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Dear readers,

Welcome to the third issue of the University of Toronto Journal of Undergraduate 
Life Sciences (JULS). This year, we continue to build on the foundation that 
our predecessors have put in place. As a student-run peer-reviewed journal,  
JULS upholds the tradition of promoting undergraduate academic research 
and interdisciplinary thinking. We provide a unique platform for University of 
Toronto students to showcase their work of science, and through conducting 
peer or faculty review processes similar to professional journals, we hope to help 
authors write more effectively.

In addition to traditional primary research and review articles, which cover a 
great range of topics including neuroscience, molecular genetics, biochemistry, 
psychology, and ecology, we publish a number of commentaries from professors 
that provide research highlights, insights to a career in science and research 
opportunities, as well as two letters that are not life science in nature but give 
fresh perspectives on other disciplines.  For the first time, we have added a News 
section to update our readers on  fresh new scientific discoveries, such as the 
identification of the gene responsible for neuronal aging, and advances in cancer 
immunotherapy. 

Also new to this issue, we have set up four monetary prizes (two Best Research 
Article Awards for $600 each, and two Best Review Article Awards for $400 
each) with the funding support from the Natural Sciences and Engineering 
Research Council (NSERC). Our faculty advisors have rated the articles based on 
a list of criteria from novelty and uniqueness of research to clarity of presentation 
and quality of analysis (more details regarding the results and selection process 
can be found on our website). In addition to acknowledging high quality articles, 
we hope that these prizes will encourage more students to participate in research 
and pursue their own adventures in scientific writing.

Last but certainly not least, we would like to express our sincere appreciation 
to all members of the JULS team for their long hours, dedication and 
professionalism, to our faculty advisors for their expertise and guidance, and to 
the Faculty of Medicine and various Life Sciences departments for their financial 
support. It is only with this strong base of committed team members, generous 
supporters and readers like you, that we can continue to build JULS and take it to 
new heights. 

Sincerely,

Lena Xu and Eric Wong

Editors-in-Chief, 2008-2009

NOTE: All articles in this issue as well as supplementary information are freely available online at 
http://juls.sa.utoronto.ca/. If you would like to join the JULS team, submit an article or have any 
comments or suggestions, please feel free to contact as at juls.uoft@gmail.com.
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New study finds 
gene responsible 
for neuronal 
aging
Kenneth Watts

Alzheimer’s and Parkinson’s are 
widespread illnesses that have personally 
affected the lives of countless people. The 
impact such illnesses have is immeasur-
able, not only on sufferers but on their 
loved ones, as well. Ever since the emer-
gence of these conditions, scientists have 
been desperately searching for suitable 
forms of treatment, or ever more hopeful, 
a cure. It seems that such hope may not 
be in vain, as a recent scientific break-
through suggests.

Alzheimer’s and Parkinson’s are both 
diseases caused by neuronal degenera-
tion, or aging of the brain. Aging may be 
determined by genetics or by the accumu-
lation rate of molecular damage, perhaps 
even a combination of both. How aging 
modifies free radical concentrations, 
thought to cause molecular damage, and 
increases the risk to develop most neuro-
degenerative diseases is still unknown. If 
the genetics behind this process were to 
be understood, scientists may be able to 
slow neuronal degeneration and prevent 
such diseases. 

A new study published in The 
Journal of Neuroscience has shed light 
on this problem and brought science 
one step closer to finding a cure for 
neurodegenerative diseases. A research 
team from the Université de Montréal, 
Maisonneuve-Rosemont Hospital, and 
Lawrence Berkeley National Laboratory 
has identified a gene that controls the 
normal and pathological aging of neurons 
in the central nervous system: Bmi1.

The team of scientists conducting the 
study, lead by Dr. Gilbert Bernier, identi-
fied a mutation in mice that dramatically 
accelerates the process of aging in the brain 
and eye. The study reveals that neurons 
in the retina and cerebral cortex require a 
gene called Bmi1 to prevent activation of 
the p53 pathway and the accumulation of 

free radicals. The Bmi1 gene is required 
in neurons to suppress apoptosis and 
reduce antioxidant defenses, prevent-
ing premature aging. Bmi1 deficiency 
in neurons results in abnormally high 
levels of reactive oxygen species and hy-
persensitivity to neurotoxic agents. These 
findings provide a molecular mechanism 
explaining how Bmi1 regulates free radi-
cal concentrations. They also reveal the 
impact of Bmi1 deficiency on neuronal 
survival and aging.

Such a discovery brings with it cer-
tain questions and possibilities for future 
research. Gene therapy may be an option 
for treatment of neurodegenerative dis-
eases. However, much work is still needed 
to determine if gene therapy would be 
effective, and if so, what biological reper-
cussions it may have for those receiving 
treatment. 

Further Reading:
Chatoo W et al., J Neurosci, 2009. 29: 529-42.

          JULS

A whorfed 
reality? Current 
research in 
linguistic 
relativity
Erene Stergiopoulos

In the 1940s, a chemical engineer 
named Benjamin Lee Whorf formulated 
one of the most intriguing theories known 
to linguistics and psychology. The Whorf 
hypothesis claims that language affects 
perception and thought. In other words, 
we use language to deconstruct and to 
understand nature. This holds important 
implications, because it means that differ-
ent languages make their speakers see the 
world in a fundamentally different way. 
Whorf called this phenomenon “linguis-
tic relativity” [1].

Linguist Noam Chomsky has fa-
mously rejected the Whorf hypothesis, 
and he is seconded by the renowned 

cognitive scientist Steven Pinker [2,3]. 
However, decades after it was first formu-
lated, the Whorf hypothesis continues to 
interest psychologists today. The most re-
cent studies in the field attempt to bridge 
the gap between cultural and biological 
understandings of language – and the 
results look promising.

Using neuroimaging technol-
ogy, Prof. Tan and his colleagues at the 
University of Hong Kong have mapped 
the brain regions involved in perception 
and language. His findings in a 2008 
study show that when people perceive 
easily nameable colours—such as red, 
blue or yellow—the language centres of 
their brains are activated [4]. This means 
that when we see a colour, we are simul-
taneously retrieving its linguistic label in 
our minds. The results point to an impor-
tant neural link between language and 
perception, which is a first step toward 
demonstrating the Whorf hypothesis on 
a neurological level.

Another compelling study comes 
from investigations of bilingualism and 
biculturalism. Professors Marian and 
Kaushanskaya at Northwestern University 
have studied the effects of different spo-
ken languages on bilingual individuals’ 
self-understanding. They suggest that 
languages of bilinguals may influence 
their thinking styles. Russian-English bi-
linguals recounted their memories with a 
more collectivist attitude when speaking 
in Russian. However their narratives were 
more individualist in nature if recounted 
in English. Marian and Kaushanskaya 
propose that culture is intimately bound 
to language, and that speaking a different 
language necessarily brings out culture-
based thinking trends, such as individu-
alist attitudes versus collectivist ones [5].

These findings raise important ques-
tions about identity and culture. Are we 
different people when we speak different 
languages? Can multilinguals have mul-
tiple identities? All things considered, 
the human capacity for language has 
remained an enigma across a number of 
disciplines. However, new methods from 
neuroscience are pointing toward con-
nections between the nature of language 
and its relation to cognition, making the 
Whorf hypothesis a fascinating topic for 
contemporary study.
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Further Reading:
Whorf, B. L. Language, Thought and Reality. 1956, 

Cambridge, MA: MIT Press.

Chomsky, N., On Language. 1998, New York: New York 
Press

Pinker, S. The Language Instinct. 1994, New York: Wil-
liam Morrow.

Tan LH et al. PNAS, 2008. 105:4004-4009.

Marian, V., Kaushanskaya, M. J Mem Lang, 2004. 51 
:190-201. 
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Advances 
in cancer 
immunotherapy 
using CTLA-4
Sunny Yin

The human body would be the 
perfect home for invading microbes if 
not for the immune system. Without 
it, even one breath of contaminated air 
could be a death sentence. Such a po-
tent system must be regulated, and one 
method is through suppression by an 
antigen called Cytotoxic T Lymphocyte-
Associated Antigen 4 (CTLA-4). 

Fourteen years ago, researchers 
from the University of Toronto showed 
that mice without CTLA-4 died from an 
overload of immune activity [1]. Their 
immune system had been transformed 
from precise to blunt; from scalpel to 
hammer. But just as the hammer can 
smash a rock while the scalpel can-
not, researchers realized that they can 
use this overloaded immunity against 
cancer.

In 2003, scientists at the National 
Cancer Institute took antibodies target-
ing CTLA-4 and introduced them into 
14 patients with metastatic melanoma, 
a form of skin cancer. The antibodies 
would bind CTLA-4 and block it from 
binding with anything else, giving the 
immune system a boost. This caused 
objective cancer regression in 21% 
of patients. But there was a problem: 
almost double that number developed 
serious autoimmune conditions [2]. 

But last year, researchers at Harvard 
Medical School achieved similar suc-
cess, and managed to avoid problems 
with autoimmunity. The key to doing 

this was to use combination treatments 
with cancer vaccination. Because tu-
mour cells express some mutated an-
tigens on their surface, vaccinating pa-
tients with these allows them to develop 
a tumour-specific immune response. 
Once this happens, less CTLA-4 needs 
to be blockaded, and autoimmunity 
is reduced. Despite this success, a few 
patients with ovarian cancer developed 
significant autoimmune reactivity even 
though they were treated with the same 
method [3]. This raises the important 
question of whether CTLA-4 blockade 
tolerance is dependent on disease type. 

That, however, is one of the ques-
tions we need to answer, now that the 
field is open for new waves of research. 
How can we increase the success rate 
even further without inducing auto-
immunity? Which diseases are more 
suited for this method of immuno-
therapy? Are there better combination 
treatments? The road to the answers 
may be rough, but now we know which 
way to walk.

Further reading:
Waterhouse P et al. Science, 1995. 270:985-988.

Phan GQ et al. PNAS, 2003. 100:8372-8377.

Hodi FS et al. PNAS, 2008. 105:3005-3010. 
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Methylation and 
gene suppression 
– not as simple as 
it used to be
Jessica Suddaby

Before epigenetics rose as a 
prominent field, it was thought that a 
given set of genes was an unchangeable 
set of blueprints. Now we know that  
environmental factors can silence or 
activate the expression of a gene with-
out changing the underlying genetic 
sequence. An environmental exposure 
can trigger a methyl group to attach to 
specific residues in the genome. This 
process, called methylation, suppresses 
phenotypic expression without chang-
ing the DNA sequence, like flicking a 
light switch on or off [1]. 

At the Johns Hopkins Kimmel 
Cancer Center, Timothy Chan and his 
team from the Cancer Biology Program 
recently conducted a study to find out 
whether hypermethylation is linked to 
cancer. Hypermethylation is a type of 
methylation that silences CpG island 
promoters, regions in DNA that contain 
many adjacent cytosine and guanine 
nucleotides. Hypermethylation results 
in the silencing of tumor suppres-
sor genes in different types of cancer. 
Researchers examined 189 mutated 
genes associated with the progression 
of colon and breast cancer. 36 of the 
189 mutated genes were identified as 
hypermethylation targets and 18 out 
of those were turned off only in cancer 
cells. The number of deactivated genes 
was linked to higher incidences of 
cancer and also correlated with poor 
clinical outcome [2].

However, methylation does not tell 
the whole story. Methyl-CpG binding 
(MBDs) proteins attach to hypermeth-
ylated promoters and are strongly as-
sociated with gene suppression. Manel 
Esteller and his colleagues at the Cancer 
Epigenetics Laboratory at the Spanish 
National Cancer Center recently ex-
amined whether the removal of MBD 
proteins can reactivate silenced tumor 
suppressor genes. By introducing short 
hairpin RNAs to inhibit MBD protein 
expression, they were able to reverse in-
activation of tumor suppression genes. 
Most remarkably, the DNA methyla-
tion pattern remained unchanged. The 
tumor suppressor genes became active 
again, despite hypermethylation at 
their promoters [3].

Many researchers believe that epi-
genetics holds the key for uncovering 
the causes of cancer. Although it is not 
certain that a cure for cancer is within 
reach, discoveries, like the one by 
Esteller’s group, hold a lot of potential 
for achieving that goal.

Further Reading:
Ballestar E, Esteller M. Adv Genet. 2008, 61:247-67.

Chan TA et al., PLoS Med, 2008. 5:e114.

Lopez-Serra. L. et al. Oncogene, 2008. 27:3556-3566 
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In our current era, we are enjoying the most rapid explo-
sion of knowledge in the Life Sciences in human history.  The 
relevance of this “renaissance” is not confined to scientists but 
clearly extends to society as a whole.  The discoveries in basic 
laboratory research are increasingly and rapidly translated into 
new methods for the diagnosis, treatment, monitoring and 
prevention of disease, improvements in our environment and 
consequently impact the quality of life of each individual.  Thus, 
effective and accurate communication of Life Sciences research 
has become a key role and part of the necessary repertoire of 
the scientific community.  The University of Toronto Journal of 
Undergraduate Life Sciences (JULS) provides an outstanding 
example of “Science Journalism” and holds an important place in 
the spectrum of such communication.  Thus, my first comment 
is to thank and, on behalf of Dean Catharine Whiteside and the 
entire Faculty of Medicine, congratulate the editors, authors, 
faculty members, students and staff who all worked so hard to 
produce this excellent publication.  The Faculty of Medicine is 
pleased to support JULS and proud of the excellent research, 
exemplified by the articles in JULS, generated by undergraduate 
students in the University of Toronto Life Sciences.

A second point I would like to address is education in the 
Life Sciences.  It is now clear, as outlined in various curriculum 
reviews, that the goal of undergraduate education is not con-
fined to learning a large number of “facts”.  Notwithstanding the 
value of gaining a broad and detailed foundation of knowledge to 
prepare one for a career in the Life Sciences, the success of our 
programs is measured by graduates who are able to think criti-
cally, independently and creatively.  There are few better ways to 
integrate these goals, i.e. developing knowledge-based creative 
and analytical thinking skills, than engaging in a research experi-
ence.  At the undergraduate level there are a number of oppor-
tunities for Life Science students.  At least 6 of the basic science 
Departments:  Biochemistry, Immunology, Laboratory Medicine 
and Pathobiology, Molecular Genetics, Nutritional Sciences and 
Physiology offer 1 or 2 Research Project Courses supervised by a 
faculty member.  These courses provide the “freedom to discover” 
as well as a unique educational experience.  The appreciation of the 
real life ups and downs of research, the challenges and rewards are 
also part ofthe learning, which accompany the gains in knowledge, 
technical skills and independence.  Details about these courses 
can be accessed on the University of Toronto website and may be 
found among the course lists of each Department.  

A second experience, although not for “marks”, is the Summer 
Student Program.  For Life Science undergraduate students there 
are numerous Summer Research Programs offered by various 
Departments (both basic and clinical), the Institute of Medical 
Science, the various affiliated Academic Teaching Hospitals and 
Research Institutes as well as several Extra-Departmental Units 
(EDU’s) which are system or disease-based academic centers.  
These require applications by a deadline date, usually the sup-
port of a potential supervisor and a commitment of at least 12 
weeks.  In return, the students are paid a stipend in addition to 
the opportunity to learn “hands on”.  These summer studentships 
at the University of Toronto have become very competitive as 
undergraduate enrolment in the Life Sciences has increased and 
as students from Universities outside of Toronto also compete for 
some of these positions.  Our advice to you is to apply and find a 
supervisor early, well before the deadline date.  Further informa-
tion and a list of these Programs can be found on our Faculty of 
Medicine Research Office (FMRO) website.

Many Life Science students are stimulated to pursue a career 
in research upon graduation.  There are abundant opportunities 
at the University of Toronto, Faculty of Medicine.  The research 
offered spans the entire breadth of “Biomedicine” from epidemiol-
ogy and health outcomes research to basic cell and molecular bi-
ology, genetics, translational human subject research and clinical 
trials.  Newer research fields include ethics and education. These 
research opportunities are facilitated by Graduate Studentships 
which provide stipends for all doctoral stream students. Further 
information about graduate education opportunities can be found 
on our Faculty of Medicine Graduate Education website.

The choices of excellent faculty supervisors are plentiful as evi-
denced by the recent University of Toronto e-Bulletin by President 
David Naylor (January 9, 2009) which highlights Health and Life 
Sciences Publications and Citations.  The University of Toronto ranks 
#1 in Canada for both, #1 in Publications and #2 in Citations among 
all North American Public Universities and #2 in Publications (sec-
ond to Harvard) for all North American Universities.  Further details 
about University of Toronto rankings in the world and International 
Awards received by Faculty are outlined in the Bulletin accessible 
on the University of Toronto website. 

Once again, we congratulate the JULS team for another out-
standing issue and look forward to welcoming many Life Science 
students to our exciting undergraduate and graduate research 
programs.

I. George Fantus
Professor and Associate Dean of Research, Faculty of Medicine, University of Toronto
E-mail: medicine.adr@utoronto.ca; Web: www.medresearch.utoronto.ca

Life Sciences Research in the Faculty of Medicine: 
Opportunities in Creative and Integrative Learning
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Interview with Professor Gopal Sreenivasan
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Crown Professor of Ethics and Professor of Philosophy, Duke University. 
Email: gopal.sreenivasan@duke.edu

Interview by Eric Wong and Sepehr Ehsani.

Can you tell us a little bit about your background? 
What inspired you to study philosophy? Why did 
you decide to focus on bioethics?

In a way, there’s no specific answer. I started university as 
an economics student, and for some reason, I decided that I 
was going to go to law school. But after meeting some of the 
people who had also chosen that path, I decided quickly that 
I didn’t want to go to law school. My entry into bioethics was 
quite a bit later; in a way, it was an accident. In philosophy, I was 
interested in ethics and political philosophy. I had done a lot of 
stuff that was “next door” to bioethics but more general. I was 
teaching philosophy (mainly political philosophy), and my job 
sort of came to an end. My girlfriend, who is now my wife, was 
interested in bioethics; she got a postdoc at the NIH (National 
Institutes of Health). At that time, NIH had just revamped its 
program and was looking for more philosophers to get into bio-
ethics. I suppose they were trying to make bioethics better. So, 
they offered postdocs to people with a PhD in philosophy who 
were interested in bioethics. They also thought it would be good 
to have some faculty trained in philosophy. They were going to 
hire a colleague of mine, but she declined to take the job. So 
it was a coincidence that Ezekiel Emanuel, who was running 
the bioethics department at that time, offered me the job. (Dr. 
Ezekiel Emanuel is a breast oncologist with both an MD and 
a PhD, the latter of which is in political theory. In a sense, he 
had both a clinical and a philosophical background.) Emanuel 
thought that it was a risk to hire philosophers, but if he could 
get philosophers interested in it, the program would benefit. I 
decided to take the job and that’s how I got into bioethics.

What constitutes life? How do you distinguish 
between life and non-life?

I really don’t know. You can give it a technical definition. 
Life scientists are in a better position to answer that question. 
In a way the simplest definition is that life begins at conception; 
that’s a “neat” definition. Scientifically, that sounds plausible—
one can’t imagine life beginning before conception. The ques-
tion that triggers more ethical debate is at what point does an 
organism have a value that constrains what you can permissibly 
do with it. I don’t think philosophy can settle that question. 
Just because life begins at conception, it doesn’t follow that life 

at that point has a value that forbids you from destroying the 
organism. 

Suppose we have a rock, a moss, a fly, and a 
mouse. As humans, we would allow ourselves to 
cut through the rock or the moss. But once we 
reach the fly, the hesitation increases. What is the 
underlying logic behind this human behaviour?

That’s a good question. Presumably, the rock and moss are 
clearly non-conscious. The mouse is conscious, but I don’t know 
about the fly. So one way of distinguishing them is conscious-
ness. Another way to distinguish them, which is similar to 
Aristotle’s basic categories, is that the fly is self-moving (even if 
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it’s not conscious) whereas a moss is not. In a way, vegetarians draw 
a line between a moss and a fly. In some religions, you find that 
people go to excessive lengths to avoid eating flies. That’s because, 
philosophically, some people equate consciousness with suffering. 
If an organism is conscious, then it can suffer. If consciousness is the 
key, then we can perhaps answer our previous question. A human 
is not conscious at conception. So, you get life before conscious life. 
However, the point where life becomes conscious is debatable.

What is your research focus?
I don’t have a neat focus. I have many topics that I’m interested 

in, but they’re all in the realm of philosophy and ethics. Within 
bioethics, health and healthcare is one focus. I’m also interested in 
virtues. Virtues are character traits of a person, like being brave, 
kind, or patient. People have different questions to ask about vir-
tues. In a way, virtues are positive moral qualities of a person. I’m 
interested in the psychological counterpart to that. For example, 
what kind of psychology or psychological material does a person 
have to have to become virtuous? 

Let’s talk about healthcare. Is the Canadian 
healthcare system a good one? How do you define a 
good system?

At the simple basic level, the Canadian healthcare system 
is good. It includes everybody. When regular people talk about 
healthcare, they focus on questions of details. How long are wait-
ing times? What treatments or services are covered? What does 
this cost me? In a system that’s in good order like the Canadian 
system, people tend to focus on fine-tuning details. When people 
talk about the US system, it’s different. In the US system, people 
ask more fundamental questions: How should we organize the 
payment system? Should we have a one-payer model like Canada? 
Should we have tons of different insurance companies like we 
currently have? Or should we have the government take care of 
everything like they do in Britain? I think those questions concern 
the administrative details. I think the best administrative system is 
whichever one works best. Researchers have not been able to come 
up with a robust empirical answer to the question, which system 
is the best administratively. But all those administrative variations 
should still deliver certain general moral features of a healthcare 
system: covering everyone, delivering a minimum level of care, etc. 
With respect to these moral features, Canada has a good system.

Another administrative detail: we worry about whether health-
care should be delivered publicly or privately. This is sort of a messy 
question because it’s hard to define what’s private. But it doesn’t 
matter whether a public system or a private system works best, as 
long as it is delivering the basic moral features of a healthcare sys-
tem. The debate in the Canadian system is whether we should have 
two-tiered medicine or not, meaning if we should allow people to 
pay privately to get a faster, better, or more extensive set of health-
care. People think there’s a moral imperative to have one tier and 
not two. If there’s a second tier, many people worry that it would 
undermine the basic tier, thus unevenly distributing resources and 
leaving people in the basic tier with poor care. If that’s true, then we 
should not have two tiers. But I really don’t know whether it’s true 
or not because there hasn’t been a country which switched from 
one system to the other. Without such a precedent, it is hard to 

determine if a two-tiered system will truly undermine basic users.

Equal access to healthcare globally is an important 
issue because life expectancy in various parts of the 
world differs significantly. Should rich nations be 
obligated to help out worse off nations in terms of 
healthcare? 

Up to a point, there should be some help or assistance. It doesn’t 
have to be healthcare. Sometimes, helping to improve sanitation or 
public health measures, or even adequate nutrition would benefit 
health in worse off nations more than healthcare. Another mode 
of attack is to improve education, especially for girls. Educating 
mothers would not only allow them to help themselves but also 
their kids.

The American economist William Easterly, among 
others, argues that although there have been billions 
of aid dollars given to a number of African nations, 
these assistances may have indeed resulted in net 
negative consequences for the recipients. In terms 
of healthcare, if Western nations provide resources, 
in later years, it is plausible that other, more 
severe allergies or disease outbreaks would occur. 
Because we don’t know the various consequences 
of assistance, should help be provided in the first 
place?

It’s true that there is a general debate about how effective aid 
has been. Even if you limit yourself to people who are experienced 
with the matter, people still disagree. My suspicion is that evidence 
is lacking that aid doesn’t work. Another concern is that aid is 
not targeting basic human needs. At one point, different agencies 
tried to get the G8 to raise their development aid to 0.7% of GDP 
(that’s what Bono was getting excited about). They were also try-
ing to get donor and recipient nations to agree on the 20/20 goal: 
20% of donations and 20% of expenditures go to basic needs. The 
goal of this campaign implies that currently less than 20% actually 
goes to basic needs! So, aid for these basic services can be effective 
although there are difficulties. 

About the consequences issue, it’s quite true. You don’t know if 
mosquito netting, when made widely available, would lead to a bad 
outcome. My thought is that that can’t be an objection. Otherwise, 
you wouldn’t be able to do anything! Let me give you one example: 
a big campaign now is to limit CO2 emissions. We don’t know that 
cutting CO2 emissions now won’t make it worse in 50 years. We 
don’t know if there would be bad consequences years from now. 
The same reasoning can be applied to mosquito nets. If it looks 
reasonable, despite the fact that you can’t absolutely rule out the 
possibly of bad consequences, then it still shouldn’t be an obstacle, 
especially if it’s just minimal basic assistance. 

Do you see a future where everyone can have 
fair access to healthcare? Can this equilibrium be 
maintained?

It is possible for everyone to live under conditions where they 
have a reasonable expectation of the global average life expectancy 
rather than the life expectancy in their own country. The tricky 
thing about talking about health in the least healthy countries is 
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that we are only talking about elementary things. It is still true that 
people in the rich world have much better healthcare than anything 
like that. I don’t know if I endorse this, but if you mean by fair 
healthcare everyone having access to the life expectancy of people 
in rich countries, I’m not sure if it’s even possible. You could say 
that it’s not fair that poor nations have a lower life expectancy. You 
can also say that it’s not fair that rich countries already have that 
high a life expectancy. You might be able to have everyone at a 
lower level. But I don’t think we can have everyone at our level of 
care and health.

Bioethics is sometimes seen as a distinct field from 
“pure” philosophy due to its applied nature. How do 
you see bioethics in terms of its relation to “pure” 
philosophy? Is it more important for a student of 
bioethics to have a strong background in philosophy, 
life sciences, or a balance of both?

Bioethics is an interdisciplinary field; it doesn’t belong to any 
“old-fashioned” subject like medicine, philosophy or biology. It 
does overlap all sorts of different fields. It would be good for people 
who work in it to know various subjects. I think there are differ-
ent sorts of work in bioethics. It’s hard to make a big generaliza-
tion. Most people are only part-time bioethicists. If you want to 
go into those fields, you should get a sort of full-scale training in 
some “old-fashioned” discipline. For the purposes of bioethics, it 
doesn’t matter what it is. If you were going to do it in a medical 
way, it’s important to have a medical degree. If you are coming from 
a philosophical standpoint, then you would want a PhD from a 
philosophy department. As an individual, you want some kind of 
traditional training. One reason is the credential: you have a lot 
more security to find a job if you have an ordinary training that 
you can fall back on. It’s risky to find a job with a specialist bioeth-
ics training. Second reason: it’s good intellectually to have a solid 
foundation in something. There are really two kinds of bioethics: 
medically oriented and philosophically oriented. The people work-
ing in them have something intellectually to fall back on—a line 
of first principles when they are solving problems. In general, it 
doesn’t matter which one you choose. Most people will want to 
focus on one or another.

You have taught and studied at many universities 
around the world. How does the University of 
Toronto compare to other leading institutions 
in terms of bioethics research? Is the University 
of Toronto a respectable institution for graduate 
studies in bioethics? 

That’s a tricky question. I didn’t do bioethics research in most 
of those universities. I only did bioethics research at NIH. I don’t 
know that they have bioethics degrees. Princeton is trying to make 
one, but even that is new and I don’t know much about it. U of T 
has a good research profile in bioethics. It’s almost all through the 
Joint Centre for Bioethics (JCB) and the Medical School, and there-
fore the medical style of bioethics. It’s rare to have a well-developed 
philosophy-based bioethics program anywhere. The undergraduate 
teaching in bioethics is channelled through philosophy here, which 
I think is good. But that’s about all of the Philosophy Department’s 
involvement in bioethics. Most of the graduate students in bioeth-

ics are trained via the JCB.

What other schools offer a prominent bioethics 
program?

There really aren’t any. For philosophically grounded bioeth-
ics, there are many researchers. But there’s no common thread of 
how they got into it. There’s not really a unique program for bioeth-
ics. Very recently, there’s a program at Harvard started by some 
famous bioethicists (e.g. Norman Daniels and Dan Brock). It’s not 
an undergrad program; it’s more of a postdoc program between 
the Medical School and the School of Public Health. The faculty 
members are good, but it doesn’t mean their program is good. You 
don’t know how much these students actually get to see these fa-
mous professors! 

In terms of philosophy, most of the schools you expect to be 
top schools have good programs. Yale recently improved their phi-
losophy program. Harvard, Stanford, UCLA, Michigan, Pittsburgh, 
and MIT are good. A distinction that you should make is that there 
are departments that are just good in general, and there are ones 
that are good in ethics. It’s good if you find a department that’s 
good in ethics if you ultimately want bioethics. In the last ten years, 
the U of T philosophy department has improved a lot. But in terms 
of philosophy, it’s not the best compared to other leading schools.

What advice would you give undergraduates who 
want to pursue a career in bioethics?

The best advice is not to worry about it too much. It’s more 
helpful to follow your nose. If it interests you, you can do more of 
it. If not, try something else. It’s hard to plan everything out and 
just follow your plan! It’s better to do something that’s exciting for 
you than to follow a plan. It’s a good thing because you can find 
other “home base” subjects that you are good at and build on that. 
If people want to get a sense of what you can do in bioethics other 
than teaching, it’s good to go to the JCB. They have a lot of jobs and 
projects that people can apply for. It gives you a view of the kind of 
things one can expect from a career in bioethics.
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Faithful Genetic Inheritance—from Models to 
Medicine

Abnormal chromosome segregation in the form of tri-
somies occurs in 25% of aborted human fetuses and 0.3% of 
newborns.  In Europe, the incidence of Trisomy 21 (Down syn-
drome) is greater than ten times that of AIDS, while in North 
America, congenital anomalies due to aneuploidy is the number 
one leading cause of death in infants. Beyond developmental 
defects in humans, aberrant chromosome number is also a 
hallmark of cancer cells.  All solid tumors exhibit abnormal 
chromosome number, and a correlation between the frequency 
of chromosome missegregation events and poor prognosis has 
long been noted. As such, the maintenance of genetic stability is 
a fundamental aspect of all cell proliferation.  

Given the medical importance of aneuploidies and despite 
the sequencing of many prokaryotic and eukaryotic genomes, it 
is perhaps surprising to realize that a fundamental understand-
ing of how genetic information is physically organized into 
chromosomes and transmitted between dividing cells remains 
poorly understood.  In particular, the elements which underlie 
eukaryotic chromosome structure have remained elusive since 
the initial discovery of chromosomes (so called “colored bod-
ies”) by Flemming in the 1880s.  Moreover, the proteins which 
orchestrate higher order chromosome folding and their molecu-
lar mechanism of action are only beginning to be elucidated [for 
recent reviews, see refs. 1, 2]. My lab is interested in understand-
ing the molecular mechanisms which govern faithful chromo-
some segregation during the mitotic cell division (Figure 1).  In 
particular, we study how identical sister chromatids which re-
sult from DNA replication are paired together (called cohesion) 
until the onset of anaphase, and how sisters are structurally 
defined as discrete, segregatable units through mitotic chromo-
some condensation.  By combining genomic, biochemical and 
cell biological approaches in the budding yeast S. cerevisiae, 
we’ve gained new insight into how eukaryotic chromosomes are 
packaged and segregated during the cell cycle.  

To address how chromosomes are faithfully transmitted 
during cell division, my lab seeks to understand the multiple 
roles of the condensin complex in eukaryotic cells. Condensin 
is a five subunit complex conserved from yeast to man, and was 
initially described as an activity required for mitotic chromo-
some condensation in Xenopus laevis extracts [see ref. 3 for 
a recent review]. Since then, condensin has been found in all 

eukaryotic cells where it has been sought:  the budding and fis-
sion yeasts contain a single complex (Figure 2), while human 
cells contain two condensins (named I and II). Two of the five 
condensin subunits belong to the Structural Maintenance of 
Chromosome (SMC) family of proteins, large coiled-coil do-
main proteins. Heterodimers of SMCs interact through their 
hinge and ATPase heads and interact with a number of addi-
tional subunits belonging to the kleisin (Brn1) or HEAT repeat 
(Ycg1, Ycs4) protein families. To date, little is known about the 
molecular mechanisms of mitotic chromosome condensation 
in any system. Studies in model organisms such as yeast, flies, 
worms and human cells have demonstrated a role for condensin 
in multiple aspects of chromosome biology, both during in-
terphase and mitosis.  Of particular interest to my group, con-
densin is essential for mitotic chromosome condensation, sister 
chromatid cohesion, kinetochore function and in addition is in-
volved in coordinating the exit from mitosis (a hallmark of cell 
cycle progression) with the completion of chromosome segrega-
tion.  During interphase, condensin functions in transcriptional 
silencing, the control of rDNA recombination and DNA repair.  Thus, 
understanding condensin function offers a unique window on many 
fundamental aspects of chromosome metabolism. 

How do condensins wrap it up?
How condensin functions at the molecular level and how 

its activities modulate higher order chromosome structure and 
function remain a mystery. A first step towards understanding 
the role of condensin in mitotic chromosome structure and 
function is to clearly define benchmarks of the condensation 
process and identify those which are condensin dependent. The 
inactivation and/or depletion of condensin activity from yeast 
to human cells results in chromatin bridges during anaphase, 
although the morphology of condensin-deficient metaphase 
chromosomes varies tremendously between experimental sys-
tems.  For instance, in yeasts and Xenopus egg extracts where 
condensin I is the primary enzyme responsible for condensa-
tion, its inactivation/depletion abrogates mitotic chromosome 
folding, leaving metaphase chromatin in an interphase-like 
state  [4-8].  In contrast, the inactivation of both condensin I 
and II (or condensin II alone in C. elegans) in the somatic cells 
of multicellular organisms supports a delayed but ultimately 
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significant level of metaphase chromosome compaction, although 
it is important to stress that the resulting chromosomal structures 
withstand neither in vitro biochemical nor in vivo physical as-
saults [9-12].  The demonstration that additional, and presumably 
condensin-independent, activities function in correctly establish-
ing and maintaining metaphase chromosome structure highlights 
the complexity of the overall reaction and the difficulties in deci-
phering overlapping functions in cells with multiple condensation 
activities. It seems reasonable to infer however that at least as far as 
condensins are concerned, condensin II, which is found on chro-
mosomes throughout the cell cycle (as is condensin I in budding 
yeast), is likely to initiate condensation early in prophase, followed 
by condensin I function post nuclear-envelope breakdown. 

But how then do condensins promote mitotic chromosome 
folding in vivo? In multicellular organisms, the chromosomal sites 
at which each condensin complex functions remain to be deter-
mined.  In contrast, model systems with a single condensin enzyme 
acting on a defined substrate provide substantial experimental 
advantages.  The function of budding yeast condensin at the ~1Mb 
repetitive rDNA array on chromosome XII has been extensively 
characterized [13]. The rDNA array provides a unique perspective 
on condensin function since its enzymatic requirements for con-
densation are well defined, and both condensin and cohesin bind-

ing sites within each repeat have been mapped. Using this system 
as a model, I proposed a step-wise chromosome assembly pathway 
based on our identification of in vivo rDNA folding intermediates 
[2 (see figure 3), 13]. Within the rDNA, condensin is targeted to 
two sites (Non-Transcribed Spacer 1 and NTS2) throughout the 
cell cycle [6, 14, 15].  Interestingly, no consensus binding sequence 
for condensin could be identified from genome-wide mapping 
experiments [14].  Rather, the targeting of condensin to NTS1 is 
dependent on another protein, Fob1, which binds site-specifically; 
while at NTS2, condensin binding is affected by Pol I transcription 
[15-17].  In addition to condensin, the cohesin complex, which 
functions in both pairing sister chromatids and mitotic chromo-
some condensation, also binds within the NTS [18, 19]. 

While condensin and cohesin bind chromosomes indepen-
dently of each other, both are required to organize the rDNA into 
a structure which can be effectively segregated. In interphase cells, 
the rDNA exists as an apparently disordered puff structure. As cells 
progress into mitosis however, a distinct number of condensin-
dependent rDNA morphologies are observed by fluorescence 
in situ hybridization (Figure 3B).  The repetitive nature of the 
rDNA amplifies small changes in chromosome morphology and/
or stability, facilitating the visualization of partially condensed 
structures. The earliest condensed rDNA structures correspond 
to clusters, where the rDNA puff collapses into a more compact 
structure.  Clusters subsequently resolve into progressively larger 
though presumably more organized forms, lines and metaphase 
loops.  Thus the process of condensation better describes levels of 
chromosomal organization than physical compaction per se, and 
the apparent size of the folding array is not an accurate indication 
of the level of organization. While it is difficult to unequivocally 
equate morphologies with underlying mechanism, it is nonetheless 
important that hypothetical models of higher order chromosome 
structure account for these partially condensed species along with 
their enzymatic requirements. As a case in point, we showed that 
while morphologically identical rDNA species (clusters and short 
lines) could be observed both before and after anaphase onset, 
these species could nonetheless be distinguished by their biochem-
ical properties [13].  Thus, even in the relatively simple system of 
the budding yeast rDNA, mitotic chromosome condensation is a 
multi-step reaction that occurs through at least two distinct, cell 
cycle regulated pathways:  the metaphase pathway which requires 
condensin and cohesin, and the anaphase hypercondensation path-
way, which is dependent on condensin, the Aurora B/Ipl1 kinase as 
well as the mitotic exit regulator, Cdc14 phosphatase [13, 20-22].  
Recently, the existence of a similar condensin and Aurora B depen-
dent hypercondensation pathway in mammalian anaphase cells 
has been reported [23], further supporting the validity of using the 
rDNA as a simple model for condensin function and extending it 
to more complex systems. 

Keeping sisters paired:  a new mitotic role for 
condensin 

In addition to condensin’s role in mitotic chromosome con-
densation, my lab also uncovered a hitherto unsuspected role 
for yeast condensin in mitotic arm cohesion [24].  Strikingly, 
condensin-based pairing can be distinguished from previously 
described sister chromatid cohesion mechanisms (i.e. based on

Figure 1.  The eukaryotic chromosome cycle.  Cell growth and division 
occurs in defined stages.  During  G1, the first growth phase, eukary-
otic cells commit to a full cell cycle, based both on their cell size and 
nutrient availability, passing the so-called START point (shown as a 
black arrow).  During S phase, DNA is replicated to generate one but 
only once copy of the complete genome.  Replicated chromatids are 
called sister chromatids, and these are held together through protein-
protein interactions in a process known as sister chromatid cohesion.  
During G2, the second growth phase, cells prepare for mitosis:  DNA 
interlinks (catenae) between sister chromatids which result from 
replication are removed,  DNA damage is sensed and repaired, and 
progression into mitosis can be delayed in the event of chromosome 
or spindle integrity defects.  As the cells progress into mitosis, chro-
mosome condensation occurs, which serves to define paired sister 
chromatids as discrete segregatable units and bipolar attachments to 
the mitotic spindle are achieved.  Bipolar attachment in the presence 
of cohesion generates tension between sister chromatids (since the 
spindle pulls from opposite poles) and signals to the cells that the 
sister chromatids are correctly attached.  Once anaphase ensues, co-
hesion between sisters is dissolved, and they are physically pulled to 
opposite poles.  Chromosomes decondense in telophase, cells divide 
and exit mitosis.

Faithful Genetic Inheritance—from Models to Medicine
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the cohesin complex) by a number of criteria, including site 
specificity, cell cycle regulation as well as the reversibility of the 
reaction.  Both the existence and cell cycle timing of this novel 
mechanism for mitotic sister pairing poses a number of exciting 
new questions.  First, why does the cell need additional mecha-
nisms for cohesion—i.e. why isn’t the cohesin complex sufficient 
for robust pairing during mitosis?  How does condensin mediate 
pairing along chromosome arms at the molecular level? How is 
condensin-dependent pairing regulated during the cell cycle?  One 
can envisage that intermolecular pairing between condensins or 
regulation of additional cohesion promoting factors could promote 
cohesion.  We have already accumulated preliminary evidence in 
support of both of these models, and have identified a cohesion 
factor which requires condensin to remain chromatin associated. 
In addition, we and others showed that the requirements for sister 
chromatid cohesion is non-uniform along chromosomes, suggest-
ing that multiple activities cooperate to ensure pairing at discrete 
loci [24-28].  The idea that locus specificity may explain why 
multiple mechanisms are required for sister cohesion is a new and 
exciting view of how sister chromatid cohesion works and suggest 
that the mere presence of the cohesin complex, another SMC based 
complex related to condensin, is not sufficient for robust pairing of 
sisters.  The favored model in the literature assumes that cohesin 
is largely responsible for all sister chromatid cohesion, and that a 
ring of cohesin entraps two sister chromatids to keep them paired 
[29].  In contrast, work from multiple labs is accumulating that 
clearly shows that sisters can precociously separate in the full pres-
ence of cohesin, a result difficult to reconcile with the topological 
entrapment/ring model. Thus an emerging view is that instead of 
a single machinery (cohesin) that keeps sisters paired along their 
lengths like velcro, chromosomes are decorated with multiple pair-
ing activities including condensin, the origin recognition complex, 
silencing factors and intramolecular catenae, which function like 
buttons, snaps, hooks, etc.  Why so many machineries are needed is 
a fascinating question we are actively trying to answer, but it seems 
likely that distinct chromosomal loci will require specific combina-
tions of pairings to keep sisters together.

Future directions for condensin 
Despite the identification of the condensin complex some 

10 years ago and the cloning of condensin genes in the early-mid 
2000s, how condensin functions at the molecular level to orches-
trate the higher order organization of chromosomes remains an 
enigma. Work in model organisms has clearly established a role for 
condensin in faithful chromosome segregation, and recent work 
has implicated condensin as an underlying cause of disease, for 
instance in microcephaly, as well as the aneuploidy observed in Rb 
mutants (Retinoblastoma, the first tumor suppressor discovered) 
[30, 31].  Whether these diseases directly result from chromosome 
condensation and therefore segregation defects remains to be de-
termined.  It is noteworthy however that while I have highlighted 
some of the mitotic functions of condensin in this short review, 
condensin has been implicated in transcriptional silencing, the 
establishment of kinetochores (large protein complexes found 
at centromeres), the control of hyperrecombination of repetitive 
DNA, the repair of DNA damage and the coordination of mitotic 
exit with the completion of chromosome segregation. How one 

enzyme coordinates all of these activities is an area of active inves-
tigation, and the fun is just getting started. 
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Figure 2.  The evolutionarily conserved condensin complex.  Condensin 
is conserved from yeast to man and is comprised of an SMC heterodi-
mer, Smc2 and Smc4, which interact at their hinge and ATPase  head 
domains.  Interactions between SMC heads are promoted by the regula-
tory subunits of condensin, in budding yeast these are Barren (Brn1), 
Yeast condensin G (Ycg1) and Yeast Condensin Subunit 4 (Ycs4).
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Figure 3.  The rDNA as a simple model for condensin dependent chromosome organization. (This figure was originally published in Lavoie, BD. 
(2008) Genes Dev 22: 964, reprinted with permission)

Figure 3(A). Schematic of the ribosomal DNA repeat.  Each repeat comprises a 9.1 kb segment, encoding the 35S precursor rRNA and the 
5S RNA.  Condensin (orange triangles) and cohesin (grey oval) complexes bind within the non-transcribed spacers (NTS1 and NTS2).   The 
replication fork block site (RFB), autonomous replicating sequence (ARS) and cohesin associated region (CAR) are indicated. Arrows indicate 
potential interactions between condensin complexes bound at distinct sites.  

Figure 3(B).  Multi-step condensation pathways.  Budding yeast cells were synchronized and processed for fluorescence in situ hybridization 
(Lavoie et al. 2004).  The rDNA signal is shown in green with bulk chromosomes in red.  In interphase, the ~1 Mb rDNA array adopts a disor-
dered puff structure.  As the cells progress through the cell cycle, the rDNA adopts a number of reproducible morphologies including cluster, 
line and loop structures.  Two condensin-dependent pathways orchestrate condensation:  the metaphase condensation pathway and ana-
phase hypercondensation pathway.  Requirements for each are indicated.  

Figure 3(C).  Hypothetical model for higher-order rDNA folding.  Condensin complexes (orange triangles) are targeted to NTS1 through the 
Fob1 protein which directly binds to the RFB in each repeat.  How condensin is directed to the Pol I promoter upstream of the 35S rRNA is 
unknown at present.  Upon entry into mitosis, the cluster morphology would result from protein-protein interactions between condensin 
complexes.  Cohesin complexes (gray ovals) serve to define domains within the rDNA array and facilitate the orderly interactions between 
condensins, which give rise to progressively more ordered structures.  As the sister chromatids prepare for anaphase onset, they resolve 
into discrete segregatable units.  In anaphase, cohesion between the sisters is dissolved and the Ipl1/AuroraB-dependent phosphorylation of 
condensin promote additional condensin-condensin interactions leading to hypercondensation.  The ordered packing of condensin complexes 
is depicted as triangles in graded colors. In higher eukaryotes, condensin II targeted to discrete sites by Rb family proteins could initiate a 
similar higher-order folding during prophase, which would be further organized by  condensin I dependent interactions post-nuclear envelope 
breakdown. 
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Faithful Genetic Inheritance—from Models to Medicine
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There’s a Lot More to Science Than “Science” – 
Perspectives from a Former Undergraduate

Writing this article for an undergraduate science journal 
has given me the opportunity to think about my own under-
graduate experience.  This is a subject I’ve also been thinking 
about given that I have recently started my own laboratory and 
now supervise the projects of two undergraduates.  I’ve always 
considered the years I spent in labs as an undergrad as some of 
the most important of all of my years in training.  Here I’d like to 
take this opportunity to recount what my perspective regarding 
science was like as an undergraduate and compare those per-
spectives to how I feel about life as a scientist today.  I will close 
out with some of the lessons I’ve learned since then that I think 
are important for a successful scientist.

