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Our third section immerses us in the world of drug development. Here, we meet one researcher
who aims to boost the effectiveness of anti-viral drugs, while another is working to find cheaper
and more eco-friendly methods to synthesise several common pharmaceutical compounds.
In our final section of the edition, we look to the future of integrated healthcare and highlight
innovative approaches developed through unique collaborations between clinicians and
scientists. Here, we meet scientists who are unlocking the potential of new technologies to
improve patient outcomes. We also introduce researchers who work with communities to ensure
everyone has access to the medical care they need.
The modern world is facing a healthcare crisis as the burden of disease grows globally due to
ageing and lifestyle related diseases. The researchers featured in this edition are dedicated to
improving treatment options for more patients, ensuring a healthier future for all.
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FutSci and ORUK

FutSci (www.futsci.com) is a donation-rewards crowdfunding
platform dedicated to complement funding for research,
innovation and technology within the Life Science arena. At
FutSci they have been developing a game-changing solution
to three of the biggest challenges faced by the Life Science
sector – the scarcity of funding, the growing public mistrust and
disillusionment in science and the need to show research impact
and justify research investment in a tangible way relevant to
everyday lives.
In this exclusive interview, we talk to Dr Deepika Kassen
Director and Founder of FutSci and Dr Kaveh Memarzadeh,
Research and Communication Manager for Orthopaedic
Research UK (ORUK) about the challenges facing science
funding, their new partnership and their radical new approach
to supporting innovative research. Working with FutSci, ORUK
is using crowdfunding to find innovative ways to fund basic
scientific research aimed at raising awareness of bone and joint
disorders, to find new ways to alleviate pain and to develop new
technologies that can enhance movement, mobility and quality
of life.
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‘Science crowdfunding promotes research to the
public and empowers the public to ask direct questions
of the researchers.’
CREDIT: ORUK

Dr Kassen, can you tell us a bit about how crowdfunding of science
works and why it’s important to find new ways to fund innovative
research in the future?
The science of the past has improved our lives in a myriad of ways –
satellite navigation, the birth control pill, the radio, penicillin, liquid
crystals, IVF, stem cells, microwaves, anti-cancer drugs – and this is
the short list. None of these examples were part of a targeted effort to
innovate – they all arose because talented individuals asked questions
about the world in which they live.
In today’s science arena, this thinking is curtailed by a number of
factors, the biggest of these being limited funding in general but also
little or lack of funding for ‘Blue Sky’ research or research beyond the
major disease themes. This leads to a failure to retain highly skilled
researchers. This loss of innovation is made worse by low retention
rates for women in science and a small appetite for STEM subjects at
schools. Our solution is to innovate the way science is funded and the
way that scientists engage with the public. FutSci is a crowdfunding
platform designed by scientists to support credible science.
At FutSci, accredited researchers, companies, institutes or charities
can post any research project in need of funding, at any stage. Backers,
worldwide, then select the individual projects they wish to support,
with donations in multiple currencies starting as low as £1 and no
upper limit. All the research posted on FutSci is peer reviewed (includes
any ethics approvals required) for high research quality ensuring that
we become a trusted platform for finding quality science research.
Crucially, science crowdfunding offers the public the opportunity to
contribute directly to individual projects of their choice, an opportunity
not often present in traditional science funding models.

What does this approach offer investors and the scientists they
fund, that’s different from more classical routes of science funding?
Crowdfunding for Life Sciences lends itself to several unique economic
and social benefits. It provides a complementary funding stream for
innovative ‘Blue Sky’ research. This vital research often falls by the
wayside as it does not fit into the specific remits funded by research
councils and charities.
The eventual result is a lack of innovative thinking and scientific
discovery, an emerging threat to scientific innovation echoed by a
recent quote by Sydney Brenner on Fred Sanger (two Nobel prize
winners in science) in an issue of Science in January 2014, ‘a Fred
Sanger would not survive in today’s world of science...We no longer
have a culture that allows individuals to embark on long-term – and
what would be considered today extremely risky projects.’
Crowdfunding for Life Sciences offers the opportunity to fund both
innovative science and researchers, groups, startups and companies
who may otherwise fall by the wayside. These include early career
scientists looking to establish themselves within the scientific arena,
high quality, peer-reviewed projects identified by major funding bodies
(government funded and private) for which they do not have sufficient
funds and projects that fall outside the major themed calls from
traditional life science funding bodies.
In addition, crowdfunding can provide potential funding for university
spin-offs, start-ups looking for early phase funding, start-ups currently
in the funding ‘valley of death’ and scientists looking for funds for pilot
research before applying for larger grants. Importantly, crowdfunding
offers the opportunity to raise funds for any aspect of research, be it
equipment, travel or research itself.
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‘FutSci is more than just a means to finance
science but also a means for scientists to engage
directly with the public and provide visible
evidence of scientific impact on their lives.’

Although the campaign for research to
test the link between Alzheimer’s disease
and aluminium (https://www.futsci.com/
project/the-aluminium-alzheimer-s-diseasehypothesis-what-is-the-role-of-aluminium-inalzheimers-disease) did not reach its funding
target, it did raise £34,559.39 from members
of the public highlighting the potential for the
crowdfunding model as it applies to
Life Science.
As well as supporting research
projects, tell us how you work to
encourage scientific communication
and collaboration.

Science crowdfunding promotes research
to the public and empowers the public to
ask direct questions of the researchers.
After all, the public will only fund a project
if they are happy with their communication
with the researchers. The public can access
researchers far more directly through FutSci
which gives them a transparent window
into who is doing what research and where,
making it a more personal cause and
creating a community of research advocates.
FutSci’s recent call for funding is
with Orthopaedic Research UK.
Dr Memarzadeh, as Research and
Communication Manager for ORUK, can
you tell us what you are seeking from
applicants and why it’s important to
provide new sources of funding
for innovative research into bone and
joint disorders?
We are asking creative individuals to
focus on specific topics that matter most
to patients. These topics revolve around
pain, post-surgery complications and
innovative devices. As a species, humans are
living longer, and this means an increasingly
ageing population.
This phenomenon has led to the rise
in demand for therapies and medical
breakthroughs for bone and joint
disorders. Despite this demand, the field
of orthopaedics has been somewhat more
conservative in innovating new ideas.
Therefore, finding and funding novel ideas
often demands a novel approach.

