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Using a Virtual Tissue Culture System 
To Assist Students in Understanding Life 
at the Cellular Level 

JACQUELINE S. MCLAUGHLIN STEPHEN B. SEAQUIST 

Almost any person would describe a grasshop- 
per, sunflower, evergreen tree, or a spider monkey as alive 
and a rock, water, or air as non-living. Yet, life resists a simple, 
one-sentence definition because it is associated with numer- 
ous emergent properties. Biologists recognize living things 
via a checklist of these emergent properties: reproduction, 
growth and development, energy utilization, response to the 
environment, and adaptation. Additionally, because these 
properties of life "emerge" from complex organization, biolo- 
gists also add the characteristic of possessing "order" to their 
list of criteria. The higher orders of life reflect the assembly of 
atoms, molecules, macromolecules, organelles, cells, tissues, 
organs, organ systems, into an animated individual. 

In every biology course ever taught in our nation's class- 
rooms, and in every biology book ever published, students 
are taught about the "cell." It is the cell that is dubbed the 
highest and most prestigious of all things in the list of "order" 
because it is the lowest level of structure capable of life itself. 
Indeed, most students will recite with vigor, and even remem- 
ber, the definition of the cell as "the basic structural and 
functional unit of all life." 

The cell is as fundamental to biology as the atom is 
to chemistry. Truly, everything an organism does occurs 
fundamentally at the cellular level: from transporting oxy- 
gen in a red blood cell to providing tensile strength to lift a 
dumbbell via tendons, ligaments, and muscles, or regulating 
glucose concentration in the blood via pancreatic regulation 
of insulin secretion. Yet, what do we do to have our students 
actually think about, and understand this key element of 
life? The answer is not too much, beyond memorizing its 
definition, or matching organelles to their function on a test. 
Maybe it's because it's easier to think of life at the organismic 
level. Maybe it is because cells are small - typical mammalian 
cells range from 1 to 100 pm in diameter, and, therefore, are 
visible only under the microscope. Maybe it's because most 
basic biology labs do not perform tissue culture or have state- 
of-the-art microscopic tools to provide students access to 
seeing cells in their living state. Indeed, a living paramecium 
or amoeba, here or there, may be observed. Sure, students 
routinely look at bacterial preps, stain their cheek cells with 
methylene blue, or worse yet, look at preserved slides; but 
is this enough? Is it enough to list organelles on the board 
and have students memorize the function of each organelle, 
without any clue as to "how" the endoplasmic reticulum 
(ER), Golgi, and lysosome actually work to help sustain life 
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at the cellular level? Is it enough to teach students about a 
cell by merely using color-coded diagrams of box-like repre- 
sentations in packaged textbooks? Using this approach, we 
are not allowing our students the opportunity to understand 
the essence of cellular life. Moreover, we are misguiding our 
students by creating the misconception that all cells are the 
same and not relating another important message, or key 
concept in biology: that the structure of each cell relates to 
its distinct function. A red blood cell is shaped like a donut, 
a neuron looks like a branching wire, a sperm looks like a 
harpoon, rods and cones are shaped like huge antennae, and 
epithelial cells are either cuboidal, columnar, or squamous to 
perform their unique cellular work (McLaughlin, 2001). 

Biology students of today must appreciate that cells actu- 
ally are alive! They must see a cell as carrying out life-sustain- 
ing functions, and that each one is a "living" entity unto itself. 
In today's world, students must be able to appreciate, and 
critically think about life at the cellular level. Why? The study 
of diseases (like cancer, diabetes, Alzheimer's, multiple scle- 
rosis, and bipolar disorder), epidemics (the influenza, AIDS, 
or SARS, not to mention drug addiction, and obesity), or the 
loss of biodiversity (due to eutrophication of lakes, rivers, and 
ponds); each requires an understanding of unique cell types 
and their specific biology and physiology. How will we foster 
the researchers who will devise the newest cardiovascular 
drug, vaccines against HIV and malaria, and stem cell dif- 
ferentiated "cell lines" unless the students can think about, 
in their introductory biology classes, the ever-so-intriguing 
life of a cell. 

