





























components of our program, that our efforts to implement
the designed principles were effective. We encourage others
interested in addressing the leaky pipeline in STEM fields to
take a similar approach. These five motivational design prin-
ciples can be readily applied to a variety of fields of study
and programs.

Notably, we also included a short-term psychological inter-
vention (e.g., Yeager and Walton, 2011) designed to encourage
program participants to endorse the belief that intelligence is
malleable rather than fixed. Although the benefits of incre-
mental ability beliefs is well documented (Yeager and Dweck,
2012), we found no added benefit for students randomly as-
signed to the incremental ability condition in terms of stu-
dents’ science motivation either immediately after the Sum-
mer minicourse or 8 mo later (after the Fall research course).
Future analyses over the next several years will determine
whether there is a long-term benefit of the incremental ability
exercise on science motivation.

Another important design element in our pharmacology
enrichment program was the inclusion of an early inde-
pendent research experience (e.g., Fall research course). We
chose to implement the early research experience as a “best
practice” in undergraduate science education. Authentic re-
search experiences for undergraduates have been shown to
improve science interest and student engagement (Seymour
et al., 2004; Frantz et al., 2006; Lopatto, 2007; Harrison et al.,
2011; Eagan et al., 2013). Additionally, retrospective research
suggests that early research experiences often lead to an
increase in interest in science careers and pursuit of a PhD
(Russell et al., 2007). Most research experiences occur later in
the undergraduate career (during students’ third and fourth
years); however, the report from PCAST (2012) recommends
engaging students in research courses and research pro-
grams in the first 2 yr of college. Early research experiences
are expected to increase students’ positive attitudes toward
science and decrease attrition in STEM fields (Nagda et al.,
1998; Russell et al., 2007; Carter et al., 2009). Authentic re-
search experiences for undergraduate students typically
consist of participation in an ongoing project in a laboratory
of their choice. In our pharmacology enrichment program,
the authentic research experience was actually self-gener-
ated from individual interest and carried out in our teaching
lab, not in the lab of a specific faculty member. Our ancillary
analyses examining the percentage of students concentrating
in pharmacology provide some evidence for the effective-
ness of these types of self-generated research experiences for
supporting students’ persistence in science, particularly in
pharmacology. Surprisingly, however, students who partici-
pated in the Fall research course in addition to the Summer
minicourse did not significantly differ from those who did
the Summer minicourse alone in terms of their science mo-
tivation. However, future analyses will inform us whether
the Fall research course can significantly enhance the effects
of the Summer enrichment experience on science persistence
over longer time periods.

In closing, we provide proof of concept that it is possible
to develop and implement a pharmacology-based enrich-
ment program building from current research in both edu-
cation and psychology. Moreover, our results provide initial
support for the benefits of taking this approach. We found
statistically significant increases in biology and chemistry
knowledge and a significantly greater proportion of students
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participating in our enrichment program concentrated in
pharmacology several years later. We also documented
overall high levels of adaptive forms of science motivation
(self-efficacy, interest, mastery goals) and provided evidence
that students did indeed perceive the pharmacology en-
richment program as aligned with our motivational design
principles. Given these encouraging findings, we urge edu-
cators to consider incorporating into their classrooms/labs
active learning and the five motivational design principles
presented here that support students” learning and science
motivation.
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Motivation Training for Instructors

What is motivation?

e Based on an individual’ s beliefs about:
1) Can | do this?
* Perceived competence (self-efficacy)

2) Why do | want to do this?
* Intrinsic: engage for enjoyment, task is
valuable/interesting, to learn or improve

* Extrinsic: engage to get a reward, avoid
punishment, impress others, outperform others

How is the summer program designed to
support motivation?

Real-world, challenging tasks

Self-generated academic work

Active involvement in learning

Supports feelings of belonging

Informal, effort-based evaluation

Godin et al., Supplemental Materials
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Liz
Text Box
Motivation Training for Instructors


Supporting Perceived Competence

GOAL: Want students to feel like they can learn
science (biology, chemistry, pharmacology)

TIPS :

* Hold high but realistic expectations (remember these
are undergrads with limited science background)

* Support students to successfully solve challenging
problems/answer questions on their own

* |f students are not successful, help them to see other
approaches that might lead to success in the future

Supporting Intrinsic Motivation

GOAL: Want students to enjoy science, focus on
learning and understanding

TIPS Support autonomy
Provide explanations, rationales
* Allow students to make choices

* Be patient, give students time to work through activities
on their own

TIPS: Make learning meaningful

* Make connections between course materials and real
life
e Actively involve students in learning

Godin et al., Supplemental Materials
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Supporting Intrinsic Motivation

GOAL: Want students to enjoy science, focus on
learning and understanding

TIPS: Support Feelings of Belonging

¢ Help students relate to you

e Foster positive relationships among LEAP students
e Encourage atmosphere of respect and warmth

TIPS: Focus Evaluation on Learning, Improvement

e Provide private feedback focused on the process (not the
product)

¢ View mistakes an opportunity for learning

Reducing Extrinsic Motivation

GOAL: Do NOT want students to focus on
outperforming others, getting good grades,
demonstrating competence

TIPS: Reduce competition

¢ AVOID directly comparing students or pointing out particular
students as smart

¢ AVOID activities that support competition or social comparison
among students

TIPS: Reduce controlling behaviors
e AVOID being overly directive (instead support autonomy)
* Do NOT use rewards, prizes, etc.