Like many of you, I first started doing science as an un-
dergraduate: first as a helper in a lab, then more formally on a 
research project in my third and fourth years.  I was very excited 
to actually do the types of experiments I had been reading about 
in textbooks.  I remember after my first day in a lab, I was excited 
enough to call my mom and tell her how cool it was that I had 
isolated DNA and run it on an agarose gel (she had no clue what 
I was talking about and to this day doesn’t really understand 
what it is that I do for a living). 

I actually became hooked on the idea on being an academic 
scientist not long after joining my undergraduate lab.  I found 
that as much as I liked the science itself I was also very attracted 
to the culture of academic labs.  I was drawn toward the less 
formal atmosphere and the relative lack of hierarchy, that as 
a twenty year-old I could have unfettered access to smart and 
creative people considerably older and farther along than me.  
I found it very exciting that I could contribute to the work in 
the lab in a significant way without having to “climb a ladder” 
or “pay my dues” before my ideas were taken seriously.  It didn’t 
matter that I was young and inexperienced. If I had an idea for 
an improvement to a technique or a new way of looking at the 
problem, I could try it out.  In that way I found the work to be 
very empowering.

While observing the senior scientists around me I noticed 
that academic scientists had friends and colleagues from all 
over the world.  It was during my undergraduate science project 
that I met friends who were born in Germany, in China and in 
Argentina,  whom I keep in touch with to this day.  I liked that 
a career in academic science involved a fair amount of travel; 

enough, I felt, to satisfy my wanderlust, but not so much that I 
would never feel settled.  I also liked the idea that I could train 
as a scientist while living in the most exciting cities in the world.  
I saw academic science not only as enormously entertaining and 
important in and of itself, but also as a lifestyle choice that could 
give me a window to the world. 

Another very important factor that contributed to my de-
cision to pursue a career in science was the idea that I could 
actually find something that made a difference in people’s lives.  
At the time I was making these decisions the HIV epidemic 
was the primary public health concern and I was hopeful that I 
could contribute in some way to the cure.  I was truly excited to 
help humanity and secretly ambitious that I could be the one to 
cure AIDS.  As such I decided to pursue research on infectious 
diseases, which surprisingly enough was looked down upon in 
the early 1990s.  My timing turned out to be fortuitous since 
interest in infectious disease research has come to the forefront 
with the appearance of SARS, West Nile virus, and increasingly 
hard to treat and more virulent bacterial strains.  I’d like to say I 
had a master plan with regard to what research I chose to pursue 
but looking back I was fairly naïve.

My extensive undergraduate research experience also 
taught me some sobering lessons.  I was able to observe the 
challenges faced by the graduate students and post-docs in the 
lab and get some insight into what the future would hold for me.  
By the time I started graduate school I was well aware of some 
of the potential pitfalls of choosing an academic career.  I knew 
that science involves a significant amount of delayed gratifica-
tion both in terms of the science itself as well as the personal 
and financial aspects of my life.  Although the field of biology 
progresses extremely fast as a whole, for any given individual it 
can seem like a crawl.  When you’ve just suffered through six 
months of slow (or even backward) progress on a project, it 
takes a lot of fortitude not to become cynical or resigned to fail-
ure.  This becomes even harder when, after finding out that six 
months of work are garbage, you get the phone call from your 
old high school buddy about the house he’s buying while you’re 
still living in a rented apartment with a roommate.  Many of 
my fellow classmates in graduate school did not fully appreciate 
these facts and many of them left graduate school within a few 
years with nothing positive to say about their experiences. 
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How it’s turning out so far…
I should start by saying that I am convinced now more than 

ever that I have one of the best jobs in the world.  I work at one 
of the finest universities on the planet while making real contri-
butions to science during the most exciting era to be a biologist.  
Furthermore the pay isn’t bad and I will hopefully have long-term 
job security soon.  Isolating DNA has become a standard routine in 
my lab work and the high it used to give me has long since passed.  
Although I don’t call my mom about these sorts of things anymore, 
I like the “hands on” aspect of my work and do still find it very 
satisfying when I pull off an experiment successfully.  I suspect it’s 
probably akin to the joy a carpenter gets when he looks at his newly 
built cabinet at the end of the day.

Being a professor is difficult and there is a lot more writing and 
administrative work than I could have anticipated as an undergrad.  
I thought all along that I would be stressed about my own salary 
but I have found it to be much more stressful worrying about the 
well being of the personnel in my lab.  Finding funding to pay for 
my research carries with it much more stress when I realize that I 
may have to lay somebody off if the grant doesn’t get funded.

With those caveats I have found that many of the core things 
I liked about science when I was an undergrad I still appreciate.  I 
am happy to report that many of my positive impressions regard-
ing academic science were not too far from the truth!  I still very 
much enjoy the less formal working atmosphere found in academic 
labs and love the fact that I have colleagues that range in age from 
seventeen to seventy.  I love to mentor new students and watch 
them develop into mature, well-rounded people.  Through the 
years I gained close colleagues and friends living in almost every 
European and Asian country as well as several places in the Middle 
East and South America.  

My career as a scientist has afforded me the opportunity to live 
in many different places.  I did my graduate work in Los Angeles, 
and post-doctoral work in New York City and Seattle before set-
tling here in “boring” old Toronto.  I turned down opportunities to 
do post-doctoral stints in San Francisco, Paris, London and Berlin, 
and I often wonder if those decisions were the right ones.  I do get 
to travel for conferences to a variety of lovely locations, but funny 
enough I find that what I enjoy more than the locations is the fact 
that meetings serve as a venue to hear about really exciting science 
while catching up with my best friends.

I should mention here that one thing I certainly didn’t appreci-
ate as an undergraduate, was the strain my career choice would 
place on my personal relationships.  Scientists are encouraged to 
move around a lot (some grants will not fund your research, for 
example, if you want to do a post-doc at the same institution where 
you did your graduate work).  My wife, who is not a scientist, has 
been forced to relocate four times because of my career.  Each move 
came with its own degree of heartache as we said goodbye to close 
friends and familiar surroundings.  Each choice of where to relo-
cate was a decision reached only after long nights of agonizing and 
sometimes heated debate.  Couples where both partners are scien-
tists often have difficulty finding the right jobs at the same time in 
the same places without making difficult compromises along the 
way.  None of these are challenges I would have faced had I decided 
to be an accountant and I am very lucky to have a wife who has a 
somewhat flexible career.

Another arena in which my perspective has changed greatly 
since undergrad is in regard to my secret ambition to cure the 
world’s diseases. I have grown to appreciate the fact that there is 
no “one person” who discovers the cure to anything; every recent 
modern contribution to science has been built upon the work of 
thousands of others. In a relay race we not only acknowledge the 
person who crosses the finish line with the baton, but also cel-
ebrate the contributions of the other members of the team who 
had carried the baton before.  Similarly, in science, I don’t think 
it’s either productive or accurate to focus on the one scientist who 
makes a big splash in the popular media.  A large majority of 
high-quality and important science never makes it into the public 
eye.  Furthermore a lot of the stuff we read in magazines and news-
papers will ultimately have impacts nowhere near that which we 
would be led to understand.  As such I have become much more 
realistic about the contribution that my work makes.  I believe that 
my work is important but also realize it may never directly con-
tribute to a cure for anything.  Even if I do discover a potentially 
useful therapy I have learned that there are many other barriers  
(economic factors, political factors, social factors, marketing and 
distribution factors, etc.) that must be overcome before it would be 
implemented in a clinic.  Each of those barriers is just as significant 
as the technical barriers and none of them can be overcome unless 
the circumstances are just right and the right people put in some 
effort as well.  In this light I have gained a greater appreciation for 
policy makers and people we never notice but who do the little 
things that keep us safe collectively.  Honestly, the people who put 
chlorine in the city water supply and the people who carry away 
our garbage have saved more lives from infectious disease than I 
myself probably ever will.  

Advice…
While it may be true that I think I have one of the best jobs 

in the world, I’m not foolish enough to believe that being an aca-
demic scientist is the right job for everybody.  It’s important for you 
to know yourself and what you think your priorities are.  If, after 
reading what I said in the preceding paragraphs, you find yourself 
feeling nauseated then you may want to consider a different ca-
reer path.  Any career choice boils down to what your values are, 
what you want, and what sacrifices you are willing to accept to get 
there.  

If you are considering graduate school with an eye to do 
academic science there are some litmus tests that can use to tell if 
you’re making the right decision.  Do you find yourself thinking 
about science in your spare time?  During the summer when there 
are no classes do you think about what you learned the year before 
and are you excited to talk about it with others?  If so then you 
probably have a real and sustained interest in learning about the 
natural world and how it works.  On the other hand, if you stop 
thinking about science after your final exams and it’s the last thing 
on your mind during the summer you may not have the innate in-
terest in science that you will need to carry you through the tough 
times - delayed gratification that come with the territory of being 
a scientist!  Don’t back into science simply because it’s the “default” 
decision for you to make (because, for example, you didn’t get into 
med school).  

There are some other rather simple rules you can follow to 
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make your graduate career a success.  Here are some of them:

Get “real” science experience.
If you are considering going to graduate school there is abso-

lutely no substitute for getting experience in a real laboratory as 
an undergraduate.  Class work, including experience gained in lab 
classes, is essential to your education but completely misses many 
of the most important lessons regarding laboratory research.  It was 
through my laboratory experience and not through classes that I got 
the mentorship necessary to be successful in graduate school and 
beyond.  Furthermore many of my friends who chose not to pursue 
a career in science did so because they realized they did not enjoy 
the laboratory environment during their undergraduate research 
experience.  I believe they are much happier that they “wasted” one 
summer to do some research and found out that they didn’t like 
it than they would have been if they pursued an advanced degree 
only to drop out several years later.

Environment matters (not all labs are equal).
If you do choose to go to graduate school, find a lab that does 

science that you are interested in and don’t settle for a lab you aren’t 
happy with simply because they have space available. You should 
expect that you will spend a significant portion of your twenties 
in graduate school (six to seven years are now typical to obtain 
a Ph.D.) and it is very important that you are happy with your 
decision because you certainly can’t get those years back.  Not all 
labs are equal and many labs will be bad matches for you either 
scientifically or because of a dysfunctional working environment.  
Labs can suffer from office politics and mismanagement and can 
be very hard on the students when their advisor isn’t a skilled team 
leader.  Bad morale is contagious and it can affect your productivity 
and outlook on life.  Don’t ever forget professors were hired based 
solely on their scientific skills and most had no formal training or 
experience in managing groups of people before they started their 
own labs.  Several professors are terrible at this aspect of their jobs 
and a few are downright abusive to their personnel.  All of this 
is very important to consider when you realize how much power 
your graduate supervisor will have over the course of your career.

With all this in mind you should do some research up front be-
fore committing to a lab and keep a close eye on whether the older 
students in the lab you are thinking of joining are happy with their 
decision.  Find out if students who have left the lab had a positive 
experience and have gone on to have successful careers.  Students 
are generally willing to share their experiences and will warn you if 
a certain professor is pathological.  All professors (myself included) 
have strengths and weaknesses and it will be up to you to decide 
which flaws you can live with.  Furthermore you should find a lab 
that will satisfy your future research goals.  For example, jobs in 
the biotech industry are increasingly competitive and you will have 
trouble getting a job at a pharmaceutical company doing cancer 
research if you got a Ph.D. studying the mating behavior of frogs.

Be pro-active and avoid being cynical.
Graduate school is entirely different from what you have expe-

rienced as an undergraduate. You will take very few classes and the 
vast majority of your time will be spent in the lab.  As such you get 
more freedom but it will also require more discipline and focus on 

your part.  The best students are not only smart but also very good 
at managing their priorities and their time.

If you are doing truly cutting-edge science you almost cer-
tainly will encounter failure and gridlock from time to time.  It is 
important that you remain level headed when you approach your 
experiments. The best way to avoid getting bitter or frustrated is 
to have the right mind-set before you start your project.  Don’t get 
too high when you succeed but don’t get cynical when things aren’t 
working. The successful graduate students are the ones who stay 
pro-active and highly involved in their own education.  They take 
initiative and truly drive their projects (I call it taking “ownership” 
of their projects), rather than waiting for their advisor to tell them 
what to do.  The ones that do poorly are the ones who let them-
selves get caught in a rut without doing anything pro-active to get 
themselves out of it. It is remarkable how many graduate students 
get into a negative mind-set that ultimately perpetuates the very 
problem they are upset about.  If you find yourself feeling down re-
garding your project it may help to remember why you got excited 
about science in the first place.  Shake things up and do everything 
you can to get your project back on track.  You’ll feel stronger and 
more capable when you come out the other side.

A Ph.D. is not enough!
One book I think every young student should read (or at least 

glance over) is “A Ph.D. Is Not Enough! – A Guide To Survival In 
Science” by Peter J. Feibelman. The book, while not perfect, gives 
practical advice and important insights into what it takes to be a 
successful scientist above and beyond getting a degree.  You should 
not expect that when you get a Ph.D. that you will be “done” learn-
ing or that your degree will garner you a thousand job offers.  
Within the academic community a Ph.D. degree is viewed as a 
“minimum” requirement for being an independent scientist and 
therefore its value is only what you and others make of it.  At the 
end of the day, the most important thing that will advance your 
career is to garner several high-quality publications in respected 
journals.  However, you must also focus on getting a well-rounded 
education not only in the realm of the nuts and bolts of science, 
but also in the management of people and projects (watch and 
learn from what your advisors do well and don’t do well), and 
communicating your results and their implications effectively to a 
diverse audience.  These additional skills are invaluable during the 
interview process and in establishing yourself as an independent 
scientist as your career progresses!

I’ll summarize by saying that at the end of the day the deci-
sion to become a scientist must be driven by a love of science and 
nothing else.  A career in science can be one of the most rewarding 
and fun jobs imaginable and it’s not a coincidence that scientists 
rank among the highest in surveys of job satisfaction.  As I’ve 
mentioned, however, success as an academic scientist depends on 
several factors above and beyond the ability to actually do experi-
ments.  Observe those whose careers are further along than yours 
and try to pick up on the skills and habits of the people who you 
would like to emulate.  If you stay true to your goals and keep your 
mind open to learning new things you should have every opportu-
nity for success!
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Starting a Life in Science

I vividly remember walking along the Thames River to 
my first university biology exam at the University of Western 
Ontario.  I had studied very hard and it struck me that when I 
looked up at the trees I could visualize the photosynthetic ma-
chinery operating in the leaves.  I was hooked.  From an early 
age I had always loved nature, parks, and gardens, but now I 
could see life in a whole new way.  My goal from that point on 
was to learn as much as I could about how molecules and cells 
function to form whole organisms.

In my second year of undergraduate studies, I knocked on 
the door of Prof. David Laudenbach in the Department of Plant 
Sciences at UWO.  Later, Dave told me that he had tried to scare 
me off by explaining the hard work and dedication required in 
science—given my ripped jeans and longish hair at the time, I’m 
not surprised.  However, this was just what I was looking for, 
and thankfully Dave took me on.  This was my first time in a 
research lab.  I began performing many, many DNA sequencing 
reactions over the summer.  This continued the following school 
year, setting up sequencing reactions and gels on Fridays and 
running the gels on Saturdays while I did my course readings.  
It was terrific.  I now knew that I wanted to pursue research.  By 
fourth year, I was working fairly independently, coming up with 
experiments, designing the details, and carrying them out.  It 
was great when they worked, although often they didn’t.

For graduate school, I wanted to analyze the development 
of a multicellular organism in a simple experimental system.  I 
had heard about a species called Dictyostelium discoideum which 
lives as single cells until its food runs out (Fig. 1).  Then the 
cells crawl towards one another, adhere and form a multicellular 
conglomerate that molds itself into a fruiting body to distribute 
spores.  The first step sounded like just what I was looking for—
how did these single cells form that first blob of cells?  Prof. 
Chi-Hung Siu had been studying this exact problem here at U of 
T.  Chi-Hung gave me tremendous freedom and excellent advice 
during my graduate work.  This freedom was exciting but also 
very challenging.  What are the important questions?  How do 
you pick one?  How do you probe the question?  A cell biolo-
gist by training, Chi-Hung taught me how to look at cells, how 
to imagine their activities and the challenges they face to carry 
them out.  Based on this, you could build hypotheses and figure 
out how to test them.  Again, it was great when the hypotheses 
worked out, but often they didn’t.  Nonetheless, with each ex-
periment more was learned, ideas were refined and hypotheses 
worked out more often (a bit more often).

With my PhD done, I was off to join Prof. Mark Peifer’s group 
at the University of North Carolina at Chapel Hill.  Here I trained 

in Drosophila genetics and cellular imaging probing how cells 
develop their polarized structure.  Mark taught me to focus on 
the fundamental principles of a biological process.  Considering 
basic principles guides what questions to ask and what experi-
ments to perform.  Also, the high conservation among animals 
means that principles defined in one species apply to others—
lessons learned in fruit flies often apply to humans and vice 
versa.  We focused on how epithelial cells develop their polar-
ized structure in the Drosophila embryo (Fig. 2).  Cell polarity is 
critical to animal development and physiology.  Distinguishing 
one end of the cell from the other allows neurons to transmit 
impulses, immune cells to track down invaders, and stem cells to 
partition cell fate determinants.  Epithelia are sheets of adherent 
cells that form boundaries between the body’s compartments.  
Each epithelial cell has an apical domain facing the surface of 
the sheet and a basolateral domain facing underlying tissue.  
This polarized organization of epithelial cells controls transport 
between body compartments, and is critical for the development 
and maintenance of epithelial structure.  Its loss is a hallmark 
of cancer.  In any cell, establishing cell polarity occurs through 
two basic steps—a landmark identifies one part of the cell and 
differential targeting organizes cellular components around that 
mark.  In Mark’s lab I began to dissect how different molecular 
machineries interact in this way to form a polarized epithelial 
cell—the junctional complexes that hold the cells together, the 
cytoskeletal complexes that give the cells their shape, plus con-
served polarity regulator complexes.  We found surprises then 
and I continue to now with my group here in the Department of 
Cell & Systems Biology at the University of Toronto.

So now I have my own lab.  With all the training involved 
this might seem like the final step.  But in fact I don’t think 
there is a final step in science.  At all the points along the way 
you continue to learn new things.  It is very challenging but 
fulfilling, and never boring.  And fortunately we live in a coun-
try like Canada, where with hard work you can pursue a sci-
entific career with the support of scholarships and fellowships 
throughout your training.  How do you know if it’s for you?  
Get involved.  There are many opportunities for undergradu-
ates to get involved in scientific research.  If you find yourself 
getting hooked, go for it.
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“Chemi-Cool” Research Opportunities
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It’s a pleasure and an honour to write this Commentary 
article for JULS about a subject very close to my heart—the 
importance of gaining undergraduate research experience. 
The University of Toronto in general (and the Faculty of Arts 
and Science in particular) has unparalleled opportunities for 
students to undertake hands-on and cutting-edge research via 
a variety of mechanisms. Coming from the United Kingdom, 
where a final-year laboratory project and related thesis were re-
quired in order to graduate, it is refreshing and invigorating to 
see the support available for science students at our university.

“But why would I do research?” is the common 
question Chemistry faculty hears when speaking with 
undergraduates about opportunities in their labora-
tories. My standard verbal response is easy to transfer 
to text as I say it a lot and goes something like this:  
“Think about the science labs you took in first-year courses—
they were very ‘recipe-driven.’ By this I mean that you likely 
followed some instructions in a cookbook fashion and achieved 
a (rather predictable) result. Although this mode of learning 
is useful for gaining practical experience, this is not the way 
in which new scientific discoveries are made. When you do 
research, it’s like cooking without a cookbook—you have ideas 
(ingredients), but nobody will tell you how to use and apply 
them to solve a problem. Although it sounds scary, this is an 
environment where you will acquire new skills that you cannot 
possibly learn in any traditional lecture or laboratory course.”

 What sort of skills am I talking about? For starters, there’s 
that fantastic ability to problem-solve. Armed with knowledge 
of a mind-bogglingly large amount of material from just your 
100-level courses, you have to use these principles to deal with 
an issue that is scientifically significant (or at least important to 
your supervisor). This is often harder than it appears—research 
seems easy when things are “working” yet impossible at other 
times. Secondly, there’s development of critical-thinking abili-
ties. You will have to purposefully and objectively analyse your 
own experimental data—the product of your own experiments—
which is more challenging than interpreting more straightfor-
ward results of “canned” first-year laboratories. Thirdly, and often 
overlooked, there are presentation skills to be learnt. It’s no good 
having made some ground-breaking, earth-shattering discovery 
that even your mother is proud of if you can’t articulate it to the 
scientific community in a number of ways. These include poster 
presentations (where you defend your work one-on-one with a 

disbelieving colleague), oral presentations (where you learn the 
wonders of PowerPoint and include pretty pictures found on the 
internet—remember to reference them!) and written work (ini-
tial reports, followed by a thesis and then, if you’re really lucky, 
a research article in JULS or another learned journal). How on 
earth could you do all this in a “regular” laboratory course? It’s 
quite the challenge!

So how can you do research as an undergraduate? Well, 
there are “official” ways and “unofficial” ways. The latter often in-
volves volunteering with a faculty member who has space in his 
or her laboratory (perhaps during the summer months). Whilst 
this can be valuable, it lacks formality and can sometimes lead 
to misunderstandings about the amount of work often required 
to produce meaningful results. The Chemistry Department at 
our university embraces several research courses that are more 
structured and are of greater benefit than volunteering (yes, 
you pay for them—but believe me, the benefits far outweigh the 
costs). They include CHM 499Y (fourth-year research meant 
for chemistry specialists and majors), CHM 398H (interna-
tional exchange courses) and CHM 299Y (Chemistry Research 
Opportunity Program positions—more on these below). Of 
course there are additionally NSERC and industrially funded 
summer positions, which are primarily earned by students in 

chemistry programs.
Back to CHM 299Y: Chemistry has more placements avail-

able in the Research Opportunity Program (ROP 299Y) than any 
other department in the Faculty of Arts and Science. In 2007-08, 
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over 50 students enrolled (out of 200 in the whole faculty) with 
over 40 of them being life science students (i.e. those taking CHM 
138H/139H rather than CHM 151Y). Participants were involved 
in a myriad of different projects and supervised by twenty 
different faculty members; at the March 2008 Undergraduate 
Research Fair, there were 18 Chemistry poster presentations 
given by 33 different participants. The range of work under-
taken is typified by these four poster titles: “Theoretical Study 
of the Reaction Pathway of a DNA Radical”; “Teaching Organic 
Chemistry Through a Think-First-Answer-Second Approach”; 
“Atmospheric Pollutants in Downtown Toronto” and “Synthesis 
of  Light-Mediated Protein Inhibitors”. The graph above indicates 
how the number of formalised Chemistry research opportunity 
positions has increased in the past few years and that most of 
them are now in the ROP 299Y program. You might be wonder-
ing how to get more information about ROP 299Y—everything 
you need is at www.artsci.utoronto.ca/current/undergraduate/
course/rop. You can apply for a placement in March each year, 
provided you have completed at least four full courses but no 
more than eight and a half by the time you plan to take the 
ROP 299Y course. By the way, as a part of ROP299Y, contrary 
to common misconceptions, you will not be asked to sweep the 
lab floor, wash your labmates’ glassware or stack shelves with 
books!  

You can probably tell by now that I am seriously fond of 
promoting research opportunities for undergraduates. This 
might lead you to think that I loved working in a lab myself 
and found things easy—absolutely not! My abiding memory 
of undergraduate research is that it was challenging and 
therefore fundamentally rewarding. I worked in the field of 
inorganic reaction mechanisms (which seems ironic, as I am 
most definitely an organic chemist these days!) at University 
College Swansea, which is part of the University of Wales. I 
recall doing experiments and handling chemicals without the 
benefit of a fumehood—something that would most definitely 
not be allowed in 2008! Some of you may have heard my sto-
ries about the compound pyridine and its effect on the male 
reproductive system. Having moved to Durham University to 
undertake a Ph.D., I quickly found the going quite tough (I 
did research into the mechanism of nitric oxide release from a 
group of compounds called S-nitrosothiols). My struggles were 
typified when I heard my lab compatriots say the following:  
“Research is not there to be understood… if you do understand 
it someone must have done it before.”

This was duly printed out and posted on the lab wall, and I 
still believe it to be at least partly true! I sincerely wish you the 
best of luck with your research in the upcoming academic year. 
Remember that the 299Y program is one of the Faculty’s best-
kept secrets, and that the majority of opportunities available are 
“chemi-cool” ones!
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Neuropathology was born in Germany, France and England 
in the late 19th and early 20th century as a fusion of neurology and 
pathology. It initially focused on the correlation of clinical signs 
and symptoms of neurologic diseases with pathologic changes 
seen at autopsy. This was a particularly fruitful approach leading 
to a deeper understanding of the major neurologic illness of the 
time: stroke, trauma, infection, intrauterine and birth injury to 
name but a few. At the same time, neuropathologists explored 
new territory by defining an entirely new class of diseases, the 
neurodegenerative syndromes. The most common of these, 
Alzheimer’s and Parkinson’s Diseases, are increasingly recog-
nized as major public and research concerns. In the first half of 
the 1900s, with the growth of neurosurgery in the United States 
and Canada, the pathologic diagnosis of brain tumors became 
an active concern of neuropathologists. They have led the way 
toward characterizing these tumors and understanding some of 
the basic mechanisms in their formation and evolution.

Over the past 100 years, the technology that neuro-
pathologists have brought to bear to these disease processes 
has broadened considerably. The pathology laboratory in the 
late 19th century relied on methods derived from the emerg-
ing chemical, dye, precision instrument and optical industries 
including fixation of tissue with aldehydes, sectioning with 
microtomes, staining with anilines, and examination with the 
compound microscope. The introduction of heavy metal salts 
into the staining process at the turn of the century was essential 
to the understanding of basic neuroanatomy and neurophysi-
ology as well as the discovery of the degenerative pathologies. 
Diagnostic histochemistry, developed between World Wars I 
and II on both sides of the Atlantic opened up new fronts with 
the ability of neuropathologists to recognize a variety of bio-
chemical pathologies such as amyloid, abnormal carbohydrates 
and lipids within tissues. The introduction of electron micros-
copy in the 1960s spurred another expansion in the knowledge 
of nervous system basic structure in concert with much deeper 
understanding of degenerative diseases and tumors. Along with 
the emerging field of enzyme histochemistry it gave birth to the 
fields of diagnostic nerve and muscle pathology. The 1970s and 
1980s witnessed the introduction of immunodiagnostics in the 
form of specific antibody stains of autopsy and biopsy tissues. 
The rise of research and diagnostic genetics at the turn of the 

21st century is common knowledge.
Neuropathology today remains a fusion of all these tech-

niques. While the majority of diagnostic specimens seen by 
neuropathologists are processed in much the same way they 
have been for some time—fixed in aldehydes, embedded in 
wax, sectioned on a microtome, stained with aniline dyes and 
observed under a compound microscope—metallic stains, his-
tochemistry, electron microscopy, enzymatic stains, immuno-
histochemistry and molecular testing are put to use every day.

That being said, what is the future of neuropathology in its 
second century? With diagnostic imaging and molecular genet-
ics advancing by leaps and bounds will the pathologic exami-
nation of patients’ tissues become moot? As research becomes 
more specialized along the lines of specialized techniques, 
will the investigative role of knowledgeable neuropathologists 
become superfluous? These are serious questions which cannot 
be dismissed with platitudes such as the depth of knowledge 
that neuropathologists bring to the subject being irreplaceable 
or the grand historical tradition of the specialty rendering it 
immortal. 

What has made neuropathology vital in the past is the 
compelling nature of the disease processes plus the energy and 
intelligence of the students that it attracts. The diseases that 
neuropathologists deal with on a daily basis, particularly neu-
rodegeneration and brain tumors, still compel us since they are 
understood imperfectly and are without satisfactory treatment. 
What remains for neuropathology is to convince students like 
you that these problems are yours to solve and to help make that 
happen.



O
ur

 M
is

si
on

To
im

pr
ov

e
he

al
th

th
ro

ug
h

re
se

ar
ch

,
te

ac
hi

ng
,

an
d

le
ad

er
sh

ip
in

hu
m

an
nu

tri
tio

n
in

cl
ud

in
g

ba
si

c
nu

tri
tio

na
l

sc
ie

nc
es

,
an

d
cl

in
ic

al
,

so
ci

o-
cu

ltu
ra

l
an

d
co

m
m

un
ity

as
pe

ct
s

of
nu

tri
tio

n.

O
ur

 D
ep

ar
tm

en
t

Lo
ca

te
d

in
C

an
ad

a’
s

pr
ee

m
in

en
tr

es
ea

rc
h

un
iv

er
si

ty
w

ith
br

oa
d

ex
pe

rti
se

in
ba

si
c

sc
ie

nc
e,

cl
in

ic
al

,
co

m
m

un
ity

,
in

te
rn

at
io

na
l,

fo
od

in
du

st
ry

an
d

re
gu

la
to

ry
as

pe
ct

s
of

hu
m

an
nu

tri
tio

n.

O
ur

 R
es

ea
rc

h
R

es
ea

rc
h

pr
og

ra
m

s
fo

cu
s

on
ba

si
c

an
d

cl
in

ic
al

nu
tri

tio
n

re
la

te
d

to
hu

m
an

he
al

th
an

d
ch

ro
ni

c
di

se
as

es
.

A
pp

ro
ac

he
s

ra
ng

e
fro

m
th

e
ve

ry
ba

si
c

su
ch

as
nu

tri
ge

ne
tic

s
an

d
nu

tri
ge

no
m

ic
s

an
d

st
ud

ie
s

in
m

ol
ec

ul
ar

bi
ol

og
y

an
d

bi
oc

he
m

ic
al

m
et

ab
ol

is
m

,t
o

cl
in

ic
al

tri
al

s
an

d
qu

al
ita

tiv
e

re
se

ar
ch

.
Th

e
lo

ca
tio

n
w

ith
in

th
e

Fa
cu

lty
of

M
ed

ic
in

e
en

ab
le

s
in

ve
st

ig
at

or
s

to
dr

aw
on

th
e

ex
tra

or
di

na
ry

st
re

ng
th

s
of

ou
t

ot
he

r
ba

si
c

sc
ie

nc
e,

cl
in

ic
al

an
d

pu
bl

ic
he

al
th

de
pa

rtm
en

ts
.

U
nd

er
gr

ad
ua

te
 S

tu
di

es
•M

aj
or

 in
 N

ut
rit

io
na

l S
ci

en
ce

s
•4

th
ye

ar
 R

es
ea

rc
h 

P
ro

je
ct

s
•S

um
m

er
 R

es
ea

rc
h 

P
ro

je
ct

s
•T

ea
ch

in
g 

in
 

•A
rts

 &
 S

ci
en

ce
•M

ed
ic

in
e 

•P
hy

si
ca

l &
 H

ea
lth

 E
du

ca
tio

n

G
ra

du
at

e 
&

 A
dv

an
ce

d 
Tr

ai
ni

ng
•M

as
te

r o
f S

ci
en

ce
•M

as
te

r o
f H

ea
lth

 S
ci

en
ce

•M
as

te
r o

f S
ci

en
ce

 in
 C

om
m

un
ity

 H
ea

lth
•D

oc
to

r o
f P

hi
lo

so
ph

y
•M

D
/P

hD
•P

os
t-d

oc
to

ra
l T

ra
in

in
g

•V
is

iti
ng

 S
ci

en
tis

ts
•W

or
ks

ho
ps

, S
ym

po
si

a,
 C

on
fe

re
nc

es

C
ar

ee
r P

at
hs

•A
ca

de
m

ia
/R

es
ea

rc
h

•F
oo

d 
In

du
st

ry
•P

ro
du

ct
 D

ev
el

op
m

en
t

•P
ol

ic
y 

&
 R

eg
ul

at
or

y 
A

ffa
irs

•C
om

m
un

ity
 N

ut
rit

io
n

•M
ed

ic
in

e,
 D

en
tis

try
•G

ov
er

nm
en

t
•P

ub
lic

 H
ea

lth
•P

ol
ic

y 
D

ev
el

op
m

en
t

•R
es

ea
rc

h
•N

ut
rit

io
n 

C
om

m
un

ic
at

io
n

•T
ea

ch
in

g 
–

C
ol

le
ge

 &
 U

ni
ve

rs
ity

•N
ut

rit
io

n 
C

on
su

lti
ng

R
es

ea
rc

h 
A

re
as

B
io

ch
em

is
tr

y

M
ol

ec
ul

ar
 B

io
lo

gy

G
en

et
ic

s

Ph
ys

io
lo

gy

Pe
di

at
ric

s

G
er

ia
tr

ic
s

En
do

cr
in

ol
og

y
Pu

bl
ic

 H
ea

lth

B
io

te
ch

no
lo

gy

Ph
ar

m
ac

ol
og

y

Ep
id

em
io

lo
gy

So
ci

ol
og

y

To
xi

co
lo

gy

B
A

SI
C

 
SC

IE
N

C
E

C
O

M
M

U
N

IT
Y

H
EA

LT
H

C
LI

N
IC

A
L

M
ED

IC
IN

E O
nc

ol
og

y

•N
ut

rit
io

n 
an

d 
B

ra
in

  
Fu

nc
tio

n/
B

eh
av

io
ur

•N
ut

rit
io

n 
in

 D
is

ea
se

d 
  

P
op

ul
at

io
ns

 
•N

ut
rit

io
na

l E
pi

de
m

io
lo

gy
 

•N
ut

rit
io

na
l T

ox
ic

ol
og

y 
•P

ed
ia

tri
c 

N
ut

rit
io

n 
•P

ro
te

in
 a

nd
 A

m
in

o 
A

ci
d 

M
et

ab
ol

is
m

 
•V

ita
m

in
 a

nd
 M

in
er

al
 M

et
ab

ol
is

m

•B
on

e 
H

ea
lth

 
•C

ar
bo

hy
dr

at
e/

Fi
br

e
M

et
ab

ol
is

m
 

•C
om

m
un

ity
 a

nd
 P

ub
lic

 H
ea

lth
 

N
ut

rit
io

n 
•D

ia
be

te
s 

an
d 

C
ar

di
ov

as
cu

la
r D

is
ea

se
 

•D
ie

t a
nd

 C
an

ce
r 

•F
oo

d 
In

ta
ke

 R
eg

ul
at

io
n 

an
d 

O
be

si
ty

•F
un

ct
io

na
l F

oo
ds

 a
nd

 N
ut

ra
ce

ut
ic

al
s

•L
ip

id
 M

et
ab

ol
is

m
 

•N
ut

rig
en

et
ic

s
an

d
N

ut
rig

en
om

ic
s

N
ut

rit
io

na
l S

ci
en

ce
s

U
N

IV
ER

SI
TY

 O
F 

TO
R

O
N

TO

NU
TR

ITI
ON

AL
 SC

IEN
CE

S

Fa
cu

lty
 o

f M
ed

ic
in

e
w

w
w

.u
to

ro
nt

o.
ca

/n
ut

ris
ci



26 Journal of Undergraduate Life Sciences

JULS
Re

se
ar

ch
 A

rti
cl

e

Personality and cultural correlates of childhood 
psychopathology

Yuliya Kotelnikova1 and Jennifer L. Tackett2

14th year Psychology Research Specialist, University of Toronto. 2 Assistant Professor, Department of Psychology, University of Toronto. Corresponding author: Yuliya Kotelnikova, 
yuliya.kotelnikova@utoronto.ca.

Abstract
Cultural pluralism, especially salient in North America, has become a worldwide reality. As a result, collectivistic and individualistic cul-

tures are frequently forced to live side by side. These cultures can be differentiated by their respective values. Thus, independence is highly 
valued in individualistic cultures while interdependence is identified as a main characteristic of collectivistic cultures.  Therefore, individual 
differences (e.g. personality traits and domains of psychopathology) may show theoretically relevant patterns across these cultural groups. 
We hypothesized that children from collectivistic cultures, relative to children from individualistic cultures, would present with personality 
profiles often connected to internalizing disorders. Specifically, we proposed that based on the Five Factor Model these children would 
score higher on Agreeableness and lower on Extraversion, which is consistent with an internalizing personality profile. We also predicted 
that children from individualistic cultures, relative to children from collectivistic cultures, would present with personality profiles often 
connected to externalizing disorders. Specifically, we hypothesized that these children would score higher on Extraversion and lower on 
Agreeableness and Conscientiousness, which is consistent with an externalizing personality profile. We collected data on a large ethnically 
diverse community-based sample (N=176) of children in middle childhood (primarily ages 9-10). Multivariate tests showed significant dif-
ferences in personality profiles between different cultural groups. Differences between internalizing and externalizing personality profiles 
were consistent with our hypotheses. Heterogeneity of personality profiles exhibited by the members of the collectivistic group questioned 
the categorical construal of individualism/collectivism. The study contributes to a better understanding of personality profiles and psycho-
pathology predisposition of children of migrants to Canada. 

Introduction
Cultural diversity has become a worldwide reality, but it is es-

pecially salient in North America and Europe. Since 1997, Canada 
has been admitting over 200,000 permanent residents each year. 
Over 50% of these new migrants choose to stay in the province of 
Ontario with over 40% of them settling down in Toronto [1].  Given 
that Canada admits a substantial amount of immigrants each year, 
many cultures with different values end up co-existing within its 
geographical boundaries [2]. 

There are many ways of differentiating between cultures, but 
in the present study we focused on the individualistic versus col-
lectivistic dichotomy. The idea of self is central to the distinction 
between individualistic and collectivistic cultures. Independent 
self is promoted by individualistic cultures. A person represent-
ing this type of culture is considered to be a separate, somewhat 
non-social individual who exists independently from the rest of the 
society. On the contrary, interdependent self is a very important 
and valued concept for collectivistic cultures. A person represent-
ing the interdependent self gains a sense of meaning within the 
context of social relationships, roles, and duties [3]. Thus, values 
associated with autonomy prevail in individualistic cultures and 
values associated with connectedness and interdependence prevail 
in collectivistic cultures.

Cross-Cultural Differences in Personality 
These differences in values instilled during a child’s upbring-

ing should result in related personality differences that emerge later 

on in life. Indeed, differences in Five Factor Model (FFM) [4] per-
sonality profiles between individualistic and collectivistic cultures 
have been documented in adult populations [5]. The FFM consists 
of the following personality traits: Extraversion (characterized by 
sociability, positive energy, and gregariousness), Agreeableness 
(characterized by empathy and warmth toward others), Neuroticism 
(characterized by feelings of anxiety, irritability, and depression), 
Conscientiousness (characterized by one’s organization and self-
discipline), and Openness to Experience (characterized by being 
creative and holding non-traditional beliefs).

A study by McCrae and Terraciano [5] provided comparisons 
of FFM personality profiles in 51 individualistic and collectivistic 
cultures. They found that individualistic cultures (e.g., Americans 
and Canadians) scored higher on the dimensions of Extraversion 
and Openness to Experience than did the collectivistic cultures 
(e.g., Hong Kong Chinese, Japanese, Indian, and African), while 
collectivistic cultures evidence higher levels on Neuroticism and 
Conscientiousness.

Personality and Psychopathology 
Childhood psychopathology can be characterized within 

externalizing and internalizing domains [6]. Externalizing pa-
thology is characterized by disinhibited behaviors and includes 
oppositional behaviors, conduct problems (both aggressiveness 
and rule breaking), and symptoms of attention deficit and hyper-
activity [6]. Children and adults exhibiting externalizing problems 
typically score low on Conscientiousness and Agreeableness and 
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high on Neuroticism and Extraversion [7, 8]. Internalizing pathol-
ogy is characterized by overcontrolled symptoms of distress that 
may be more difficult to directly observe. Internalizing disorders 
include anxiety and depression (e.g. Social Phobia, Separation 
Anxiety Disorder, and Major Depression) [6]. Children exhibiting 
internalizing problems typically score low on Extraversion and 
high on Neuroticism [7]. Studies with adults suggest that internal-
izing disorders frequently correlate with low Extraversion, high 
Neuroticism, and high Agreeableness [8].

Integrating Personality, Culture and Psychopathology 
Overall, significant differences are found between personality 

profiles of adults from individualistic and collectivistic cultures 
as well as between children and adults exhibiting externalizing 
and internalizing pathology [5, 7]. Importantly for the present 
study, personality profiles of adults from individualistic cultures 
(i.e. high on Extraversion and Openness to Experience, low on 
Conscientiousness) are similar to personality profiles of chil-
dren and adults exhibiting externalizing pathology (i.e. high on 
Extraversion, low on Conscientiousness and Agreeableness). 
Similarly, personality profiles of adults from collectivistic cultures 
(i.e. low on Extraversion and Openness to Experience, high on 
Conscientiousness) are somewhat consistent with personality pro-
files of individuals exhibiting internalizing pathologies (i.e. low on 
Extraversion and high on Agreeableness). 

The personality profiles between the two groups do not match 
on all dimensions of the FFM, but there are striking points of 
convergence. Some researchers have suggested that individualistic 
cultures are more prone to developing externalizing disorders and 
collectivistic cultures are more prone to developing internalizing 
disorders [9, 10, 11]. However, the evidence is frequently contra-
dictory and, therefore, inconclusive. Additionally, causal pathways 
that lead to differences in manifestation of childhood psychopathol-
ogy across cultures warrant an investigation. Overall, if personality 
profiles exhibited by children from individualistic and collectivistic 
cultures are consistent with externalizing and internalizing person-
ality profiles respectively, this similarity could suggest that the two 

kinds of cultures are differentially predisposed to developing exter-
nalizing and internalizing psychopathology. Matching personality 
profiles would provide a more indirect method of assessing cultural 
differences in predisposition to psychopathology and allow an in-
vestigation of potential causal pathways. Thus, our expected results 
may also suggest that personality could be a mediating variable in 
the relationship between cultural values and psychopathology. 

In the current study, we hypothesized that personality profiles 
of children from collectivistic cultures will be similar to personality 
profiles of children that endorse a high number of internalizing 
symptoms. Specifically, we hypothesized that both of these groups 
will score low on Extraversion and high on Conscientiousness and 
Agreeableness. We also hypothesized that personality profiles of 
children from individualistic cultures will be similar to personality 
profiles of children that endorse a high number of externalizing 
symptoms. Specifically, we hypothesized that both of these groups 
will score low on Conscientiousness and Agreeableness and high 
on Extraversion. No predictions were made regarding the dimen-
sion of Neuroticism, since this trait is equally associated with both 
internalizing and externalizing psychopathology. Additionally, no 
predictions were made regarding the dimension of Intellect since it 
cannot be considered to be fully representative of the FFM trait of 
Openness to Experience. 

Materials and Methods
Please refer to online supplementary material.

Results
Cross-Cultural Differences in Child Personality

Participants in the sample were divided into individualistic, 
collectivistic, and multiracial groups based on their ethnicity as in-
dicated by the Temperament in Middle Childhood Questionnaire 
(TMCQ). Thus, European-Canadian children were considered to 
be representatives of an individualistic culture and Asian-Canadian, 
as well African-Canadian children were considered to belong to 
collectivistic cultures.  Multiracial children were considered to be 
a separate group. 

Figure 1. Personality Differences between Ethnicities. Significant 
differences were observed between the personality profiles of the 
different ethnicities represented in the sample. Personality profile of 
African-Canadian children was more individualistic than collectivistic 
in its nature: they exhibited low scores on Conscientiousness, high 
scores on Antagonism, Extraversion, and Neuroticism.

Figure 2. Externalizing Personality Profile. Significant overall differ-
ences were observed between personality profiles of high and low 
externalizers. High externalizers scored significantly higher on the 
dimensions of Extraversion, Antagonism, and Neuroticism and signifi-
cantly lower on the dimension of Conscientiousness. 
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We conducted a multivariate analysis of variance (MANOVA) 
with cultural group (i.e., collectivistic or individualistic) as a 
fixed factor, personality traits (Conscientiousness, Neuroticism, 
Extraversion, Antagonism, and Intellect) as dependent variables, 
and gender as a covariate. Personality profiles of individualistic and 
collectivistic cultures were not significantly different (F = 1.55, p > 
0.05; Roy’s Largest Root = 0.177). Directionality of the results sug-
gested that individualistic cultures scored higher than collectivistic 
cultures on the dimension of Extraversion and Conscientiousness 
and lower on the dimension of Antagonism.

We further conducted a MANOVA with ethnicity as a fixed 
factor, personality traits as dependent variables, and gender as 
a covariate. Personality profiles of European-Canadian, Asian-
Canadian, African-Canadian, and multiracial children were sig-
nificantly different (F = 3.53, p < 0.05; Roy’s Largest Root = 0.005). 
Post-hoc univariate tests revealed that the differences between eth-
nic groups reached significance at the 0.05 level on the dimension 
of Conscientiousness (F (3, 177) = 3.83, p = 0.011) and Intellect (F 
(3, 177) = 2.96, p = 0.034).  Thus, both European-Canadian and 
Asian-Canadian children scored equally high on the dimensions 
of Conscientiousness and Intellect; the former were also margin-
ally more extraverted and antagonistic than the latter (see Figure 
1). The pattern of results also indicated that the African-Canadian 
children exhibited a personality profile that was significantly differ-
ent from the other two groups. They exhibited the lowest score on 
the dimension of Conscientiousness and Intellect, the second high-
est score on the dimension of Extraversion, and the highest score 
on the dimension of Antagonism (see Figure 1). Personality profile 
of African-Canadian children was, thus, more individualistic than 
collectivistic in its nature. 