Materials & Methods 

Overview 
The objective here is to provide a set of classroom 

inquiry-based activities that use a virtual tissue culture sys- 
tem to assist students in recognizing and appreciating life at 
the cellular (eukaryotic) level. These activities are aimed at 
high school students at all levels, and college freshmen tak- 
ing either a non-majors or majors introductory biology class. 
They address the National Science Education Standards (9-12), 
http://books.nap.edu/readingroom/books/nses/6e.html#1s, 
Life Science CONTENT STANDARD C. They also cover the 
five standards of authentic instruction: higher-order thinking, 
depth of knowledge, connectedness to the world beyond the 
classroom, substantive conversation that focuses on concept 
development and involves student expression, and social 
support for student achievement (Newmann & Wehlage, 
1993). Each of these standards is highlighted throughout 
this article. 
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Encourage students to dive into "deep 
conversations" about why the hier- 
archy helps us to place the building 
blocks where we need to conceptualize 
them - deepen knowledge through 
discussion here. 

5. At this point, review skin as organ 
- layers (epidermis, dermis, and 
hypodermis) and tissues (epithelial, 
connective, muscle, and nervous) 
using Figure 1. More importantly, 
think of how the skin regulates 
systemic homeostasis of fluid and 

electrolyte balances, and detection of environmental 
changes including temperature, humidity, and touch. 
Where does that information go? How does the indi- 
vidual respond? 

6. Tell the students that their job today is to "think" about 
eukaryotic cells, specifically skin epithelial cells, kerati- 
nocytes, in tissue culture. To do this, present Figure 2 
which overviews the methodology used to grow kerati- 
nocytes in tissue culture (Freeman et al., 1976; Jensen 
& Bolund, 1991; Rikimaru et al., 1990). Also, if technol- 
ogy is available, show students the following time-lapse 
video of cells in tissue culture which lasts just one min- 

Activity One 
1. Begin by dividing the class into 

small groups of students, and 
then ask them to define "life" 
by listing the characteristics of 
all living things at the organ- 
ismic level. To aid students in 
their thinking, provide one of 
the following: a) figures show- 
ing an abiotic rock and a biotic 
tree, b) a real rock and a living 
plant or animal, or c) the items 
described by MacKenzie, 2006 
in an activity designed to formulate this list indepen- 
dently in small groups. 

2. As a class, use students' answers to come to a consensus 
to create a unified list on the board. Discussions should 
include the characteristics from the checklist given in 
Table 1. 

Depth of knowledge begins at a shallow level here to estab- 
lish the baseline. Student groups promote social support by 
allowing students to accomplish a shared goal and promote 
intellectual camaraderie. 

3. Using the same student groups, now ask each group to 
collectively define a "cell." Review 
their answers. Then, having estab- 
lished the glossary definition - life's 
fundamental unit of structure and 
function - look your students 
straight in the eyes and recite the 
definition loudly. Now get excited! 
Remind them that cells are alive! Life 
actually begins here!! 

Engage in "Higher Order Thinking 
or H-O-T" conversation with students. 
What does it mean to be alive? What 
happens when an organism is deprived 
of some vital component, like blood 
supply to the heart (myocardial infarc- 
tion means death to heart myocytes) or 
brain (stroke equates to death of neu- 
rons)? Why is it crucial for us to under- 
stand what cells do (rods and cones per- 
ceive light by conformational changes in 
light-absorbing-molecules in their outer 
membranes; cochlear mechanoreceptors 
[hair cells] translate sound waves into 
action potentials which ultimately exit 
the cochlea via the auditory nerve)? 
Encourage students to connect what 
they have heard about stem cells in the 
media. 

4. Now that the students are ready 
to embrace life at the cellular level, 
reinforce this concept even more 
by asking them to list the hierarchy 
of organization (order) of all liv- 
ing things. Start a list on the board 
beginning with the "atom" and have 
students yell out the higher levels 
until the emergent property of life, 
the cell, evolves. 
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Table 1. Checklist of the Characteristics of Life. 

