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Aging from the Inside
BY JESSICA STOLLER-CONRAD

Researchers at Caltech look beneath our wrinkles and gray.
hair to better understand what really happens to us as we age.

A Bacterium’s Best Friend
BY KATIE.NEITH

Microbiologist Sarkis Mazmanian takes-a closer look at the
benevolent bugs in our-bodies and how helping them thrive
may be good.for our health. = -
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BY CYNTHIA ELLER

Bioengineers at Caltech-study jellyfish morphology
and locomotion in-order to create their own swimming
creature made of silicone-and living muscle tissue.
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BY KATIE NEITH

The symbiosis between biology, medicine, and
engineering is driving innovative research at Caltech.
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What's In a Name

‘When it comes to research, we don’t do everything at Caltech. We are focused.
‘We move into fields that we think are important. We do the science and engi-
neering that we think has the potential to make a real impact on our world, on
our understanding of it, on our society.

Last year, what was Caltech’s Division of Biology became its Division of B e
Biology and Biological Engineering (BBE), marking the first time in 43 years that -
the Institute has renamed a division; at the same time, the Division of Engineering
and Applied Science created the Department of Medical Engineering (MedE).

On the surface, those changes might seem cosmetic. After all, they are -
acknowledging what is already going on at Caltech; they are a reflection of not g
only our strengths in the basic biological and medical sciences, but in taking the

findings from those areas and applying them to change lives.
In truth, however, these changes go deeper. They came about because we 5
as an Institute—have changed. We have evolved. We have learned. We learned
from experience and are ready to take the next leap forward. By including |
aspects of bioengineering in the names of a division and a department, Caltech
is declaring this field’s importance to the Institute. By naming it, we are
harnessing the energy of all the disparate scientists and engineers who work at
the intersections between disciplines on aspects of the same important problems.

We are harnessing the energy of all the
disparate scientists and engineers who work
at the intersections between disciplines
on aspects of the same important problems.

In a way, the story of how BBE and MedE came to be is an echo of Caltech’s own
life story. After all, these kinds of changes don’t happen quickly at Caltech; they do,
however, happen purposefully. And that’s why we’ve devoted this issue of E&S to telling
a few of the stories about how life and science and engineering intersect at Caltech
in labs devoted to understanding aging at the cellular level, to getting to know how the
microbes in our guts impact our health, to creating robotic jellyfish from silicone and
muscle tissues, to taking basic findings in the life sciences and turning them into
technologies and applications that really make a difference.
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On the Grounds

This letter tray, filled with metal type, is located
somewhere on campus. Should you decide to

run off a broadside or two, all you'd need to do

is dip into the tray to get the letters you need,

put them in the 6.5"x10"” chase (a metal frame

that holds type), and ink away. This printing device, a
replica of the popular Chandler and Price “Pilot” first
produced in 1886, was a hit in the late 19th century
among teenage boys who wrote and printed their
own newspapers, calling themselves “"amateur
journalists.” Today it is used to teach Caltech
students the technology they will need to succeed
in desktop publishing should the power grid fail.

Ysysusy fo 105s2ford juvsissy wopungy suyy fo 291fJo ayp ur Popy Gugocy w

punof aq uvs—fjasp ssaid ayy ypon Suoy—Aviy 103)2] S,5Sa1q SuULG Y T, AINSUTT




—=®@ random walk

* FACULTY
FOOTNOTES

In September 2013, Assistant Professor of Theoretical Astrophysics
Philip Hopkins joined the faculty in the Division of Physics,
Mathematics and Astronomy. Hopkins investigates what he calls
the formation of “big things™—like stars, galaxies, black holes,
and planets. But despite all of the romance associated with looking
up into the skies, Hopkins says most of his days are spent sitting
at a desk designing computer code. Combining observational data
with new models and simulations, Hopkins is working to discover
the effects of feedback, or how the activities of one individual star
can affect where mass is located within galaxies—and within the
universe as a whole.

However, here are a few facts about Hopkins you won’t

find on his CV:

»He doesn’t come from a long line of scientists.

“My parents were an art history major and a sociology major who never
took a math or science class afler their freshman year of college. They don’t
know quite what happened with me.”
> He onc

dabbled in writing movie scripts.

“Growing up, a friend and I were really into movies. We haven’t done anything
like this more recently, but when we were kids we wrote a lot of scripts—
we had active imaginations. Now I live near Hollywood, where another

Jfriend and his brother actually have an editing studio, which is pretty cool!”
» He’s looking forward to life in Southern California.

“I have a lot of friends and family in Southern California in general, some in
astronomy and some not. It also helps that my wife—a fellow astronomer
got ajob next door at Caltech’s Infrared Processing and Analysis Center.

She is originally from Queensland, so she’s extremely excited to live
somewhere warm.”

Wyl .

Beyond the Bubble

December 2013, Edward C. Stone, Caltech's David
Morrisroe Professor of Physics, paid a visit to The Colbert

Report, a late: n show

ght telev

Comedy Central

He was there to talk about a histor stone for the

Voyager mission: the NASA spacecraft had traveled beyond

the solar magnetic “bubble” and entered inters'
Stone

ar space

entist for the mission, now

as served as project s:
in its 37th year, since its inception. As a

expert on travel
beyond the solar system, he was able to answer host

St
was able to catch him off guard in the final segment when

hen Colbert’s questions with ease. Nonetheless, Colbert

dressed like an astronaut, he presented Stone with the
NASA Distinguished P

"I was on the Colbert Report to talk about what | tt

¢ Service Medal (pictured above)

k of as
humankind's greatest—and certainly most extensive—;

urney

of exploration, and | certainly didn't expect the host to hand

me an award,” says Stone, who is also a former director of

NASA's Jet Propulsion Laboratory. “That surprise on my face

was real.” The medal is the highest honor for a nongovern
ment i

vidual. Video segments of the show can be viewed

by searching the words Ed Stone at colbertnation.com
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QUANTUM KIDS

collaboration between Google Creative

bs and researchers at Caltech’s Institute

tum Information and Matter has enabled a rare educational interaction

between quantum mechanics researchers and gaming kids via the video game

ded more than 30 mil

dwide,

different types of bricks in a sandbox-like environment (left). In October, the team—

an add-on, or “mod,

| partner MinecraftEdu—unve:

ft pla blocks to their e

ers to add speci ronment

ncluding

observational dependency, superposition, and entanglement. Utilizing the game’s

than one state at the same time—a number of enthusiastic users have even

us simultaneously-dead-and-alive cat. —SC

A Material
World

As a group, the disciplines that make up
the humanities are often considered rather
heady and immaterial, and for a time in
the late 20th century, this was especially
true. As Caltech history and literature
professor John Brewer, the Eli and Edye
Broad Professor of Humanities and Social
Sciences, says, “Everybody was interested
in what everything symbolized, which

was rather abstract and metaphysical and
linguistic.” But now humanists are coming
to see a more down-to-earth aspect of their
work. A painting by Leonardo da Vinci,
for all its intangible meaning, is, as Brewer
points out, “made up of linseed oil, wood,
and paint, and an enormous amount of
effort goes into conserving it, making sure
that it’s okay as a tangible object.”

In recognition of this new focus on
materiality, or the physical mediums of
objects studied in the humanities, Caltech
and the Huntington Library, home to the
largest and most competitive fellowship
program in the humanities in the United
States, have joined forces to create Mate-
rialities, Texts, and Images (MTT). A two-
year interdisciplinary pilot program, MTT
will examine the role the material plays in
the subject matter of the humanities disci-
plines by bringing two visiting associates
to town, one with an office at Caltech, the
other with an office at the Huntington,
just a few blocks from campus. Midway
through the year, they will swap locations.
This spring and summer, each postdoc will
design a workshop featuring speakers from
avariety of different disciplines to discuss
what happens to humanities research
when one concentrates on materiality.

This year’s associates, selected with
an eye to their differences rather than
similarities, are Alexander Wragge-Mor-
ley, a historian of science looking at the
interplay of science, art, medicine, and
literature in late 17th- and 18th-century
Britain, and Stefanie Sobelle, an English
professor examining the overlap of liter-
ature and architecture in 20th-century
America.—CE

Spider Sense:
Detecting the Inflation
of our Universe

Professor of Physics Jamie Bock hopes the baffle tube he’s peering
through in the photo below will help him also peer into the early universe.
The baffle tube is a component of one of the six telescopes on one of his
recent projects, called Spider, which Bock will use to study the inflationary
expansion of the universe, an event that is thought to have occurred just

a fraction of a second after the Big Bang. Spider’s instruments will search
the thermal radiation, a fossil relic of the Big Bang, for polarization signals—
a telltale signature of background gravitational waves produced by the
inflationary expansion. “Inflation is thought to have happened just 10
seconds after the Big Bang. To think that we might be able to measure
something from that period is rather mind blowing,” Bock says.