Externalizing and Personality
In order to investigate potential differences in higher order 

personality traits between high and low externalizers, we con-
ducted a MANOVA with externalizing groups (high and low) as 
a fixed factor and the higher-order personality traits as dependent 
variables. Children (n = 18) in the top 15% of the distribution of 
scores in the sample were considered as having high externalizing 
scores (CBCL raw score: >12). Children (n = 28) in the bottom 

15% of the distribution of scores in the sample were considered as 
having low externalizing scores (CBCL raw score = 0). 

Overall, significant differences in personality profiles of 
high and low externalizers were observed (F = 13.58, p< 0.001; 
Roy’s Largest Root = 0.0001; see Figure 2). Post-hoc univariate 
tests indicated that high externalizers scored significantly higher 
on the dimensions of Extraversion (F (1, 45) = 4.6, p <0.05) and 
Antagonism (F (1, 45) = 48.95, p = 0.0001) and significantly lower 
on the dimension of Conscientiousness (F (1, 45) = 32, p = 0.0001) 
(see Figure 2).

Internalizing and Personality 
In order to investigate potential differences in higher order 

personality traits between high and low internalizers, we con-
ducted a MANOVA with internalizing groups (high and low) as 
a fixed factor and the higher-order personality traits as dependent 
variables. Children (n = 18) in the top 15% of the distribution of 
scores in the sample were considered as having high internalizing 
scores (CBCL raw score: >10). Children (n = 13) in the bottom 
15% of the distribution of scores in the sample were considered as 
having low internalizing scores (CBCL raw score = 0). 

Overall, significant differences were observed between per-
sonality profiles of high and low internalizers (F = 5.2, p<0.05; 
Roy’s Largest Root = 0.002). Post-hoc univariate tests showed that 
high internalizers scored significantly lower on the dimension of 
Extraversion (F (1, 29) = 6.5, p < 0.05); differences between high 
and low internalizers on the dimensions of Conscientiousness 
and Antagonism failed to reach significance at the 0.05 level (see 
Figure 3). 

Discussion
Overall, the results of this study provide evidence for important 

differences in personality profiles of children from individualistic 
(e.g., European-Canadian) and collectivistic (e.g., Asian-Canadian 
and African-Canadian) cultures that overlap with personality 
connections to internalizing and externalizing psychopathology. 
Specifically, European-Canadian children tended to score higher 
on the dimensions of Extraversion and Antagonism, similar to 
high externalizers. Conversely, Asian-Canadian children tended 
to score lower on the dimensions of Extraversion, similar to high 
internalizers. 

Some of the hypothesized differences in personality between 
European-Canadian and Asian-Canadian children failed to reach 
significance: this may be potentially due to a relatively small 
number of the latter represented in the sample. Additionally we 
discovered a lack of convergence in personality characteristics of 
the collectivistic group, which suggests that individualism and col-
lectivism cannot be treated in a categorical manner. Specifically, 
although both Asian-Canadian and African-Canadian children 
were considered to represent collectivistic cultures, the personal-
ity profile of the African-Canadian children possessed character-
istics more consistent with the individualistic profile with higher 
scores on  Extraversion and Antagonism and lower scores on 
Conscientiousness in comparison with Asian-Canadian children.

 These findings have important implications for future re-
search on cross-cultural differences based on value systems. First, 
endorsement of a certain value system cannot be solely deduced 
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Personality and cultural correlates of childhood psychopathology

from an individual’s ethnicity. For example, it is not necessarily the 
case that an individual from a collectivistic culture will not endorse 
any individualistic values.  Researchers should thoroughly assess 
individual value systems in future cross-cultural studies in order 
to further understand personality profiles exhibited by different 
cultural groups [15, 16].

Second, our findings suggest that the individualism/collectiv-
ism distinction may be more complex than a simple dichotomy. In 
our study, African-Canadian children exhibited a more individual-
istic/externalizing profile than that of even the European-Canadian 
children, despite their initial grouping in the collectivistic cultural 
group along with Asian-Canadian children. Since we treated in-
dividualism and collectivism in a categorical manner, we did not 
expect to see major differences within personality profiles of the 
collectivistic group. Thus, since our findings were contrary to our 
hypotheses, this suggests that values characterizing individualistic 
and collectivistic cultures should be presented in the form of a 
continuum. Some recent research literature on individualism/col-
lectivism provides additional support for this suggestion [16, 17].

This study also contributes to a better understanding of per-
sonality profiles developed by children of migrants to Canada. The 
present results establish that personality profiles of children of de-
scendents from African, Asian, and European countries are signifi-
cantly different from each other. Thus, values of the native countries 
of the first generation of migrants continue to impact personality 
development of the subsequent generations. This can be observed 
in similarities between personality profiles observed in our study 
and the ones reported in a study by McRae and Terraciano [5] who 
studied residents of the native countries of migrants represented 
in our study. Future research should concentrate on variables that 
mediate the impact of the host-culture (Canadian) values on per-
sonality development in children of migrants. One such variable 
is likely to be the level of acculturation of the whole family and 
specifically the children of migrants. 

One important limitation of our study is that, while we had a 
substantial number of multiracial children in the sample, we did 
not report any results for this group. Unfortunately, most of the 
caregivers in the sample failed to mention the composition of their 
children’s ethnical mix. We were, thus, unable to meaningfully 
interpret their personality profiles in the context of the individu-
alistic/collectivistic dichotomy. The interpretation of the results 
of the study is also limited by our failure to ensure that all the 
ethnicities were equally represented in the sample. Unfortunately, 
we were unable to obtain a balanced sample due to the fact that 
English-language fluency was required to participate in our study. 
Personality assessment measures that are available in multiple 
languages could be used by researchers in the future in order to 
overcome similar language barriers. 

Conclusion
The results of this study suggest that collectivistic and indi-

vidualistic cultures could be differentially predisposed to develop-
ing internalizing and externalizing psychopathology respectively. 
Personality is a likely candidate for a mediator in the relationship 
between cultural values and psychopathology. A complete match 
between individualistic/externalizing and collectivistic/internal-
izing personality profiles was not observed due to the categorical 

definition of individualism/collectivism as well the effects of accul-
turation. Thus, a dimensional construal of individualism/collectiv-
ism is necessary for in depth assessment of values in future studies. 
Overall, we concluded that native values and subsequent personal-
ity profiles tend to persist in children of migrants to Canada. This 
suggests that when diagnosing and treating psychopathology in 
migrants from collectivistic cultures, it is worth exploring a combi-
nation of emic (host-culture based) and etic (native-culture based) 
approaches. 
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Abstract
Plant defense is costly and depends on a trade-off between growth, reproduction and the generation of mechanical (trichomes) and 

chemical (secondary compounds) defense mechanisms. Defense is especially costly in resource-limited environments, such as in the shade. 
Shade-tolerant plants are adapted to grow and reproduce under low light conditions. The purpose of this study is to determine whether 
individuals of shade-tolerant Asarum canadense (Wild Ginger) growing in varying light regimes show differences in herbivore damage as 
a result of differences in the amount of secondary defense chemicals. Populations of wild ginger were studied to assess the percentage of 
herbivory on leaves in relation to the percentage of canopy cover. A significant positive correlation between shade intensity and herbivory 
was found among individuals (P < 0.001) as well as across patches (P = 0.04). The results suggest that plants with access to more light are 
probably able to allocate more energy to the production of defense chemicals. Furthermore, these results show that although A. canadense 
is equipped to survive in high shade conditions, it becomes increasingly susceptible to herbivory as shade increases.

Relationship between shade and herbivory in 
Asarum canadense (Wild Ginger)

Introduction
Plant growth and defense against herbivory are both important 

life-history traits and often constitute a trade-off. In a resource-
strained environment, such as shade, a plant must allocate more 
resources towards growth to increase photosynthetic capacity and 
away from other less essential plant functions, such as defense. Such 
a trade-off is central to the resource allocation theory [1]. Typical 
plant responses in shady environments include increased plant 
height and larger total leaf area [2]. These responses enable the plant 
to be closer to sunlight and also to capture more sunlight through 
its leaves. Responses against herbivory include developing physical 
structures such as trichomes (hairs), as well as chemical defenses 
like plant secondary compounds, which are generally toxins [3]. 
Both growth and defense processes utilize resources, resulting in 
the need for a trade-off.

This dilemma has been explored in a number of previous 
studies that have compared the model system’s ability to withstand 
herbivory in either sunny or shady conditions. In a study by Baraza 
et al. (2004) on Quercus pyrenaica, shade-grown seedlings con-
tained more nitrogen but had lower levels of chemical defenses than 
sun-grown seedlings, making them more attractive to herbivores. 
Thus the light conditions under which seedlings were grown medi-
ated their chemical compositions [4]. McGuire and Agrawal (2005) 
found that in Cucumis sativa, there were trade-offs between the 
shade-avoidance response and plant resistance to herbivores. The 
shade-grown C. sativa also produced leaves with fewer trichomes 
[1]. In a study using Myrica cerifera, Wang and Lincoln (2004) 
observed that plants grown in more light had more trichomes and 
higher levels of monoterpenes. In addition, leaf area loss was greater 
in the shady habitat, which suggests that monoterpenes might be 
toxic or deterrent against insect herbivores [5]. In summary, the 

findings of these studies indicate that plants have more physical 
and chemical defenses in light than in shade and that expression 
of shade avoidance and plant defense traits may compete with each 
other.

We studied Asarum canadense (wild ginger), a very suitable 
system since it grows under a range of shade intensities in small, 
manageable patches. These shady conditions will provide a poten-
tial shortage of light resources for which it needs to trade-off shade 
avoidance traits and defense against herbivory.  Thus, our ques-
tion was whether the level of herbivory decreases as canopy cover 
decreases, or in other words, if plant defense towards herbivory 
increases as canopy cover decreases. 

Materials and Methods
The study system and site

Asarum canadense (Aristolochiaceae) is a shade-tolerant perennial 
plant that grows in the forest understory and is widespread in the north-
eastern side of North America [6]. It is able to reproduce asexually by lateral 
shoots or sexually through flowers [6]. The flowers are self-pollinated and 
there is little evidence of outcrossing [7]. The clonal plants are connected 
by a system of rhizomes between ramets that last from 1-10 years [6]. 
Rhizomes of A. canadense are very close to the surface of the soil, usually 
lying directly underneath the leaf-litter layer and have a growing tip where 
the leaves emerge [7]. After each growing season, the exposed constituents 
of the plant die, leaving the rhizomes over winter to produce more ramets 
in the spring [7]. 

We conducted our study at the Koffler Scientific Reserve at Joker’s Hill 
in the Oak Ridges Moraine of southern Ontario, Canada. The patches of 
A. canadense studied were located in a hardwood forest on the west side 
of Joker’s Hill. This area is dominated by mature stands of deciduous sugar 
maple, beech, red oak, and white ash. An understory herbaceous layer was 
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very common across the area. Asarum canadense is native to this area and 
all locations had shady conditions with relatively dense canopy cover. The 
study occurred in late August, when weather was mild and sunny, with few 
occurrences of overcast and rainy days. 

Sampling
In order to efficiently calibrate the amount of herbivory, we produced 

a reference collection of damage per leaf. Specifically, we collected 50 
damaged leaves with varying levels of herbivory. The gathered leaves were 
traced on 1 cm by 1 cm grid acetate paper and the percent herbivory was 
calculated by dividing the missing area by the total area, then multiplying 
by 100. The resulting percentage was rounded to the nearest increment of 
five. Using this index, we estimated the percent herbivory for a total of 1680 
leaves from 24 patches of wild ginger with an average of 70 leaves per patch. 
All the patches that we came across were sampled (as to avoid bias) and all 
the leaves of each patch were sampled.

Data analysis 
The amount of light was quantified for each patch by a picture of 

the canopy taken from the plant’s perspective with a digital camera. We 
augmented the pictures in Microsoft Office Picture Manager using the fol-
lowing settings: colour saturation was set to –100 to convert the picture into 
black and white, brightness was set to –40 and contrast was set to +100 to 
standardize the brightness of each picture and eliminate grey areas (Fig. 1). 
This was done to better define the edges and make it easier to distinguish 
between canopy and sky. The grid acetate paper was placed directly over the 
computer monitor and the percent canopy cover was calculated by dividing 
the darkened area by the total area and multiplying by 100. In the statisti-

cal program R, we carried out regression analyses between the percent 
canopy cover against percent herbivory for all individuals and the average 
herbivory against percent canopy cover for all patches. 

Results
General conditions of Asarum canadense

The levels of herbivory varied greatly from patch to patch but 
the percent canopy cover was very similar and almost undistin-
guishable by eye between patches. The percent herbivory ranged 
from 0% to 90% among individuals and canopy cover ranged 
from 74% to 95% canopy cover. In the latter case, individuals of A. 
canadense showed signs of light saturation and had bleached (yel-
low) edges. Also, there were observations of slugs on leaves during 
sampling, especially in notably shady areas and after rainfall (pers. 
obs.). 

Herbivory among Individuals and patches In differing shade 
kevels

Individuals with higher levels of herbivory generally belonged 
to patches with larger canopy cover (Fig. 2; P < 0.001, R2 = 0.014), 
however, there was a large amount of variation between levels of 
herbivory for leaves with the same amount of light, hence light 
explained only a small fraction of the variation observed. Average 
herbivory across all individuals within a patch and under the same 
light regime showed the same pattern, but a stronger response, 
where patches with larger canopy cover had a higher mean her-
bivory (Fig. 3; P = 0.04, R2 = 0.178). 

Discussion
Effects of light intensity on herbivore damage of Asarum 
canadense 

Similar to all plants, light availability is a major limiting factor 
for the biochemical ability of A. canadense to fix carbon dioxide. 
The amount of light captured by the leaves as well as nutrient avail-
ability modifies the plant’s ability to defend against herbivory [8]. 
The difference in biochemical functions is caused by the expression 
of different concentrations of elements like nitrogen and secondary 
metabolites, and is dependent on light levels [9]. In the study by 
Baraza et al. (2004) on Quercus pyrenaica, seedlings incorporated 
different levels of nitrogen depending on light conditions. Similarly, 

Figure 1. Picture augmentation method showing the original picture 
of the A. canadense patch (left) taken with a digital camera and sub-
sequently modified in Microsoft Office Picture Manager by augment-
ing colour saturation, brightness, and contrast (right).

Figure 2. Percent canopy cover per patch against percent herbivory 
per individual of Asarum canadense (P < 0.001, R2 = 0.014; Nind = 1680). 
Each point represents an individual leaf (or cluster of individuals), as 
each individual’s herbivory level was plotted against its associated 
canopy cover. The individuals with higher levels of herbivory gener-
ally belonged to patches with larger canopy cover.

Figure 3. The percent canopy cover against percent average her-
bivory per patch of Asarum canadense (P = 0.04, R2 = 0.178; Npatches 
= 24). Each point represents a different patch and its associated 
percent canopy cover and percent herbivory. Patches with larger per-
cent canopy cover showed a higher mean percent herbivory across 
leaves of that patch.
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Myrica cerifera showed varying levels of monoterpene in different 
light conditions [5]. Although we did not measure chemical com-
position in the leaves of A. canadense, it was most likely different in 
leaves with varying levels of herbivore damage, indicating the un-
derlying susceptibility to herbivory. This susceptibility to herbivory 
decreased as shade decreased, suggesting that light was the driving 
force for the expression of defenses (Figs. 2, 3). With more light, 
the plant gained a greater capacity to photosynthesize for survival 
and extra energy was harnessed for producing physical or chemical 
defenses against herbivory [3]. 

When a plant growing in shade does not get enough light, it is 
carbon-limited due to decreased photosynthesis. Herbivory is espe-
cially detrimental because this causes even more carbon limitation 
since there is less leaf area available for photosynthetic processes 
[3]. This in turn lessens the ability to produce defenses against 
herbivory and allows more herbivory to occur, creating a positive 
feedback system that encourages more herbivory [3]. Also, the usual 
response of plants in shady environments is to increase efficiency of 
light conversion to biomass by increasing leaf area, which utilizes 
energy [2]. If a plant is struggling to photosynthesize enough energy 
to survive, it needs to use available energy for light capture and not 
defense against herbivory, but with a sufficient amount of light, 
the plant can spare energy for extra defenses. This was found to be 
true in the McGuire and Agrawal (2005) study with Cucumis sa-
tiva, where shade-avoidance traits were coupled with a decrease in 
defensive traits. Shade-avoidance responses were not measured in 
A. canadense since it is a naturally shade-dwelling plant and would 
express them intrinsically in its shady habitat. As with any survival 
mechanism, energy is needed to allow A. canadense to thrive in 
shady conditions, so light is most critical for survival, followed by 
the allocation of any remaining energy towards defenses.

Herbivory by snails and slugs could have been driven by differ-
ences in light per patch of wild ginger. Asarum canadense is eaten 
by terrestrial gastropodes, most likely since the leaves grow so low 
to the ground (pers. obs.). The bodies of slugs are prone to desicca-
tion, so slugs prefer moist and dark environments [10]. Hence, it is 
possible that the incidences of slug herbivory would decrease with 
increasing light. However, we consider it far more likely that it is 
the modification of the leaf biochemistry that drives the pattern of 
leaf damage rather than the feeding behaviour of slugs. Feeding by 
slugs is probably much more likely a function of weather conditions 
and moving sun patches on the forest floor (pers. obs.), whereas the 
expression of biological defense in wild ginger is an integration of 
more long-term effects and is determined by a constant exposure to 
light or shade. 

This study of A. canadense shows that a naturally shade-toler-
ant species does not necessarily thrive in low light conditions. This 
is not because it is physically incapable of coping with the abiotic 
stress of low light levels, since it is able to meet its basic photosyn-
thetic requirements for growth and reproduction. Rather, the biotic 
consequences of these low light conditions (increased herbivory) 
are due to the lack of sufficient energy to provide defense against 
herbivores. It is prudent to realize that a single component of a 
plant’s life history, such as growth, is not enough for survival, since 
herbivory also plays a crucial role for viability and reproduction. 

For future research, it would be crucial to assess the properties 
of anti-herbivory responses in A. canadense. This study shows a 
relationship between increased light intensity and decreased her-

bivory but does not determine the underlying reasons behind this 
response. A biochemical analysis may determine if the chemical 
composition of A. canadense leaves change in response to varying 
light conditions and if there are any deterrents in the leaves that may 
influence plant palatability. In addition, a trichome count should be 
performed to assess whether A. canadense utilizes both chemical 
and physical defenses against herbivory and to determine its relative 
dependence on each mechanism.  

Conclusions
The results support the hypothesized trade-off between 

optimized photosynthesis and defense against herbivory of A. 
canadense in varying light intensities. With increased light levels, 
individual plants showed lower levels of herbivory (Fig. 2), suggest-
ing that they had more resources to allocate to chemical or physi-
cal defenses. This pattern was much stronger for average damage 
per patch growing under one light condition (Fig. 3). Thus, under 
increased light levels, plants seem to harness enough energy for 
basic growth and survival and utilize any extra resources to defend 
against herbivory. This is consistent with previous work on other 
plants that found positive correlations between the expression of 
defensive traits and amount of light. However, our study is different 
from others that grew plants under two extremely distinct (sunny 
and shady), experimental conditions. We show that even very small 
and subtle differences in the amount of light in natural populations 
of this shade-tolerant plant can result in significantly different levels 
of herbivory. Thus, A. canadense displays a critical balance between 
not being able to harness enough energy for defense and damage 
(bleaching of leaves) through excessively high light levels.
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Abstract
Novel approaches to protein quantification are needed in the discovery of cancer biomarkers; current methods such as ELISA, PIM 

Assay, and isotopic tagging all have shortcomings. Therefore, SIEVETM, a new ion current integration software-based approach to protein 
quantification was analyzed for viability. Simple and complex peptide mixtures of varying compositions were first run on a mass spec-
trometer. SIEVETM was then used to conduct three analyses of the output from these runs. The first analysis compared SIEVETM’s integration 
capabilities with the established manual integration method using XcaliburTM software. Comparisons of integrated volumes for several 
peptides indicate that SIEVETM’s integration output is comparable to established methods using XcaliburTM, suggesting that they are reliable. 
A second analysis was conducted to evaluate the viability of the principles upon which SIEVETM functions; specifically, the relationship of 
integrated ion current to the amount of protein sample was determined.  This analysis showed that SIEVE TM’s assumption of a linear relation-
ship was approximately correct, although it lacked a negative control. A final analysis was then conducted to determine whether SIEVETM 
is able to accurately predict protein ratios within simple and complex samples. It was concluded that SIEVETM could find proper ratios with 
moderate precision and accuracy. These analyses suggest that SIEVETM has the potential to be a viable tool for use in the discovery phase of 
cancer biomarkers.   

Evaluation of SIEVETM as a label-free mass 
spectrometry protein quantification method  

Introduction
Introduction to Quantification

A biomarker is a protein whose change in measurable quantity 
is characteristic of a pathological state. To find a useful biomarker, 
accurate and efficient quantification methods are required [1], ne-
cessitating that research into methods of protein quantification go 
hand in hand with biomarker research.

Enzyme linked immunosorbent assay (ELISA) is the standard 
sensitive and reproducible quantification technique accepted for 
publishing new biomarkers [2]. The drawback to ELISA is that 
it requires antibodies specific for the protein being investigated. 
These antibodies are often not commercially available and mak-
ing them is a time consuming process. Throughput is also limited 
because ELISAs are performed on a protein by protein basis [3].

Another quantification technique that may be used is the 
product ion monitoring (PIM) assay [4]. This assay determines the 
amount of peptides within a sample using a mass spectrometer. It 
accomplishes this by integrating transition ion currents. This assay 
is accurate, but has throughput limitation due to the requirement of 
a standard curve, method optimization, and the fact that it is done 
on a protein by protein basis. Immunoextraction of the sample is 
also required for best results, thereby decreasing throughput and 
necessitating an antibody.

Lack of high affinity antibodies is also a common problem in 
biomarker research since many biomarkers are novel uncharacter-
ized proteins. Modern research in protein quantification either 
seeks to improve antibody production [5] or eliminate antibodies 
altogether [6].

A new mass spectrometry based  innovation that doesn’t 
require the use of antibodies are isobaric tags for relative and ab-

solute quantification (iTRAQ) [7]. This labels all peptides from a 
certain sample with an isotopic tag unique to that sample. When 
the samples are pooled and run on a mass spectrometer, relative 
peptide quantities between the two samples can be detected from 
relative abundance of the tag. This technique is useful because it 
does not require an antibody, but does have its own drawbacks, 
including cost and labeling inefficiency. 

SIEVETM, a Label-Free Method
An approach that is free of the drawbacks of isotopic tagging 

and antibody-based methods has a place in the biomarker research 
laboratory. A candidate is SIEVETM, a label free mass spectrometry 
based protein quantification software. SIEVETM has high through-
put, requires no special preparation, and warrants only a single cost 
for software. As a result, evaluation of SIEVETM as a viable tool for 
biomarker research is the aim of this project.

Concepts of SIEVETM  
Please refer to supplementary text Section 1. 

Evaluating SIEVETM

To evaluate SIEVETM, three analyses were conducted on out-
put simulating research conditions. Simple and complex samples 
of varying concentrations were run on the mass spectrometer to 
obtain this output.

The first analysis compared SIEVETM’s peak integration capa-
bilities to the currently established manual peak integration soft-
ware XcaliburTM. A second analysis was conducted to evaluate the 
viability of the principles upon which Sieve functions; specifically, 
the relationship of integrated ion current to sample protein amount 
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was determined. A final analysis was then conducted to determine 
whether SIEVETM can accurately match predicted protein ratios of 
simple and complex samples. 

Acceptable performance from SIEVETM these analyses, such 
as demonstration of similarity to current integration methods 
(Analysis I), sound theoretical consistency (Analysis II), and ex-
perimental utility (Analysis III), will indicate viability as a protein 
quantification tool for biomarker research.

Materials and Methods
Please refer to online supplementary material.

Results
The mass spectrometer is accurate in terms of MS1 spectra to 

20ppm (quantum) and MS2 spectra to 0.4Da (linear trap quadru-
pole). SIEVETM  uses a SEQUEST TM algorithm to search for pro-
teins with the Xcorr parameters being standard and unimportant 
for this evaluation. SIEVE intensity or ratio error is undisclosed 
and is not the subject of this evaluation. 

Analysis I
In this analysis for 28 frames from several different runs, the 

results show an average of 10.7% difference between SIEVETM and 
XcaliburTM , which is unchanged when switching experiments or 
runs. The maximum difference was 26.5% and the minimum was 
4.0%. Standard deviation is not reported as these summaries are 
derived from a non-normal compilation from different data sets. 

Analysis II
It was found in both simple and complex mixtures, integrated 

ion current over time and m/z is a linear function of quantity for 13 
peptides analyzed with both SIEVETM- and XcaliburTM -integrated 
intensities. The minimum coefficient of determination (R2) was 0.97. 

The average percentage difference from expected ratios of the 
27 un-normalized SIEVETM ratios was 49.6%. The average percent-

age difference of the normalized ratios from expected was 7.28%.

Analysis III
The average difference from the expected ratio in a simple 

sample of 6 proteins was 12+/-3%. 
For the complex samples that consisted of proteomes of seminal 

plasma and egg white, average ratios for several hundred proteins 
and peptides are was off by 43.7% from expected values. The ratio 
standard deviation is 0.1. There was one false positive (indication 
of elevation in one set when there was none) in 839 proteins.

Discussion 
SIEVETM produces results similar to the established XcaliburTM 
method.

XcaliburTM is the program we have accepted [4] as a reference 
for accurate integration of areas and it has become useful for semi-
quantitative analysis using integrated intensities. Because of this, 
it is relevant to determine whether or not SIEVETM outputs cor-
responds roughly to XcaliburTM outputs. 

The results indicate that SIEVETM is very similar to manual 
integration in .RAW files. The 10.7% average difference from Table 
1 is hypothesized to be accounted for by random variation and the 
fact that SIEVETM uses different integration parameters. 10.7% is 
well within margins of random error or variance for publishable 
work [4]. Furthermore, Xcalibur integration parameters may be 
changed, yielding different integrated intensities; the Genesis al-
gorithm with a 7 point boxcar integration and polynomial order of 
7 baseline subtraction was used for Xcalibur integration.  SIEVETM 
integration parameters are undisclosed and may account for some 
of this 10.7%. 

SIEVETM’s assumption of a linear function of integrated volume 
versus protein amount is correct, but it lacks a control

It is important to determine the function that describes ion 
current in relation to the actual amount of protein within the 

Number of 
Frames Compared

Average 
Difference

Minimum 
Difference

Maximum 
Difference

28 10.7% 4.0% 26.5%

Table 1. Comparison of SIEVETM and XcaliburTM quantification for 28 
frames.

Comparison Unnormalized 
SIEVETM Ratio

Normalized 
SIEVETM Ratio

15 µL to 7.5 µL 3.15 1.93

30 µL  to 15 µL 2.46 2.03

30 µL  to 7.5 µL 7.75 3.93

Table 2. SIEVETM ratios for the peptide LSEPAELTDAVK (m/z 636.84) 
of prostate specific antigen. It is expected that as the SIEVETM ratio 
would increase by the same factor as the injection volume. 13 such 
peptides were analyzed.

Table 3. SIEVETM ratios outputted for runs that vary BSA in known 
amounts. This is the simple sample.

Quantity Value

Average 0.16

Standard Deviation 0.06

Maximum 0.58

Minimum 0.00

Table 4. SIEVETM ratios for 30 
µL vs. 7.5 µL inject of seminal 

plasma. 

[BSA]1 
(fmol/40uL)

[BSA]2 
(fmol/40uL)

SIEVETM Ra-
tio [BSA]1/
[BSA]2

% from Ex-
pected

6 10 0.73 13%
6 20 0.29 3.3%
6 55 0.10 8.3%
10 20 0.61 22%
10 55 0.17 6.5%
10 100 0.07 30%
20 55 0.36 1.0%
20 100 0.16 20%
55 100 0.46 8.0%

Average: 12% +/- 3% 
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sample. Unless this function is linear with a slope of one, ratios 
of intensities cannot be directly used to infer peptide ratios. This 
function must also have an intercept of zero or be normalized with 
a negative control such that the intercept is zero.

SIEVETM does not to allow for a negative control for protein 
content. As a result, SIEVETM does not take into account noise and 
assumes that zero protein corresponds to zero intensity. This ac-
counts for the inaccuracy of unnormalized ratios in Table 2 when 
compared to normalized ratios.

The necessity of a negative control may be explained thus. The 
amount of protein A differs between sample 1 and 2. Its intensity 
from SIEVETM or XcaliburTM in sample 1 and 2 respectively is 70,000 
and 80,000. This would not imply significant elevation in sample 2 
with SIEVETM’s assumed intercept of zero (SIEVETM would show 
that the protein had a ratio of 1.14 in sample 2 relative to sample 
1). However, if a control was run and the intercept was found to be 
60,000, the protein’s ratio would be 2. If the noise was 69,000, the 
protein’s ratio would be 11.

This lack of a negative control in SIEVETM’s methodology does 
indeed seem to cause sizeable errors in ratios; a negative control is 
necessary for accuracy. To see if SIEVE analysis would work better 
if there were a negative control, intensities were first normalized 
to be zero when the quantity was zero. This was accomplished by 
subtracting the Y-intercept of the line for each peptide from each 
intensity value. This allowed us to check whether the intensity 
increased with amount according to a 45° line—a necessary condi-
tion for SIEVE analysis.

The average percentage difference from expected ratios of the 27 
unnormalized ratios was 49.6%. The average percentage difference 
of the normalized ratios from expected was 7.28%. Thus normaliza-
tion seems to yield ratios that are closer to the predicted ratios. 

The said improvement is significant when accuracy is required. 
This means that at present, SIEVE ratios cannot be trusted for ac-
curacy because of a flaw in how they are calculated (you cannot 
input a negative control). This flaw, however, should not affect 
SIEVE’s precision, as SIEVE is still useful for semi-quantitative 
proteomic analysis. 

SIEVETM works moderately well for protein quantification in 
simple and complex samples

Data in Table 3 suggests that SIEVETM quantifies protein within 
simple samples well. There was no evidence that SIEVETM reported 
any false positive in the simple sample data. Error was well below 
the coefficients of variance accepted [4] in biomarker research.

Based on data in Table 4, it would seem that there is a sizeable 
deviation from expected ratios in complex samples. This is indeed 
expected from SIEVE’s lack of a negative control; complexity of 
the sample is hypothesized to contribute to more noise, creating a 
further need for a negative control. 

Despite this error for complex samples, the low false positive 
rate, low standard deviation and closeness to predicted ratios, even 
without a negative control, does suggest that SIEVETM may be used 
to produce useful results. 

Future Research and Conclusions
Analysis I indicates that SIEVETM output resembles established 

methods using XcaliburTM, suggesting that its integration algorithm 

is correct. Analysis II indicates that the relationship between pro-
tein amount and integrated volume assumed by SIEVETM is sound, 
but could be improved with a negative control. Finally, analysis 
III indicates that SIEVETM may be used to quantify a complex and 
non-complex sample, although there are accuracy concerns in a 
complex sample from lack of a negative control.

To conclude, these analyses imply that SIEVETM cannot cur-
rently replace ELISA as the most accurate protein quantification 
technique but has the potential for use in biomarker research. 
Variability of ratios and flaws in SIEVETM’s methodology must be 
fixed before this can happen.

The foremost concern for future efforts is the glaring flaw 
that SIEVETM lacks a negative control. This may be corrected by 
software modifications. As it is unknown whether a linear relation-
ship continues when extrapolated all the way towards zero protein 
content, using a blank injection may not work well for a negative 
control; it would be best for the software to just extrapolate a Y 
intercept for a peptide based on input amounts of a sample and 
set this as zero. This is what was performed in the normalization 
procedure. Although making a standard curve for the peptide in 
question is another viable method of negative control, this would 
limit applicability in high throughput research.  

Several further analyses must be conducted before SIEVETM 
is used for publishable results. Two important questions must be 
answered by these analyses: 

What happens when total protein content is maintained con-1. 
stant, the standard condition of samples used for biomarkers?
Can SIEVE2. TM pick out a protein known to be elevated with 
good reproducibility?
After further validation, SIEVETM may be used to comple-

ment other techniques in the discovery phase of biomarkers [1]. 
Due to SIEVETM’s extremely high throughput and little need for 
preparation, it will be useful in analyzing the many proteins of the 
proteome at once.

Once the list of candidate proteins is narrowed down, SIEVETM 
may also be used in concert with other quantification techniques 
to verify and validate that the single biomarker candidate is indeed 
elevated. This additional experimental validation requires little ad-
ditional effort due to SIEVETM‘s high throughput. 
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Abstract
Pathologies of the human nervous system frequently have severe impacts on the quality of life of afflicted individuals. Significant 

research has thus been undertaken to elucidate molecular mechanisms underlying normal and pathological nervous development and 
function. The Notch signaling pathway is one such mechanism that has a crucial role in neurogenesis and the development of the mamma-
lian nervous system. The Notch pathway functions by means of a dual transmembrane ligand-receptor signal transduction system in which 
Notch serves as a receptor. Mutations of the Notch gene and the consequent behavioural impacts on mice have been studied extensively. 
However, the effects of mutations in the ligands of the Notch receptor, namely Delta and Jagged, remain largely unexplored.  The behaviour 
of mice with either Delta-like ligand1 (Dll1) or Jagged1 gene null mutants were phenotyped by a variety of behavioural tasks including an 
open field locomotory test, the Morris water maze (MWM) test and contextual fear conditioning. No significant differences were discovered 
in the performance of the null mutant mice in the Open Field, Context Fear conditioning, Cued Fear conditioning and Pre-pulse inhibition 
experiments or in the MWM test for Dll1 null mutants. However, mice with the Jagged1 ligand mutation demonstrated significant impair-
ment in spatial memory as indicated by MWM analysis. These preliminary findings indicate that defects in the Jagged1 ligand aspect of the 
canonical Notch signaling pathway lead to spatial memory deficits in the mouse model. Further specified research could elaborate on the 
role of Notch signaling in learning and memory. 

The role of notch signaling in learning and memory: 
the ligand perspective

Introduction
Neurological pathology is the foundation of many devastating 

human diseases. The overproduction of the Amyloid beta 42 (AB42) 
peptide generating neuron amyloid plaques in Alzheimer’s disease 
(AD) [1] or the role of α-Synuclein’s pre-fibrillogensis amyloid 
formation in Parkinson’s disease [2] and associative learning and 
memory impairments are a few manifestations of the molecularly 
compromised nervous systems in human disease. Understanding 
the genetic molecular foundation of neural processes is vital when 
attempting to develop treatments for these debilitating conditions. 
For example, the demonstration of the AB42 peptide as essential 
to the generation of the aforementioned Amyloid plaques in 
Alzheimer’s disease led to the development of Anti-AB42 anti-
bodies which attenuate amyloid formation in Alzheimer’s disease 
mouse model [1]. 

Notch signaling
The Notch receptor signaling pathway is an example of an evo-

lutionarily conserved and ubiquitous signal transduction system 
critical to many developmental processes [3], including neurogen-
esis [4]. 

The prototypical Notch receptor consists of a large extracellu-
lar domain composed of repeated epidermal growth factor (EGF) 
domains. A single-pass hydrophobic domain anchors the notch 
receptor in the cell membrane of the cell receiving the signal. This 
domain is followed by the well characterized intracellular domain 
known as the notch intracellular domain (NICD). The Notch re-
ceptor is modified by a series of proteolytic cleavages termed S1, S2 

and S3, which lead to the transcriptional activation of certain genes 
through assemblage of a co-activating protein (Figure 1). The S1 
cleavage is of the Notch extracellular domain and is carried out in 
the trans-golgi network during Notch receptor processing. The S2 
cleavage occurs in response to ligand binding at the extracellular 
side of the cell releasing most of the extracellular domain. The S3 
cleavage occurs intramembranously and liberates the intracellular 
component of the Notch receptor which is the final and key step 
in signal transduction [5]. The precise sequence of recruitment of 
proteins to yield the co-activator complex from the co-repressor 
complex, however, is not yet completely understood [4, 6, 7]. 

The Notch signaling transduction pathway and its influence 
on the development of the nervous system of rodents have been 
well studied in the past [10]. A previous study looking at the effect 
of the heterozygous null mutation for the Notch1 gene in mice on 
learning and memory using the water maze protocol found that 
wild-type mice searched the target quadrant (TQ) longer than the 
Notch ligand mutant mice [11]. However, when given sufficient 
training (5 days) the Notch ligand mutant mice spent as much time 
in the TQ as wild-type mice, demonstrating an initial learning defi-
ciency. Long-term spatial memory was also impaired. Notch ligand 
mutant mice spent as much time in the altered TQ as wild-type 
mice did when focusing on short-term memory. However, Jagged1 
mutant mice spent less time in the altered TQ in the long-term 
than wild-type mice thereby demonstrating an impairment of 
long-term spatial memory exclusively.  Additional spatial memory 
and basic reflexive and muscular tests demonstrated that memory 
deficits were selectively specific to the water maze protocol. 
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Notch signaling in Alzheimer’s disease
The Notch signaling pathway has also been implicated in AD, 

which is characterized by memory loss [11]. The presenilin protein 
that assists in cleavage of the Notch receptor also assists in cleav-
age of the β-amyloid precursor protein, which ultimately leads to 

formation of the amyloid plaques that are characteristic of AD. 
This posits a possible fundamental association between these two 
central pathways that could prove to be substantive. 

The involvement of the Notch signaling pathway in learning, 
memory, and other associated neurological diseases merits further 
investigation. Elucidating the components of this pathway may 
lead to critical insight into progressive neurological disease. The 
pathway has been studied extensively from the receptor’s perspec-
tive, however, the DSL ligand involvement remains to be fully 
examined. This study addresses this problem by focusing on the 
behavioral effects on learning and memory of Delta-like ligand 1 
(Dll1; henceforth referred to as Delta) and Jagged1 (also known 
as Serrate; henceforth referred to as Jagged) gene mutations in a 
mouse model. 

Although this study is largely exploratory, it is hypothesized 
that the mice with either Dll1 or Jagged1 null gene mutations will 
demonstrate some degree of deficit in learning and memory tasks 
relative to their wild-type counterparts, such as in the Morris wa-
ter maze (MWM) and fear conditioning protocols. The pre-pulse 
inhibition (PPI) and open field tasks serve as behavioural controls 
for the Notch ligand mutant mice to ensure any altered behavioural 
response is specific to deficiencies in learning and memory.

Materials and Methods
Subject animals

All mice were of the Mus musculus species. The Delta mutant mice 
were null mutants for the Delta-like1 ligand (Dll1), which is a member of 
the DSL gene family [12]. As similarly done in previous studies [12], the 
first two exons of the Dll1-gene were replaced with a resistance cassette, 
therefore ligand production was ceased completely.

The Jagged mutant mice strain was made using an embryonic stem 
cell gene-trap for the Jagged gene, eliminating Jagged1 ligand production. 
In the trap, a β-geo reporter gene containing construct was electroporated 
into embryonic stem cells. The β-geo reporter gene is derived from the 
β-galactosidase and neomycin resistance gene allowing for the selection of 
transformed cells using neomycin [13]. The insertion site was between the 
13th and 14th EGF repeats on the Jagged1 locus. The gene trap produces a 
fusion protein between the Jagged product and the β-geo reporter product, 
thus, inactivating the Jagged protein or ligand while marking transformed 
cells. This mutant strain was prepared at the lab of Dr. Sean Egan and is 
currently unpublished.

Subject preparation
The Jagged1 and Dll1 null mutant mice were subjected to a series of 

behavioural tests to be described which characterize their phenotype. All 
experiments were done blind with respect to genotype, and were preceded 
by 7 days of desensitization via manual handling in order to eliminate any 
fear of the experimenter. 

Please refer to online supplementary material for complete 
materials and methods.

Results
Open field

The open field test is a behavioral experiment assessing the 
anxiety of the locomotor activity of the mouse by measuring un-
restricted movement in a wood test box. Movement is assessed 

Figure 1. The Notch signal transduction pathway (adopted from Lai, 
2004). The Notch receptor is a biologically ubiquitous single pass 
transmembrane receptor involved in numerous cellular processes 
including hematopoiesis [18] and neurogenesis [2]. The ligands to 
the Notch receptors are also a family of single pass transmembrane 
proteins termed Delta/Serrate/Lag-2 (DSL) [6]. The DSL ligand ectodo-
main consists of a DSL motif that serves as a locus of binding during 
Notch signaling [8]. (A) The signaling pathway is initiated once the 
DSL motif of the ligand ectodomain binds the EGF repeated domain 
of the Notch receptor (depicted by the large green lined rectangle). 
(B) The DSL ligand binds to activate the Notch receptor and the S2 
cleavage event. This, consequently, produces the Notch extracel-
lular truncation endodomain: the precursor to the NCID or Notchintra 
[9]. (C) The protease complex presenilin-1 is a vital component to 
the S3 cleavage event. This cleavage releases the NICD, which (D) 
binds to and activates the CBF1/Su(H)/LAG1 (CSL) transcription factor 
complex. The CSL co-repressor complex (Co-R) is displaced by the co-
activator complex (Co-A) containing the Notch intracellular domain, 
which mediates Notch target gene expression. In the absence of 
NCID, CSL binds with Co-R which represses the expression of Notch 
target genes. 
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through distance travelled and anxiety on mouse zonal location. 
This test did not demonstrate significant differences between the 
Dll1 and Jagged1 null mutant mice and their respective wild-type 
mice. (P>0.05; Supplemental Figures 1 & 2). Both groups of mice 
shared similar amounts of time in the outer, intermediate and 
middle zones suggesting no affect on behavioral anxiety. The de-
creasing trend from time spent in the outer zones (zone 1) to inner 
zones (zone 3) is consistent with the expectation that the mice have 
greater anxiety and thus less inclination to move away from the 
walls [11]. Furthermore, no locomotor deficiencies were found in 
any of the mice as depicted by the total group-averaged distance 
traveled over the entire 900 second trial (P>0.05; Supplemental 
Figures 3 & 4).

Water maze
Data collected from the MWM protocol demonstrated that 

wild type mice spent significantly more time by Day 7 (Figure 2) 
in the target than the mice of the Jagged mutation (Figure 2). The 
wild-type and Jagged1 null mutant mice failed to show any sig-
nificant differences between percentage of time spent in the other 
zones, and the target zones prior to Day 7. The Dll1 null mutant 
mice failed to show any significant differences in time spent in 
specific zones relative to the wild-type mice on any day (P>0.05; 
Supplemental Figure 5).

Fear conditioning
The fear conditioning task yielded no significant differences 

in freezing response to contextual or auditory stimuli (P>0.05; 
Supplemental Figures 6-9). Differences in freezing percentages be-
tween the wild-type and null mutants (i.e. both Dll1 and Jagged1) 
mice were also insignificant (P>0.05).  

Prepulse inhibition
The PPI test yielded no significant differences between wild-

type and mutant strains (i.e. both Delta and Jagged) in the inhibi-
tion of startle responses to the pulse stimuli (P>0.05; Figures 10 
& 11). 

Discussion
The ubiquitous role of the Notch signaling pathway in neu-

rogenesis and the development of the nervous system has been 
well documented in the literature [3]. However, the ligand aspect 
of the Notch signaling axis in learning and memory continues to 
remain unclear. This study sought to identify the unknown role of 
select Delta and Jagged Notch-receptor ligands in behavioral tasks. 
Again, although this study was exploratory, it was expected that the 
null mutant mice for the Dll1 or Jagged1 genes would demonstrate 
deficits in learning and memory tasks relative to their wild-type 
counterparts. However, deficits in reflex activity were not expected 
in these mutant strains. 

Dll1 null mutant mice
The open field, PPI, MWM, and fear conditioning tests for the 

Dll1 null mutant mice yielded no significant differences between 
the wildtype and null mutant mice. This may be attributed to vari-
ous factors, one of which is possible functional compensation and 
redundancy by other ligands in the DSL family. Indeed, functional 
redundancy among Notch receptors and DSL ligands has been pre-
viously suggested in the role of Notch signaling in Hematopoiesis 
[22]. Alternatively, it may be that the tested DSL ligands simply 
have differential roles in learning and memory similar to vari-
ous downstream targets of Notch signaling, namely the Hairy/
enhancer of split (HES) and HES repressor protein (HERP) gene 
families [23]. 

Deficiencies in PPI have been associated with Schizophrenia 
and other diseases with a neural basis [24], thus it was an im-
portant basic test in assessing the possible effects of notch ligand 
mutant mice. These mice, however, failed to show any significant 
differences, and thus, did not display gross neurological deficits in 
autonomic reflexes. 

The result of the fear conditioning protocol indicates that the 
Dll1 null mutant does not appear to play a role in amygdala depen-
dent emotionally induced memory. The elevated freezing response 
in both wild-type and null mutant mice at the 120 second mark 
of each trial can be attributed to adequate cued-fear learning and 

Figure 2. Jagged1 null mutant MWM 
probe tests. Water maze probe test 
for Jagged1 null mutant mice. Other 
zone refers to percentage of time 
spent in each of the other 3 non-
target zones. Note: The percent time 
in zone is indicated by the mouse 
spending time in either the circular 
target zone or one of 3 other circular 
non-target zones. Time spent outside 
all circular zones were not part of the 
data and as such percentage in zones 
do not sum to 100%.  WT, wild-type; 
MWM, Morris water maze. ‡ Denotes 
statistical significant differences 
between wild-type and null mutant 
mice [linked by bracket] (P<0.05; 
p=0.010515).   
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memory, since this was when the tone stimulus was administered. 

