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A warm ‘Thank You!’ to our sponsors:

LIGO’s Discovery:
Understanding the Gravity
of the Situation
BY ALEX ZAPIEN

		
History was made on February 11, 2016 when the Laser Interferometer Gravitational-Wave Observatory (LIGO)
Scientific and Virgo collaboration teams confirmed the existence of gravitational waves, ripples that propagate in the fabric of spacetime generated by gravitational interactions once
predicted by Albert Einstein. The announcement sparked
widespread excitement in the scientific community. Many described the discovery as one of the most important discoveries in physics in the past several decades: as LIGO Executive
Director David Reitze remarked, “this was truly a scientific
moonshot, and we did it, we landed on the moon.”1-2 LIGO’s
revolutionary project has pushed society to greater understanding of the universe.
		
LIGO, which is funded by the National Science Foundation, is a pair of ground-based observatories in Livingston, Louisiana and Hanford, Washington. They were built
and operated by the California and Massachusetts Institutes
of Technology.3-4 The detector, shaped like an “L,” senses the
space distortions that occur when a gravitational wave passes
through the Earth.3 Amazingly precise atomic clocks measure
how long it takes for laser light to bounce back and forth, reflecting off of mirrors, throughout the legs. Usually, light takes
exactly the same amount of time to traverse each leg, which
are exactly the same length; however, when a gravitational
wave passes through, the detector and the ground beneath it
expand and contract a miniscule amount in a particular direction. As a result, the two legs are no longer the same length,
and the light travel time changes.3 The original waves were
first detected in September 14, 2015 but were not confirmed
until February 2016. The waves were caused by a 1.3-billionyear-old collision between two black holes, weighing between
29 and 36 solar masses (5.8 x 1031 kg and 7.2 x 1031 kg, respectively). Traveling at the speed of light, the waves did not
reach Earth until this past year. The actual black hole collision
incredibly happened in a very short period of time – fractions
of a second – releasing tremendous amounts of energy while
producing massive ripples in the fabric of spacetime.5
The original LIGO proposers, Professors Kip Thorne,
Rainer Weiss, and Ronald Drever, have provided evidence for
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and strengthened modern physical theories and have ushered
in a new era where the field of gravitational astronomy
is a reality. Black holes and gravitational waves were first predicted by Albert Einstein in his General Theory of Relativity
in 1915, more than 100 years ago.4 Several decades later, in
1974, physicists Joseph Taylor Jr. and Russel Hulse demonstrated the existence of the waves when they discovered a binary system composed of a pulsar, a rapidly rotating neutron
star that emits radiation in pulses, in orbit around another
neutron star. They found that the pulsar’s orbit was gradually
shrinking over time because of energy being released in the
form of gravitational waves. For the discovery of the pulsar
and for showing that it was possible to make measurements of
gravitational waves, Drs Taylor and Hulse were awarded the
Nobel Prize in Physics in 1993.4 With the success of the LIGO
project, Professors Thorne, Weiss, and Drever are expected to
win a Nobel Prize in the nearby future.
		
The future is bright for gravitational astronomy, and a
third advanced LIGO detector is scheduled to be built in India within the next decade.2 Ultimately, the LIGO discovery
is a triumph for humanity that will further enlighten future
generations about the dark, large fractions of the endless universe.
Alex Zapien ‘19 is a freshman in Canaday Hall.

WORKS CITED

[1] Graham Peter. Newsweek: Tech and Science. http://www.
newsweek.com/quora-question-how-important-discovery-gravitational-waves-427437 (accessed Feb. 21 2016).
“Quora Question: How Important is the Discovery of Gravitational Waves?”
[2] Moskowitz, Clara. Scientific American. http://www.scientificamerican.com/article/gravitational-waves-discovered-from-colliding-black-holes1/ (accessed Feb. 21 2016).
“Gravitational Waves Discovered From Colliding Black
Holes.”
[3] NASA: Solar System and Beyond. http://www.nasa.gov/
feature/goddard/2016/nsf-s-ligo-has-detected-gravitational-waves (accessed Feb. 21 2016). “NSF’s LIGO has Detected
Gravitational Waves.”
[4] LIGO: Caltech. https://www.ligo.caltech.edu/news/
ligo20160211 (accessed Feb. 21 2016). “Gravitational Waves
Detected 100 years After Einstein’s Prediction.”
[5] O’Neil, Ian. Discovery: News: Space. http://news.
discovery.com/space/weve-detected-gravitational-waves-so-what-160213.htm (accessed Feb. 21 2016).
“We’ve Detected Gravitational Waves, So What?”

SPRING 2016 | Harvard Science Review

1

SURVIVAL OF THE FITTEST:
“Binary code” | Jim Sher | CC2.0

Darwin’s Evolutionary Theory
Applied to Programming Languages

2

BY ELENI APOSTOLATOS

A

ll living organisms are physical manifestations of the genetic data they carry. Formally known as deoxyribonucleic acid or DNA,
the genetic code of every living creature is composed of two strands with varying configurations of
four bases: adenine, cytosine, guanine, and thymine.
DNA is a language that is interpreted and expressed
by native molecular machinery within cells, which
transcribe and translate the instructions, or the arrangement of bases, creating us. Darwin’s theory of
evolution, colloquially referred to as “survival of the
fittest,” relates a natural pattern for selection in biological systems, dictating that beneficial sequences for the survival of a species will persist through
time. Research in past years has shown that the same
theory can be applied to computer code.
The similarities between DNA in bacterial genomes and programming code in large-scale computer software has been the subject of study in a
research project conducted by computational biologist Sergei Maslov of Brookhaven National Laboratory and graduate student Tin Yau Pang from Stony
Brook University. Programming languages are generally compiled to binary code, encoding 0 or 1, and
the instructions are then similarly executed by programs and machinery in the host computer. Maslov
and Pang compared the frequency of components
within the two systems, examining how certain sequences persist over time in bacterial genomes and
operating systems on Linux computers alike. Linux
is an open source software collaboration that grants
programmers the ability to edit and modify source
code to construct or enhance programs for public
use.
The project’s aim was to elucidate why specialized genes or computer programs are more common
than others, and understand why some sequences
cannot be eliminated over time. In an interview,
Maslov explained: “If a bacteria genome doesn’t
have a particular gene, it will be dead on arrival. . .
The same goes for large software systems. They have
multiple components that work together and the
systems require just the right components working
together to thrive”.1
Maslov and Pang used data from the DOE Systems Biology Knowledgebase (KBase), which contains the sequencing of bacterial genomes, and focused on the frequency of important sequences in
the metabolic processes of 500 bacterial species;
they then compared their analysis to that of the frequency of installation of 200,000 Linux packages on
more than 2 million computers.2
The results indicate that the most frequently

detected sequences or components in the biological and computer systems are those that permit
the largest numbers of descendants. In short, if an
element is more heavily relied upon by others, it is
more likely that it will be required for the proper
functionality of the system.
Maslov and Pang formulated a calculation that
predicts and accurately reflects the number of essential components in bacterial or computing systems.
The simple equation takes the square root of the
number of interdependent components to obtain
the number of crucial components that the whole
system requires. The formula is true for both complex systems. Their results are published in the Proceedings of the National Academy of Sciences.
A hypothesized reason for the similarities
between the biological and computer systems
is attributed to both being open access systems
composed of sequences or components that are independently installed. That is, bacteria share genetic
data freely through a common pool of genes that
can be exchanged via horizontal gene transfer. Linux
operating systems similarly grant free installation of
different components that are then constructed and
shared by many programmers independently. The
result of Maslov and Pang’s study may not hold true
for other operating systems, such as Mac OS, since
other programs do not follow the open access approach Linux does.
Future studies that examine the similarities between genetic and computer codes will help unveil
features of both, giving us better ideas of the potential applications and utility of the two in current research and technology. Parallels like these can have
an impact in growing technological fields, such as
genetic engineering and robotics.
Eleni Apostolatos ’18 is a sophomore in Leverett
House.
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Redefining Home?: The Discovery of
“Planet X”

Jcpag2012| Image from Wikimedia Commons

BY ALEX ZAPIEN
		 How should we define the solar system? Most people
would point to and agree with the Merriam Webster definition: “the Sun together with the groups of celestial bodies that
are held by its attraction and revolve around it.”1 For decades,
people have been accustomed to the familiar names of the Sun
and the nine planets that revolve around it. Thus, when the
National Aeronautics and Space Administration (NASA) announced Pluto’s demotion to a dwarf planet in 2006, there was
“plenty of wistful nostalgia” among the general public.2 Pluto’s
demotion surprisingly revealed how the supposedly accepted
definitions of a “planet” and our home solar system were not
quite fixed. Once again, astronomers may need to reconsider
the structure and definition of our home system: a possible
ninth planet, far beyond Pluto, has been discovered.
		
Researchers at the California Institute of Technology have
found evidence of a giant mass in the Kuiper Belt, a region of
the solar system beyond the orbit of Neptune that contains
many asteroids and bodies of ice more than 30 astronomical
units (4.5 billion kilometers/2.8 billion miles) away from the
Sun. The giant mass is 20 times farther from the Sun than
Neptune and has a mass 10 times that of the Earth’s—enough
to classify it as a planet.3 The supposed planet has been nicknamed by its leading discoverers, Drs Konstantin Batygin and
Mike Brown, as “Planet Nine” but it is also commonly referred
to as “Planet X”.3 Planet X was theorized through mathematical modeling and computer simulation but has not been observed directly. Research first began in 2015, and the news was
announced in January 2016.4 The announcement does not
mean that there is officially a new planet in the solar system.
Its actual existence is still being debated; however, there is serious evidence being considered.
		
Before Planet X’s discovery and before research officially began, one of Dr. Brown’s former postdoctoral fellows had
published a paper in late 2014 suggesting that a small planet was the cause of obscure orbital features in several distant
objects in the Kuiper Belt.5 Dr. Brown took this idea, and,
with the help of Dr. Batygan and a few other researchers,
led 1.5-year-long collaboration. Using orbital geometry, the
researchers theorized the existence of an enormous planet
whose gravitational pull was greatly affecting the elliptical
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orbits of other objects, like icy asteroids in the Kuiper Belt.
The planet’s theorized existence could help explain interesting astronomical events. Indeed, in one simulation, the planet
caused a set of Kuiper Belt objects (KBOs) to orbit tangentially along Neptune. This exact set of objects had been observed
three years before!5
		
Drs Batygin and Brown continue to “refine their simulations and learn more about the planet’s orbit” in hopes that
research teams would be able to directly pinpoint and observe
it.5 While there is currently no estimate as to when or if the
planet will be found, Dr. Brown, notorious for helping cause
Pluto’s dwarf-hood, remains optimistic: those upset by Pluto’s
demotion can now be “thrilled to know there is a real planet
to be found” such that we can “make the solar system have
nine planets once again.”5 Excitement for the future has now
replaced nostalgia. Despite another redefinition of our solar
system, we will certainly be able to rest easy, knowing that we
have a better idea of what our “home” is.
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SPACE TOUR SM
BY PRIYA AMIN

A

pollo, Gemini, and Mercury:
these missions achieved several
goals, including the first trip to
the moon, and allowed the United States to succeed in the Cold War. NASA,
or the National Aeronautics and Space Administration, has been at the forefront of
space exploration since Chuck Yeager’s X-1
flight, which successfully broke the sound
barrier and led to some of the first flights in
orbit. However, while NASA has undoubtedly allowed for aerospace knowledge to
burgeon within the past few decades, it has
also created an unintentional effect: a growing need for space tourism, or the privatized industry of space exploration.
On November 4, 2015, NASA announced a job opening for astronauts for
its new generation of asteroid exploration.
The qualifications were as follows:1
1. A bachelor’s degree in engineering, biological science, physical science, computer science or mathematics.
2. At least 3 years of professional experience or at least 1,000 pilot-in-command time in jet aircraft.
3. Ability to pass the NASA long-duration
Astronaut physical.
4. Distant and near visual acuity must be
correctable to 20/20, each eye. The use
of glasses is acceptable.
5. The refractive surgical procedures of
the eye, PRK and LASIK, are allowed.
6. Applicants must meet the anthropometric requirements for both the specific vehicle and the extravehicular activity mobility unit (space suit).

