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The goal of this laboratory exercise is to increase student understanding of the impact of nervous
system function at both the organismal and cellular levels. This inquiry-based exercise is designed
for an undergraduate course examining principles of cell biology. After observing the movement
of Caenorhabditis elegans with defects in their nervous system, students examine the structure of
the nervous system to categorize the type of defect. They distinguish between defects in synaptic
vesicle transport and defects in synaptic vesicle fusion with membranes. The synaptic vesicles are
tagged with green fluorescent protein (GFP), simplifying cellular analysis. The expected outcome
of this experiment is that students will better understand the concepts of vesicle transport,
neurotransmitter release, GFP, and the relation between the nervous system and behavior.
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INTRODUCTION

We pursued an inquiry-based exploration of the relationship
between nervous system function and animal movement in
an introductory undergraduate cell biology course. This ar-
ticle describes an exercise designed to enhance education
in biology by encouraging student exploration and critical
thinking, while introducing important biological concepts.
Such an approach has been recommended by the Division of
Undergraduate Science, Engineering, and Mathematics Ed-
ucation (1989). Specifically, students observe the movement
of worms with nervous system defects and then examine the
structure of the nervous system to categorize the type of de-
fect. They distinguish between defects in vesicle transport
and defects in vesicle fusion with membranes. Students can
utilize two different types of microscopy in this study; they
can examine movement of the worms with a stereomicro-
scope, followed by analysis of their nervous systems at the
cellular level using a fluorescent microscope. Two aspects of
the experiment make it easily accessible to undergraduate
students in an introductory cell biology course. First, the ex-
ercise utilizes the nematode, Caenorhabditis elegans, an organ-
ism that is easy to observe, maintain, and manipulate. Sec-
ond, the nervous system of the worm is tagged with green
fluorescent protein (GFP), simplifying cellular analysis. By
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applying concepts learned in a cell biology course, students
are expected to attain a deeper understanding of cell biology
(National Research Council, 1997). As a result of this exercise,
students are expected to achieve a greater understanding of
vesicle transport, neurotransmitter release, GFP, and the rela-
tion between the nervous system and behavior.

Neurons send signals to other neurons or to muscle cells by
releasing neurotransmitters. Neurotransmitters are chemicals
that diffuse through the space between the cells and stimulate
a response in the adjacent cell. In this manner, a neuron can
stimulate a muscle to contract. Before they are released, the
neurotransmitters are packaged into vesicles in the cell bodies
of the neurons and transported down the length of the axon.
The vesicles accumulate at the end of a neuron until a signal
stimulates the vesicles to fuse with the cell membrane and
release their contents into the synapse (Figure 1).

Defects in neurotransmitter release result in improper stim-
ulation of muscle cells, altering movement. Two events in
neuronal signaling that can interrupt nervous system signals
are defects in vesicle transport along the axon and defects
in vesicle fusion with the cell membrane. Students examine
worms with each of these types of defects as well as worms
with a normal nervous system. The worms with defects in
vesicle transport have a mutation in the gene coding for a
motor protein that drags the vesicles down the length of the
axon. This motor protein, kinesin, is found in many organ-
isms, including mammals (Hall and Hedgecock, 1991; Otsuka
et al., 1991). The worms with defects in vesicle fusion have a
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Figure 1. Vesicle transport and fusion. The motor protein kinesin is
shown moving a vesicle along a microtubule. Vesicles are depicted
docked at the plasma membrane and fusing with the plasma mem-
brane at a synapse.

mutation in gene coding for a protein that regulates fusion of
synaptic vesicles with the cell membrane. The protein is called
UNC-13 and is homologous to proteins in mammals that are
also important in nervous system function (Brose et al., 1995;
Richmond et al., 1999).

Students are first asked to design an experiment to deter-
mine which worms have a defect in nervous system function
and which worms have a normal nervous system. If students
make the connection that a defect in the nervous system
would affect movement of the worm, then they can design
a simple experiment observing movement of the different
strains of worms using a dissecting microscope. Worms with
a normally functioning nervous system would move quickly
on a plate, while worms with a defect in nervous system func-
tion would move slowly or not at all.