A B C CHARACTERISTIC 
Made of cells 
Growth and development 
Energy utilization 

Response to the environment 

Independent reproduction 
Evolutionary adaptation 
Possesses order 

Epidermis 

Hair 

-Sweat 

pore 

Hypodermis 

Adipose tissue 

Blood vessels 

'Hair follicle 

Sweat 

gland 

Oil gland 

Figure 1. Mammalian integumentary system. The innermost layer, the hypodermis, is 

composed of adipose tissue (fat storing cells) and blood vessels.This provides insulation and 
protection to the organism.The next layer is the dermis which consists of hair follicles, oil 
and sweat glands, muscles, nerves, blood vessels, all embedded in loose connective tissue 

(predominantly collagen).The outermost layer is the epidermis which contains mostly kera- 

tinocytes (-95%), but also melanocytes (-3%), immune cells (-1-2%), and nerve endings. 
It primarily consists of 25 to 30 layers of epithelial cells, which differentiate into keratinocytes 
as they move up the strata. Differentiation includes change in cellular shape, or morphology, 
from cuboidal to squamous, and keratinization (synthesis of the intermediate filament pro- 
tein, keratin). Once these cells reach the top, they are sloughed off.The epidermis serves as a 
protective covering for an organism. (Figure 40.14, p.835 from Biology, 7th Ed. by Neil A. Campbell and 
Jane B. Reece. Copyright (c) 2005 by Pearson Education, Inc. Reprinted by permission.) 

Dermis Muscle 

Nerve 



Biopsy 

Surface epithelium 
of human skin 

2x wash in 
media & EDTA 

Centrifuge 

Tissue culture at 37oC 

Several 
Days 

Monolayer 

Figure 2. Normal human epithelial cell tissue culture. A biopsy of 
the epithelial layer of skin is taken isolated from whole skin by separation 
of the epidermis from the dermis by enzymatic digestion of the basement 
membrane.The tissue is then subjected to the enzyme, trypsin, to digest the 
extracellular matrix that surrounds each cell, resulting in a suspension of free 
cells. Cells are washed/centrifuged 2X in basal nutrient medium consisting of 
glucose, amino acids, salts, and antibiotics (to prevent bacterial growth) and 
EDTA (to remove calcium ions so cells stay separated). Cells are then trans- 
ferred to sterile culture Petri dishes containing basic growth medium plus 
growth factors (proteins that stimulate cells to divide) and incubated at 37o 
Celsius for several days (development of a monolayer depends on the starting 
inoculum and the growth rate of the cells).The cells attach to substratum, 
proliferate, and exhibit"density-dependent inhibition"* to generate a 

monolayer - or single layer (Normand & Karasek, 1995). 
* 

Density-dependent inhibition - the effect of an external physical factor on cell division, 
the phenomenon observed in normal animal cells that causes them to stop dividing 
when they come into contact with one another. 

Trypsin 

Single cell 
suspension 

H-O-T and Deep Knowledge combine here to form the basis for 
this last round of discussion - or Substantive Conversation. 
Here the students will help each other to solve problems; the 
instructor's role is to "teach them how to fish" so if misconcep- 
tions begin to arise, re-direct students with questions that tie 
back to earlier concepts. 

8. List students' descriptions on the board, using the 
answer key presented in Table 2 as a guide. 
Connect this to the real world. Tackling the Alzheimer's, 
Parkinsons, cancer, and eco-environmental challenges we face 
requires that we think like scientists ... have students discuss 
why they think "ordinary people" should understand the 
basic concept of life at the cellular level. 

Activity Two 
1. As an extension of this exercise, and to provide a deeper 

understanding of life at the cellular level, add this activity 
to the previous one. It consists of having students re-exam- 
ine cellular life by thinking about cancer cells in tissue 
culture. After reviewing Figure 3, give students ten minutes 
to check off which characteristics of cellular life are normal 
for this population of cells using Part B of Table 

2. In their groups, have students answer this question: 
Are cancer cells alive? Students will learn that two of 
these characteristics are abnormal, and that the answer 
to whether cancer cells are alive or not is this: Yes, but 
they are genetically altered due to chromosomal (DNA) 
defects which lead to altered morphology, and uncon- 
trolled mitosis leading to clumping and overlapping 
cells. Basically, they are alive, but abnormal. 

Assessment 
To test students' basic recall of the concepts presented 

and to evaluate whether they are critically thinking about 
and understanding the material, the following questions 
were designed utilizing the levels of Bloom's taxonomy 
(Bloom, 1984). Additionally, answers to each question are 
provided for the teacher. 

ute: http ://www. micro s copyu   
com/moviegallery/livecellimag- 
ing/a10/t1/a10.dslwmpl.html. 
About 30 seconds in, the fibro- 
blast in the upper right corner 
divides. 