Dr Kassen, can you describe some of the
other areas of research you are currently
supporting at FutSci? Tell us about a
specific project that has been successful or
is particularly promising.
The FutSci platform, www.FutSci.com, was
launched in July 2015. Our crowdfunding
campaigns have been supported by
donations worldwide (16 countries to date)
reflecting the power of this new means of
engaging the public.
Our first successful project raised £54,247.66
funding (top-up fund) for a Phase II Bowel
Cancer Trial in just 45 days (https://www.
futsci.com/project/antimalarial-cancer) and
was run together with St George’s, University
of London (NHS Trust, http://neoarttrial.
org/). The campaign was well received by the
public and appeared in several newspapers
and online magazines (http://neoarttrial.
org/news.html). We worked closely with
the researchers to develop and launch this
campaign. The trial has now opened and is at
the stage of recruiting the first patients.
We understand the Life Sciences
environment, particularly what it means to
work within the public sphere such as the
NHS – we are aware of what the ‘public’
want to know, what affects them and what
they care about. This was demonstrated by
the biomedical research themed campaigns
we have run. For example, the APODD
foundation campaign (https://www.futsci.
com/project/child-brain-cancer) raised
£10,489.28 from 97 backers for preclinical
research to identify drug targets for treatment
of aggressive brain cancer in children.
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The outreach that goes hand-in-hand
with science crowdfunding has huge
transformative potential for all science and
research based services. The current political
climate has seen a worrying increase in the
public mistrust of science and a dismissal
of the need for experts. This is partly due
to a perceived aloofness of the science
establishment compounded by a failure
of scientists to communicate effectively
to address the emotional and cultural
issues impacting perceptions of science.
Developing and maintaining an open and
communicative relationship with the
public is a vital piece of the jigsaw required
for engagement.
FutSci therefore is more than just a means
to finance science but also a means for
scientists to engage directly with the public
and provide visible evidence of scientific
impact on their lives. The platform engages
and interacts with the wider public through
the use of social media (such as twitter,
facebook and linkedin) providing news on
the latest science research, updates on
crowdfunding campaigns and addressing any
questions or feedback that may arise.
At an individual level it gives everyone a
voice to support research that is personal to
them. It makes scientists more approachable
allowing everyone easy access to ‘the
experts’. For scientists (often funded by
the tax-payer), the platform serves to
showcase their research. This is a very
visual means of highlighting the potential
research impact on everyday lives and a
means for organisations, particularly public
sector bodies, to showcase their research
investment, strengthening public trust of the
science establishment.

‘We envision a future where constant and honest
conversation is held between the public, funders
and scientists.’
CREDIT: ORUK

There is public appetite for giving through the
very recent advent of online crowdfunding.
The rise in popularity of social media means
that the ability to reach ‘the crowd’ has
increased exponentially. FutSci is an exciting,
innovative solution which capitalises on
these opportunities, developing existing
technology to engage a wide audience
providing new avenues for public
engagement, raising awareness of research
and importantly meeting the financial needs
of the Life Science sector.
Finally, Dr Memarzadeh what do you
see as the biggest challenges facing
science funding?

Dr Memarzadeh, how do you think
crowdfunding can encourage
scientific communication?
The word encourage is key here. Scientific
crowdfunding has much potential, but
the current methods of funding provide a
much more convenient and easier path for
researchers. These paths offer ‘bulk’ funds
for the researcher to carry out their research.
Within this framework, the researchers are
not obliged to convince many that their
project is worth the fund.
Within this system there are only a handful
of people who review and accept the
application. This process is by and large fair
but very subjective. A scientist who has a
strong vision will take up the challenge and
have no fear of the outcome, they will share
their passion and knowledge with the public
and stand out. This is where we come in. By
choosing emotive, creative and potentially
influential projects and individuals, we
identify and encourage the researchers to
think differently.
This involves leaving their comfort zones and
communicating their findings in a different
way to a new audience. Finally, a quote by
the great Carl Sagan always resonates with
us and it has science communication at its
heart, ‘not explaining science seems to me
perverse. When you’re in love, you want to
tell the world.’

Dr Kassen, what do you see as the
biggest challenges facing science
funding in the next ten years? Tell us
about FutSci’s longer-term plans to
tackle these challenges.
Traditionally, research councils, local and
central government are key sources of
funding in Life Science, investing at each
new cycle of the research process. The
problem facing researchers is that funding
applications have to meet restrictive themed
funding calls that change yearly and have low
success rates.
A concurrent problem faced by funding
bodies is having a limited funding pot with
which to fund and promote high quality
research. Our analysis of the Life Science
arena reveals there is an absence of grants
and funds for research into less well-known
diseases and conditions, and a dearth of
small-scale grants and funds for early stage
projects. Funding for early stage researchers
is falling year on year, and is strongly
weighted against research led by women.
Outside of academia, startups and university
spin-offs are left in the ‘valley of death’ to
prove themselves while looking for investors.
Crucially, failure of tax-payer funded research
to reach the next stage in the funding cycle
equates to a loss of investment in both
people and research on the part of the
funding body. The cumulative effect is a
loss of scientific knowledge and failure to
investigate promising areas of research
resulting in an overall long-term loss of
innovation to the economy.

WWW.SCIENTIA.GLOBAL
7

The biggest challenges facing science
funding are multifaceted and they range from
political and financial instability around the
world to the astonishing rise in demand for
funding from highly skilled individuals who
are unable to secure a suitable position.
For funders, the main challenge remains the
presentation of impact and how their funded
research highlights any short and long-term
benefits for the society as whole. At present,
the conventional funders operate almost on
a concept driven model.
While most of the funding streams are
designed with patients in mind, most do
not involve patients in the decision-making
process and if they do, they have a limited
say on the outcome. The bridge between
science and public is almost non-existent
and because of this, the scientific way of
thinking does not resonate well with the
general public, and this should change.
We envision a future where constant and
honest conversation is held between the
public, funders and scientists. An educated
public who has an understanding of the
importance of science and technology is
highly valuable for societal progression.

www.futsci.com
www.oruk.org
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INNOVATION IS IN OUR RNA
DNA, as the molecular blueprint for life on earth, has long held a special
place in scientific discourse and popular culture. DNA also has a lesserknown sister molecule, called RNA, which transfers specific instructions
from DNA to produce proteins. RNA is now recognised as having a diverse
range of previously unimaginable roles beyond protein production.
Dr Erik Sontheimer of the RNA Therapeutics Institute, UMass Medical
School, has devoted his career to understanding this RNA world present
in every cell.

to text – with each codon of three bases and
corresponding amino acid as one letter,
combining in specific combinations to form
words known as proteins – which write an
organism’s phenotype.
Protein molecules, with their diverse range of
functional, structural, catalytic and regulatory
roles, ultimately dominate an organism’s
set of observable traits, its phenotype. The
information for creating proteins is stored
in DNA, in units known as genes. DNA is a
hereditary molecule, a set of instructions that
are passed down through generations.
The science of molecular biology is
concerned with elucidating the intricate
mechanisms behind the information flow
from DNA to proteins – from genotype to
phenotype. Between DNA and proteins,
information is transmitted by RNA molecules
– or more specifically, messenger RNA
(mRNA). During transcription, the information
encoded in a gene is transcribed onto a
corresponding newly-synthesised mRNA
molecule. This mRNA molecule then diffuses
to a ribosome – the cellular protein factory
– where amino acids (of which there are 20
types) are joined together into a specific
assortment to form a chain based on the
instructions given by the mRNA molecule.
This process is known as translation. The
chain then folds into a specific shape to
form a protein that goes on to carry out a
particular function in the cell.