After distinguishing between normal and mutant worms
based on movement of the organisms, students are asked
to design an experiment to determine what type of nervous
system defect is affecting the worm’s behavior. The nervous
system in the worms has been labeled with the fluorescent
tag GFP, which causes bioluminescence in the Pacific North-
west jellyfish, Aequorea victoria. After GFP absorbs blue light,

Figure 2. Caenorhabditis elegans nervous system. (A) An adult C. elegans worm (NM1233) is shown using differential interference contrast
microscopy. (B) The same worm is shown using fluorescence microscopy. The nervous system of the worm glows due to the presence of GFP.
The nerve ring, ventral nerve cord, and dorsal nerve cord are visible.

it emits green light. GFP can be incorporated into other liv-
ing organisms and used as a fluorescent tag (Chalfie et al.,
1994). In this study, GFP is attached to a protein on synaptic
vesicle membranes (Nonet, 1999). Using this knowledge, stu-
dents can design an experiment in which they compare the
appearance of the nervous system in normal worms to the
appearance of the nervous system in mutant worms. Because
the location of synaptic vesicles in neurons can be identified
by a green glow visualized with a fluorescent microscope
(Figure 2), students may choose to observe the worms under
the fluorescent microscope and distinguish between vesicle
transport and vesicle fusion mutants based on the localiza-
tion of GFP in the nervous system. As they have already
determined which worms have a normal nervous system,
they have established a control for their study of the subcel-
lular localization of synaptic vesicles in the mutant worms.

Caenorhabditis elegans is an ideal organism for studying the
nervous system in an undergraduate laboratory. The worms
are simple, nonparasitic, and develop quickly. Because they
are only 1 mm long, the plates they grow on take up little
space. Populations can be frozen long term, so that a stock
can be thawed shortly before the laboratory exercise. More-
over, the nervous system of C. elegans has been studied and
characterized extensively at the cellular level (White et al.,
1986; Hall and Russell, 1991). Surprisingly, the nervous sys-
tem of this small worm functions in many ways like our own
nervous system (Bargmann, 1998). Genes that are involved in
human neurological disorders, such as Alzheimer’s disease,
have counterparts in C. elegans (Levitan and Greenwald, 1995;
McDermott et al., 1996). Using C. elegans in a laboratory exer-
cise presents an opportunity to emphasize the importance of
model organisms in basic research.

The following methods were designed to make this ex-
periment feasible for a large introductory cell biology course
for undergraduates. During a semester, we found it possi-
ble to run six laboratory sections, each with approximately
20 students. The students worked in groups of four to enhance
cooperative learning in the laboratory (Johnson et al., 1991;
Advisory Committee to the National Science Foundation Di-
rectorate for Education and Human Resources, 1996; Strum-
Kenny, 1998). The necessary equipment for this laboratory
exercise should be found in most colleges or universities.
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MATERIALS AND METHODS

Preparations to Make Several Weeks in Advance
1. The appropriate C. elegans strains and the bacteria for feed-

ing C. elegans can be obtained from the Caenorhabditis Genetics
Center (CGC; Rochester, MN). The C. elegans strains NM1233,
NM440, and RK001 have GFP-labeled synaptic vesicles. NM1233
has a normal nervous system, NM440 has a defect in vesicle trans-
port, and RK001 has a defect in vesicle fusion. The bacterial strain,
OP-50, is a strain of Escherichia coli used as food for C. elegans. Send
your request by e-mail to stier@biosci.cbs.umn.edu. Indicate the
names of the strains you would like to receive, a one-sentence de-
scription of what you would do with the strain, and your complete
mailing address and phone number. The strains are sent through
the mail on agar plates and should arrive in about 7–10 days,
plus shipping time. The CGC is supported by funds from the
National Institutes of Health (NIH); therefore, educational or non-
profit organizations are not charged for the strains or for shipping.

2. 2× TY medium for growing bacteria is prepared (another rich
medium can be substituted; Ausubel et al., 1998).

a. Liquid medium for growing bacterial cultures:

Tryptone 16 g
Yeast extract 10 g
NaCl 5 g

The dry ingredients are mixed together and the volume is
brought to 1 L with dH2O. One hundred milligram aliquots
are transferred into screw cap bottles for growing bacteria. The
caps are loosened and the solution is autoclaved.

b. Solid medium for bacteria plates:
The same dry ingredients used to make the liquid medium are
mixed together and then 15 g of agar are added. The volume is
brought to 1 L with dH2O. The solution is autoclaved. After the
medium cools to approximately 60◦C, it is poured into 100 mm
petri dishes.