4

and

YOU

NASA estimates the decommissioning
of the International Space Station (ISS) in
the next 20 years. The ISS is a large orbiting
spacecraft in Earth’s low-orbit atmosphere.
It uniquely houses astronauts and holds a
science laboratory to research the effects
and possibilities of working in space.2 Due
to the cost of adjusting the station for microgravity, NASA’s diminishing budget can
no longer support the low orbit of the ISS.
NASA’s decreasing budget has also ended
the possibility for manned missions to the
moon and the space shuttle missions. Due
to its decreasing budget, NASA has become
increasingly dependent on space tourism
companies, such as SpaceX and Virgin Galactic.
SpaceX designs, manufactures and
launches advanced rockets and spacecraft.3
Founded in 2002 by Elon Musk, SpaceX’s
ultimate goal is to enable people to live on
other planets. Under NASA’s Commercial
Resupply Services contract,⁴ SpaceX has
participated in eight missions by providing
the spacecraft needed to launch into orbit.
Virgin Galactic is united in creating something new and lasting: the world’s first commercial spaceline.⁵ Virgin Galactic is currently seeking astronauts of any age to work
with tourists. Virgin Galactic has branched
with NASA to make space more accessible
for more purposes than before. Overall, the
market in space tourism is expanding to include several new companies.
Ideas for privatized flights in space have
the opportunity to grow and make human
spaceflight possible for more than just a
handful of chosen individuals. The consid-

NASA | Image from Wikimedia Commons

eration of funding has been broadened to
the private sector to fulfill the long-term
goals of spaceflight travel. Companies such
as SpaceX and Virgin Galactic already are
attempting to bring the experience of space
to the consumer and stretch the limits of
human potential. The creative needs of
both the private and governmental sectors
may prove invaluable, because the technological findings will be used to address
two different means: one for the consumer,
and the other for scientific advancements.
Therefore, these costly endeavors justify themselves as experiments of human
potential, where both failure and success
bring valuable knowledge to the forefront.
Priya Amin ’19 is a freshman in
Wigglesworth Hall.
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by Jeongmin Lee

M

aybe it’s 10 in the morning or
maybe it’s 2 o’clock p.m., but as
soon as that professor starts his
or her lecture, blackout. The natural circadian rhythm is severely altered throughout
life. For many students, the sleeping cycle
hits during class. While some people stay
attentive all day working nine to five, others dip their heads five minutes after sitting
down. With a scientific approach, we can
ask what makes students fall asleep in class.
Conversely, what factors keep their peers
from nodding off? And, most importantly,
are there any ways to stay awake without
replacing our blood with coffee?
Human beings run on a sleep cycle, the
circadian rhythm, which is managed by
concentrations of hormones in our body.
The endocrine system is responsible for a
majority of the production of these hormones and the hypothalamic pacemaker controls our circadian rhythm.1 In the
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pacemaker, there are complexes such as
the superchiasmatic nuclei (SCN) that have
the period and cryptochrome proteins; the
latter makes the system sensitive to light.
These proteins activate the transcription
of the CLOCK gene and gradually rise in
concentrations throughout the day. When
cryptochrome stops receiving light, transcription of the genes decreases eventually
leading to the concentrations of the proteins to decrease as well. Through these
different mechanisms, the body is able to
signal a waking phase and a sleeping one.
Over time, proteins degrade and create
their own rise and fall without the cryptochrome’s light dependency. This creates a
rhythm independent of the day and night
cycle, which has a period of a little more
than 24 hours. This means that a person
with a circadian rhythm insensitive to light
will get up a little later every day. However,
other factors could come into play because

the human body has multiple systems to
control the sleep cycle. The MRC Laboratory of Molecular Biology has discovered
that rhythmic glucocorticoid signals can
significantly affect the SCN and internal
clock. With this knowledge, the lab was
able to connect irregular sleep with many
other hormone-related issues such as abnormal tissue growth and blood pressure.
That’s because the genes that code for period, cryptochrome, and clock proteins are
all “E-box genes,” one of several gene sets
that work in tandem with hormones such
as glucocorticoid and other complexes to
help regulate one’s biorhythm.1 There is a
particular sleep-related hormone that is
popularized by the news and pharmaceutical: melatonin.
Melatonin is a powerful regulation hormone that can induce alterations of a body’s
circadian rhythm without depending on
any other system. According to the Cen-
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ter for Chronobiology in Switzerland,
melatonin can actually cause sleepiness.
This makes melatonin a type of “chronobiotic” because it can shape the internal
clock. Increasing melatonin levels correlate with decreasing sleep interruption. The circadian pacemaker that has
the SCN, mentioned above, is linked to
the production of melatonin. Melatonin
is also sensitive to light, which causes the concentration of the hormone
to decrease. While all light can inhibit
melatonin secretion, studies show that
blue light can inhibit the hormone – and
therefore sleep – the most effectively.3
Thus, exposure to blue light when melatonin levels are supposed to be high
can delay the circadian rhythm, keeping
people awake. That is the reason why
so many social media sites are blue and
why they are so effective at passing time
without the reader feeling tired. A shift
in the circadian rhythm not only compels one to wake up later but also keeps
him or her awake until late at night. Although how much harm low melatonin
levels can do has not been fully analyzed,
a displaced sleep cycle has been seen to
“[increase] risk for depression, as well as
diabetes and cardiovascular problems.”3
This science applies to people of all ages,
but especially those who are experiencing hormonal changes.
Hormonal activity rapidly changes
in the infamous period of puberty. Generally, teenagers have a later sleep cycle:
their rhythm shifts an hour or two later than before.4 This change moves the
timeframe of the rhythm rather than

shortening it. Thus, the eight hours of
sleep enforced on children are still required as they grow up. They only become inclined to sleep later in the day.
Missing this rhythm leaves an adolescent fatigued. In the case of a student,
focusing and studying throughout the
day may become difficult. A common
myth promises that he or she can “make
up” missing sleep by sleeping in on the
weekends. Although the average may
even out to eight hours per day, sleep
does not work like a savings account.
As the body is programmed to run at
a particular cycle, any deviation from
the rhythm will prove to be detrimental
which means that the people who sleep
in “[throw] their body clocks off even
more.”4
Just as a lack of sleep can cause other
health issues, other health issues can interrupt a normal sleep cycle. For example, obstructive sleep apnea causes the
back of the throat to block the airway4,
while the more common shift work disorder causes insomnia while draining
energy throughout the day.5 Narcolepsy, while varying in severity, can cause
sudden sleep spells even when a person
is actively moving. Finally, emotional
changes and depression, which many
adolescents struggle with, significantly
disrupt sleep cycles. Such psychological
effects on the circadian rhythm can be
explained by the nervous system’s role in
the body’s internal sleep cycle.
The brainstem is responsible for controlling sleep, like the hypothalamus is
responsible for releasing hormones to

maintain the circadian rhythm. Problems in the brainstem have been connected to the inability to sleep.6 That
makes sense because the brain controls
the majority of sleeping and dreaming
behavior. Sleep requires a special pattern
of brain activity, creating a dichotomy
between two different types of sleep:
“rapid-eye-movement (REM) sleep and
non-rapid-eye-movement
(NREM)
sleep.”7 The former is believed to be the
state when the person is dreaming, while
the latter is a deeper sleep associated
with the paralysis of the body. A healthy
sleep oscillates between these two states,
usually beginning with NREM and cycling with a period of approximately 90
minutes for adults.7 This cycle can also
be shifted, which is unhealthy, due to
the environment, stress, the circadian
rhythm, and even alcohol and drug consumptions. There are also other parts of
the nervous system that influence sleep.
Many people feel tired after a meal, likely because of the autonomic nervous
system. The autonomic nervous system
commands “sweating, blood pressure,
digestion, temperature.”6 The digestion
has been correlated with activation of
“sympathetic modulation of the heart”8
which is interestingly also activated
when the body is sleep deprived.9 The
sympathetic nervous system is a part of
the autonomic nervous system that generally controls involuntary actions such
as digestion and cardiac movement. The
two studies show that the heart is similarly activated by the sympathetic system after a meal and a lack of sleep. We

YassineMrabet | Image from Wikimedia Commons
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talk about that effect with the phrase
“food coma.” Despite all of these possible
issues, not everybody falls asleep in class or
in the library. How do teenagers ever stay
awake despite all these hormones and systems obfuscating their sleep patterns, and
are they staying healthy?
There are students who take the toughest classes, participate in late night ensembles, and practice sports at 4 in the morning without a single snore in their classes.
Some of their methods appear more appealing than others. Some students who
have morning rehearsals pack as much of
their schedules into the morning as they
can. After lunch, they can take a nap before moving on the rest of the day. Napping
has shown to be a reasonable strategy to
catch some sleep, but the constant wakeups between five minute naps did not lead
to a satisfying or effective way to “account
for” the lost sleep. Many students drink
coffee to wake up, or even take tablets of
concentrated caffeine in the morning.
An early dependence on caffeine cannot
be beneficial -- especially in an addictive
dose. Finally, there are people that just go
to bed early. They might go to bed around
8 o’clock while waking up before the sun
comes up. This strategy not only allows
for the required eight hours of sleep but
also allows the student to do all of his or
her work in the morning, starting the day
refreshed. As it turns out, the best way to
sleep is not deviating from a natural cycle
with complicated systems, but rather adhering to what the body needs.
How do you follow your healthy sleep
cycle? Matching day and night cycles can
help in retaining a constant rhythm because most people have proteins such as
cryptochrome that regulate the circadian
rhythm by responding to light. Melatonin
levels work similarly. Therefore, being in
the light can keep one alert throughout the
day. Conversely, exposure to as little light
as possible near bedtime will increase the
hormone’s concentration and help with
falling into sleep, There are apps and programs for cell phones, tablets, and computers that offer a red light filter for the
screen when the time gets too late. The red
filter reduces the blue light that decreases
melatonin levels the most; however, any
light can decrease melatonin secretion so

general article

it is best not to stream television shows
throughout the night no matter how red
the screen is. If your sleep is interrupted by
diseases such as obstructive sleep apnea,
sleeping on the side can prevent airway
blockage. Light therapy and small dosages of melatonin or caffeine can alleviate
disorders such as shift work disorder. For
everyone else, caffeine can be a way to stay
awake; however, researchers recommend
consumption of about 200 mg -- about one
cup of regular coffee. Any more can lead
to severe shifts of the sleep cycle and addiction. Since eating late at night may in-

the best way to sleep is not
deviating from a natural cycle
with complicated systems,
but rather adhering to what
the body needs
terrupt sleep patterns, it is generally best
not to eat past 10 pm or for a few hours
before going to bed. Napping can often be
a good idea, but people with insomnia are
discouraged from doing so and an afternoon nap might lead to slipping into deep
sleep through the whole night. A student’s
life makes it difficult to adhere to all these
guidelines, so there are political arguments
calling for schools to operate at later times.
To correlate with adolescent’s sleep cycle
shifting later into the night, the “American Academy of Pediatrics (AAP) recommends middle and high schools delay the
start of class to 8:30 a.m. or later”10 due to
the research suggesting how students are
better fit later on in the day. It is especially
hard for young adults to maintain a healthy
sleeping schedule. That said, many adults
struggle too: they still cannot fully shift
their sleep cycle and maintain a healthy
lifestyle. Hopefully, these tips can help students of all ages to hit the stacks without
hitting the sack.
Jeogmin Lee ‘19 is a freshman in Hollis
Hall.
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HUMAN