If all goes as planned, Spider will begin a two-week voyage in late
December 2014, first launching in a balloon from Antarctica’s McMurdo
Station and then circumnavigating the continent. Bock hopes a successful
Spider mission will lay the technical and observational foundation for future

orbital missions dedicated to understanding the origin of the cosmos. — .
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GOING OUT WITH A BANG Engage

With the help of the Nuclear
Spectroscopic Telescopic Array,
or NuSTAR, the first space-based
observatory capable of focusing
h-energy X-rays, Caltech
researchers have been able alumni.caltech.edu.
to observe and map radioactive caltech.edu/ealendar/
material in an exploding star. public-events
Learn more at caltech.edu/news.
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Researchers at
Caltech peer beneath
our wrinkles and
gray hair to add to
our understanding

of aging.

ging. It’s about more than just

wrinkles, stiff knees, and hair
loss; it’s about a process that begins
at birth and starts from the inside,
affecting how we function at the level
of our DNA, our cells, and our tissues.
Despite claims made about creams and
potions, it’s unlikely that science will
ever provide us with unending youth.
Yet, thanks to improvements in medi-
cine and our understanding of health,
humans around the globe are living
longer today than ever before. In fact,
according to the World Health Orga-
nization, in 2011 the average global life
expectancy was 70 years, an increase of
six years since 1990.

For researchers who study aging,
increasing the human life span isn’t
the only priority. In their studies of
how aging affects organisms ranging
from yeast to mice to human beings,
researchers at Caltech are working to
understand the basic, fundamental
changes that happen under the surface
as we age. “Researchers on aging don’t
really think they’re going to find the
‘“fountain of youth,” says biochemist
Judith Campbell. “Instead, they’re
looking at ways to try to improve your
health span—or, the number of healthy
years in the life span.”

CLIPPING AND REPLENISHING
Campbell has spent the past three
decades at Caltech studying DNA
replication—the process necessary to
make sure that new cells in your body
carry all the same genetic information
that the old cells carried. During an
embryo’s development, cells divide to
create organs and tissues; in adults,
cell division replaces old, worn-out
cells with new ones. Every time one of
your cells divides, the double-stranded
DNA that makes up that cell’s 26
chromosomes unzips into two single
strands, each of which then serves as
a one-sided template, attracting the
molecules needed to build the second,
complementary strand.

However, the machinery involved
in DNA replication always leaves a little
piece of DNA at the end of each strand
uncopied—meaning that every time a
cell divides, the chromosomes carrying
the cell’s genetic material get a little bit
shorter. To guard against clipping off
genes at the end of the chromosome
during cell division, the chromosome
has protective end caps made up of spe-
cial DNA sequences called telomeres;
during every round of cell division, the
telomeres are clipped shorter. After
a cell ages—and has divided many

times—the telomeres become so short
that more divisions and replication
would threaten to cut into important
gene sequences. At that point, the cell
stays alive but ceases to divide, reaching
a stage called replicative senescence—
a marker of aging in cells.

As it turns out, it was a gene
that interacts with these telomeres
that led Campbell and her colleagues
into aging rescarch. “We were driven
to look at aging because the protein
produced by one of the genes we were
working with at the time, called Dna2,
was actually massively concentrated
at the telomeres,” Campbell says.

Dna2 is a DNA binding protein,
Caampbell says, but at first she and her
team didn’t know why it is so strongly
attracted to telomeres—or what it does
once it reaches them. So they decided
to find out, using a tiny, single-celled
organism as their guide.

Campbell and her colleagues
first encountered Dna2 while working
with Saccharomyces cerevisiae, or brewer’s
yeast—the organism best known for
turning water and grain into beer. But
in addition to its role in crafting fine
brews, Saccharomyces has also provided
an important model for the study of
aging, Campbell says.

AgINg
from the % b %ﬁ
inside iz

“In the early 1960s the people
studying yeast noticed that even this
single-celled fungus showed signs of
aging,” she says. “Every time that a
dividing yeast cell, called the mother
cell, grows and divides, it gets older.
Then, after about 23 divisions, it
goes into replicative senescence.”

Atleast, that’s what happens in
“normal” yeast cells. But in the 1990s,
researchers in Campbell’s laboratory
noticed that in mutant yeast cells—
cells in which the Dna2 gene was
absent—the telomeres were shorter
than those in a Dna2-laden yeast cell
that had been through the same num-
ber of divisions. And the mutant cells
also entered into replicative senescence
after fewer divisions: their aging
process seemed to have accelerated.

These findings suggested that,
in normal yeast cells at least, Dna2
might have a role in maintaining the
length of telomeres. An already-known
enzyme called telomerase can slow a
cell’s aging process by adding a short
sequence of DNA to the end of a short-
ened telomere; this partial restoration
of telomere length is especially import-
ant in frequently dividing cells, like
immune cells and skin cells in humans.
Campbell and her colleagues hypoth-
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esized that Dna2 might be interacting
with telomerase.

Further work has backed up this
hypothesis, showing that the telomer-
ase in yeast cells lacking the Dna2
protein was ineffective, unable to add
length to the telomeres. In other words,
they found that the Dna2 protein was
necessary in order for telomerase to
function properly.

And that’s not only the case in
yeast. “We also work on mouse and
human cells, and so more recently
we’ve been showing that, in mice,
Dna2 does the same things,” Campbell
says. “T can’t tell you if the mice that
have a reduced amount of Dna2 age
more rapidly, but I can tell you that
their telomeres get short.”

Dna2 has other tasks in the cell
as well; Campbell and her colleagues
have recently shown that, in addition
to lengthening telomeres, Dna2 plays
a role in repairing damaged DNA in
yeast, mouse, and human cells.

So, if Dna2 and telomerase work
together to replace clipped telomeres,
and Dna2 can repair DNA damage,
are these two proteins the key to
increasing an organism’s life span?

They likely have an important role
in longevity, says Campbell. But, as she
points out, a longer life isn’t necessarily
a healthier one. Cells that continuously
divide, multiply, and never die are
dangerous—these are the character-
istic traits of cancer. “One of the most
important diseases of aging is cancer,”
she says. “Cancer cells need telomer-
ase, and all tumor cells reactivate
telomerase—otherwise, they would
only go through a few divisions and
you wouldn’t get a tumor.”

A healthy cell has to strike a
delicate balance between clipping its
telomeres through cell division and
replenishing its telomeres via telomer-
ase and Dna2-—in other words, each
cell needs to find its balance between
aging and cancer. Although Campbell’s
work began investigating the aging side
of this balance in yeast, her lab’s focus
has now shifted to the role of Dna2 in

telomeres—and cancer—in m;

“I could say that we focus much
more now on cancer than on aging,
but it’s very difficult to dissect those
two processes because we’re working
on machinery that functions in both
kinds of biology,” Campbell says.

FUSION AND FISSION
While telomeres shrinking on chro-
mosomes are associated with aging,
they are not the only age-related DNA
changes your cells undergo. Outside
a cell’s nucleus are free-floating mito-
chondria—organelles best known as
cell “power plants,” converting nutri-
ents from the food we eat into usable
energy. These organelles contain their
own genetic material, called mitochon-
drial DNA, or mtDNA. And according
to biologist David Chan, whose lab
at Caltech focuses on the role of mito-
chondria in health and disease, that
genetical material is also involved
with aging and, in particular, diseases
of aging.

“Mitochondria have their own

genome,” Chan says. “That genome
is very small; it only has 37 genes and
only 13 of those are protein-encoding.
But all of those 13 proteins are essential
to the cells’ generation of energy.”

For that reason, Chan says, it’s
crucial that the genes for these 13
important proteins remain relatively

free of mutations—acquiring just
enough changes to allow evolution to
occur but not so many that the cell can
no longer function. Indeed, if such neg-
ative mutations accumulate, they can
have drastic effects on the cell, with
those effects being most devastating in
muscle cells, in which large numbers
of working mitochondria are needed to
produce the energy needed for physical
activities like walking and running.

“In a young person, all of the
muscle cell fibers have varying degrees
of respiratory activity from their
mitochondria. But then, in an older
individual, some muscle fibers start
losing their mitochondrial function—
and aging people tend to have an

increased number of these defective
fibers,” Chan says. “If you look at
the mtDNA in these nonfunctional
fibers, there is invariably a mitochon-
drial genome that has deletions in the
DNA sequence—the accumulation of
mtDNA mutations increases with age.”
These mutations arise as a result
of the inevitable interactions between
the hundreds or even thousands of
mitochondria that are needed to power
the routine activities in just one cell,
Chan says. “You can have two mito-
chondria fusing together, becoming one
mitochondrion,” he says. “And you can
also have the opposite process, in which
a mitochondrion divides, which is called
fission. They constantly come together
and separate, come together and sepa-
rate, as a way to exchange contents.”
This give and take between fusion
and fission—one aspect of the field
called mitochondrial dynamics—
can be beneficial for the organelle.
“Say there is a mitochondrion with a
mutation that prevents it from mak-
ing an essential protein. After it fuses
with a mitochondrion that can produce
the protein, you get a mixing of gene
products—the proteins coded by those

genes,” Chan says. By conjoining, the
mitochondria create a single mito-
chondrion that has all of the essential
proteins—which can then be combined
into protein complexes necessary for
respiration, he adds.

Chan’s laboratory investigated
how fusion can benefit mitochondria
by studying two genes that control
mitochondrial fusion in mice and
humans—Mitofusin 1 (Mfnl) and
Mitofusin 2 (Mfn2). In a study pub-
lished in the journal Ce/l in 2010, Chan
and his colleagues showed that the
muscle cells of mice with mutations
in both Mfnl and Mfn2 were much
smaller than those of normal mice of
the same age. Although the animals
had the same number of muscle cells,
or fibers, the muscles were smaller
overall, due to the smaller muscle
cells. Furthermore, as the mutant mice
grew older, they also experienced an
increase in mtDNA mutations com-
pared to normal mice of the same age.