3. OP-50 bacteria for feeding C. elegans is grown. Streak OP-50 on
a plate with 2× TY medium. The bacteria is grown overnight at
37◦C or at room temperature for 48 h. A single colony is transferred
to a screw cap bottle with liquid 2× TY using sterile technique.
The cells are allowed to grow at room temperature overnight. The
culture can be stored at 4◦C for a month.

4. OP-50 bacteria are frozen for long-term storage. Transfer 700 µl
of bacterial culture to a sterile plastic tube. Add 300 µl of sterile
50% glycerol. Freeze at −80◦C. To revive the strain, scrape a sterile
applicator across the frozen bacteria and streak on a 2× TY agar
plate.

5. NGM plates for growing C. elegans are prepared (Sulston and
Hodgkin, 1988).
NaCl 3 g
Agar 17 g
Peptone 2.5 g
Cholesterol (5 mg/ml in EtOH) 1 ml
H2O 975 ml
The ingredients listed above are mixed together. The solution is
autoclaved in a 2 L flask. Use sterile technique to add the following
sterile solutions, while mixing.
1 M CaCl2 1 ml
1 M MgSO4 1 ml
1 M Potassium phosphate pH 6 25 ml

Approximately 15 ml of media is poured into each of several
60 mm diameter petri dishes before the solution cools below 55◦C.
The plates are allowed to sit for 2 days on a bench top with their
lids on to allow condensed liquid to evaporate.

6. NGM plates are streaked with OP-50 bacteria. A glass stir rod
is dipped in EtOH and then passed through the flame of a
Bunsen burner. Using sterile technique, the stir rod is dipped
into the OP-50 bacterial culture stored at 4◦C. The stir rod is then
dragged across the surface of two NGM agar plates. The process

is repeated until all the plates are streaked. Allow the bacteria to
grow overnight at room temperature with the lids on the plates.
The plates are stored upside down in plastic bags at 4◦C. When
streaking plates, be sure not to break the surface of the agar plate.

7. Worms are transferred to new plates. A small flat spatula is dipped
in EtOH and then passed through the flame of a Bunsen burner.
The spatula is allowed to cool for a few seconds without touching
anything. The sterile spatula is used to cut out a chunk of agar
from a plate with worms. The chunk should be approximately
1 cm by 1 cm. The chunk of agar is transferred to an NGM agar
plate with a streak of bacteria. The worms are allowed to grow
at room temperature for several days. Different strains of worms
grow at different rates. Strain NM1233, which has a normal ner-
vous system, will grow the fastest. The plate should be covered
with worms in 3 or 4 days. Strains RK001 and NM440 have mu-
tations affecting their nervous systems and could take one or two
weeks for worms to cover the plates.

8. The worms can be stored long term for future laboratory exercises
(Sulston and Hodgkin, 1988). Grow two NGM agar plates with a
strain of worms until the day after the bacteria are consumed. M9
buffer and freezing solution is prepared.

a. M9 buffer

KH2PO4 3 g
Na2HPO4 6 g
NaCl 5 g
1 M MgSO4 1 ml
H2O 1 L
The above ingredients are mixed together. The solution is
autoclaved.

b. Freezing solution

NaCl 5.685 g
KH2PO4 6.8 g
Glycerol 300 g
1 M NaOH 5.6 ml
H2O to 1 L
The above ingredients are mixed together. The solution is auto-
claved. Sterile technique is used to add 3 ml of sterile 0.1 M
MgSO4.

One milliliter of M9 buffer is added to each plate. The M9 with
worms is transferred to a sterile plastic tube using a sterile Pasteur
pipette. An equal volume of freezing solution is added to the tube.
The amount of 0.5 ml aliquots are transferred to plastic tubes for
freezing. The tubes are frozen at −80◦C. To thaw the worms, warm
one plastic tube until it is just thawed. Pour the contents of the
tube onto an NGM agar plate with bacteria. After the worms are
growing well, transfer some to a new plate.