GENOME

EDITING:
A SLIPPERY SLOPE
by Alissa Zhang
On January 14, 2016, the Human
Fertilization & Embryology Authority
(HFEA) approved a research license renewal for research project R0162. The
application, submitted by Dr. Kathy
Niakan of the Francis Crick Institute in
London, proposed to study the roles of
certain genes in the early development
of human embryos, with promising potential implications for the treatment
of infertility and genetic diseases.1 On
the surface, this seems like a routine
approval for the HFEA, which regulates
all research on human embryos in the
UK. However, the scientific community and the public have been strongly divided over the proposed research
plan. Nine months before the request
was approved, a group of scientists who
had predicted such proposals called for

8

a moratorium on experiments of this
kind.2 Many fear this type of research
could lead to the rise of so-called “designer babies” and other ethically questionable uses.
Dr. Niakan’s research focuses on the
five-day process by which a fertilized
egg matures into a blastocyst, which
subsequently implants in the uterus.
Dr. Niakan uses surplus human embryos from in vitro fertilization (IVF) procedures, which have been donated for
research and are destroyed after seven
days when the experiment is complete.3
IVF is a common source of human
embryonic stem cells for research, and
the seven-day limit provides a guarantee that the embryos will not develop
past the blastocyst stage. So why has
Dr. Niakan’s proposal caused so much

controversy? One reason is that Dr.
Niakan, in her license renewal, requested permission to use the CRISPR/
Cas-9 system to modify genes in these
human embryos. When the HFEA approved her request, it was the first time
that CRISPR had been approved for use
in human embryos by a major scientific
regulatory body.
According to the research proposal,
Dr. Niakan plans to knock out OCT4, a
gene that is activated in human embryonic stem cells that may play a role in
pluripotency, giving cells the ability to
differentiate into any kind of tissue. She
will test this theory by knocking out the
gene in day-old single-cell embryos,
and analyzing the effect on the number
of pluripotent cells that develop. If this
pilot project is successful, Dr. Niakan

Harvard Science Review | SPRING 2016									

general article

will extend her study to other lesser-known
genes that may be involved in early development, depending on embryo availability.
CRISPR is crucial for this project because it
allows researchers to selectively target and
knock out one gene, and it is more efficient
than other techniques, thus requiring less
embryos.4
The immediate goal of Dr. Niakan’s project is simply to gain a deeper understanding of the role of certain genes in blastocysts. Supporters of this research point out
that the use of CRISPR in human embryos
could lead to improved treatments for infertility and many congenital disorders.3
The HFEA strictly regulates experiments
involving human embryos in the UK to en-

be applied to somatic cells rather than germline cells. While these methods could be
less effective, they also carry less risk.
It is clear that the scientific community, regulatory bodies, and the public must
carefully consider the potential implications before genome editing in human
embryos can be approved – if it should
be at all. However, there may not be time
to do so. Although Dr. Niakan waited for
approval from the HFEA, other researchers may not wait for regulatory approval.
In April 2015, researchers at Sun Yat-sen
University in Guangzhou, China attempted to use CRISPR to edit the hemoglobin-B
gene in human embryos, with the goal of
treating beta thalassemia. The embryos

periment demonstrates that stricter regulations on human embryo experimentation
must be upheld. Before genome editing
can be used on human embryos that will
be implanted, scientists, bioethicists, regulators, and legislators must collaborate
on an international scale to determine the
scientific, ethical, and legal limits of this
technology.
Alissa Zhang ‘16 is a senior in Currier
House, concentrating in Chemical and
Physical Biology.
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There is simply not enough research
to unravel all the potential scientific
and ethical implications.
sure that any ethical concerns are satisfied.
Since the embryos Dr. Niakan uses will
be destroyed after seven days, there is no
chance that any of them will reach viability.
Nevertheless, scientists as well as the
public have raised legitimate ethical concerns about this kind of research. They
argue that approving Dr. Niakan’s project
may lead to dangerous and unpredictable
consequences. There is simply not enough
research on the topic of human genome
editing to unravel all the potential scientific and ethical implications. Lanphier et
al. warned that “genome editing in human
embryos using current technologies could
have unpredictable effects on future generations.”2 While the current motivation
for such research is scientific and medical,
gene-editing technology could be used for
controversial non-therapeutic applications,
such as allowing parents to select certain
traits to create “designer babies,” instead of
therapeutic applications, such as treating
genetic diseases. Some scientists argue that
this research is unnecessary, as alternative
genome-editing techniques exist that could
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used in this case were nonviable, and the
project was ultimately unsuccessful.5 Yet
this experiment shows that scientists may
not be willing to wait for approval from the
scientific community or the public, and, in
countries where research is less regulated,
they may not have to.6 Due to the publication of this study, “CRISPR/Cas9-mediated gene editing in human tripronuclear
zygotes”, scientists around the globe began
to advocate for a moratorium on human
genome editing.2
The HFEA approved Dr. Niakan’s project because it met the standards for research in human embryos – and rightly
so. Other experiments which meet the
same standards, and which ensure that
genetically altered embryos will not reach
viability, should be given the same level of
scrutiny and approval. As long as the embryos are disposed of, CRISPR edits cannot
accidentally pass on to any living human
being. However, if scientists consider using
genome editing for therapeutic purposes,
then higher standards and more research
will become necessary The Sun Yat-sen ex-
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EYE IN THE SKY
by Grace Chen
Look up at the night sky. The starry
heavens inspire a primitive, instinctive
fascination in the human mind. In the
21st century, however, the skies are populated with more than just celestial bodies.
Many of the glimmering lights we watch in
our night sky are satellites – and they are
watching you, too.
The earliest satellites were military,
emerging in the 1960s after the Second
World War as Soviet Russia and the United States competed for dominance over the
stratosphere as well as the planet’s surface.
The US’s early successes were fueled by the
then-classified Corona program, which
launched a number of satellites into low
orbit for reconnaissance and gathering intelligence. A major development was the
Landsat program, which the government
used to track and archive images of the
Earth’s surface for geological and ecolog-
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ical surveys. Continuously running and
updated since 1972, Landsat is today the
longest continuous record of remote sensing images.
The basic principle of remote sensing is
that electromagnetic radiation reflecting
off the surface of the planet is captured by
sensors on the satellite as it passes overhead. This remote sensing can be passive,
relying on the sun as the source of electromagnetic radiation, as in the case of simple photography a la Google Earth. More
sophisticated satellites can also participate
in active sensing by emitting sonar, lasers,
or radar, which bounce back off the earth’s
surface differentially based on the surface’s
composition and topography. With the
rise of multispectral and hyperspectral imaging, the types of images produced have
become increasingly sophisticated. Multispectral sensors can detect 3 to 10 different

bands of electromagnetic radiation with a
different sensor each, while hyperspectral
sensors have even finer resolution and a
greater number of bands they can pick up.1
It is important to remember, however,
that the capturing of light is only half the
story. The captured light must then be processed in a variety of ways to produce an
image – colorized, enhanced, compressed,
and so forth to generate a meaningful image or dataset. The power of big data in satellites is growing as technology improves
and operational costs drop, with resolution
on these images now frequently finer than
1 meter. Yet interpreting the information
seen in the image is an art as well as a science.
The ability to see from above with such
clarity produces knowledge in unexpected
ways. One key application is in environmental protection. The nonprofit Skytruth,
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“... there is no clear legal
framework defining who
should get control of those
images...”
for instance, has used consolidated images from satellites to monitor environmental threats such as the BP oil spill and
expansion of fracking. One of their more
recent ventures is a partnership with
Google and Oceana to launch a program
called Global Fish Watch, which hopes
to help track and capture illegal fishing
activiy.2 Pew Charitable Trusts and Satellite Applications Catapult launched
a similar project called Project Eyes on
Seas in 2015 to spot anomalous ship behavior that might reflect illegal fishing.
Overfishing is a serious threat to the
balance of the ocean ecosystem. Stocks
of predatory fishes, such as tuna, have
fallen precipitously since the 1950s. A
recent article in Science has gone so far
as to warn that if current fishing rates
continue, all of the world’s fisheries will
have collapsed by the year 2048. The
financial incentives for illegal fishing,
however, mean that the number of “pirates” is troublingly high. Many governments, recognizing the impeding crisis,
have responded by designating protected marine reserves, or limiting the number of fishing licenses issued. The sheer
size of the sea, however, makes it difficult
for these laws to be effectively enforced.
In the US, for instance, the Pacific Remote Islands National Marine Monument was expanded in 2015 to 490,000
square miles of ocean, an unfathomably
large area to patrol by ship or even aircraft. The lofty view of an orbiting satellite therefore presents a unique vantage
point from which erratic ship behavior
and the boundaries of marine reserves
can be monitored.
Satellites can also prevent wrongdoing in a variety of other settings.3 New
agencies are popping up under the title
“space law,” dedicated to using satellite
images in trials. Such images can provide valuable evidence over disputes
ranging from property boundaries to
vehicle theft to waste disposal.4 Satellite
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imaging even has the potential to fight
human rights abuses on a global scale.
The International Criminal Tribunal
first admitted the use of satellite images
as legal evidence in the Srebenica trials
of 1992, which provided evidence of
mass genocide and contributed to the
eventual conviction. Initiatives like the
Signal Program at Harvard Humanitarian Initiative continue to use satellite
images to monitor alleged humanitarian
crises.
The use of satellite imagery in legal cases faces some difficulty, however. Currently, lawyers can only trawl
through archived images from commercial providers in search of relevant data;
there is little economic incentive or capacity for third-party providers to store
images before a lawsuit begins, so the
amount of available data is constrained.
Moreover, there are no standards for
provenance and auditing to ensure that
images are authentic, objective, or accurate. Even if images are produced, their
novelty means that judges and juries
may not yet be sure how to interpret this
evidence in a lawsuit.
Despite its many uses, the recent expansion of satellite technology runs up
against a number of difficult challenges.
First, laws and markets have not yet fully
evolved to accommodate “big data,” including the massive amounts of new information produced by satellites.5 As the
number of satellites grows and quantity
of images proliferates, there is no clear
legal framework defining who should
get control of those images or restrictions on how they can be monetized.
Questions of data ownership and rights
remain largely unresolved. Second, the
fields of ecology and criminal justice are
still adapting to the new tools provided
by this technology. The development
of data repositories and new training
courses might equip professionals to
properly utilize the growing amount of
raw data captured by satellite imaging.
This data cannot be optimally used until there are more scientists trained with
this expertise.
Perhaps the biggest challenge facing
expansion of satellite technology is the
ethical and privacy concerns. The reso-

lution of many satellites is now reaching
a point where individual houses, cars,
and even faces can be recognized. This
inevitably generates concerns about the
possibility of constant monitoring from
the skies. Even crime-fighting and environmental protection present ethical
problems; traditionally protected rights
against unwarranted searches may not
hold up in the world of satellite surveillance. The interlinked concerns of
ethics, laws, and public opinion must
inform the continued development of
satellite imaging technology.6
Grace Chen ‘19 is a freshman in
Holworthy Hall.
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PRIONS AND SMALL PARTICLES:
Micro solutions for a Macro problem

Caroline Wechsler

S

ince their formal discovery in 1982,
prions have been a mysterious
scourge. Very small and not well-defined, these mysterious disease-causing
agents are the source of great confusion
and grief in the scientific world. But some
recent discoveries are shedding new light
on how to conceptualize and potentially
treat such diseases.

WHAT ARE PRIONS?