However, the full biological scope of RNA
extends way beyond its roles in protein
production. In the past few decades,
molecular biologists have come to realise
that there is a diverse range of RNA molecules
in every cell that do not encode proteins
(non-coding RNAs). These RNAs have various
biochemical functions, many of which are
not yet fully known. In fact, we are barely
scratching the surface of this mysterious RNA
world.
DNA and RNA are both nucleic acids –
linear molecules comprising strands of
nucleotide units. These nucleotides each
contain one of four different bases – A, T
(or U in RNA), G and C – and are arranged
in various combinations, with groups of
three sequential bases – known as codons
– coding for each amino acid. This code
is transferred from DNA, to RNA, and then
to proteins during gene expression, and is
universally present in all living organisms
– both prokaryotes (organisms with simple
cells such as bacteria), and eukaryotes
(organisms with complex cells such as plants
and animals). This genetic code, transferred
from DNA to RNA to proteins, may be likened
WWW.SCIENTIA.GLOBAL
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Revelations in RNA Biology
Dr Sontheimer’s research into RNA has been
extensive as well as insightful. When he started
as a grad student at Yale in 1987, it was a time
of great progress in RNA science. The previous
10 years had seen several fundamental
discoveries within the RNA space. ‘It looked to
me like the field was hitting its stride, with lots
of room for more big discoveries,’
Dr Sontheimer reflects. ‘This was particularly
easy to recognise at Yale, which was (and
remains) a leading centre of RNA research.’
In eukaryotes, gene expression is fairly
complicated. Eukaryotic genes contain series
of protein-coding DNA sequences, known as
exons interdispersed with long stretches of
DNA that do not code for protein, known as
introns, both of which are transcribed into an
mRNA molecule. The roles of these non-coding
introns are still mysterious, but they must
be removed (spliced out) from the mRNA
molecule before proteins are created from the
instructions it carries. This is mediated by the
spliceosome – a massive enzyme composed of
over 100 proteins and five small nuclear RNAs
(snRNAs) that removes (splices) introns from
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the mRNA molecule, and can join the cut
ends back together. Like a pair of scissors,
the spliceosome cuts out the introns, leaving
only protein-coding sequences in the mRNA.
Dr Sontheimer’s grad school studies focused
on investigating the assembly, structure and
splicing mechanism of the spliceosome.
After gaining his PhD, Dr Sontheimer
worked as a postdoctoral fellow at the
University of Chicago, where he engineered
changes in long mRNAs, and found metal
atoms in the active site of the spliceosome
enzyme, providing the first insights into the
chemical mechanism of mRNA splicing.
Dr Sontheimer’s later research trajectory
reflected the prevailing currents of the RNA
field. ‘The field’s potential turned out to be
even greater than I suspected,’ he says. In
1999, he started working as a researcher at
Northwestern University, where he studied
RNA silencing complexes.
In eukaryotes, RNA interference (RNAi) – a
process by which a transcribed mRNA is
degraded or prevented from being translated
to new proteins – plays an important role
in regulating gene expression. RNAi is
mediated by tiny non-coding RNA molecules,
particularly small interfering RNAs (siRNAs)

CELL BIOLOGY

and microRNAs (miRNAs). In 2002,
Dr Sontheimer began collaborating with
Dr Rich Carthew (also at Northwestern)
to elucidate the mechanisms of RNAi,
employing the fruit fly as a model organism.
siRNAs act through a large molecule known
as the siRNA-induced silencing complex
(siRISC), which targets and destroys mRNA
molecules, preventing them from being
translated into proteins. One of the team’s
most surprising discoveries is that a protein
called Dicer2 is involved in the assembly of
the siRISC complex.
In 2007, an RNA-based immune system was
discovered in bacteria, known as CRISPR.
This discovery soon started a revolution
when CRISPR began to be repurposed
as a DNA-editing toolkit. Dr Sontheimer
was one of the earliest proponents of
CRISPR biotechnology, realising that it
could be a democratizing tool for genetic
programming. His group has since been
pursuing this research theme, first at
Northwestern, and more recently in the RNA
Therapeutics Institute (RTI) at the University
of Massachusetts Medical School, where he
moved in 2014. In line with the RTI’s ethos
of applying RNA biology to preventing and
curing diseases, his current work with the
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NmeCas9-based CRISPR system is geared
towards therapeutic gene editing. But what is
CRISPR, anyway? And why does it have such
great biotechnological potential?
Engineering CRISPR Systems
Bacteria are under constant attack from
viruses known as phages, which hijack the
bacterial cell by inserting their own genes
that express viral proteins, leading to the
production of more phages in a perpetual
cycle. Fortunately, bacteria have evolved
several immune responses against viral
attack – including the CRISPR-Cas system,
known informally as CRISPR. CRISPR actually
refers to ‘clustered, regularly interspaced,
short palindromic repeats’, which are
specialised sequences within bacterial DNA.
In the late 1980s, biologists first reported
these strange arrays of DNA repeats in
bacterial genomes. There were several
proposed hypotheses for their existence,
though no one really knew their purpose,
or their eventual significance. Only in the
mid-2000s was the purpose of CRISPR
determined – it turned out to be an adaptive
immune system to protect the bacterial
genome against viral attack. When a bacterial

Dr Sontheimer’s vision of CRISPR for eukaryotic gene editing is now
a reality. Now routinely conducted around the world, the technology
allows scientists to manipulate the phenotypes of plants, animals
and humans in a relatively straightforward fashion, with almost
endless possibilities for life sciences research. To edit the genomes
of eukaryotic organisms, the Cas9 protein from the bacterium
Streptococcus pyogenes is normally employed. While this is the current
standard, it may not necessarily be the best for all applications – and
Dr Sontheimer’s group are testing alternative bacterial Cas proteins for
gene editing.

cell becomes infected with a virus, a piece of viral DNA, known as a
spacer, is integrated into the CRISPR sequence to vaccinate the cell.
Spacers are transcribed into small RNA molecules – crRNAs (CRISPR
RNAs) – that associate with Cas proteins, such as Cas9 to create crRNACas complexes. Cas proteins include enzymes that cut DNA strands
at specific locations. The crRNA-Cas complex is like a guided missile,
with the crRNA guiding the Cas protein to specific sections of the viral
genome and the Cas protein chewing up the viral DNA (and in some
cases, viral RNA).
CRISPR-Cas9 systems have become a must-have tool in molecular
biology labs the world over for gene editing. Using engineered crRNA
guides with Cas9, scientists can make targeted breaks in DNA, which are
then fixed by the cell’s natural DNA repair mechanisms. The possibilities
are almost endless – insertions of new genes, deletion of unwanted
genes, gene replacement and gene activation or inhibition. While
conventional genetic engineering has been around for decades, the
relative simplicity, ease, and ultra-precision of the DNA scissors that
is CRISPR, has made it uniquely powerful for editing genomes within
living cells. From being an obscure, niche field of research, CRISPR has
revolutionised biology – and the Sontheimer lab has a pioneering place
in this revolution.
Staphylococcus is a type of bacteria that may be pathogenic and pose
an infection risk to immunocompromised patients in hospitals, and
worryingly, it can attain resistance to antibiotics by acquiring foreign
DNA. In 2008, Dr Sontheimer and a postdoctoral fellow in his lab,
Luciano Marraffini, investigated CRISPR in Staphylococcus epidermis.
They discovered that Staphyloccocus uses a CRISPR sequence to
prevent the uptake of foreign DNA – presenting a potential opportunity
to fight antibiotic resistance. They were the first to demonstrate that
CRISPR interference can directly target DNA, rather than RNA – a
highly significant finding because organisms’ genomes are composed
of DNA. This discovery paved the way for a wave of genome-editing
CRISPR applications. As their paper states: ‘from a practical standpoint,
the ability to direct the specific addressable destruction of DNA…
could have considerable functional utility, especially if the system can
function outside of its native bacterial context.’
‘These advances first pointed the field down the developmental path
of genome editing, setting the stage for the recent revolution in RNAguided genome manipulation,’ states Dr Sontheimer. In January 2009,
Dr Sontheimer submitted a grant application to the NIH proposing to
develop CRISPR as an RNA-directed genome editing platform, but the
NIH was apparently not ready to recognise the transformative potential
of this technology, and the application was not funded. Only a few
years later in 2012, this idea proved to be revolutionary.