Materials to Gather a Week Before
the Laboratory Exercise
1. At least one plate of a C. elegans strain per lab group plus one plate

of each strain labeled “Observation”
2. Stereomicroscope illuminated from the base: one for the class to

share, or one per lab group
3. Distilled water
4. Pasteur pipettes and bulbs
5. Microcentrifuge (optional)
6. 1.5 ml snap cap tubes if using a microcentrifuge, or any small tube
7. Microscope slides and cover slips
8. Glycerol
9. Fluorescent microscope

Techniques Students May Choose to Use During
the Laboratory Exercise
1. Agar plates with worms can be placed directly under a dissecting

stereomicroscope without any other preparation. When observing
C. elegans, do not leave a plate of worms over the light for very
long. If the worms heat up, they will become sick.
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2. Worms can be transferred to microscope slides for fluorescence
microscopy. Add enough water to just cover the plate of worms.
Swirl the water gently and transfer the fluid with worms to a small
tube using a Pasteur pipette. If a microcentrifuge is available, spin
the tubes for 1 min. If a microcentrifuge is not available, allow the
worms to settle to the bottom of the tube for about 5 min. Remove
most of the water without removing the worms. Add approxi-
mately 1 ml of water to the tube to wash away bacteria. Spin the
tube in a microcentrifuge, or allow the worms to settle. Remove
most of the water with a Pasteur pipette and repeat the wash.
In the end, there should be a pellet of worms in the bottom of the
tube with a small amount of liquid. Add two drops of glycerol to
the worm pellet. Use a Pasteur pipette to transfer a drop of worms
to a microscope slide. Gently lower a coverslip over the worms.

When working with a large lab section, each lab group can be
given one plate with one strain of worms. Three lab groups, each
with a slide of a different strain of worm, can then observe the
slides together with the fluorescent microscope.

3. Worms can be observed under the fluorescent microscope. First,
the mercury lamp on the microscope is warmed up for 15 min
before use. A sliding barrier prevents the light from reaching the
specimen until the student is ready to observe the fluorescence.
The worms are located on the slide using bright field microscopy.
After the worm is in focus using the 40× objective, the bright field
light source is covered. Next, the barrier that blocks the light from
the mercury bulb from reaching the sample is slid away. The blue
cube is slid into the path of the light so that the sample is excited
by blue light. The pattern of fluorescence in the worm is observed.

RESULTS

The Effect of Nervous System Defects
on Organismal Behavior
Students designed experiments to determine which worms
had nervous system defects and which worms had normally
functioning nervous systems. Most students quickly grasped
the idea that a worm with a defect in its nervous system would
be unable to signal its muscles to produce normal move-
ment. Since students were working in groups of four, they
often came to this conclusion through group discussion. Most
groups, therefore, chose to analyze the behavior of the worms
by comparing the movement of different strains. Using
stereomicroscopes, observation of worm movement was
straightforward. After a few minutes of observation, students
could distinguish between the fast movement of the worms
with a normal nervous system and the extremely slow move-
ment of the worms with mutations affecting the nervous sys-
tem. All the worm strains carried a mutation in the cuticle,
which caused them to move in circles. Students observed that
the C. elegans strain NM1233 moved fastest, and that strains
RK001 and NM440 moved slowly. The groups then deduced
that NM1233 must have a normally functioning nervous sys-
tem, while RK001 and NM440 had some defect in nervous
system function. The results of the first experiment, however,
did not allow them to determine what types of defects inhib-
ited nervous system function.

Determining Types of Nervous System Defects
Students next designed experiments to determine what types
of defects were present in the nervous systems of C. elegans
strains RK001 and NM440. The students were aware from dis-
cussions and readings in their cell biology course that synaptic
vesicles must travel to the appropriate location in a neuron
and fuse with the plasma membrane to release neurotransmit-
ter. They also knew that the synaptic vesicles of all the worms

they were studying were tagged with GFP and that they had
access to a fluorescence microscope. The second experiment
asked them to analyze a complex phenomenon: how nervous
system function is affected by different defects in neurons.
Because the concepts were complex, group discussions were
critical for experimental design. By working in a group, stu-
dents pooled their basic knowledge of nervous system func-
tion and their awareness of the tools available, and chose
to design experiments to observe the pattern of GFP in the
worms using the fluorescent microscope. Because they had
already deduced that the nervous system of strain NM1233
was normal, they used the appearance of its nervous system
as a control for normal distribution of synaptic vesicles.