The term prion stands for “proteinacious infectious particle.”1 Prions are
small, misfolded proteins that are able
to be spread by inducing other proteins
to misfold in similar ways.2 Prion protein exists in all humans, but in a normal
state called the cellular prion protein, or
PrPC.1 However, when this prion misfolds, it becomes the version of prions

that we typically think of – disease-causing and harmful.1
The first observation of prion-caused
diseases was in the 1730s in Scotland:
scrapie, a neurodegenerative disease
found in sheep and goats.3 The disease
was originally thought to be viral, and it
was not until in-depth analysis of Kuru
disease in the 1950s revealed misfolded
proteins to be the main cause that this
hypothesis was disputed.3 In the 1980s,
prions became the focus of much media and scientific attention when several cases of Creutzfeldt-Jakob disease, a
prion-caused condition, were associated
with contamination of surgical instruments and growth hormone injections.4
The full prion hypothesis was put forth
by Stanley Prusiner in 1982; though
the idea was not completely new at that

point, it had never been fully outlined
and formalized.3 He went on to win the
Nobel Prize in 1997 for this discovery.3
Prions have been a source of controversy since Prusiner first coined the term
in 1982. The reason for this controversy
is that the notion that a protein would be
able to reproduce itself without a DNA
or RNA intermediate step was previously unheard of, and goes against the central dogma of molecular biology (DNA
to RNA to protein).4 Because prions
seem not to contain any genetic material, which essentially all other infectious
agents (including viruses) do contain, the
idea was radical.4 However, increasing
evidence over the past few decades seems
to solidify the idea that prions do exist,
and are in fact the cause of several previously unexplainable diseases.
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PRIONS AND DISEASE

Prions are known to cause disease
in many organisms, including humans.
These diseases affect the nervous system,
and are associated with impairment in
brain function and changes in personality.5 Prion diseases have several primary
causes: there are a few genes which have
been associated with hereditary transmission of prion diseases; prions have
been known to be transmitted through
contamination; and some prion conditions occur spontaneously in humans.5
These diseases are very rare, with only
about 300 cases being reported every
year in the US.6 Perhaps the most wellknown example is Creutzfeldt-Jakob disease (CJD), or “mad cow” disease. This
disease caused a scare in 2003 when several cases were discovered world wide,
and were tied to contaminated cattle feed
(hence the term mad cow disease).7 The
disease is characterized by progressive
dementia, muscle spasms, and akinetic
mutism (a loss of will to move).2 Another example is Kuru, a rare neurodegenerative disease found only in the Fore tribe
in New Guinea, transmitted through the
cannibalistic behavior of eating human
brains.4
Recently, though, other neurodegenerative diseases have potentially been
shown to be associated with prions.
Scientists now believe that many neurodegenerative disorders, such as Alzheimer’s, Huntington’s, and Parkinson’s diseases.8 A study published in September
of last year which conducted autopsies
of eight CJD patients found that these
patients’ brains showed diagnostic signs
of Alzheimer’s disease, though all the
patients would have been too young to
show these symptoms.8 This suggests
that Alzheimer’s disease is potentially transmissible and caused by small,
misfolded proteins such as prions. Additionally, just this past year a different
neurodegenerative disease called multiple system atrophy, or MSA, was also
found to be associated with prions.9
Though transmission represents a small
percentage of the cases of prion diseases,
such a discovery is promising because
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it offers the potential for new diagnostic and therapeutic techniques and advancements.

NEW TREATMENT HOPES

Currently, there are no specific treatments that have been proven to reliably
cure prion diseases.2 The only therapy
available for patients with CJD, Kuru,
and other prion-caused diseases is medical management in order to reduce discomfort as the disease progresses.6 In
this light, new technologies for treating
this family of diseases is a priority.
Part of the problem with prion diseases is that they advance remarkably
quickly; most CJD patients succumb
to the disease within 4-5 months, and
very few live longer than a year.2 What
scientists are primarily searching for is
something which can at least slow, if not
completely stop, the buildup of the toxic,
misfolded proteins.
In the past decade, there has been
some advancement: a few research
groups have reported finding compounds which slow the propagation of
prions in mouse models. Four different
small molecules – Compound B (discovered in 2007), Anle138b (discovered in 2013), and LIN5044 (discovered
in 2015) – have been shown to extend
mouse life-span by at least two times.10
The idea behind using small molecules as therapeutic tools is that they fill
a pocket in a protein receptor, preventing it from being active. However, this
was originally thought to be useless with
prions because they involve protein-protein surface interactions rather than
small surface-area interactions.10 What
researchers are now looking for are molecules which bind to and stabilize the
non-pathogenic form of the protein in
question, and prevent it from changing
to a toxic conformation.11
None of these compounds will be
a magic bullet for prion diseases. All
four small molecules display a common
limitation: they work well with one animal-specific strain of prion, but none has
been yet found to be effective against the
human forms of the disease.10 However,
the real advancement from the discov-

ery of these compounds is the principle
and basic structure of the compounds
that seem to work, which scientists believe they can use to look for compounds
which will be effective in humans.
Looking forward, it seems clear that
exact knowledge of prion diseases and
how to cure them is still out of reach.
But armed with new information about
what sorts of diseases can be classified as
prion-caused, and some potential new
small molecule solutions, we seem to be
edging towards a better understanding
of how prions cause disease and how to
stop them.
Caroline Wechsler ‘19 is a freshman in
Weld Hall.
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CRITICAL
PERIODS:
envisioning
new
treatments
for lazy eye
BY AUDREY EFFENBERGER
“How many circles do you see?”
“Two red.”
“Two red,” the physician echoes.
“I really thought that there was nothing that could be done for
my condition beyond childhood,” says adult patient Zach Fuchs
in a recent TIME interview.1 He has amblyopia, or lazy eye, a developmental disorder that occurs when neural connections don’t
properly form between the brain and one eye, causing the brain to
favor the other. Zach’s sentiment is a prevailing one; in neuroscience, brain and central nervous system (CNS) development has
long been regarded as a mystery untouchable by current medical
methods.
There remains a wealth of open questions regarding neuron
development, maturation, activity, and function. Why do spinal
cord injuries often fail to heal? How does learning occur? What
happens to memory in old age? Currently, diseases and injuries
that affect cognitive function leave patients with limited medical
recourse beyond therapy and adaptation to newfound limitations.
However, new techniques and understanding of critical periods
may lead researchers to newfound solutions for patients like Zach.
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Critical periods are well studied in behavioral
psychology and linguistics. For example, ducklings infer that the first adult birds they see are
their parents, a phenomenon known as imprinting. In humans, it’s thought that infants must
experience language at a young age in order to
develop the ability to decode and produce words
themselves.2 These important times between an
organism’s birth and the “closing” of such cognitive windows are dubbed critical periods. Scientists are now discovering critical periods from the
systemic level to the cellular. One day, the molecular bases of such critical periods may be used to
manipulate the nervous system for medical good.

CELLULAR NETWORKING

How do neurons encode information during
critical periods? More broadly, how do neurons
encode information at all? The answer lies in how
they are connected. One of the most important
features of a neuron is the axon, a long and thin
projection from the neuron’s cell body that conducts electrical signals from the cell body to the
axon terminal. The neuron transforms a stimulus
or signal into an electric current. Once the current reaches the axon terminal, neurotransmitter
molecules are released; they diffuse across the
gap, or synapse, between the first neuron and the
next. The neurotransmitters enter the postsynaptic cell and cause a specific reaction, such as
triggering that cell to fire a subsequent signal. By
transferring the signal between presynaptic neurons and postsynaptic neurons, the nervous system propagates signals throughout the body like
batons in a relay race.
So what do these basic phenomena have to do
with higher-level functions? We can think of neurons like components in an electrical circuit, and
their functions as a result of the circuit’s properties. Just as a circuit made of metal and plastic can
be carefully arranged to turn a light bulb on, a
neural circuit can grow and connect to carry out
all kinds of activities. This intricate and carefully
weighted network of axons and synapses can be
tuned to encode different information. For example, some neurons excite those downstream,
while others inhibit neural activity, and the precise balance of these effects can be used to store
memories.3 Creating new synapses, changing
the proportions of excitatory to inhibitory neurotransmitters, and modulating the responses of
postsynaptic cells can all affect the overall function of a neural network.4
For this reason, the retina and visual cortex—the main processing center in the CNS for
vision—must develop many connections very
quickly in early development in order for a newborn brain to make sense of the world. Faulty
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connections or improper weighting, albeit rare,
result in disorders like amblyopia. And until recently, it was believed that patients with lazy eye
who were past the critical period of visual development, ending around age 8 or 9, could not be
treated.5

OLD DOGS...

There’s some truth to the phrase that “old dogs
can’t learn new tricks.” Old brains react to new
information very differently from young ones,
because most neurons naturally become less flexible or capable of forming new connections with
age. The property they lose is plasticity, the ability
of the nervous system to reorganize itself. While
the brain is never completely static at any time, it
does become less receptive to change, and plasticity has important implications for the neurons’
ability to grow and react to stimuli.6
Why don’t brains stay plastic forever? While
it would allow them to heal, rewire, and increase
their storage capacity, a perpetually plastic brain
might be more vulnerable to detrimental environmental stimuli like emotional trauma or
drugs, which could contribute to higher rates of
mental illness or degenerative diseases.7 Furthermore, by reducing plasticity, brains can become
more computationally efficient; they require fewer total neurons and less time to carry out useful
functions.7 The trade-off between plasticity and
stability, dictated by evolution, has resulted in the
unique capabilities of the modern Homo sapiens
brain.
Brains lose their plasticity in a controlled and
timed way—by having critical periods. One way
of timing critical periods relates back to the balance of excitatory and inhibitory circuits. Once
certain neuronal networks attain a certain state,
they become mature and lose most of their plasticity. Another important mechanism of closing
the critical period is active suppression of neuronal growth and regeneration after a certain age.6,
8
While new information is always entering the
nervous system, the brain reduces its plasticity
by producing molecular “brakes” that dampen
the effect of neurotransmitters that correspond to
new stimuli. Through experimental verification,
we see that plasticity is never fully lost, merely
suppressed.7
For patients with lazy eye or amblyopia, the
brain’s ruthless optimization and closing of the
developmental critical period ultimately facilitate the progression of the condition. By taking
the most immediately efficient route of sensory
integration and favoring the “good” eye, overall
visual acuity—clarity, sharpness, and depth perception—suffers.9
However, with the advancement of new mo-
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lecular techniques, biologists have begun to
bend the rules of critical periods. By carefully manipulating molecular factors in model
organisms, biologists have created organisms of identical chronological age that are
in vastly different locations on the timeline
of critical periods.7 This has already shown
great potential in addressing developmental
disorders or loss of sensory function.

RECODING CRITICAL PERIODS

Promising research has already demonstrated the potential of various treatments
to lift the “brakes” on neuronal plasticity.
Surveys of existing research in model organisms, such as cats, mice, and rats, have
demonstrated the remarkable effects of tiny
manipulations in cell chemistry.8 By infusing growth factors, transplanting cells that
modulate learning and memory, and genetically removing suspected inhibitory factors,
plasticity can be restored. Noninvasive medications and drugs have also been demonstrated to disrupt behaviors and induce plasticity.8
Medical applications of these newfound
tools can be extended to amblyopia. In amblyopia, one eye lacks proper connections to
the brain, and vision is gradually lost as the
brain favors one over the other. When the
critical period is still open, young patients
have great success with training games or
virtual reality simulations that encourage
“rewiring” of the visual cortex. The potential
to chemically open critical periods for older
patients would give physicians more freedom to correct amblyopia and could revolutionize the prognosis of this disorder.
In 2010, the protein Lynx1 was identified
as inhibiting plasticity in the adult visual
cortex.10 By disabling this protein, signaling
increases in the visual cortex and is correlated with heightened sensitivity to environmental fluctuations. When wild-type (normal) mice and mutant (lacking Lynx1) mice
were subjected to temporary blinding in one
eye, the mutant mice were much more likely
to develop amblyopia because their brains
adapted much more quickly to the lack of
visual input by ignoring the eye entirely.10
The most intriguing result of this experiment points to potential treatment for lazy
eye. Once allowed to use both of their eyes,
mutant mice were much more likely to recover from amblyopia, because their brains
remained much more responsive to their
environment.10 Though the technology does
not yet exist for safe treatment of human pa-
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tients, the concept of briefly sensitizing the
brain to redefine itself is powerful, exciting,
and the subject of more cutting-edge research today.