Recently, using the meningococcus bacteria, the research group
investigated the application of a new subtype of CRISPR system – the
Type II-C CRISPR-Cas9 pathway – which can offer additional capabilities
compared to conventional systems. A promising application is
therapeutic gene editing in humans, which involves delivering
crRNA-Cas complexes to target tissues in viruses, to delete and/or
replace defective genes as a cure for genetic diseases. Unlike Cas9
found in Streptococcus pyogenes, most Type II-C Cas9s are sufficiently
small that they can be delivered to target tissues by viruses – making
them potential candidates for gene therapy. Another challenge for
eukaryotic CRISPR applications is that the crRNA-Cas complex may
cut and mutate other DNA sequences, and these unintended genome
alterations, known as off-target effects can have devastating impacts.
Dr Sontheimer’s team has recently demonstrated that NmeCas9 –
the Cas9 protein from the bacterium Neisseria meningitidis – shows
unusually high accuracy during human genome editing, without the
extensive engineering required for decreasing these off-target effects
of Streptococcus pyogenes Cas9, improving its candidacy for use as a
targeted therapeutic.
CRISPR is a powerful tool for in vivo gene editing, but must be
harnessed and controlled to prevent unwanted interference. For
example, off-target effects can be exacerbated by excessive or
prolonged Cas9 activity – presenting a safety challenge for therapeutic
applications. One possible solution is an off-switch for CRISPR after the
desired editing has taken place. Using the NmeCas9 system,
Dr Sontheimer’s group and their collaborators have been the first to
discover viral proteins that can stop the activity of Cas9. These so-called
anti-CRISPRs are used as Cas9 off-switches and greatly increase our
control over genome editing. The Sontheimer lab is investigating the
potential of the NmeCas9 system in human therapeutic gene editing,
with an emphasis on immunodeficiency, as a means for curing diseases
at the genetic level.
Summary
The RNA world is proving to be more diverse than anyone could have
possibly imagined a few decades ago. Beyond protein production,
RNA has a number of previously unimaginable roles – genetic
regulation, signaling, catalysis and even genomic immunity. RNAbased interference can be exploited for cutting-edge biotechnological
applications – and nowhere is this more apparent than the recent
explosion of CRISPR gene-editing innovation. Dr Sontheimer’s lab is
at the forefront of CRISPR research, and has been the earliest and one
of the most vocal advocates of this highly-versatile molecular biology
toolkit. Going beyond simply optimising CRISPR systems for greater
control, the lab aims to apply this toolkit for correcting disease-causing
genes – therapeutic genomic editing to cure inherited diseases.
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Throughout his academic career, he has pursued his research interests
in RNA molecular biology, the roles of RNA in gene expression and
regulation, and gene editing. Dr Sontheimer was awarded his PhD at
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THE DYNAMICS OF DYNAMIN
AND CANCER EVOLUTION
All cells need to transport vital biomolecules across membranes by
packaging them into small membrane-bound containers called vesicles.
Integral to this process is the large protein dynamin. In her insightful and
pioneering research, Professor Sandra Schmid has begun to open the
‘black box’ on how changes in the activity of dynamin can impact cargo
uptake to vesicles and the survival of cancer cells.

Membrane Fission and Fusion and
Cellular Communication

The Protein Machinery Behind
Membrane Fission

To separate their internal from their external
environment, living cells have a ‘skin’, called
the plasma membrane, that consists of an
impenetrable double layer of lipids. The
main function of the plasma membrane is to
protect the cell from its outside environment
– however, proteins embedded in the plasma
membrane serve as border guards to control
the movement of substances in and out of
cells, as well as facilitate communication
between cells and their environment.

The process and proteins involved in
membrane fusion have been extensively
characterised, as recognised by the 2013
Nobel Prize in Physiology or Medicine.
In contrast, much less is known about
the cellular mechanisms behind
membrane fission, except as it occurs
during clathrin-mediated endocytosis, the
major pathway for vesicle formation from
the plasma membrane.

In addition to the plasma membrane animal
and human (eukaryotic) cells have many
membrane-bound structures within them
called organelles, which are specialised
compartments with specific functions. For
example, the endoplasmic reticulum, Golgi
complex and lysosomes are organelles
involved in the manufacture, export and
degradation of proteins, respectively.
While the various organelles in eukaryotic
cells are clearly distinct, they are not static
in composition. How, then, are the different
organelles made and maintained? The
answer is that proteins are synthesised
and packaged into membrane vesicles and
targeted to their intracellular destinations
based on sorting signals within the proteins
themselves and on the vesicles.
This process, known as vesicular trafficking,
is highly regulated and critically depends on
membrane fission and fusion. Membrane
fission is the formation of two separate
membranes from a single one while fusion
is the opposite, the merging of two separate
membranes into a single membrane.

As inferred by its name, clathrin-mediated
endocytosis involves the protein, clathrin,
which assembles into basket-like lattices that
coat small regions of the plasma membrane
to drive vesicle formation. Clathrin-mediated
endocytosis is initiated when there is a cargo
that contains specific protein sequences or
motifs that act as internalisation signals.
These motifs are recognised by adaptor
proteins that recruit clathrin to form new
clathrin-coated pits.
As clathrin assembles, the clathrin-coated
pits undergo maturation until they form
deeply invaginated buds still attached by a
narrow neck that await membrane fission to
release the vesicle containing the ingested
material for distribution within the cell.
Membrane fission is driven by dynamin,
another protein critical for clathrin-mediated
endocytosis. Dynamin assembles around
the narrow necks of deeply invaginated
coated pits and with the aid of several other
accessory proteins, catalyses membrane
fission and the ‘budding off’ of vesicles.
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‘We worked for over 20 years on dynamin and its role in fission
and now find that it is also pivotal in regulating early stages of
clathrin-mediated endocytosis. This is the most exciting to me,
as we know little about how dynamin does this.’