Godin et al., Supplemental Materials
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Lab Activity

Bar Flies: Pharmacogenetics of Ethanol Metabolism

Objectives:
1) Describe the metabolism of alcohol.
2) Describe how a gene polymorphism in ADH can increase the risk of alcohol addiction
3) Explain how a gene mutation can affect protein levels vs protein structure
4) Discuss how to convert observation data (qualitative) into quantitative data for analysis
5) Explain the basic use of an ANOVA for statistical analysis
Background:

Several types of gene variations can influence alcohol intoxication (rate and extent) in people, leading to
different risks of the development of alcoholism. Such gene variations can be studied in animal or
organism models of disease. The Drosophila melanogaster is an excellent model for studying the
behavioral effects of alcohol, based on the work of Ulrike Heberlein* at the University of California at
San Francisco. Like people, the flies possess the alcohol dehydrogenase (ADH) gene, which controls the
production of the major alcohol oxidizing enzyme, ADH. Flies are attracted to alcohol to get their food,
but at higher concentrations of alcohol they become intoxicated and can even die of alcohol poisoning.
Thus, having a functional ADH enzyme serves as a survival mechanism.

Behavioral activity during intoxication (summarized by Ogueta eta |., 2010):

In fruit flies, intoxication causes initial hyperactivity followed by the flies becoming increasingly
uncoordinated and sedated. As brain and hemolymph ethanol concentrations increase, the flies lose
their ability to control posture when challenged, and after long exposure lose control over walking and
flying movements. Inebriated adult flies also show an increase of courtship activity.

There are several isoforms of the human ADH gene that affect the rate and extent of alcohol oxidation.
The same is true in Drosophila. Some have an allele mutation in their ADH gene leading to flies with null
or greatly reduced ADH activity (“ADH minus” flies). These flies become easily intoxicated by alcohol
(like humans!) and can ultimately die of alcohol poisoning.

Flies possessing a functional ADH gene have the ability to oxidize ethanol to acetaldehyde:

NAD* + ADH + alcohol -------- > NADH + acetaldehyde + H*

In this activity, students will develop a laboratory experiment comparing the rate and extent of alcohol-
induced intoxication in normal (“wild-type”) flies and ADH- flies with the ADH gene mutation. Students
will rate the fly behavior (blind to the treatment condition) at different times after coming up with a
scoring scale for intoxication. After deciding on a specific time-point to compare the effects of alcohol
on both types of flies, they will use a statistical analysis (ANOVA) to determine significant differences for
main effects of alcohol treatment and polymorphism and interactions at specific doses.

Note to instructors: Before starting the activity review the basics of alcohol oxidation.

Godin et al., Supplemental Materials
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Liz
Text Box
Lab Activity


ADH

Alcohol + NAD" -------- > acetaldehyde + NADH + H*
acetaldehyde + NAD" - > acetic acid + NADH + H*
AldDH

1. Why are enzymes so important to make biological reactions go?
2. What other kinds of diseases (other than alcoholism) are the result of enzyme deficiencies in the
body?

Materials:

Fruit flies (Drosophila) ADH- and ADH+ (40 of each per student group)
Fly vials and sponges (8 per group)

Alcohol - White wine or 95% ethanol

cotton balls (32 per group)

stirring rods (8 per group)

pipettes

small (10 ml) graduated cylinders

delicate paint brushes

ice bucket

Prior to the experiment, tell students that fruit flies are attracted to alcohol, which is normally made in
food that is decaying. If the alcohol is high enough concentration, the flies can get intoxicated.

Discuss with them that fruit flies are a great genetic model for many disorders in humans.
Ask students: "How would you test for alcohol intoxication in fruit flies that have polymorphisms in an
enzyme that oxidizes alcohol? What would happen to flies that can’t oxidize alcohol?”

Guide the students to design a procedure to answer these questions. Things they will need to find out
are:

e The enzyme that oxidizes alcohol

o  What kind of polymorphisms exist for this enzyme (ADH) in flies
e How the oxidation of alcohol by ADH proceeds

e Why would a fly have ADH?

e What is a toxic dose of alcohol for a fly?

Godin et al., Supplemental Materials
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Students should come up with a control condition (water) and 3 doses of alcohol (white wine is 13%, but

can make a higher concentration by adding 95% ethanol). Guide them to come up with a list of
conditions similar to the one shown below.