THE OUTLOOK FOR LAZY EYE

“Without depth perception, walking in a
forest is more like walking through a hallway than it is walking through this big open
place… People who have vision impairment
are always wondering what it is they’re missing.”1
Though the path from basic biological
research to medical treatments is a long
one, the potential of molecular intervention to extend and reopen critical periods
is immense. Amblyopic patients may soon
be able to undergo treatment that, over the
course of several days or weeks, resensitizes
their brains to visual input from their “lazy”
eyes, ultimately regaining visual acuity. By
combining training games with direct critical period mediation, amblyopia could become a condition of the past. One day, people like Zach won’t have to miss anything.
Audrey Effenberger ‘19 is a freshman in
Greenough Hall.
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Cellular Senescence:
Age and Cancer
With age comes a bevy of age-related diseas-

es and tissue deterioration. Cellular senescence
heavily impacts this process and describes the
final, irreversible period during which cells -most often fibroblasts or connective tissue cells
-- flatten and cease to undergo mitosis after
around fifty rounds of replication.1 Senescent
cells are at the heart of cataracts, wrinkles, and
other forms of tissue aging. After ceasing proliferation, senescent cells emit cytokines, which act
in concert with other growth factors emitted by
the senescence-associated secretory phenotype
(SASP) to help maintain senescent cells’ static
state.2 Cytokines and SASP help initiate age-related tissue degeneration via the immune system.
Furthermore, senescent cells themselves exhibit
increased expression of genes encoding peptides
that can later be presented by major histocompatibility complex molecules as markers for degradation.3
feature article

by Una Choi
		 Cellular senescence, however, is not
solely linked with advanced age; senescent
cells have been identified in embryos and
are thought to hold a pivotal role in regulating organogenesis.2 In addition, senescence
holds implications in areas outside of age;
cells often become senescent after accumulating extensive DNA damage or telomere
decay, revealing that senescence may help
prevent replication of cells with potentially harmful mutations.2 Oncogene-induced
senescence (OIS) can thereby contribute to
tumor suppression, as the retinoblastoma
(RB) tumor-suppressor networks active in
senescent cells suggest. Although cellular
senescence involves changes on the cellular scale, its effects extend to both the tiny,
developing embryos and the fully formed,
aging tissues present in adults.
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CELLULAR SENESCENCE:
CAUSES
		
Unrepaired DNA single-strand breaks (SSBs) have
been linked to cellular senescence.1 Diminished poly(adenosine
diphosphate-ribose)
polymerase-1 (PARP1) expression permits the accumulation
of SSBs and can eventually result in the creation of atypical
XRCC1 foci. Consequently, p16
expression increases and triggers the transition to cellular senescence.
		 Oxidative stress and telomere erosion can also activate
the p16/RB pathway. Oxidative
stress, or an imbalance of reactive oxygen species, can trigger
an accumulation of SSBs, thus
promoting cellular senescence.
Telomeres, the DNA-protein
complexes present at the ends
of chromosomes, shorten after
each round of cell division. Once
telomeres are shortened, they
are subject to incorrect DNA repair machineries that can cause
chromosome breakage.4

CELLULAR SENESCENCE
AND AGING
		
Although senescent cells release cytokines to trigger their
own destruction, this process
can be slow and can result in
painful inflammation as the senescent cells accumulate in aging tissues. This inflammation
contributes to age-related frailty
syndrome, symptoms of which
include increased vulnerability
to stresses, fat tissue loss, and
muscle deterioration.5 Reactive
products released from inflammatory cytokines can also lead
to tissue degradation. These cytokines can also trigger angiogenesis, which contributes to
chronic inflammation, and can
18

disrupt cell-cell communication
in surrounding tissue.6
		 Consequently, scientists are
focusing on eliminating cellular
senescence as a means to prevent
multiple age-related diseases.
In 2011, scientists at the Mayo
Clinic demonstrated the beneficial effects of eliminating senescent cells.5 Dr. Darren J. Baker
and colleagues constructed the
INK-ATTAC transgene for the
destruction of p16Ink4a, a biomarker required for the survival
of senescent cells. They induced
the activation of INK-ATTAC
using AP20187, a synthetic
drug. p16Ink4a destruction delayed age-related degradation
of the eye, skeletal muscle, and
adipose tissue. When given the
drug at weaning age, the mice
with the INK-ATTAC transgene
were larger, exhibited greater
muscle retention, and were able
to travel farther distances during
treadmill exercise tests.
		 The same group then activated the transgenic INK-ATTAC in 5-month-old mice. Although the irreversible cataracts
remained, the older mice still
exhibited increased muscle fiber
diameters and improved ability
to complete treadmill exercise
tests.
		 The overall survival of the
INK-ATTAC mice, however,
was not extended; this may be
due to the prevalence of cardiac
failure in both the control and
experimental groups of mice.
Because INK-ATTAC is not significantly expressed in the heart
and aorta, senescent cells in
those organs could persist. A later study, however, experienced
greater success in eliminating
senescent cells and consequently reported a 20-30% extension
of the rodents’ lifespan.7

CELLULAR SENESCENCE
AND EMBRYOGENESIS

Although cellular senescence is
most often associated with age,
a group at the Weizmann Institute of Science found senescent
cells in the syncytiotrophoblast
(epithelial covering of the placental villi).8 Another group at
the Center for Genomic Regulation in Spain found senescent
cells in mouse and chick embryos, further emphasizing the role
of cellular senescence in early
development.2 Biologist Mekayla Storer and colleagues took
advantage of the characteristic
activation of the senescence-associated
beta-galactosidase
(SAβ-gal) enzyme in senescent
cells in order to detect the presence of cellular senescence in
embryos. Staining embryos with
SAβ-gal, a substrate which the
SAβ-gal enzyme cleaves to form
a colored product, revealed senescent cells along the neural
roof plate and apical ectodermal
ridge (AER), two regions closely
associated with signaling during
embryogenesis. The neural roof
plate dictates development of
the central neural system while
the AER, a region of the ectoderm, secretes growth factors
regulating the growth of limbs.
		 Dr. William Keyes, a member of the group that discovered
senescent cells in the murine
embryo, posits that cellular senescence plays a critical role in
dictating the development of the
embryo, as the non-proliferative behavior of senescent cells
guarantees a short-lived signal.9
Further supporting the potential
role of senescent cells in regulating embryogenesis, staining
was not constant throughout the
development of the embryo. At
embryonic day 9.5 (E9.5), Dr.
Storer’s group found that staining at the far end of the limb
bud.2 By E13.5, staining was visible in the growing area between
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the toes. By E16.5, the staining
had vanished, revealing that the
senescent cells, having most likely completed their role in directing development, had been destroyed by the immune system.
		 Interestingly, many common birth defects are concentrated in the areas exhibiting the
most staining for senescent cells,
suggesting that these are critical
areas for ensuring proper development of the embryo. When
murine embryos were deficient
in p21, a gene whose expression
is essential for inhibiting the cell
cycle and for protecting against
apoptosis, the impaired cellular
senescence increased cell death.2
In the AER, p21-deficient mice
had impaired expression of
FGF4 and FGF8, vital signals
which trigger the proliferation of
mesenchymal and limb cells.
		 Although the senescent cells
found in the mouse and chick
embryos shared many characteristics with the previously mentioned oncogene-induced senescence, the embryonic senescent
cells lacked p16 and DNA damage. The group at the Center for
Genomic Regulation posits that
this phenomenon may be due to
the simpler nature of embryonic
senescence; oncogene-induced
senescence requires more elaborate control.

CELLULAR SENESCENCE
AND CANCER
		
Because cellular senescence
most often halts the proliferation of damaged fibroblasts, it is
thought to contribute to the lack
of sarcomas, or fibroblast-originating tumors, in humans.1 Indeed, sarcomas represent less
than 1% of all human cancers.
The activation of the p16INK4a/
pRB tumor suppressive pathway
involved in triggering cellular
feature article

senescence negatively regulates
cell cycle progression.4
Carcinomas, in contrast, originate in epithelial cells and are
the most common human cancers.1 Interestingly, carcinoma
occurrence increases with age.
While cellular senescence is often tied to tumor suppression,
Dr. Joe Nassour and colleagues
found that, unlike fibroblasts,
epithelial cells are unresponsive
to DNA damage and can spontaneously leave senescence. Once
these damaged cells resume replication, the cells are more likely to become cancerous. These
cells exhibit diminished PARP1
expression, which in fibroblasts
would cause the cell to enter senescence. In these epithelial cells,
however, the diminished PARP1
expression does not reinforce
their senescent state. Indeed, another group, found that PARP1
deficient mice exhibited accelerated aging and more prevalent
carcinomas.1
		 Similarly, senescent cells
increase production of matrix
metalloproteinase-3 (MMP3),
an enzyme that stimulates tumor
cell invasion.4 Senescent cells
secrete factors like TIMP-1 that
protect surrounding cancer cells.

IMPLICATIONS OF CELLULAR SENESCENCE
		
Because senescent cells
cause chronic inflammation and
other phenotypes tied to aging,
the targeted destruction of these
cells can, as Dr. Baker and colleagues demonstrated, delay and
even reverse the consequences of
aging. This may provide a new
method of alleviating arthritis
and other conditions exacerbated by senescent cells.
		 Further research is needed
on the mechanisms behind the

initiation of cellular senescence.
While diminished PARP1 expression is linked to senescence
in fibroblasts, the same characteristic has no effect in epithelial
cells. This may also aid in clarifying the role of senescent cells in
embryogenesis.
		 In addition, the significance
of transient senescence versus
chronic senescence requires further investigation. The immune
system may destroy senescent
cells.4 Chronic senescence, however, can aggravate inflammation
and other phenotypes tied to aging.
Una Choi ‘19 is a freshman in
Greenough Hall.
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BY WILLIAM BRYK

getting a feel for

COSMIC events

			
M

onday morning, October 30,
1961, began quietly on an abandoned patch of tundra in an archipelago located in the extreme north of
Russia. A grain tumbled in the mild wind,
floating here and there until finally smacking
the ground, sending several bacteria to their
unfortunate end. Moments later, quite unexpectedly, a 50 megaton nuclear blast ripped
through the region, completely obliterating
everything within a 20-mile radius.1
What was just demonstrated is a difference in power of 24 orders of magnitude. The
grain hitting the ground might have had a
peak power output on the order of one watt
(depending on its mass and impact velocity),
while the peak power output of mankind’s
most powerful bomb in history, nicknamed
“Tsar Bomba,” was around 5 yottawatts, or 5
× 102⁴ watts (1 watt of power equals 1 joule of
energy per second).2
The above comparison combines into
one picture energies at two extremes of the
brain’s conceptual limits. Now imagine, instead, that the grain-ground collision actually represented the power output of the
Tsar Bomba itself. By zooming out to this
new power scale, we have left the realm of
the everyday and have ventured into a way

of thinking that our brains cannot genuinely
comprehend. On this scale, the power output
of a 100-kilometer-wide asteroid impact at
tens of kilometers per second would be represented by a firecracker, and the power output of all the explosives used in World War
II detonating simultaneously would not even
be detectable to a human.3 So what would the
power output of a Tsar Bomba explosion on
this scale be like? Multiplying the old bomb’s
yottawatts by 24 orders of magnitude again,
we get approximately 10⁴⁹ watts. It seems no
event could possibly cause such an outrageous explosion. Yet, on September 14, 2015,
scientists at the Laser Interferometer Gravitational-Wave Observatory (LIGO) detected
one, thankfully in a galaxy far far away.