7. Give the students ten minutes 
in their groups to think about 
life at the cellular level by using 
the tissue culture model. From 
the characteristics listed in Table 
1, and the diagram and legend 
in Figure 2, have each group 
write a description of "how" the 
keratinocytes in culture fulfill 
each characteristic. The ques- 
tion you are basically asking is 
this: How do keratinocytes in 
tissue culture, from cell plating 
to the formation of a mono- 
layer, fulfill the seven character- 
istics of life? 

Table 2. Characteristics of life of cultured epithelial cells. 

CHARACTERISTICS DESCRIPTION 

1. Made of cells Epithelial cells, keratinocytes make up monolayer. 

2. Growth and development 
In the presence of nutrients and growth factors, cultured epithelial 
cells grow and differentiate into keratinocytes. 

3. Res ponse to the environment 
Cells stop dividing and exhibit density-dependent inhibition to 
form a confluent monolayer. 
Aerobic cellular respiration: cells take in glucose and amino acids, 
and release NH3; cells take in 02 and release CO2 and generate ATP. 

4. Energy utilization 
Anaerobic respiration generates ATP and lactic acid. (Keratinocytes 
in culture generate most of their energy by anaerobic respiration.) 

5. Reproduction Cells carry out mitosis. 

Human skin has evolved with little or no fur which increases sensi- 
6. Evolutionary adaptation tivity of detection of the environment. In tissue culture, this holds 

constant. 

7. Possesses order Cells are composed of organelles, macromolecules, molecules, etc. 
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Table 3. Characteristics of life at the "cellular level" using cultured cancer cells as a model system. 

CHARACTERISTICS DESCRIPTION 

1. Made of cells Epithelial cells, keratinocytes make up monolayer. 

Keratinocytes divide but may fail to differentiate, exhibit abnormal morphology, and may become independent 2. Growth and development 
ofgrowth factors (Reinwald & Beckett, 1981). 

3. Response to the environment Cancer cells continue to divide well beyond a single layer, forming masses of overlapping cells (Rickimaru et al., 1990). 

Aerobic cellular respiration: cells take in glucose and amino acids, and release NH3; cells take in 02 and release CO2 
4. Energy utilization and generate ATP. Anaerobic respiration generates ATP and lactic acid. (Keratinocytes in culture generate most of 

their energy by anaerobic respiration.) 

5. Independent reproduction Most cancer cells carry out mitosis indefinitely, depending on mutations. 

6. Evolutionary adaptation Tumor formation has negative adaptive value, which may cause illness or death. 

7. Possesses order Cells are composed of organelles, macromolecules, molecules, etc. 

1. Knowledge: List seven characteristics of life. 
Made of cells, growth and development, response 
to the environment, energy utilization, independent 
reproduction, evolutionary adaptation, and pos- 
sesses order. 

2. Comprehension: Identify the outermost layer of 
the skin and describe its cellular constituents. 
The outermost layer of the skin is the epidermis 
which contains mostly keratinocytes (-95%), but 
also melanocytes (-3%), immune cells ( -1-2%), 
and nerve endings. Its primary constituents are 25 
to 30 layers of epithelial cells which differentiate into 
keratinocytes as they move up the strata. 

3. Application: Cells actually exhibit density-den- 
sity inhibition in their normal state in the body; 
examples include the liver, heart, and kidney. 
Why do you think it is helpful to an organism 
that its cells exhibit this phenomenon? 
Cancer cells do not exhibit density-dependent inhi- 
bition and thus form tumors in vitro. If normal 
cells did not exhibit this phenomenon, then the 

Figure 3. Cancerous epithelial cells in tissue culture after several 

days of incubation at 37o C. Cells anchor to collagen-coated substratum, 
yet do not exhibit density-dependent inhibition to create a monolayer. 
Instead cancer cells continue to divide well beyond a single layer, forming 
masses of overlapping cells. Also, due to chromosomal abnormalities, or 
mutations, cancer cells exhibit altered morphology. 

Table 4. Students' Self Evaluation. 
Each student should use the following rubric for participation to rate his or her performance in the activities. 

