpful to hold this session in a 
computer lab where students have access to workstations, or 
alternatively, students could bring their own devices to the 
laboratory.

Lab Session 3: Pre-laboratory Preparation

Preparation of solutions
On the day of the exercise, prepare the following solutions: 

4% paraformaldehyde in 1x phosphate buffered saline, and 
the blocking medium: Dulbecco’s Modified Eagle’s Medium, 
5% fetal bovine serum, 0.5% Triton X-100, and 0.2% sodium 
azide. Store both reagents at 4°C. Additionally, aliquot the 
primary antibodies: anti-aggrecan and anti-glial fibrillary 
acidic protein (GFAP), and store aliquots at -20°C until needed.

Figure 1. Treatment paradigm. This is an example of a multi-well plate depicting 
how to divide the 24 wells amongst the four treatments groups (-KCl -AraC, 
+KCl -AraC, -KCl +AraC, and +KCl +AraC) and three groups of students. Each 
group of students will be able to work with two coverslips/treatment. This can 
be modified to accommodate the number of students and number of student 
groups. Each color corresponds to a different group of students. Schematic of 
the multi-well plate was taken from: https://en.wikipedia.org/wiki/File:24-well-
plate.svg. Author: Volker-Morath. License information: https://creativecommons.
org/licenses/by-sa/4.0/deed.en. Text was added to the file in order to convey 
information about treatment groups and student groups.

https://en.wikipedia.org/wiki/File:24-well-plate.svg
https://en.wikipedia.org/wiki/File:24-well-plate.svg
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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Prepare a brief pre-lab lecture that explains why cells need 
to be fixed and blocked prior to staining (Supporting File S7: 
Studying the Neural Extracellular Matrix – Lab Session 3 Pre-
Lab Lecture).

Lab Session 3

Fixing and blocking cells; Incubation in primary 
antibodies

When the students come to class, the cells will be in the cell 
culture incubator. While working in a designated fume hood, 
they will fix cultures in 4% paraformaldehyde in 1x phosphate 
buffered saline. To do this, the students will first remove all the 
cell culture media from the well and dispose of it in a waste 
container. Next, they add 500 μl of the fixative and incubate 
cultures for 20 minutes at RT. After this period, wash the 
cultures 3 times for 5 minutes each in 1x phosphate buffered 
saline. Once the last wash is complete, remove all of the buffer, 
and block cells to prevent non-specific binding of the primary 
antibodies. The blocking medium is made up of Dulbecco’s 
Modified Eagle’s Medium, 5% fetal bovine serum, 0.5% Triton 
X-100, and 0.2% sodium azide. At this point, incubate the 
plate at RT on a shaker for one hour. After the requisite time, 
wash the cultures again (3 times for 5 minutes each) and then 
apply primary antibodies. Incubate the cells overnight at 4°C 
in primary antibodies that are diluted in the blocking medium. 
The primary antibodies used are anti-aggrecan and anti-GFAP, 
both at a dilution of 1:2000 (Supporting File S8: Studying the 
Neural Extracellular Matrix – Lab Session 3 Handout).

During the blocking step, while cells are incubating, the 
students can assemble a list of reagents that were used in 
the exercise that need to be included in the lab report. You 
can provide the name of the company and hold the students 
responsible for including the company location. If there is any 
remaining laboratory time at the end, answer questions about 
the lab report and touch base with each group of students 
about their hypotheses and predictions. Students can also 
work on their small homework assignments and get feedback 
on them.

This session allows for students to understand how 
immunofluorescence works and reinforces the relationship 
between an epitope within the protein, the primary antibody, 
and the secondary antibody with an associated fluorophore. 
This exercise further highlights why antibodies need to be 
specific in terms of what they recognize.

After Lab Session 3: Instructor Steps

Incubation in secondary antibodies; Hoechst staining 
and coverslipping

The day after Lab Session 3, carry out the remaining 
steps: incubation in secondary antibodies, Hoechst staining, 
and coverslipping. After the primary antibody incubation, 
wash the cells as above and incubate in appropriate Alexa 
Fluor secondary antibodies that are diluted at 1:800 in the 
aforementioned blocking medium. Cover plates in foil and 
subject them to slight agitation for 2 hours at RT. Once the 
two-hour period has lapsed, wash the cells as previously 
described. Next, to stain all nuclei, incubate cells in Hoechst 
or 4’,6-diamidino-2-phenylindole (DAPI) at 1:50,000 in 
1x phosphate buffered saline for 30 minutes at RT while 

covered in aluminium foil with slight agitation (Figure 2). 
After another series of washes as above, mount the coverslips 
onto glass slides. Using forceps, remove the coverslips from 
each well, rinse the coverslip in milliQ water, and then mount 
the coverslip onto a glass slide containing a drop of ProLong 
Antifade Reagent, which has been prepared according to the 
manufacturer’s instructions. Store slides at room temperature 
until analysis.