ADH- flies, water

ADH- flies, alcohol-dose 1
ADH- flies, alcohol-dose 2
ADH- flies, alcohol-dose 3

ADH+ flies, water

ADH-+ flies, alcohol-dose 1

ADH-+ flies, alcohol-dose 2
ADH+ flies, alcohol-dose 3

Then, students should discuss how they will observe and record their data. They should construct a
behavioral rating scale for their observations. Here’s an example (the whole class should use the same

scale).

Behavior score

Behavior

Flying around

Some movement

Little movement

No movement but alive

VA WIN|E

Dead

Next, they should make a class decision on a proper data table for recording all their data for their 5 flies
at specific time points over 24 hours. Instructor should construct the table on the computer (with
projection) and when it is finalized, the instructor should print out enough copies for each student.

A table could look something like this:

Condition Code:

Time after
exposure

Behavior Score

“« 1”

”2”

ll3”

Il4ll

115”

15 min

30 min

60 min

2 hours

4 hours

8 hours

24 hours
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Procedure:
Instructors:

For each lab room: Presort flies into an ADH+ vial and an ADH- vial. These flies can be anesthetized when
class starts by chilling them on ice for 5-10 minutes. Keeping them on ice afterwards also slows their
revival.

1. Give each group 8 empty vials, about 32 cotton balls and 8 stirring rods.
2. Using the stir rod, wedge 3-4 cotton balls in the bottom of each vial.

3. Each student chooses one of the experimental conditions to set up and labels the tube with a
piece of tape with their name and the condition (e.g., ADH-, water)
(Note: later on the instructors will remove the tape and code the vials (A, B, C, etc.) so that
the students are “blind” to the treatment condition)

4. Students add 5 mls of either water or varying concentrations of alcohol (white wine or 95%
ethanol) to their vials. Each cotton ball should be soaked but not submerged. Using the stirring
rod, tap down the cotton balls to wedge them in place and then drain off excess fluid into a
beaker or paper towels. They can test the cotton ball's security by inverting the vial.

Note: Make sure the cotton ball is well-drained, so as not to drown the flies. The cotton ball
should be very damp, but not leak liquid when pressed.

5. Dry the inside walls of the vials if they are wet. (Flies can drown in drops of fluid)

6. Give your group the 2 vials of ADH +/- anesthetized flies. The flies in the vial should not be
moving. If the flies wings or legs appear to trembling they should be put on ice longer. As soon
as the flies warm up, they will wake up and fly away.

7. Open the chilled vial and pour the flies onto a piece of paper. Using the paintbrush, gently
sweep 5 flies of one strain to put into each of the labeled vials. Stopper the vial, but leave the
vial on its side so the anesthetized flies will not drown in the wet cotton.

8. When the flies revive, turn the vial upright. If less than 3 flies recover, obtain more to make 5
total.

9. The instructor should replace the tape on each vial with a new piece of tape with a code: A, B,
C, D, etc. Store the code for the original labels in a notebook. Students should discuss the
advantage of being “blind” to the treatment condition (i.e., to eliminate bias when gathering
observational data).

10. Return vials to the students — make sure that they don’t know which condition they will be
observing.

11. Students start their observations and record their behavior over the next 24-hours at the time
points that they decided to use.

Godin et al., Supplemental Materials
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12. Students should share their data with the other members of their lab and decide which time
point they want to use for the data analysis. This should be a time point at which they have a
good indication of intoxication. They should also determine what score they will use as having
reached “intoxication” (e.g., score of at least 3). They should email you the time point and score
that they have chosen as a group that will be used for the data analysis.

13. During the next class, compile the data to show as a table or plot. Then perform the appropriate
statistics.

One way to turn qualitative data into quantitative data is to plot the individual scores as a
scatterplot at the agreed-upon time point on a graph with all the doses and both ADH
polymorphisms. Put a circle or an X for each fly in each condition. They can draw a line for the
median. Note: some believe using a mean for scored data as an average is not appropriate, but
this opinion varies widely.

The data can be analyzed with an ANOVA and a post-hoc test such as Sheffe’s test to compare
the behaviors of the ADH + vs ADH - flies. (ldeally, non-parametric statistics would be best for
scaled data, but this is beyond our discussion today).

14. Have students run the ANOVA and Sheffe’s test using the Stats program of choice (Prism).

15. Have a discussion on data analysis, to compare data within and between the different groups.
Students need to be sure to differentiate fly death due to alcohol poisoning versus death due to
other factors (e.g., poor handling, etc.)