Jagged1 null mutant mice 
The open field, PPI, and fear conditioning tests for the Jagged1 

null mutant mice yielded no significant differences between the 
wild-type and null mutants. However, the Jagged1 null mutant 
mice water maze test demonstrated a significant difference in 
the time spent in the target zone between null mutant mice and 
wild-type mice. This result strongly suggests a deficiency in spatial 
memory in the Jagged deficient mice, implying that this deficiency 
is down-regulating Notch signaling and concomitantly impacting 
spatial memory. This confirms deficits in spatial memory seen in 
the past in Notch deficient mice [11], with the exception that this 
study was from the ligand perspective. Jagged has been previously 
found to be a ligand for the Notch1 receptor [25], thus, it is not 
unreasonable to assume that the deficiency in the Jagged ligand 
results in decreased Notch signaling through the Notch1 receptor.

Future directions
Since no gross abnormalities were observed in brain or general 

anatomical structures of null mutant mice, it is possible that the 
deficiency in Notch signaling is leading to brain abnormalities on 
a neuronal scale. To investigate this further, the next phase of the 
current study will seek to analyze neuronal cell populations with the 
Golgi-cox staining technique (for dendritic branching analysis) on 
mutant and wild-type brain sections. It would also be worthwhile 
to explore the cellular underpinnings of this effect by possibly using 
cellular compartment analysis of temporal activity by fluorescence 
in situ hybridization (catFISH) [26]. This technique combines cel-
lular and temporal resolutions via fluorescence staining, rendering 
it a valuable tool in the investigation of neurons associated with 
different behavioral or cognitive tasks.

Additionally, a double null mutant for Dll1 and Jagged1 li-
gands may further elucidate possible roles of various DSL ligands 
in Notch signaling in learning and memory. Lunatic Fringe mutant 
genes [27]—which express a glycosyltransferase that is involved in 
modifying the Notch receptor’s affinity for various ligands in other 
animals—can also be an avenue from which to approach future 
studies. Since Notch-receptor ligand analysis has demonstrated 
significant results, it may be worthwhile to explore the receptor’s 
affinity characteristics as well. 

Conclusion
In summary, this study demonstrates a potential critical role of 

the Jagged1-Notch1 axis of signal transduction in long term spatial 
memory in mice. Further investigation is warranted in order to 
fully elucidate the role of Notch-receptor ligands in learning and 
memory. 
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Abstract
The pro-angiogenic effect of vascular endothelial growth factor (VEGF) is key to maintaining normal microvasculature and preventing 

injury.  VEGF is present in the platelet proteome and released from thrombin-stimulated platelets in vitro, indicating that platelets may be 
significant physiological transporters of VEGF.  We studied this possible function by examining the ability of platelets to release VEGF under 
a range of conditions, and by establishing the intracellular location of VEGF relative to other platelet proteins.  Western blot analysis was 
used to measure platelet release of VEGF in vitro in response to stimulation with agonists both weak (adenosine diphosphate, epinephrine) 
and strong (thromboxane A2 analog U46619, PAR-1 thrombin receptor activating peptide).  Both classes of agonist stimulated VEGF release, 
indicating that strong stimuli (e.g. thrombin) are not necessarily required for platelet VEGF release in vivo.  The intracellular colocalization 
of platelet VEGF with other platelet proteins was determined using immunohistochemical techniques and spinning-disc confocal laser 
fluorescence microscopy combined with computerized image processing and colocalization analysis.  Platelet VEGF was observed to be 
distributed throughout the platelet interior in small clusters of numerous concentrations resembling α-granules.  However, VEGF did not 
show colocalization with either of the known α-granule proteins von Willebrand factor or fibrinogen, nor with several other dense granule, 
organelle, receptor and cytoskeletal proteins. Thus platelet VEGF appears to represent a unique protein pool that is released in response to 
a wide range of platelet stimuli.

Intracellular localization and release of platelet 
vascular endothelial growth factor

Introduction
Originating in the bone marrow, platelets are fragments of 

megakaryocytes responsible for initiating blood clotting (i.e. 
hemostasis) [1].  They lack nuclei and contain a variety of secre-
tory compartments, including α-granules, dense granules and 
lysosomes [2].  These granules contain a wide range of proteins 
which are released upon platelet activation [3].  VEGF is a pro-
angiogenic protein discovered originally in the context of tumor 
formation, which induces blood vessels to become hyperperme-
able to circulating macromolecules [4].  It exists in several isoforms 
[5] and plays a vital role in the kidney, where it maintains the fe-
nestrated glomerular phenotype thereby preserving the integrity of 
glomerular endothelium cells.  Disturbances in the VEGF system 
by inactivating antibodies directed against soluble VEGF receptor, 
sFlt-1, result in renal thrombotic microangiopathy (TMA) where 
platelet aggregates accumulate in the glomerular capillaries [4].  
Renal TMA interferes with normal kidney function, often results 
in hypertension and proteinuria, and may eventually lead to end 
stage renal disease (ESRD). 

The major sources of VEGF in kidneys are podocytes (cells 
surrounding the glomerular capillary basement membrane), and 
possibly platelets [4].  VEGF has long been known to be present 
in the megakaryocyte/platelet proteome and to be readily released 
from thrombin-stimulated megakaryocytes and platelets in vitro 
[6].  In a recent study, VEGF has been reported to be present in 
platelet α-granules, showing near-complete colocalization with the 
α-granule protein fibrinogen as observed by immunostaining and 
standard fluorescence microscopy [7].  

The purpose of this study was to examine the function of 
platelets as a physiological transporter of VEGF.  Various platelet 

agonists, both weak (adenosine diphosphate, epinephrine) and 
strong (thromboxane A2 analog U46619, PAR-1 thrombin recep-PAR-1 thrombin recep-
tor activating peptide), were used to induce platelet activation in 
vitro, and VEGF secretion was detected via Western blot analysis.  
The intracellular location of platelet VEGF and its colocalization 
with other platelet proteins was determined using immunostain-
ing and high-resolution spinning-disc confocal laser fluorescence 
microscopy, combined with computerized 3-D image processing 
and analysis. 

Materials and Methods
Cell lysates. Blood from a normal adult female volunteer was collected 
without vacuum into 3.2% sodium citrate in polypropylene tubes and cen-
trifuged at 160g for 15 minutes to isolate protein rich plasma (PRP).  PRP 
was centrifuged at 1000g to recover platelets, which were washed twice 
in phosphate buffered saline (PBS)+acid citrate dextrose (ACD) pH 6.1 
and resuspended at 109 cells/mL with PBS+2x protease inhibitor (Roche 
Complete).  0.5% Triton-X100 was added to lyse the cells, and the lysate 
samples were centrifuged at 14000g to remove cellular debris and stored at 
-70oC.  Megakaryocyte cell lysate was isolated from peripheral blood via 
an AutoMacs Cell Separation System and cultured in serum-free medium 
at Dr. Walter Kahr’s laboratory.
Platelet releasates. Washed platelets (via the same procedure as above) 
were resuspended in Tyrode’s buffer pH 7.4 at 5x108 cells/mL.  250 uL 
aliquots of platelet suspension were added to cuvettes in a Chronolog 700 
platelet aggregometer and stimulated with the following agonists: epi-
nephrine, U46619 (synthetic thromboxane-prostanoid receptor agonist), 
adenosine diphosphate (ADP) and PAR-1 thrombin receptor activating 
peptide (PAR-1 TRAP; SFFLRN).  When maximum platelet aggregation 
was observed (i.e. levelling out of the optical aggregometric tracing), 
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supernatants were removed from the cuvettes and centrifuged at 14000g 
to recover the releasate protein fractions, which were stored at -70˚C. 
Western blot analysis. Platelet cell lysate and releasate samples were run 
along with a megakaryocyte lysate sample (derived from serum-free cul-
tured cells) under non-reducing conditions on a 4–20% acrylamide gradi-
ent SDS-PAGE gel (Invitrogen).  The separated proteins were transferred 
by electroblotting (Bio-Rad Mini Protean System) to a nitrocellulose 
membrane.  The blot was probed first with rabbit polyclonal anti-VEGF 
antibody (1:500; VEGF(147):sc-507, Santa Cruz Biologicals), then exposed 
to donkey anti-rabbit HRP secondary antibody (1:10000; Cedarlane) and 
imaged with chemiluminescence reagent (Western Lightning, Perkin-
Elmer) onto X-ray film, which was scanned with an Epson V700 film 
scanner.  The blot was subsequently re-probed with antibody to Platelet 
Factor 4 (PF4; 1:5000, Chemicon rabbit polyclonal), an abundant cytokine 
protein secreted from activated platelets.  
Immunohistological Analysis. Platelets were prepared for immunostaining 
via a modification of the method of Sehgal et al [8] in which platelets were 
initially fixed with paraformaldehyde in PRP.  The cells were then washed, 
resuspended in modified Tyrode’s buffer [8] and aliquots were spotted 
onto coverslips and incubated for 90 minutes at 37˚C. The spreads were 
rinsed with PBS, permeabilized with Triton-X100, washed and blocked for 
a minimum 60 minutes with PBS + 1% BSA and 2% goat serum.  Blocked 
spreads were washed and hybridized with rabbit polyclonal anti-VEGF 
antibody (above) in combination with mouse monoclonal antibodies 
specific for one of: β-tubulin (1:2000; BD Pharmingen), fibrinogen (1:100; 
BD Pharmingen), von Willebrand Factor (vWF, 1:25; Dako), GAPDH 
(1:400; Chemicon), CD61(1:100; BD Pharmingen), CD63 (1:100; BD 
Pharmingen), α-actin (1:500; Sigma), or LAMP-1 (1:25; BD Pharmingen).  

The preparations were then washed and hybridized with a combination of 
secondary fluorescent-tagged antibodies: donkey anti-rabbit Alexa Fluor-
488 and donkey anti-mouse Cy3 for 60 minutes in the dark.  Washed cov-
erslips were mounted onto glass slides with fluorescent mounting medium 
(Dako Cytomation).  Preparations were imaged with a spinning-disk laser 
confocal fluorescence microscope (Leica DMIRE2 inverted fluorescence 
microscope) equipped with a Hamamatsu CCD camera at 512x512 pixels.  
Images were acquired with 250-300nm Z-stack stepping, deconvolved, 
rendered in 3D and subjected to colocalization analysis using the Volocity 
3 software suite (Improvision).  Images for presentation were captured 
as screen snapshots of extended focus or rendered images and prepared 
using Adobe Photoshop. 

Results
Platelet VEGF content and release

Figure 1 shows the results of a Western blot analysis of mega-
karyocyte and platelet cell lysates and platelet releasates separated 
by SDS-PAGE under non-reducing conditions.  The antibody used 
to probe for VEGF (top panel) is capable of detecting the 198, 165 
and 121 amino acid splice variants of VEGF-A, which are glycopro-, which are glycopro-
teins of approximately 20kD that form homodimers which interact 
with a variety of VEGF receptors [9].  Of the three dimeric isoforms 
of VEGF detected on the blot (40, 45 and 50kD), the 50kD isoform 
was the most prominent, occurring in platelet lysate as well as in 
the four releasates treated with epinephrine, U46619 (thrombox-(thrombox-
ane A2 analog), ADP and PAR-1 TRAP (thrombin analog).  The 
40kD isoform was also detected in platelet lysate and releasates 
produced by ADP and PAR-1 TRAP, but was absent in epinephrine 

Figure 1. Western blot probed sequentially 
with antibody to VEGF (top) and PF4 (bot-
tom).  Platelet releasate samples (left) were 
from cells stimulated with: epinephrine 
(Lane E); U46619 (Lane U); ADP (Lane A) and 
PAR-1 TRAP (Lane T).  Cell lysate samples 
were from platelets (Lane PL) and serum-
free cultured megakaryocytes (Lane Meg).  
MW = molecular weight marker, kilodalton 
sizes at right.  Non-reducing conditions 
allowed detection of VEGF isoform dimers 
(40-50kD) and PF4 dimers (12kD). 

Figure 2. Laser fluorescence confocal micro-
graphs showing VEGF immunostained green and 
actin (left) or β-tubulin (right) immunostained 
red; scale bar (e) was the same for all images.  
Panels (a) through (c) show extended focus 
images of: (a) both channels, (b) VEGF and (c) 
actin. Panels (d) through (f) show deconvolved 
rendered 3D fluorescence views of platelets 
from top, tilted and side-on; panels (g) and (h) show the corresponding isosurface images.  The flatness and presence of intact tubulin rings in-
dicate that the platelets were in the resting (i.e. unactivated) state.  VEGF was observed to be localized in small granule-like bodies distributed 
throughout the cell and mostly contained within the cytoskeleton defined by actin and tubulin. 

Table 1. Results of whole-cell colocalization analysis with protein pairs shown in Figure 3.  
Averages for n platelets are shown for statistics generated by the Volocity 3 colocalization 
module: Pearson correlation coefficient, overlap coefficient and the Manders coefficients Mx 
and My (± SD).  *=p<0.05.

X 
(green)

Y
(red)

Pearson 
Coefficient

Overlap 
Coefficient Mx My n

VEGF

Tubulin 0.327 (±0.103) 0.378 (±0.104) 0.551 (±0.148) 0.682 (±0.135) 29

Fibrinogen 0.183 (±0.069) 0.239 (±0.071) 0.384 (±0.097) 0.466 (±0.091) 48

VWF 0.133 (±0.038) 0.201 (±0.054) 0.322 (±0.090) 0.535 (±0.125) 19

GAPDH 0.154 (±0.041) 0.235 (±0.030) 0.392 (±0.061) 0.384 (±0.073) 16

CD61 0.276 (±0.082) 0.339 (±0.075) 0.510 (±0.081) 0.627 (±0.129) 32

CD63 0.147 (±0.055) 0.181 (±0.061) 0.342 (±0.096) 0.694 (±0.138) 15

LAMP-1 0.273 (±0.054) 0.343 (±0.050) 0.610 (±0.064) 0.566 (±0.054) 24

β-Actin 0.546* (±0.075) 0.611 (±0.068) 0.848 (±0.040) 0.748 (±0.071) 30
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and U46619 releasates.  The megakaryocyte lysate contained the 
45kD VEGF isoform only, which was the most prominent isoform 
observed in Western blots of human plasma (data not shown). 

The secreted platelet protein PF4 was observed in all releasates 
and lysates in dimeric (~12kD) form.  Neither VEGF nor PF4 were 
detected in supernatants from untreated platelets (not shown).  

Localization of VEGF within platelets
Since the aim of this study was to characterize the physio-

logical role of platelets as VEGF transporters, it was important to 
examine cells under conditions that were as normal as possible.  
Unactivated platelets are known to be flat, elliptical cells 2-5µm 

across with intact peripheral β-tubulin rings 
[10].  The initial immunohistological analy-
sis shown in Figure 2 confirmed that most 
of the cells in our platelet preparation were 
flat, unactivated (i.e. resting) platelets. This 
figure also shows the advantage of using 
laser fluorescence spinning-disk confocal 
microscopy, which is capable of providing 
high-resolution 3D images of small cells like 
platelets that allow for precise localization of 
proteins.  These images consistently showed 
VEGF to be localized in small granule-like 
bodies distributed throughout the cell, 
mostly contained within the boundaries 
of the cytoskeleton defined by actin and 
tubulin.  When unpermeabilized platelets 
were immunostained for VEGF, very little 
signal was observed (not shown), indicat-
ing that washed platelets have little or no 
detectable VEGF on their surface (platelet 
spreads exposed to secondary antibodies 
showed no detectable signal at the laser ex-
posure times and intensities used to detect 
immunostaining).  

The possible colocalization of VEGF 
with other platelet proteins, including those 
known to be secreted, was examined by co-
staining cells and looking for indications of 
overlap in the form of yellow, which results 
from the merging of red and green (e.g. as 
seen for VEGF and both  actin and tubulin 
in Figure 2).  Figure 3 shows that no such 
overlap was observed for the α-granule pro-
teins fibrinogen and VWF, the dense gran-
ule/lysosome proteins CD63 and LAMP-1, 
the cytosolic enzyme GAPDH, or the cell 
surface receptor protein CD61.  Similar 
results were obtained from a whole-cell pro-
tein colocalization analysis (Table 1), where 
individual double-stained platelets were 
examined via the Volocity 3 colocalization 
module.  Averages from a minimum of 15 
cells were calculated for the Pearson cor-
relation coefficient, overlap coefficient and 
the Manders coefficients Mx and My [11].   

The only significant whole-cell colocalization observed for VEGF 
was with α-actin (significance of Pearson correlation coefficient < 
0.05). 

Discussion
The analysis of platelet lysate detected three prominent dimeric 

isoforms of VEGF in platelets, with approximate molecular weights 
(MW) of 40, 45 and 50kD (Figure 1). The 50kD VEGF isoform 
was observed in all platelet releasate samples, showing that it is 
released by platelets stimulated by both the strong agonists U46619 
(thromboxane A2 analog) and PAR-1 TRAP (thrombin analog), 
and also by the relatively weaker agonists ADP and epinephrine. 

Figure 3. Left side of each row shows extended focus fluorescence images of four sample 
platelets.  The right side shows a 3D fluorescence image of a tilted platelet and its corre-
sponding isosurface image.  In all cases, VEGF is represented by green while red indicates 
(a) tubulin, (b) fibrinogen, (c) von Willebrand factor, (d) GAPDH, (e) CD-61, (f) CD-63, (g) 
LAMP-1, and (h) actin.  Cellular locations of these proteins are listed at right.  Scale bar in (a), 
left, was same for all images.
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The 40kD isoform was also evident in the ADP and PAR-1 TRAP 
releasates, but not in those produced by epinephrine and U46619. 
Interestingly, the 40 and 50kD VEGF isoforms were not observed 
in the megakaryocyte lysate, where the predominant form was the 
45kD isoform also seen in platelet lysates and plasma. This suggests 
that while megakaryocytes and plasma represent likely sources 
of the 45kD VEGF isoform, platelets may take up, synthesize or 
modify the 50kD and 40kD VEGF isoforms on their own, possibly 
packaging them in granules for release.

The location of VEGF in platelets was determined via 
immunostaining of platelets that were first confirmed to be in a 
resting, inactivated state (Figure 2).  They were thus expected to 
present an accurate picture of normal cellular structure, including 
the location and content of secretory bodies such as granules.  The 
method used to image immunostained proteins was laser fluores-
cence confocal spinning-disc microscopy.  This method combines 
the advantages of high optical resolution in three dimensions, high 
signal to noise ratio (due to laser excitation of fluorophores) and 
minimal sample bleaching (due to the spinning disc), all useful in 
imaging small cells like platelets.  The image acquisition and pro-
cessing software used (Volocity) allowed for seamless integration 
of image capture, 3-D reconstruction and deconvolution (essential 
for resolving small structures like platelet granules), rendering and 
colocalization analysis.    

We observed VEGF to have a mostly granular distribution 
pattern, with many small concentrations distributed throughout 
resting platelets.  This is similar to the patterns observed for the 
α-granule proteins fibrinogen and vWF (Figure 3), however, no 
significant overlap was detected between VEGF and either of 
these proteins (which we and others have observed to show little 
or no colocalization within platelet granules [8]).  The observed 
colocalization of VEGF with actin is consistent with the abundance 
and ubiquitous distribution of the latter protein, which also shows 
significant colocalization with most of the other proteins examined 
here (data not shown).  

We failed to detect substantial visual colocalization or sig-
nificant whole-cell colocalization of VEGF with GAPDH, CD-61, 
CD-63 and LAMP-1 (Figure 3, Table 1).  It has been proposed that 
when the Manders colocalization coefficients Mx or My exceed an 
arbitrary threshold value of 0.6, some “one-way” protein colocal-
ization may exist [11].  This was evident for tubulin and VEGF 
(My = 0.68), which showed visible overlap within the well-defined 
tubulin ring structure (Figure 2).  Thus most of the tubulin staining 
colocalized with VEGF, but most VEGF staining was located inside 
the ring and thus not associated with tubulin.  The My values for 
CD61 and CD63 indicate that some VEGF may also be associated 
with dense granules, lysosomes or on the cell surface, with VEGF 
being present in levels too low for easy visual detection via colour 
overlap.  

Taken together, our results are consistent with the conclusion 
that most of the VEGF contained in platelets is localized within 
secretory vesicles - since VEGF is released upon platelet activa-
tion - that are physically distinct from dense granules, lysosomes 
and the α-granules bearing fibrinogen or vWF.  The significant 
colocalization of fibrinogen and VEGF observed by others via 2-D 
fluorescence immunostaining [7] was not detected in our study, 
which used the more advanced high-resolution spinning-disc 

confocal laser fluorescence microscopy, along with computerized 
3-D image processing.  The use of image deconvolution appears to 
have been especially significant, since the platelet granule sizes we 
observed are much closer to those expected from electron micro-
scopic analysis than those evident in images published by others [7, 
8], which show relatively much larger immunostained bodies.  We 
also took steps to ensure we were analyzing unactivated platelets.

Conclusion
The purpose of this study was to investigate the intracellular 

localization and release of VEGF in platelets. VEGF was observed 
in platelet lysate and in releasates induced with both weak (ad-
enosine diphosphate, epinephrine) and strong (thromboxane 
A2 analog U46619, PAR-1 thrombin receptor activating peptide) 
agonists.  This demonstrates that strong stimuli are not necessar-
ily required for platelet VEGF release in vitro, and presumably in 
vivo.  Our high-resolution immunohistological analysis showed 
VEGF to have a particulate distribution pattern inside platelets, 
and contrary to one published report [7] VEGF was not localized 
to fibrinogen-bearing α-granules.  Rather, we observed VEGF to 
be distributed throughout the platelet interior in small clusters of 
numerous concentrations that showed no significant colocaliza-
tion with several known granule, organelle and cytoplasmic pro-
teins.  Although platelet VEGF appeared to be present in secretable 
protein pools, the details of its packaging and release remain to 
be determined.  Studies of platelet secretory vesicle contents are 
currently in an early stage, and given the limited number of such 
vesicles present in each platelet, it is unlikely that those we have ob-
served contain VEGF exclusively.  Thus an interesting future study 
would involve a more extensive colocalization analysis of VEGF 
with other proteins known to occur in platelet secretory granules, 
combined with the use of high-resolution immunohistochemical 
techniques to examine VEGF release from platelets. 
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Abstract
Cyclic nucleotide-gated ion channels (CNGCs) are a recently identified group of plant ion channels. There are 20 members in the family, 

and their function in plants is only starting to be understood. In this study, seven of these ion channels were analyzed for their importance in 
both basal and Resistance-gene (R) mediated pathogen defense signaling in Arabidopsis thaliana. In order to assess functional characteristics 
of these channels, A. thaliana knockout lines of the seven ATCNGCs (ATCNGC 3, 6, 11, 12, 13, 19, and 20) were obtained. Bacterial growth curve 
assays and ion leakage experiments were used to study the ATCNGCs for their role in pathogen susceptibility and the hypersensitive response. 
Plants deficient of any of these channels exhibited increased susceptibility to avirulent pathogens, but showed wild type susceptibility to 
virulent pathogen infection. From these results, it appears that ATCNGC 3, 6, 11, 12, 13, 19, and 20 play a critical role in the R-gene mediated plant 
pathogen defense signaling pathway.

Functional characterization of Arabidopsis thaliana 
cyclic nucleotide-gated ion channels 3, 6, 11, 12, 13, 
19, 20 with respect to basal and R gene mediated 
defense signaling

Introduction
A sophisticated signal transduction system is present in plants 

in order to respond to various stimuli such as pathogen infection. 
Previous studies have suggested that cyclic nucleotide gated ion 
channels (CNGCs) may play a critical role in the pathogen response 
pathway in plants. Over the past decade, the structural and func-
tional components of CNGCs have been studied. The Arabidopsis 
CNGC (ATCNGC) gene family consists of 20 members, and due 
to this large size, it is thought that ATCNGCs play functionally 
important roles in Arabidopsis [1].

The exact functions of ATCNGCs are still unknown, but it has 
been proposed that some CNGCs may function in the pathogen de-
fense signal transduction pathway, just after adenylyl cyclase (AC) 
[1]. Adenylyl cyclases are a diverse group of enzymes responsible 
for the production of the secondary messenger, 3’5’-cyclic adenos-
ine monophosphate (cAMP) from adenosine triphosphate (ATP) 
[2].  Initially there is a stimulus that is recognized, and through 
a series of events, the adenylyl cyclase is activated, and converts 
ATP to cAMP (Sup Fig. 1) [2]. The cAMP then binds and activates 
ATCNGCs, which allows ions such as calcium to enter the cell [1, 
2]. This influx of intracellular calcium results in the activation of 
calcium-dependant protein kinases, which in turn phosphorylate 
downstream effectors [1]. Also, calcium activated calmodulin in-
hibits the CNGCs, which allows for a tightly regulated system [1].

It has been hypothesized that some of the ATCNGCs play a 
critical role during plant pathogen infection. Essentially, there are 
two types of pathogens that can infect a plant: virulent or avirulent. 
Virulent pathogens induce a basal defence response upon infection 
[3]. Alternately, upon infection by avirulent pathogens, the plant is 
able to recognize the infection and mounts a rapid defense response 
which includes a hypersensitivity response (HR) [3]. The HR is nor-
mally characterized by programmed cell death around the infected 
area [3]. In studies by Yoshioka et al, one ATCNGC that has been 
shown to have pathogen related functions is a chimeric ATCNGC. 

This chimeric channel was identified in the constitutive expresser 
of pathogenesis related genes (cpr22) mutant, which has, among 
other phenotypes, an increased resistance to pathogen infection 
[4]. The cpr22 mutation is a 3-kb deletion that fused two CNGC 
encoding genes, ATCNGC 11 and ATCNGC 12, to generate a novel 
chimeric gene, ATCNGC 11/12 [4, 5]. It was found that this muta-
tion allowed for the production of a functional chimeric channel 
that results in the constitutive expression of pathogenesis related 
(PR) genes and spontaneous lesion formation [4, 5]. Also in this 
study, it was found that plants with knocked-out ATCNGC11 or 12 
channels had decreased resistance to avirulent H. parasitica isolate, 
Emwa1 [5]. However, the loss of ATCNGC11 and 12 did not affect 
the susceptibility to virulent H. parasitica isolate, Noco2 [5]. Since 
there are two responses mounted during pathogen infection, it is 
still unknown whether CNGCs play a role in one or the other, or 
perhaps even in both. However, from the experiments by Yoshioka 
et al., it was evident that these CNGCs had an effect on the R-gene 
mediated pathway, which will be discussed in more detail.  

In the R-gene mediated pathway, a specific Avr gene product 
produced by the pathogen is recognized by a plant specific resis-
tance (R) gene product, which allows for enhanced resistance for 
the plant against the pathogen [6]. There are several different classes 
of R genes, but the major classes contain a nucleotide binding site 
(NBS) and a leucine rich repeat (LRR) domain [7]. NBS-LRR 
R-proteins can be divided into two subfamilies whose members 
have at their amino termini, either a coiled-coil (CC) motif (CC-
NBS-LRR) or a motif related to the Drosophila Toll and mammalian 
interleukin (IL-1) receptors (TIR-NBS-LRR) [8]. In Arabidopsis, the 
TIR-NBS-LRR class R gene Rpm1 is able to recognize two different 
avirulent factors from P. syringae: avrB and avrRpm1 [7].

In this study, ATCNGC 3, 6, 11, 12, 13, 19, and 20 were analyzed 
for their importance in both basal and R-gene mediated pathogen 
defense signaling. Growth curve and ion leakage assays were used 
to characterize the functional importance of these ATCNGCs.



Journal of Undergraduate Life Sciences 45

Volum
e 3 

• 
N

o. 1 
• 

Spring 2009

Figure 1. Virulent DC3000 P. syringae growth assay. Bacterial growth 
count between Col-Wt and KO CNGCs 3, 6, 11, 12, 13, 19, and 20 at both 
0, 1, 2 and 3 days post infection (dpi). Growth was generally similar 
among each of the knockouts and Col-Wt, indicating that these CNGCs 
don’t play a prominent role in the plant basal defense pathway.

Figure 3. AvrRpm1 Ion Leakage Assay. HR development induced by 
avirulent P. syringae infection was quantified by measuring con-
ductivity as a result of ion leakage from submerged leaf disks. HR 
development induced by infection with P. syringae carrying avrRpm1 
resulted in decreased HR among the KOs and a representative trial is 
shown here.

Results
Knock-out CNGC morphology 

Photographs of 5 week old plants were taken to detect for any 
phenotypic differences.  There were no morphological differences 
that could be observed between these KO and Col-Wt. Pictures of 
KO lines ATCNGC 3, 6, 11, 12, 13, 19, 20 as well as Col-Wt can be 
seen in the Supplementary Figure 2. As depicted, the KO lines look 
almost identical to that of Col-Wt.

Knock-out CNGC genotyping
In order to ensure the correct knock-out plant was being used, 

and to avoid the risk of seed contamination, the genotyping of the 
KO CNGCs was done prior to several experiment runs.  Since each 
of the seven CNGCs requires different genomic primer sets, a total 
of seven different genomic primer sets were required.  On top of 
this, another primer set that distinguishes between a wild type and 
TDNA insertion gene was also used.  

Two different PCRs with two different primer sets were run 
for each of the KO CNGCs.  The first PCR contained primers that 
were gene specific only, with a left and right primer.  The second 
PCR contained primers that were specific to a region of the TDNA 
insertion as well as the right genomic primer of the normal CNGC 
gene.  By running two different PCRs and subsequently running 
the samples on a gel, the genotypes of the KO CNGC could be con-
firmed.  For the case of the genomic primers, no band on the gel 
should have been observed, as DNA fragment would be too large to 
be observed.  However, in the TDNA primer conditions, a recogniz-
able band should have been observed.  A representative gel sample 
of the genotyping of KO CNGC13 is shown in the Supplementary 
Figure 3. On this sample gel, 10 samples were genotyped with both 
the genomic and TDNA primers.  The top segment of the gel illus-
trates the condition with genomic primers.  As expected, no bands 
were observed in the KO samples.  As a control, Col-Wt was used, 
and under genomic primer conditions, a band was observed.  On 
the bottom segment of the gel, the TDNA conditions were shown.  
Also as expected, all the KO samples showed a band whereas the 
control Col-Wt did not show a band.  

Virulent DC3000 growth curve assay
In order to assess whether the various CNGC knock-out 

plants had a basal response to pathogen infection, we used a 
virulent strain of P. syringae, DC3000, in a growth curve assay. The 

effect of pathogen infection on our KO-CNGC lines was assessed 
quantitatively by counting the colony-forming units (CFU) on KB 
plates. We expected Columbia wild type to have a high CFU count, 
since this ecotype is susceptible to DC3000. We also expected all 
the CNGC knock-out lines to have increased susceptibility. Three 
trials were done to ensure the results were similar and conclusive. 
Figure 1 shows the results from one of these three trials where all 
the CNGC knock-outs 3, 6, 11,12,13,19, 20, along with Col-Wt 
were analyzed on a 3 day time period. It was found as a general pat-
tern that the KO CNGCs had similar amount of bacterial growth as 
Col- Wt, indicating that the CNGCs didn’t play a role in the plant 
basal defense signaling pathway.

AvrRpm1 growth curve assay
To assess whether the various CNGC knock-outs had an ef-

fect on R-gene mediated defense, an avirulent AvrRpm1 isolate 
of DC3000 P. syringae was used (Figure 2).  It was expected that 
Col-Wt would have less growth than the other knock-out CNGC 
lines, as the knock-outs were suspected to be involved in R-gene 
mediated pathogen response signaling. It was found that all of the 
knock-outs had greater amounts of bacterial growth 3 days post in-
oculation (dpi).  However, KO CNGC 11 and 12 showed less growth 
compared to the other knock-outs, but still had more growth than 
Col-WT.  These results support the idea that these CNGCs seem to 

Figure 2. AvrRpm1 DC3000 P. syringae growth assay.  Bacterial 
growth count between Col-Wt and KO CNGCs 3, 6, 11, 12, 13, 19, and 20 
at both 0, 1, 2 and 3 days post infection (dpi). Growth was greater in 
the KO CNGC’s than Col-Wt, indicating these channels may play a role 
in the R-gene mediated pathogen defense signaling.
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be involved in the R-gene mediated defense response.

AvrRpm1 ion leakage assay
Various ion leakage assays were done on the KO CNGCs to 

assess HR development induced by infection with avirulent P. sy-
ringae. The HR development was quantified by measuring of the 
amount of ions leaking from submerged leaf disks. In the assay, 
the plants were infected with P. syringae carrying avrRpm1. It was 
found as a general trend that all the KO CNGC lines had less ion 
leakage than Col-Wt, indicating that the KO’s had less HR. A rep-
resentative trial of one experiment is shown in Figure 3, depicting 
Col-Wt having greater ion leakage than the other KO CNGC lines. 
A control treatment of Col-Wt plants treated with just MgCl2 was 
used to show that without infection, the conductivity remained 
relatively the same throughout the experiment. As a general trend, 
the results from these experiments show the importance of CNGCs 
3, 6, 11, 12, 13, 19, and 20 in the R-gene mediated pathogen defense 
signaling, as the amount of HR seems to be less in these knocked-
out channels.

Discussion
In this study, the major purpose was to functionally charac-

terize specific cyclic nucleotide gated ion channels (CNGCs) in 
Arabidopsis that were suspected to be involved in the pathogen re-
sistance pathway. T-DNA insertion knock-out plants of ATCNGC 
3, 6, 11, 12, 13, 19 and 20 were analyzed for pathogen defense 
signaling using both growth assays and ion leakage experiments. 
It was found that the morphology of all the transgenic lines were 
the same as Col-Wt, indicating that no noticeable morphological 
changes were present.

Results from previous experiments, as well as microarray 
analysis done by our lab have indicated that CNGC’s 3, 6, 11, 12, 
13, 19, and 20 are upregulated during pathogen infection. For this 
very reason, these seven channels were used for further functional 
experiment assays trying to deduce whether they were indeed in-
volved in the pathogen defense signaling pathway. As well, results 
from Yoshioka et al., have shown that knock-out CNGC11 and 12 
lines have greater pathogen growth when infected with an avirulent 
pathogen, but similar growth to that of wild type plants when in-
fected by a virulent pathogen [4]. This indicates that CNGC11 and 
12 may play an important role in the R-gene mediated pathogen 
defense pathway rather than the basal response.

In the KO-CNGC virulent growth curve assay, it was found 
that when these plants were infected with DC3000, growth in the 
KOs was relatively the same as Col-Wt 3 dpi. This was what we pre-
viously hypothesized, as similar growth between the KO CNGCs 
and Col-Wt was expected. The results from the DC3000 virulent 
growth curve assay show that the CNGCs analyzed don’t play a role 
in the basal defense signaling pathway.

Another growth curve assay using an AvrRpm1 isolate of 
DC3000 P. syringe was done to assess avirulent growth on the seven 
KO CNGCs. It was found that every KO CNGC had a greater bac-
terial growth count 3 dpi when compared to Col-Wt. However, KO 
CNGC 11 and 12 showed less growth compared to the other knock-
outs, and showed closer growth to Col. This was unsuspected, since 
previous results showed that KO CNGC11 and 12 had considerably 
increased growth compared to Col-Wt [4]. Nonetheless, these two 

KO CNGCs along with the other five (CNGC 3, 6, 13, 19, 20), showed 
greater bacterial growth than that of Col-Wt, indicating that these 
CNGCs may be involved in the R-gene mediated pathogen defense 
signaling pathway, as previously hypothesized. Since the avrRpm1 
gene of the bacteria is recognized by the plant Rpm1 gene, these 
CNGCs may play a pivotal role only in this pathway [7]. The Rpm1 
protein is a NBS-LRR protein of the TIR class [7]. Another R-gene, 
Rps4, is also a NBS-LRR protein, but is of the coiled-coil sub-class 
(CC-NBS-LRR) [7]. Growth curve assays on avrRps4 P. syringae 
must be done to assess whether these CNGCs give similar results 
as with the avrRpm1. Finally, growth curve assays using avrRpt2, 
which is recognized by the R-gene Rps2 may be done to explore 
further TIR-NBS-LRR R-genes. These experiments collectively will 
allow us to demonstrate whether these CNGCs affect this R-gene 
mediated defence pathway [7].

Along with growth curve assays, the KO CNGCs were also 
subjected to ion leakage assays with the avirulent isolate avrRpm1 
of DC3000 P. syringae. An ion leakage assay was done to quantify 
the HR produced by the plant tissues when infected by measuring 
the conductivity. Normally, when plants are infected with patho-
gens or during cell death in general, ions are released. It was found 
that the KO CNGCs had less ion leakage indicating that they have a 
reduced development of HR than Col-Wt. This indicates that these 
CNGCs play a role in the HR development, which is carried out 
through the R-gene mediated defense pathway. These results coin-
cide with the avrRpm1 growth curve assay where the KO CNGCs 
showed increased pathogen growth. So it appears that not only is 
there less HR development in the KO CNGCs but also, pathogen 
growth rates increase in these knockout, strongly suggesting that 
these CNGCs, 3, 6, 11, 12, 13, 19 and 20, play an important role in 
the R-gene plant defense pathway.

The findings gained from the analysis of these KO CNGCs 
have given greater insight into whether these channels play a 
critical role in the pathogen defense signaling pathway. From the 
results conducted in this study, it appears that CNGC 3, 6, 11, 12, 
13, 19 and 20 play a role in the R-gene mediated defense pathway, 
but don’t seem to be involved in the basal defense signaling system. 
However, to make further conclusions additional experimentation 
is required. For the KO CNGC study, more growth curve assays 
with avirulent effector proteins such as avrB, avrRpt2 and avrRps4 
must be done. Ion leakage assays with the different effector pro-
teins must also be done. Further insight into the function of these 
CNGCs can provide us with greater understanding of plant signal 
transduction pathways.

In conclusion, our results show that ATCNGCs 3, 6, 11, 12, 13, 
19 and 20 are involved in the R-gene mediated defence signalling 
pathway. However, these CNGCs are not involved in the plant basal 
defense pathway. Further work is required to determine the exact 
function of these CNGCs in the plant defense response.
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Abstract
The predation risk hypothesis states that foraging behaviour, and therefore nutrient intake, should be reduced when individuals perceive 

a predator threat. A variety of cues – visual, auditory, olfactory – are used to detect the presence of predators. In birds, many species use visual 
cues while foraging in flocks.  This ensures at least one individual is vigilant within the group, and the individual is able to warn the other group 
members of impending danger. Conversely, some bird species are solitary foragers and do not rely on conspecifics to warn of impending danger. 
Therefore, we sought to test whether solitary foraging birds use auditory cues to assess predator presence using the Ruby-throated Humming-
bird (Archilochus colubris) as our model organism.  We played recordings of predatory Blue Jay (Cyanocitta cristata) and Sharp-shinned Hawk 
(Accipiter striatus) calls in the vicinity of foraging Ruby-throated Hummingbirds. The subsequent number of sips taken from nectar feeders was 
recorded as a measure of foraging intensity. Foraging intensity under perceived threat was compared to foraging intensity while non-predatory 
American Goldfinch (Carduelis tristis) call was played and while no simulated call was played. Foraging intensity was significantly reduced under 
predator call playback relative to foraging intensity under the control treatments. There was no significant difference between the two negative 
control treatments, which suggests playing back a previously recorded bird call had no significant effect on foraging intensity. Auditory cues are 
therefore important for the Ruby-throated Hummingbird, and possibly other solitary foraging bird’s assessment of predator risk.

Introduction
For many animal species, foraging in the open poses a risk for 

predation. A tradeoff occurs while foraging under these conditions; 
individuals must allocate enough time to obtain sufficient nutrients 
while conversely reducing the time spent foraging to avoid possible 
predation. Concurrently, the predation risk hypothesis states dur-
ing periods of low predation risk, foraging will be relatively high as 
compared with periods of high predation risk [1]. 

There are several behavioural adaptations in animals to help 
assess predation risk. Some adaptations include the use of auditory, 
olfactory and visual cues to perceive the presence of a predator. 
Bumblebees, for example, use indirect olfactory evidence of its 
common ambush predator by avoiding flowers that have the scent 
of a freshly killed bumblebee [2]. In birds, visual cues are often used 
to detect approaching predators. Many species will flock, foraging 
in tightly packed groups to reduce the risk of predation, as more 
than one individual at a time is presumably looking out for preda-
tors using visual cues [3, 4]. Solitary foraging birds cannot rely on 
this ‘many eyes’ vigilant mechanism and therefore, must use other 
cues to detect predator presence.

The Ruby-throated Hummingbird (Archilochus colubris) is an 
example of a solitary foraging bird. These hummingbirds do not 
depend on cues from conspecifics to assess whether it is safe to 
forage.  Predators of this hummingbird species, such as the Blue 
Jay (Cyanocitta cristata) and Sharp-shinned Hawk (Accipiter stria-
tus) are common throughout the Ruby-throated Hummingbird’s 
summer range.  As the Ruby-throated Hummingbird is a small 
bird with a high metabolism; it forages most of the day to obtain 

enough stored nutrients to survive the night [5]. In addition, Ruby-
throated Hummingbirds spend a long time taking sips from nectar 
feeders which is often done with their back exposed, in a position 
that does not allow visual cues to be used (pers. obs.). This species 
should therefore demonstrate a clear tradeoff between obtaining 
enough nutrients for survival, due to its high metabolic demand, 
while reducing time at risk of predation. 

We sought to test whether Ruby-throated Hummingbirds 
use auditory cues to assess predator presence, and if foraging will 
decrease when a predator is perceived to be in close proximity. If 
auditory cues are used by the Ruby-throated Hummingbird, we 
expect foraging intensity to be modified according to perceived 
severity of predation risk. The Sharp-shinned Hawk is a common 
predator of this hummingbird species, thus we expect foraging 
intensity to decrease significantly while a hawk call is within range, 
relative to foraging under other simulated bird calls. 

Materials and Methods
The Study System

This study was carried out at the Koffler Scientific Reserve at Jokers 
Hill, King City, Ontario (44° 03’ N, 79° 29’ W). The Ruby-throated 
Hummingbird breeds in the area, and pairs have been observed in 
suitable habitats during breeding season [6]. As the Ruby-throated 
Hummingbird has a high metabolism, it must forage steadily throughout 
the day, which makes observations on its foraging behaviour relatively 
easy. The American Goldfinch is also present throughout the sum-
mer, along with the predatory Sharp-shinned Hawk and Blue Jay [6].  
Therefore, the Ruby-throated Hummingbird potentially encounters 
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Use of auditory predation cues in the Ruby-throated 
Hummingbird (Archilochus colubris)
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these species regularly, and must display vigilant behaviour to avoid 
predator encounters.

Sampling
Sampling took place across four sites within the study site: outside the 

classroom, Racing Barn, mansion garden and Willow Ridge (Fig. 1). Nectar 
feeders were set up at all of these sites. The hummingbirds were habituated 
to the feeders for at least 24 hours and allowed to forage ad libitum.

Experimental Method
One of four sound treatments was administrated over a period of 10 

minutes. No simulated call and the American Goldfinch call were played 
to simulate the absence of a predator (control treatments) whereas the 
Blue Jay call and Sharp-shinned Hawk call were played to simulate the 
presence of a predator.  Intensity of foraging was measured by counting 
the number of ‘sips,’ beak insertions into the nectar feeder, during each 
treatment. During the 10 min treatment, each 15-second call was played 
once a minute. There was a five minute habituation period before the start 
of treatments where the experimenter would sit in position while no call 
was played. Treatments were applied one after the other in random order. 
Two to eight replicates were performed at each site.

Statistical Analysis
A chi-squared goodness of fit test was used to determine if there was 

a difference between the number of sips observed during each treatment. 
One outlier was not included in the data (day: 2, sample: 2, site: Racing 
Barn). We used the Chi-squared test to compare foraging intensity across 
all four treatments.  P-values were adjusted for six post hoc Chi-squared 
tests by applying a Bonferroni correction.

Results
The number of sips observed at each location during each 

treatment were significantly different (Χ2 = 70.52, P α=0.05 < 0.001, 
d.f. = 9; see Fig. 2). Foraging intensity was not significantly dif-
ferent between the American Goldfinch call and no simulated call 
(X2 = 0.066). Similarly, foraging intensity was not significantly dif-
ferent between the Sharp-shinned Hawk call and Blue Jay call (X2 
= 5.429).  All other comparisons of foraging intensities between 
treatments were found to be significantly different (Fig. 2). 

Discussion
Foraging intensity significantly decreased while both predator 

calls, the Sharp-shinned Hawk and Blue Jay were played relative to 
foraging intensity recorded under the American Goldfinch and no 
simulated call (Fig. 2).  We conclude auditory cues are used by the 
hummingbird as predator detection mechanisms in the absence of 
other cues.  In this experiment, visual cues did not factor into vigi-
lant behaviour as bird calls were played from computer speakers 
to simulate predator presence.  There was no significant difference 
between foraging intensity under the American Goldfinch call and 
no simulated call treatment (Fig. 2). This suggests playing a sound 
of a non-threatening bird call has no effect on foraging behaviour. 
In addition, it indicates that the hummingbirds were not just react-
ing to the ‘noise’ of the Sharp-shinned Hawk and the Blue Jay call 
playback.

Predator detection using auditory cues may be a primary vigi-
lant mechanism, as foraging was often resumed within seconds of 

the call being played. Hummingbirds would hear the call, stop for-
aging, look around, and then continue foraging after no predatory 
bird was in sight. Hence, visual cues may be used to confirm preda-
tor threat, after auditory cues initially indicate possible danger.