Lab Session 4: Pre-laboratory Preparation
Set out fluorescence microscopes and prepare a brief pre-

laboratory lecture about how students will analyze their data 
and how to use the microscopes (Supporting File S9: Studying 
the Neural Extracellular Matrix – Lab Session 4 Pre-Lab Lecture 
and Supporting File S10: Studying the Neural Extracellular 
Matrix – Lab Session 4 Handout).

Lab Session 4
Student groups will use the fluorescence microscopes in 

groups to analyze their cells, which fosters student discussion. 
Remind the students how immunofluorescence works and 
which fluorophores are associated with which antibodies. 
Students should record all their observations and can talk to 
other groups. If possible, students can obtain images to use 
for the lab report. At the end of the session, hold a discussion 
with the entire class to assess what each group saw. In the 
case of this experiment, they will be looking at expression of 
aggrecan-based PNNs (Figure 3) and GFAP (Figure 4) in four 
groups: Control, +KCl, +AraC, and +KCl +AraC.

Figure 2. Hoechst staining of cortical cultures. In order to visualize nuclei, 
students apply the fluorescent Hoechst 33342 stain (blue) to cultures after the 
secondary antibody incubation. This was included to ensure that students were 
analyzing cellular staining and not any staining artifacts.

Figure 3. Aggrecan-based 
PNN. In this experiment, 
cortical cultures were stained 
with anti-aggrecan antibodies 
to label PNNs (green). This is 
a representative image of an 
aggrecan-based PNN that 
the students should visualize 
in this lesson by using a 
fluorescence microscope. 
The PNN surrounds the cell 
body and extensions of a 
particular neuron within the 
culture.
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Students find this session fascinating as they get to see 
the direct results of their hard work and get to answer the 
two main questions that were set forth in the beginning of 
the experiment. If you want to adopt this exercise, consult 
Supporting File S11: Studying the Neural Extracellular Matrix 
– Instructor Notes.

Assessment
Data analysis is typically qualitative rather than quantitative, 

but this exercise could be adapted to fit a more quantitative 
approach, if desired. The main form of assessment is a formal 
lab report containing an Introduction, Materials and Methods, 
Results, and Discussion sections along with figures and 
tables and associated legends (Supporting File S12: Studying 
the Neural Extracellular Matrix – Lab Report Rubric). Small 
formative assessments for Lab Sessions 1 and 3 would help 
the students understand the overall goal of the experiment 
and allow them the opportunity to brainstorm and collect 
information for their lab report.

TEACHING DISCUSSION

The purpose of this laboratory exercise is to provide a hands-
on, research-based experience for upper level Biology majors. 
While the premise of the experiment was given to the students, 
they came up with specific hypotheses and predictions based 
on information they gathered from the primary literature. 
While there were small formative assessments during this 
four-week experiment (lab quizzes and small assignments 
based on the activities carried out in Lab Sessions 1 and 3), 
the main form of assessment was the formal lab report. In this 
lab report, students delve into the literature to find support for 
their specific hypotheses and predictions as well as put their 
results in context of the greater body of work.

In the lab report, students have to explain how the neural 
ECM is structured and define the molecules that make up 
the PNN. They also need to find work that discusses the 
function of PNNs as well as dissect how activity plays a role 
in overall formation of this structure. This information allows 
the students to hone in on their hypotheses and explain the 

rationale for the experiment. Before writing the lab report, 
they received instructor feedback on the materials and 
methods section as well as their hypotheses. Additionally, in 
Lab Session 2, students have the opportunity to gather suitable 
literature articles and get one-on-one time with the instructor 
to discuss their hypotheses and predictions. Students will 
either predict that an elevation of activity levels in the cultures 
will cause an increase or decrease in PNN expression. In 
terms of the second question, students will either hypothesize 
that aggrecan, a component of the PNN, is made by neurons 
or glia. When evaluating these lab reports, I am looking for 
hypotheses and predictions that are supported by the literature 
and students must discuss how their own results fit in with a 
greater body of work. One of the primary ways that scientific 
information is conveyed is through written communication, 
thus, this assessment provides students with the practice 
in how to articulate their findings. Students are graded 
individually, so they are responsible for their own work. 
The detailed rubric breaks down exactly how the students 
will be graded. Moreover, you will not only be able assess 
student understanding and learning through the lab report, but 
also through the small formative assignments, as well as in 
conversation throughout the lab sessions.