16. Ask students to extrapolate their results to humans; people with highly functioning ADH
metabolize alcohol well and have less intoxication, while people with the gene that makes a
poorly functioning ADH (or no ADH) are likely to become very intoxicated since they can’t get
metabolize alcohol very quickly.
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Drunken Drosophila

Ulrike Heberlein started out studying fruit fly eyes. So how did she end up
inventing the inebriometer?

t began with a simple observation
in 1993. Ulrike Heberlein - then an
investigator at the Ernest Gallo Clinic

and Research Center at the University of

California, San Francisco - placed a fruit

fly in a little chamber, gave it a puff of

alcohol vapor, and monitored its reaction.
“What we observed is that a fly behaves
just like any other organism when under
the influence of alcohol,” she says. “First
thing it does is become really excited.
It runs around really quickly and starts
bumping into things.” Keep the alcohol
coming, and inebriated flies grow increas-
ingly uncoordinated. “Eventually they just
sort of fall over and lie there,” says Heber-
lein. Recovery from a binge is no prettier.

“They get up, they fall down again. You
just observe these tiny little flies and you
can relate to them,” she says. “You think,
this is awfully similar to something that
maybe I experienced once in my life.”

In the years that followed, Heberlein,
now a professor at UCSF, turned those

sympathetic observations into a career of

studying the effects of drugs and alcohol
on fruit flies. She and her colleagues have
discovered a handful of genes that influ-
ence how these creatures respond to
ethanol and cocaine, and they hope that
their findings will lead to a better under-
standing of intoxication and addiction
in more complex organisms, including
humans. “I think she’s more motivated
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than a lot of basic scientists by a desire
to do something medically significant,”
says Cori Bargmann, a Howard Hughes
Medical Institute (HHMI) investigator at
the Rockefeller University. “Her project is
based on a real conviction that alcohol and
drug abuse is a human tragedy and [that]
people should do something about it.”

Heberlein didn’t set out to devote her life
to drunken Drosophila, or even to science.
Although she studied biochemistry as an
undergraduate in Chile - an experience
she imagined would teach her “how life
works at a molecular level” - Heberlein
was leaning toward pursuing a life of
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outdoor adventure. “I did river rafting and
mountain climbing for a couple of years in
the early 80s,” she says. But just as she was
about to pack her bags for Zimbabwe to
help her boyfriend run a rafting operation
on the Zambezi River, Heberlein says, “I
realized that maybe going back to science
wasn't a bad idea. At least in science I
knew what I was doing.”

That realization brought Heberlein
to Berkeley in 1983, to the laboratory of
HHMI investigator Robert Tijan. For her
thesis project, Heberlein was searching
for the transcription factors that bind to
the promoter of one of the few fly genes
that investigators had identified: alcohol
dehydrogenase. Along the way, she worked
out the first cell-free transcription system
using fruit fly embryos at different stages
of development. “Believe it or not, the Dro-
sophila field was well covered genetically,
but virtually nobody did biochemistry,” says
Tijan. “Ulrike really cracked open the entire
transcription system in Drosophila, which
has been paying dividends ever since.”

The time in Tijan’s lab gave Heberlein
“avery solid education in biochemistry,” she
says. But it also awakened in her a longing
to manipulate genes in an animal. Working
with isolated bits of DNA and purified pro-
teins in a test tube, she says, “I felt like I
had alittle too much control over what was
happening. And I thought that if I worked
with a whole organism, and used genetics
rather than pipetting to change conditions,
that ultimately I would learn something
about what’s important to the organism.”

In 1988, this desire to learn a genetic
approach drove Heberlein across the hall
for a postdoc in Gerry Rubin’s lab, where
she began to study the development of the
fly eye. “It’s this incredibly precise, beau-
tifully structured compound eye, with
800 units that are aligned almost like a
crystal,” she says. Heberlein learned the
techniques that would allow her to probe
the genes that initiate the wave of differen-
tiation that sweeps across the developing
eye. She was again breaking new ground
experimentally and biologically.

“Ulrike has a history of initiating
interesting fields,” says Jay Hirsh of the
University of Virginia in Charlottesville.
“I think she was one of the first to get into
the whole question of what causes move-

ment of the morphogenetic furrow during
eye development in the fly,” he says. “This
has become a huge field unto itself.”

Like Flies to ... Alcohol

After her postdoc, Heberlein needed to
find a job. She learned of an opening at
the Gallo center, which had been estab-
lished to study the effects of alcohol and
drugs of abuse on the brain. Heberlein
wrote to then-director Ivan Diamond and
described her interest in the position. “I
said I had studied alcohol dehydrogenase
as a graduate student, which made me
sound like I knew something about the

“After the cheapdate paper,
flies and alcohol were no
longer a laughing matter.”

—Adrian Rothenfluh

field, although I really didn't at all,” she
recalls. Diamond was receptive, but asked
Heberlein to outline something more spe-
cific. “So I started reading and thinking
about how you can measure behaviors
induced by alcohol in flies,” says Heber-
lein. “I wrote a two-page proposal. Next
thing, I had a job interview, and then I
had a job."