This, says Chan, is a real prob-
lem. “We’ve found that if you simul-
tancously have more mutations in the
mtDNA and a loss of mitochondrial
fusion due to a mutation in the mito-

fusins, there is a synergistic effect and
you get much more severe symptoms in
the mouse,” he says. After all, if muta-
tions in mtDNA genes result in missing
essential proteins—and the mitochon-
drion can’t replace these proteins by
fusing with a “healthy” mitochon-
drion—the effects of the mutations will
be compounded. “So when there are
lots of mutations, mitochondrial fusion
seems to be important to mitigate the
effects of these mutations,” Chan says.
“That’s how fusion ties into aging.”

Chan has also been investigating
the role of mitochondrial fusion in Par-
kinson’s disease—a degenerative motor
and nervous disorder associated with
aging—due to the increased presence
of Mfn2 not only in muscle cells, but in
the neurons of the brain, nerves, and
spinal cord.

Usually affecting people over
the age of 50, Parkinson’s disease
is characterized by a loss of brain
neurons that produce dopamine,
a neurotransmitter responsible for
relaying signals to other nerve cells.
As a result, people with Parkinson’s
often experience symptoms such as
trembling hands, slowed movements,

emotional changes, and dementia.

The exact causes of Parkinson’s
disease are not clearly defined, but sci-
entists have found evidence that links
the disorder to defects in mitochondrial
function, Chan says. For one thing,
some inherited forms of Parkinson’s
disease result from mutations of genes
that have a function in the mitochon-
dria. In addition, Chan points to case
studies of “young people—some in
their 20s—who injected synthetic opi-
ates and developed chronic Parkinso-
nian-type symptoms. The drugs were
later found to be contaminated with a
mitochondrial poison,” he notes.

With this evidence in hand, Chan
and his colleagues have been investi-
gating the role of Mfn2 in the dopa-
minergic neurons—the main nerve
cells affected by Parkinson’s—in order
to better understand the relationship
between mitochondrial fusion and
Parkinson’s discase. In one part of the
study, published in the journal Human
Molecular Genetics in 2012, the research-
ers observed both normal mice and
mice lacking Mfn2, tracing the spon-
taneous walking patterns of the mice
as they traversed an open space. At
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four weeks of age, the Mfn2-less mice
traveled only about 68 percent of the
distance that normal mice walked; by
about 12 weeks, the mice without Mfn2
traveled only approximately a third of
the normal distance. These mice also
had trouble rearing back on their hind
legs and moved more slowly than their
normal counterparts.

In other words, says Chan, “when
we knock out a gene that’s involved
in the fusion of mitochondria in the
dopaminergic neurons, we get a
mouse that has some characteristics of
Parkinson’s disease. It secems like those
neurons are very sensitive to changes
in mitochondrial dynamics.” Restoring
the mitochondria’s ability to fuse and
divide in damaged cells, then, could be
an important aspect of future treat-
ments for Parkinson’s disease, he notes.

CIRCUIT LIGHTS
Neuroscientist Viviana Gradinaru (BS
’05) is seeking to solve the puzzle of
Parkinson’s discase and the aging brain
in a different way: by looking deeply at
the brain’s neural circuitry.
“Parkinson’s is a disease of aging,”
Gradinaru says. “So if we want to
think about increasing longevity, we
need to understand what kind of use
and abuse the circuits in our aging

brains can take, and how we can
make them last longer.”

One way that Parkinson’s
researchers currently study these
circuits in living human brains is via
a therapeutic technique called deep
brain stimulation, or DBS, in which
physicians or scientists send electrical
signals into the brain’s motor centers
via electrodes. This stimulation has
been shown to counteract abnormal
brain signals, alleviating the motor
symptoms most often associated with
Parkinson’s disease, such as shaking

4 weeks

and hand tremors.
Although used as a therapy for
humans, DBS can also be used as a

research tool in rodents—allowing
researchers to analyze the animal’s
behavior after stimulating neurons

in a certain region of the brain. It’s
an imperfect tool, however. Because
the brain’s neurons are so tightly
networked and interconnected, the
clectrodes can “wind up stimulating
neurons they’re not intended to stimu-
late,” says Gradinaru. This can cause
side effects such as mood alterations

12 weeks

Above: The traced walking patterns of both normal, wildtype mice (WT) and mice
lacking Mfn2, a gene necessary_for mitochondrial fusion: as they aged, mice without
M2 moved more slowly than their aging wildiype counterparts and traveled only

a fraction of their walking distance.

in human patients and also make it
difficult for researchers to be sure
they’re hitting the specific group of
cells they’re interested in studying
in rodents.

All of which is why Gradinaru
instead uses a more targeted tech-
nique called optogenetics to study how
circuits in the brain associate with one
another. With this technique, research-
ers genetically engineer neurons in the
brains of rodents to produce a class of
proteins, called opsins, which respond
to light; neurons producing opsins can
then be specifically excited by shining
light on them.

By engineering different neu-
rons to produce different opsins, each
of which can only be activated by a
specific color, or wavelength, of light,
Gradinaru is able to use different
colors of lasers to activate individual
neurons—or networks of neurons—in
a living brain in real time. In this
way, by stimulating only the targeted
neurons and observing their resultant
behavior, optogenetics researchers
are increasingly able to parse out the
specific neurons responsible for specific
symptoms in Parkinson’s.

Of course, the technique can be
applied to other conditions associated
with an aging brain. “Optogenetics

is being used to study Alzheimer’s,
Parkinson’s, depression, addiction,
memory, cognition, and sleep,” says
Gradinaru. “It can be used with such
a wide range of processes because it

lets you really focus on any of these
circuits, stimulate a small population of
neurons, and see what the behavioral
and mechanistic outcome is.”

In September of last year, Gradi-
naru received a New Innovator Award
from the National Institutes of Health
to support her work in the study of
circuits involved in Parkinson’s—and
why the aging brain becomes more
susceptible to the disease. “One of
the goals of the award is to look at the
Parkinson’s-related dopaminergic cells
over their lifetime,” Gradinaru says.

“A healthy individual starts with a
population of dopaminergic cells that
mature and function. But over time,
as that individual ages, some of those
cells will either die or just won’t func-
tion as a dopaminergic cell anymore.
‘We want to know how aging contrib-
utes to these changes.”

One way Gradinaru and her col-
leagues plan to do this is by using opto-
genetics to stimulate the same set of
dopaminergic neurons in a young brain
and in an aging brai

and observing
the differences in the animals’ behav-
ior. But to be certain they know what’s
going on, the researchers need to also
look at the physical changes that occur
in the brain as it ages. They’ll be able
to do that thanks to a visualization
technique Gradinaru helped develop
while a research associate at Stanford.

The technique, dubbed CLAR-
ITY, renders brain-tissue samples
nearly transparent, allowing research-
ers to visualize those hard-to-see
neurons and their connections from
deep inside the brain. “The hope is
that we can use CLARITY to observe
and compare across aging brains and
young brains, diseased brains and
healthy brains, and get very detailed
maps of neuron connectivity,” Gradi-
naru says.

This is important because, as
more humans live to very ripe old ages,

conditions of aging are being diag-
nosed at an unprecedented rate—
for instance, some researchers believe
that over the next two decades the
number of Parkinson’s diagnoses will
double. “The clock is ticking to find
a solution,” she says.

Although tools like optogenetics
and CLARITY help us better under-
stand the aging brain, they are not
therapies that can be used in humans
now, Gradinaru notes. Still, she says,
“while this kind of basic, fundamental
research won’t directly provide a cure
for Parkinson’s or a way to halt aging,
it’s a necessary part of finding better
treatments. We can gain a greater
understanding of how aging changes
specific cells and circuits in the brain.”

We aging humans try to hide from
the passage of time, but our cells and
their genes don’t lie—and that honesty
provides important information for
researchers like Viviana Gradinaru,
David Chan, and Judith Campbell.

“Sure, you might be able to
develop a cream that makes your
wrinkles go away,” Campbell says.
“But what we’re doing through the
study of aging is unlocking some of the
basic mechanisms of human health.
And that’s much more important.” €55
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If you look across the human popula-
— tion, you'll find that there are close to
10,000 species of bacteria, known as

O ¢ A Q — 4 / the microbiome, capable of coloniz-
UAA l » 3 N 7 \ i ing our bodies; cach of us will come
— . - - in contact with some subset of that
group over a lifetime. The number of
by Katie Neith bacterial pathogens that actually infect
humans—i.e., cause harm to us—
t’s a common belief that bacteria, their hosts rather than harm is only about 70.
in general, are necessary evils— them—an idea he is working And yet, Mazmanian says that
detrimental beings that live to prove through his research. when he started his work about a

alongside us but that we should do
our best to avoid. Caltech microbi-
ologist Sarkis Mazmanian, however,
is working hard to flip that script; he
‘wants us to recognize that many bacte-  prol
ria are here to help and that we should
be embracing them rather than
to kill them with a barrage of soaps,

The idea that our bodies
are teeming with propitious

decade ago, he was considered to be
“completely on the fringes of science™
by many of his peers simply for
wanting to study organisms that don’t
necessarily cause disease. Even today,
he adds, the vast majority of scientists
in the field of host-microbial interac-
tions concentrate solely on the bugs
that make us sick.
Fringe or not, however, Mazma-
nian’s point of view has started to
gain real momentum. His labora-
tory was the first to demonstrate
that specific gut bacteria from
the human microbiome direct
the development of the mam-
malian immune system by
enhancing the function
of specific immune cells,
and provide protection
from intestinal diseases
by balancing, rather
than activating, the
immune system. In
other words, he
says, fund 1

are absolutely dependent on microbial
interactions with—and within—
our bodies.