The Relentless Pursuit to Understand
Dynamin Function
Recognising the fundamental need to
understand how dynamin works, Professor
Sandra Schmid and her group have studied
the role of dynamin in membrane fission
and clathrin-mediated endocytosis for
over 20 years. She explains that, ‘clathrinmediated endocytosis is the major
pathway by which cells take up nutrients
and signaling hormones and it also plays
a critical role in controlling inter-cellular
communication and signaling.’
Schmid obtained her PhD at Stanford
University and was a postdoctoral fellow at
Yale University before becoming an Assistant
Professor at The Scripps Research Institute
in 1988. In 2012, she was recruited to the
University of Texas Southwestern Medical
Center, where she holds the Cecil H. Green
Distinguished Professor of Cellular and
Molecular Biology.
Throughout her career she has worked
to understand the role of dynamin in
endocytosis and her team’s ground-breaking
work demonstrated for the first time the
pivotal role of dynamin in membrane
fission. Schmid describes how, ‘we worked
for over 20 years on dynamin and its role in
fission and now find that it is also pivotal in
regulating early stages of clathrin-mediated
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endocytosis. This is the most exciting to
me, as we know little about how dynamin
does this.’
Currently, her laboratory focuses on
understanding the regulation of clathrinmediated endocytosis in normal and
cancerous cells. One exciting line of this
research suggests that evolving cancer
cells can qualitatively and quantitatively
alter endocytosis and vesicular trafficking,
a phenomenon she has termed ‘adaptive’
clathrin-mediated endocytosis. Schmid
describes how, ‘we have recently
discovered that some cancer cells alter
their clathrin-mediated endocytosis
machinery in ways that can enhance their
survival and migration.’
Dynamin and Cell Signalling
Dynamin is known to exist in three forms in
mammals: dynamin-1 (Dyn1), known to be
present at very high levels in neurons in the
brain; dynamin-2 (Dyn2), present at lower
levels in all cell types; and dynamin-3,
which is present in testis, brain and lung.
The three forms are nearly identical, but
recent studies from the Schmid lab have
shown that they can differentially regulate
clathrin-mediated endocytosis.
Dyn1 was presumed to be specific to
neurons, but the levels of both Dyn1 and
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Dyn2 are, in fact, similar in most other
tissues. Schmid’s team confirmed that Dyn1
is present but normally inactive in nonneuronal cells; however, it can be activated
when needed for rapid clathrin-mediated
endocytosis. They also observed that many
cancer cells express elevated levels of Dyn1,
which motivated their work on adaptive
clathrin mediated endocytosis.
Dyn1 is highly regulated by a process called
phosphorylation. This process involves
modification of a protein by addition of a
charged molecule containing phosphate
that acts to control the activity of a protein
or its binding to others. The proteins
GSK3ß and Akt are known to be involved
in the phosphorylation of Dyn1 and act in
opposition to control its activity: GSK3ß
inhibits Dyn1 activity and Akt inhibits GSK3ß,
thus increasing Dyn1 activity. Importantly, Akt
is also frequently activated in cancer cells.
Schmid’s team investigated whether the
phosphorylation of Akt/GSK3ß may be
responsible for the activation of Dyn1 in
cancer cells with altered clathrin-mediated
endocytosis. They found that the rate of
clathrin-mediated endocytosis was increased
when GSK3ß was inhibited, and decreased
when Akt is inhibited. These effects were
abolished when Dyn1 was eliminated by
genetic modification. The team showed that
more clathrin-coated pits assemble and the

cell death after treatment by TRAIL. TRAIL
and death receptor endocytosis was also
strongly inhibited in these cells. When Dyn1
was restored, both TRAIL and death receptor
endocytosis was re-established along with
TRAIL resistance. Dyn1 can be activated by
calcineurin, a calcium dependent enzyme
that removes phosphate. When calcineurin
is inhibited the sensitivity of cells to TRAILinduced cell death significantly increased.

CREDIT: Marcel Mettlen

time it takes for them to mature decreases
with Dyn1 is activated.
The team concluded that enhanced Akt/
GSK3ß signalling activates Dyn1, leading to
increased rates of maturation of clathrincoated pits and abnormal clathrin-mediated
endocytosis in cancer cells.
How is Dynamin Exploited by Advancing
Cancer Cells?
Schmid’s team is investigating whether
the altered or ‘adaptive’ clathrin-mediated
endocytosis in cancer cells may drive
cancer progression. She states that, ‘my
lab is working to identify the components
of the clathrin-mediated endocytosis
machinery that regulate the process to define
the mechanisms underlying this regulation in
both normal and cancer cells.’
Clathrin is composed of three clathrin
heavy chains and three clathrin light chains.
Humans and animals express two forms of
clathrin light chains, CLCa and CLCb, with
unknown functional differences. Interestingly,
CLCb is preferentially increased in nonsmall-cell lung cancer, the cancer type that
accounts for the great majority of all lung
cancers. Moreover, aggressive lung tumours
express more CLCb than early stage tumors.
Therefore, to understand the functional
differences between CLCa and CLCb in
clathrin-mediated endocytosis, Professor
Schmid and her group generated cells where
CLCb is the predominant form and CLCa is
reduced, referred to as ‘switched’ CLCb cells.
Since altered signalling by epidermal growth
factor receptors contributes to cancer
progression, the Schmid lab examined
epidermal growth factor receptor signalling,
endocytosis and recycling in switched

CLCb cells. Treatment with epidermal
growth factor, which activates the receptor,
prompted prolonged and stronger Akt/
GSK3ß phosphorylation, leading to increased
Dyn1 activation and higher rates of receptor
endocytosis and recycling. The accelerated
rate of receptor endocytosis and recycling
is dependent on Dyn1, as this effect was
abolished when Dyn1 was depleted.
These changes in endocytic trafficking led to
an increase in migration speed in switched
CLCb cells. In mice, the spread of a tumour
to distant sites (metastasis) was two times
higher for switched CLCb cells. Furthermore,
lung cancer patients with relatively high
levels of CLCb or Dyn1 had significantly worse
survival rates than those with low levels of
expression.
Taken together, the team’s findings indicate
that epidermal growth factor receptor
signalling activates Dyn1 through the Akt/
GSK3ß pathway, to change epidermal growth
factor receptor endocytosis and recycling in
switched CLCb cells. This change impacts on
cancer migration, the spread of tumours and
patient survival.
Activated Dynamin Helps Cancer Cells
Evade Programmed Cell Death
As an anticancer strategy, the protein TRAIL
(TNF-related apoptosis-inducing ligand)
that binds to death receptors and activates
programmed cell death, or apoptosis,
has shown some potential. However,
the contribution of clathrin-mediated
endocytosis and dynamin to the regulation of
TRAIL and death receptor programmed cell
death is unclear.
Remarkably, Schmid and her team observed
that Dyn1-depleted human breast cancer
and lung cancer cells are more sensitive to
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This suggests that further understanding
of TRAIL and death receptor endocytosis,
that allows cancer cells to internalise death
receptors to avoid programmed cell death,
could be important for future research
into anticancer treatment strategies.
Future Perspectives
Schmid and her team have been
instrumental in uncovering a previously
unsuspected role for Dyn1 and adaptive
clathrin-mediated endocytosis in cancer
proliferation, migration and the spread
of tumours.
Yet, these findings also lead to many other
unanswered questions. For example, how
common is adaptive clathrin-mediated
endocytosis in cancer? Are there other
signalling pathways that can alter this
process? What are the mechanisms that
drive the specific differences in function
of the different forms of dynamin, such as
Dyn1’s acceleration of clathrin-coated pit
maturation?
Given that adaptive clathrin-mediated
endocytosis could result from subtle rather
than dramatic changes in protein levels and/
or their activities, it is likely that future studies
on adaptive clathrin-mediated endocytosis
will be challenging. Most importantly, the
studies in the lab need to be confirmed in
cells directly derived from human tumours or
tumorous tissues.
These recent studies from Professor Schmid
and her group suggest that the highly
orchestrated process of clathrin-mediated
endocytosis, regulated by dynamin,
can be exploited by cancer cells to promote
their survival. Her future exploration
into adaptations of endocytosis used
by cancer cells may lead to novel
therapeutic targets that combat cancer
and reduce the spread of tumours, while
shedding light on the remaining mysteries
of intracellular trafficking.
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PEROXISOMES ON THE RISE
Professor Michael Schrader and his team at the University of Exeter are
working to decipher how specialised compartments within cells called
peroxisomes are formed and function to perform vital roles in processing
the lipids that coat nerve cells and in defending the cell against oxidative
stress. The team is deciphering the fundamental molecular mechanisms
that link peroxisomes to neurological disease and the process of ageing.