Launching her career in 1993 at the
Gallo, her friends and colleagues say, was a
curse and a blessing. “It wasn’t exactly the
easiest place for a young researcher to get
going,” says Tijan. The Gallo is physically
isolated, located across the Bay Bridge
in Emeryville, rather than on the UCSF
campus, which he says made it more chal-
lenging for Heberlein to recruit talented
graduate students and postdocs to aid in
her pioneering work.

On the other hand, says Bargmann,
the Gallo was willing to support studies
that weren't ready for prime NIH funding.
“Ulrike’s work got started at a point where
the whole thing just seemed too wacky for
words,” she says. “But it’s those early times
when people think you're crazy that some-
body has to step up and support you.” The
Gallos, who'd donated a portion of their
winery profits to address some of the prob-

lems associated with alcohol abuse, were
willing to give Heberlein that support.

Funding in hand, Heberlein needed
to develop a screen that would allow her
to tease out the genes that control how
a fly responds to alcohol. Enter the ine-
briometer. The device is a tall cylindrical
column, lined with slanted platforms,
through which alcohol vapors can be cir-
culated. Flies are placed at the top of the
apparatus and, as they become inebri-
ated, lose their footing and tumble to the
bottom. Flies fall faster the more sensitive
they are to the effects of alcohol. Using
the inebriometer, which she built from
scratch, Heberlein isolated mutants that
are either more sensitive or less sensitive
to intoxication than are wild type flies.

“I remember how the audience chuck-
led, half amused, half bemused,” when
Heberlein discussed her inebriation assay
at a fly meeting in 1998, says postdoc
Adrian Rothenfluh. That changed the fol-
lowing year, though, when Heberlein and
her team isolated cheapdate, a mutation
that lowered flies’ resistance to the intoxi-
cating effects of alcohol. “After the cheap-
date paper, flies and alcohol were no longer
a laughing matter,” says Rothenfluh.

Cheapdate, cAMP, and Memory
Cheapdate disrupts a peptide called
amnesiac, which Chip Quinn’s lab at
Massachusetts Institute of Technology
had previously identified. Amnesiac is
involved in learning and memory, rein-
forcing the theory (proposed by others in
the field) that addiction might be a mal-
adaptive form of learning. Heberlein and
her colleagues are still trying to identify
the receptor to which the neuropeptide
binds. They have learned that cheapdate
activates cAMP signal transduction in a
subset of fly neurons; the same cAMP
pathway has been implicated in mediat-
ing alcohol’s effects in mammals. “So we
think we're barking up the right tree,”
says Heberlein.

The approach was a gamble, says UCSF
colleague Cynthia Kenyon. “Going in, it
wasn't clear whether she could find single
genes that would produce specific effects
instead of just a jumble. Or maybe there
would have been nothing there to study,”
she says. Heberlein’s experimental rigor
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allowed her to find specific genes and to
follow through and determine their func-
tions, says Tijan. “Cloning a gene might be
y. But you then have to go and actually
figure out what the heck it does.”

ed

Although the connection with learning
was a surprise, the discovery highlights
“why flies are great for this kind of study,”
says Linus Tsai, Heberlein’s former MD-
PhD student. “With flies you can do an
unbiased search for genes and molecules
that might be involved in drug response.
You're not limited to what’s already
known.”

Heberlein and her colleagues con-
tinue to push those limits, expanding their
studies to include cocaine, nicotine, and
other drugs of abuse. “We throw everything
we can get our hands on at these fl
says, and additional genes have emerged.
For example, Heberlein, Tsai, and other lab
members have conducted cocaine sensitiv-
ity studies, which have turned up Imo, a
tiny little protein expressed in a set of ¢
dian pacemaker cells. These neurons help
coordinate various rhythmic behaviors,
including locomotion, an activity that goes
awry when flies are exposed to cocaine.

Alongside the fly studies, Heberlein is
working on proving that the correspond-
ing genes play a role in drug response in
mice. “It was a bit of an extrapolation to

ca-

believe that flies would be a good model
to study addiction,” says Heberlein. “A lot
of people questioned whether that was the
right way to go.” But the approach, which
Heberlein likens to jumping off a cliff, “has
really paid off,” she says. In addition to the
¢AMP connection, Heberlein has evidence

that Imo is also involved in cocaine sensi-
tivity in mice.