Using the fluorescent microscope to observe cellular struc-
ture was somewhat challenging for the students. The micro-
scope was larger and more complex than ones with which the
students were familiar. Therefore, a longer time was needed to
find worms for observation than with the stereomicroscope.
One suggestion to make the microscope observation run effi-
ciently would be to have three lab groups each bring a slide
to the fluorescent microscope at one time. The laboratory
instructor can arrange that slides of NM1233, NM440, and
RK001 worms are each brought to the fluorescent microscope
by a different group. If one person from each lab group finds
a worm on their slide with bright field microscopy and then
switches the microscope to fluorescence microscopy, each stu-
dent in the room can then take a turn observing the green glow
in the nervous system. In this manner, three worm strains can
be observed using one fluorescent microscope and the lab
groups can collect data for all the strains in a short period of
time.

Students observed that the pattern of GFP in the nervous
system, which represented the location of synaptic vesicles,
varied for different strains. In the control for a normal nervous
system, strain NM1233, they visualized the nerve ring, and
ventral and dorsal nerve cords (Figure 3). Although the vesi-
cles are found at synapses, the synapses are close enough to-
gether that the nerve ring and nerve cords appear as lines un-
der a low magnification, rather than as punctate spots. When
students observed C. elegans strain RK001, which they had
already determined had a defect in nervous system function,
they saw the same pattern of GFP as in NM1233 (Figure 3).
Students discussed the idea that a worm with a defect in ner-
vous system function could still have synaptic vesicles located
at synapses. They deduced that the vesicles must be trans-
ported properly along axons but were unable to release neu-
rotransmitter. Therefore, they determined that strain RK001
represents a mutation in the gene unc-13, which regulates
vesicle fusion. When students observed the GFP pattern in
strain NM440, they visualized a different pattern. In these
worms, nerve cells bodies were visible in the head as small
ovals. Some cell bodies were visible along the ventral nerve
cord, but the thin line representing synapses along the ven-
tral nerve cord was no longer visible. The dorsal nerve cord
was no longer visible (Figure 3). In young larvae, the cell
bodies in the ventral nerve cord may be close enough to-
gether to look like a line (data not shown). Students knew that
the strain had a defect in nervous system function and that
the vesicles must not be arriving at the appropriate location
in neurons. Through group discussion, they concluded that
the vesicles must not be transported properly, as would be
consistent with a mutation in unc-104, which produces a
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Figure 3. The pattern of GFP in the nervous system varies for different strains. (A) The head of an adult NM1233 worm is shown. The nerve
ring, and ventral and dorsal nerve cords, are all visible. (B) The head of an adult NM440 worm is shown. Cells bodies are visible in the head
as small ovals. The thin line representing synapses along the ventral nerve cord is no longer visible. (C) The head of an adult RK001 worm is
shown. The nervous system appears the same as in strain NM1233.

motor protein needed for vesicle trafficking along axons. By
combining data from two experiments that they designed,
students determined which worms had defects in their ner-
vous systems, and what type of defect at the subcellular level
prevented the organism from moving properly.

Assessment of the Exercise
Student response to the exercise was evaluated for six labora-
tory sections. Each section was part of a first-year cell biology

Table 1. Quantitative assessment of vesicle transport and fusion laboratory experimenta

Mean ± SD Mean ± SD
Question (first time taughtb) (taught previouslyc)

Q1: How much did each of the following aspects of the laboratory exercise help your learning?
A. The way in which the material was approached 2.5 ± 0.8 1.9 ± 0.6d

B. How the laboratory activity connected with ideas in the lecture 2.4 ± 1.0 1.6 ± 0.7d

C. The laboratory activity
1. Written lab instructions 2.5 ± 1.1 1.9 ± 0.7e

2. Lab organization 2.6 ± 1.0 1.8 ± 0.6d

3. Teamwork in the lab 2.3 ± 1.1 1.7 ± 0.7e

D. The mental stretch required to understand the exercise 2.8 ± 1.0 2.0 ± 0.8d

E. The overall way this laboratory exercise was presented 2.6 ± 1.0 1.7 ± 0.7d

Q2: As a result of your work in this exercise, how well do you think that you now understand
each of the following?