One of the hallmarks of eukaryotic cells
is the presence of membrane-bound
compartments (organelles), which create
distinct, optimised environments to promote
a variety of metabolic reactions required to
sustain life. Organelles are the functional
units of a cell. Like different parts of a
production line in a factory, they perform
specialised functions but also depend on
each other.

The Multifunctional Peroxisome –
a Protective Organelle

Mitochondria, for example, organelles
responsible for the cell’s energy production,
are fuelled with carbohydrates and fatty
acids from other compartments and are
linked to another organelle, the endoplasmic
reticulum, that is involved in the processing
of proteins and the production of lipids.

They were first discovered and named
‘microbodies’ in 1954 by a Swedish
PhD student called Johannes Rhodin.
The microbodies were then renamed
‘peroxisomes’ by the Nobel Prize winning cell
biologist Christian De Duve, who isolated
them, along with some of their characteristic
enzymes involved in the production and
breakdown of hydrogen peroxide (H2O2).

To adapt to the changing physiological
requirements of a cell or organism, organelles
must constantly adjust their number,
shape, position and metabolic functions
accordingly. This requires dynamic processes
which modulate organelle abundance
by organelle formation (biogenesis),
degradation (autophagy), or inheritance
(cell division) as well as mechanisms to
mediate organelle movement, interaction,
communication and cooperation (see
figure one). How these dynamic processes
are mediated and regulated in the cell is
an important and challenging question in
modern cell biology.
Professor Michael Schrader’s research aims
to unravel the mysteries of how organelles
are formed and how they interact with
each other and respond to changes in their
environment. ‘Our goal is to understand
the relation of organelle dynamics to
organelle functionality and its impact on
developmental and physiological processes,’
says Professor Schrader. The team focuses
their work on organelles called peroxisomes.

Peroxisomes (PO) are small, highly dynamic
membrane-bound organelles with a granular
interior. They belong to the basic equipment
of the cells found in mammals, plants and
fungi. However, their functions can vary
significantly depending on the organism, cell
type and environmental conditions.

Hydrogen peroxide falls into a class of
molecules known as reactive oxygen
species that perform important signalling
functions in the cell but when produced in
excess can contribute to cellular damage,
thought to be involved in ageing, cancer
and neurodegeneration. Enzymes found in
peroxisomes, such as catalase, break down
hydrogen peroxide into harmless water (H2O)
and oxygen (O2).
Another important role of peroxisomes is
their involvement in cellular lipid and energy
metabolism. Peroxisomes are required for
the breakdown and detoxification of fatty
acids, in particular very long chain fatty
acids, that cannot be degraded elsewhere in
the cell, and the biosynthesis of etherlipids
that are important constituents of cellular
membranes and the myelin sheaths that
insulate nerve cells.
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Figure 1: Castro et al, (2017).
Originally published in Traffic.
https://doi.org/10.1111/tra.12549

Figure 2: Costello et al, (2017). Originally
published in The Journal of Cell Biology.
https://doi.org/10.1083/jcb.201607055
Loss of peroxisomal functions has been
linked to several inherited disorders such
as Zellweger Syndrome that are often
progressive and severe and characterised by
developmental defects, the loss of myelin from
nerve cells, neurodegeneration, eye problems
and deafness.
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‘We might be able to use this knowledge
to improve cell performance and
to protect cells from certain stress
conditions, linked to neurodegeneration,
blindness, deafness and diabetes.’

Professor Schrader and his team have
studied the molecular characteristics of
the part of the membrane proteins that
determine exactly which organelle they end
up in. This is specified by the membranespanning regions of the proteins. Professor
Schrader’s team has discovered that
differences in this region can determine
organelle targeting.
Using technology developed for the purposes
of weather forecasting, Professor Schrader
and his team tracked where specific proteins
were becoming anchored to the membranes
of organelles and demonstrated that by
altering the targeting sequence, the organelle
‘post-code’, they could cause peroxisomal
proteins to be sent to the mitochondria and
vice-versa.

anti-viral defence, as cellular signalling
platforms, in cell fate decision and in
healthy ageing. These findings highlight
the general importance of peroxisomes
in human health and their significance in
common age-related disorders.
It’s All in the Tail

Figure 3: Costello et al, (2017). Originally
published in The Journal of Cell Biology.
https://doi.org/10.1083/jcb.201607055
In addition, peroxisomes have a role
in bile acid production in mammals,
photorespiration in plants, penicillin
production in filamentous fungi and
glycolysis, the breakdown of sugar, in
Trypanosome parasites. The latter makes
peroxisomes important targets for drug
development against sleeping sickness –
their involvement in the production of several
secondary metabolites in fungi means that
peroxisomes are also of biotechnological and
industrial interest.
It became evident in recent years that
peroxisomes also fulfil crucial non-metabolic
functions, for example in cellular stress
responses, the combat of pathogens and
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Peroxisomes contain many enzymes and
proteins, both on their interior and bound to
their membranes. Remarkably, many of the
membrane proteins involved in organelle
division and anti-viral signalling are shared
by peroxisomes and mitochondria – they
belong to a specific group of ‘tail-anchored’
membrane proteins – as they insert into
membranes via a short membrane-spanning
region at their end. These adaptor proteins
are involved in many cellular processes that
occur close to or at membranes, such as
organelle division, and mutations that affect
their function are associated with severe
medical disorders.
Targeting signals are used by proteins for
getting them from where they are made to
where they should be. These signals function
like a postcode. This code is recognised by
cellular machinery that acts to transport
proteins to the appropriate location.
Once made in the cell’s cytoplasm, these
adaptor membrane proteins have to
be distributed to their target organelles
including the endoplasmic reticulum,
mitochondria and peroxisomes.
WWW.SCIENTIA.GLOBAL
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Professor Schrader says that, ‘our findings
can be used to modulate and improve
targeting of membrane adaptors. This
could improve medical treatment, because
researchers could use this information
to produce drugs that better target
specific organelles.’
How to Make More Peroxisomes Peroxisome Dynamics and Multiplication
Research in Professor Schrader’s team has
revealed that peroxisomes in mammalian
cells are very dynamic – they can move along
cytoskeletal tracks by recruiting molecular
motor proteins but can also undergo shape
changes and form highly elongated tubular
membrane extensions (see figure one).
The team discovered that those membrane
extensions, which form from pre-existing
peroxisomes, can constrict and divide
into new peroxisomes. This process of
peroxisome ‘growth and division’ contributes
to the formation and multiplication of
peroxisomes.
This is important because peroxisome
number must be carefully regulated. While
too few peroxisomes or loss of their function
can lead to neurological defects, prolonged
treatment with drugs that increase the
number of peroxisomes in rodents has a
carcinogenic effect, producing liver tumours.
Over the years, Professor Schrader’s lab
has identified and characterised several
key proteins of the growth and division
machinery. They found that a key division
factor of peroxisomes is a protein also found
at mitochondria called DLP1/Drp1. Drp1