Mazmanian’s road to radical
thinking in microbiology had a rather
inconspicuous start: armed with a love
of writing and at the urging of teachers
who thought he showed real talent,
he entered UCLA as an English major
in 1990.

“One of my high school teachers
actually went to the trouble, without
telling me, of entering a poem I had
written in a national poetry contest,”
he recalls. “And I won first place.”

But it was a required biology
course—rather than one of his English
classes—that caught his attention
during his sophomore year in a way
that nothing ever had before.

“Perhaps I was more mature than
I was in high school, or the stars lined
up in a way that made me appreciate
it more,” says Mazmanian. “But for
the first time—and I can say this with
a great deal of confidence—T was
truly interested in a subject. That was
a new feeling for me, to not just learn
something but to be captivated by what
I'was learning. So I took a few more
science classes, mostly in microbiology,
and I never looked back.”

He went on to get bachelor’s and
PhD degrees in microbiology—both
from UCLA.

“I really appreciated how versa-
tile, dynamic, and powerful these little

: 1

biol hines are, and I've been a

aspects of health

microbiologist ever since,” says Mazma-

nian, who joined the Caltech faculty
as an assistant professor in 2006 and
became a full professor of biology and L

biological engineering in 2012. \

But Mazmanian hasn’t just been a
microbiologist since his college days;
he has quickly become a leader in the
field. In 2007 he was awarded a Searle
Scholarship, and in 2008 was named
one of Discover magazine’s “20 Best
Brains Under 40,” which hailed young
innovators in science. He was a 2011
recipient of a Burroughs Wellcome
Fund award and, in 2012, was named
a MacArthur Fellow and awarded a
five-year, $500,000 “genius” grant.
Mazmanian’s creative and
award-garnering work on beneficial
bacteria began with a simple notion.
Since most symbiotic bacteria live
in the intestines, he decided to start
looking at the ways they might posi-
tively impact a disease in the gut—in
this case, Inflammatory Bowel Disease
(IBD), which includes such conditions
as ulcerative colitis and Crohn’s disease,
and affects 1.5 million Americans
and many more people worldwide.
IBD is believed to start when the gut’s
immune system becomes activated
despite the lack of an actual infection,
creating chronic inflammation that

Above: A mural, painted in the second floor hallway
of the Church Laboratory by a commissioned artist,
illustrates segments of the human intestine where
bacteria with powerful beneficial effects live.
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keeps damaging gastrointestinal
tissues, eventually causing such
symptoms as bloating, abdominal
pain, constipation, bloody diarrhea,
and severe weight loss.

Mazmanian theorized that
introducing “good” bacteria into a
gut under siege might work to balance
and thus tame this misguided immune
response. So he and his team used
mouse models of IBD to identify organ-
isms that interact in a positive way
with the immune system. These initial
studies identified Bacteroides fragilis, a
member of the human microbiome
that produces a molecule with powerful
anti-inflammatory properties, essen-
tially stopping IBD in its tracks.

Not content to tackle only IBD,
Mazmanian decided to venture
beyond the gut and into the central
nervous system.

“Based on both human and
mouse studies, we knew that the
immunological response driving
multiple sclerosis was very similar to
the inflammatory cascade that causes
IBD,” he explains. “And so we won-
dered if maybe beneficial microbes
living in the intestines might be able
to have an effect outside of the gut.”

Multiple sclerosis (MS) is a neu-
ro-inflammatory disease in which the
immune system attacks the protective
sheath around nerve cells, causing
symptoms from tingling to numbness
and even paralysis in extreme cases.
As they had done in their IBD experi-
ments, Mazmanian and his team set
up cases of MS in mice, introduced
B. fiagilis bacteria into the gut and, sure
enough, were able to demonstrate reg-
ulation of inflammation in the central
nervous system and amelioration of
the symptoms associated with MS in
mice, most importantly paralysis.

“It was astonishing to see ben-
eficial effects of the gut microbiome
in tissues as distant as the brain and
spinal cord,” says Mazmanian.

Having looked at how gut bacteria
can change and shape the immune
response both in the gut and in the
brain, the team is now considering how
those same bacteria might affect the
nervous system directly, influencing
everything from neurological diseases
to common behaviors. After all,
Mazmanian says, the kinds of helpful
molecules the microbes produced in
the IBD and MS experiments are
capable of interacting with any kind
of cell, whether it’s part of the immune
system or not.

“As far as a microbe is concerned,’

he says, “a cell is just a cell.”

To see if he could prove that point,
Mazmanian began working with Paul
Patterson, the Anne P. and Benjamin
F. Biaggini Professor of Biological
Sciences, Emeritus, a few years ago
on a program to study the effect of
the bacteria in our bodies on some
of the behaviors seen in autism. Why
autism? For one thing, Patterson had
recently modeled autism in a mouse
and reproduced many of the features
of the disorder in humans, including
the so-called leaky gut issues that
many children with autism experience.
He and Mazmanian then introduced
probiotics—again, B. fiagilis—into
the bellies of the animals to see what
influence the bugs might have on
the GI problems as well as specific
behavioral symptoms.

They recently reported their
results in the journal Cell, noting that
the probiotic-treated mice showed
fewer signs of anxiety, were less likely
to engage in a repetitive behavior, and
were more likely to communicate with
other mice than their untreated coun-

terparts. Anxiety, repetitive behavior,
and defects in communication are
hallmarks of autism. Mazmanian
thinks these changes may be thanks
to the microbiome’s regulation of the
release of certain metabolites involved
in developmental functions.

“We’ve been working for several
years on exactly what these mech-
anisms are and how commensal
microbes interact with other microbes
in the gut, how they interact with the
gut’s epithelial cells, how they interact
with the gut’s immune cells, and how
they interact with the nervous system,
all in the context of autism,” he says.

The ultimate goal of his research,
Mazmanian notes, is the development
of therapeutic probiotics—pills con-
taining helpful organisms that would
colonize your gut and keep you healthy.
Such pills would be used to address
more than just IBD or MS or autism;
they could, Mazmanian says, be useful
in both protecting against and reduc-
ing a wide variety of symptoms and
conditions associated with the immune,
nervous, and metabolic systems.

“We describe our efforts as discov-
ery of ‘drugs from bugs,” he says.

So why not just grab some of the
commercially developed probiotics
on the market today? While there
are certainly plenty to choose from,
Mazmanian says, there is little to no
evidence that they provide any real
benefit when tested in clinical trials.
After all, the bacteria in the probiot-
ics available at your local health-food
store were chosen for their long shelf
life rather than for benefits shown
through medical research. And while
Mazmanian expects that probiotics
based on his studies will be in clinical
trials within the next two years, he
knows that the natural course of drug
development takes time; he says it’s

likely to be at least a decade before
these probiotics to become available
at your local pharmacy.

In the meantime, Mazmanian
says, the best thing we can do to keep
ourselves healthy and to give ourselves
the benefits offered by the obliging
microbes already in our bodies is to
stop using antimicrobial agents and
reduce high-fat, high-sugar diets.

He points out that in Western soci-
eties—where antibiotics, sanitation,
and the use of antibacterial products
are the norm—rates of IBD, MS, and
autism are increasing rapidly. The
“cleaner” we live, it seems, the more
likely we are to increase our risk of
developing these kinds of immunologic
and neurologic disorders. He also
notes that the “Western diet” alters
the microbiome, which may impact the
effects of gut bacteria on the immune
and nervous systems.

Modern lifestyles include strategies
that have led to critical advances in
controlling infectious disease. However,
“in our efforts to distance ourselves
from infection, we’ve also altered our
association with beneficial organisms,”
Mazmanian says. “I think evidence
is mounting that the abhsence of
microbes may well be a risk factor
for certain diseases.

Mazmanian’s beneficial bacteria aren’t
just improving health; they’re also
helping to advance science in Armenia.
Or, at least, they’re helping to fund
that advancement of science. When

he isn’t testing the effects of benefi-

cial bacteria in the lab or helping the
young scientists he mentors develop
into independent thinkers—something
he calls his “greatest joy”—he is using
the funds from his MacArthur grant
to help provide aid to the Armenian

scientific community.

“When you go to developing coun-
tries and see the conditions by which
other people are trying to do science,
it’s night and day compared with the
standards we enjoy in the United
States,” says Mazmanian. “I'm Arme-
nian—if I didn’t use the opportunity
as a successful scientist to help bour-
geoning scientists in Armenia, then
I wouldn’t be using my very fortunate
position to its fullest.”