Students generate primary cultures from embryonic mouse 
brains, stain the cultures, and then image them over the course 
of this exercise. They additionally learn sterile technique 
and how to generate cell counts. Importantly, many of the 
concepts discussed in class are put to use in this exercise, 
namely, cell culture technique, immunofluorescence and 
microscopy. Students find this laboratory intriguing and are 
excited when they are able to examine the stained cultures 
under the microscope.

To some students the lab report and delving into the 
associated literature might seem daunting; so you might 
choose to use one or more laboratory sessions throughout 
the semester on how to read and synthesize a journal article. 
One semester, I used a session to discuss a PNN paper so 
that students had a starting point for their own research. This 
dedicated session allowed us to spend more time talking about 
the field and students were able to freely ask questions.

This laboratory exercise requires use of the following 
equipment: cell culture hood, designated cell culture 
incubator, designated cell culture centrifuge, microscopes to 
perform cell counts using a hemocytometer, and fluorescence 
microscopes. If you only have access to one cell culture hood, 
then I recommend having groups rotate and providing the 
students with another assignment while they are not actively 
working in the cell culture hood. If there are additional cell 
culture hoods available, you need to ensure that you can 
monitor all the students in the hoods at a given time. This 
technique requires precision and sterile technique, so unless 
the class is well trained in this, you will need to determine 
how many groups you can oversee at a given time. The 
amount of space in the incubator is minimal, as 24-well plates 
can easily be stacked, so if you have to share the space with 
a colleague, that would work well. I recommend setting up 
multiple microscopes to count cells on. A simple inverted light 
microscope would suffice. Have multiple hemocytometers 
available, so more than one group of students can count at 
the same time. Both the cell culture centrifuge and incubator 

Figure 4. GFAP staining. In this lesson, students will stain primary cultures 
with antibodies against glial fibrillary acidic protein (GFAP) to label glial 
cells (green). This is a representative image of what GFAP-positive glial 
cells should look like.
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should be designated as cell culture equipment to prevent any 
contamination. If the centrifuge needs to be shared, it is best 
to ensure that bacteria are not used in the centrifuge, as any 
spills could contaminate the cultures. In terms of fluorescence 
microscopes, it would be best to have at least one microscope/
group, but in the past, I have had students rotate using the 
microscopes because there were not enough available.

The first session might run longer than the 2 hour 50 minute 
time period that I typically am allotted. To prevent this, decide 
how many groups to have and how many people to assign to 
each group. I recommend no more than 4 groups and no more 
than 4 students/group. Another option that might work for other 
classes of varying sizes would be to have two groups come to 
the first half of lab so that they could finish the experiment 
in its entirety and then have the other two groups come to 
the latter half of lab. This could cut down on the overall time 
and prevent students from having to rotate in and out of the 
culture hood. Moreover, this adjustment would be useful for 
teaching larger classes. If teaching a large number of sections, 
then I would recommend that you establish a sign-up sheet to 
schedule appointments to use the fluorescence microscopes. If 
needed, this could be outside of class hours to accommodate 
the students and ensure that everyone has an opportunity to 
view their specimens.

Keep in mind that the embryos need to be a particular 
age upon harvest, so plan accordingly if there are multiple 
sections. Ideally, the mice would arrive about one to two days 
prior to the dissection. If two sections are on the same day, the 
embryos can be initially dissected together and then the brains 
can be separated for each section. Performing the exercise on 
a different day (other than at E16) would not be advised, as 
this developmental stage was selected based on previous work 
(17-18). Briefly, dissections are quite easy to perform at this 
stage and it is easier to isolate a plethora of single cells at this 
stage.