Under the hawk call treatment, foraging tended to decrease 
compared to foraging under the Blue Jay treatment, though not 

Figure 2. Effect of location and bird call treatment on foraging 
counts in Ruby-throated Hummingbirds (Archilochus colubris) 
(n=20). ‘Total’ data points labeled with different letters are signifi-
cantly different from each other. There was a significant effect of 
location on foraging intensity (χ2 = 70.52, p<0.01, d.f. = 9).  Foraging 
intensity under the two control treatments did not differ and simi-
larly, foraging under the two predatory birdcall treatments did not 
differ.  Foraging under the predatory birdcalls (Blue Jay and Sharp-
shinned Hawk) differed in comparison to each control (No call and 
American Goldfinch).  ‘*’ and ‘**’ denote significance from foraging 
counts under no call and American Goldfinch treatment, respectively. 
χ2 values are shown in the figure.  Comparisons were found to be 
significantly different if the calculated Chi-squared statistic exceeded 
the tabulated Chi-squared statistic at α=0.008 level of significance 
(obtained from the Bonferroni correction; tabulated X2 

α =0.0083 = 6.97, 
d.f. = 1)

Figure 1.  Location of study sites within Koffler Scientific Reserve at 
Jokers Hill, King City, Ontario.  (1) Willow Ridge, (2) Classroom, (3) 
Racing Barn, and (4) Mansion Garden. (Google Earth)
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significantly (Fig. 2). Nevertheless, a clear pattern described by 
the predation risk hypothesis is seen. When predators were not 
perceived present (under the control treatments), foraging was 
at a relative maximum, while foraging behaviour under predator 
treatments significantly decreased to ensure safety from predators. 
Skals et. al. found similar results when testing the effect of auditory 
cues from predatory bats on the silver Y moth, Autographa gamma 
[7] . The authors found the moths alter their foraging behaviour in 
response to simulated predatory bat calls. When encountered with 
auditory stimuli from predators, fewer moths reached the odorous 
food resource [7]. The moths that did reach the food resource, took 
250% more time in reaching it [7].

Habituation to the simulated bird call may have occurred over 
time as the hummingbirds learned there was no immediate threat 
associated with the call. However, Quinn et al. found chaffinches 
(Fringilla coelebs) did not habituate to noise over the duration of his 
experiment, which tested the effect of background noise (or ‘white 
noise’) on vigilant behaviour [8]. As calls in our experiment were 
played through computer speakers, background noise, in the form 
of static, associated with the recordings may have been an issue. 
Quinn et al. found background noise hindered auditory cue detec-
tion in chaffinches and this was compensated through an increase in 
rate of visual scanning, thus decreasing the time spent foraging [8]. 
However, the background noise in Quinn et al.’s study reached up to 
75 decibels [8]. This was similar to the bird call volume within our 
experiment, but not with the background noise associated with it.

The location to which we sampled had a significant effect on the 
foraging behaviour of Ruby-throated Hummingbirds (Χ2 = 70.52, 
P α=0.05 < 0.00, d.f. = 9; Fig. 2). This result may be due to the novel ap-
pearance of the nectar feeders on our study sites. The nectar feeders 
located outside the classroom were already established prior to the 
start of the experiment, whereas the other nectar feeders were put 
in place a couple of days before the start of the experiment. The 
hummingbirds took longer to locate the newly stocked sites. Each 
of these sites also differed in plant composition and refuge cover. 
Some bird species are known to increase scanning with increasing 
distance to refuge [9]. As scanning increases, foraging counts de-
crease. Thus, differences in refuge between the four sites may have 
led to the significant effect of location.

Conclusion
Ruby-throated Hummingbirds showed a clear tradeoff be-

tween maximizing foraging behaviour under no risk of predation 
while reducing foraging behaviour under perceived risk of preda-
tion. Auditory cues were used to asses this predatory risk. Use of 
this type of cue may only be a primary vigilant mechanism, as 
scanning often occurred during and shortly after predator call 
playback. The type of refuge available may also have had an effect 
between foraging at the different locations as birds often respond 
to uncertain environments by increasing scanning, thus reducing 
foraging counts [9].  Similar experiments in testing other solitary 
foraging birds in their ability to detect predator presence through 
auditory cues offer future studies as this subject is poorly known.
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Introduction 
Ultra High Radio Electromagnetic Fields (UHR-EMF) are 

emitted by common electronic communication devices such as 
cordless phones and wireless routers operating in the 800 MHz to 
2400 MHz range. The effects of these waves on the human physi-
ology have raised concerns, particularly their implication on the 
functioning of the human brain. Several physiological impacts of 
these EMFs have been reported through human behavioral stud-
ies, including decreased reaction time to stimuli and their gender 
specific effects on human cognitive ability in response to increased 
exposure to pulse modulated EMF [1, 2]. Another study also found 
that high frequency radio waves altered the regional cerebral blood 
flow [3]. As a medical application, EMFs have also been suggested 
as non-invasive alternatives for controlling brain physiological ac-
tivities [3, 4]. The EMFs generated by wireless devices are no excep-
tion in producing such effects and warrant further understanding 
of the physiological risks involved with their daily use.

One of the ways to study the function of the brain is by 
measuring its electrical activity through electroencephalography 
(EEG). EEG signals are generated by inhibitory and excitatory 
postsynaptic potentials of cortical nerve cells and recorded by 
electrodes attached to the subject’s scalp [5]. Extensive scientific 
studies have correlated different EEG signals to different human 
behavioral activities [6]. The Delta band (< 4 Hz) has been associ-
ated with drowsiness, the Theta and Alpha bands (4 – 13 Hz) are 
predominantly observed in individuals feeling relaxed, and the 
Beta band (13 – 30 Hz) represents active thinking [7]. Changes in 
the amplitude or power of these frequency bands represent changes 
in brain activity that could potentially have important physiologi-
cal implications.

The principal aim of this study was to investigate the short-
term effects of UHR-EMF on the electrical activity of the brain. 

Previously, Regel and Huber independently documented an increase 
in the power of Alpha bands upon exposure to EMFs generated at 
900 MHz [3, 8]. Such observations established the precedence for 
our study. We hypothesized that exposure to high frequency radio 
waves would transiently alter the resting EEG in one or more of 
these frequency bands, and that the use of an EMF shield, which 
blocks out ambient radio waves, would negate this effect of high 
frequency radio waves on the resting EEG.

Materials and Method
Participants

Data from 6 healthy male and 4 healthy female subjects was collected. 
The subjects were free of any apparent neurological symptoms, and were 
between the ages of 18 and 25.

Exposure Equipments
Two sources of UHR-EMF were used in this study: a cordless phone 

(GM 900) with an emission frequency of 900 MHz and power density of 
0.101 µW/cm2 and a wireless router (Linksys WRT54GL) with an emission 
frequency 2.4 GHz and power density of 0.0676 µW/cm2. A hood-shaped 
EMF shield, made of a double layer of Farabloc® material, was also used. 
This material has been demonstrated experimentally to significantly block 
EMF above 1000 Hz (1 MHz). 

Test conditions
Each subject was exposed to a total of 5 different conditions. In one 

condition the subject was exposed to the EMF emissions from the cordless 
phone (PhoneON) positioned on the left side of the head in the typical 
phone orientation. The phone was functioning ‘in call’ without conversa-
tion. An identical condition, which involved the cordless phone switched 
off (PhoneOFF), served as the sham treatment. In the third test condition, 
the subject was exposed to emissions from the wireless router placed at 
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a distance of 2 m in front of the subject’s head, equidistant 
from either side. The fourth test condition involved the 
hood covering the entire head and neck region of the subject 
(Hood) making the brain virtually devoid of any exposure 
to high frequency radio waves. In the fifth condition, which 
served as the control, all experimental sources of UHR-EMF 
were turned off and the hood was removed; the subject was 
only exposed to ambient EMFs. 

Preparation and Data Collection
A 32-electrode cap was used in this study. Each electrode 

allows for detecting brain activity pertaining to its respective 
region on the scalp, giving rise a distinct EEG pattern. The 
reference electrode was positioned on the forehead between 
the eyebrows where the brain activity variability is minimal. 
Subjects were seated on a comfortable chair, with the head resting on the 
chair, in a relaxed position. The impedance of the scalp-electrode interface 
was adjusted to about 10 kΩ by the injection of electrolyte paste into the 
electrodes. During EEG recordings, eyes were closed, visual and auditory 
distractions were minimized, and no significant movements were made by 
the subject. 

A total of 15 EEG recordings were made: three 100 second recordings 
associated with each of the five test conditions. A 30 s ‘resting’ period was 
allotted after each EEG recording. In order to eliminate the confounding 
effect of time-dependent tiredness and relaxation on the EEG pattern, the 
order of the test conditions was completely randomized throughout the 15 
recordings, independently for every subject. 

The EEG signals from all electrodes were recorded by Grass ampli-
fiers, and digitized by a National Instruments interface which was in turn 
controlled by data acquisition software written in Labview 8.5. Signals at 
each electrode were sampled at a rate of 256 s-1 in a bandwidth of 1-100 Hz. 
Subsequently, all EEG traces were scanned, and artifacts that are normally 
a consequence of occasional muscle twitches and mechanical interferences 
were removed.

Data analysis
Three physiologically significant frequency bands from the EEG 

traces were considered in this study: Delta band, Theta/Alpha band, and 
Beta band. These frequency bands were selected and their powers were 
calculated for all channels. The spectral power for the left hemisphere 
(channels 2 – 16) and the right hemisphere (channels 19 – 35) were aver-
aged separately. The spectral power for each channel was normalized with 
respect to the average power of all the channels in each recording event 
for each subject. The spectral powers of the subjects were averaged and 
comparisons were made between different test conditions using paired 
student t-test with two-tailed significance. 

In order to assess the effects of UHR-EMF, the spectral powers associ-
ated with PhoneON and Wireless Router were compared with the Control 
and PhoneON was compared with PhoneOFF, for each side of the brain. 
Spectral powers associated with Hood were also compared with Control 
and PhoneON to examine the EMF shielding effects.     

Results
Direct EMF exposure

The analysis of the average spectral powers in the Delta band 
(PD), Alpha/Theta bands (PA+T), and Beta band (PB) of all subjects 
as a whole, revealed no significant changes (p > 0.05) in the elec-

trical activity of the brain upon exposure to UHR-EMFs emitted 
from the phone. However, the EEG patterns of two subjects were 
significantly increased, suggesting an individual variation in the 
sensitivity to these EMFs. No significant disparity in response to 
UHR-EMF was observed between the left hemisphere (LH) and the 
right hemisphere (RH) of the brain. (Table 1, Figure 1a)  In order 
to eliminate any confounding effects of subject’s awareness of the 
phone, a comparison between the PhoneON and the sham treat-
ment – PhoneOFF, was made. No statistically significant changes 
were observed, confirming that the EMF emissions from the phone 
were not imposing any changes to the EEG. Similar results were 
obtained when comparing the wireless router treatment with the 
control (data not shown).

EMF shield
In order to determine whether or not EMF shielding influ-

ences the EEG pattern in an opposite manner compared to that of 
EMF exposure, spectral powers associated with Hood treatment 
were analyzed. 

Comparison between average spectral powers revealed that 
EMF shielding – Hood treatment – significantly (p < 0.05) reduced 
power of all frequency bands compared to the control (Figure 1b); 
PD, PA+T, and PB were reduced by 10% - 30% on either side of the 
brain (Table 1). In order to further investigate the effectiveness of 
the hood, average spectral powers of PhoneON and Hood treat-
ments were also compared. A similar trend of decrease in spectral 
powers of all three frequency bands was noted (Figure 1c).    

Discussion
The purpose of this study was to investigate the short term ef-

fects of UHR-EMF exposure on the electrical activity of the brain 
using EEG power analysis of three physiologically relevant frequen-
cy bands - Delta, Alpha/Theta, and Beta. We have demonstrated 
that the exposure to high frequency radio waves does not impose 
significant changes on any of these frequency bands in short term 
EEG patterns, rejecting our hypothesis that UHR-EMFs transiently 
alter the electrical activity of the brain. This finding is in agreement 
with the results reported by some previous studies. Rochske and 
Mann found no significant changes in the spectral power of healthy 
male volunteers that were exposed to EMF emitted at 900 MHz [9]. 
Hietanen and colleagues also found no effects on the EEG by several 
different cell phones emitting at different frequencies [10]. 

  Frequency Bands Power (!V
2
/Hz) 

Test Conditions 
  PD  SE PA+T  SE  PB SE 

LS 0.167028  0.005228 0.135772 0.006558 0.164575 0.004295 
Control 

RS 0.164697 0.005401 0.147623 0.004469 0.156625 0.004481 

LS 0.11641 0.018582 0.12096 0.013167 0.133706 0.017238 
Farabloc

® 
Hood 

RS 0.110364 0.016402 0.126106 0.009333 0.122895 0.012707 

LS 0.160463 0.005944 0.134906 0.007099 0.158559 0.004816 
Cordless Phone ON 

RS 0.157475 0.008161 0.143247 0.00495 0.158135 0.006484 

LS 0.161059 0.006663 0.143157 0.00626 0.164535 0.004287 
Cordless Phone OFF 

RS 0.145556 0.010221 0.142157 0.005872 0.1565 0.005914 

LS 0.159341 0.008822 0.138736 0.005088 0.161574 0.003434 
Wireless Router 

RS 0.156937 0.012124 0.147573 0.004823 0.157458 0.006199 

!

Table 1. Spectral powers of all the frequency bands in each test condition. The 
average powers and the standard errors (SE) in each frequency band,   associated 
with each test condition for the left hemisphere (LS) and the right hemisphere 
(RS).
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  Nevertheless, there are a few studies that have reported an 
increase in the alpha waves in response to cell phone EMF expo-
sure [3, 8, 11, 12]. For instance, Huber et al reported an increase in 
the power of alpha activity; however it was observed in simulated 
conditions using pulse modulated waves [3]. The difference be-
tween the reported results can be attributed to several factors. First, 
given the considerable difference in the protocols and the settings 
of these studies, it is reasonable to expect different results being 
produced. Second, these studies have considered different periods 
of exposure to EMF and studied the changes in the EEG on differ-
ent time scales. We considered the immediate changes in the EEG 
signals during 100 seconds EMF exposures, whereas some studies 
examined EEG signals up to 30 minute after exposure [8]. 

This is the first study to explore the effects of EMF shields on 
human brain activities using EEG. Based on the current literature, 
which suggests that EMFs may cause an increase in EEG spectral 
power [8, 11, 12], it is reasonable to expect the Farabloc® hood, act-
ing as an EMF shield, to cause a decrease in EEG spectral power. 
Given that the Farabloc® hood treatment did result in a significantly 
lowered spectral power compared to both the cordless phone and 
the control (Figure 1b, c), we cannot rule out the possibility that 
ambient radio waves are chronically affecting human resting EEG. 
Some may argue that the decrease in the spectral power may be, 
at least partly, attributed to a reduction in perceived light intensity 
caused by the hood; however, it is generally accepted that a reduc-
tion in light intensity—as the case when closing the eyes—increases 
the power of alpha waves [5]. Similarly, any drowsiness elicited by 
darker conditions would increase EEG power in the Delta band, 
the opposite of what was observed [5].

Since the Farabloc® hood tests indicated that ambient radiation 
has a significant effect on the resting EEG, an alternative explana-
tion for our results is feasible. The ambient radiation may have a 
tonic ‘saturating’ effect on EEG such that an extra influence from 
phasic EMFs produced by the cordless phone and router is occlud-
ed. Moreover, all of the subjects were regular cellphone users; their 
brains may have adapted to the EMFs used in this study. For future 
studies, it would be perhaps insightful to extend the investigation to 
incorporate subpopulations that are more sensitive to EMFs emitted 

by wireless devices. Also, given the difficulty faced in comparing our 
results with previous similar studies, we propose the incorporation 
of a standardized set of protocols and test conditions that would 
allow for more meaningful interpretations of the results.

Conclusion
The present data provides no evidence for an immediate effect 

of acute UHR-EMF exposure on human EEG. Our results imply 
that the everyday utilized wireless communication devices, such 
as wireless phones and routers, have little (if any) influence on the 
electrical activity of the brain in the short term. However, exposure 
to ambient EMFs may be chronically influencing brain activity as 
demonstrated by the hood treatment. 
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Figure 1. Comparison between average powers of different test conditions in the right

hemisphere of the brain. The comparisons of powers associated with delta, theta/alpha, and

beta bands between different test conditions are depicted; PhoneON vs. control (a), Hood vs.

control (b), and PhoneON vs. Hood (c). Similar patterns were observed on the other side of the

brain. The Y axis in these graphs represents the average power in units of µV2/Hz. Statistical

significance (P <0.05) is denoted by (*). Error bars represent + or – standard error. The power of

all frequency bands were significantly increased in the PhoneON compared to Hood, and Control

compared to Hood, whereas there were no statistically significant results for the PhoneON vs.

Control testing condition.

Figure 1. Comparison between average powers of different test condi-
tions in the right hemisphere of the brain. The comparisons of powers 
associated with delta, theta/alpha, and beta bands between different test 
conditions are depicted; PhoneON vs. control (a), Hood vs. control (b), and 
PhoneON vs. Hood (c). Similar patterns were observed on the other side of 
the brain. The Y-axis in these graphs represents the average power in units 
of µV2/Hz. Statistical significance (P <0.05) is denoted by (*). Error bars 
represent + or – standard error. The power of all frequency bands were 
significantly increased in the PhoneON compared to Hood, and Control 
compared to Hood, whereas there were no statistically significant results 
for the PhoneON vs. Control testing condition.

(a)

(b)

(c)
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Abstract
Conformational optimizations were performed to study the model of Aβ-sheet in Alzheimer’s disease (AD), a three-strand trialanine 

β-pleated sheet; and the fragments of the possible AD-related antioxidant glutathione (GSH): γ-glutamylmethylamide and N-acetyl-cysteine 
glycine (N-ACG). Calculations were performed using the restricted Hartree-Fock (RHF) formalism with a 3-21 contracted Gaussian (3-21G) basis 
set (RHF/3-21G level of theory). All conformational studies were carried out from first principles of quantum mechanical computations using 
the Gaussian 98 (G98) program. On the basis of computed fragment geometries, the initial conformation of the neutral antioxidant glutathione 
(GSH) was predicted for future studies. From the study of hydrogen bonding (H-bonding) structure of amyloid modeled by trialanine β-pleated 
sheet, a hypothetical peptido-mimetic drug was suggested to break Aβ-sheet structure of amyloid in the brain of AD patients. The results in the 
present study of the three-strand trialanine β-pleated sheets will contribute to the study of AD as a model of its Aβ-sheet structure, whereas the 
results of the side-chain conformational analysis of γ-glutamylmethylamide and N-ACG fragments will be used as the basis of the future study 
of the glutathione molecule as one of the possible AD-related antioxidants.

Introduction
Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative 
disorder [1]. Symptoms associated with AD include increased mem-
ory impairment, disorientation, hallucinations, as well as loud and 
aggressive behavior [2]. A common structural feature called “senile 
plaques,” found in the brain of AD patients, manifest in the form of 
dense bundles of unusual fibrils within nerve cells and numerous 
focal lesions within the cerebral cortex [2]. The present study in-
volves the investigations of senile plaque structure in AD formation, 
the relationship between AD and oxidative stress, and speculation 
of AD treatment on the basis of the senile plaque structure.

Senile Plaque Structure
The present study concerns the Amyloid Cascade hypothesis, 

which emphasizes the importance of Aβ-sheets in the pathogenesis 
of AD [2]. The accumulation of insoluble fibrous protein aggre-
gates in brain tissues is believed to result in over  20 degenerative 
diseases [3], including AD [4]. Amyloid deposits and many other 
fibrous aggregates are recognized by their consistent characteristic 
formation of highly organized multi-stranded β-sheets [3, 5]. The 
process of Aβ-sheet formation in AD plaques is a neuronal protec-
tive response against oxidative stress [6].

In biological systems, an assortment of amino acids is linked 
together and peptide chains are considerably longer (Figure 1a). 
As a result of the large size of the supramolecular aggregate struc-
ture, a parallel three-strand tri-alanine was used as a model in this 
conformational study of misfolded proteins (Figure 1b). A thor-
ough understanding beginning at the β-sheet structural level of the 
folding cascade in the formation of amyloid fibrils, is necessary for 
the possible development of preventative and therapeutic strategies 

of neurodegenerative diseases.

Amyloid Formation
According to the Denham Harman’s Free Radical Theory of 

Aging, oxidative stress is an important risk factor in the pathogen-
esis of AD [7]. Observations show that reactive oxidative species 
(ROS) promote the formation of Aβ-sheet, which increases the pro-
duction of harmful hydrogen peroxide (H2O2) [8]. Multi-stranded 
Aβ-sheets are produced as a result of many possible factors includ-
ing mutations, transcriptional and translational errors, aberrant 
interactions with metal ions, changes in environmental conditions, 
and chemical modification (e.g., oxidation or proteolysis) [9]. The 
presence of misfolded or aggregate proteins triggers various bio-
logical responses that lead to the expression of genes involved in 
the transcription of molecular chaperones [3, 10]. These proteins 
usually mediate the proper and complete folding of proteins to 
their native states and facilitate the transfer of misfolded proteins 
to proteasomes for degradation [10-13].Factors such as gene 
mutation and age-related oxidative stress cause these proteins to 
malfunction, lead to an increase in the production of amyloid ag-
gregates [13, 14]. When regulatory mechanisms are overwhelmed 
as a result of this increase, the monitoring of newly synthesized 
proteins will be reduced, resulting in further aggregation and an 
increase in the risk of disease [13]. 

Oxidative Stress
ROS are produced in the metabolic process of aerobic cells, in 

which oxygen is reduced and transformed through several reactive 
species to its final state of water (Figure S1). These reactive spe-
cies are dangerous due to their ability to damage cellular function 
[15, 16] and mediate signals for apoptosis [17]. Antioxidants such 
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as vitamin C [18] and glutathione [19] prevent such damage, by 
quenching the ROS. Experimental evidence shows the association 
between oxidative damage and the formation of Aβ-sheet, a lim-
iting factor in AD [14]. Since antioxidants are required to reduce 
ROS, a relationship between glutathione and the formation of senile 
plaques in AD arises. 

Glutathione as an Antioxidant 
The antioxidant glutathione is a tripeptide, γ-glu-cys-gly (ab-

breviated GSH), and consists of a cys-gly traditional peptide bond, 
connected to the side-chain of glutamic acid at the γ carbon (Figure 
S2) [20]. As a water-soluble protein, glutathione acts as an anti-
oxidant in the body through transformations between the reduced 
(GSH) and oxidized (GSSG) forms. The red-ox reaction G-SH 
+H2O2 + HS-G → 2H2O + G-S-S-G [21] protects lipids, proteins and 
nucleic acids from oxidative damage of the harmful ROS and other 
electrophiles in the body such as epoxides, quinones, cations, and 
peroxide [22]. 

Action of Glutathione in vivo 
The constant usage and regeneration of GSH in oxidative stress 

reduction indicates that the availability of GSH is crucial to proper 
cellular function and maintenance. The brain relies significantly on 
endogenously produced antioxidants to reduce oxidative stress. As 
a result, reduced ability to regenerate new GSH in the brain may 
hinder neutralization of the imposed oxidative stress [23].

Materials and Methods
Please refer to online supplementary material.

Scope
Parallel Trialanine β-pleated Sheets 

The energies of the different conformations of ω, φ, and ψ dihe-
drals in Figure S6 were computed for one-, two-, and three-strand 
peptides (Figure 2). The distance between the α-carbons, denoted 
r, of two- and three-strand trialanine peptides have also been cal-
culated (Figure S7). The Self Consistent Field (SCF) energy values 
were obtained from each of the optimized structures. Additionally, 
the association energy that connects the three stands and the global 
minima of the potential energy surface (PES) were determined us-
ing first principle calculations. 

Glutathione Molecule
As seen in the Supplementary Materials (Figure S8), to model 

the glutathione molecule and find its complete spatial orienta-
tion, the large molecule of glutathione is divided into two smaller, 
but nearly equivalent in conformational analysis, molecules of 
γ-glutamylmethylamide (Figure 3) and N-acetyl-cysteine-glycine 
(N-ACG) (Figure 4).

γ -glutamylmethylamide Fragment
On the γ-glutamylmethylamide fragment of glutathione, the 

methyl group that corresponds to the methylamide is significant 
and necessary to retain conformational similarity to the original 
molecule. The methyl group represents an imitation of the rest 
of the glutathione molecule. γ-glutamylmethylamide portion of 
glutathione is examined by a “side-chain conformational analysis” 
(Figure 3). This simplified the complexity of performing ab initio 
analysis on a rather large molecule by dividing the work in half, and 
then simplifying the motion of γ-glutamylmethylamide by reason-
ably assuming that the alpha carbon’s peptide moiety would form a 
5-membered cyclic H-bonded ring (Figure S9). Further reasoning 
for this decision can be found in supplementary materials online. 
The cyclic 5-membered H-bonded ring was first considered, and φ 
and ψ angles about the Cα atom were determined after optimizing 
the angles and bonds in the first sets of computations performed. 
These angles formed the basis of the “main chain”, of which will be 
considered to be the most stable and unchanging portion of the 
γ- glutamylmethylamide molecule. In the second sets of computa-
tions, the “side-chain” of γ-glutamylmethylamide was considered, 
and the torsion angles about the carbon backbone were determined. 
Since there are 3 bonds of which rotation occurs about the central 
carbon chain, then there are 27 different conformations to consider. 
Taking into account the amide linkage, which exhibits cis or trans 
isomerization, the total number is 54.

N-acetyl-cysteine-glycine (N-ACG) Fragment 
The significance of this part of the study is to observe the depen-

dence of conformation of N-ACG fragment from glutathione on the 
side chain –SH group. To investigate the side chain –SH influence 
on the N-ACG fragment, two dihedrals on the side chain χ1 (S25-
C22-C4-C5), χ2  (H26-S25-C22-C4), and one dihedral of the backbone φ2 
(C22-C4-N3-C2), which links to the side chain –SH, were arranged 
into the 3 potential energy minima at a, g+ and g- configurations and 
thus produced 27 different optimized configurations (Figure 4).

Results and Discussion
Parallel Trialanine β-pleated Sheets 

The conformational spaces of one- (Model I), two- and three-
strand trialanine peptide strands were characterized. By the inter-
pretation of the data obtained from the optimized conformers of 
one-strand trialanine by varying dihedrals φ1 and ψ1, and compari-
son with the cross-sectional scans corresponding to φ1 = g+, a and 
g- performed with an interval of 30° along the ψ1 variable (Figure 
S10), the highest and lowest energy conformations of φ1 and ψ1 
dihedrals of one-strand trialanine are shown in Figure S11. The 
(a,a) conformer was found to be the global minima and the (g+,a) 
conformer was determined as the global maxima. All the optimized 
conformers for Model I and Model II are shown in Table S1 and S2, 

!
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Figure 1. a) (above) Schematic represen-
tation of three parallel peptide strands 
connected via H-bonds in the plaques 
of Alzheimer’s disease, and b) (to the 
right) parallel trialanine β-pleated 
sheets as a model of misfolded proteins.
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respectively.
Computations of the first and second trialanine strand con-

formers (Model II) by varying dihedrals φ1, ψ1, φ2 and ψ2, yielded 
the (g-, g+, a, g-) conformer as the global minima and the (g-, a, g+, a) 
conformer as the global maxima (Table S2).

The distance in angstroms between α-carbons of two and three 
trialanine strands were obtained from their corresponding opti-
mized structures (Table S3, S4). It was observed that the α-carbon 
distances in rA1, rA2, and rA3 are comparatively more uniform than r1, 
r2 and r3 respectively with the addition of a third trialanine strand. 
This may be a result of the stabilization provided by H-bonding be-
tween peptide strands. A graphical representation of the optimized 
structures for two-strand and three-strand trialanine is shown in 
Figure S12.

γ -glutamylmethylamide Fragment
After completing optimizations for predicted stable conform-

ers, it was found that only 33 of 54 expected conformers exist (Table 
S5, S6). It is possible that steric hindrance caused by the chain 
folding back onto itself physically disallows certain conformations, 
likely due to Van der Waal radii repulsion. 

The generalized composition of L-γ-glutamylmethylamide is 
such that there are two moieties, which can undergo H-bonding 
with each other, separated by a two carbon spacer, whose dihedral 
rotations determine the ability to H-bond, and gain stabilization 
energy. To produce a shape which folds back and allows H-bonding, 
it is expected that these carbons would mostly be in the g+ and 
g- conformers (in comparison to the a conformers producing a 
straight chain), and in accordance, this generalization was observed. 
Roughly two thirds of all found conformers H-bonded, and had at 
most one dihedral in the a position. In comparison, the conform-
ers for which H-bonding likely did not occur, all had at least two 
dihedrals in the a position. This 2 to 1 ratio between, isomers with 

H-bonding likely to occur, versus conforms without, fits nicely 
with the generalization that too many a conformers are unfavor-
able to position the chain to fold back and H-bond, showcasing the 
requirement of g+/g- positions for the chain to fold in order to allow 
H-bonds. 

The lowest and highest energy trans conformer (Figure S14) 
found were the (g-, g-, a, trans) conformer (0 kcal/mol, global mini-
mum) and (g-, a, g+, trans) conformer (+9.85 kcal/mol) respectively. 
Whereas the lowest energy and highest energy cis conformer (Figure 
S15) found were the (g-, g-, a, cis) conformer (+2,89 kcal/mol), and  
(g-, g+, g-, cis) conformer (+12.80 kcal/mol, global maximum) re-
spectively. Further discussion on the γ -glutamylmethylamide frag-
ment can be found in the supplementary materials online.

N-acetyl-cysteine-glycine (N-ACG) Fragment
Global Minima and Global Maxima

Among all the existing optimization, the lowest and highest 
energy conformers (Figure S16) were found to be (g+, g-, g-) and 
(g-, g-, a) respectively. There are 13 existing conformers out of 27 
expected ones. (Table S5)
Side Chain –SH Influence

It was observed that many combinations did not exist in which 
their φ2 were set to a. However, it was not possible to carry out clear 
observation about the dependence of N-ACG molecule on the –SH 
side chain because only 13 existing optimized conformers were pro-
duced in current study. Only one angle in the backbone of N-ACG 
φ1 was manipulate in the experiment. Side-chain conformation 
analyses with increased numbers of dihedrals on the backbone of 
N-ACG will be necessary for further investigation in the depen-
dence of N-ACG on –SH side-chain. 

Prevention and possible cure of Alzheimer’s disease
Despite a high number of published protocols for treating AD, 

prevention remains to be the best solution. Provided that adequate 
antioxidant GSH concentration is present in tissues to allow proper 
cellular function and maintenance, it is suggested that GSH func-
tions to minimize the chance of forming senile plaques of AD. The 
proposed combined structure of GSH and its role in AD can be 
found in supplementary material online. 

Based on the focus of the current paper, the breakage of Aβ-
sheet structure in senile plaques might was hypothesized to provide 

Plaque structure, prevention and possible cure of Alzheimer’s disease: an exploratory first principle molecular computational study
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ψ1 = (3-2-1-4) = D4 φ1 = (1-2-3-8) = D8 χ1 = (1-2-10-13) = D13  
χ2 = (2-10-13-14) = D14   χ3 = (10-13-14-15) = D15    χ4 = (13-14-15-16) = D16

Figure 2. Illustration of one-strand trialanine molecule with 
numbered atoms.

Figure 4. (to the left) Illustration of N-ACG fragment with numbered 
atoms and labeled dihedrals.

ψ1 = (19-1-2-3) = D19   ω1 = (4-3-2-1) =     D4  φ2 = (22-4-3-2) = D22  
ψ2 = (6-5-4-3) = D6     ω2 = (7-6-5-4) =   D7  φ3 = (8-7-6-5) = D8
ψ3 = (9-8-7-6) = D9     χ1 = (25-22-4-5) = D25  χ2 = (26-25-22-4) = D26

Figure 3.  (above) Illustration of γ -glutamylmethylamide fragment 
with numbered atoms and labeled dihedrals.
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a possible cure for AD. In particular, five-residue β-sheet breaker 
peptides (iAβ5p) showed the greatest ability to specifically interact 
with Aβ-peptides, blocking their aggregation and disassembling 
preformed fibrils [27]. The iAβ5p was hypothesized to work by first 
competitively binding to Aβ-peptides and then destabilizing the 
conformational structures of the Aβ-sheets [28]. The propensity of 
iAβ5p to bind to Aβ-peptides is largely due to the hydrophobicity 
of the two structures and the formation of H-bonds between their 
amides and carbonyls [27, 29]. It was speculated that the interac-
tion between amyloid fibrils would be disrupted if iAβ5p can be 
modified to form stronger H-bonds with the amyloid aggregate 
(Figure 5). By following this mechanism, the destruction of pro-
tein aggregates dissolved in a medium containing such peptido-
mimetics could be facilitated.

Approximately 0.1% of injected doses of active iAβ5p reach 
the brain [28]. Although this quantity is substantial compared to 
the permeability of most proteins and peptides transported to the 
brain across the blood brain barrier [28], a higher permeability 
could result in a greater reduction in amyloid formation and cere-
bral damage [27]. 

Conclusions
The results obtained from the present conformational analysis 

of the three-strand trialanine β-pleated sheets will contribute to the 
future study of AD by modeling its Aβ-sheet structure, in which 
breaking the Aβ-sheet structure in senile plaques was suggested to 
provide a possible cure for AD. Side-chain analyses of the GSH frag-
ments, γ-glutamylmethylamide and N-ACG, will contribute to the 
future study of the complete GSH molecule as a possible AD related 
antioxidant.

For further investigation, full conformational analyses of dihe-
drals for two- and three-strand trialanines are required. By incorpo-
rating optimized conformers from the side-chain conformational 
analyses of the individual fragments, γ-glutamylmethylamide and 
N-ACG, into the foundation of GSH study, the complete structure 
of GSH molecule can be predicted. In order to achieve more thor-
ough understanding of the studied molecules, application of more 
advanced theories such as B3LYP/6-31G to trialanines peptides, 
γ-glutamylmethylamide and N-ACG, are essential to further char-
acterize them. In addition, the present results provide insights into 
many areas of research, including ligand-receptor binding. 
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Abstract
Desorption electrospray ionization (DESI) is an ionization technique for mass spectrometers invented in 2004. It involves directing an 

electrospray onto a surface containing an ionizable substance. Impacting charged particles from the electrospray produce gaseous ions of 
the substance on the surface. The presence of the sample on the surface at atmospheric pressure allows for innovative new applications, 
none of which are viable with conventional ESI. These applications stem from DESI’s ability to ionize a trace (tens of ng/mm2) sample directly 
from a surface with little preparation or other constraints such as pressure. In vivo sampling of tissue surfaces is an example of an applica-
tion of DESI. The aim of this project was to build an apparatus that allowed the use of DESI as an ionization source for a mass spectrometer. 
The electrospray was formed from solvent flowing through fused silica tubing threaded through a tee-piece, comprising the DESI emitter. 
Nebulizing gas was connected to the tee piece at a 90° angle to the solvent flow. The gas flows between the fused silica capillary and a larger, 
concentric piece of PEEK™ tubing leading up to the electrospray point. The DESI emitter was held by an insulated clamp on a stage that can 
be translated in two dimensions. DESI spectra of four compounds, including monensin, leucine enkephalin, rhodamine 110, and reserpine, 
were obtained using this set up. Conditions for optimum DESI performance were also found. 

Construction of a desorption electrospray ionization 
source for a mass spectrometer

JULS

Introduction
Mass spectrometry (MS) is an analytical tool used in many 

fields, including drug discovery [1], proteomics [2], metabolom-
ics [3], clinical assays [4], and gas phase molecular structure and 
reaction analysis [5]. Mass spectrometers output a mass spectrum, 
a plot of intensity versus mass to charge (m/z) ratio. The analyte is 
first converted to charged particles in the gaseous phase through 
an ionization process. Ions are then separated based on m/z ratio 
and the intensity at each m/z is recorded to give the mass spec-
trum. From this plot, molecular masses of compounds present in 
a sample can be inferred, which allows for identity or structural 
determination.

Ionization is conventionally achieved using matrix-assisted 
laser desorption/ionization (MALDI) or electrospray ionization 
(ESI), whose inventors shared the 2002 Nobel Prize in Chemistry 
[6]. MALDI employs a laser to ionize a sample co-crystallized with 
a matrix compound. ESI is performed by passing a charged analyte 
solution through a narrow capillary; upon exit, electrostatic repul-
sion between analyte ions generates an aerosol. 

First reported in 2004, desorption electrospray ionization 
(DESI) is a new ionization technique for mass spectrometers [7]. 
DESI involves a spray of electrically charged particles (electro-
spray) directed onto a surface coated with a solid ionizable sample. 
This electospray consists of a volatile solvent capable of desorbing 
an analyte on the surface. Upon impact, charged particles from the 
electrospray produce gaseous ions of the substance on the surface. 
These ions can then be sampled into a mass spectrometer for m/z 
determination.

Using DESI-MS, it is possible to detect trace (tens of ng/mm2) 

amounts of sample directly from a surface with little preparation, 
opening the door to many new applications [8]. In chemistry and 
biology, DESI has been used as an alternative ionization source 
for proteins and complexes [8]. DESI can be used for in vivo sam-
pling of tissue surfaces, such as the detection of the anti-histamine 
LoratadineTM by using DESI on a finger 50 minutes after ingestion 
of this drug [7]. DESI has also contributed to the fields of national 
security and law enforcement; DESI-MS may be used for detection 
of chemical warfare agents in places such as airports [9], as well as 
rapid trace drug detection on surfaces [10]. It is even possible to 
attach DESI to a handheld mass spectrometer for increased porta-
bility and versatility [11].  

The goal of this project was to build and optimize a DESI 
source for a Fourier transform-ion cyclotron resonance (FT-ICR) 
mass spectrometer. As a detailed procedure was unavailable, brief 
descriptions found in several papers [7, 12, 13] were synthesized 
into a version that would be feasible to build. This was a challenging 
process which involved understanding the functionality of differ-
ent components from brief DESI descriptions in these papers, and 
then attempting to reconstruct an apparatus with similar function.  
Construction of a DESI apparatus includes constructing a high 
potential electrospray emitter connected to both the nebulizing gas 
and solvent sources, in addition to some form of holder that allows 
for positioning of the emitter and sample relative to one other and 
to the inlet of the mass spectrometer. 

Materials and Methods  
Emitter

Figure 1A shows the components of the DESI electrospray emitter. 
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This component of the apparatus made an electrospray of the solvent ca-
pable of desorbing the sample. Formation of electrospray was aided by the 
nebulizing gas. A voltage source also has to be connected to the apparatus 
to generate an electospray.

Solvent
Figure 1A (vi) indicates the point of electospray formation. The elec-

trospray was formed from solvent flowing through a fused silica capillary 
(Figure 1Ai) of 76 µm inner diameter and 360 µm outer diameter. This 
capillary tubing was threaded through a 0.040” through-hole 1/16” tee 
piece (Figure 1Aii). 

Solvent flowed into the capillary from PEEK™ tubing (Figure 1Aiii), 
and the capillary was inserted and held to this tubing by a zero-dead 
volume HPLC connector (Figure 1Aiv). The solvent was injected into the 
PEEK™ tubing initially by a mechanically pumped syringe (Figure 1Bi), 
with the power source connected directly to this syringe (Figure 1Bii). A 
50%/50% MeOH/H2O solvent with 1% acetic acid was used to achieve 
proper electrospray. 

Nebulizing Gas
The nebulizing gas flowed through a tube that is connected to the tee 

piece (Figure 1Av). The gas flowed between the fused silica capillary and 
a larger, concentric piece of PEEK™ tubing leading up to the electrospray 
point. The nebulizing gas was connected to the 1/16” connector of the tee 
piece at a 90°. Gas flow rates were varied from 0.3-2.0 L/min when operat-
ing DESI-MS.

Voltage Source
A high voltage source was connected to the solvent syringe (Figure 

1Bii). The source was set to increase the potential of the emitter to +5000 
V. The emitter was grounded after every use with a wire connected to the 
chassis of the mass spectrometer. 

Emitter Stand
The DESI emitter was held by an insulated clamp on a stage that 

can be translated in two dimensions (Figure 1Biii). Manipulation of the 
angle of the clamp was possible, but not in a reproducible way. The two-
dimensional translation stage to which the emitter was mounted allows for 
reproducible movement in the horizontal plane (Figure 1Biv).

Sample Preparation
A sample was typically prepared by pipetting a concentrated solu-

tion onto a microscope slide and waiting for it to dry. Figure 1Bv shows 
one of the sample-spotted slides. Slides containing monensin (5.16 nmol/
cm2), leucine enkephalin (18.6 nmol/cm2), reserpine (1.43 nmol/cm2), and 
rhodamine 110 (18.1 nmol/cm2) were used. The slide was positioned about 
1mm below the input orifice of the mass spectrometer with the electrospray 
coinciding with the slide at an angle of about 50°. The tip of the emitter was 
positioned about 1 mm from the inlet of the mass spectrometer (Figure 
1Avi). Compound masses were verified using an ionized monoisotopic 
mass calculator [M+H]+ and the chemical formula.

Results
DESI spectra of four compounds, monensin (Figure 2A), 

leucine enkephalin (Figure 2B), rhodamine 110 (Figure 2C), and 
reserpine (Figure 2D) were obtained using this set up. These cover 
a wide range of compounds as monensin, leucine enkephalin, rho-
damine 110 and reserpine are an antiobiotic, a peptide, a laser dye, 
and a drug respectively. The masses obtained by DESI-MS were 
within the 20 ppm of calculated masses. 

Mass spectra could be obtained when the angle of incidence of 
the spray was between 30° to 60°. Intensity was variable with pos-
itioning and time, although maximum intensities comparable to 
that from electrospray ionization were achieved (106 with 2 scans 
and a 1.5 second accumulation time). Nebulizing gas flow rates of 
0.3-0.7 L/hour allowed spectra to be generated, along with 5000V 
voltage and 30 uL/hour to 500 uL/hour solvent flow rates.

Discussion
Mass spectra are obtained

The successful construction of the apparatus was verified by 
the fact that mass spectra may indeed be obtained with DESI-MS. 
These spectra are available in Figure 2. Consistency of m/z peaks 
from the spectra to calculated m/z within 20 ppm ensures that the 
obtained m/z peaks do indeed correspond to the compound that 
was initially present on the slide. 

Limitations of the setup
While high signal-to-noise mass spectra were obtained at 

times, the signal was often inconsistent. Several factors which may 
have contributed to this inconsistency are explained below.

Inconsistent electrospray and optimum flow rate
The electrospray (as indicated by tiny but visible drops on 

the glass slide) sometimes stopped and the signal of usual marker 
peaks (e.g. 637 m/z which is a known contaminant of the MeOH/
H2O solvent) was lost. The spray also sputtered, causing signal 
loss. A slight push of the syringe was often required to restart the 
electrospray. Solvent flow rates from 30 uL/hour to 500 uL were 
compatible with electrospray and thus flow rate was ruled out as 
the cause of this inconsistent spray. Experimentation with different 
capillary diameters and voltages will allow for the construction of a 
more stable electrospray emitter.

Optimum position to obtain a constant high signal was difficult 
to achieve

Because this setup was new and required a high degree of flex-
ibility to get signal, the exact position of the sample and emitter 
cannot be reproduced with a high degree of accuracy. The translat-

Figure 1. (A) The DESI elec-
trospray emitter. i) fused 
silica tubing, ii) tee piece, 
iii) PEEK™ tubing from sol-
vent syringe, iv) zero dead 
volume HPLC connector, 
v) nebulizing gas connec-
tor, vi) electrospray point.
(B) A Running DESI ap-
paratus. i) mechanical 
syringe pump, ii) power 
source connection, iii) 
insulated clamp, iv) 
translation stage, v) slide 
coated with sample vi) 
mass spectrometer inlet 
capillary.
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able stage allowed consistency in one plane but other properties 
such as the position of the slide or the angular position of the DESI 
emitter were variable and unmeasured. Use of more permanent 
and stable components to secure the slide and emitter, with quan-
tifiable markers, will help to achieve an optimum position whereby 
a constant and high signal could be obtained.

Depletion of the sample
DESI is a destructive technique whose sample depletion rate is 

unknown. This depletion may affect signal. Sample depletion must 
be explored further after the DESI emitter is optimized.

Slide preparation is difficult
Because the DESI apparatus is positioned directly in front of 

the fixed FT-ICR inlet capillary, the sample has to be on the very 
edge of the slide. While straight forward for compounds that leave 
a visible residue after drying such as monensin or reserpine in solu-
tion, other samples prove more difficult. Leucine-Enkephalin solu-
tion, for example, may take hours to dry and dried in a very small 
circle towards the center of slides. Other compounds like ubiquitin 
solution dry clear and it was difficult to see where exactly they were 
located on the slide. Slide preparation should become simpler once 
a method is determined to cut slides with dried sample on them. 
This ensures that an edge with substance on it is exposed, allow-
ing easy sampling by DESI into the mass spectrometer. Modifying 
solvents to facilitate drying may be another fix for this problem. 
Commonly available analytes in solid form like a pill should also be 
targeted to avoid the need to prepare these slides altogether.

Conclusions and Future Directions
In conclusion, the DESI apparatus has been successfully con-

structed and mass spectra for a range of compounds obtained. 
Future work on this DESI apparatus will take several directions. 

An ion tube [9] appears to be a good idea to overcome positioning 
limitations because of the fixed nature of the MS capillary inlet. An 
ion tube is a specially constructed tube that allows transportation 
of ions from a DESI apparatus several meters from the MS inlet 
capillary. This would afford more flexibility in sample positioning 
for DESI-MS, allowing efforts on optimizing the apparatus to be 
concentrated elsewhere.