A. Vesicle transport 2.5 ± 1.1 1.7 ± 0.7d

B. Neurotransmitter release 2.4 ± 1.0 1.7 ± 0.7e

C. The affect of the nervous system on behavior 2.6 ± 1.1 2.2 ± 0.8e

D. GFP 2.7 ± 1.2 2.1 ± 0.9e

Q3: To what extent did you make gains in any of the following as a result of what you did in this
exercise?

A. Understanding the relevance of this field to real world issues 2.9 ± 1.2 1.9 ± 0.8d

B. Confidence in your ability to do this field 2.8 ± 1.0 2.0 ± 0.9e

C. Enthusiasm for subject 2.8 ± 1.1 1.9 ± 0.7d

aQuestions from evaluations are listed. Students chose a number from 1 to 5, with 1 representing the best result, 3 representing an average
result, and 5 representing the worst result. The mean responses ± SD are shown.
bMean responses ± SD from laboratory sections for which the instructor presented the laboratory exercise for the first time. Seventy-six students
were surveyed.
cMean responses ± SD from laboratory section for which the instructor presented the laboratory exercise previously. Twenty students were
surveyed.
dSignificantly different from course taught by instructor for first time (Student’s t test; p < 0.001).
eSignificantly different from course taught by instructor for first time (Student’s t test; p < 0.05).

course. For quantitative analysis, a Likert-scale question-
naire (Table 1) was adapted from the “Student Assessment
of Learning Gains” website (Seymour, 1997). The website is
a free site that is designed to help instructors gain feedback
about how elements of their courses help students to learn.
For qualitative analysis, students were asked directed ques-
tions to assess how their knowledge of cell biological top-
ics improved (Table 2 and Figure 4). Both types of assess-
ment indicated an increase in understanding of cell biological
topics.
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Table 2. Qualitative assessment of vesicle transport and fusion
laboratory experiment

Knowledge of cell biology topics
Q1: How did your observations of GFP-tagged synaptic

vesicles increase your understanding of vesicle transport
and fusion in neurons?

Q2: As a result of this laboratory exercise, what connections
did you make between the ability of an organism to
function normally and the processes happening inside its
cells?

Q3: In what ways has this laboratory exercise increased your
understanding of model organisms and how they can help
us understand cell biology processes in humans?

Experiential learning and team work
Q4: Explain how designing experiments to understand

organism movement and vesicle transport increased your
ability to think about cell biology problems.

Q5: In what ways did working in a team help you to solve
problems in this laboratory exercise?

Comparing this exercise to other cell biology exercises
Q6: What aspects of this laboratory were more informative to

you than other cell biology laboratory exercises?

Students were given and asked to respond to the questions. Fifty-four
students were surveyed.

Responses to Likert-Style Questionnaire
Students were asked to respond to several questions address-
ing how well they learned cell biological concepts. On the
numerical scale provided with the questions, a score of “one”
represented the best possible answer, “three” represented an
average response, and “five” represented the worst possible
answer. Students compared their level of learning as a re-
sult of this exercise to the other exercises in the course. The
questions they addressed were divided into three categories:
1) How much did each of the following aspects of the labora-
tory exercise help your learning? 2) As a result of your work

Figure 4. Quantitative analysis of student response to vesicle trans-
port and fusion exercise. Results from a Likert-style questionnaire are
shown. The first bar for each question represents the response from
students taught by an instructor who was leading the exercise for the
first time. The second bar for each question represents the response
from students taught by an instructor who had led the exercise previ-
ously. A score of 1 represents the best response, a score of 3 represents
an average response, and a score of 5 represents the worst response.

in this exercise, how well do you think that you now under-
stand each of the following? 3) To what extent did you make
gains in any of the following as a result of what you did in
this exercise?

Student responses to the Likert-scale questionnaire are sep-
arated into two groups. One group represents students in
laboratory sections with instructors who were leading the ex-
ercise for the first time. The second group represents students
in a laboratory section with an instructor who has led the
exercise previously. Responses were divided in this manner,
because one section was taught by an instructor who ran the
laboratory exercise previously, while all other sections were
taught by instructors running the laboratory exercise for the
first time. Student response to the exercise varied depending
on whether the laboratory instructor had taught the exercise
previously.