To make the lab a bit simpler (perhaps for a more 
introductory Cell Biology course at the sophomore level), you 
might opt to just study endogenous PNN formation—in other 
words, omit the use of KCl and AraC. This would eliminate a 
discussion of how changes in activity impact PNNs, as well 
as the cellular source of the molecules that comprise the 
PNN. However, this would require that the cells remain in 
culture for a longer period of time (approximately 3 weeks). 
If you are comfortable with a three-week gap between the 
beginning of the experiment and the staining, then that would 
be suitable. This would still provide students with the same 
fundamental techniques, but would make the lab report more 
straightforward. Alternatively, another form of assessment can 
be assigned instead of the lab report.

In the past, I have not had students hand in drafts of the 
lab report, but in my experience, some students would benefit 
from this. Depending on the class and the student body, you 
could assign this lab earlier in the semester to allow time 
for a first submission and for the students to get feedback. I 
have also thought about potentially having a workshop where 
students get feedback from their peers on the lab report. This 
allows for peer-teaching opportunities. Additionally, students 
could create posters instead and present their findings to the 
class or even the department. This would help the students 

hone their presentation skills.

While I have not had students analyze their results 
quantitatively, that can be incorporated into the exercise as 
well. Students can count the number of PNNs/group by picking 
5-10 fields of view using the 20x objective and recording their 
results. They could use a one-way ANOVA to analyze their 
results if they are well versed in the use of statistics and have 
access to statistical programs. Data from multiple groups could 
be pooled together for the purposes of analysis or the students 
could be provided with a data set.

Depending on the outline of the course, you may wish to 
change the spacing between the sessions. As written, there is 
one week between each session, with the experiment taking 
four weeks. It would be possible for someone wishing to adopt 
this exercise to have more than a week between Lab Session 
3 and Lab Session 4, where the students analyze their results.

This exercise provided students with an opportunity to 
learn fundamental techniques that are used by Cell Biologists 
and reinforce concepts from lecture while answering specific 
research-based questions on the neural ECM. Students enjoyed 
this exercise and found this experience rewarding and exciting.

SUPPORTING MATERIALS

• Supporting File S1: Studying the Neural Extracellular 
Matrix – Lab Session 1 Assignment. This file contains the 
formative assessment given to students after completion 
of the Lab Session 1 exercise. In this assignment, students 
need to write the Materials and Methods section as well 
as organize their cell count, cell density, and plating 
information.

• Supporting File S2: Studying the Neural Extracellular 
Matrix – Lab Session 3 Assignment. In the Lab Session 3 
formative assessment students will organize the methods 
employed in Lab Session 3 of the experiment and will also 
find primary or secondary literature articles to address two 
main points. The first question asks students to think about 
what PNNs are, where they are found, and the molecules 
that are found in these structures. Secondly, students need 
to set forth hypotheses to answer the two central pointed 
questions that form the basis of the lab report. They will 
also need to find primary literature articles to support 
their hypotheses.

• Supporting File S3: Studying the Neural Extracellular 
Matrix – Dissection Information. This Word document 
contains detailed information, including pictures showing 
how to dissect the cerebral cortices of embryonic mouse 
brains.

• Supporting File S4: Studying the Neural Extracellular 
Matrix – Lab Session 1 Handout. This handout details 
the procedure that students will follow in Lab Session 1 
of the experiment where they generate single cells from 
dissected embryonic mouse brains, count the cells, and 
then plate them. Please note that, where applicable, 
review articles were referenced in order to reduce the 
number of total sources as well as to encourage the 
students to find suitable primary sources for their lab 
reports.

• Supporting File S5: Studying the Neural Extracellular 
Matrix – Lab Session 2 Pre-Lab Lecture. This pre-lab 
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lecture goes over the background information necessary 
for the students to understand the two central questions 
that will be answered in this experiment. Additionally, 
the methods that were employed in Lab Session 1 are 
reviewed.

• Supporting File S6: Studying the Neural Extracellular 
Matrix – Lab Session 2 Handout. This handout contains 
the instructions for Lab Session 2 in which students 
work on formulating hypotheses and predictions for this 
experiment as well as searching for applicable primary 
and secondary literature articles.

• Supporting File S7: Studying the Neural Extracellular 
Matrix – Lab Session 3 Pre-Lab Lecture. This pre-lab 
lecture briefly discusses the importance of fixing and 
blocking cultures prior to applying primary and secondary 
antibodies.