So, beginning in 2008, Mazma-
nian worked to build a relationship
with scientists and university admin-
istrators in Armenia. These days,
Mazmanian and three additional
scientists he’s recruited from different
U.S. institutions head to the Molec-
ular Biology Institute in Yerevan,
Armenia, each fall, where they spend
a wecek teaching 50 to 60 graduate
and medical students about the ways
humans and microbes affect and
shape one another’s lives.

“It’s really a small contribution
in the grand scheme of things,
because there’s only so much you
can do in one week,” Mazmanian says.
“I leave once the course is over, and
for 51 weeks they go back to very poor
conditions—it’s like a Band-Aid on
a festering wound.”

The way to really begin to
close the wound, he says, would be
to build—from the ground up—a
research institute in Armenia that is
based on the scientific approaches and
technologies being used in the United
States, Europe, and Japan—the world’s
leaders in scientific discovery. That,
he says, would be a true benefit to the
people of Armenia.

“Whether or not this will happen,
T'm not sure,” says Mazmanian. “But
it’s my dream. If it comes to pass, I
think it could be the most impactful

thing I will ever do as a scientist.”

He is quick to point out,
however, that for any gains he makes
in Armenia, he has countless people to
thank back in the States. Without the
successes of his research lab, none of his
extracurricular work would be possible.

“So many students and research
fellows have given abundant time,
energy, and intellect to help move
forward our lab’s contribution to
science and society,” Mazmanian says.
“Their hard work has put me in a
position to help others.”

And though he hasn’t done
creative writing in many years,
Mazmanian doesn’t hesitate to
wax poetic about his and his team’s
ultimate ambitions to change the
public’s view of bacteria into a more
positive sentiment.

“If our bodies are colonized
with microbes not making us sick,
there is no room or space for invaders,”
he stresses. “For example, if you
have lush vegetation, weeds don’t
grow. But if all the plants die off, the
weeds come because there is room
for them. The microbes that live inside
and on us actually help us fight off
infections, they improve our immune
and nervous systems, and our lives.

If we embrace them as old friends
and not as new enemies, then we may
appreciate and potentially harness
the awesome power of bacteria as
revolutionary therapies for people
suffering from various diseases, both
in the U.S. and abroad.” €55
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MEDUSOIE

by Cynthia Eller

i MOTION

all it a medusoid—that’s what
its makers have dubbed it. Or, if
you prefer, call it a ratfish, since
it was constructed by layering
rat muscle tissue atop a silicone
substrate. Or perhaps you'd
prefer cniborg (rhymes with cyborg,
which is what it is, from the phylum
Chnidaria); or robojelly, since this star-
shaped creature, constructed in the lab
of Caltech bioengineer John Dabiri,
is both robot and jellyfish.

Whatever you call it, this one-
centimeter-diameter creature is worthy
of your attention. Although the medu-
soid is not the first nor the only attempt
to culture cells in the lab and attach
them to an inorganic substrate, it does
something no other such invention has
yet been able to accomplish, something
truly extraordinary: it swims.

This may not seem amazing to
you. Perhaps you yourself can swim.
Fven a paramecium can swim, with
only one cell to its credit. But for the
medusoid-—which lacks a heart, a
brain, or even a central nervous
system—it’s quite a feat. According to
Dabiri, who came up with the idea of
bioengineering a cyborg jellyfish, and
biologist Janna Nawroth, who designed
the creature, making a medusoid
that could swim was a three-and-a-
half-year labor of love and science.

The medusoid is the product of
a collaboration across disciplines,
marrying biology to engineering, elec-
trophysiology to fluid dynamics. This
description suits Dabiri himself, whose
work with jellyfish comes not simply
from an interest in marine life, but out
of an appreciation for the jellyfish’s
simple but effective form of propulsion.

4

“As a kid I was fascinated with

rockets and helicopters and airplanes,”

Dabiri remembers. This enthusiasm
for moving and flying things grew into
an interest in fluid dynamics, a field
of engincering that, in spite of the
term fluid, applies to both water and
air. For Dabiri, fluid mechanics is
“a challenging topic but also a really
beautiful one. You see these water
motions that a jellyfish creates, and
it’s neat to think that you could
describe them with a few equations.”

Those motions, or vortices, are
the result of the jellyfish’s repeated
cycles of body contraction and relax-
ation. What makes jellyfish propul-
sion fascinating is that the creature
continues to propel itself through
the water during its relaxation phase
(though not quite as far as during its
contraction phase). In most animals,
this is not the case. Propulsion occurs
when the muscles contract, but when
they release, propulsion slows down,
or even reverses.

In the spring of 2008, after Dabiri
had given a lecture at Harvard on
the intricacies of jellyfish propulsion,
Harvard bioengineer Kit Parker intro-
duced himself to Dabiri, commenting
that the videos of juvenile jellyfish
propelling themselves through the
water had brought to his mind the
muscular contraction and relaxation
of the heart tissue he was working with
in his lab. Parker had by then pioneered
a technique through which muscle cells
would attach themselves in an orga-
nized fashion to fine lines of protein laid
down on silicone. This work marked
the first time that researchers had been

able to grow muscle cells that would

not only contract and relax individ-
ually, but would act as actual muscle
tissue, the cells working in concert
with one another. Dabiri and Parker
realized that Parker’s “functionalized”

laboratory muscle tissues meant

that it was now theoretically possible

to build from biological materials,
in the lab, something that could
potentially swim as a jellyfish does.

Dabiri knew, “would require a broad
range of skills—tissue engineering,
clectrophysiology, fluid dynamics.
But what it required first of all is
someone who is persistent.”
With those requiremen

s in
mind, Dabiri assigned the creation
of the medusoid to Nawroth as her
doctoral thesis project. Nawroth had
originally come to Caltech to study
neuroscience, but when her mentor

moved to Germany, she started looking
for other opportunities. Having been
intrigued by the work in Dabiri’s lab
during an earlier research rotation,
Nawroth returned, looking for a
meatier project. Dabiri handed her

the medusoid challenge.

Over the next several years,
Nawroth would move back and forth
between Parker’s lab at Harvard and
Dabir

lab at Caltech. At Harvard,

Nawroth worked on tissue cultures,
learning Parker’s methods for attaching
cells to substrates; at Caltech, she
turned to questions of what the
appropriate architecture might be

for a medusoid. This back-and-forth
was helpful, Nawroth says, because
Harvard’s biologists were, like herself,
“much more used to dissecting organ-
isms and analyzing their internal

structure.” The engineers in Dabiri’s

lab, on the other hand, were more
interested in examining the shape,
movement, and fluid interactions of
intact jellyfish so as to find the best
possible design for an engineered
creature that could swim.

From the outset, Dabiri’s focus
was on function rather than form.
“For centuries, there’s been an interest
in biomimicry,” Dabiri explains,
“in building something that looks

like a biological system. If you're

trying to build an airplane and you
see a bird, for example, you might
start by mimicking its flapping wing
design. But the history of aviation
shows us that until we decided to use
a fixed wing and stick an engine on
the back of it, that plane wouldn’t

go anywhere. So we're realizing that
directly copying animals isn’t the way

to success. Instead, we have to figure

SPRING 2014 ENGI

CRING & SCIENCE




Juvenile je

out the underlying physical principles
and then bring engineering materials
and control systems to bear on them.”
‘Which is why Dabiri tasked Nawroth
with designing a creature that moved

efficiently like a jellyfish; what it looked

like, he said, didn’t matter.

With this broad mandate,
Nawroth initially came up with some
very un-jellyfish-like prototypes, cach
of which took about a year to design
and construct, and each of which, in
turn, failed. Ultimately, the design
that worked—the medusoid—had a
star shape reminiscent of a juvenile
jellyfish. But that, says Dabiri, was just
coincidence: they were replicating jelly-
fish propulsion, not jellyfish physiology.

In her first research rotation in
Dabiri’s lab, Nawroth had experi-
mented on the effects of water tempera-
ture on the shape of adult jellyfish.
Juvenile jellyfish have star-shaped
bodies with gaps between each petal
or lobe. As they grow, webbing fills
in between the lobes to form the bell,
or body, of the jellyfish. According to
Nawroth’s observations in Dabiri’s lab,
jellyfish that grow in colder water
which is more viscous—develop
webbing more slowly, using “sticky”
layers of viscous fluid between the lobes
to give them greater traction on the

fluid through which they must move.

Below: The b

fish as it contracts and releases its

om strip of images shows a

muscles; above those are illustrations of the

same process as performed by the medusoid.
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Jellyfish in warmer waters grow tissue

between the lobes more rapidly, to

compensate for traction lost by contact

with the less viscous warm water.
Because Dabiri was planning

to use mammalian (rat) muscle to

power the medusoid, a warmer fluid

environment—close to human body

temperature—would be needed, and
this suggested that the medusoid would
require smaller gaps between its lobes.
“People always talk about DNA, DNA,
DNA,” he says. “But in reality, the
environment plays a big role in deter-
mining the shapes and sizes of organ-
isms. Knowing the environment in
advance helps us think more construc-
tively about design.”