Further optimization and characterization of the DESI ap-
paratus is also important. This task includes establishing mini-
mum observable amounts of samples [8] by determining when 
signal ceases as concentration of analyte on the slide is lowered. 
Determining depletion timescales, optimum positioning and 
angles, and exploration of the limitations of what will be ionized 
with this DESI apparatus are also important. 

Finally, modifying the DESI apparatus to allow for DESI from 
different surfaces, other than glass slides, would extend the utility 
of our DESI apparatus. A non-stick surface like Teflon® may be a 
good idea to improve signal; subsequently, DESI-MS from practi-
cal surfaces like skin and clothing should be attempted.
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Abstract
Mutations in many genes have been found that can increase the longevity of an organism. However, little work has been done looking 

at the interactions between these mutations and how they cooperate to define the life span of the organism. This investigation examined 
the effect of combining multiple mutations known to significantly increase lifespan in Drosophila melanogaster. Methuselah (mth), target 
of rapamycin (Tor), ecdysone receptor (EcR), and rpd3 mutants were placed in the w1118 control background, and the mutants were crossed 
to obtain heterozygous double mutants. Longevity assays were carried out on the progeny, and statistical analyses conducted. In the w1118 
background, longevity mutants appeared to extend longevity, confirming previous results. In some cases, double mutants were found to 
have multiplicative increases in longevity relative to the single mutants. No examples of longevity mutant synergism were detected. These 
results suggest that Tor and mth, and rpd3 and mth, act through different pathways to extend longevity. The results are also consistent with 
the suggestion that increased longevity can be attained by combining multiple longevity-increasing interventions.

Investigations into synergistic effects of longevity 
mutations in Drosophila melanogaster

Introduction
Ageing, broadly defined as functional decline of an organism 

over time, is a complex and multivariate process. It encompasses a 
wide range of phenotypes including increased mortality rate and 
decreased fecundity and activity [1]. There has been considerable 
scientific interest in the mechanisms behind ageing. Genetic inves-
tigations using Saccharomyces cerevisiae, Caenorhabditis elegans, 
and Drosophila melanogaster have all yielded intriguing clues into 
how the ageing process works [2]. 

The most well-studied mechanism for ageing, which appears 
to be the only evolutionarily conserved mechanism, involves calo-
rie restriction. Previous research has shown that reducing calorie 
intake by 20-40% can significantly slow ageing [3], and these effects 
have been recapitulated by genetically and chemically altering how 
organisms respond to nutrients. Indeed, one of the first demon-
strations that there exist mutants with extreme longevity was in 
1993, when it was found that C. elegans mutants for daf-2 (a gene 
involved in insulin signalling) had a 100% increase in lifespan [4]. 
Moreover, the Tor (target of rapamycin) nutrient sensing pathway, 
when inhibited in Drosophila melanogaster can lead to lifespan 
increases of up to 37% [5]. 

It is still unknown precisely how nutrient deficiency or appar-
ent nutrient deficiency can increase longevity. A plausible cause 
of increased longevity through calorie restriction is that it causes 
wide-ranging and regulated physiological changes in the organism 
which cooperate to extend longevity. Key mediators of this process 
appear to be sirtuins, homologues of the budding yeast Sir2 gene. 
Sir2 is an NAD-dependent histone deacetylase whose gene silenc-
ing activity is upregulated in yeast and other organisms undergoing 
calorie restriction. Interestingly, a loss of function mutation in the 
Drosophila melanogaster Rpd3 histone deacetylase (rpd3) has been 

shown to increase longevity by ~45%. 
Two other potentially important pathways involved in ageing 

include stress resistance and development. Longevity mutants in 
these pathways include mth (a mutant which can increase stress 
resistance) [6] and ecdysone receptor (EcR, a mutant in a steroid 
signaling pathway important for development) [7]. mth shows an 
~35% increase in longevity and EcR shows an ~45% increase in 
longevity.

While longevity mutations provide insight into how ageing 
occurs, whether or not they all act independently of each another 
is unknown. Thus, the effects of double mutants for the various 
longevity mutants need to be investigated for potential synergistic 
effects. Also, from the perspective of human longevity, synergism 
of longevity mutations or interventions is an important question. 
It has been reported that by combining two interventions in C. 
elegans (mutation in the daf-2 gene and removing the germ line 
precursor cells) lifespan increases of up to 600% can be attained 
[8]. While such modifications are not possible in humans, multiple 
interventions targeting different ageing pathways could potentially 
lead to drastically increased longevity.

I undertook a study to determine the effects of multiple lon-
gevity genes in Drosophila melanogaster. The Tor, EcR, rpd3, and 
mth mutants mentioned above were obtained, and all possible 
combinations of double mutants were created in a uniform genetic 
background. Longevity assays on each of the double mutants were 
then conducted to see how their life spans related to those of the 
single mutants.

Materials and Methods
Please refer to online supplementary material.
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Results
Overview

The longevity mutant genes (rpd3, Tor, EcR, and mth) were first 
crossed into the w1118

 background to minimize genetic variation 
between the mutants. Then, the single mutants were reciprocally 

crossed to generate double mutants. 
The progeny were divided into 42 
different classes based on the muta-
tions present, the gender, and the 
maternal genotype (since mutations 
in the mother could be important in 
longevity of the progeny). At least 
thirty-five flies of each class were 
collected. No developmental delay 
was observed with any of the mutant 
classes, as each took ~10 days to 
eclose.

Longevity assays were carried 
out on each mutant class for 80 days 
and the collected results are shown 
in Figure 1. Average lifespan of each 

of the classes is listed in Table 1. As expected, most of the longev-
ity mutants survived longer than the control strain. Surprisingly, 
a few had decreased longevity. However, the extent of the shift 
and double mutant behavior were varied in each mutant. More 
extensive statistical analyses were therefore conducted on each of 
the mutant classes, as detailed below. While in a number of cases 
gender and maternal genotype seemed to impact longevity, the ef-
fects were inconsistent, and further analysis of this phenomenon 
was not conducted.

Besides increased mortality rate other ageing phenotypes were 
observed. As the flies aged, their activity decreased (e.g. they lost 
the ability to fly and moved more slowly). These activities were often 
undisturbed by outside stimuli (e.g. tapping on the vial). Changes 
in morphology were also observed (e.g. a number of older flies of 
both genders had a pale and bloated appearance). 

Behavior of Longevity Genes in the w1118 Background
Survival curves of each of the single mutants were compared 

to those of the w1118 control strain. It was not possible to just apply 
the Student’s t-test using the mean lifespan and standard deviation 
since there were large variations in lifespans in all mutant classes. 
Rather, the behavior of the survival curve was itself investigated, 
which was done by applying the Log-rank test to see if there were 
significant differences between the curves.

Comparison of the longevity of mth mutants to that of con-
trol is shown in Figure 2, and results for other mutants are shown 
in Table 1. While some mutants showed significantly increased 
longevity, almost half the time there was no significant difference. 
In addition, significant decreases in longevity were not observed. 
Overall, the results confirm that, in the w1118 background, the lon-
gevity mutations do indeed increase longevity.

Effects of Combining Longevity Mutations
Survival curves of the double mutants were compared to those 

Figure 1. Overview of Longevity As-
say. Colors and symbols correspond to 
each mutant class as noted in the side-
bar. (m) and (f) refer to the gender 
of the flies (male or female), w, m, T, 
and E and R refer to the genotypes of 
the flies(w1118, mth, Tor, EcR, or rpd3 
respectively). The genotype of the 
father is the letter before the “x”, and 
genotype of the mother is the letter 
after the “x”.

Table 1. Average Lifespans of Each Mutant Class. Each mutant is 
represented as a cross between a mutant or control father and a 
mutant or control mother, in order to show both its genotype and 
possible maternal effects. Lifespans (in days) are averages +/- stan-
dard error of at least 37 flies (except for one cohort which had only 
23 flies, see *). % indicates the percent change in longevity relative to 
the w1118 control strain.  Statistically significant differences (p<0.05) of 
the corresponding survival curves as measured by the Log-rank test 
(see Figures 2 and 3) are highlighted, red for when single mutants 
have increased longevity relative to control, and blue when double 
mutants have increased longevity relative to both of the constituent 
single mutants.

                                           w1118 mth           Tor       EcR   rpd3

w1118

     41+/-1

                                                                                                                                                      
     46+/-2

     53+/-2 
(+29%)

    52+/-2 
(+13%)

     49+/-2 
(+20%)

    56+/-3     
(+22%)

     49+/-1 
(+20%)

    42+/-3  
(-9%)

     47+/-2 
(+15%)

    55+/-2  
(+20%)

mth

     48+/-2 
(+17%)

     44+/-2 
(-4%)

Not tested

     58+/-2 
(+41%)

     55+/-2 
(+20%)

     51+/-3 
(+24%)

     51+/-2 
(+11%)

     54+/-2 
(+32%)

     52+/-2 
(+13%)

Tor

     35+/-5* 
(-15%)

     41+/-2 
(-11%)

     55+/-2 
(+34%)

     46+/-3 
(+0%)

Lethal

     43+/-3 
(+5%)

     49+/3  
(+7%)

     51+/-4 
(+24%)

     40+/-3  
(-13%)

EcR

     55+/-2 
(+34%)

     44+/-2 
(-4%)

     46+/-2 
(+12%)

     47+/-2 
(+2%)

     51+/-2 
(+24%)

     47+/-2   
(+2%)

Lethal

     53+/-2 
(+29%)

     47+/-2   
(+2%)

rpd3

     40+/-4 
(+2%)

     34+/-4 
(-26%)

     50+/-3 
(+22%)

     57+/-2 
(+24%)

     61+/-2 
(+49%)

    39+/-3  
(-15%)

    29+/-3 
(-29%)

     35+/-2 
(-24%)

Lethal

*Some flies from this cohort escaped, therefore only 23 flies could be assayed. This likely caused 
the high error observed.
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of their corresponding single mutants, again using the Log-rank 
test to assess significance. Comparison of longevity of Tor mth mu-
tants to that of Tor mutants and mth mutants is shown in Figure 3. 
The results for other mutants are listed in Table 1.

The lifespans of most of the double mutants were not signifi-
cantly different from those of the corresponding single mutants. 
However, in seven cases [Tor mth male (mth mother), Tor mth 
male (Tor mother), rpd3 mth male (mth mother), Tor EcR female 
(EcR mother), Tor rpd3 male (rpd3 mother), Tor rpd3 female (rpd3 
mother), and EcR rpd3 male (rpd3 mother)] there were significant 
increases in longevity of the double mutant relative to at least one 
of the single mutants. Moreover, in three of these cases [Tor mth 
male (mth mother), rpd3 mth male (mth mother), and Tor rpd3 
male (rpd3 mother)] there were significant increases relative to 
both single mutants. All but one of the corresponding single mu-
tants of these three double mutants also had significantly increased 
longevity relative to the w1118 control strain (Table 1). Thus, it was 
possible to determine if longevity gene synergism occurred, simply 
by calculating whether the longevity increases seen in the double 
mutants were greater than the product of the longevity increases 
in their corresponding single mutants. Table 2 compiles all of this 
data, which shows that no instances of longevity gene synergism 
were observed.

Discussion
The overall shapes of the survival curves are similar to that 

reported in previous studies. There is an initial plateau phase where 
few flies died, followed by a phase with an exponentially increasing 
rate of death (Figure 1). Interestingly, some of the survival curves 
exhibited “tails”, where a few flies lived much longer than the rest. 
This may have been a result of the decreased fly density in vials 
with only a few flies, which allowed these flies to have more space 
and cleaner media. 

As expected, many of the longevity mutants did live signifi-
cantly longer than the control strain. However, the majority had 
lifespans equivalent to the control strain. This may have been due 
to two reasons. First, the assay itself may have been flawed and 
could have introduced error that masked the effects of the longevity 
genes. The media did become wet in the two days between changes, 
even after paper towels were placed in the media. This could have 
caused flies to become trapped in the media. Second, the threshold 
on significance of the Log-rank test was too high – i.e. the survival 
curves needed to be quite different in order to be found statistically 
different. This was due to small sample sizes and the large number 
of assays which called for an increased significance threshold to 
avoid spurious results.  

As such, it is difficult to ascertain more than an observed 
lifespan increase in w1118 background with longevity mutants. Lack 
of sensitivity in the assay makes drawing firm conclusions about 
maternal and sex-based effects of longevity genes difficult, despite 
testing for them.

Effects of Combining Longevity Genes
A priori, four different effects from combining longevity muta-

tions were expected: 1) the double mutant has longevity less than 
either of the single mutants (if the longevity mutations somehow 
interact to harm the organism), 2) the double mutant has longevity 
equal to that of one of the single mutants (if one mutant is in a 
gene downstream of another mutant), 3) the double mutant has 
longevity greater than both mutants, and this increased longevity is 
equal to the product of the longevity increases of the single mutants 

Figure 2. Comparison of longevity of mth mutants to that of w1118 
control strain. Gender of the mutant and whether the mutant gene 
came from the mother are noted on the diagram. Error bars represent 
standard error. P-values were determined using the Log-rank test.

Figure 3. Comparison of longevity of Tor mth mutants to that of Tor 
mutants and mth mutants. Gender of the mutant and which of the mu-
tant genes came from the mother are noted on the diagram. Error bars 
represent standard error. P-values were determined using the Log-rank 
test. nsd = no significant difference

Double Mutant Relation to 
Corresponding Single 
Mutants

Test for Synergism
% Lifespan 
Increase of 
Single Mutants 
Relative to 
Control

Product of 
Single Mutant 
% Lifespan 
Increases

% Lifespan 
of Double 
Mutant 
Relative to 
Control

Synergism?

Tor mth male 
(mth mother)

Greater than both 20%, 17% 40% 41% No

Tor mth male (Tor 
mother)

Greater than mth, same 
as Tor

/ / /

rpd3 mth male 
(mth mother)

Greater than both 17%, 15% 35% 32% No

Tor EcR female 
(EcR mother)

Less than Tor, same 
as EcR

/ / /

Tor rpd3 male 
(rpd3 mother)

Greater than both 20%, 0% 20% * 49% Cannot be 
determined

Tor rpd3 female 
(rpd3 mother)

Less than Tor, same 
as rpd3

/ / /

EcR rpd3 male 
(rpd3mother)

Less than EcR, same 
as rpd3

/ / /

* unreliable since one mutant did not show longevity increase

Table 2. Statistically significant longevity differences between double mu-
tants and their corresponding single mutants. Double mutants from Table 1 
that had significantly different longevity relative to either of their correspond-
ing single mutants are listed. For those double mutants that had increased 
longevity relative to both single mutants, a test for synergism was conducted 
as described in Materials and Methods. Data is taken from Table 1, and there 
were at least 37 flies in the longevity assay for each mutant class.
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relative to the control strain (if the mutants are in non-interacting 
pathways and do not cooperate with each other), and 4) the double 
mutant has longevity greater than both mutants, and this increased 
longevity is greater than the product of the longevity increases of 
the single mutants relative to the control strain (if the mutants are 
in interacting pathways, and cooperate with each other). The last 
possibility would be an example of longevity gene synergism.

Despite the aforementioned limitations of the assay, evidence 
was found for some of the above situations. Predominantly, the 
double mutant had lifespans equivalent to both of its constituent 
single mutants. One possibility is that the mutations may have been 
involved in the same “ageing pathway”, and one of the mutations 
was epistatic. In this case it could not be determined which muta-
tion was epistatic since the effects on longevity were equivalent. 
Alternatively, in the context of these mutations, there may be upper 
limits to longevity – i.e. even if the mutations affect different path-
ways, certain physiological constraints may prevent them from 
having cooperative effects.

There were also four cases where the longevity of the double 
mutant was equivalent to that of one single mutant (Table 2). This 
occurred once in Tor mth (same longevity as mth), Tor EcR (same as 
EcR), Tor rpd3 (same as rpd3), and EcR rpd3 (same as rpd3). While 
this may hint at epistatic relationships between these mutations, it 
was also found that for two of these double mutants (Tor mth and 
Tor rpd3) there was one case for each where they had longevity 
greater than both of their constituent mutants. Thus, it is difficult 
to distinguish between epistasis and cooperative effects. However, 
the apparent epistasis between Tor EcR and EcR rpd3 is not contra-
dicted in this study so it may deserve further investigation.

Most interestingly, there were three cases in which the 
double mutant lived significantly longer than the corresponding 
single mutants (Tor mth, rpd3 mth, and Tor rpd3). By comparing 
the average longevity increases of the double mutants to that of 
their single mutants it was found that both Tor mth and rpd3 mth 
showed a multiplicative increase in longevity (Table 2). A similar 
analysis for Tor rpd3 was unreliable since the corresponding rpd3 
single mutant did not show a longevity increase. Thus, for Tor and 
mth, and rpd3 and mth it appears that they have non-synergistic 
effects on longevity, and instead act through different pathways to 
extend lifespan. Therefore, this analysis suggests that Tor nutrient 
sensing and mth-mediated stress resistance are unconnected. The 
same applies for rpd3 histone deacetylation and mth-mediated 
stress resistance. However, it is still unclear whether Tor and rpd3 
are related.

Lastly, the Tor mth double mutant had a longevity increase of 
41% relative to the control strain which is larger than that found 
in any single mutant (Table 1). Therefore, the results show that it 
is possible to have larger increases in longevity by combining lon-
gevity increasing interventions. This dispels an earlier notion of an 
upper limit on longevity.

Assay Design and Possible Improvements
Since time constraints prevented thorough testing of the assay 

before application to the longevity mutants, there were a number 
of confounding factors present that were only realized after the 
experiment was completed. Changing fly density as flies died could 
be one factor. At decreased density, flies have less competition for 

food and space and the media is cleaner. In the Drosophila ageing 
literature, the space/fly in longevity assays is not mentioned, so 
empirical evidence of a significant effect has not been noted. Ways 
to control for this include giving each fly its own small vial, perhaps 
using centrifuge tubes.

Another problem was the wetness of the media, which caused 
flies to become trapped. In particular, the less active flies became 
trapped, so this introduced a selection against lethargic flies. The 
addition of paper towels did not change this situation. It is pos-
sible that having a humidified incubator led to the wet media, so it 
would probably be better to use a drier incubator.

Furthermore, since mutants were collected up to one day after 
eclosing, many of the females became pregnant. Although pregnant 
females were present in all mutants, pregnancy and egg-laying may 
affect the mutants differently. Possible solutions include collecting 
virgin females or no females at all.

Conclusion
The current study suggests cooperative effects between Tor, mth, 

and rpd3 longevity mutations. While no synergism was observed, 
in two out of three cases combining two longevity mutations could 
result in multiplicative increase in longevity. This suggests that Tor 
and mth, and rpd3 and mth may be involved in different ageing 
pathways. If this is true, it also implies that multiple longevity-
increasing interventions targeting different pathways could extend 
longevity more than any single intervention. Additional studies are 
required to support and extend these results.
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Abstract
In extreme habitats, plants exhibit versatile photosynthetic pathways in response to environmental variables such as temperature and 

moisture. One such variation of carbon acquisition, Crassulacean Acid Metabolism (CAM), is often employed by plants in arid regions, where they 
usually face a “desiccation-starvation dilemma” because they have to acquire enough carbon to survive while minimizing the amount of water 
loss through stomatal activities and other physiological and biochemical functions. CAM photosynthesis allows increased water conservation 
and CO2 concentration because the stomata open at night when the transpiration rate is low; therefore, CAM photosynthesis is adaptive in arid 
regions. Some CAM plants are described as “facultative” CAM plants because they are highly flexible in their mode of photosynthesis and can 
switch to C3 photosynthesis (i.e. stomata open during the day) when water is abundant. This review will focus on the ecological and physiological 
significance of this trait by discussing the environmental exposures necessary to trigger facultative CAM and their correlation between the plants 
and environmental factors such as CO2 level, water, salinity, temperature, nutrient and light. Discussion on how plants use facultative CAM to 
avoid stress and how their physiology contributes to this process will also be addressed.  Although CAM is fundamentally a biochemical pathway, 
this review will mainly focus on the interaction of ecological conditions and physiological characteristics of plants that employ facultative CAM.

Introduction
Crassulacean Acid Metabolism (CAM) is a modified photo-

synthetic adaptation that temporally separates the C4 pathway and 
the Calvin Cycle, and plants that utilize this type of photosynthesis 
fix CO2 during nighttime. The stomata close during the day, re-
tarding water loss, and open during the night. This action results 
in a low transpiration rate and high water-use efficiency. CAM 
photosynthesis is adapted by a large number of vascular plants in 
arid regions for water conservation and CO2 concentration. The 
nocturnal CO2 fixation is done by the cytosolic enzyme phosphoe-
nolpyruvate carboxylase (PEPC). The CO2 is fixed into malate, and 
stored in the vacuole within the same cell as malic acid- an organic 
acid that serves as a CO2 reservoir for daytime CO2 re-assimilation 
by the normal C3 (Calvin Cycle) photosynthetic pathway [1, 2].

CAM plants exhibit a wide degree of plasticity in their expres-
sion of the CAM pathway. For instance, facultative CAM plants 
are highly flexible in their method of carbon acquisition in that 
they utilize the C3 pathway during favorable conditions such as 
mild temperature and abundant precipitation, but switch to a CAM 
mode when stressed (e.g. drought) [2-4]. The level of expression 
from C3 to CAM in plants is on a continuum, with C3 and CAM 
being the extremes. Once CAM is induced, it is highly reversible 
depending on various changing environmental conditions [5]. The 
C3-CAM switch is important in maintaining viable physiological 
performance under stress; thus, facultative CAM plants are very 
sensitive to changes in environmental factors [1]. CAM plants oc-
cupy a wide range of habitats, and CAM induction in these plants 
is governed by a combination of environmental factors, severity of 
the stress, physiological factors, the seasonality, age and genotype 
of the plant. This review, however, will focus on the environmental 

factors that induce CAM mode in facultative CAM plants. 
The transition from C3 to CAM is commonly induced by 

drought and soil salinity, but other primary environmental param-
eters that impact photosynthetic functioning are also involved (e.g. 
photoperiod, day/night temperature change) [6]. CO2 level and 
water availability were likely the most prominent parameters as the 
initial driving forces of CAM evolution, and these parameters con-
tinue to influence CAM functioning significantly [2]. CO2 levels 
have a more profound selection pressure on freshwater than land 
plants. The presence of algae in freshwater creates competition for 
CO2 during the day, but CO2 is more available through respiration 
during the night. Thus, practicing nocturnal carbon fixation, CAM 
usage may be advantageous for freshwater plants [1]. Water avail-
ability imposes an immediate stress on land plants, particularly 
those living in arid regions [2, 7]. However, water stress or CO2 
alone does not fully explain the wide range of CAM adaptations. 
Other important factors, including salinity, light, temperature and 
nutrients, determine CAM modes as well, and these factors may 
or may not be directly linked to water stress [2] (Supp. Fig.1). All 
these parameters will be discussed individually in this review. This 
review is significant in showing a detailed example of how pheno-
typic plasticity in plants relates to the environment, particularly as 
CAM plants are unique adaptations to some of the harshest habitats 
throughout the world. 

Habitat 
CAM plants are found in contrasting sites in many different 

ecosystems and are highly polyphyletic with approximately 16000 
species [1]. Desert succulents account for 1800 species, and there 
are about 10700 species of rainforest epiphytes [2]. Facultative 
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CAM plants commonly exist in places with seasonal climate fluc-
tuations, and unpredictable periods of stress [1]. 

Mesembryanthemum crystallinum is an annual plant frequently 
used as a model species for facultative CAM research [1]. The habi-
tat of M. crystallinum along the coast of California, for example, is 
characterized by cold, wet winters, during which the plants per-
form C3 photosynthesis. Then during the hot, dry summers with 
increased salinity, it employs almost exclusively the CAM mode [1, 
3, 8]. Moreover, a facultative CAM species in the genus Kitchingia 
in Madagascar appears in forest climate zones during hot periods 
[2]. A species of Kalanchoë from Madagascar showed weak CAM in 
humid spots but strong CAM mode on bare rocks, suggesting that 
the CAM mode is related to micro-habitat structures [9]. Different 
lighting and flooding regimes also dictate the occurrence of CAM/
C3 populations [10].

Facultative CAM distribution is also limited by the tempera-
ture difference associated with latitudinal and altitudinal changes. 
Increasing altitude is generally associated with declining number of 
facultative CAM species and they disappear at 1175m [11]. Instead, 
obligate CAM is often employed at higher altitudes [2].

Physiology
Nocturnal CAM fixes CO2 into malate, and large vacuoles are 

required to store this organic acid. Photosynthetic tissue cells are 
often densely packed to enhance transport capacity and to prevent 
daytime CO2 leaching. These traits together create the succulence 
in CAM tissue anatomy [12]. Tissue succulence featured many in-
dependent convergent evolution events in the evolutionary history 
of CAM in various different plant families, such as spurge, cacti 
and milkweed [12]; succulence is the most prominent physiologi-
cal characteristic of CAM that is considered essential for CAM 
biochemistry [2].

Succulence, however, is not the definitive physiognomy of 
CAM plants. From the 28 CAM species studied by Martin et al. 
[13], all facultative CAM plants were succulent, but overall, they 
observed no correlation between succulence and CAM. This sug-
gested that succulence in a plant alone does not necessarily suggest 
a functioning CAM mechanism. Many epiphytic CAM plants, such 
as the Spanish moss, are not succulent. Some, such as members of 
the genus Yucca, can grow to tree size with secondary thickening 
[14]. Clusia minor is an example of a true dicotyledonous tree that 
exhibits facultative CAM [2].

Induction of CAM and its strength can be measured by noc-
turnal malate accumulation, titratable acidity, water content of the 
leaves, and the relative ratio of C3-like and C4-like carbon isotopes 
[15, 16]. Intermediate carbon isotope values can be observed in 
facultative CAM species and is a polymorphic character of CAM 
[17]. Stomatal activity is another useful indication because faculta-
tive CAM plants follow CAM pattern after induction (i.e. nocturnal 
stomata opening and diurnal closure) [1].

M. crystallinum has a special water storage feature of epidermal 
bladders that cover the plant surface [8]. When M. crystallinum 
develops in saline conditions, the new leaves are smaller and the 
epidermal bladders much larger [18]. Stress often increases the rate 
of CAM induction, but in M. crystallinum, CAM mode is also as-
sociated with maturation of the plant; young plants cannot express 
CAM [8].

Environmental Parameters
CO2 Level

While CO2 level may be considered the most important driving 
force in the evolution of CAM, CO2 level seems to play a minor role 
in the induction of CAM in facultative CAM species. Under three 
CO2 treatments of different concentrations, CAM mode was only 
induced in water-stressed plants but not well-watered ones [19]. 
The uptake of CO2 by facultative species can be directly influenced 
by water status of their substrate, as water largely controls stomata 
activity.  This is illustrated in Sedum telephium, a temperate succulent 
facultative CAM species, where CO2 uptake was shown to differ un-
der different water availability — well-watered plants fixed CO2 at a 
rate of 2.2 μmolm-2s-1 during the day, while drought plants only fixed 
CO2 during the night, at a maximum rate of 0.69 μmolm-2s-1 [5].

Water
The CAM pathway has high water use efficiency (WUE) due 

to the nocturnal stomata opening that leads to lower water loss 
via transpiration than plants with diurnal opening of the stomata. 
This feature has high ecological importance in terrestrial systems, 
especially in arid areas [1, 4]. 

CAM plants have additional mechanisms to deal with the 
limited water availability in certain environments.  For instance, 
M. crystallinum illustrates how long-term water storage works in 
CAM with the large epidermal bladders over mesophyll tissues [8]. 
A water potential gradient drives water transport from the blad-
ders into the mesophyll cells during midday, providing evidence 
of this important structural functioning at stressful times [20]. 
Additionally, roots of M. crystallinum are able to detect low soil 
water status and then transport signals to the leaves where the 
CAM pathway can be triggered [21]. This information is suggested 
to be conveyed by plant growth hormones abscisic acid (ABA) and 
cytokinin from the root to the leaves by transpiration [22].

Growth chamber experiments on S. telephium showed the 
complete C3-CAM transition occurring in 8 days [5]. The respira-
tory CO2 cycling went from 20% at day 1 to 44% at day 10; how-
ever, the CO2 uptake capacity was reduced overall after 10 days of 
drought as the stress appeared to be too severe for the whole plant 
functioning [5]. In contrast, well-watered S. telephium performed 
C3 photosynthesis exclusively. In an experiment by Brulfert et al. 
[23], Kalanchoë minita and Kalanchoë porphyrocalyx were sub-
jected to 16 days of drought and CAM traits were emerging within 
2 days of treatment. The two species performed quite differently at 
the end of the treatment: K. porphyrocalyx demonstrated a much 
higher drought resistance and K. minita had gone into a stage of 
using only recycled respiratory CO2 (CAM-idling) [23].

The part of the plant being deprived of water is also important 
in determining CAM induction. Partial deprivation of root water 
content is enough to trigger CAM, without changing the leaf water 
content [21].  

Salinity
Salinity creates osmotic stress and is strongly related to water 

status because water determines the concentration of any given 
substrate. CAM plants are generally highly salt-sensitive and prac-
tice strategies such as salt exclusion. The epiphytic CAM plants are 
typically salt-avoiders [2].
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One exception is M. crystallinum, which can tolerate high 
salinity due to the ability to withstand high concentration of salt 
in their system [24, 25]. M. crystallinum appeared to be capable 
of retaining up to 400mM Na+  when treated in a 250 mM NaCl 
medium, and was able to keep tissue concentration constant in a 
400mM NaCl solution [24]. M. crystallinum can even successfully 
reproduce in a 500mM NaCl medium [8]. CAM induction and the 
intensity of the CAM response in M. crystallinum is influenced by 
age and developmental factors respectively [3]. When treated with 
different concentrations of saline solution, high salinity treatments 
quickly induced CAM mode in young M. crystallinum and strongly 
accelerated the age-dependent process, whereas the lower salinity 
treatments performed C3 photosynthesis exclusively [8]. In contrast, 
M. crystallinum grown in well-watered, non-saline treatments were 
able to complete their life cycles without ever exhibiting CAM [3].

Removal from the saline environment should reduce CAM 
expression. However, older leaves show lower reversibility, as 
shown by Ratajczak et al. [26], whose experiment demonstrated 
that at the same age, plants that were stressed would still maintain 
partial CAM expression after removal of stressor, whereas the non-
stressed plants do not retain CAM mode.

Temperature
Air humidity is strongly tied to temperature- usually the higher 

the temperature, the drier it gets. Hence, temperature is involved in 
stomata regulation and CAM induction in facultative CAM plants 
[1]. Clusia minor, a facultative CAM tree species, has stronger 
CAM induction when diurnal temperature difference increases. 
In contrast, if temperature stays constant then the CAM response 
appears to be less sensitive [27]. This insensitivity is only associated 
with temperate species as many tropical species can have full CAM 
expression under constant temperature [2]. This provides evidence 
that CAM induction is induced by multiple factors.

Nutrient
In comparison to C3 plants, CAM species use less nitrogen 

(N) because less Rubisco is required due to the CO2 concentrat-
ing system [2]. Nevertheless, nutrient deficiency is problematic for 
any organism, and in many CAM epiphyte habitats, substrates are 
severely depleted of mineral nutrients.

In the facultative CAM species Kalanchoë lateritia, nitrogen 
concentration appeared to play a role as CAM was best induced 
at intermediate N level (NO3

- = 2.894 mol m-3 and NH4
+ = 0. 208 

mol m-3) [28]. Ota [29, 30] found the chemical forms of nitrogen 
had different induction effects as well: for Kalanchoë blossfeldiana, 
an overall N-deficiency induced CAM, but ammonium ion (NH4

+) 
appeared to have weaker induction strength than nitrate (NO3

-). 
Induction of CAM in M. crystallinum is also affected by nitrate and 
phosphate deficiency [31].

Light
For any photosynthetic organisms, light is the direct source 

energy for photosynthesis and carbon acquisition. Light also con-
trols the circadian cycle of the organism by acting as an impor-
tant signaling system that activates many physiological functions 
including the induction of CAM expression in facultative CAM 
species [2].  The color, intensity and length of photo-periods all 

contribute to CAM induction [32, 33].
Guard cell response is regulated by a blue-light photorecep-

tor in the C3 photosynthesis mode [33]. Upon CAM induction, 
stomatal activity changes and the light response is then altered. In 
Portulacaria afra, a facultative species, C3 and CAM individuals 
have dramatically different responses to blue and red light. The 
responses that are stimulated in C3 mode appear to be lost or in-
hibited in the CAM mode [33]. In M. crystallinum, the opening of 
guard cells in response to blue light occurs in the C3 mode but this 
response is lost after CAM induction [34].

In some facultative CAM species, CAM expression may be 
elicited by high light intensity [2]. In a tropical savannah site, 
Herzog et al. [35] studied Clusia multiflora (an obligate C3 species) 
and Clusia minor (a facultative CAM species) and found that C. 
multiflora suffered from light damage whereas C. minor was able to 
avoid detrimental photoinhibition by shifting into CAM mode. The 
tropical savannah is highly variable because it is a transition zone 
between grassland and desert, and is characterized by extended dry 
seasons and brief wet summers. The Clusia example thus illustrated 
the advantage of C3-CAM shift in environment with high amount 
of variability.

The length of the photoperiod is also important; brief expo-
sure to high-intensity light may not be sufficient to generate the 
switch [2]. Typically, facultative species require day-long exposure 
to initiate CAM mode. This was observed in M. crystallinum and 
K. blossfeldiana [36]. 

Conclusion
It was suggested by Winter and Holtum [3] that CAM induc-

tion is controlled largely by environmental factors, rather than a 
pre-programmed genetic process. Nevertheless, upon external trig-
gers, changes in the biochemical reactions within the plants, such 
as the formation of necessary proteins and the alteration in electron 
transport chain are what complete the CAM expression. Minor en-
vironmental factors, such as atmospheric input of sulphite, a wide-
spread air pollutant [37], and the developmental stage of the plant 
are also important contributing factors to consider [4]. It is also 
important to keep in mind that, despite the sufficient water con-
serving mechanism that allows CAM plants to do well in extreme 
aridity, they are poor competitors to C3 and C4 plants in normal 
temperature or moisture regimes. This fact shows that it may not 
be forever advantageous to utilize the CAM pathway. Under the 
possible influence of climate and vegetation change, would obli-
gate CAM plants become “facultative” if biotic competition is too 
strong? If climate change creates more extreme seasonality, hence 
more environmental stress to facultative CAM plants, would they 
adapt successfully with their phenotypic flexibility, or be limited by 
the disadvantage in their photosynthetic pathway? Overall, a multi-
factored network controls the CAM induction in plants and thus 
provides many directions for future studies on this subject. 
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Abstract
Methods for discovering protein biomarkers that allow for the early detection of diseases, such as cancer, have evolved rapidly in the 

past decade, allowing for more efficient discovery and validation. This review discusses mass spectrometry and microarrays, two technologi-
cally important advancements in biomarker research. Microarray technology is discussed in general terms, along with its clinical applications 
in biomedicine, especially in oncology.  We look at the role of mass spectrometry in analyzing the proteome of normal and diseased states 
required for biomarker discovery and validation. Finally, protein label-free, isotopic tag protein quantification, and bioinformatics tools used 
in mass spectrometric analysis are outlined.

Introduction
A biomarker is a chemical or biological agent that distin-

guishes an organism’s pathological state from its normal state. 
Proteins that are over- or under-expressed during disease are the 
most common biomarkers, and they are important as they may 
serve as an effective diagnostic and prognostic tool. Biomarkers 
also promise a paradigm shift in the field of medicine by provid-
ing an extra dimension of patient-centered care, whereby the 
patient’s treatment options are catered to his or her own unique 
disease state as shown by the disease’s molecular makeup. This 
can be especially important in patients suffering from cancer.  

Biomarker research is a relatively new field that has flour-
ished with the rise of new technologies such as mass spectrom-
etry (MS) and microarrays (MA). These technologies allow for 
the identification and quantification assays of DNA, mRNA, and 
protein. Biomarkers may be discovered in comparisons of the 
results of these assays for normal and diseased states. Modern 
biomarker research is heavily dependent on high-throughput 
analysis on large parts of the organism’s genome, transcriptome, 
and proteome, which will be highlighted in this review. 

Microarray
Since its inception in the mid-1990s [1], MA analysis has 

become an established technique to compare and contrast gene 
expression between different conditions, particularly between 
normal and diseased tissue. In its most general form, a microar-
ray is a compact chip containing cell product (which can range 
from DNA to mRNA depending on the protocol) that is assayed 
by hybridization with a labeled probe. The often fluorescing 
probes conjugate with the arrayed product yielding a set of 
distinct colors that allow for the elucidation of the strength of 
association between product and product. Although similar 
in some respects to western, Southern, and northern blots, 
microarrays are able to assay many thousands of products at 
once, allowing for a higher throughput and a universal picture 

of the tissue’s pathological state. Their use extends well beyond 
clinical applications, but this review will focus on medicinal ap-
plications with specific attention to cancer research. DNA and 
mRNA microarrays have been of particular interest as they have 
wide-ranging applications [2].

Comparative Genomic Hybridization
One important aspect of DNA microarray is Comparative 

Genomic Hybridization (CGH), which allows for the com-
parison of genomic alterations such as DNA sequence copy 
variations, insertions, and deletions between types of tissues. 
Changes in chromosome structure can be scanned using com-
parative hybridization whereby the diseased test tissue and 
control (non-diseased) tissue are labeled and hybridized with 
normal metaphase chromosomes. A competition for hybridiza-
tion with the normal, metaphase chromosomes arises between 
test and control DNA and fluorescent techniques are then used 
to assess DNA gain or loss [3]. Recent advances in the technique 
utilize a microarray format that allows much better resolution in 
detecting chromosomal aberrations. Because of CGH’s sensitiv-
ity to genomic alterations, they have naturally been employed in 
multiple cancer studies. A variation of CGH was recently used 
by Brassesco et al. to characterize chromosomal aberrations in 
children with Meningioma, a cancer of the Central Nervous 
system [4]. Another study examined the copy-number variants 
of genes implicated in Osteosarcomas [5]. Detailed reviews are 
available on the wide application of CGH technology [6].

SNP microarrays
Assaying variations in a given DNA base between different 

members of the same species, also known as Single Nucleotide 
Polymorphisms (SNPs), is another genomic technique exploited 
by MA technology. SNPs are found at every 1000-2000 base 
pairs, much of human genetic diversity is attributed to their 
variation between different members of a species. This gives 
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SNP-microarray analysis a potentially useful diagnostic application 
for haplotype-related disease, which has been explored in some 
studies [3]. One study used SNP MA analysis to identify certain 
allele-specific regions that were up-regulated in breast cancer [7]. 

Other microarray applications
Information gleaned from genomic DNA, however, has its 

limits since, at any given moment, not all DNA is expressed the 
same way in all cells. The transcriptome, the sum total of tran-
scripts (mRNA) in a cell, often offers greater insight on the cell’s 
state. mRNA microarray, which allows deeper insight into the cell’s 
microcosm, has become the most popular approach, and public da-
tabases of gene expression in different diseases have sprung on the 
internet [2]. This technology has expanded to include microRNA 
microarrays, which assay the small oligonucleotides that regulate 
protein expression. These macromolecules have shown to regulate 
many cancer-genes, giving them promising roles as biomarkers in 
the prognosis of disease [8]. Both technologies have been impli-
cated in the discovery of possible cancer biomarkers [9]. 

Drawbacks 
Microarray technology, however, has some drawbacks that 

keep it from being a more ubiquitous tool in the lab. Reproducibility 
between different MA platforms can sometimes be a problem, as 
can be the lack of standardized protocol. Reports have also postu-
lated that microarray can be bias [10]. 

Despite these pitfalls, MA technology promises to guide future 
discovery of protein biomarkers. Perhaps the biggest disadvantage 
of MA technology is that it only assays the transient subcellular 
entities to a disease state. The ultimate agent of phenotype is 
protein, and Mass Spectrometry allows the detection of biomark-
ers.  Illustrating this concept is Prostate Specific Antigen (PSA), 
a serum-residing protein biomarker commonly over-expressed in 
prostate cancer patients. Measuring serum PSA levels has allowed 
for the early detection of the cancer, earlier treatment, and much-
improved survival rates. Although there is still insufficient data to 
recommend PSA testing, 5-year survival rates for prostate cancer 
have radically improved over the last 25 years, partly due to earlier 
diagnosis and treatment [11]. A more technical discussion is war-
ranted for this technology.  

Mass Spectrometry 
Mass spectrometry (MS) is an analytical tool used in pro-

teomics for detecting the mass to charge ratio (m/z) of compounds 
within a sample [12]. In biomarker research, the sample is a puri-
fied, denatured and protease-digested biological fluid or cell lysate. 
This preparation is performed such that only soluble denatured 
peptides constituting all or part of the proteome of the original 
sample remain. Protease digestion ensures that peptides retain a 
relatively uniform charge, thereby allowing for mass determination 
of all the peptides in the mixture from their m/z’s [13]. 

After the mass of a peptide is determined, it may be fragment-
ed by adding energy in a process called MS/MS or tandem MS. 
Peptides that are fragmented produce a second mass spectra char-
acteristic of their amino acid sequence. Combining the sequences 
of peptides within the sample results in a list of proteins within the 
sample, via comparison with sequences of known proteins [14].

Label free Protein quantification
Peptides from complex biological mixtures must be separated 

in a high pressure liquid chromatography (HPLC) system prior to 
injection into the mass spectrometer. This HPLC system binds the 
sample peptides to a HPLC column and then elutes the peptides, 
separating them by elution time based upon peptide hydrophobicity. 
This HPLC is often coupled physically and electronically coupled to 
the mass spectrometer. As a peptide elutes from the HPLC, its ion 
current can be measured in combination with m/z. This gives rise to 
three properties being known about every eluting peptide: its elu-
tion time range, its m/z, and its measured ion current. Integration 
of the ion current at the m/z of the peptide over its elution time 
is known to be proportional to that peptide’s concentration in the 
sample [15]. Thus comparison of these integrated volumes is one 
method of protein quantification in a mass spectrometer. As this 
method does not necessitate pre-labeling the peptides within the 
sample, it is called label free protein quantification.

As several peptides may have the same m/z and elution time 
range, m/z range for the peptide in question is set to be fragmented 
and a specific product ion is monitored and quantified. This prod-
uct ion monitoring assay [16] allows for a double specificity of 
peptide and fragment ion m/z. Limits of detection of the biomarker 

Figure 1. An Overview of the Mass Spectrometry Process [12]. (1) The 
sample may first be fractionated to reduce complexity and ensure 
maximum protein identification. (2) The proteins are digested into 
peptides so that they are of appropriate m/z to be handled by the 
mass spectrometer. (3) The peptides are run through a HPLC system 
and separated by elution based on hydrophobicity. (4) The masses 
of eluting peptides are measured over time. (5) Certain peptides 
are fragmented such that their sequences may be determined from 
characteristic fragment ions, allowing proteins within the sample to 
be identified by bioinformatics. 
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prostate specific antigen are around 0.1ng/mL with quantification 
viable with concentrations of 1ng/mL or greater. Coefficients of 
variance for this technique are less than 20% on standard samples, 
indicating its reproducibility [16].  

Protein Quantification with Isotopic Tags
Major advances in isotopic tagging have contributed signifi-

cantly to mass spectrometry’s use in quantitative proteomics [15]. 
Isotopic tagging involves differentiating normal and diseased states 
by tagging peptides with heavy and light isotopes.

Isobaric tag for relative and absolute quantification (iTRAQ) 
is one type of isotopic tag that chemically links a group of the 
same mass to specific locations on every peptide of a sample [17]. 
Normal and diseased samples are tagged and then pooled. There 
is a difference between the tag used for tagging the normal and 
diseased samples, and this difference exists in the fragmentation 
spectra and not in the original parent mass spectra. This similarity 
of tags in the parent mass spectra ensures that the peptides from 
each sample elute and ionize at the same time. 

When a tandem MS is performed on the peptide, different 
fragments ions result from the different tags (e.g. normal and 
disease state). The relative abundance of these tags can then be 
quantified by integrating volume from the mass spectrum. Because 
peptides from the pooled but differently tagged samples elute and 
ionize at the same time, these relative abundances are indicative 
of the relative abundance of the peptide that was fragmented to 
produce the tandem MS spectrum. Relative protein ratios are then 
obtained by averaging peptide ratios; this averaging follows bio-
informatics analysis that assigns each peptide to a sequence and 
then to a protein. The benefit of this technique is that it requires 
no special method of growing or preparing the samples aside from 
having them separated prior to iTRAQ-MS analysis.

Other isotopic tags such as tandem mass tags (TMT) also ex-
ist. These differ slightly in the residues that they label and their 
chemical structure, but accomplish quantification in the same 
basic manner.  There are also other variations of isotopic tagging 
methods like iCAT, SILAC, and 18O [15].  These methods vary in 
their labeling efficiency, preparation time, cost, accuracy and preci-
sion; an in-depth comparison of these methods is beyond the scope 
of this review.

Bioinformatics
Please refer to online supplementary material.