In response to the three categories of questions, students
indicated that they improved their knowledge of cell biology
topics better than from an average laboratory exercise. Data
collected from sections for which instructors taught the exer-
cise for the first time indicated better than average scores for
all questions in the three categories. When error was taken
into account, however, all scores from these groups of stu-
dents ranged poorer than average (Figure 4). Data collected
from sections with an experienced instructor indicated that
this exercise was better than average for all questions when
compared with other exercises in the course. All questions
in the three categories were also scored better than or equal
to average when error was taken into account (Figure 4). Re-
sponses to questions specifically addressing learning of the
concepts vesicle transport, neurotransmitter release, affect of
nervous system on behavior, and GFP were equal to or better
than average. According to the results from a Student’s t test,
p < 0.05 for all questions asked, indicating that there was a
significant difference in responses from students in sections
taught by inexperienced versus experienced instructors.

Written Responses to Specific Questions
About Learning
Students were asked a series of directed questions for which
they provided written answers rather than numerical scores.
Fifty-four students were asked six questions (Table 2). These
questions are divided into three categories: 1) knowledge of
cell biology topics, 2) experiential learning and teamwork,
and 3) comparing this exercise with other cell biology ex-
ercises. Students wrote detailed responses to questions and
indicated that the laboratory exercise played a positive role
in learning cell biology concepts.

Students indicated that they increased their knowledge of
specific cell biology concepts. These concepts included vesi-
cle transport and fusion, the affect of cell function on behav-
ior, and the use of model organisms to understand cell bio-
logy processes. Students identified advances they made in
understanding vesicle transport and fusion, writing that they
“Better understood function/importance of motor proteins
and vesicle fusion in neurons” and that “We were able to
directly correlate the movement with what was happening
inside the cell. We learned about vesicles, their transport,
and their binding.” In response to a question about cell func-
tion and behavior, students wrote, “It helped us understand
the functionality of the vesicle transport system as well as
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how mutations in such a system affect the organism” and
“After this lab exercise, I was able to understand that muta-
tions occurring in the nervous system can drastically affect
the muscle function and movement of an organism.” In re-
sponse to a question designed to assess connections students
made between the use of model organisms and an increase
in understanding of cell biological topics, a student wrote,
“The lab was helpful, because I could apply what I saw in the
C. elegans to humans, and understand how some human mo-
tor disorders work.”

The second category of questions was designed to assess
how an inquiry-based team exercise affected the manner in
which students thought about cell biology topics. In response
to a question asking how designing experiments helped to
increase their ability to think about cell biology problems,
a student indicated a direct connection between designing
experiments and understanding vesicle transport. This stu-
dent wrote, “Thinking of ways to observe and identify such
problems really made us try to go through the whole pro-
cess of vesicle transport and understand the significance of
all aspects of this process.” Another student considered how
designing an experiment allowed connections to be made be-
tween movement of a whole organism and the processes in-
side of its cells: “The designing of this type of experiment
allows you to relate concepts of cell biology like vesicle trans-
port to physical problems, you can learn that the vesicles
help carry messages, but in an experiment you can observe
how that relates to your physical movement and behavior.”
Students indicated that working in a team aided the learn-
ing process, writing, “The team members combined their
knowledge of the process of vesicle fusion at synapses and
helped to point out what was being observed. We also collab-
orated on making an experiment to test why the organisms
were damaged. We all had different theories and hypothe-
ses and this helped us think more critically about the mutant
worms.”

We next asked how the format of this inquiry-based exer-
cise helped students to increase their knowledge as compared
with other laboratory exercises in the course. In response, a
student commented on the research aspect of the exercise as
well as the use of specific tools. This student wrote, “The ex-
periment related to real scientific research problems, showed
the uses of model organisms and also combined work with a
new microscope.” Another student discussed a very specific
benefit of this laboratory exercise that was provided by the
use of GFP, writing, “In other labs, we inferred what was go-
ing on within cells or organisms, but this lab actually enabled
us to see everything first hand.”