The next step in making a
medusoid was to determine whether
or not rat heart muscle—the key
component in Parker’s tissue experi-
ments—shared more than a superficial
similarity with the muscles of a juvenile
jellyfish. Nawroth began directly
examining the propagation of electrical
signals through rat muscle tissue using
a procedure called optical mapping,
in which cells are stained with a dye
that is voltage sensitive. As an elec-
trical stimulus passes through the
muscle tissue, the color of the dye
changes, making it possible to directly
visualize the tempo and movement of
the electrical charge. Nawroth then

attempted similar experiments on
jellyfish, a tricky business, she reports,

since a jellyfish “is evolutionarily so far

away from a rat, and many dyes and
experimental techniques developed for
rodents don’t work in jellyfish.” Never-
theless, these optical maps confirmed
for Nawroth that the wave pattern
along the muscles in the lobes of a
Jjuvenile jellyfish and those in the heart
muscle of a rat were similar enough
that the latter cells could indeed stand
in for the former.

But what to attach them to? Dabiri
and Nawroth knew that whatever they
laid the muscle cells on would need to
be able to recoil—or flap—with each
released contraction of the muscles, just

as the mesoglea (the middle, jellylike
layer of tissue) in a jellyfish does. They
already knew from Parker’s work that

muscle cells could adhere to silicone
if it was properly prepared with lines
of protein; fortunately a thin piece of
silicone is also suitably elastic for an
efficient recoil. And so silicone it was.
With such a lightweight material
to control, the researchers knew that
they could apply their muscle cells very
sparingly. In the end, they needed only
a one-cell-thick layer of muscle cells
to be able to flap the silicone substrate.
Two challenges remained, both
fairly easily solved once Nawroth had
put silicone and cells together into

a workable design. First, Nawroth
needed to figure out how to protect the
medusoid’s muscle cells—after all, the
cells came from rats, where they are
ordinarily covered by layers of more
muscle, bone, fat, and skin—and how
to keep the cells fed. She determined
that placing the medusoids in a tank of
carbohydrate-rich cell-growth medium
would protect the cells, and that the
sugar in the growth medium would
easily be taken up as food—and thus
energy—by the muscle tissue.

“Muscle tissue is more efficient
in storing energy than, say, trying to
attach a battery to the medusoid,” says
Dabiri, who explains that this is one of
the key advantages of using a biolog-
ical rather than a synthetic material
to mimic jellyfish propulsion. “The
medusoid doesn’t require a big back-
pack with a battery on top, because the
cnergy is taken from the solution.”

Nawroth’s second challenge was
to figure out how best to stimulate the
medusoid’s muscle cells to contract
in unison, in a productive pattern.
Nawroth provided her medusoid a
pacemaker by attaching two U-shaped
clectrodes to the side of the tank
and using them to deliver a pulse of
clectricity through the water every
second. Like the coxswain in a boat
commanding the rowers to stroke in
unison, the electrodes commanded

the medusoid’s muscle cells to contract,

relax, contract, relax—and thus propel
the medusoid through the water.

Set loose in their tank, the 20 or so
medusoids Nawroth ultimately created
did in fact look strikingly like juvenile

jellyfish pulsing through the water.

adly, within an hour, and as expected,
their response to the electric pulsing
slowed and eventually stopped; this was
due, says Nawroth, “to the physiolog-
ical stresses and toxic electrochemical
products generated by the stimulation
ful
experiments, Dabiri, Nawroth, and
Parker coauthored a paper reporting
their findings, titled “A tissue-

over time.” Following their su

engineered jellyfish with biomimetic
propulsion.” It was published in
Nature Biotechnology in August 2012.

A tiny swimming disk of silicone
and rat muscle is exciting all on its
own. But that excitement ratchets up a
notch or three when you consider that
something like a medusoid—a bioen-
gineered, self-sustaining contractor—
could one day be used to address
human heart malfunctions.

“If you're thinking about building
an artificial heart or a valve or an
active stent,” Dabiri explains, “you
want materials that are biocompatible
and relatively gentle in handling blood
cells. Biologically inspired systems
that can deform and generate a gentle
flow, as the medusoid does, are things
that I think have an interesting future.
A heart is an amazing system,” says
Dabiri, “but there’s no reason not to
ask how we could improve upon what
nature has refined over millions
of years.”

Nawroth is especially excited about
the possibility of using medusoids for
testing new drugs. As she explains,
“Currently the options for testing drug

efficacy and biosafety are pretty limited.
To test biosafety, you have a cell culture,
and you just put the drug on it and see if
the cells survive. If the drug passes that

test, you go to an animal model to test
efficacy. But this is very costly and not
always informative about the effect the
drug will have in humans. So one idea is
to build medusoids from human-derived
cardiac muscle and then test the effect of
cardiac drugs on the swimming of these
specialized medusoids. This would serve
as a proxy for cardiac muscle health

and contractile strength.”

The work on medusoids also
contributes to basic science and engi-
neering. “By getting closer to these
engineered systems that incorporate
both muscle tissue and biological control,

we're able to ask more precise questions
about the evolution of design,” Dabiri
says. “It helps us better understand the
biology, and it also helps us to build

better technologies.”

John Dabiri is a professor of aeronautics and bioengineer-
ing; Janna Nawroth, who received her PhD in biology
Jrom Caltech in 2013, is now a postdoctoral fellow with
the Disease Biophysics Group at Harvard’s School of
Engineering and Applied Sciences. Their work on the
medusoid was funded by the National Science Foundation,
the National Institutes of Health, and the Office of Naval
Research. Jellyfish were provided by the Ne

Aquarium and the Cabrillo Marine Aquarium.

o England

To see a video of the medusoid in motion,
visit http://goo.gl/wB8ETa.
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Inspured by

Nature

The symbiosis
between biology.
medicine, and
engineering is
driving innovative
research at Caltech.

by Katie Neith

[ETH ENGINEERING & SCIENCE  SPRING 2014

earning how to program biological

molecules as if they were compulers in
order to build molecular machines with the
ability to process information, make decisions,
take actio

learn, and evolve.

Gathering the information gleaned from
more than three decades of battling HIV in
order to engineer antibodies that can outsmart
attempts to evade destruction.

Detailing the biophysics and biochem-
istry of the zebrafish heart in order to create
man-made artificial pumps that one day might
help human hearts beat a little more steadily.

Building an understanding of the
basics of a phenomenon so that you can

pursue the best and most practical way
to apply those findings—often within
the same research group or collabora-

tion—is the crux of bioengineering at

Caltech. Instead of handing knowledge
off, Caltech’s scientists and engineers
use what they’ve learned to solve the
problems they are most interested in.
To acknowledge and formalize its
commitment to this kind of continuity
and collaboration, last fall the Institute
combined the disciplines of biology
and biological engineering into the
Division of Biology and Biological
Engineering (BBE). It was a move that
created an academic di

ion unlike
any other among its peer institutions,
and the first time a Caltech division
has been renamed since 1970. Simul-
taneously, the Division of Engineering
and Applied Science (EAS) announced
it would be providing a more solid
platform for the in-depth exploration
of bench-to-bedside medicine by
dedicating an entirely new department
to medical engineering (MedE).
“We’ve been doing bioengineer-
ing work at Caltech for a long time,
but we’ve never organized it in such a
way that the connection between the

science and the

ngincering was so
clear,” notes Caltech vice provost Mory
Gharib, whose own research focuses on
what he calls bioinspired engineering.
“Now we’re set up so that we can

not only develop the scientific

understanding of biological engineer-
ing and then apply it, but we can also
translate it to a clinical setting. This,
I believe, is creating a model for the
rest of the country. Instead of putting
researchers in boxes, we are trying
to nurture them in a collaborative

fluid way.”

BUILDING FROM BASICS

The study of nature—of what goes

on in the living world around us as
well as the one inside our own bodies—
is among the oldest fields of human
inquiry. Scientists working in biology
have long examined plants, animals,
and other organisms to determine how
they are structured, as well as to better
understand how they function and
how they evolve.

But even before we were able
to understand our surroundings, we
worked to improve them, to solve
the various problems we encountered
by using the raw materials around us
to develop tools, machines, and other
technological solutions. It’s a most
basic of human endeavors; a pursuit
we refer to today as engineering.

Those two approaches—that of
basic science and that of engineering—
tend to address similar questions and
problems from different angles, says
Gharib. As, he adds, do biological and
medical engineering, as exemplified
by the fundamental approaches taken
by researchers in BBE and MedE,
respectively. “In trying to understand
how biology works and then building
upon that to get to the point where it
can contribute to the field, biological
engineering is bottom-up. Medical
engineering, on the other hand,
top-down. We look at the problems

that are currently challenging to the
field and try to come up with devices
and techniques to help clinicians do
their job better or make breakthroughs.
Essentially, we're looking at the same
wall from two different sides.”

This kind of dedicated focus

on bioengineering, no matter which
side of the wall a researcher is on,
Gharib notes, “will not only help
coordinate scientific work at Caltech
but will also give outsiders a more
accurate impression of how we at
Caltech are taking a multifaceted
approach to the challenges of this
field across disciplines.
According to BBE chair Stephen
Mayo, who guided BBE through its
reorganization, melding biological
engineering with the fundamental

science of biology is a unique way

of approaching this area of research.
“Although other schools have bio-
logical engincering programs within
their schools of engineering,” he notes,
“none has a college or school in which
biological engineering is integrated
directly with biology, so that they can
enhance each other—allowing those
people who are doing engineering

to interact more closely with those
who are doing fundamental work and
obtaining basic knowledge.”