TOO MANY ZEROES

Yes, in a foreign region of the cosmos
1.3 billion light years away, two black holes
dozens of times the mass of our sun collided
into one in less than a second, generating a
peak power output of 3.6 × 10⁴⁹ watts.⁴, ⁵ The
black hole collision caused ripples in spacetime so disruptive that they were detected
on Earth even after having spread out for 1.3
billion years, making headlines around the
globe as the first direct evidence of gravita-

tional waves. But how many people can say
they really grasp the sheer magnitude of the
quantities involved? Among the many impressive characteristics, one stands out: 3.6 ×
10⁴⁹ watts. How can we possibly make sense
of such a colossal quantity, equivalent to 360,
000,000,000,000,000,000,000,000,000,000,00
0,000,000,000,000 hundred-watt light bulbs?
In such helpless situations, it seems natural to turn to someone who spends their
whole career dealing with these figures – an
astrophysicist! Enter Harvard’s very own
Professor Irwin Shapiro. Professor Shapiro
studies gravitational phenomena, and has
made historic discoveries including Shapiro
Time Delay, which is one of the four classic
solar system tests of general relativity. If anyone can help, Professor Shapiro is the one.
When asked how, as an astrophysicist, he
makes sense of the physical scales involved
in the events that he studies, he responded,
“They are so immense that I don’t really try,
but usually just stick to the relevant mathematical expressions, ten to some high power – whatever the units!” Clearly, then, our
cognitive goal is not necessarily achievable.
But why even take on the challenge of
grasping such large quantities? Well, one
might argue that there is a difference between
knowing that Earth is one of eight planets re-

How can we possibly make sense
of such a colossal quantity, equivalent to

360,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000

hundred-watt light bulbs?
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volving around a star and knowing that we
are standing on one of eight massive spheres,
half of us upside down, drifting at tens of kilometers per second around a gigantic ball
of superheated gas, all drenched in absolute
darkness, a cosmic scene comparable to dust
particles spiraling around a light bulb in an
otherwise pitch-dark gymnasium. We can
continue describing the astronomical speeds,
energies, masses, and time-scales involved
until what was previously a simple fact about
our planet becomes a revelation about our
place in this cosmic dance of rock and gas. So,
with that sort of mission in mind, we set out
to understand 3.6 × 10⁴⁹ watts.

CONCEPTUAL BUILDING BLOCKS

We begin with the universe’s basic commodity – stars. Stars, much like living organisms, can be said to go through life cycles of
their own. For much of its life, a star exists
because a large enough agglomerate of gas
in outer space is compressed so heavily under its own gravitational attraction that nuclear fusion is enabled. Nuclear fusion, the
same atomic merging process that humans
managed to create down here on Earth in
the form of fusion bombs, is responsible for
the immense energy output of stars. Take our
sun, for example. With a diameter about a
hundred times that of Earth, the sun is basically a gigantic hydrogen fusing factory. Each
second, it converts one hundred Great Pyramids of Giza worth of hydrogen into helium,
releasing the energy equivalent of 2 billion
Tsar Bombas.⁶ So if you continue to fill all the
streets of Manhattan with Tsar Bombas (each
8 meters long, 2 meters diameter) to a height
of two empire state buildings and press a big
red button each second, you would get the
sun. We only survive these cataclysmic erup
Bombas (each 8 meters long, 2 meters diameter) to a height of two empire state buildings and press a big red button each second,
you would get the sun. We only survive these
cataclysmic eruptions, because Earth is located 150 million kilometers away. As Professor
Shapiro pointed out, if the sun were the size
of a basketball, the Earth would be a tiny peppercorn located 25 yards away! This makes
it ever more surprising that the sun is what
provides the base energy for almost all physical and organic processes on Earth’s surface
– storms, precipitation, life. The sun will be
our reference point, so it’s important to pause
and internalize the power of just one ordinary
star.

THE BEAST WITHIN

At some point during their multi-million
or multi-billion year factory lifestyle, stars
will run out of fuel to fuse. But some of these

feature article

cosmic monsters don’t leave without a bang.
If a star is massive enough, it could end its life
in a high-energy explosion known as a supernova, and sometimes, for even larger stars, a
hypernova. Before attempting to fathom the
energy of a hypernova, it helps to understand
why they happen in the first place. There are
several models that explain hypernovas. A
simplified explanation of one model – the collapsar model – is that when a large star stops
fusing, it loses its constant outward pressure,
and collapses under its own weight. Meaning, the gravitational pressure compressing
the atoms into one another is so strong that
it overcomes the sensible force that prevents
particles from occupying the same position,
creating a claustrophobic situation of cosmic
proportions. What could emerge from this
exotic physical collapse is an unbelievable
amount of emitted energy, and a black hole.
Astronomers have been detecting hints
of such hypernovas ever since the Cold War.
These blasts of energy, initially believed to
be Soviet nuclear tests in space, remained a
mystery for several decades until it gradu-

Yet, for all this power, ASASSN-15lh only
squeezed out a meager 2 × 103⁸ watts at peak
output. An insane figure, for sure, but nothing close to the 3.6 × 10⁴⁹ that we seek. To
get closer to fathoming that value, we need to
delve into a new kind of cosmic creature.

ZOOMING OUT

If stars are the cosmic citizens, then a galaxy is the planet on which these stars dwell.
Instead of distributing themselves uniformly
throughout the universe, stars have a gravitational tendency to group themselves into
large, majestic, rotating agglomerates we call
galaxies, the true giants of the cosmos. Our
own galaxy, the Milky Way, contains roughly 100 billion of these glowing balls of fusion
and spans 100,000 light years in diameter.⁹
How can we conceive of such a behemoth?
Imagine that the Milky Way were shrunk
down to the size of the Continental United States (a factor of 250 trillion). Our sun
is roughly 1.4 billion meters in diameter, so
dividing by 250 trillion, you get that each
sun-like star would be 6 micrometers wide

This killer hypernova, appropriately
named ASASSN-15lh, erupted with
as much power as 600 billion suns.
ally became clear that the universe has its
own nuclear arsenal on scales previously
unimaginable.⁷ In 2015, scientists detected a
hypernova unlike any that had ever been observed. This killer hypernova, appropriately
named ASASSN-15lh, erupted with as much
power as 600 billion suns.⁸ To get a sense of
how much power that really is, let’s refer back
to the scale in which the sun is a basketball
and Earth is a small peppercorn. Place our
basketball-sun on the 1-yard line of Gillette
Stadium, MA (with Earth at the 25-yard line).
Now, how far away would be the next closest star, Proxima Centauri, which is four light
years away? The answer is that Proxima Centauri would be another basketball, located in
Beijing! What would happen if this star were
to explode in a hypernova like ASASSN-15lh?
This basketball in Beijing going berserk in
hypernoval fashion would be brighter in peppercorn-Earth’s skies than our basketball-sun
located in the same football stadium! If the
sun’s power output were represented by a 100watt light bulb, then ASASSN-15lh would be
the equivalent of one Hiroshima bomb exploding each second.

on this scale, about the size of the nucleus in
mammalian cells. Thus this U.S. version of the
Milky Way would be a huge disk of complete
darkness scattered here and there with microscopic pinpoints of light every 150 meters
or so. It’s not the most exciting picture of a
galaxy, but it does give a somewhat accessible scale to work with. Imagine all the cities,
the towns, the neighborhoods, the vast fields,
each swarmed with innumerable tiny points
of light. If you were to take a census of the
100 billion stars in the Milky Way, counting
one each second, it would take well over 3,000
years to complete. If each star were instead,
for some reason, a grape tomato, the 100 billion tomatoes would fill Gillette Stadium to
the brim.

PUTTING IT ALL TOGETHER

We now finally have the conceptual tools
to take on our initial quest. What does 3.6 ×
10⁴⁹ watts feel like? Well, we have seen that
the ASASSN-15lh supernova had a peak power-output of approximately 2 × 103⁸ watts. We
have also noted that there are around 1011
stars in our galaxy. Here we go. First, take one
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Milky Way galaxy full of stars. Next, compress this vast galaxy with billions of stars into the volume of a small moon.10
Then, take out a very large red button. Press the red button.
At that moment, as if Hades himself had commenced a simultaneous uprising of all the dead within the underworld, each
and every star goes hypernova on the level of ASASSN-15lh,
collectively releasing an energy equivalent of 200 million million million million million Tsar Bombas per second. This is
3.6 × 10⁴⁹ watts. This is the power of the two black holes that
collided 1.3 billion years ago.
After dealing with such astronomical figures in search of
a conceptual understanding that may or may not have been
satisfied, it is easy to come away feeling very small in relation to a universe that features cosmic bodies and events best
expressed in scientific notation. But this logic doesn’t quite
hold up, since it really is just a matter of perspective. There
is a whole other side to the spectrum of physical quantities.
For instance, if every atom in our bodies were replaced with
a medium-sized grain of sand, a human would have the volume of a planet.11 So when you ask some random person on
the street for directions, you are talking to a being with complexity matching that of Earth, hosting an intricate network
of quadrillions upon quadrillions of molecules working together in harmony. From the perspective of an atom or bacterium, we humans are the cosmic bodies unimaginably large
yielding unimaginable power. As the Professor Shapiro of the
bacteria world might put it, humans operate at levels of “ten
to some high power – whatever the units!”
If that is not enough to quench our thirst for significance,
consider the role of fans at a football stadium. Aren’t they just
as much part of the game? In a certain sense, we carry a significant role in the cosmic arena merely by being conscious
spectators within it. And our increasingly advanced scientific
instruments definitely make us qualified spectators. The detectors at LIGO, for example, discovered the black hole collision by detecting a gravitational wave disturbance of less than
an atomic diameter in length! We might not make the most
noise in this universe, but we surely are the best at listening.
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William Bryk ‘19 is a freshman in Canaday Hall.
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LOWER EXTREMITY
EXOSKELETONS

In the late 1960s, researchers started to address the prospect of
wearable robotic technologies for humans. The majority of these
first attempts were intended for enhancing the physical capabilities of able-bodied people, particularly those serving in the military.3 Despite the failure of these initial powered prototypes to
attain widespread usage either for safety reasons or sheer size
and cost inefficiencies—exoskeletons have remained an active
area of research to date. Over the past decade, researchers and
biotech companies have managed to continuously improve upon
existing human exoskeleton technologies at an astounding rate,
aiming to make them lighter and more cost-efficient. The targeted buyers of robotic exoskeletons have also extended to include
workers in physically demanding professions and individuals
suffering from pathologies affecting mobility. This article seeks
to illuminate advances in robotics for lower-extremities as they
pertain to rehabilitative treatment for individuals with impaired
mobility.
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Conditions and
Applications
According to a 2014 CDC survey,
14% of Americans above the age of
18 suffer from conditions seriously
impeding their mobility2. Neurological lesions, such as spinal cord
injury (SCI), motor cortex damage
following stroke or degeneration
caused by diseases like Multiple
Sclerosis result in losses in synaptic connections between higher processing centers and efferent
nerve fibers, ultimately reducing
motor output. In addition, a multitude of deleterious secondary
health complications are associated with impaired mobility. These
complications include high blood
pressure, bowel problems, and autonomic dysreflexia—health issues
that are especially severe for aging
individuals4. In the case of SCI,
depending on the degree of impairment—ranging from incomplete
paraplegia to complete tetraplegia—the yearly expenses directly attributable to these conditions range
from $300,000 to $1,000,000 in the
first year post-injury and $40,000 to
$180,000 in each subsequent year8.
Individuals with these and similar
pathologies suffer an overwhelming
physical, emotional and financial
burden.
Fortunately, it has been proven that
therapy involving lower-extremity training exercises strengthens
muscle organization and improves
overall coordination among healthy
and impaired individuals11. While
implementation of such programs
used to require formidable manual assistance, the integration of
mechatronic exoskeletons into current therapeutic practices has gradually freed physical therapists of
former labor-intensive practices11.