forms a ring-type structure around the elongated membrane, which
then tightens around it until the membrane is cleaved, releasing a new
peroxisome as an independent structure (see figure one – b).
The team discovered that the division of peroxisomes requires
additional membrane proteins that are also shared with mitochondria.
These findings supported the discovery of a novel group of disorders
with defects in both peroxisomal and mitochondrial division. These
disorders differ from the classical peroxisome biogenesis disorders such
as Zellweger Syndrome, as the metabolic functions of peroxisomes are
not significantly affected. This makes diagnosis by biochemical tests
difficult. However, microscopic analysis revealed that the peroxisomes
and mitochondria in patient cells are often abnormally long, as they
cannot divide (see coloured image above). This may impact on their
movement and distribution, especially in nerve cells.
The Schrader team has also been investigating the functional role of
the membrane-remodelling protein Pex11ß. This protein is required
for membrane elongation of peroxisomes in the early stages of their
division process, but Professor Schrader’s lab and his collaborators
have discovered that it is also involved in the final stages of peroxisome
division, by activating the fission enzyme DLP1/Drp1.
Patients with mutations in the PEX11 gene show normal or only
slightly altered peroxisomal metabolism but peroxisome number
and morphology is altered. These patients suffer from neurological
abnormalities, eye problems and hearing loss. These findings
highlight the importance of peroxisome dynamics and regulation
of peroxisome number in disease conditions and suggest that
peroxisomes, that contribute to H2O2 and reactive oxygen species
balance, breakdown of toxic lipids and combat of pathogens, have
important protective functions.
Professor Schrader says that, ‘understanding how peroxisomes divide
and multiply, both on the organelle and the signalling level, has high
potential to contribute to therapeutic approaches, not only for the
treatment of peroxisomal disorders but also for pathological conditions
associated with oxidative stress and cellular ageing.’
The Peroxisome-Mitochondria Connection
The discovery, that peroxisomes and mitochondria share key
proteins of their division machinery, and that combined peroxisomemitochondria disorders with defects in organelle division exist, has
further strengthened the concept of the ‘peroxisome-mitochondria
connection’ indicating that both organelles maintain a very close
interrelationship which impacts on human health.
Besides an overlap in key division components, their functional
interplay also includes metabolic cooperation in the breakdown of
fatty acids. Peroxisome-mitochondrial communication has also been
demonstrated to have a role in mounting the first line of defence
against viral infection, signalling the immune system into action. In
addition to having complex, though not yet well understood, roles in
antiviral defence, both peroxisomes and mitochondria are also targeted
by certain viruses, becoming viral assembly points upon infection.
There is also evidence for cooperation between peroxisomes
and mitochondria in controlling levels of reactive oxygen species
within the cell, with research now showing that increasing levels of
reactive oxygen species in peroxisomes quickly leads to changes in

reactive oxygen species activity in mitochondria. The exact nature
of their communications is still elusive but has been observed in
the form of physical connections between the organelles, as well as
in mitochondria-derived vesicles – small, spheres of lipids used to
transport cellular components, such as proteins – that may be targeted
to peroxisomes.
Linking Peroxisomes to the Endoplasmic Reticulum
Peroxisomes may link up with another important organelle. Scientists
have known for some time that vital cellular processes, such as the
production of myelin sheath lipids, rely on interactions occurring
between peroxisomes and the endoplasmic reticulum (see figure two).
Until recently, however, little was known about the molecular nature of
these interactions.
Professor Schrader and his team identified two novel adaptor
proteins at peroxisomes, called ACBD5 and ACBD4. He and his
team discovered that ACBD4/5 binds to another adaptor protein
at the endoplasmic reticulum, called VAPB (see figure three). Using
quantitative electron microscopy, they showed that this interaction
results in the formation of narrow membrane contact sites between
peroxisomes and the endoplasmic reticulum (see figure two).
When the team disrupted this interaction genetically, they not only
found that peroxisomes became significantly more mobile, but that
there was a reduction in membrane growth. The experiment confirmed
their suspicions that to grow and divide, peroxisomes need to acquire
membrane lipids from the endoplasmic reticulum and that these
exchanges take place at the membrane contacts mediated by ACBD4/5
and VAPB (see figure one).
Mutations in either of these genes can cause neurological disorders.
Patients with a defect in ACBD5 have recently been identified and VAPB
has been linked to amyotrophic lateral sclerosis. Professor Schrader’s
research helps to explain the mechanism behind this and moves the
field another step closer towards developing new treatments.
As well as unravelling the mechanisms that lead to these genetic
disorders the team also work to raise awareness of these conditions
and actively support the charity, Zellweger UK (www.zellweger.org.uk),
in their work with patients suffering from peroxisome-based disorders
and their families.
Future Directions for Peroxisome Research
There remains a lot to be learned about these enigmatic cellular
structures and their function and role in disease. How peroxisomes
interact and communicate with other organelles, how their numbers
can be regulated, and how they contribute to neurodegenerative
disorders, ageing and oxidative stress are still grey areas in current
research that have potential for developing novel treatments.
It is Professor Schrader’s hope that by learning more about the role of
peroxisomes in reactive oxygen species’ metabolism, signalling and
ageing, further work in this field could pave the way to new treatments
for age-related illnesses. He hopes that, ‘we might be able to use this
knowledge to improve cell performance and to protect cells from
certain stress conditions, linked to neurodegeneration, blindness,
deafness and diabetes.’
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SANDMAN AND THE WORM
– CELLULAR INSIGHTS INTO
THE WORLD OF SLEEP
Why we sleep is a mystery. Dr Cheryl Van Buskirk of California State
University Northridge is using the simple roundworm, C. elegans, to probe
the cellular basis of sleep – with implications for sleep in more complex
animals – including humans.

Sleep is ancient in origin and has been a highly
conserved behaviour with evolution – attesting
to its necessity. Sleep is observed in mammals,
birds, reptiles, amphibians, fish, and even
invertebrates, and this array of sleepers
includes some organisms that are highly
amenable to laboratory study and genetic
analysis.