Perhaps, given Heberlein's penchant
for adventure, the cliff-diving method
should come as no surprise. “Bold and
daring things appeal to her,” says Barg-
mann. Tijan agrees: “Ulrike ... takes risks.
She goes for the throat. She tries things
that other people haven't tried. She’s
a very strong person. You have to be to
start something that other people think
is bound to fail”

“I really admire where the work has
gone,” adds Bargmann. “It probably isn't
even zany anymore. Which is too bad.” =

khopkin@the-scientist.com
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Problem-Based Learning Module

Pharmacology Education Partnership

This problem-based learning module includes the following:

« Description of the module

« Learning objectives

« Student Handout (the "problem" handed out to students)

« Content (contains the answers to the problem; handed out after students found
their own answers)

* Glossary

» Resources

This module, along with 5 additional ones, can be found at:
www.thepepproject.net
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This problem-based learning module includes the following:

· Description of the module
· Learning objectives
· Student Handout (the "problem" handed out to students)
· Content (contains the answers to the problem; handed out after students found their own answers)
· Glossary
· Resources

This module, along with 5 additional ones, can be found at: 
www.thepepproject.net
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Problem-Based Learning Module


Steroids and athletes: Genes work overtime
Description of the module

The use of steroids by athletes (and body builders) is common and it presents serious health risks.
Despite the potential disqualification of athletes for using steroids before or during competition, ath-
letes continue to use them. They must feel that the advantage of enhanced performance is worth the
risk of being disqualified. In this module we explore the mechanism by which steroids promote muscle
growth. They are notorious regulators of gene transcription, resulting in the synthesis of muscle pro-
teins. Athletes who use steroids try to outwit the drug-testing “police,” but, often, they fail the drug test.
In this module, we highlight why steroids can persist in the body long after the person stops using the
drug.

Learning objectives

-_—

Understand what is a steroid

Understand the definition of ‘anabolic’ and ‘androgenic’

Understand the concept of a lipophilic molecule

Understand the difference between passive and facilitated diffusion

Understand the concept of hormone receptors and where in a cell they are located
Understand how proteins pass through a nuclear membrane

Be able to describe the structure of DNA

Understand the process of gene transcription, how it can be “turned on”

© © N o g h~ w0 D

Understand the process of protein synthesis

—_
o

. Be able to identify parts of a muscle cell; understand how muscle contraction occurs

11. Understand the role of the liver and the kidney in eliminating compounds from the body

This module integrates information from the following areas:

cell biology, endocrinology, chemistry, physiology, sociology, sports
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Student Handout

It's fairly common knowledge that exercising a muscle makes the muscle grow and become stronger.
However, athletes in the US as well as in many other countries try to enhance their muscle perfor-
mance even more by using steroids. Similarly, body builders use steroids to make their muscles grow
beyond the size that would be produced naturally by lifting weights. How does this actually happen,
and what are the consequences?

Let’s explore the biology of steroids. Steroids are compounds that are synthesized in the body from the
precursor, cholesterol. Some steroids are made in the adrenal glands (near the kidney) and some are
made in the sex glands of both males and females.

1. Give an example of a steroid found in the adrenal glands and in the male and female sex
glands.

2. Which of these steroids is used by athletes and by body builders?

3. What is an anabolic steroid?

Although anabolic steroids are used to increase muscle growth (and enhance performance), they do a
lot of other things in the body as well. In fact, all anabolic steroids have androgenic properties, despite
claims to the contrary. For this reason, they are termed anabolic-androgenic steroids or AAS, although
most people just say “anabolic steroids” as a shortcut.

4. What is an androgen?

5. List 3 common androgenic effects of anabolic steroids in the body.

When athletes use anabolic steroids to enhance their performance, they don’t just take a pill or an
injection before the race or before the game. They must use the drug over a period of time in order to
obtain the muscle growth. To understand why this is the case, we need to know how steroids actually
make the muscles grow. First, after taking an anabolic steroid (by mouth or by injection), the steroid
enters the bloodstream and travels to all tissues in the body (see Module 1). Most anabolic steroids are
very lipophilic, and therefore, they can cross cell membranes easily to reach the inside of all cells.

6. Define “lipophilic.” What characteristic of the steroid structure makes it lipophilic?
7. Why can a lipophilic steroid cross cell membranes so easily?
Once inside the cell, the steroid binds to a special protein called a steroid receptor. In this case we are

referring to the “androgen receptor.” The complex containing the anabolic-androgenic steroid and its
receptor then travels through the cytoplasm and crosses the nuclear membrane to enter the nucleus.
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Figure 8. The repeating pattern of thick and thin filaments is a sarcomere. The presence of calcium
causes sarcomeres to shorten when actin filaments slide over the myosin filaments. This produces
muscle contraction. (After Seeley, et. al. Essentials of Anatomy and Physiology. Boston, MA: Mc-
Graw-Hill, 1999.)

Why can anabolic steroids be detected in the body for long periods of time?