STARTING TO GET IT GETTING IT GOT IT 

I listened to what other members of I contributed some ideas to the list I led parts of the discussion with my 

Define Life my group said. I may have nodded my group generated. I may have group. I may have encouraged other 
in agreement or disagreement with helped to organize or sort character- members of my group to contribute 
some of them. istics on the list. their ideas as well. 

I listened to what other members of I contributed some ideas to the list I led parts of the discussion with my 

Define Life at the Cellular Level my group said. I may have nodded my group generated. I may have group. I encouraged other members 
in agreement or disagreement with helped to organize or sort character- of my group to contribute their ideas 
some of them. istics on the list. as well. 

H-O-T Conversations:Why I listened to the ideas in the group 
I asked a question or built on a 

I shared my ideas about why people comment that a classmate or the 
should ordinary people" think and may have jotted down a note or should think like a cell biologist, teacher made. I may have answered like cell biologists? asked a question. answered, and/or asked questions. a question. 
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organism's tissues would be invasive to one another, making 
life functions more difficult or impossible. 

4. Analysis: What do you think would happen if you 
cultured epithelial cells in media without growth 
factors? 

Growth factors are proteins that stimulate cells to divide. 
Cultured epithelial cells would adhere to their culture plate 
but only divide for a limited number of times, i.e., number of 
cell cycles, without growth factor being present. This number 

would be greatly reduced from that of normal cells, which are 
known to divide for as many as 50 cycles in culture, contain- 
ing medium growth factors. 

5. Synthesis: An important aspect of life at all levels is 
structure and function. What structural aspects does the 
epidermis have that assists it in its function as a protec- 
tive outer covering of the body? Now, what structural 
aspects do keratinocytes have that make them excellent 
units of the epidermal layer of skin? 

Membrane of 
white blood cell 

HIV entering a cell 

"''The virus fuses with the 
cell's plasma membrane. 
The capsid proteins are 
removed, releasing the 
viral proteins and RNA. 

DNA 

RNA genome 
for the 
next viral 
generation 

OReverse transcriptase 
catalyzes the synthesis of a 
DNA strand complementary 
to the viral RNA. 

Chromosomal 
DNA 

NUCLEUS 
Provirus 

mRNA 

OProviral 
genes are 
transcribed into 
RNA molecules, 
which serve as 
genomes for 
the next viral 
generation and 
as rnRNAs for 
translation into 
viral proteins. 

()Reverse transcriptase 
catalyzes the synthesis of a 
second DNA strand 
complementary to the first. 

()The double- 
stranded DNA 
is incorporated 
as a provirus 
into the cell's 
DNA. 

HOST CELL 

Reverse 
transcriptase 

Viral RNA 

RNA-DNA 
hybrid 

The viral proteins 
include capsid proteins 
and reverse transcrip- 
tase (made in the cyto- 
sol) and envelope glyco- 
proteins (made in the ER). 

New viruses bud 
of from the host cell. 

Capsids are 
assembled around 
viral genornes and 
reverse transcriptase 
molecules. 

()Vesicles transport the 
glycoproteins from the ER to 
the cell's plasma membrane. New HIV leaving a cell 

Figure 4. Life cycle of the HIV virus. Glycoproteins on the surface of the viral envelope (the membrane surrounding the virus) attach to specific 
receptors on the host cell membrane, allowing viral entry into the cell.The capsid is broken down via cellular enzymes, releasing the viral genome 
(RNA) and the enzyme, reverse transcriptase.The viral RNA is reverse transcribed into a complementary strand of DNA that is then integrated 
into the host cell's genome.This DNA codes for the production of more viral constituents which assemble and exit the cell in a process similar to 

exocytosis, wrapping themselves in a membrane made from the host cell's own membrane. (Figures 18.9 & 18.10, p.341-342 from Biology, 7th Ed. by Neil A. 
Campbell and Jane B. Reece. Copyright (c) 2005 by Pearson Education, Inc. Reprinted by permission). 
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The epidermis is made up of 25-30 layers of epithelial cells 
that continually regenerate, allowing the top layer to be 
sloughed off while constantly being replenished from the 
bottom. This architecture is analogous to that of a brick 
wall of cross-linked proteins (bricks) and specialized lipids 
(mortar), which acts as a barrier that covers the body, and 
in doing so, retainsfluids, protects delicate tissues below, and 
inhibits microbial entry. 
What structural aspects do keratinocytes have that make 
them excellent units of the epidermal layer of skin? 