Caltech’s Division of Biology was
originally founded in 1928 by Nobel
Prize-winning geneticist Thomas
Hunt Morgan. As part of its trans-
formation into BBE, it has added 11
faculty members who also work within
other Caltech divisions; their research
areas include genetic engineering,
translational medicine, synthetic
biology, and molecular programming.

“The formation of BBE is a
reflection of the diversity and breadth
of activities in engineering and the
biological sciences at Caltech—from
the structure and function of proteins
at the atomic level to developing
nanoprobe electrodes that can simul-
tancously measure the activity of thou-
sands of neurons in the brain,” says
Mayo. “Putting these activities into
one division increases the potential
and the pace for providing trans-
formative solutions to some of the
biggest problems in science, medicine,
and health.”
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EAS’s new MedE department, spear-
headed by EAS chair Ares Rosakis
and a core group of faculty, joins six
other departments in the division,
each of which is grounded in a specific
engineering discipline. “We have been
engaged in medical engineering for
several decades, but are now formal-
izing our commitment to this area by
focusing more resources on finding
fresh avenues for developing diagnostic
tools, medical devices, and treatment
options, in an approach sometimes
known as translational, or ‘bench-
to-bedside,” medicine,” says Rosakis.
“The evolution of MedE reflects the
desire of many faculty members and
of local research hospitals and medical
foundations to engage jointly in engi-
neering-centric technology-develop-
ment efforts for medical applications.”

To that end, MedE is already
partnering with the Keck School of
Medicine of USC, UCLA’s David
Geffen School of Medicine, City of
Hope, the UCSF School of Medicine,
and Huntington Memorial Hospital,
among others. Alongside the newly
established BBE division, MedE posi-
tions Caltech to become an even more
dynamic force in the field of bioengi-
neering, says Rosakis.

“Caltech really has an opportunity
here,” says Yu-Chong Tai, the inaugu-
ral executive officer for MedE. “While
there are more than 60 accredited bio-

medi
United States, and there are about 100

engincering programs in the

biomedical programs at various univer-
sities and institutes, Caltech is engaged
in a very unique pursuit. The work we
want to do relies on deep engineer-
ing, which is our strength at Caltech.
That’s why our intention is to build the
Caltech medical engineering depart-
ment in a way that is rooted in really
first-class engincering, moving from
that base toward medical applications.”
Not every aspect of bioengineering
at Caltech is undergoing an evolution,
however: the Institute’s Donna and

Benjamin M. Rosen Bioengineering
Ceenter, founded in 2008 through an
$18 million gift from the Benjamin M.
Rosen Family Foundation, will remain
an intellectual hub for bio- and medical
engineering resources and activi-

ties, and will continue to be jointly
administered by BBE, EAS, and the
Division of Chemistry and Chemical
Engineering.

“The Rosen Center acts as a kind
of glue that ensures that the broad
bio-related engineering activities on
campus have a central point of coordi-
nation and support,” Mayo says.

TRANSFORMATIVE SOLUTIONS
For bioengineer Lulu Qian, this
renewed recognition of the importance
of her field for Caltech plays out every
day in her lab, where she and her

team apply engineering’s computer
programming principles to biologi-

cal molecules like DNA and RNA.
Qijan, who became one of the first new
members of BBE when she joined the
Caltech faculty last year as an assistant
professor, is bringing to this problem
both the biological knowledge and the
computational expertise she gained
when she spent time as a Caltech
postdoc working with Shuki Bruck, the
Gordon and Betty Moore Professor of
Computation and Neural Systems and
Electrical Engineering.

“Nature has been very successful
in evolving and selecting the most
efficient and powerful biological
systems made of simple individual mol-
ecules,” says Qian. “If we want to use
the full potential of molecules to create
complex and programmable systems,
we’ll need to borrow biology’s own
information-processing principles.”

For example, Qian and her lab
members, inspired by learning and
memory-forming rules in the brain,
are working to create synthetic DNA
neural networks that can learn from
their biochemical environment and
recall patterns of biochemical signals.

Such circuitry could, in the future,
lead to molecular robots that respond
intelligently to unexpected events

they encounter during autonomous
operations such as delivering drugs

in the body. Inspired by collective
behaviors such as foraging in ants and
swarming in termites, Qian’s group is
working to build molecular robots that
may have simple functions as individu-
als but are able to perform remarkably
complex tasks when in groups.

“I take inspiration from biology
and apply the conceptual frameworks
and tools of computer science to
molecular engineering,” says Qian.
“My research aims to extend computer
science with new molecular substrates,
and to create new frontiers in chemistry
and the biomedical sciences.”

While Qian is applying what
she’s learned from biology to her
engineering pursuits, biologist Pamela
Bjorkman is attacking from another
angle—applying engineering principles
to the development of innovative ways
to counter the human immunodefi-
ciency virus (HIV), the infectious agent
that causes acquired immunodeficiency
syndrome, or AIDS. A worldwide
scourge, AIDS has killed an estimated
35 million people, according to the
World Health Organization. Another
34 million are believed to be living
with HIV.

Specifically, Bjorkman and her
team are trying to create—or, rather,
engincer—antibodies that can work
more effectively against HIV, which is
difficult for the human immune system
to clear from the body once it has
been infected. There’s only one clear
target on the virus for antibodies to
go after—spikelike proteins that stick
out of the outer coat of the virus.

The problem is that HIV-1 can
casily evade these antispike antibodies
because its spike proteins—which are
used to bind to receptors on the host
cells it wants to infect—are able to
rapidly mutate so that the antibodies

are no longer able to recognize or
glom onto the spikes.

It’s that evasive technique that
Bjorkman and her team are trying to
counter in the lab. “We are using struc-
ture-based protein design methods to
engineer antibodies that can fight back
against some of the common routes of
HIV mutation,” says Bjorkman.

The production of ever-changing
types of antibodies in response to an
infection is a remarkable example
of real-time evolution, Bjorkman says.
The immune system begins churning
out huge numbers of antibodies when
it detects a pathogen in the body; the
ones that bind best to that pathogen
are then made in large quantities. By
studying the natural antibodies pro-
duced by an infected host, she hopes
to learn what makes certain antibod-
ies—in particular those targeting
HIV—effective, and to then take the
optimal properties found in various
anti-HIV antibodies in order to engi-
neer new versions specifically created
to have many of those advantageous
properties.

“It’s this ability to draw on both
the quantitative and engineering
aspects of biology that puts those of us
in the Caltech community in a unique
position to conduct both fundamental
and applied research,” Bjorkman says.
“And that’s what will ultimately help
us to make real improvements in
human health.”

ADDRESSING SOCIETAL NEEDS
The researchers who make up the
MedE department—brought together
from a broad range of engineering and
science specialties both within EAS
and outside it—are, for their part,
focusing on improving human health
though interdisciplinary collaboration
in those critical areas of medicine

and engineering that can positively
effect well-being, says electrical
engineer Hyuck Choo, who is part

of the new department.

“The outcomes of biomedical
engineering research impact our lives
directly and can greatly improve the
span and quality of human lives,”

says Choo, who is working on building
implantable sensors to improve the
management of glaucoma and diabetes.
“Our society is aging and, as a result.
the medical care burden on our society
will continue to increase. It’s a great
responsibility and also opportunity at
the same time. Because it is a large-
scale societal burden that we have no
other choice but to deal with, you can
casily foretell that new, useful medical
engineering technologies will create
economic engines for our societ

The nanoscale biomedical
implants that Choo is engineering in
his lab will provide pressure readouts
for people with glaucoma, an eye
disorder associated with increased
fluid pressure in the eye that can lead
to optic-nerve damage, including
blindness. He is also working on
glucose-monitoring sensors that can
be implanted in diabetes patients
to help them know how to regulate
their glucose levels, which is key to
managing the disease. In addition,
his lab works on developing imaging
techniques that give both literal and
figurative insights into human diseases;
the team is also involved in building
nanoscale power generators for its and
others’ implantable medical electronic
devices, all of which require robust
power sources in small spaces.

Choo says that, as an engineer,
he finds it fascinating to learn more
about how our bodies work and why
they sometimes malfunction, and to
consider how he and others might
use engineering technologies to solve
health problems and improve our
functioning.

“Frequently, while studying how
our bodies work, I find a lot of similari-
ties between independently human-en-
gineered devices and their naturally
evolved counterparts, which are often
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better designed and optimized than
human devices,” he says.

BLURRING THE LINES

Several faculty members are so deeply
embedded in both the biological and
the engineering worlds that they are
part of both the renamed BBE division
and the new MedE department.

Mory Gharib is one of those
with a joint appointment. Gharib
and his research team work to better
understand how our most important
physiological machines—such as our
hearts and our eyes—actually work.
He uses these insights to design and
build devices for drug delivery and
other medical applications.

Take, for example, zebrafish.
Gharib and his team have been
looking at how the hearts of these
small vertebrates work, using advanced
imaging techniques to understand the
physics and chemistry of the mech-
anisms responsible for what he calls
“these amazing machines that work on
all scales.” By deciphering the science
and engineering principles underlying
those mechanisms, he has been able
to build small pumps that might
one day be used for cardiovascular
medical applications.