Every athlete knows that his/her urine will be tested for drug use when they enter an important
competition. To avoid detection of steroids in their urine, athletes will stop using the drugs well before
the competition. Yet, in many cases, steroids can still be detected long after the athlete stops using
them (even weeks later!). The reason for this lies in the chemical structure of the anabolic steroid. As
discussed above, anabolic steroids are very lipophilic molecules. This property makes it very difficult
for the drug to remain long enough in the liver to be metabolized (inactivated) or in the kidney to be
excreted in the urine (Figure 9). The lipophilic drug moves with its concentration gradient from the liver
or the kidney cells right back into the bloodstream. Thus, it doesn’t get eliminated very well. Instead,
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it seeks out fat cells that exist in the athlete (these are much smaller than those found in the average
couch potato!). The lipophilic steroid likes to enter fat cells, and with repeated use, the steroid accu-
mulates there. When the user stops taking the steroid, the blood levels decline rather quickly in the
absence of the drug. But now, the steroid concentration inside the fat cell becomes greater than that in
the blood, so the concentration gradient reverses in the direction of fat cell-to-blood capillary. The fat
cells are like a storage depot, releasing small amounts of steroid into the blood over time (via passive
diffusion). Eventually the steroid gets metabolized and makes its way to the kidney to be excreted in
the urine. This explains why it is possible to detect small amounts of the steroid in the urine at competi-
tion weeks after the athlete stops using it.

DRUG (LESS LIPOPHILIC) ON STEROID

Liver -
-

Kidneys *
Adipose Bladder Adipose
tissue (fat | tissue (fat
cells) : cells) .
Q58 o C
OFF STEROID Drug or steroid °: Metabolite -::

Figure 9. Highly lipophilic drugs such as
steroids are difficult to eliminate from the
body. Most drugs are metabolized when
they pass through the liver and are then
excreted by the kidney (top left). Steroids are
so lipophilic that they are not easily metabo-
lized and are not excreted very well by the
kidney. With long-term use they accumulate
in fat cells (top right). When the user stops
using steroids, the drug leaves the fat cells
and enters the bloodstream (left). It is slowly
metabolized and excreted.

Adipose
tissue (fat
cells) .

Why can’t users stop taking steroids abruptly? Is it an addiction?

The answer is “not really.” An addiction to a substance indicates that the person uses the drug com-
pulsively, with a loss of control in their intake, despite negative consequences. Most athletes are not
compulsive users of steroids (although there may be a few out there!)—if they were, they would not be
able to stop taking the steroids prior to competition. However, chronic users can become dependent
on steroids. A dependence means that the athlete’s body adapts to the presence of the steroid, and
if the steroid is withdrawn suddenly, physiologic symptoms emerge. Withdrawal symptoms include
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nausea, headaches, dizziness, increased blood pressure, decreased libido (sex drive), depression

and craving. The basis for this dependence involves the brain and the gonads. More specifically, the
hypothalamus, found at the base of the brain, releases hormones that direct other tissues in the body
to produce steroids (Figure 10). In the case of the sex steroids, the hypothalamus produces a hor-
mone called “gonadotropin releasing factor” or GNRH. This hormone binds to GNRH receptors on the
pituitary gland (located near the hypothalamus, but not actually part of the brain), where it activates the
release of lutenizing hormone (LH) and follicular stimulating hormone (FSH). These pituitary hormones
travel throughout the bloodstream and when they reach the gonads (i.e., testes and ovaries), they bind
to LH and FSH receptors in gonadal cells to cause the release of testosterone and estrogen. The body
attempts to keep the steroid levels in balance using “feedback regulation.” When the sex steroid levels
in the blood become elevated, the hypothalamus reduces its production of GNRH, the pituitary reduces
production of LH and FSH, and the gonads reduce production of testosterone and estrogen. [In women
taking birth control pills, this is the basis for the contraceptive activity—without enough LH and FSH,
they can’t ovulate.] So, when the athlete takes the steroids chronically, his/her hypothalamus stops
producing GNRH and the gonadal tissues stop producing testosterone or estrogen due to this nega-
tive feedback. Now, if athletes stop taking the steroids abruptly, they won’t have enough testosterone
or estrogen. It takes some time (it can take 6 months!) for their hypothalamus, pituitary, and gonads to
recover normal activity and start producing these hormones again. Therefore, all people who use ste-
roids, even for therapeutic purposes, must taper off the drug slowly to give their hypothalamus, pituitary
and gonads time to recover normal hormone production.

Hypothalamus

Anterior
pituitary Ovaries

Testes
Targets

throughout
body

Figure 10. The hypothalamus-pituitary-gonadal “axis” is shown. GNRH is released by the hypothalamus,
signaling the pituitary gland to release LH and FSH into the blood. In males, the testis synthesizes and
releases testosterone in response to the LH and FSH. Circulating testosterone signals the hypothalamus to
shut down GNRH release (“feedback inhibition”).
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Glossary
actin — contractile protein that is present in the thin filaments of the myofibrils.

active transport — the movement of molecules against the concentration gradient with the help of a
transport protein. This transport requires energy in the form of ATP.

addiction — a behavior pattern that occurs when a person uses drugs compulsively, with a loss of con-
trol of their intake, despite negative consequences.

anabolic steroids — synthetic versions of testosterone designed to promote muscle growth without
producing androgenic effects. The better term is anabolic-androgenic steroid.

androgen — a steroid hormone such as testosterone that is masculinizing (deepens voice, produces
facial & chest hair, sperm production)

catabolic — a compound that causes the breakdown of muscle resulting in the net loss of nitrogen from
the body. Glucocorticoids are catabolic in skeletal muscle.

dependence — the body functions normally in the presence of the drug. When the drug is present, the
body has adapted physiologically to its presence. When the drug is removed, withdrawal symptoms are
produced, usually in opposition to the effects produced by the drug’s presence.