• Supporting File S8: Studying the Neural Extracellular 
Matrix – Lab Session 3 Handout. This handout details 
the steps that students will undertake in Lab Session 3 
to fix and block their cultures as well as apply primary 
antibodies.

• Supporting File S9: Studying the Neural Extracellular 
Matrix – Lab Session 4 Pre-Lab Lecture. This pre-lab lecture 
describes how to use the fluorescence microscopes and 
analyze the results. It also explains all the components of 
the lab report. Lastly, it provides example images of what 
aggrecan-based PNNs and glial cells look like, which will 
open up a broader discussion of what has previously been 
done in the field.

• Supporting File S10: Studying the Neural Extracellular 
Matrix – Lab Session 4 Handout. The Lab Session 4 
handout provides the necessary instructions for students 
to use the fluorescence microscopes and analyze their 
results. There is also a chart that the students can use to 
organize their observations as they view their slides.

• Supporting File S11: Studying the Neural Extracellular 
Matrix – Instructor Notes. This document provides all the 
necessary information for this exercise, including catalog 
and company information for reagents and more specific 
details about how to prepare the reagents that are needed 
for each session.

• Supporting File S12: Studying the Neural Extracellular 
Matrix – Lab Report and Rubric Information. This 
document contains a breakdown of what should be 
included in the lab report as well as the associated rubric.
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Table 1. Using a Primary Cell Culture Model to Study the Neural Extracellular Matrix Teaching Timeline  

Activity Description Time Notes

Preparation for Lab Session 1

Prepare and coat 
coverslips

1. The day before the exercise (or even 
earlier) autoclave Schifferdecker 
Staining Jars, forceps and glass 
coverslips in appropriate coverslip 
holders.

2. Incubate coverslips in hydrochloric 
acid, water, and then distribute into 
wells and wash with Dulbecco’s 
phosphate buffered saline.

3. Coat coverslips in Poly-D-lysine and 
laminin overnight in the cell culture 
incubator.

~2 hours and 
45 minutes

• To save time on the day before the exercise, you 
can autoclave the materials earlier.

• Instructor notes are provided in Supporting File S11, 
which provide further information on preparing the 
substrates and the reagents that are used.

• Students are given information about what the 
instructor did to prepare coverslips in Supporting 
File S4.

Solution Preparation 1. Prepare Neurobasal Medium with 
B27, Penicillin/Streptomycin and 
Glutamax.

2. Prepare dissection media made up 
of Hank’s Balanced Salt Solution 
with Penicillin/Strepto-mycin.

3. Aliquot 0.25% Trypsin-EDTA.

~30 mins • The Neurobasal Medium with supplements should 
be sterile filtered and prepared in the cell culture 
hood.

• 500 mL of the dissection media should suffice for 
dissections of at least 4 litters. This solution does 
not need to be filtered, as all dissections will be 
performed outside of the cell culture hood.

• Aliquot 10 mL 0.25% trypsin-EDTA for each group 
of 4 students. This step should be done in the cell 
culture hood and there is no need to filter the 
solution again.

• Check with your IACUC and institution about 
working with mice and ensure that the mice are 
delivered at least a day before you need to harvest 
the embryos. The embryos are used on embryonic 
day 16, so plan accordingly when ordering timed-
pregnant females.

Instructor Preparation on the Day of the Exercise (Lab Session 1)

Dissections Dissect the cerebral cortices from 
embryonic mice on embryonic day 
16 and keep tissue incubated in the 
supplemented Neurobasal Medium until 
the laboratory session.

1-2 hours • The amount of time the dissections take will vary 
considerably and depend on a number of factors: 
(1) how many students and laboratory sections there 
are (2) how the instructor chooses to organize the 
student groups (3) how many embryos are present 
in each litter (4) how many litters the instructor is 
working with and lastly, (5) how adept the instructor 
is at the dissections. 

• See Supporting File S11 for more information about 
how many embryos are recommended for use, and 
see Supporting File S3 for detailed instructions on 
how to perform the dissections.

Lab Session 1

Lab Session 1 Quiz Administer Lab Session 1 quiz. 5-10 minutes • While this step is entirely optional, a short reading 
quiz helps so that students are prepared to complete 
the exercise.