Comparison and conclusion
Traditional methods for protein detection and quantification 

are the western blot and enzyme linked immunosorbent assay 
(ELISA). These techniques are able to visibly detect antibody-pro-
tein binding, allowing for confirmation of protein presence and, in 
the case of ELISA, quantity. Both of these techniques require anti-
bodies specific to the protein that must be detected or quantified 
[18]. This poses a problem as antibodies are often unavailable for 
many potential biomarkers which are novel proteins of unknown 
function. Even if antibodies were available for the proteins in ques-
tion, throughput is limited as these techniques must be performed 
on a protein by protein basis. The utility of mass spectrometry in 
proteomics comes from its ability to detect and quantify protein in 

a high throughput manner without requiring antibodies [19].
Appropriately, mass spectrometry has become a staple of pro-

teomics in the past decade [12]. This is primarily due to advances in 
bioinformatics, mass spectrometers, and quantification technology 
allowing for very high resolution characterization and quantifica-
tion of the entire proteome of a biological extract. Advances in mass 
spectrometry are revolutionizing the field of protein quantification 
and detection, techniques fundamental to biomarker research.

Conclusions
As detailed in the review, biomarker research technology is 

advancing rapidly. These advances are especially pronounced in 
the field of microarrays and mass spectrometry. 

With respect to microarray analysis, its use continues to grow 
among scientists in the health field, and as protocol becomes stan-
dardized, reproducibility of results will become more common. 
When this is achieved, microarray analysis promises new strides 
in the area of biomolecular research, with specific interest given 
to cancer.

Mass spectrometry advances will include advances in quantifi-
cation. Quantification without antibodies will allow high through-
put biomarker discovery and validation, thereby aiding in the 
biomarker discovery process. The focus of quantification advances 
will include the development and refinement of current isotopic 
tagging and label free methods. Accuracy and reproducibility of 
this quantification will also need to be improved. Advances are 
unlikely to stop until these two aspects of quantification are sig-
nificantly advanced such that mass spectrometric quantification 
methods are widely accepted for publication of new biomarkers.

Technological advances certainly promise new biomarker 
discoveries that will help revolutionize patient therapeutic plans. 
A major reason for the discovery of new biomarkers is that these 
diagnostic tools allow for early screening of cancer, potentially 
decreasing mortality from early treatment. The conventional diag-
nostic biomarker is not necessarily the end of the story. Among 
other uses, biomarkers will be helpful in determining appropriate 
treatment in the case of a prognostic biomarker. 

Whatever the future of biomarker research technology holds, 
it certainly looks hopeful. Biomarkers, whose discovery is aided by 
microarrays and mass spectrometry, will surely be part of a new 
paradigm in medicine in the decades to come. The diagnostic and 
prognostic ability of future biomarkers should allow for reduced 
mortality and increased quality of life, making the technology of 
their discovery a worthwhile topic of study and research. 

Please see online supplementary material for References.
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Abstract
The perception of emotions and the recognition of facial expressions play a critical role in social interaction between humans. Faces 

communicate a great deal of information, including dynamic features, such as an individual’s internal emotional state, and static features, 
such as a person’s identity. Two major views have evolved from the investigation of how facial expressions are perceived and processed, the 
discrete category view and the dimensional theory. According to the discrete category view, basic facial expressions convey discrete and 
specific emotions: anger, happiness, surprise, fear, disgust, and sadness. Conversely, the dimensional view suggests that the mental repre-
sentation of emotional space consists of continuous underlying dimensions in which similar emotions are clustered together while different 
ones are far apart. While both theories postulate that affective information is resistant to contextual influences, research on this topic has 
provided reasons to believe that the relationship between facial expressions and their contexts may play an important role in determining 
the perceived emotion. Similarly, studies looking at the right hemisphere and the fusiform face area (FFA) have led researchers to suggest 
that factors other than the presence of faces, such as experience and training, can also activate the FFA. This review looks at the role of facial 
expressions in everyday life and the two opposing theories on how facial expressions are perceived and processed in the brain. Specifically, 
the malleability of emotion perception and face recognition and the brain regions involved in emotion are explored. 

Introduction
Emotions play a fundamental role in human interactions and 

experiences. Emotion (or affect) is the feelings that involve sub-
jective evaluation, physiological processes, and cognitive beliefs 
[1]. Regardless of the situation in everyday life, humans endlessly 
attempt to decipher social and emotional cues from one another. 
Research into the cognitive neuroscience of human social behav-
iour has shown that social behaviour is tightly linked to emotions 
[2]. Similarly, facial expressions are a particularly important source 
for obtaining social and emotional information [2, 3] and are also 
an essential aspect of social cognition, as faces communicate a great 
deal of information such as an individual’s internal emotional state 
and a person’s identity [4, 5].

The importance of facial perception and recognition is ex-
emplified in patients with prosopagnosia. Individuals with pros-
opagnosia are unable to recognize or differentiate among faces, 
although other objects in their visual modality can be correctly 
identified [6]. To compensate for the deficit, these patients rely on 
visual non-facial information such as a person’s clothing, or on in-
formation in a non-visual modality, such as voice [7]. Clearly, using 
the above techniques to distinguish one individual from another 
poses a great problem for prosopagnosic patients, as much visual 
non-facial information and non-visual modality are not unique 
to one particular individual. Therefore, the ability to perceive and 
recognize faces is a crucial aspect of human interaction. 

Subcortical brain regions involved in emotion 
Subcortical regions of the brain, including the amygdala, 

hippocampus, hypothalamus, and regions of the cingulate cor-
tex, enable us to react to emotional stimuli quickly. For example, 

the amygdala plays a role in fear and emotional learning [8-10]. 
Lesions of the amygdala interfere with the processing of emotional 
information [6], making patients with amygdala damage unable to 
detect aversive emotional cues in the visual and auditory stimuli 
[11, 12].  

The hippocampus is critical in putting emotion into context 
[6]. It has been suggested that the main problem with patients 
suffering from mental disorders is that they are unable to express 
their emotions appropriately [13]. Specifically, research with post-
traumatic stress disorder (PTSD) patients shows the presence of 
hippocampal atrophy, which is thought to be due to the excessive 
release of glucocorticoids. This suggests that impaired functioning 
of the hippocampus may contribute to the emotional dysfunction 
seen in PTSD [14]. 

The hypothalamus allows for the quick processing of emotional 
information [15]. This region of the brain is closely connected with 
the amygdala and serves as an important relay station for informa-
tion going into and receiving information out of the amygdala. It 
also meditates certain autonomic processes and endocrine reac-
tions [6]. For instance, it helps to coordinate the physical events 
that prepare the organism for approach or withdrawal, also known 
as the “fight or flight” response. 

Finally, the cingulate cortex, viewed as a part of the limbic 
system, is an important brain structure in a variety of cognitive 
functions, including emotional self-control [6]. Of particular im-
portance in interfacing emotion and cognition are the anterior cin-
gulate gyrus and the retrosplenial cortex. The retrosplenial cortex 
mediates interaction between emotional and cognitive processes 
[16] and lesions to the anterior cingulate cortex result in apathy, 
inattention, and changes in personality [17]. 
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Cortical brain regions involved in emotion
Cortical regions of the brain, such as the prefrontal cortex, the 

insula [18], and the parietal lobes also play a role in emotion. They 
use the quick reactions to emotional stimuli made possible through 
the subcortical brain regions to influence more complicated aspects 
of our behaviour. One region of the cortical brain that is important 
in emotion is the prefrontal cortex, particularly the orbitofrontal 
prefrontal cortex (OFC) and the dorsolateral prefrontal cortex 
(DLPFC) [6]. The OFC plays a role in emotion regulation, reward, 
and punishment. Individuals with damage to the OFC have difficulty 
anticipating the consequences of their actions and learning from their 
mistakes [19, 20] and exhibit perseveration even when contingencies 
change [21]. The DLPFC is sensitive to the integration of cognition 
and emotion [22] and is involved in the goal directed behaviours that 
are influenced by positive and negative emotional states [13]. 

The parietal lobe, particularly the right parietotemporal region, 
plays an important role in one’s ability to perceive, interpret, and 
recall emotionally meaningful information [6] and in appreciating 
the emotional significance of visual information [23, 24]. Patients 
with damage to this region compared to those with damage to the 
left hemisphere perform poorer when asked to discriminate be-
tween emotional faces or to name emotional scenes [25]. They also 
exhibit more difficulties matching emotional expressions [26] and 
grouping emotional scenes and faces [27-29]. 

Malleability of emotion perception and face 
recognition 
Emotion perception, context, and adaptation. 

Research into how facial expressions are perceived and pro-
cessed in the brain has resulted in two major views, the discrete 
category view and the dimensional view [3, 30]. According to the 
discrete category view [31-33], basic facial expressions convey 
discrete and specific emotions: anger, happiness, surprise, fear, 
disgust, and sadness. Conversely, the dimensional view [34, 35] 
suggests that facial expressions convey values on the dimensions of 
valence (pleasant vs. unpleasant) and arousal (high vs. low). These 
values, obtained through the facial expressions, are consequently 
used to attribute a specific emotion to the facial expression. 

While both theories hypothesize that affective information is 
resistant to contextual influences, extensive research on this topic 
has provided reasons to believe that the relationship between facial 
expressions and their contexts may play an important role in deter-
mining the perceived emotion. Although early studies on this topic 
have resulted in inconsistent results, with some studies demon-
strating insignificant contextual effects [36, 37] and other showing 
strong contextual effects [38], more recent studies are demonstrat-
ing that the categorization of emotions from facial expressions can 
be strongly influenced by bodily and scene context. 

In 2008, Aviezer and colleagues pointed out that previous stud-
ies have resulted in conflicting findings because they did not take 
into account the perceptual similarities among facial expressions 
[39], such as the strong similarity between anger and disgust [40]. 
In this study, they showed that bodily context influenced the facial 
expression that was being perceived. Specifically, affective informa-
tion from facial expressions was perceived as noticeably different on 
different bodily contexts, hence differing from the discrete category 
view. Their results also contrasted with the dimensional view, as 

context also changed the ratings of the valence and arousal of pre-
sented faces. Of particular importance is the finding that the above 
effects are dependent on the similarity between the presented facial 
expression (e.g., anger) and the facial expression that is typically as-
sociated with the context emotion (e.g., a body holding a knife). 

Studies using an adaptation paradigm have also demonstrated 
the malleability of facial expressions. Adaptation paradigms allow 
for the further investigation of the neural representations of faces 
by inducing aftereffects through prolonged exposure to a stimulus 
[41]. In this context, adaptation to a particular facial expression has 
been shown to result in a shift in the category boundaries between 
two different expressions [42]. That is, a previously ambiguous 
expression was seen as the opposite expression from the adapt-
ing expression. It is believed that adaptation fatigues the neural 
mechanism associated with a particular stimulus and thus, there 
is a decrease in the responsiveness of a neural representation to a 
constant stimulus [43, 44]. 

Using an adaptation paradigm, Ellamil, Susskind, and 
Anderson examined the identity invariance of facial expressions. 
The test stimulus in this experiment consisted of four different 
expressions – anger, disgust, fear, and surprise, as the pairs of anger 
and surprise and of disgust and fear were shown to be most dif-
ferent from one another [39]. They found that the perception of 
facial expressions was reliably and noticeably biased by prolonged 
exposure to images of facial expressions, which was consistent with 
previous facial expression adaptation studies [41, 42]. This means 
that adapting to one facial expression moved the category bound-
ary towards the matching prototype, and thus, required the facial 
expression to be more prototypical to be categorized correctly. 

Lastly, situations other than environmental and bodily contexts 
can also influence the perception of facial emotions. Kirsh and Mounts 
observed a negative processing bias in the recognition of emotional 
expressions with violent video games [45]. Consistent with previous 
research [46-49], there was a reduction in the “happy face” advantage 
(the generally faster ability to identify happy expressions compared 
to angry ones) following violent video games, providing further 
evidence for the relationship between exposure to violent media and 
aggressive biases in social information processing [47, 50-55]. 

Face recognition, the right hemisphere, and the fusiform face 
area. 

Studies with neurologically intact individuals and patients 
with hemisphere damage have shown that the right hemisphere 
of the brain is particularly adept at facial recognition [10, 56, 57]. 
The inversion effect, which is the greater difficulty in remembering 
inverted rather than upright stimuli, is often used in the research 
of face recognition. 

In 1970, Yin postulated that configural information is espe-
cially important for recognizing faces [58]. In this study, partici-
pants viewed pictures of either faces or houses in the upright posi-
tion and were subsequently asked to identify the items that were 
previously presented. When this task was completed for the second 
time, the pictures were presented in an inverted orientation. This 
manipulation allowed for the investigation of the significance of 
the loss of configural information (e.g., when in faces, the mouth 
is no longer below the nose). In this study, Yin discovered that 
neurologically intact individuals exhibited an inversion effect for 
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faces but not for houses. This suggests that configural information 
plays a more important role in recognizing faces and that faces are 
processed differently than other objects. 

Further investigation into the malleability of the right hemi-
sphere in face recognition has led researchers to the role of expe-
rience or expertise in face processing. Diamond and Carey have 
postulated that the inversion effect may be observed for any objects 
with experience [59]. According to this hypothesis, the inversion 
effect is observed because faces are a class of objects in which hu-
mans have much experience. Hence, with experience, a configural 
strategy would develop for any particular class of objects and the 
inversion effect would be observed as well. To test this hypothesis, 
they recruited college students and judges of show dogs for an ex-
periment with a similar procedure used by Yin. The results showed 
that the judges of show dogs had as large an inversion effect for 
show dogs as for faces, allowing the researchers to conclude that 
expertise plays an important role in the inversion effect. 

Similarly, recent neuroimaging studies have also demonstrated 
the role of the right hemisphere in face recognition. In one study [60], 
the fusiform face area (FFA) was identified individually for eleven car 
experts and eight bird experts by finding the brain region that exhib-
ited a larger response to faces than other objects. The results showed 
that there was a greater FFA activation for cars than for other objects, 
including birds. Conversely, the bird experts exhibited greater FFA 
activation for birds than for other objects, including cars. 

Moreover, activation of the FFA increases as individuals be-
come more experienced. In a study by Gauthier and colleagues, 
participants were trained to become experts at recognizing novel 
objects known as “greebles”. When they were judged by the re-
searchers to be experts at differentiating “greebles” from one family 
to another, they observed activation in the right FFA in the par-
ticipants. When the inversion effect was looked at, they found that 
the activation of the right FFA for upright as compared to inverted 
“greebles” increased with training [61]. 

Summary 
The ability to perceive and recognize emotions and facial ex-

pressions is critical, with research showing that vital information can 
be inferred from facial expressions [2, 3]. In social environments, 
emotions contribute in regulating social behaviour and communi-
cate important information and social signals. Conflicting theories 
regarding how facial expressions are perceived and processed in 
the brain and the use of adaptation paradigms have led research-
ers to extensively study the malleability of emotions and facial 
expressions. Similarly, studies looking at the brain regions that are 
involved in emotions have shown that factors, such as experience 
and training, can also activate the FFA, suggesting that this area of 
the brain is not only specialized for the processing of faces. Further 
research into the malleability, perception, and recognition of emo-
tions and facial expressions will allow us to elucidate the cognitive 
neuroscience of human social behaviour. 

References

chology. 2nd ed. 2004, Boston: Houghton Mifflin Co. 
xx, 636 p.

7. Damasio, A.R., H. Damasio, and G.W. Van Hoesen, 
Prosopagnosia: anatomic basis and behavioral 
mechanisms. Neurology, 1982. 32(4): p. 331-41.

8. Breiter, H.C., et al., Response and habituation of the 
human amygdala during visual processing of facial 
expression. Neuron, 1996. 17(5): p. 875-87.

9. Morris, J.S., A. Ohman, and R.J. Dolan, Conscious 
and unconscious emotional learning in the human 
amygdala. Nature, 1998. 393(6684): p. 467-70.

10. Morris, P.L., et al., Lesion location and poststroke 
depression. J Neuropsychiatry Clin Neurosci, 1996. 
8(4): p. 399-403.

11. Adolphs, R., D. Tranel, and H. Damasio, Emotion 
recognition from faces and prosody following 
temporal lobectomy. Neuropsychology, 2001. 15(3): 
p. 396-404.

12. Adolphs, R., et al., Fear and the human amygdala. J 
Neurosci, 1995. 15(9): p. 5879-91.

13. Davidson, R.J., Affective style, psychopathology, 
and resilience: brain mechanisms and plasticity. Am 
Psychol, 2000. 55(11): p. 1196-214.

14. Durand, V.M., D.H. Barlow, and S.H. Stewart, Essen-
tials of abnormal psychology. 1st Canadian ed. 2007, 
Toronto: Thomson Nelson. xxiii, 728.

15. Rosenzweig, M.R., S.M. Breedlove, and N.V. 
Watson, Biological psychology : an introduction to 
behavioral and cognitive neuroscience. 4th ed. 2005, 
Sunderland, Mass.: Sinauer Associates. 1 v. (various 
pagings).

16. Maddock, R.J., The retrosplenial cortex and emotion: 
new insights from functional neuroimaging of the 
human brain. Trends Neurosci, 1999. 22(7): p. 310-6.

17. Bush, G., P. Luu, and M.I. Posner, Cognitive and 
emotional influences in anterior cingulate cortex. 
Trends Cogn Sci, 2000. 4(6): p. 215-222.

18. Small, D.M., et al., Changes in brain activity related 
to eating chocolate: from pleasure to aversion. Brain, 
2001. 124(Pt 9): p. 1720-33.

19. Bechara, A., et al., Insensitivity to future conse-
quences following damage to human prefrontal 
cortex. Cognition, 1994. 50(1-3): p. 7-15.

20. Rolls, E.T., et al., Emotion-related learning in patients 
with social and emotional changes associated with 
frontal lobe damage. J Neurol Neurosurg Psychiatry, 
1994. 57(12): p. 1518-24.

21. Thut, G., et al., Activation of the human brain by 
monetary reward. Neuroreport, 1997. 8(5): p. 
1225-8.

22. Gray, J.R., T.S. Braver, and M.E. Raichle, Integration 
of emotion and cognition in the lateral prefrontal 
cortex. Proc Natl Acad Sci U S A, 2002. 99(6): p. 4115-
20.

23. Gardner, H., et al., Comprehension and appreciation 
of humorous material following brain damage. 
Brain, 1975. 98(3): p. 399-412.

24. Wapner, W., S. Hamby, and H. Gardner, The role of 
the right hemisphere in the apprehension of complex 
linguistic materials. Brain Lang, 1981. 14(1): p. 15-33.

25. DeKosky, S.T., et al., Recognition and discrimination 
of emotional faces and pictures. Brain Lang, 1980. 
9(2): p. 206-14.

26. Cicone, M., W. Wapner, and H. Gardner, Sensitivity 
to emotional expressions and situations in organic 
patients. Cortex, 1980. 16(1): p. 145-58.

27. Etcoff, N.L., Perceptual and conceptual organization 
of facial emotions: hemispheric differences. Brain 
Cogn, 1984. 3(4): p. 385-412.

28. Etcoff, N.L., Selective attention to facial identity and 
facial emotion. Neuropsychologia, 1984. 22(3): p. 
281-95.

29. Kolb, B. and L. Taylor, Affective behavior in patients 
with localized cortical excisions: role of lesion site 
and side. Science, 1981. 214(4516): p. 89-91.

30. Posamentier, M.T. and H. Abdi, Processing faces and 
facial expressions. Neuropsychol Rev, 2003. 13(3): p. 
113-43.

31. Ekman, P., An argument for basic emotions. Cogni-
tion & Emotion, 1992. 6(3-4): p. 169-200.

32. Izard, C.E., Basic emotions, relations among emo-
tions, and emotion-cognition relations. Psychological 
Review, 1992. 99(3): p. 561-565.

33. Izard, C.E., Innate and universal facial expressions: 
evidence from developmental and cross-cultural 
research. Psychological Bulletin 1994. 115(2): p. 288-
299.

34. Russell, J.A., A circumplex model of affect. Journal of 
Personality and Social Psychology, 1980. 39: p. 1161-

1178.

35. Russell, J.A. and M. Bullock, Fuzzy concepts and the 
perception of emotion in facial expressions. Social 
Cognition 1986. 4: p. 309-341.

36. Meeren, H.K., C.C. van Heijnsbergen, and B. de 
Gelder, Rapid perceptual integration of facial expres-
sion and emotional body language. Proc Natl Acad 
Sci U S A, 2005. 102(45): p. 16518-23.

37. Nakamura, M., R. Buck, and D.A. Kenny, Relative 
contributions of expressive behavior and contextual 
information to the judgment of the emotional state 
of another. J Pers Soc Psychol, 1990. 59(5): p. 1032-9.

38. Carroll, J.M. and J.A. Russell, Do facial expressions 
signal specific emotions? Judging emotion from the 
face in context. J Pers Soc Psychol, 1996. 70(2): p. 
205-18.

39. Susskind, J.M., et al., Human and computer recogni-
tion of facial expressions of emotion. Neuropsycholo-
gia, 2007. 45(1): p. 152-62.

40. Dailey, M.N., et al., EMPATH: a neural network that 
categorizes facial expressions. J Cogn Neurosci, 2002. 
14(8): p. 1158-73.

41. Fox, C.J. and J.J. Barton, What is adapted in face 
adaptation? The neural representations of expres-
sion in the human visual system. Brain Res, 2007. 
1127(1): p. 80-9.

42. Webster, M.A., et al., Adaptation to natural facial 
categories. Nature, 2004. 428(6982): p. 557-61.

43. Grill-Spector, K., R. Henson, and A. Martin, Repeti-
tion and the brain: neural models of stimulus-specific 
effects. Trends Cogn Sci, 2006. 10(1): p. 14-23.

44. Kohler, W. and H. Wallach, Figural aftereffects: an 
investigation of visual processes Proceedings of the 
American Philosophical Society 1944. 88: p. 269-357.

45. Kirsh, S.J. and J.R. Mounts, Violent video game play 
impacts facial emotion recognition. Aggress Behav, 
2007. 33(4): p. 353-8.

46. Billings, L.S., D.W. Harrison, and J.D. Alden, Age dif-
ferences amogn women in the functional asymmetry 
for bias in facial affect perception Bulletin of the 
Psychonomic Society 1993. 31: p. 317-320.

47. Kirsh, S.J., J.R. Mounts, and P.V. Olczak, Violent media 
consumption and the recognition of dynamic facial 
expressions. J Interpers Violence, 2006. 21(5): p. 
571-84.

48. Leppanen, J. and J. Hietanen, Affect and face percep-
tion: odours modulate the recognition advantage of 
happy faces. Emotion, 2003. 3: p. 315-326.

49. Leppanen, J., M. Tenhumen, and J. Hietanen, Faster 
choice reaction times to positive than to negative 
facial expressions. Journal of Psychophysiology 2003. 
17: p. 113-123.

50. Anderson, C.A. and B.J. Bushman, Human aggres-
sion. Annu Rev Psychol, 2002. 53: p. 27-51.

51. Anderson, C.A. and K.E. Dill, Video games and 
aggressive thoughts, feelings, and behavior in the 
laboratory and in life. J Pers Soc Psychol, 2000. 78(4): 
p. 772-90.

52. Bushman, B.J. and R.G. Geen, Role of cognitive-
emotional mediators and individual differences in 
the effects of media violence on aggression. J Pers 
Soc Psychol, 1990. 58(1): p. 156-63.

53. Huesmann, L.R., et al., Longitudinal relations 
between children’s exposure to TV violence and their 
aggressive and violent behavior in young adulthood: 
1977-1992. Dev Psychol, 2003. 39(2): p. 201-21.

54. Kirsh, S.J., Seeing the world through “Mortal Kom-
bat” coloured glasses: violent video games and the 
development of a short-term hostile attribution bias. 
Childhood, 1998. 5: p. 177-184.

55. Kirsh, S.J. and P.V. Olczak, Violent comic books and 
judgments of relational aggression. Violence Vict, 
2002. 17(3): p. 373-80.

56. Gainotti, G., Emotional behavior and hemispheric 
side of the lesion. Cortex, 1972. 8(1): p. 41-55.

57. Robinson, R.G. and B. Szetela, Mood change follow-
ing left hemispheric brain injury. Ann Neurol, 1981. 
9(5): p. 447-53.

58. Yin, R.K., Face recognition by brain-injured patients: 
a dissociable ability? Neuropsychologia, 1970. 8(4): 
p. 395-402.

59. Diamond, R. and S. Carey, Why faces are and are 
not special: an effect of expertise. J Exp Psychol Gen, 
1986. 115(2): p. 107-17.

60. Gauthier, I., et al., Expertise for cars and birds 
recruits brain areas involved in face recognition. Nat 
Neurosci, 2000. 3(2): p. 191-7.

61. Gauthier, I., et al., Activation of the middle fusiform 
‘face area’ increases with expertise in recognizing 
novel objects. Nat Neurosci, 1999. 2(6): p. 568-73.

1. Gazzaniga, M.S., Psychological science. 2nd Canadian 
ed. 2007, New York: W. W. Norton & Co. xlvii, 707

2. Adolphs, R., Cognitive neuroscience of human social 
behaviour. Nat Rev Neurosci, 2003. 4(3): p. 165-78.

3. Aviezer, H., et al., Angry, disgusted, or afraid? Studies 
on the malleability of emotion perception. Psychol 
Sci, 2008. 19(7): p. 724-32.

4. Calder, A.J. and A.W. Young, Understanding the 
recognition of facial identity and facial expression. 
Nat Rev Neurosci, 2005. 6(8): p. 641-51.

5. Ellamil, M., J.M. Susskind, and A.K. Anderson, Ex-
aminations of identity invariance in facial expression 
adaptation. Cogn Affect Behav Neurosci, 2008. 8(3): 
p. 273-81.

6. Banich, M.T., Cognitive neuroscience and neuropsy



Journal of Undergraduate Life Sciences

Volum
e 3 

• 
N

o. 1 
• 

Spring 2009

73

JULS
Re

vi
ew

 A
rti

cl
e

Efficacious non-viral methods of reprogramming 
somatic cells 

Elvis Cela
Third Year Neuroscience Specialist, University of Toronto; email: elvis.cela@utoronto.ca

Abstract
Induced pluripotent stem (iPS) cells have demonstrated considerable potential in ex vivo genetic manipulation and patient specific cell 

therapy. Adult somatic or mouse fibroblast cells are reprogrammed to iPS cells via retrovirus mediated transfer of four genes. While this pro-
cedure has yielded a high transfection efficiency with stable expression of the transgenes, it is associated with insertional mutagenesis and 
immunogenic responses. The safety of this method is still questionable given the development of leukemia and adverse immune responses 
to viral vectors in several gene therapy trials. Advances in non-viral gene delivery systems have been largely overlooked due to their inability 
to maintain expression for prolonged  periods of time. While this is a substantial disadvantage in gene therapy, it represents a lesser concern 
in iPS therapy where expression of reprogramming factors is required for only eight to twelve days. Recent studies utilizing transposons, 
the PhiC3 integrase, and episomal vectors have shown promising results in their potential utility as reprogramming methods in somatic 
cells. This paper reviews non-viral methods of gene delivery and discusses their potential benefits along with disadvantages as alternative 
methods to viral methods of gene transfer. Eliminating the harmful effects of viral gene delivery or substituting it for a safer alternative 
represents a substantial barrier to overcome in order to  significantly speed up introduction of cell based therapies to clinical trials.

Introduction
The recent discovery of induced pluripotent stem (iPS) cells 

has immense clinical potential and implications in therapeutics 
capable of addressing previously untreatable diseases. These 
cells have the pluripotency (capability of becoming multiple cell 
types) and self-renewing capabilities of embryonic stem (ES) 
cells and avoid immune rejection because the donor of the cells 
will eventually be their host. Along with potential in clinical 
therapeutics, they provide a  capable template on which to focus 
ex vivo development and genetic manipulation studies. They 
are particularly promising in cell-based therapies since many 
debilitating diseases like Diabetes, Parkinson’s , or Duchenne 
Muscular Dystrophy result from a loss of functional cells.

Since iPS cells are capable of forming any cell type , the hope 
in the technology lies in coaxing mature somatic cells from a 
patient into iPS cells that can potentially restore function once 
transplanted back into the individual. One of the most difficult 
challenges to this approach lies in the method used to repro-
gram somatic cells into iPS cells. Adult somatic cells were origi-
nally reprogrammed by the Yamanaka group using retrovirus 
mediated gene transfer of four transcription factors (Oct-3/4, 
Sox2, c-Myc, and KLF4) [1]. These cells were isolated from tail 
fibroblasts of mice and subsequently induced into pluripotency. 
Groups after were able to replicate their results with high fidelity 
using  cells from different tissues [2-4].

Aside from the practical challenges associated with the 
technique itself there are also risks associated with reprogram-
ming somatic cells into iPS cells, which is why clinical therapy 
using this method warrants critical evaluation.

Risks associated with viral vectors
While viral gene delivery has yielded higher transfection 

efficiency and longer gene expression than non-viral methods, 
large-scale use of this method across clinical trials is impeded 
by its associated disadvantages. Viral gene delivery is commonly 
associated with high rates of integration into genome active sites 
and often raises an antigen specific immune response in the host. 
These effects were first observed in animal studies and were later 
revealed in human gene therapy trials [5-8]. Jesse Gelsinger was 
the first casualty in gene therapy trials, whose death was the re-
sult of the adenoviral vector mediated immune response and as-
sociated complications. Along with others enrolled in the trial, 
he was being given the ornithine transcarbamylase enzyme gene 
required to metabolize ammonia, delivered by an adenovirus 
[9]. While it is likely that Gelsinger’s death was caused by an 
unusually high viral dose which lead to an exaggerated immune 
response, this trial underscores the importance of avoiding the 
host immune response in future gene therapies. 

Another human gene therapy trial that raised awareness of 
the dangers of viral vectors involved the activation of the LMO2 
proto-oncogene. In this case, the researchers were able to correct 
X-linked severe combined immunodeficiency (SCID-X1) by 
autologous recombination of the gene into CD34+ bone marrow 
cells. Three years after the therapy however, two of the youngest 
patients were found to have leukemia, as a result of uncontrolled 
proliferation of T-cells [10].  It was later found that the gene 
delivered by retrovirus had integrated close to the LMO2 pro-
moter leading to aberrant and uncontrolled transcription of the 
proto-oncogene and ultimately leukemia [11]. The results from 
these clinical trials support those from animal models that show 
insertional mutagenesis (IM) and potential for immunogenicity 
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and cytotoxicity [5-7].  Evidence of the potential side effects of viral 
gene delivery resurfaced concerns of viral vectors that had arisen in 
animal studies and called into question the utility of this method 
in clinical trials.

New Methods of Gene Delivery
While the outcomes of the trials mentioned were partly 

unsuccessful, the studies helped propel a shift in gene therapy re-
search to find non-viral methods of gene delivery [9]. Non-viral 
methods were available well before the completion of the human 
gene therapy trials mentioned, but they were viewed as inferior 
to viral vectors due to their low transfection efficiency and brief 
gene expression. In addition to developments in physical non-viral 
methods such as naked DNA transfer, electroporation and lipo-
somes, there have been tremendous developments towards other 
non-viral gene transfer methods such as transposons, site specific 
integrases (SSRs), as well as artificial chromosomes [12-17]. 

These alternative methods were discovered in organisms such 
as phages, salmonoid species and yeast – a shift from the vectors 
that use the machinery of viruses to integrate foreign DNA. They 
have proved to be, on many occasions, just as efficient as viral gene 
therapy in getting the genetic material inside cells [17]. Although 
these methods typically cannot maintain prolonged gene expres-
sion like viruses, this is not a significant disadvantage for iPS cells 
given the short period of transient gene expression required to 
reprogram somatic cells [1]. Transposons, SSRs and artificial chro-
mosomes can be used where viral vectors are of greatest concern. 
Their relatively high transfection efficiency coupled with their 
controllable integration that avoids IM and host immune response 
makes them preferable methods of gene delivery that potentially 
represent a safer method of reprogramming somatic cells.

Predictable integration of DNA into the host genome
IM can be avoided by directing integration of the reprogram-

ming factors into the host genome at genomic sites not associated 
with cell proliferation or tumour suppression [8]. Transposons have 
been shown to integrate transgenes with high efficiency at specific 
sites throughout the genome [15]. These mobile DNA sequences 
capable of moving around in a genome were reconstructed from 
salmonoid fish (Sleeping Beauty(SB) transponson) and cabbage 
looper moth (piggyBac(PB) transposon), among other species 
[16,18]. With the use of the transposase enzyme, the reprogram-

ming factors can be inserted between the enzyme recognition sites, 
TA(SB) or TTAA(PB) sequences [16,18]. Transposase recognizes 
di- or tetranucleotide flanking sites, between which it integrates 
DNA (Figure 1). While this method ensures predictable delivery, 
the flanking sequences are found throughout the genome so the 
possibility of IM is not fully eliminated.

To avoid this, scientists have created a fusion protein by cou-
pling the transposon to a sequence-specific targeting protein [19]. 
With this approach, the risk of IM is dramatically reduced since the 
DNA target sequence is specific to certain areas of the genome that 
can be selected away from transcriptionally active sites or proto-
oncogenes. Unlike the TA or TTAA nucleotide sequences found 
ubiquitously throughout the genome, the fusion protein ensures 
precise and controllable integration while retaining the transpo-
son’s high transfection efficiency.  

Artificial chromosomes and episomal vectors
 The use of episomally replicating plasmids presents another 

method of non-viral gene delivery that avoids immunogenic prop-
erties and IM by behaving as extrachromosomal entities. Since 
they do not require viral proteins, these plasmids can avoid the 
host immune system and because they do not integrate into the 
host genome they carry no risk of IM.

Episomal plasmids rely on the mechanism of bacterial DNA 
replication [8, 13]. They can be artificially induced to carry the 
reprogramming factors along with the origin of replication, a 
transcriptionally active promoter, as well as scaffold matrix attach-
ment region (S/MAR) to ease entry into the cell [20]. Once they 
are successfully introduced into the nucleus, they can maintain 
self-sufficient expression of transgenes independent of the host ge-
nome. While they are typically associated with lower transfection 
efficiency when compared to viral vectors, recent advances in gene 
therapy have proved episomal vectors are suitable candidates for 
non-viral gene delivery 
[8]. Modification of the 
episomal plasmids has 
yielded relatively high 
transfection efficiencies 
and expression periods 
when compared to viral 
delivery [24]. One such 
modification involved the 

Figure 1. (a) A gene of interest (orange box) to 
be mobilized is cloned between the terminal 
inverted repeats (IR, black arrows) that contain 
binding sites for the transposase (white ar-
rows). The transposase gene (purple box) is physi-
cally separated from the IRs, and is expressed in 
cells from a suitable promoter (black arrow). (b) 
Mechanism of cut-and-paste transposition. The 
transposable element carrying a gene of interest 
(GOI, orange box) is maintained and delivered 
as part of a plasmid vector. Transposase (purple 
sphere) binds to its sites within the transposon in-
verted repeats (black arrows).  Excision separates 
the transposon from the donor DNA. The excised 
element integrates into a TA site in the target 
chromosomal DNA (wavy lines) that will be dupli-
cated and flank the newly integrated transposon.

Figure 2. (a)Within mammalian 
cells, the cytomegalovirus pro-
moter (pCMV) drives transcription 
through the enhanced GFP (eGFP) 
and into the scaffold/matrix attach-
ment region (S/MAR). (c)The three 
functional components contained 
in most HACs are the centromere 
which allows segregation during cell 
division, the telomeres at both ends 
which control frequency of replica-
tions and the genomic fragments 
which carry origins of replication.
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coupling of the episomal vectors with nuclear matrix components 
to aid their entry into the nucleus [20]. Given their high tranfection 
efficiency and non-integrating gene expression, episomal vectors 
represent a novel alternative for the insertion of reprogramming 
factors. By acting as a separate entity independent of the host ge-
nome, episomes avoid both immunogenic and mutagenic concerns 
associated with viral vectors.

Another significant development of non-viral gene delivery 
methods has been the development of artificial chromosomes [8]. 
Artificial chromosomes significantly reduce the risk of IM by act-
ing as non-integrating extra-genomic element (Figure 2) [14, 21]. 
Initially discovered in yeast, scientists’ research has progressed 
to the development of human artificial chromosomes (HACs). 
Although synthetic, these chromosomes act as if they were part 
of the cell. They divide and segregate during mitosis, have short-
ened telomeres after each cell division and a limited life span. One 
advantage of artificial chromosomes is their ability to carry large 
DNA inserts. Like episomal vectors, once inside the cell nucleus, 
the HAC is an independent transcriptional structure that avoids 
IM and host immunogenic response [8].

Both HACs and episomally replicating plasmids avoid the 
safety issues associated with viral vectors but are disadvantaged by 
their inability to maintain long-term gene expression and lower 
transfection efficiency compared to viral vectors. Additionally, the 
episomal vector is degraded after repeated cell cycles by nucleases. 
It loses transcriptional activity and, therefore, reprogramming 
potential. The HAC is limited to transient gene expression by its te-
lomeric repeats, which shorten after each cell cycle and ultimately 
result in non-duplication of the chromosome. While the telomeric 
repeats could be removed, this would introduce problems includ-
ing the immortalization of cells and tumorigenic potential. The 
HAC has lower transfection efficiency than viral vectors but high 
transcriptional fidelity with copy numbers comparable to viral 
gene delivery [8, 14, 21].

In the context of reprogramming somatic cells, the transfec-
tion efficiency represents a significant barrier towards the use of 
these methods for gene delivery. Getting the reprogramming fac-
tors to enough cells is a more significant problem than transient 
gene expression because somatic cells require no longer than 8-12 
days of expression to be reprogrammed to iPS cells, after which 
they maintain self sufficient pluripotency [1]. Given these facts, 

research aimed at perfecting HACs or episomal plasmids for re-
programming should be primarily aimed at improving transfec-
tion efficiency.

Site specific integrases: Efficient gene delivery by bacteriophage 
enzymes

Predictive and specific gene integration can substantially lower 
the risk of IM. In the past few years, site specific integrases (SSRs) 
have demonstrated their potential as genetic tools in generating 
site specific transgene integration at recombination sites (Figure 3) 
[8]. The Cre-loxP system, along with FLP recombinase, are now 
indispensable tools in creating transgenic organisms. One of the 
most efficient SSRs with potential as an ex-vivo reprogramming 
method is the PhiC3 integrase. 

Site specific integration machinery such as PhiC3 integrase 
can be coupled to directed mutagenesis to avoid random insertion. 
Originally isolated from bacteriophages that use this enzyme to 
insert their DNA into bacteria, this construct has been improved 
to reach suitable transfection efficiency in eukaryotic cells [8]. In 
combination with other non-viral means, the PhiC3 integrase can 
lower the risk of IM because of site-specific integration. In fact, 
the PhiC31 system is the most efficient of the integrases, capable 
of 24-56% transfection efficiency [22]. It preferentially integrates 
at specific pseudosites found throughout the mammalian genome 
(pSA in humans) [22].

Recent advances have resulted in improved transfection ef-
ficiency by tagging the integrase with a nuclear localization signal 
(NLS) to aid entry into the nucleus. Another potential method sug-
gested, but not yet perfected, to improve transfection efficiency is 
to use directed evolution; selection of the most efficient  integrases 
after many transfection trials [8]. One study was successful in 
evolving the PhiC3 integrase to result in improved transfection ef-
ficiency and integration site specificity [23]. This study showed that 
integrases can be perfected to eventually reach suitable transfection 
efficiencies by established methods in a relatively short time.

Conclusions
The methods of non-viral gene delivery outlined here all avoid 

the host antigen-specific immune response due to their lack of 
viral particles. Transposons and the SSR PhiC3 integrate at specific 
regions in the genome and carry a lesser risk of IM than common 
viral vectors. Episomal vectors and artificial chromosomes avoid 
both immunogenic and mutagenic concerns. The development of 
non-viral vectors to reprogram somatic cells has considerable po-
tential in speeding up patient-specific cell based therapies. The field 
of reprogramming is likely to develop faster than gene therapy as 
current non-viral methods are improved. Reprogramming meth-
ods of gene delivery need to be improved in transfection efficiency 
and less so in prolonged gene expression.  Ideally, non-viral gene 
delivery should not integrate into the host genome to avoid the 
risk of IM. The development of non-integrating non-viral vectors 
should be at the forefront of research on iPS cells. Recent promising 
results underscore the potential of non-viral vectors to reprogram 
somatic cells, bringing the hope of cell-based therapies closer to 
reality [4, 12].

Please see online supplementary material for References.

Figure 3. Overview 
of the mechanisms 
of SSR-mediated 
gene delivery. After 
entering the nucleus 
the SST performs 
recombination be-
tween the plasmid 
and host, thereby 
allowing transgene 
expression.

Efficacious non-viral methods of reprogramming somatic cells
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Abstract
In an increasingly bilingual world, the study of human communication must take into account the processes involved in using multiple 

languages.  Aphasic stroke patients, along with healthy individuals, can provide insight into the neural bases of bilingualism and language 
control.  This paper will present two models of bilingual language representation in the brain.  Ullman’s declarative/procedural model argues 
for a localized approach, suggesting that the neural substrates of first (L1) and second (L2) languages involve distinct brain circuits.  In 
contrast, Green’s convergence hypothesis proposes that a single network is involved in L1 and L2 representation, which dynamically adapts 
as L2 proficiency increases.  Although both of these models find support in various neuroimaging and lesion studies, Green’s model provides 
a more solid foundation for certain patterns of bilingual aphasia.  These patterns, presenting as difficulties in regulating which language is 
being used, point towards an important component of Green’s model: the concept of language control.  Expanding on other neurocognitive 
studies, the anterior basal ganglia-thalamo-cortical loop has been identified as playing a role in language control.  Results from various 
neuroimaging and lesion studies form a body of evidence for the involvement of the separate anterior loop structures in language control 
tasks.  The future of language control research lies in the mapping of this circuit as a whole, presenting potential opportunities for bilingual 
aphasia therapy.

Introduction
Canada, with its two official languages and its multicul-

tural population, provides an ideal example of the prevalence 
of bilingualism in the modern world.  The rise of globalization, 
migration, and international business dealings have led to a 
worldwide increase in the number of people who use more than 
one language to communicate.  Thus, in order to truly under-
stand the biological bases of human communication, processes 
unique to bilingualism must be taken into account.

Given the prevalence of bilingualism in the worldwide pop-
ulation, the medical importance and scientific value of studying 
the neural bases for multiple languages is particularly evident 
in the context of stroke patients.  Worldwide, 15 million people 
every year suffer a stroke, and about 5 million experience its 
permanent effects [1]. Approximately one third of stroke survi-
vors experience aphasia, a loss of comprehension or expression 
of language [2].  In the case of pre-morbidly bilingual patients, 
the condition can present as the loss of one or both languages.  
In some of these individuals, aphasia results in difficulties 
controlling the use of their two languages: they can exhibit 
uncontrollable language switching (changing the language of 
an utterance across sentence boundaries) or language mixing 
(mixing elements of different languages within a sentence) [3].  
Such patients in particular provide a revealing opportunity to 
distinguish between language representation and language con-
trol.  This distinction is central in understanding how bilingual-
ism is processed in the brain.

This review will begin by presenting two models of lan-
guage representation in the brain: one localizing representation 
of the two languages to different areas, and the other suggest-

ing a single dynamic network.  Although both of these models 
find support in different neuroimaging and lesion studies, most 
healthy and disordered language control patterns support the 
single network model, which distinguishes between the rep-
resentation network and control circuit.  This control circuit 
appears to involve the structures of the anterior basal ganglia-
thalamo-cortical loop.  Further mapping of this control pathway 
will lead to a more comprehensive understanding of bilingual 
expression, and will open doors to higher treatment standards 
for bilingual aphasic patients.

Models of bilingual representation
Declarative/procedural model

The declarative/procedural model of representation argues 
for a localized representation of language features and systems.  
According to Ullman, the lexicon, or vocabulary, of a first 
language (L1) is stored in the form of declarative memory in 
the temporoparietal cortex after being consolidated in the me-
dial temporal lobe.  Conversely, the grammar of the language 
is represented as procedural memory, similar to an automatic 
response, rooted in left frontal and basal ganglia structures [4].  
Ullman expands on this first general model of language, draw-
ing on Paradis’ ideas of implicit and explicit learning.  Paradis 
characterized implicit language learning as natural, occurring 
through interactions with people who speak the language flu-
ently.  Explicit learning, on the other hand, takes place in a 
more formal setting and gives rise to metalinguistic knowledge 
of the language’s rules and features [5].  Ullman, adapting his 
declarative/procedural model to bilingual individuals, suggests 
that second language (L2) grammar, which tends to be learned 
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explicitly, is represented in temporoparietal areas as declarative 
memory [4]. 

Ullman’s model of differential neural representation finds sup-
port in a number of neuroimaging and lesion studies.  Dehaene 
et al., for example, used functional magnetic resonance imaging 
(fMRI) to examine English-French bilinguals as they listened to 
sentences in either language.  The levels of temporal activation 
were found to differ, according to the language condition.  Greater 
left temporal lobe activation was reported in the L2 condition than 
in L1, which was interpreted as demonstrating greater reliance on 
temporal cortex structures in L2 as compared to L1 [6].  Studies 
that concentrated on single-word rather than sentence processing, 
on the other hand, found no differences in brain activation between 
L1 and L2 [7].  These two examples follow the predictions of the de-
clarative/procedural model, in that they show differences between 
L1 and L2 grammatical, but not single-word, representation.

Ullman’s model is also supported by several lesion studies, 
most notably Fabbro and Paradis’ presentation of four patients 
with lesions limited to the basal ganglia, whose only linguistic im-
pairment was only in L1 grammar.  Their L1 lexicon, as well as L2 
grammar and lexicon, appeared to be intact [8].  Such a correlation 
between the lesioned area and the deficits exhibited does provide 
some support for the declarative/procedural model, but care must 
be taken when considering lesion studies.  Owing to the high vari-
ability in location, extent, and nature of the damage, lesions may 
not be directly comparable.  They should be considered as case 
studies at best, illustrating only what can happen, not necessarily 
what must happen or what always happens. 