But his biology-derived moti-
vation doesn’t stop there. Gharib has
designed visualization systems based
on spider eyes, is investigating carbon
nanotubes for their ability to be super
hydrophobic (meaning they stay very
clean because nothing attaches or
sticks to them, including microbes),
and has engineered microneedles
based on the design of the thorns found
on cacti, that are now being used for
drug delivery.

“There are medical needs that
we are trying to respond to,” says
Gharib. “There are some areas where
no one else is doing research because
they don’t believe a solution is possible.
Those are the problems we like
to attack and where we believe bio-
engineering can provide an answer.”

Bioengineer Changhuei Yang is
also a member of both BBE and MedE.

“There is a lot of cross-talk and

cross-fertilization between the two,
he says. “I participate in both options
because a lot of my research crosses
that diffuse boundary.”

Yang’s research focus is on
optical imaging techniques that have
biomedical applications. One example
he points to is a suite of microscopy

technologies he has developed,

which—designed for a wide field of
view—can have a direct impact on
digital pathology, giving pathologists
accurate and efficient ways to digitize
pathology slides. As it turns out,

Yang says, these same technologies are
useful for laboratory biologists as well,
because they allow the scientists to
track cell cultures over long periods

of time.

“Bioscience research is actually
a very good staging ground for the
eventual translation of technologies
into the medical arena,” he says. “Our
eventual research goal is to translate
this technology into medical appli-
cations such as incisionless surgery,
deep brain stimulation, and targeted
optically activated drug therapy.

Lulu Qian says Caltech’s increasing
emphasis on bioengineering highlights
two general directions for research at
the intersection of bio-medicine and
engineering.

“In my view, the importance
of bioengineering derives from two
related facts,” says Qian. “First, bioen-
gineering helps us bring engineering
approaches from the macroscopic scale
down to the microscopic scale, and
creates real-world applications in areas
such as biology, materials science, and
medicine by improving

our capability for
precisely manipulating
matter at the finest
level. Second, by
building artificial
molecular systems,
bioengineering helps
us to better under-
stand the brilliance
of nature, the
powerful principles
it exploits, and the
incredible potential of
self-organized biochemical
systems—whether natural
or artificial.”

The consensus, it seems, is that
a robust focus on bioengineering will
benefit both Caltech and society
as a whole.

“Before, it was a hodgepodge, and
no one was sure which area to focus
on, but now we've given importance to
both—to biological engineering and
to medical engineering, says Gharib.
“The outside world will see it as some-
thing that is being taken seriously at
Cialtech. We are not just sending rovers
to Mars, we are also responding to the
immediate needs of society.” £°5

Pamela Bjorkman is the Max Delbriick
Professor of Biology at Caltech and an
investigator with the Howard Hughes
Medical Institute. Her work on HIV anti-
bodies is supported by the Bill and Melinda
Gates Foundation, and the National
Institute of Allergy And Infectious Diseases.

Hyuck Choo is an assistant professor of
electrical engineering.

Morteza Gharib (PhD °83) is a vice
provost at Caltech and the Hans

W. Liepmann Professor of Aeronautics
and Bioinspired Engineering.

Stephen Mayo (PhD °88) is Bren Professor
of Biology and Chemistry and William K.

Bowes Jr. Leadership Chair of the Division
of Biology and Biological Engineering.

Lulu Qian is an assistant professor of
bioengineering. Her work in synthetic
molecular systems is_funded by the Burroughs
Wellcome Fund, the Okawa Foundation,
and the National Science Foundation.

Ares Rosakis is Theodore von Kdrmdn

Professor of Aeronautics and Mechanical
Engineering and Otis Booth Leadership
Chair of the Division of Engineering and

Applied Science.

Yu-Chong Tai is Anna L. Rosen Professor
of Electrical Engineering and Mechanical
Engineering and execulive officer for
medical engineering.

Changhuet Yang is professor of electrical
engineering and bioengineering. His
work on optical imaging is funded by
the National Institutes of Health and
Clearbridge BioPhotonics.
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Martin Karplus was one of three scientists awarded

the 2013 Nobel Prize in Chemistry for pioneering

work on computer programs that simulate complex

chemical processes and that have revolutionized

research in areas from drug discovery to solar energy.
The Royal Swedish Academy of Sciences awarded

Michael Levitt, and Arieh Warshel, noting that their
work had transformed the modeling of chemical
reactions and moved it into the computer age.

Born in Austri 1930, Karplus was a child
when his family, fleeing the country’s Nazi occupation,
emigrated to the United States. He received a BA
from Harvard University in 1950 and a PhD in chemistry
in 1954 from Caltech, where he worked with two-time
Nobel laureate Linus Pauling.

“Pauling would often drop notes on little yellow
sheets saying, ‘Wouldn't it be interesting to do so-
and-so?"” Karplus recalls. “He wouldn't necessarily
expect you to do them. You could throw them away
or keep them to work on. A number of people built
their careers on his ideas."

After leaving Caltech, Karplus went on to investigate

complex chemical reactions, which were generally
understood only down to the molecular level and were
often modeled using plastic balls and sticks. To learn
what happens at the atomic scale, Karplus knew, would
require computers capable of performing mathematically
intense quantum-theoretical simulations. Karplus,

Levitt, and Warshel helped to create a bridge from
those primitive models to computer simulations, offering
researchers tools to gain a complete view of chemical
interactions at all levels.

“This year's recipients have done important
computational and mechanistic work on protein and
enzyme catalysis,” says Rudy Marcus, the John
G. Kirkwood and Arthur Amos Noyes Professor of
Chemistry at Caltech and the 1992 recipient of
the Nobel Prize in Chemistry. “That Karplus was a
student of Pauling brings the prize this year close
to home.”

Karplus is the Theodore William Richards Professor
of Chemistry, Emeritus, at Harvard, and director of the
Biophysical Chemistry Laboratory, a joint laboratory
of the French National Center for Scientific Research
and the University of Strasbourg, France.

Reading the Leaves

C.Kevin Boyce (BS '95)

What is a paleobotanist? Very different people
work on the front line of fossil records. Some analyze
vertebrates, such as dinosaurs. Paleobotanists like
me study how plants are formed. Taken together, all
of our work creates a picture of Earth’s environment
from a different time.

How did your time at Caltech lead you to this
line of research? What | do isn't the type of biology
pursued at Caltech, but it was important for me to

be there. | studied cell morphology in Eric Davidson’s
lab; Joe Kirschvink in geobiology helped to spark my
interest in Earth’s biodiversity. | also majored in literature.
George Pigman's classes on Chaucer interested me in
historical texts—which are similar to fossils, in a way.

How do you approach your work with fossils?
Any examination of fossil records has to start with

our understanding of modern ecology. You look at a
fossil of a leaf and think, “Okay, that looks like a leaf.

| understand that.” But as you examine the details
more closely—and plant fossils can offer a great deal
of detail, down to cellular anatomy—you discover that
there are a number of differences within the structure.
This leaf may not, in fact, operate like leaves today

in terms of its construction or biological processes.

What significant changes in plants have you

been able to see? Today, most of the vegetation on our
planet comprises flowering plants, with reproductive
characteristics that typically include flowers, seeds, or
fruit. But more than 100 million years ago, these types of
plants didn't exist. So how is it that they came to take over?
Through my work, I've demonstrated that as temperatures
rose during prehistoric eras, flowering plants evolved a high
vein density, which allowed them to cycle water at faster
rates than their previously dominant competitors

What can these plants teach us about today’s world?
They can help us understand the origins of our food
supply—which is dominated by crops that are all
basically flowering plants.

One focus of my research is how primary production,
the process by which living compounds are synthesized
from carbon dioxide, has changed over time. We know
that today, carbon dioxide is increasing in the atmosphere.
Generally, if you give plants more carbon dioxide, they’
perform more photosynthesis and grow faster. That effect is
easy to study over a couple of years. But what would happen
if you were looking at increased levels of carbon dioxide
across very large scales and over revolutionary time periods?

Understanding how past ecologies adapted and
changed may yield us valuable clues into our ecology
today—and into how, if presented with new changes to
the environment, it might adapt again.
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—@ endnotes

LIFE m.ﬂo—w_mm We asked alumni to tell us their life stories in 10 words or less

ChemE —
springboard for
gourmet cooking
and fine wine
making.

_

Met at Ruddock. Married
at Dabney Hall. Still in love.

Christian gay scientist seeks

ENERGY IN BIOLOGY for nation.

After Caltech, PHYSICS, then
everything else | DANCE, then
was EASIER each SPEAKING

to the other.

Altadena barrio boy
became SCIENTIST,
FOLKDANCER, and
HUSBAND at Caltech.

Veni, Vidi, Interrogavi.
I came, I saw, I questioned.

Holocaust SURVIVOR
1939, Caltech PhD
physics 1963, NASA
ASTRONAUT 1978.

Two point five
eight nine five

BILLION seconds

and counting.

ARANDOM THINK BIG,
walk through life .

punctuated by drive change, love
periods of CHAOS. kids, go birding.
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variables of your finances.

A one-on-one session can be invaluable
in planning for your future.
Let one of our experienced consultants help you through

the intricacies of retirement planning. Get guidance on
how to pursue your financial goals.

w

Call 1-800-732-8353 today to set up %

an appointment with a TIAA-CREF consultant.