DNA (deoxyribonucleic acid) — a large molecule containing the genes that provide the instructional
code for the synthesis of proteins. DNA consists of two complementary polynucleotide chains coiled
around each other in the form of a double helix.

facilitated diffusion — the movement of molecules across a membrane with the concentration gradient.
No energy is required, but transport proteins can become saturated, limiting the diffusion process.

fenestrae — small spaces or pores between endothelial cells that form the capillary membrane. These
pores allow charged drugs or larger drugs to pass through the capillaries.

hormones — chemicals in the body that are synthesized in one tissue and secreted into the blood-
stream for actions in tissues some distance away. They regulate many physiologic functions.

hydrophobic — “water-fearing”; a compound that is soluble in fat but not water. This is typical of com-
pounds with chains of C atoms.

lipophilic — high lipid solubility. Lipophilic compounds dissolve readily in oil or organic solvent. They ex-
ist in an uncharged or non-polar form and cross biological membranes very easily.

messenger RNA - also known as mRNA or ribonucleic acid; it is transcribed from DNA and moves to
the cytoplasm to direct protein synthesis.

myofibrils — a repeating pattern of thick (myosin) and thin (actin) protein filaments that are organized in
cylindrical bundles within the sarcoplasm. The myofibrils extend from one end of a muscle fiber to the
other end.

myosin — contractile protein that is present in the thick filaments of the myofibrils.
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non-polar - a chemical property of a substance that indicates an even distribution of charge within the
molecule. A non-polar or non-charged compound mixes well with organic solvents and lipids but not with
water.

nucleic acid — a chain of repeating subunits of nucleotides.

nucleotides — the hydrolysis product of nucleic acids comprising 3 parts: 1) a phosphate group (an
acid), 2) a sugar (deoxyribose for DNA and ribose for RNA), and 3) a ring of carbon and nitrogen atoms
(nucleosides; purines and pyrimidines).

passive diffusion — the net movement of molecules from higher to lower concentrations. This form of
diffusion does not require an energy source to occur.

polar compound — a chemical property of a substance that indicates an uneven distribution of charge
within the molecule. A polar substance or drug mixes well with water but not with organic solvents and
lipids. Polar or charged compounds do not cross cell membranes (lipid) very easily.

purine base — a type of nucleotide present in DNA that consists of double rings of carbon and nitrogen
atoms. The two purine bases present in DNA are adenine and guanine.

pyrimidine base — a type of nucleotide present in DNA that consists of a single ring of carbon and
nitrogen atoms. The two pyrimidine bases present in DNA are cytosine and thymine.

ribosomes — structures within the cytoplasm consisting of proteins and a different form of RNA (rRNA)
that support the process of protein translation

sarcomere — one unit of a repeating pattern of actin and myosin present in a myofibril.

steroids — a class of hormones synthesized from cholesterol by specific cells in the body. They are
powerful compounds that alter genetic function, causing numerous effects in the body.

transcription — the passage of information from DNA to mMRNA in the nucleus; this is directed by sev-
eral enzymes.

translation — the process of assembling a specific sequence of amino acids (based on the instructional
code provided by mRNA) to form a protein. It occurs in the cytoplasm on ribosomes or in the rough
endoplasmic reticulum.
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Resources

The following resources provide supplemental information that pertains to the topic in this module.

RR Levine, CA Walsh and RD Schwartz-Bloom. Pharmacology: Drug Actions and Reactions , Parthe-
non Publishing Group, New York, 2000.

C Kuhn, S Swartzwelder and W Wilson. Pumped. WW Norton & Co., New York, 2000.
C Kuhn. Anabolic steroids. Recent Progress in Hormone Research. 57:411-34, 2002.

NIDA Research Report; Anabolic Steroid Abuse, April, 2000
http://www.drugabuse.gov/ResearchReports/Steroids/AnabolicSteroids.html

CE Yesalis and MS Bahrke. Anabolic-Androgenic Steroids: Current Issues. Sports Medicine, 19: 326-
340, 1995. or http://www.naturalstrength.com/steroids/detail.asp?ArticlelD=382

JM Hoberman and CE Yesalis. The history of synthetic testosterone. Scientific American. 272: 76-81,
1995.
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