• Typically, these questions are multiple choice and 
are on the procedures to be carried out.
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Activity Description Time Notes

Primary Culture 1. Students will isolate single cells 
from dissected cerebral cortices of 
embryonic mice.

2. Students will generate cell counts 
to determine how many cells to 
plate based on a desired density and 
volume.

3. The students can plate the cells if 
time allows.

3 hours to 3 
hours and 30 
minutes

• Supporting Files S3 and S11 have information 
for the instructor about how to carry out the 
exercise and how to guide the students through the 
procedure.

• Typically, students complete the entire experiment 
and then generate cell counts. The instructor may 
have to plate the cells for each group due to time 
constraints.

• Depending on how many cell culture hoods are 
available and if there are teaching assistants, the 
time needed to complete this exercise may be 
shorter.

• The amount of wells generated/group will depend 
on the total number of cells, which can also vary 
widely.

Formative 
Assessment: Lab 
Session 1 

Students are assigned a small formative 
assessment that requires them to write the 
Materials and Methods for Lab Session 1 
and organize their cell count information.

• The assignment should be due one week after the 
completion of Lab Session 1.

• See Supporting File S1 for further details about the 
assessment.

Culture treatments and media changes (Between Lab Sessions 1 and 3)

Culture Treatments 
on 1 day in vitro 
(DIV)

1. Within each group of students, cells 
are assigned to one of four groups: 
control/untreated, KCl, AraC, and 
KCl/AraC.

2. Where appropriate, add 20 mM KCl 
to achieve a final concentration of 
25 mM. Where appropriate add 5 
μM AraC.

30 minutes • Prepare stock solutions of KCl and AraC as 
explained in Supporting File S11.

• The number of coverslips/student group that are 
assigned to each treatment group depends on how 
many cells were isolated (ex: if a student group 
has 8 coverslips, then there will be 2 coverslips/
treatment group).

• Even though the culture treatments occur on a day 
when there is no designated lab, students need to 
attend this session to treat their cells.

Full Media Exchange 
on 3 DIV 

On 3 DIV, all the media must be removed 
from each well and replaced with fresh 
supplemented Neurobasal Medium that 
has been pre-warmed in the cell culture 
incubator for at least 20 minutes. Cells 
in the KCl groups (KCl and KCl/AraC) 
are continuously maintained in high KCl 
conditions.

~45 minutes • The amount of time needed for this step depends on 
how many total wells were generated.

• See Supporting File S11 for all the necessary details 
on how to carry this procedure out.

Half Media 
Exchanges on 6 DIV, 
9 DIV, and 12 DIV

On 6 DIV, 9 DIV, and 12 DIV the cells 
must undergo a half media exchange 
where half of the media is removed from 
the well and then is replaced. The cells 
that are in the KCl groups (KCl and KCl/
AraC) are continuously maintained in 
high KCl conditions.

~45 minutes • The amount of time needed for this step depends on 
how many total wells were generated.

• See Supporting File S11 for further instructor 
information.

Lab Session 2

Lab Session 2 Pre-
Lab Lecture

Spend some of the lab period going over 
all of the background information for 
the exercise as well as the experimental 
details for Lab Session 1. This will include 
information on the neural extracellular 
matrix, perineuronal nets, how activity 
impacts perineuronal net development, 
and the central questions that are being 
asked in this experiment.

1 hour See Supporting File S5 for the pre-lab lecture with 
accompanying lecture notes.
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Activity Description Time Notes

Lab Session 
2 Hypothesis 
and Prediction 
Brainstorming

1. The lab session should either be held 
in a computer lab or advise students 
to bring their laptops with them. 

2. A non-biological example and 
a biological example will be 
introduced in order for the students 
to become comfortable with setting 
forth hypotheses and predictions. 

3. Using this information, the students 
should work in small groups to 
discuss their own hypotheses and 
predictions for this experiment.

4. They should also work on finding 
primary and secondary literature 
articles to support their hypotheses.

2 hours See Supporting File S5 for PowerPoint slides detailing the 
hypothesis and prediction examples.

Instructor Preparation on the day of Lab Session 3

Preparation of the 
fixative and blocking 
reagents

1. On the day of the exercise, prepare 
4% paraformaldehyde in 1x 
phosphate buffered saline.

2. Also prepare Dulbecco’s Modified 
Eagle’s Medium with 5% Fetal 
Bovine Serum, 0.5% Triton X-100, 
and 0.2% sodium azide. The 
blocking solution should be kept at 
4ºC until needed.