With this caveat in mind, Fabbro and Paradis’ patients do 
demonstrate the suitability of the declarative/procedural model 
in explaining selective recovery [8], one of the known patterns of 
bilingual aphasia recovery following stroke [3].  Selective recov-
ery presents as one language being restored completely following 
stroke, with the other remaining impaired.  This is consistent with 
the localized representation of language proposed by the declara-
tive/procedural model.  With damaged basal ganglia, these patients 
are no longer able to use the grammar that had been stored in 
those areas.  Several other patterns of recovery, however, cannot 
be explained by the declarative/procedural model.  In alternating 
antagonistic recovery, for example, relative language capabilities 
vary: the ability to use one language correlates negatively with the 
ability to use the other, with languages changing roles from day to 
day.  Blended recovery, on the other hand, presents as an inability 
to control the language in which a word or sentence is uttered [3].  

Single network model
With these more dynamic forms of aphasia in mind, Green 

proposed a different model of bilingual representation.  According 
to his convergence hypothesis, L1 and L2 are both stored in a single 
adaptive neural language network.  L2 acquisition simply takes 
advantage of the circuits that are already in place for L1 [9].  This 
dynamic view returns to the ideas proposed by Pitres in the first 
article published on bilingual aphasia, in 1895 [10].  Pitres, the first 
to remark on the incidence of differential recovery, noted that no 
recovery of any sort could occur in patients if language areas were 
comprehensively destroyed [10].

Within the framework of Green’s model, discrepancies between 

L1 and L2 processing do not indicate differential neural or cogni-
tive representation, as Ullman would argue [4].  Rather, they reflect 
the fact that there is increased cognitive competition between the 
various ways of expressing a common concept, leading to a greater 
reliance on language control processes [9].

An interesting piece of evidence for Green’s theory comes 
from a language acquisition study by Sakai et al., who were aim-
ing more to examine second-language education methods than 
bilingualism in itself [11].  Japanese participants, who had not had 
previous English training, were given formal classroom sessions 
aimed at converting English verbs from past to present.  They then 
participated in past-tense verb generation tasks in Japanese (L1) 
and English (L2), during which their brain response was measured 
using fMRI [11].  This response was compared against a control 
condition in which participants simply repeated the same verb in 
the present tense.  Sakai et al. found a single region of increased 
activation in the left inferior frontal gyrus that was common to the 
L1 and the L2 verb generating conditions.  In fact, this increase in 
activation was consistent across the languages for each participant, 
and across different L2 proficiencies in different participants [11].  
The fact that a single region of the brain seemed to be involved in 
this grammatical processing task (i.e., converting a verb from pres-
ent to past tense), regardless of language or proficiency, so early in 
the acquisition process, supports the single network model rather 
than the declarative/procedural view. 

Language control circuits
Control processes in bilingualism

Green’s model, in which language representation occurs in a 
single bilingual network, introduces the concept of language con-
trol.  As the representation network adapts to the acquisition of L2, 
mechanisms governing language selection develop in order to con-
trol and modulate its activity [12].  The existence of such language 
control processes is supported by the interaction that appears to be 
present between bilingualism and non-language cognitive control 
networks.  Bialystok et al. have found that bilingual children per-
form better on tasks involving attentional control when compared 
to their age-matched monolingual peers [13].  Using magnetoen-
cephalography (MEG), the researchers were able to correlate this 
processing advantage to increased activation in the left prefrontal 
cortex and anterior cingulate cortex in bilinguals.  They interpret 
their results as indicating that these areas, which are known to be 
involved in executive control and task-switching, are enhanced 
in bilinguals through their constant need to control language use 
[13]. 

The connection between language control and cognitive con-
trol processes is thus observed on a behavioural and a neural level.  
It provides a fascinating avenue for the application of neurocog-
nitive knowledge to our understanding of the language control 
circuit, identified by Green as a separate but important component 
of his single network representation model [12].

Anterior control loop structures in language control
In their work on the organization of the basal ganglia, 

Alexander and Crutcher identified five different basal ganglia-
thalamo-cortical circuits.  Although the five circuits are similar in 
architecture, connecting the three aforementioned levels of brain 



Journal of Undergraduate Life Sciences78

structures in parallel, they differ in function according to the spe-
cific regions they connect [14].  One of the five, the dorsolateral 
prefrontal circuit, also called the anterior loop, has been linked 
to various cognitive processes like learning and memory [14, 15].  
On this basis, Fabbro et al. were the first to suggest that this loop 
may also be involved in language control [16].  The circuit links the 
prefrontal cortex, the caudate nucleus, the globus pallidus, and the 
ventral anterior thalamic nucleus [14].  In recent years, these struc-
tures have, in fact, been found to be separately implicated in many 
cases of healthy and disordered language switching and mixing.

The basal ganglia as a whole have been shown to be implicated 
in many cases of patients who display problems with language 
control [17, 18].  Abutalebi et al., for example, describe a patient 
who displayed pathological language switching and mixing, along 
with hesitating, repetitive speech following a left hemispheric basal 
ganglia stroke [17].  Studies of healthy bilingual participants have 
also indicated basal ganglia involvement, as in a positron emission 
tomography (PET) study by Crinion et al. [18]  In a task which 
asked participants to read word pairs either in the same language 
or in different languages, Crinion and colleagues saw an increase 
in activity in the left caudate nucleus in the language-switching 
condition.  Interestingly, the increase in activity found with lan-
guage-switching word pairs was similar to the increase in caudate 
response to same-language word pairs that involved a stark change 
in meaning, compared to word pairs that were related in meaning 
[18].  This finding shows a remarkable association between bilin-
gual and monolingual cognitive processing, providing additional 
evidence for the involvement of the same structures in both. 

The anterior loop links the basal ganglia to the prefrontal cor-
tex, which has also been implicated in language control. Hernandez 
et al. used fMRI to measure brain response to a picture-naming task 
when participants were cued to switch languages between pictures, 
compared to a same-language condition.  They found increased ac-
tivation in the dorsolateral prefrontal cortex when language switch-
ing occurred [19].  Meanwhile, Fabbro et al. describe a patient who 
displayed pathological language switching, in whom MRI showed 
the presence of a tumour in the left frontal white matter, ostensibly 
disrupting connections with the prefrontal cortex [20].

Finally, on the third level of the anterior loop, thalamic involve-
ment has also been demonstrated in language control, notably by 
a patient showing uncontrollable language mixing following the 
growth of a tumour in his left thalamus [16].

While these studies demonstrate a role for the separate struc-
tures at each level of the anterior loop, evidence of the circuit’s 
involvement as a whole is more difficult to find.  An interesting case 
that does bring into play several of these structures is presented 
by Marien et al [21].  They describe a boy who suffered a thalamic 
hemorrhage with widespread damage to the surrounding areas.  The 
left fronto-parietal areas and the left caudate nucleus were found 
to be hypoperfused for several months following the hemorrhage.  
During this time, the boy showed severe pathological language 
switching and mixing.  Six months after his hemorrhage, however, 
the patient’s symptoms began to improve spontaneously.  Single 
photon emission computed tomography showed that the remission 
of these symptoms correlated with the reperfusion of left frontal 
areas and the left caudate nucleus [21].  Thus, as blood flow to these 
areas returned, the boy was better able to control his language.

Future prospects in bilingualism research and 
treatment of bilingual aphasia

The collection of studies above represents part of the body of 
evidence that exists for the involvement of the anterior loop struc-
tures in language switching and language mixing.  Nevertheless, 
further research must be conducted into the functioning of the 
circuit as a whole.  The development of magnetoencephalography 
(MEG), which provides for high temporal resolution unavailable in 
earlier brain imaging techniques [22], will help to map this circuit 
in real-time.  However, MEG technology is currently most applica-
ble to cortical structures, and further progress must be made before 
the technique can be used to accurately map subcortical circuits.  
In particular, longitudinal studies of L2 acquisition should be con-
sidered as a way of characterizing the changes in neural activity 
that take place as language proficiency develops [9].

A more complete knowledge of the neural circuits involved in 
language control will open the door to the possibility of integrat-
ing these mechanisms with our understanding of brain plasticity.  
The link between language control and general cognitive control 
tasks points to an exciting prospect of using non-language rule-
switching tasks as therapy for patients who exhibit pathological 
language switching or mixing.  Further research in the neural 
bases of bilingualism can thus be used not only to advance our 
understanding of human communication, but also to devise new 
methods of treatment for aphasia and better outcomes for bilingual 
stroke patients. 
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Abstract
Anorexia nervosa (AN) is a life-threatening eating disorder (ED) characterized by restrictive eating, the obsessive pursuit of thinness and 

an intense fear of weight gain. The lifetime prevalence of AN is 0.1-1% and the mortality rate of 8-15% is higher than in any other psychiatric 
illness. Common treatments are often based on therapies for psychiatric disorders which frequently co-occur with AN. These are generally 
unsuccessful with high relapse rates, up to 20% of patients show no long-term improvement and many continue to exhibit disordered eating 
patterns. Despite the severity and chronic nature of AN, the etiology is largely unknown. Multiple theories have been developed outlining 
the familial, psychological and cultural factors contributing to AN pathology. However, in order to improve recovery outcomes more specific 
treatments based on genetic and neurobiological evidence need to be developed. Brain imaging and gene polymorphism studies suggest 
that alterations in the serotonin (5-HT) and dopamine (DA) neurotransmitter systems may explain the genetic and psychiatric components 
of AN. 5-HT and DA mediate many clinical traits frequently elevated in AN and dysfunction in these systems has been linked to comorbid 
disorders. The purpose of this mini-review is to summarize the current evidence for alterations in 5-HT and DA systems in AN pathology and 
to suggest future research directions. 

Genetic and neurobiological etiology of 
anorexia nervosa

Introduction
Anorexia nervosa (AN)—first described in the medical literature 

in the 1870’s—is a mental disorder characterized by an obsessive fear 
of weight gain and the relentless pursuit of thinness [1]. Currently, 
four criteria must be met for the clinical diagnosis of AN, which 
is further subdivided into restricting (AN-R) and binging-purging 
(AN-BP) subtypes (see Table below). When patients do not fulfill one 
of the criteria, a diagnosis of ‘eating disorder – not otherwise speci-
fied’ (ED-NOS) is given. In addition to the wide range and severity 
of clinical symptoms, there are also high levels of lifetime transitions 
between AN subtypes, most frequently from AN-R to AN-BP [2]. 
Furthermore, around 20-30% of patients originally diagnosed with 
AN later develop bulimia nervosa (BN) and a smaller proportion of 
BN patients develop AN [3, 4]. 

Although lifetime prevalence is only 0.1-1% in the general 
population, AN has the highest mortality rate of any other psychiat-
ric illness, at 6% per decade, typically due to malnutrition or suicide 
[5-8]. Furthermore, current treatments are generally ineffective and 
AN remains one of the most difficult psychiatric illnesses to treat 
[9]. This is partly due to the lack of treatment therapies specifically 
designed for AN and to the ego-syntonic nature of the disorder. AN 

behaviors are perceived as positive and rewarding to the patient with 
benefits outweighing the clinical and psychological consequences. 
This is because the symptoms are in accordance with the patients’ 
goals of weight gain prevention [3]. Consequently, up to 20% of 
patients remain chronically ill and require frequent hospitalizations, 
less than 50% make a full recovery and about 30% achieve partial 
symptom remission [10]. Furthermore, 30-50% of weight-restored 
patients discharged from treatment relapse within a year or less and 
require subsequent treatment [11]. In addition, many of the patients 
attaining a “full” recovery continue to exhibit elevated levels of per-
fectionism, anxiety and obsessional behaviours associated with AN 
psychopathology [12-14]. 

Thus, finding the genetic and neurobiological underpinnings 
of AN psychopathology are vital for developing science-based and 
effective treatment programs [15]. This review will summarize the 
genetic components, comorbid psychiatric disorders and current 
literature regarding the role of 5-HT and DA systems in AN. 

Genetic factors
Clinical observations have suggested that EDs, several psychi-

atric disorders and AN-associated personality traits tend to cluster 
in families. To investigate the genetic basis and heritability of EDs 
and associated traits among AN relatives, family and twin studies are 
conducted. Genome-wide screenings such as linkage analyses and 
association studies are used to find candidate genes responsible for 
the genetic predisposition to AN [16]. So far, a linkage to chromo-
some 1 in AN-R has been demonstrated, but the findings remain 
preliminary due to small sample size [17]. 

Families of AN probands have a greater prevalence of EDs than 
the general population, afflicting 3-12% of first-degree relatives [18-
21]. Lifetime prevalence of AN in relatives of AN probands varies 
from 1-10%, with an average of 2.7% (based on 9 studies, total of 

Diagnostic Criteria for Anorexia Nervosa
Refusal to maintain body weight at or above a minimally normal weight for age and 1. 
height (<85% of expected weight).
Intense fear of gaining weight or becoming fat, even though underweight.2. 
Disturbance in the way in which one’s body weight or shape is experienced, denial of the 3. 
seriousness of the low body weight.
Amenorrhea (i.e., the absence of at least three consecutive cycles).4. 

Subtypes
Restricting Type: •	 During the current episode of AN, the person has not regularly 
engaged in binge-eating or purging behavior
Binge-eating/purging type: •	 During the current episode of AN, the person has regularly 
engaged in binge-eating or purging behavior.

Adapted from Diagnostic and Statistical Manual of Mental Disorders, 4th ed.
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574 probands and 1637 relatives, compiled by [4]), almost 15 times 
greater than in relatives of healthy controls [18-26]. The prevalence 
decreases for second-degree relatives (1-2%) but remains greater 
than the general population (0.1-1%), suggesting genetic factors play 
an important role in the development of AN [27]. A twin-study com-
paring AN probands and ED-affected twins found that 63% of the 
pairs were AN-AN, 20% AN-BN and 16% AN-ED-NOS [28]. The 
findings that the prevalence of EDs, especially AN, is elevated among 
family members of AN probands is consistent with the hypothesis 
that different EDs have a shared but nonetheless separate etiology, 
which may explain the high lifetime transition rates between AN 
and BN [1].

Twin studies show a concordance for AN of 35-56% in monozy-
gotic twins and 5-7% in dizygotic twins [27, 29]. Furthermore, con-
trolled family studies consistently report high values of heritability 
in the narrow sense for AN (h2=0.7, ranging between h2 =0.58-0.8 in 
different studies), suggesting a strong genetic predisposition [27, 29-
33]. Finally, heritability for ED symptoms such as dietary restraint, 
self-induced vomiting, weight and body image preoccupation in the 
absence of an ED are also high, between 32-72% [34]. These studies 
suggest that ED clustering in families is predominantly due to ad-
ditive genetic factors, but that the predisposition to AN (and other 
EDs) is mediated by many genes. These genetic factors likely contrib-
ute to the development of psychiatric disorders and personality traits 
comorbid with AN.

Psychiatric disorders and personality traits
AN patients have elevated rates of anxiety, depression, and 

obsessive-compulsive disorders and personality traits marked by 
rigidity, perfectionism and reduced emotional expression [19, 
35-37]. Obsessive compulsive disorder (OCD), characterized by 
recurrent irrational obsessions and compulsions that may impair an 
individual’s life is 15 times more common in AN patients than the 
general public [38]. OCPD, a less severe form of OCD, marked by 
perfectionism, rigidity, neatness and a preoccupation with rules is 
also elevated in AN patients, with 15% fitting the criteria of OCPD 
after recovery [39]. Major depressive disorder and anxiety spectrum 
disorders also occur with increased frequency among AN patients, 
with a lifetime prevalence of 70% and between 41-65%, respectively 
[23]. Furthermore, major depression occurs with increased frequen-
cy among relatives (7-25% compared to 2-3% in controls) [40], and 
evidence from twin studies suggests a shared transmission liability of 
EDs and anxiety disorders [41].

Personality traits, such as a need for order, symmetry and exact-
ness, inflexible thinking, social introversion, low novelty seeking, 
harm avoidance and perfectionism typically pre-date AN onset and 
persist after recovery [37, 42-44]. Alexithymia, an impairment in the 
ability to recognize, process and describe emotions, is also highly 
prevalent in both ill and recovered AN patients (77% compared 
to 6.7% in controls) [45-47]. Finally, these disorders and personal-
ity traits also occur in greater proportions among first and second 
degree relatives, especially in mothers of AN probands [48]. For an 
extensive review on EDs, associated personality traits and psychiatric 
disorders see Lilenfeld et al. (2006). 

Psychiatric comorbidities are inline with genetic evidence, sug-
gesting that multiple genes are involved in predisposing individuals to 
a variety of psychiatric disorders and personality traits, including AN. 
Furthermore, the persistence of many psychiatric symptoms after 

recovery suggests that these behaviours may be true predisposing fac-
tors and not effects of malnutrition [49]. However, the extent to which 
these are pre-morbid personality traits contributing to AN develop-
ment, and are not ‘scar-effects’, or long-term personality changes as a 
result of the disorder, remains unclear [48]. Nonetheless, the shared 
comorbidity of OCD, depression, anxiety disorders with AN provides 
clues to the possible genes and neurobiological mechanisms involved 
in AN etiology. Furthermore, dysfunction in 5-HT and DA has been 
implicated in these disorders. This evidence suggests that 5-HT and 
DA dysregulation are important contributors to AN etiology.

The role of neurotransmitters: linking genetics and 
psychiatry

Advances in brain imaging technology combined with gene 
polymorphism analyses are providing new insights into the patho-
biology of AN. Positron emission tomography (PET) scans allows 
researchers to investigate receptor densities and binding properties 
as well as the effects of different gene polymorphisms in AN subjects. 
Functional magnetic resonance imaging (fMRI) enable scientists 
to study the brain areas and general pathways involved in specific 
cognitive tasks [50].The serotonergic system, involved in the regula-
tion of appetite and mood, and the dopaminergic system, primarily 
implicated with modulating reward and motor activity, have been 
the main focus of AN research [51]. 

Serotonin
Mounting evidence suggests that alterations in the serotonergic 

system play an important role in AN pathogenesis. 5-HT (5-hy-
droxytryptamine) regulates many traits frequently elevated in AN, 
such as harm avoidance, behavioral inhibition, obsessive behaviours 
and satiety [52, 53]. 5-HT dysfunction has also been associated with 
obsessive-compulsive, anxiety and depression disorders [38, 54-56]. 
Furthermore, altered serotonergic activity occurs during the ill state 
and persists after recovery [55, 57, 58]. 

Plasma tryptophan levels, a food-derived amino acid precursor 
to serotonin, can be depleted via dietary restriction, resulting in a 
decrease in 5-HT synthesis, reduction in 5-HT turnover and down-
regulation of 5-HT transporters [59]. As expected, AN patients 
have low tryptophan availability and reduced 5-HT turnover rates 
[60]. However, long-term weight recovered patients demonstrate 
elevated central serotonin activity, indicated by higher than normal 
concentrations of 5-HT metabolites in the cerebrospinal fluid, and 
high 5-HT turnover rates [55]. Intriguingly, studies have found that 
depletion of tryptophan reduces dysphoric and anxious mood, sug-
gesting that AN individuals may restrict dietary intake in order to 
diminish unpleasant emotions [61]. 

Much of the literature has focused on alterations of 5-HT1A and 
5-HT2A receptors and the 5-HT transporter (5-HTT). Alterations 
in 5-HT receptor binding activity using PET in specific brain 
regions, namely the subgenual cingulate, mesial temporal, lateral 
temporal and parietal regions have been shown using PET [62, 63]. 
Furthermore, studies utilizing PET have revealed alterations in both 
the 5-HT1A and 5-HT2A receptor binding activity in recovered AN 
groups [64-70]. It has been suggested that decreased 5-HT receptor 
binding activity in subgenual cingulate and mesial temporal cortex, 
including the amygdala and hippocampus, reflects a compensatory 
mechanism for the increased 5-HT activity and high turnover rate 
present after recovery [63]. 
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Although there is evidence from brain imaging studies and psy-
chiatric comorbidities that altered 5-HT neurotransmission is im-
portant in AN psychopathology, evidence pointing to specific gene 
polymorphisms has been contradictory. Certain alleles may result in 
altered 5-HT activity and may also underlie the high heritability of 
AN. Most attention has been given to the 1438A/G promoter poly-
morphism in the 5-HT2A receptor and so far out of 14 studies, six 
found an increased incidence of the -1438A polymorphism in AN 
patients [71-76], but eight others did not confirm the result [77-84]. 
Gene polymorphism studies of 5-HTT have yielded similar contra-
dictory results, with some positive studies suggesting an association 
[85-88], and others showing no difference between AN and controls 
[76, 77]. While the role of the 5-HT system in AN pathology is sug-
gested by clinical symptoms in AN patients and supported by PET 
studies, finding the culprit alleles has been more difficult, as the gene 
polymorphism studies, do not suggest a strong association between 
a particular allele and AN. 

Dopamine
DA, an important neurotransmitter involved in reward [89], 

feeding behaviors [90], motor activity [91] and harm avoidance has 
also been implicated in AN pathobiology [3]. The DA system may 
mediate rewarding feelings and contribute to the ‘drive for activity’ 
present in AN [92]. Alterations in intrasynaptic DA concentration, 
receptor activity and receptor density in AN patients may alter DA 
functioning and consequently alter behaviour [93]. Specifically, alter-
ations in DA D2/D3 receptors have been shown in studies using PET. 
The D2/D3 receptor system is overactive in recovered AN patients in 
several brain regions, namely the anteroventral striatum and receptor 
activity in the several other regions, such as caudate and dorsal puta-
men, was positively correlated with harm avoidance [93]. 

Altered DA functioning raises the possibility that individuals 
with AN might have a general disturbance in the reward pathways 
of the brain, which may contribute to the ego-syntonic nature of AN 
[67, 93]. In particular, an overactive DA system provides a possible 
explanation for the inability of AN patients to respond appropriately 
to salient stimuli and be able to sustain self-denial of food as well as 
many other pleasurable activities. Furthermore, overactivity in the 
DA system is consistent with the characteristic and paradoxical cor-
relation of increased physical activity with progressive weight-loss 
and increased symptom prevalence in AN [93]. Disturbances in 
dopamine metabolism may contribute to an increased vulnerability 
to develop AN [94]. 

Similar to gene polymorphism studies involving the 5-HT 
system, evidence linking a particular allele to AN vulnerability in 
the DA system has been inconsistent. One study found transmission 
disequilibrium among AN probands, parents and affected relatives 
in a specific D2 receptor polymorphism [95]. This study suggests an 
association between a D2 allele and AN, which may affect the recep-
tor expression by changing transcription and translation efficiency 
and have subsequent downstream effects on the DA system. One 
gene polymorphism of the D4 receptor was found to be significantly 
associated with AN as well as high perfectionism scores [96], but 
another did not confirm this result [97]. 

Overall, these results suggest that altered 5-HT and DA function-
ing is involved in AN. However, a specific allele for genes involved 
in the 5-HT or DA systems has not been consistently associated with 
AN. This is surprising, since AN symptoms, psychiatric comorbidi-

ties, genetic studies and brain imaging studies suggest disturbances 
in 5-HT and DA systems. This lack of consistent evidence may be 
due to several factors, addressed in the following section, that need 
to be considered in the design of future studies.

Conclusions and future research directions
The understanding of neurobiological and genetic components 

of AN has greatly improved in the last few decades. The high herita-
bility of AN and comorbidity with other psychiatric disorders is well 
established. While progress has been made in establishing the role of 
the 5-HT and DA system in AN pathology, the specific gene poly-
morphisms and receptor function changes underlying the clustering 
of EDs, comorbid disorders and high heritability of AN in families 
have been harder to resolve. 

A significant limiting factor in AN research is the low preva-
lence rate, which has impaired the ability to conduct family and twin 
studies and has severely limited genome-wide associate studies [98]. 
Sample sizes also vary substantially among studies, for example, the 
number of AN probands to affected relatives can vary from 2/99 [20] 
to 152/290 [18], making the ability to draw conclusions on preva-
lence rates difficult. 

However, there are more significant problems, involving the di-
agnostic criteria for EDs, high ED transition rates and the definition 
of “recovery”. The criteria for AN diagnosis may result in an artificial 
demarcation of individuals (AN and ED-NOS) who may share the 
same etiology. The later group may be erroneously excluded from 
studies on the basis of enrollment criteria. The same problem may 
occur between AN and BN groups since the high lifetime transition 
rates between EDs and the twin study comparing AN probands with 
ED-affected pairs suggests these disorders share common etiol-
ogy. Conversely, AN subtypes (AN-R and AN-BP) most likely have 
similar but nonetheless slightly distinct neurobiological and genetic 
etiologies that may not be evident until studies focus only on specific 
subgroups of AN patients. 

Finally, “recovery” is often taken to be at weight-restoration and 
resumption of menstrual cycles, but this can occur in the presence of 
core psychopathology [99]. Furthermore, there is no universal agree-
ment as to what constitutes “recovery”, as such, the length and cri-
teria for “recovery” varies widely among studies. This has significant 
implications on the interpretation of psychiatric and neurobiological 
studies of “recovered” AN patients. For example, does the persistence 
of several AN-associated traits suggest pre-morbid risk factors or the 
presence AN psychopathology despite weight-gain?  

In order to address the aforementioned problems in AN (and ED 
research), it is necessary to conduct a wide range of studies, some of 
which may include patients with any ED and others which are highly 
selective, limiting enrollment to very strict psychiatric and clinical 
criteria, such as focusing on AN-R patients with no prior history of 
AN-BP and vice-versa. In order to address pre-morbid risk factors it 
is necessary to follow a large group of healthy individuals and com-
pare those that go on to develop AN, with those that develop other 
EDs and ED-free individuals. This has been difficult due to the typi-
cally early-onset of AN and low prevalence rates. However, with the 
advent of large-scale genetic databases and worldwide collaboration 
among researchers resulting in larger sample sizes, the future of AN 
research is hopeful. These studies are important in order to develop a 
comprehensive understanding of AN etiology and develop targeted, 
specific and effective treatment programs.
Please see online supplementary material for References.
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Abstract
Industrialization over the past 150 years has drastically modified the greater Sudbury area. Anthropogenic agents of this disturbance have 

included logging and agriculture, as well as acidification and metal deposition resulting from local mining. Revitalization of these environ-
ments – particularly the lakes – requires an understanding of natural variability prior to industrialization, and knowledge of how anthropogenic 
terrestrial modifications manifest themselves in aquatic ecosystems. Paleolimnological analyses of sediment records from Clearwater Lake 
were used to compare species composition and diversity among diatoms, an important group of algal primary producers before and after 
industrialization. Diatom analysis in the 30-cm sediment core consisted of identifying taxa and calculating relative species abundance and 
changes in species richness. The radioisotope 210Pb was used to date the sediments. The results showed an increase in species diversity from 
approximately 15 to 25 taxa a diversification of pennate diatoms occurring at a depth of 19 cm. These changes likely occurred before significant 
human impact and could have resulted from natural watershed disturbances, such as fire or drought. Species deposited within the past 100 
years also displayed increases in species richness, especially among acidophilic taxa such as Eunotia spp., Pinnularia spp., and Tabellaria floccu-
losa. By comparing ecological shifts resulting from both natural and human disturbance, this research demonstrates the magnitude of natural 
variability prior to anthropogenic influence. Further studies using modern species-environment relations for diatoms could be used to provide 
quantitative models of species responses to environmental change. 

A paleolimnological examination of natural and 
anthropogenic disturbance in Clearwater Lake, 
Sudbury

Introduction
Predicting the future function of ecosystems experiencing an-

thropogenic modification and climate change requires knowledge 
of its past and present conditions and the ability to interpret the 
roles of natural variability and human influence. While natural peri-
odic disturbances such as forest fires are important for maintaining 
biodiversity and creating niches for species colonization, increased 
human activity has diversified the type and frequency of distur-
bances [1]. Acidification and metal deposition caused by forestry, 
agriculture and mining operations add to the catalogue of natural 
factors affecting ecosystem performance. Lakes are particularly 
susceptible to disturbance because they amass biological material 
and contaminants from the entire watershed, thereby accumulating 
the effects of local disturbances. Severe disturbances can result in an 
observable shift in species composition, a loss of species diversity, 
and reorganization of entire food webs. These effects are especially 
evident in Sudbury, Ontario where the history of human settlement 
and local acidification extends back to the 1880s [2].

The future of recovery efforts in destabilized environments 
depends on detailed knowledge of pre-industrial conditions and 
anthropogenic changes. Without long-term records of ecological pa-
rameters, such as pH and temperature, proxy methods must be used 
to infer past conditions. Paleolimnology is a field of aquatic ecology 
that uses the biological remains in sediments, such as microfossils of 
pollen and algae, to reconstruct past environments [3-5]. Many algal 
species have specific optima and tolerances with respect to environ-
mental and biogeochemical conditions such as temperature, pH, and 
total phosphorus (TP). As a result, the presence and abundance of 
particular taxa in sediments can be used as indicators of the environ-
ment in which they were deposited. A particular algal group known 

as the diatoms has been used successfully as robust paleolimnologi-
cal indicators [6]. 

Diatoms are unicellular, eukaryotic algae of the phylum 
Bacillariophyta. They are ubiquitous in aquatic environments, includ-
ing moss and soil, and are characterized by the secretion of a siliceous 
cell wall known as the frustule. The biogenic silica (SiO2) found in the 
frustule is a resistant compound which preserves well in the cold soft 
waters typical of the boreal latitudes where this study was conducted 
[7]. In addition, the frustule is taxonomically diagnostic due to its 
varied surface ornamentation and frustule fissures (Figure 1). As pri-
mary producers, diatoms help provide the basis of aquatic food webs; 
therefore, changes in their community composition have important 
implications for the trophic structure of lakes and reflect alterations 
to the aquatic environment. 

The purpose of this project was to use diatoms preserved 
in lake sediments to reconstruct a chronology of watershed dis-
turbances in the Clearwater Lake, Sudbury area that extends be-
yond the period of human influence. This information will place 
anthropogenic effects in the context of long-term natural aquatic 
community variability and allow for further assessment of terres-
trial-aquatic system interaction. An increased understanding of the 
variability and resilience of the aquatic biota will illustrate how the 
freshwater ecosystems respond to and recover from disturbances. 
This information can be used to inform remediation decisions for 
lakes in heavily modified regions.

Results
Approximately 70 diatom species were recorded within the 

core (Figure 2), however, this is lower than similar studies in the 
Sudbury area, which have reported about 100 species[6]. Only 25 
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of these species were observed to be ecologically significant, with 
relative abundances greater than 1% [9]. Throughout the core, five 
species- Aulacoseira distans, Cyclotella occellata, C. pseudostelligera, 
C. stelligera and Tabellaria flocculossa- consistently accounted for 
over 60% of represented taxa. These taxa are all solitary and plank-
tonic except for A. distans, which forms chain colonies. Apart from 
T.flocculossa, these taxa are all circumneutral (pH indifferent). An 
increase in species richness, especially among acidiophiles of the 
genera Eunotia, Fragilaria, Frustulia, and Pinnularia was observed 
in the top 7 cm[9,  13]. In addition, a decrease in the ratio of centric 
to pennate (C:P) diatoms and an increase in species diversity, from 
approximately 15 to 25 taxa, occurred at a depth of approximately 
19 cm (Figure 2). Centric diatoms, such as C. stelligra (Figure 1), 
have round frustules where as pennate diatoms, such as F. rhom-
boides, are elongated in shape and often have a taxonomically 
diagnostic mid-frustule fissure, known as the raphe. 

Discussion
Despite the recent known changes to the watershed including 

acidification and an increase in heavy metals, the dominant species 
within the lake have remained constant in their abundance from 
pre-industrial times. While the high relative abundance of gener-
alist species, such as C. stelligera and C. pseudostelliegra, provide 
little information about environmental change due to their wide 
pH tolerances (recorded from pH 4.5 and 7.8), their pH indiffer-
ence would be advantageous in an environment prone to periodic 
disturbances[14].

Increases in species richness are often associated with the es-
tablishment of new species and stabling environmental conditions 
[1, 13]. However, the species richness increase observed in the top 7 
cm of sediment corresponds to diversification of pennates species, 
such as Eunotia spp., Fragilaria capucina, Frustulia rhomboides, 
Pinnularia divergens, which are acidophilus and tolerant of high 
metal concentrations [1, 6, 13, 14]. A diversification of this kind 
indicates decreasing pH within the lake. While this trend likely re-
flects the atmospheric deposition and vegetation changes that have 
been documented by other studies, it is confounding in light of the 
documented neutralization of Clearwater Lake in recent decades 
[9, 13]. Continued human interference, re-acidification events, the 
mixing of recently deposited lake sediments, and slow sedimenta-
tion rates are likely to produce an unclear diatom record. Increasing 
the resolution of the study would help to clarify these issues.

Although CW04 was not directly dated, it is well documented 
that sediments from south-central Ontario lakes at depths between 
15 cm and 20 cm represent pre-1850 conditions [9]. While it is 
likely that minor discrepancies exist between CW03 and CW04, 

the 210Pb dating of CW03 confirms that sediments at 19cm depth 
represent pre-human conditions. A clear trend of increasing spe-
cies diversity, particularly among pennate species, occurs at a depth 
of 19 cm Despite the fact that few of these new pennates appear in 
abundances greater that 1%, the diversification of these species in-
dicates a shift towards acidic conditions and the occupation of new 
niches. The C:P ratio is often used as a measure of lake productiv-
ity, with a high ratio indicating highly productive or even eutrophic 
conditions [7]. The observed drop in this ratio at 19cm depth shows 
a shift towards unproductive, oligotrophic conditions.

Whether increasing diversity is a response to or a recovery from 
a natural disturbance is unclear; however, such an upsurge prior to 
human interference does illustrate the magnitude of natural distur-
bance on the lake and the variability that aquatic ecosystems experi-
ence. Many lakes in the Sudbury area have undergone ‘regreening’ 
efforts such as liming, fish stocking, and fertilization. These projects 
have been undertaken at great expense and have had varied suc-
cess [1,14]. If anthropogenically induced changes are within the 
range of natural pre-human variability, as shown in this study, then 
perhaps ecosystem recovery without human initiatives would be a 
more successful alternative. At the very least, increased understand-
ing of ecosystem functioning prior to anthropogenic modification 
will help the development of targeted remediation programs in the 
future. Re-greening programs seek to re-establish pre-settlement 
aquatic ecosystems, however, this cannot be realized without first 
establishing what these ecosystem conditions were. This investiga-
tion adds to scientific knowledge of these past environments.

Conclusions
This study demonstrates that changes in diatom communities 

caused human induced environmental modification in the Sudbury 
area are within the range of natural variability observed prior to 
settlement. Changes in species composition in approximately the 
last 100 years do not reveal a clear trend; however, increases in 
species richness and shifts towards acidiophilic taxa likely reflect 
documented vegetation changes and atmospheric acid deposition. 
However, the results of this investigation do not reflect document-
ed pH and heavy metal recovery over the past 40 years. Further 
investigation into modern species-environment relationships used 
to produce quantitative reconstructions would likely confirm that 
changes in the actual values of environmental parameters exceed 
natural variability [6, 14]. Increased temporal resolution, longer 
prehistoric sediment records, and increased study of contemporary 
diatom assemblages would help resolve this discrepancy. 
Please see online supplementary material for Materials and Methods, 
Acknowledgements, and References.

Figure 1.  Variation in Frustule Ornamentation 
among Algal Diatom Species. From left to right: 

Pinnularia subrostrata, 
Frustulia rhomboides, 
Tabellaria flocculossa, 
Eunotia bilunaris, and 
Cyclotella stelligra. Many 
features of the frustule 
are taxonomically diag-
nostic.

Figure 2. Stratigraphy and relative abundance of 
significant Clearwater Lake diatoms.  Bars show the 
percent population of each taxa recorded at a given 
depth. Line graphs illustrate changes over time. (+) 
denotes species present below 1% significance level. 
Taxa are displayed in alphabetic order with Centrics 
are placed before Pennates
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Abstract
The thermocline of a stratified lake is a region within the lake that separates warmer surface waters from colder deeper waters. This region 

is very stable due to strong resistance to mixing forces by the wind between the upper and deeper layers. However, occasional mixing events 
in the thermocline can occur due to breakings of internal waves.  High-frequency internal wave breakings that occur during severe wind 
events can trigger formation of patches of turbulence that are strong enough to overturn the density gradient along the thermocline and 
cause mixing. Thermistor chain data collected in Opeongo Lake during the summer period of strong stratification in August 2008 was used to 
determine the frequency of internal wave breaking in the thermocline in response to varying wind speed. The internal waves were reproduced 
in two-dimensional graphs showing temperature variability as a function of time using numerical records at different depths. The temperature 
measurements taken during the passage of a thunderstorm revealed that there was turbulence in the upper region of the thermocline that was 
caused by internal wave breakings. During this period, the frequency of intermittency along the thermocline averaged about 1.72% whereas 
mixing during the other sampling days averaged about 0.03%. These findings are significant for studies in lake dynamics since mixing events 
along the thermocline can affect the primary productivity of phytoplankton by causing a change in the flux of oxygen and nutrients between 
surface and deeper water layers. 

The frequency of turbulence in the thermocline of 
Opeongo Lake

Introduction
Every summer, northern temperate lakes that are more than 

6 m deep usually undergo a process called thermal stratification 
[1]. During this process, lakes divide into three layers that remain 
separated due to an inverse relationship between temperature and 
density. The warmer, less dense waters of the epilimnion float on 
top of the colder, denser waters of the hypolimnion; the metalim-
nion separates these two layers by a large temperature and density 
gradient [1]. Opeongo Lake in Algonquin Park, Ontario, has re-
cently experienced summer stratification that occurred from May 
to August, during which time the temperature difference between 
the epilimnion and the hypolimnion was 15ºC. The area in the 
metalimnion where the temperature drop is most rapid and the 
density gradient is the greatest is called the thermocline [2]. 

The thermocline is a region of high stability that is resistant 
to wind-induced mixing and prevents sinking of surface water to 
the deeper layers. However, mixing can occasionally occur in this 
region due to breaking of internal waves [2, 3], which form when 
warm surface water drifts in the wind’s direction, causing water 
to accumulate at one end of the lake [4]. The accumulated water 
sinks down by gravity until reaching denser regions, during which 
time it flows in the opposite direction to the wind. This process 
tilts the thermocline, triggering formation of internal waves as the 
thermocline returns to its original position. High-frequency inter-
nal waves that form during high wind events break when they hit 
slanted boundaries in the metalimnion as they increase in ampli-
tude towards shallower surfaces [4]. Thus, the stable stratification 
of the lake is overturned by patches of turbulence that cause static 
instability due to heat loss from surface waters [5]. This static insta-
bility is the driving force for intermittent convection which causes 

flux of fluid that transports dissolved oxygen down to deeper layers 
and upwells nutrients to shallower layers [5, 6]. Therefore, internal 
wave breakings play an important role in biological processes such 
as primary production. 

Several studies that tested the effects of internal waves on pho-
tosynthesis showed that high turbulence in summer-stratified lakes 
lead to increased growth rates of phytoplankton in the upper layers 
due to upwelling of nutrients [6, 7]. However, the physics of inter-
nal wave breakings is poorly understood and the magnitude of the 
impact of turbulence on the lake’s environment remains unknown. 
Therefore, it is vital to question how often turbulence occurs in the 
thermocline, in order to know the amount of flux of oxygen and 
nutrients between the layers. In order to address this question, it 
is important to determine the frequency of temperature inversions 
of deeper waters with shallower waters which indicates mixing, 
and to correlate this frequency with the degree of wind force on 
the water. The latter factor is important since studies showed that 
the influence of wind on internal wave breakings depends on the 
degree of stratification [6]. 

Results
The results for the temperature profile along the thermocline 

are shown in Figure 2 in the form of a line graph. Temperature 
measurements that were analyzed from the 5 d sampling period 
represented the temperatures normally present in the thermocline. 
The highest temperature at 8 m depth was approximately 20ºC and 
the lowest temperature at 12 m depth was about 11ºC (Figure 1). 

The sets of results for the temperature recordings from Aug. 
24 and 25 are shown in Figure 1 and Supplementary Figure 2 in the 
form of scattered line graphs. These figures showed clear patterns 
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of internal waves, with occasional inversions of the temperature 
lines representing depth ranges of 8-9.5 m and 8-10 m respectively. 
Mixing occurred only in the regions where inversions occurred as 
colder water would float on top of warmer water. 

The sum of the percentage of time series at which inversions 
occurred between 8-12 m for each day showed that mixing oc-
curred in the upper region of the thermocline on Aug. 23, Aug. 
24, and Aug. 25 between 8-10 m (Supplementary Figure 4a-c).The 
highest frequency of mixing occurred on Aug. 24 and Aug. 25 due 
to high wind speeds during the thunderstorm that averaged 4.3 m/s 
and 4.7 m/s, respectively (Supp.lementary able 1, Supplementary 
Figure 5). The absence of mixing events on Aug. 20, Aug. 21, and 
Aug.22, corresponded to very low wind speeds, which averaged 
between 1.48-1.9 m/s, and the low frequency of mixing from Aug. 
23 corresponded to a slightly higher wind speed that averaged 3.65 
m/s. 

We calculated the buoyancy frequency along the thermocline 
to be approximately 2 min, which is lower than our temporal 
resolution of the temperature recordings (Figure 1). Internal waves 
prior to the thunderstorm had a period of 3-4 h and internal waves 
during the thunderstorm had a period of 1-2 h (Figure 2). We cal-
culated the correlation coefficient between the frequency of inver-
sions of temperatures and wind speed during the 5 d experiment to 
be 0.78 (Supplementary Table 1). 

Discussion
The purpose of our experiment was to determine the frequency 

of turbulence in the thermocline of Opeongo Lake in order to infer 
its potential effect on productivity. The results from the thermistor 
chain data during the 5 d experiment showed turbulence in the 
upper region of the thermocline that was most frequent during the 
passage of the thunderstorm on Aug. 24 and Aug. 25. However, 
intermittency during these days appeared low after comparing to 
the total amount of recordings for each day. This is consistent with 
previous studies on summer-stratified lakes and oceans that showed 
similar percentages of frequency of mixing in the thermocline dur-
ing turbulent conditions [4, 5]. Furthermore, it is logical that the 
frequency of mixing in the thermocline is low since it takes a lot of 
energy to mix water in an area where the density and temperature 
gradients are greatest [2]. 

Our temporal resolution was faster than that of the buoyancy 
frequency in the thermocline, which meant that we captured most 
of the overturns in stratification that occurred during the sampling 
period [5]. However, our spatial resolution of the temperature pro-
file was low since we spaced the loggers 50 cm apart which was not 

to their maximum compactness. Therefore, we may have missed a 
few overturns or inversions of temperatures since the spatial scale 
of overturns is very small during strong stratification. 

The significance of our study lies in the fact that turbulence 
provides a mechanism to transport oxygen and nutrients across 
the thermocline. During summertime, stratified lakes experience 
limited vertical mixing since the density gradients generated by 
warming of surface water create static stability that stops convec-
tion that moves fluid between layers [4, 5]. The hypolimnion be-
comes anoxic due to limited circulation of oxygen from the waters 
of the epilimnion that are oxygenated [1]. Thus, turbulence allows 
vertical transport of oxygen to the hypolimnion which prevents 
production of toxic organisms [9]. In addition, turbulence that 
cools the surface water transports phytoplankton to the deeper 
layers of the lake and brings nutrient rich waters from the hypolim-
nion to the epilimnion [7, 8]. This leads to increased growth rates 
of phytoplankton, which increases growth rates of zooplankton 
and other organisms in the food web [9]. Increased turbulence fol-
lowing wind stress can increase this additive effect that affects the 
entire lake ecosystem. 

The correlation coefficient that we calculated suggests a lin-
ear relationship between frequency of mixing and wind intensity. 
However, difficulties in tracking data files containing thousands of 
recordings per day may have led to calculation errors. In addition, 
measurements of temperature gradients other than those in the 
thermocline are required to understand the impact of wind stress 
on the frequency of turbulence in the whole lake. 

Conclusion
By employing the use of thermistor chain recordings and 

anemometer measurements we were able to deduce the frequency 
of mixing in the thermocline of Opeongo Lake. As wind speed 
increased, the magnitude of the internal waves increased, leading 
to more frequent wave breakings. However, due to the limitations 
in our study, we could not conclude for certain that there is a direct 
relationship between the frequency of mixing and wind intensity. 
Perhaps spacing the loggers 25 cm apart instead of 50 cm apart 
would have given a higher spatial resolution of the temperature 
profile in the thermocline. In addition, looking at different tem-
perature gradients along the thermocline and obtaining long term 
recordings would have given a broader view of the effect of wind 
intensity on the frequency of turbulence in the lake. 

Please see online supplementary material for Materials and 
Methods, Figures, Acknowledgements, and References.

Figure 1. Temperature profile of Opeongo Lake 
between August 20 to 25 comparing the 5 s reso-
lution of the thermocline region from the thermis-
tor chains filtered for the experiment with that 
of the 5-min resolution from the thermistor chain 
used in the Group A module.

Figure 2. A graph 
depicting tempera-
ture measurements 
at different depths 
in the thermocline 
that were taken 
from the South Arm 
of Opeongo Lake 
on August 25, 2008. 
Each line represents 
a time series of 
temperature at a 
certain depth along 
the thermocline dur-
ing the second day of 
the thunderstorm.
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Figure 4. A graph depicting temperature measurements at different depths in the thermocline that were 
taken from the South Arm of Opeongo Lake during Aug. 25., 2008. Each line represents a time series of 
temperature at a certain depth along the thermocline during the second day of the thunderstorm.  
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