Components of Gait
Before delving into how the exoskeletons are able to simulate normal bipedal locomotion, it is necessary to discuss briefly the process of
human gait so as to understand the
basic paradigm that these technologies seek to mimic. The gait process
is measured from heel strike to heel
24

strike of one of the legs in motion.
Following heel strike, the foot flattens, the heel rises, the toe is lifted,
and the leg is propelled forward
during the so-called “swing phase.6”
Gait involves various transfers of
energy derived from ground forces, gravitational forces, spring storage and muscle torque. In order to
stabilize properly during walking,
there are numerous control mechanisms within the body that are employed to minimize displacement
of the center of gravity. To achieve
this, various muscles and tendons
act in tandem to rotate, tilt, and flex
the joints of the lower extremities at
precisely timed intervals6. In sum,
human gait is a complex model with
a total of seven degrees of freedom
(three at the hip for rotation, one at
the knee and three at the ankle) for
which powered exoskeletons must
account3.

Basic Mechanical Function
While there are many differences
in overall design, most powered orthoses share similar features that actively work to replicate gait. These
devices involve a DC power supply
that is either worn in a backpack
by the user of the device or located nearby (in the case of treadmill
training orthoses)3. The DC motor
supplies power to actuators located at the three joints of the lower
extremities, providing flexion, extension, abduction, and adduction of these joints as needed6. In
addition, there are sensors located
at pivot points to measure angular
displacement and angular acceleration as well as on the flat portion of
the foot to measure load and force
distribution3. Almost all devices
also include some form of body
weight support that allows the user
to leverage their torso and arms to
stabilize themselves more efficiently11. In order to prevent over dependence on machine power, many
exoskeletons employ methods to
maximize human-motor learning
by providing varying degrees of
assistance. In some newer models,
the foot trajectory travels through a
tunnel and depending on the foot’s
location relative to the tunnel, normal forces act on the foot to return

it to its place. However, if the foot
is traveling through the tunnel, no
machine forces will act on the foot,
permitting the user exercise greater
autonomy1.

Types of Lower Extremity
Exoskeletons and Active
Orthoses
One of the lower-extremity exoskeletons currently in use is the LOKOMAT, which is used for treadmill
gait training and consists of body
weight support and a powered leg
orthosis7. The LOKOMAT contains
position, adaptability and impedance controllers that allow the user
to walk on a treadmill with more
dynamic settings. This exoskeleton
is also able to activate leg muscles
that are not utilized due to paralysis through functional electrical
stimulation7. In order to provide
the physiotherapist with feedback
on the effectiveness of the therapy,
the LOKOMAT also has a graphical
user interface that provides biofeedback during training sessions5. Another powered exoskeleton that has
proved highly effective is the ReoAmbulator. This device is another
treadmill gait trainer that utilizes an
“assist as needed control algorithm”
to allow the user to increment the
level of voluntary control throughout training7. Finally, the ReWalk
is an exoskeleton that has proven
to be in high demand among individuals with thoracic-level spinal
chord injury. This wearable robotic
technology is an over-the-ground
walker that allows users to stand,
walk and even ascend and descend
steps over a limited distance. The
ReWalk is currently the only FDA
approved technology that is available for personal use outside of a
clinical setting9.

Areas of Improvement for
Future Research
While current exoskeleton technologies are much more advanced
than their older counterparts, there
is still further research that needs
to be conducted to reduce costs,
increase locomotive capacities and
produce lighter products.
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Recent research has focused on
greater use of pneumatic muscle-type actuators, which are
air-pressurized systems that act as
artificial muscles to produce extension and contractile motions similar to those in the muscles of the
body. Researchers in this field are
seeking to create perfected control
algorithms to apply to these actuators so that locomotion more
closely mirrors gait7. Nevertheless,
in conjunction
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with further robotic research, it
is highly important that the exact
functions of muscles and tendons
during gait are more fully understood. If researchers understand
these functionalities, it could lead
to novel developments in producing assistive exoskeletons that are
more suited toward leg architecture and can remove unnecessary
elements in design that contribute
weight to the products3. Additionally, with this improved understanding, exoskeletons can also be
altered to be more accommodating
for different leg shapes and sizes3.
Patrick Anderson ‘17 is a junior in
Cabot House.
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FELIPE FLORES

THE BATTLEFIELD IS
THE LAB: CURING
TYPE I DIABETES
D

iabetes has aroused great interest in public health experts,
physicians, patients and researchers because of its many accompanying conditions and complications, including stroke, blindness,
and limb loss [1]. However, research is promising to find better
forms of treatment, and even a cure. To understand all of this research, one should first understand the disease’s mode of action
and current treatment.

Mechanism
Diabetes is characterized by prolonged periods of excessively
high blood glucose levels associated with a deficiency of the hormone insulin. This hormone’s major role is to promote glucose
absorption from the bloodstream to the cells to power their function. Since the 1930’s, diabetes has been categorized into two main
types [2]. Type 1 diabetes, often called ‘insulin-dependent’, is an
autoimmune disease. T cells from the immune system that would
normally defend the body from infection, start attacking and destroying the insulin-producing Beta cells in the pancreas.1 Without cells to produce the hormone, the patient becomes dependent
on insulin injections/a pump. The causes of this autoimmune attack are unclear. As researcher Dr. Anna Moore from the MGH
Martinos Center for Biomedical Imaging explains, “Research has
found genes responsible for predisposition to the disease, and
some environmental factors that could be related. I don’t think
anybody could point out one factor that triggers the disease.”
On the other hand, a systematic resistance to insulin is known
as type 2 diabetes. As Dr. Bruce Fischl, also a researcher from the
MGH Martinos Center, clarifies, “It’s a whole different disease.
With type 2 diabetes the body still produces essentially the same
amount of insulin, but it’s less effective.” This is a direct consequence of malfunctioning insulin receptors on cells.

Symptoms

The body’s inability to regulate blood glucose concentration causes an array of complications. At an excessive concentration level,
glucose becomes toxic and particularly harmful to small blood
vessels. Accumulated damage could potentially lead to limb loss,
blindness, kidney disease, and impairment to other organs where
small blood vessels play a major role. In fact, “In 2010, about 60%
of nontraumatic lower-limb amputations among people aged 20
years or older occurred in people with diagnosed diabetes, [...]
and diabetes was listed as the primary cause of kidney failure in
44% of all new cases in 2011” [1].
Image from publicdomainpictures.com
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While amputations can be dramatic, diabetes is
often subtle and insidious. Dr. Fischl explains:
“From the day to day perspective, the disease is a
burden for the patient. Often they cannot go longer than 30 minutes without thinking about their
blood glucose, what food they’ve eaten, how much
exercise they’ve done, when was their last insulin
injection. It’s a disease that takes no vacation and
that requires constant monitoring.”

Current Treatment Methods
Treatment varies depending on which type of diabetes the patient has. Type 2 diabetes generally
corresponds to simpler treatment. Changing to a
healthier diet, doing more exercise, losing excess
weight, and oral medication are generally enough
to control blood glucose. Physicians may also prescribe insulin injections. This type of diabetes represents a bigger public health challenge because it
accounts for around 90% of diabetes cases, but has
a more effective treatment [1] .Conversely, Type I
Diabetes implies an underlying mysterious autoimmune attack and will always require an insulin
supply, in addition to the aforementioned self-care
practices. Treating and curing type 2 diabetes may
be work and education for the patient, but curing
type 1 diabetes is up to scientists.

Recalibration of Treatment:
Modeling the Disease
Dr. Bruce Fischl has focused his research on “reducing average blood glucose, essentially reducing the complications of uncontrolled peaks of
glucose.” As he explains, the normal human pancreas releases insulin in two time-frames. Basal
insulin is the ‘background’ insulin produced to
maintain normal body function, for cells to intake
glucose throughout the day- more of a long-acting
insulin due to its slow and continuous release into
the bloodstream. On the other hand is bolus insulin, a fast-acting insulin released after meals to
avoid excess food-borne glucose. The treatment of
insulin-dependent patients tries to resemble the
pancreas’ natural time-frame with injections or a
pump. However, the time-scale of glucose absorption from food and the effect of insulin are different. Insulin is much slower,” Fischl says, “so even
though the patient did everything right with their
injections, there will be peaks of excess glucose
in the blood for a couple hours after every meal,
and that is what we are trying to reduce.” Through
computational simulations, Dr. Fischl is looking
to create better scheduling and programming for
insulin pumps, so that the average glucose level is
lower throughout the day, and glucose peaks after
meals are not as high and harmful as they currently are. His team has received NIH grants and
approval for clinical trials starting in March 2016
with the Joslin Diabetes Center.
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Unveiling the Disease: Visual
Observation of Diabetes

diabetes research, it seems, will rely heavily on imaging techniques such as Dr. Moore’s; in fact, stem
cell transplantation uses them all the time.

Dr. Anna Moore researches imaging techniques
able to detect the autoimmune attack while there
are still Beta cells. In one of her projects, Dr. Moore
studies the accumulation of T cells in mice pancreases, a clear sign of an autoimmune attack, before
the appearance of high blood glucose level. In humans, this means there is a span of up to 2-3 years
between visual accumulation of T cells and the onset of diabetes. As she explains, “When there is an
autoimmune attack, gaps appear on the network
of blood vessels that irrigate Beta cells in the pancreas. We can then pass a contrast agent through
the blood, and the gaps would cause the contrast
to remain around damaged tissue instead of circulating through the bloodstream. You would see the
agents accumulating in the pancreas on the MRI.”
The potential in this research lies in its ability to
observe diabetes before diabetic imbalance. That
type 1 diabetes generally appears during childhood: when the symptoms show up there are too
few cells to be salvaged. However, a patient with a
family history of diabetes could start immunosuppression early.
The most difficult task of Dr. Moore’s project is
imaging living Beta cells. It is extremely hard to
find a Beta cell-specific agent, but this method has
great overlap with currently applied approaches to
a cure.
The Edmonton protocol is a surgical procedure
that consists of implanting donor purified Beta

Stem Cell Research

“Diabetes is often
subtle and insidious”
cells into the patient’s liver (an organ rich in nutrients and friendly new home for the cells)[3]. The
operation has shown promising results, achieving
an astonishing insulin independence for 80% of the
patients three years after the procedure [4]. Five
years after the operation, however, the number of
insulin independent patients drops to 10% [5]. The
cells die from a lack of nutrients from the procedure itself, and/or from the difficulty of adapting
to a different environment. Because the beta cells
are foreign to the body, the immune system attacks
them. Patients undergo an immunosuppression
regimen, but this is often insufficient. Dr. Moore’s
contrast agents are able to chemically label the living beta cells from the procedure and track them.
The results with mice were so promising that they
are now moving forward to try it with baboons.
“Our imaging techniques are a tool for other researchers to conduct experiments that would lead
us closer to a cure,” says Dr. Moore. She envisions
her imaging protocols being used for research on
drugs that would prevent immune destruction of
the cells, or new surgical procedures that would
better allocate transplanted cells. The future of

Scientists are able now to make insulin-producing
cells from pluripotent stem cells. These unique cells
can differentiate into multiple tissue types, thus
capturing great interest from researchers. A study
led by Dr. Doug Melton in Cell showed that under
the right conditions, the function of stem-cell-derived Beta cells (sc-beta) is comparable to adult,
normal cells, including their response to changes
in glucose levels in the blood [6]. Unfortunately,
there remained the difficulty of protecting new
cells from immune attack, for which Dr. Melton’s
laboratory started working with Dr. Daniel Anderson and Robert Langer’s team at MIT. Several
media regarded their invention as a possible cure
to type 1 diabetes [7]: they created and implanted polymer capsules in mice that effectively shield
newly-transplanted sc-beta cells from autoimmune attack [8]. When the team removed the capsules after 6 months, they still retained living and
working cells. With no inflammatory response or
other ill effects, the device has overcome immune
attacks, and is approaching clinical trial stages.