30 minutes See Supporting File S11 for details on how to prepare 
these reagents.

Lab Session 3

Lab Session 3 Quiz Administer Lab Session 3 quiz. 5-10 minutes See information above about quizzes.

Lab Session 3 Pre-
Lab Lecture 

Remind the students of the purpose of 
this experiment and discuss the fixation, 
blocking, and staining processes.

15 minutes See Supporting File S7 for the pre-lab lecture with 
accompanying lecture notes.

Fix, block, and stain 
primary cultures

1. Students will fix their cultures on 
14 DIV for 20 minutes at room 
temperature and then wash the cells 
3 times for 5 minutes each with 1x 
phosphate buffered saline.

2. Next, each group will block their 
cells in the blocking medium 
described above for 1 hour at room 
temperature with slight agitation.

3. After the blocking step, cells are 
washed 3 times for 5 minutes each 
and then the primary antibodies 
are applied: anti-aggrecan and anti-
GFAP. Both antibodies are diluted 
in the blocking medium at 1:2000. 
The primary antibody incubation is 
overnight at 4ºC.

4. During incubations, the class should 
construct a list of all the reagents 
used in this experiment. Provide 
company information for the lab 
report.

5. Students can also use the incubation 
time to work on the formative 
assessment, continue to search for 
primary and secondary literature 
articles, and work on their lab 
report.

See Supporting File S11 for experimental notes on these 
steps.
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Activity Description Time Notes

Formative 
Assessment: Lab 
Session 3

Assign students a small formative 
assessment following Lab Session 3 that 
asks them to compile the Materials and 
Methods from this part of the exercise as 
well as begin to delve into the literature 
to contextualize the experiment they are 
completing.

• This should be due one week after the completion 
of Lab Session 3.

• See Supporting File S2 for the assignment.

Secondary antibody incubation, Hoechst stain, and coverslipping (Takes place one day after Lab Session 3)

Washing and 
secondary antibody 
application

The cells are washed in 1x phosphate 
buffered saline and then secondary 
antibodies are applied (diluted at 1:800 
in the aforementioned blocking medium). 
The secondary antibody incubation is 
carried out at room temperature for 2 
hours on an orbital shaker plate.

~2 hours and 
15 minutes

See Supporting File S11 for details.

Hoechst staining and 
coverslipping

1. After the secondary antibody 
incubation, cells are washed again 
as above and then incubated in 
Hoechst stain. The Hoechst is diluted 
1:50,000 in 1x phosphate buffered 
saline. This step is carried out at 
room temperature for 30 minutes 
with slight agitation.

2. Lastly, the cells are washed 
again and coverslipped using the 
ProLong™ AntiFade Reagent.

3. Hold onto the slides until the next 
laboratory period.

Details on how to carry out these steps are provided 
in Supporting File S11 and will be carried out by the 
instructor.

Preparation for Lab Session 4

Set up fluorescence 
microscopes

Set up fluorescence microscopes for the 
students to use to analyze their results.

~30 minutes The amount of time allocated for this set-up depends on 
the number of fluorescence microscopes and how the 
microscopes are configured.

Lab Session 4

Lab Session 4 Quiz Administer Lab Session 4 quiz. 5-10 minutes See information above about quizzes.

Lab Session 4 Pre-
Lab Lecture 

Reiterate the point of the experiment, go 
over how to use the microscopes, and 
then discuss the format and content of the 
lab report.

~30 minutes • Supporting File S9 contains the pre-lab lecture and 
instructor notes.

• Additionally, Supporting File S12 contains 
information about the formatting of the lab report as 
well as the rubric.

Analysis  1. Students will use fluorescence 
microscopes to analyze their results. 
They should be encouraged to 
talk to other group members while 
working.

2. The entire class should engage in 
a facilitated discussion about the 
results.

~2 hours • The length of the session is dependent upon how 
many groups there are and how many microscopes 
are available.

• The instructor should have a class-wide discussion 
at the end to ensure that each group understands 
their results.

Summative 
Assessment 

Students will complete a full lab report 
that is contextualized by primary and 
secondary literature.

 • This lab report should be due at least 2 weeks after 
the last lab session.

• Supporting File S12 contains the lab rubric as well 
as a breakdown of the formatting and content of the 
lab report.