Differentiated keratinocytes have high concentrations of the 
intermediate filament protein, keratin, in their cytoplasm. 
Intermediate filaments are particularly important in the 
cytoplasm of cells that are subject to mechanical stress. Being 
present in large numbers in epithelial cells allows them to 
assist the organism in resisting damage. 

6. Evaluation: Viruses are considered to be on the border 
of "living" and "nonliving." Why is this? 

Although viruses share some of the characteristics of living 
things, they are missing several important characteristics. 
They cannot reproduce independently since they can only 
reproduce within a host cell. They are not made up of cells; 
they are merely pieces of DNA or RNA surrounded by a 
protein capsid, and in mammals an additional membranous 
envelope. They also do not grow, develop, or utilize energy, 
and their interactions with the environment are fairly lim- 
ited. They do, however, share their chemical constituents 
with living things, and indeed these constituents possess the 
same biological order; however, this order typically stops at 
the macromolecule level. Viruses can adapt very readily over 
time since they routinely mutate the glycoproteins in their 
outer capsids or envelopes, which provide the lock and key fit 
for entry into their host cells. (Viruses can also incorporate 
permanently into the eurcaryotic genome, and have contrib- 
uted significant numbers of genes to higher organisms.) In 
summary, viruses cannot be defined as being alive at the 
cellular level; they do, however, share enough characteristics 
with living things that they cannot be defined as non-living 
either, like the aforementioned rock. 
Hints for students: Review the characteristics of life at 
the cellular level. Also, take into account that viruses are 
basically "cellular parasites," only consisting of DNA or 
RNA, are surrounded by a protein capsid and, if mamma- 
lian in nature, are further surrounded by a phospholipid 
bi-layer. Additionally, review Figure 4 which will provide 
further insight into the life cycle of a selected virus, the 
HIV virus. Completing Part C of Table 1, by checking off 
which characteristics of cellular life are not fulfilled by 
viruses, will also help in answering this question. 

Conclusion 
Most education at the secondary level occurs inside class- 

room walls, focusing on textbook content and packaged labo- 
ratory activities. Moreover, the science that undermines our 
curriculum remains watered down as mere vocabulary words 
and their definitions, and color-coded diagrams, graphs, and 
tables in order to massively produce textbooks. The "real world" 
science, or experimental evidence that explains phenomenon 
behind key biological concepts, has, therefore, been lost as a 
valuable tool to guide students to discover, and critically evalu- 
ate the state of our rich and complicated world. Moreover, we 
are doing an injustice to our youth by not providing them with 

the essential knowledge and skills needed to make informed 
decisions on issues that concern their lives, and the future of life 
itself. Basically, we are "... producing a society with little scientific 
literacy at a time when such literacy is needed more than ever. 
..." (Wubbels & Girgus, 1997). 

Research-oriented instruction emphasizes the central pur- 
pose of science-inquiry. "Real-world" scientists spend their lives 
learning how things work. They postulate, formulate, hypoth- 
esize, gather and analyze data. They devise tentative explana- 
tions based on facts. Then they move on to build a stronger 
case to support findings by fueling their results with knowl- 
edge from their own, or their colleagues,' continual research. 
Physics Nobelist Carl Wiemen believes that one of the best ways 
for teachers to bridge this crucial gap between teaching and 
research is through "scientific teaching." Robert DeHaan in his 
article, "The Impending Revolution in Undergraduate Science 
Education," concurs with Wieman and states that "... using the 
tools of science to teach science ... produces levels of understand- 
ing, knowledge retention and transfer that are greater than those 
resulting from traditional lecture/lab classes" (DeHaan, 2005). 

Presented herein is a set of classroom inquiry-based activi- 
ties that use a virtual tissue culture system, based on solid cell 
biology research methods, to assist students in recognizing and 
appreciating life at the cellular (eukaryotic) level. It is our goal 
to aid students in appreciating and understanding cells as living 
entities by blending real-world research with teaching. 
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