Conclusion
The battle is far from over, but scientists are making
important headway into treating diabetes. There
are many ways to tackle a disease, from mechanistic cures to treating symptoms and increasing
diagnosis rates. As exemplified by the studies in
this article, researchers are working to attack diabetes from all possible angles in the hopes of one
day finding a cure.
Felipe Flores ‘19 is a freshman in Hollis Hall.
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By Kristina Madjoska

SOLVING THE
BRAIN PUZZLE

Picture the human brain as a
collection of about a hundred
billion tiny puzzle pieces.
28

Each one contributes to a story,
forms a unique context with the pieces
around it, and finally emerges as part of
a collection of stories that make up one
human brain. Scientists from around
the world have endeavored to make
sense of the way these nanoscale puzzle
pieces, or neurons, communicate with
each other to produce all of our amazing and distinct identities. The BRAIN
(Brain Research through Advancing
Innovative Neurotechnologies) Project,
initiated and funded by the Obama
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administration in 2013 in consortium
with the Human Brain Project of the
European Union, aims to support researchers in developing new technologies that would enable us to map the
brain at the level of individual neurons.1 The BRAIN project would potentially help us understand the contribution of each neuron in the brain
to the formation of human perception,
emotion, memory, cognition and everything in between.
Given that an average neuron is
about 50 microns (one micron is 0.1
mm) in size, and neurotransmitters the chemical messengers with which
neurons communicate - are a hundred
times smaller than that, the BRAIN
Project’s main goal is developing novel
nanotechnologies tailored to the structure of the brain. Nanotechnology is
the engineering and use of small, nanoscale materials with specific functional properties to study a certain system in detail. In the study of the brain,
nanoparticles such as ultra-thin electrodes and small molecules are used
to track the electrical activity of individual neurons, manipulate and follow the presence of neurotransmitters
in specific neural synapses, and form
detailed images of the brain during its
performance of different functions.2
Unlike older technologies like elec-

trodes and magnetic scans that measure the activity of whole brain areas,
these new technologies can be manipulated to target specific cell types and
allow researchers to precisely pinpoint
what happens where and how it happens. The ultimate goal of this project
is to create a functional, three-dimensional map of the brain, one which
scientists and physicians can refer to
when making diagnoses and predictions about brain abnormalities, neurodegenerative diseases and especially
under-researched psychiatric illnesses.3 This model is similar to the one
used for the Human Genome Project,
in which a standardized sequence of
human DNA was produced as a reference to help identify harmful genetic
mutations. So far, ideas about how to
reach this level of precision in tracking
electrical activity in the brain range
from quantum dots, which are tiny
semi-conducting particles that exhibit
light in response to voltage changes, to
electrode caps with thousands of nanoscale electrodes.
However, the project is very impressive to have yielded any significant
discoveries, and its challenges cannot
be underestimated. The brain is composed of a hundred billion individual
neurons, each of which can make up to
ten thousand connections with other

“The ultimate goal of this
project is to create a functional, three-dimensional
map of the brain”
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neurons, and the task of tracking each
can undoubtedly be long and cumbersome. A more modest approach
considered by scientists is to first try
to map the brain of a mouse model organism which has 75 million neurons,
a complicated yet comparatively much
more feasible undertaking. What is
more, unlike the Human Genome
Project where scientists knew exactly
that they were looking for a base pair
sequence, the BRAIN project is much
more open-ended and researchers
have to be vigilant about encountering
unexpected neuronal behavior.
Though complicated and certainly
very ambitious, mapping the human
brain in the smallest detail can be a
landmark step towards decoding the
enigmatic function of this center of
human identity. In these vibrant times
for neuroscience, the task of scientists
is to build our brain puzzle by puzzle,
helping us grasp the elegance and the
intricacy with which it operates.
Kristina Madjoska ‘19 is a rising sophomore in Lowell House, concentrating
in Neurobiology.
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IMMUNOTHERAPY AGAINST CANCER
ELLIOT ETON
The statistics are alarming: in 2012, there were
about 14 million new cases of cancer, and 8.2
million cancer-related deaths.1 Over the next
twenty years, the number of new cases is likely
to increase by over 70%.1 Approximately 42% of
men and 38% of women are expected to develop
cancer over the course of his or her lifetime.2 In
2016, 1.7 million individuals will be newly diagnosed with cancer, and 600,000 individuals will
die from the disease.1 Immunotherapy, which
augments the power of the immune system to
directly attack and eliminate tumors, has reinvigorated the search for safe and effective cancer
treatment.

Making Cancer a Priority
The first known description of cancer is found on
papyrus, on which an Egyptian physician, four
thousand years ago, classified all known diseases and their known treatments.3 Case number 45
characterizes breast cancer, yet the description of
treatment is pithy: there is none.3 Not until 1948
did Sidney Farber, a pathologist at Harvard Medical School, working on a study on the effects of
aminopterin on childhood acute lymphoblastic
leukemia, prove that clinically-induced tumor remission was achievable.3
This discovery revitalized cancer treatment research and would soon ignite international efforts
to eradicate the disease. With pushing by Mary
Lasker and the Lasker Foundation, President
Richard Nixon passed the National Cancer Act of
1971, which officially propelled cancer research
to a top national priority, creating, as Dr. Jerome
Groopman said, “an entity based on a promise
and that was the cure of cancer.”4 With greater
understanding of the causes and mechanisms of
tumor development, innovation has skyrocketed.
Between 1949 and 1971, about 30 drugs were approved and entered treatment clinics; today, more
than 300 drugs are being used, and there may be
as many as 700 in the pipeline.5
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Fundamentals of
Immunotherapy
The concept that the immune system is capable
of suppressing tumor growth is not new. In 1891,
William Coley injected live or inactivated bacteria in order to stimulate antibacterial immune
cells to kill nearby tumor cells.6 In the early 1900s,
immunologist and future Nobel-Prize-recipient
Paul Ehrlich went a step further and proposed
the “immune surveillance” hypothesis, which
suggested that the immune system’s cells can both
naturally identify and destroy emerging tumors.6
Not until 2001, however, was this much-debated
theory universally accepted, when Drs. Robert
Schreiber and Lloyd Old showed that mice that
could not synthesize interferon-gamma, an important protein involved in immune signaling,
were more likely to develop B-cell lymphomas.6
One can hypothesize that cancers exist because
they have already eluded the host immune surveillance system. In the past few decades, the
challenge was to find how this could occur and
reverse it.

CTLA-4
In the late 1980s, to understand immune system-cancer cell interaction, Jean-François Brunet
et al. sought to characterize the surface of cytotoxic T-lymphocyte cells (CTLs), also known as
killer T cells, which are the soldiers of the immune system. If the environment and signaling
are appropriate, CTLs will lyse and destroy infected, cancerous, or damaged cells. CTLs were
already known to require two signals for activation: according to the Cancer Research Institute,
the first signal, coming from the T cell receptor,
is like an “ignition switch,” priming the cells for
action, while the second signal, from co-receptor
CD28, is like a “gas pedal,” driving the attack.7
When analyzing the different co-receptors, Brunet et al. discovered a surface peptide, cytotoxic
T cell antigen-4 (CTLA-4), that seemed to play a
critical role in immune system response.

Debate soon arose regarding the function of
CTLA-4. While it appeared remarkably similar to
CD28 in sequence, work by Dr. James Allison et
al. showed that CTLA-4 actually had an opposing effect: it acted as a brake on the immune system.7 CTLA-4 blocked the second signal, without
which CTLs could neither produce the cytokine
interleukin-2 to initiate cytotoxicity nor stimulate
the proliferation of CTLs to attack the cancerous
cell target. Allison hypothesized that releasing the
immune system from this break could allow it to
mount a robust attack against cancer.7
Soon afterward, a small biotechnology company, Medarex, later purchased by Bristol-Meyers
Squibb, began developing ipilimumab, a monoclonal antibody against CTLA-4, which effectively blocks CTLA-4.7 First tested in a large trial
in metastatic melanoma, ipilimumab showed
tremendous potential: while metastatic melanoma had a two-year survival rate of only 12%,
investigators discovered that between 20-25% of
patients were alive two-plus years after just four
doses three weeks apart.8 Now a decade following
the trial, patients with no disease progression at
two years have yet to relapse: as Dr. Allison says,
in some, “their cancers are not growing” and “in
others, tumors just pop up and then go away.”4 For
these individuals, cancer does not mean certain
death, instead, Allison adds, it is “something of a
chronic condition.”4
Given all the heterogeneity in cancer, the challenge moving forward is determining how these
particular individuals had such successful responses. Indeed, some patients, as expected,
had severe side effects such as severe diarrhea,
attributed to the unleashed immune response
attacking other unrelated targets. Appropriate
management of patients could reduce the risk of
such serious toxicity. Indeed, ipilimumab was a
successus: in a 2011 Nature Review, Ira Mellman
et al. writes how ipilimumab “provides realistic
hope for melanoma patients, particularly those
with late stage disease who otherwise had little
chance of survival.”9 Furthermore, they wrote
how ipilimumab “provides clear clinical validation for cancer immunotherapy in general.”9
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PD-L1
In 2000, Dr. Gordon Freeman et al. at the Dana-Farber Cancer Institute were investigating
T-cell surface proteins. They discovered a protein
on the surface of normal cells called programmed
cell death 1 ligand 1 (PD-L1). This protein interacted with a T cell co-receptor, PD-1, preventing
the T cell from driving its attack.10 Normally, PD-1
and PD-L1 help protect healthy cells from destruction: only cells lacking these proteins – i.e. foreign
cells – will be recognized and lysed, while others
will be ignored.
Yet, in 2001, Freeman et al. discovered that PDL1 is not only found on normal cells but also on
cancerous cells.11 The PD-1/PD-L1 interaction effectively encourages tolerance, as cancerous cells
expressing these proteins will be protected from
destruction: as Freeman says, “Cancer cells have
essentially stolen the PD-1/PD-L1 mechanism
from normal cells in order to evade attack by the
immune system.”12
Drugs targeting the PD-1 receptor on T cells, including nivolumab (Bristol-Myers Squib), are outperforming standard chemotherapy and inducing
major responses, even more so than ipilimumab.
In the most recent (2013-14) randomized phase
III study for metastatic, untreated melanoma, using nivolumab alone (N-group) resulted in a ~44%
objective response rate (including both partial and
complete responses; ORR), using ipilimumab
alone (I-group) resulted in a ~19% ORR, and using a combination of nivolumab and ipilimumab
(NI-group) resulted in a remarkable ~58% ORR.14
Additionally, the median change from baseline
size (given as the sum of the longest diameters of
target tumors) was ~ -34.5% in the N-group, 5.9%
in the I-group, and ~ -52% in the NI-group.11
Notably, while 80-90% of those in each group suffered treatment-related adverse events, only ~8%
of those in the N-group, ~15% of those in the
I-group, and 36% of those in the NI-group discontinued treatment because of these events.13

Work is being done now to augment immune response that result in eradication of the melanoma
in a greater proportion of patient and also in earlier stages of the disease. Yet, the level of efficacy
seen in the trial above is not limited only to melanoma. Similar results for the anti-PD1 agents have
been observed in some of the hardest-to-treat cancers, such as lung cancer, head and neck cancer,
kidney cancer, gastric and esophageal cancers, and
liver cancer.

Conclusion
Immunotherapy aims to override immune tolerance of “altered-self,” or cancer, and is yielding unprecedentedly durable response in cancers heretofore deemed incurable. Scientists are racing to
target more checkpoints and their ligands and to
test new combinations in order to fulfill the ultimate goal of harnessing our own natural defenses
to eradicate even the stubborn cancers that have
yet to respond to immunotherapy. These agents
are rapidly moving up the priority lists in treating cancer and perhaps may cure more patients
in earlier disease stages. Additionally, returning to
William Coley and the origins of immunotherapy,
trials are now being conducted on viral constructs,
which the immune system loves to attack. These
constructs could potentially augment the antigenicity of tumors and could thereby cause increased
CTL migration to these metastases, where infusing checkpoint antibodies could then potentially
mount an even more robust immune response
against cancer. After decades of visionary thinking
and of perseverance by scientists, there is now a
bright future ahead in the field of cancer immunotherapy.
Elliot Eton ‘19 is a freshman in Apley Court.
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