DISCUSSION

The laboratory exercise successfully tied cutting edge re-
search in the laboratory with an undergraduate course, and il-
lustrated ideas that were discussed during the lecture portion
of the course (National Research Council, 1997). The concepts
explored included vesicle transport and neurotransmitter re-
lease, which are carefully studied processes in the field of
cell biology. Utilizing the results of professional scholarship
to teach biology principles is one way to enhance learning
in an undergraduate course (Advisory Committee to the
National Science Foundation Directorate for Education and
Human Resources, 1996). This goal was achieved by utilizing

strains of C. elegans developed in a research laboratory in a
course exercise.

Connecting Organismal Behavior with Synaptic
Vesicle Transport and Fusion
Students successfully designed two experiments to help them
to make connections between function of the nervous system
and behavior. Through the use of team discussions, they sur-
mised that nervous system defects would have an adverse
effect on movement. They designed simple experiments to an-
alyze movement and categorized strains of worms as having
either normal nervous systems or defective nervous systems.
This simple analysis, however, was not sufficient to determine
the type of nervous system defect in the worms. Through fur-
ther team discussion, they developed more complex exper-
iments to deduce whether the worms had defects in vesicle
transport or fusion in neurons. These experiments were made
possible through the use of strains with GFP-tagged synap-
tic vesicles. Students determined the normal pattern of GFP-
tagged vesicles in worms and compared it with the patterns
in worms with nervous system defects. Through observations
of these patterns, they determined which type of defect was
associated with each worm strain. The simple structure of the
nervous system in C. elegans and the fact that vesicles were
tagged with GFP enabled students in an introductory cell bio-
logy course to design and carry out the experiments as a team.

Instructors’ Observations of Student Activities
Students were observed to respond well to this laboratory
experience. They made connections between the behavior
of a whole organism and the cellular processes that con-
trol this behavior. The lab was also successful technically;
the worms were easy to observe with the stereomicroscope
and the method for preparing slides was straightforward.
For some students, it took several minutes to find the worms
with the fluorescent microscope. The students were less fa-
miliar with this larger, more complex microscope than with
the compound microscopes they use frequently in the labo-
ratory. Provided there were plenty of worms on the slides,
students were able to locate worms easily. Students were
very excited to use the fluorescent microscope and to see
GFP. During lecture, we discussed both microscopy and
fluorescent tags, and the students enjoyed seeing them in
action.

Assessment of Exercise
The course assessment showed that the exercise was a suc-
cessful learning tool. Results from both a quantitative Likert-
style questionnaire and qualitative questions indicated that
students increased their knowledge of cell biology topics.
Specifically, students better understood the concepts of vesi-
cle transport and fusion, the affect of the nervous system on
behavior, and the effectiveness of using GFP in their studies.
Both types of assessment also indicated that students learned
better as a result of the inquiry-based exercise compared with
the other exercises in the course. Students indicated that team-
work and experimental design helped them to learn more ef-
fectively. They also indicated that GFP was a useful tool in
this exercise because direct observations of GFP helped them
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visualize defects in the nervous system and correlate them
with organismal function.

Results from student assessment with a Likert-style ques-
tionnaire indicated that students learned better from an ex-
perienced instructor. It is not surprising that an experienced
instructor guided students though a complex thought exer-
cise more successfully than inexperienced instructors. We ad-
dressed the issue in this article so that a person running the
exercise for the first time is not discouraged if they do not
initially obtain the desired learning results.

Additional Activity
Because some lab groups must wait to work with the fluores-
cent microscope, an additional activity can be included. The
waiting lab groups can observe and draw cells using stan-
dard compound microscopes and prepared slides of tissue
sections. This activity familiarizes students with the actual ap-
pearance of the cells that are often drawn schematically dur-
ing class. In our laboratory sections, we gave students three
different slides and asked them to draw the appearance of
individual cells. From a section of skeletal muscle, they were
asked to draw a muscle cell, including myosin and the bound-
aries of a sarcomere. On a slide with a section of gallbladder,
students drew epithelial cells, showing microvilli, if visible.
The third slide was a spinal cord section and students were
asked to draw the structure of a neuron. The exercise helped
students to understand that cells with different functions can
have very different shapes. It also showed the students the
cell bodies and axons of neurons, which are relevant to this
study.
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