Sleep – One of Life’s Mysteries
Whether you look forward to catching some
zzzz’s each night, or see daily downtime as
a necessary inconvenience, all of us must
sleep. But why? The biological function
of sleep still remains a mystery. Several
hypotheses have been put forward, such
as modulating the strength of neuronal
synapses, clearance of metabolites
from the brain, energy conservation and
macromolecule biosynthesis. Observed
perturbations in metabolic and synaptic
processes lend support for these models,
though none offer a complete explanation.
Sleep has a number of distinctive
behavioural features, being characterised
by quiescence (a period of immobility), a
heightened arousal threshold (reduced
responsiveness to external stimuli) and
reversibility. The sensation of tiredness after
a long eventful day, and the irresistible urge

to drift off as the Sandman works his magic
is an experience that we are all familiar with.
Why we get tired after being awake for an
extended period is a mystery. Sleep scientists
call this ‘sleep pressure’, which is considered
to build up during wakefulness and
dissipate during sleep – a concept known as
homeostatic regulation of sleep (or the ‘sleep
homeostat’).
Homeostatic regulation, together with
circadian regulation, aka the ‘body clock’
(When should we sleep?) are two major
processes that regulate our slumber. While
sleep’s ultimate function is unknown, it’s
absolute necessity for survival is certain – for
humans and other animals. The demands of
modern living – devices, TV, nightlife, coffee,
energy drinks and shift work – can make it
difficult for us to get a good night’s rest, but
adequate sleep is essential for cognitive
performance, productivity, good health and
wellbeing.
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Studies with model organisms are instrumental
to life sciences research – and sleep science
is no exception. It is now recognised that the
underlying genetic, molecular and cellular
mechanisms that regulate myriad biological
processes – including sleep – are evolutionarily
conserved across the phylogenetic ‘tree
of life’. Therefore, what is genetically and
biochemically true in humans tends to be
true in other animals. This homology of sleep
across phylogeny enables modern sleep
scientists to study sleep in fairly simple model
organisms such as zebrafish (Danio rerio),
fruitflies (Drosophila melanogaster) and even
roundworms (Caenorhabditis elegans). At
California State University Northridge (CSUN),
Dr Cheryl Van Buskirk and her students are
using Caenorhabditis elegans (C. elegans) to
study the cellular basis of the sleep homeostat.
Opening a Can of Roundworms
Think of somnolent animals and perhaps
you think of giant sloths, koalas, or your pet
cat. Roundworms don’t spring to mind. In
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From left to right: Dr Cheryl Van Buskirk, Bryan Robinson, Chris Makkar, Rony Soto and Desiree Goetting

the wild, C. elegans is rather unremarkable
– inhabiting temperate soil environments,
especially rotting vegetation, where it feeds
on bacteria. However, it is the biology of
C. elegans in the petri dish that makes it a
particularly suitable model organism for Dr
Van Buskirk’s sleep studies. There are two
sexes – male and hermaphrodite – allowing
C. elegans to mate (leading to new genetic
combinations) or self-fertilise (creating
clones). In each case, over 200 offspring can
be produced every few days. Thus, large
quantities of roundworms can be cultured in
petri dishes for experiments.
The worms are minute, approximately 1
mm in length, with several hundred fitting
on one petri dish. The dishes are inoculated
with a special growth medium – aptly
called Nematode Growth Medium – and are
seeded with E. coli bacteria OP50, on which
the worms feed. While the human brain has
an estimated 100 billion neurons (nerve
cells), the ‘brain’ of C. elegans has only 302
neurons, yet this simple nervous system
can nonetheless give rise to fairly complex
behaviours. The entire synaptic network has
been completely mapped, making C. elegans
an ideal model for studying neurobiology
and behaviour.
Dr Van Buskirk and her colleagues are
particularly interested in the question of
homeostatic control – what is behind this
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so-called ‘sleep pressure’ that builds up
during our waking hours and makes it
necessary for us to sleep? The sleep of C.
elegans does not follow a day-night cycle like
other animals, and this absence of circadian
regulation makes them excellent subjects
for investigating homeostatic control. Dr Van
Buskirk’s quest into the molecular basis of
sleep using C. elegans as a model began early
– and she has made a number of seminal
discoveries in the field of sleep research. In
2007, while she was a post-doc at Caltech,
she discovered that by increasing the level of
(‘overexpressing’) a protein called LIN-3, she
could force her worms into a quiescent state
– animals stopped feeding and moving, and
this quiescence could be quickly reversed,
just like sleep. This finding was interesting,
because C. elegans LIN-3 is similar to a
protein called epidermal growth factor (EGF)
found in complex animals, including humans.
EGF had been best known for its role in
stimulating cell growth and differentiation,
but some studies in mammals had hinted at
a sleep-inducing effect.
Encouraged by this connection, Dr Van
Buskirk and her colleagues investigated
the mechanism underlying EGF-induced
sleep. They found that by activating EGF
receptors (EGFR) on a single cell – the ALA
neuron – they were able to trigger sleep in
C. elegans. Thus, the team identified ALA
as a sleep-inducing neuron that could be
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activated by artificially manipulating EGF
levels. The problem was, it wasn’t clear what
EGF production normally responds to. That
is, under what circumstances does the ALA
neuron get to work its Sandman magic?
Sleep-like periods of quiescence had been
observed in worms prior to each larval moult,
but neither EGF nor the ALA neuron appeared
to play a major role in pre-moulting
quiescence.
It is Dr Van Buskirk and her students’ recent
studies with C. elegans at CSUN that have
been particularly insightful in elucidating
the function of the ALA neuron, though Dr
Van Buskirk admits ‘we stumbled into it’.
They noticed that if worms were exposed
to noxious heat, they would stop feeding
and moving, and would remain quiescent
for some time, even when returned to room
temperature. An undergraduate student,
Andrew Hill, speculated that the ALA neuron
might mediate this heat-induced quiescence,
and he found that it did: mutant animals
lacking an ALA neuron would not become
quiescent in response to heat exposure.
In further experiments, the team exposed
the worms to a greater range of damaging
conditions: high salt, ethanol, cold stress,
or exposure to Cry5B – a toxic protein that
punches holes in the worms’ digestive tracts.
Each of these stressful conditions triggered
a bout of quiescence that depended on the

From left to right: Adrig Sarian, Dr Cheryl Van Buskirk and Dany Roman, at
the C. elegans International Meeting
ALA neuron. The Sandman now had more roles than they had ever
imagined – it could send the worms into slumber in response to a
variety of conditions that had in common the ability to cause cellular
stress or damage.
Later on, the team showed that, like sleep, this quiescent state is
associated with reduced responsiveness to stimuli, and importantly,
is beneficial – sleepless mutants fail to recover from the damaging
effects of noxious heat exposure. These studies revealed that harmful
conditions can induce a protective sleep-like state in C. elegans,
providing direct evidence that sleep may have evolved as a way of
recovering from cellular damage.
Sleep as a Mechanism to Restore Cellular Homeostasis?
Any functioning cell has a lot going on. Many cell types have very
specialised functions, and on top of that, they have housekeeping to
do. The production of new proteins (which do the cell’s work) must be
balanced with the turnover of old ones (i.e., taking out the trash), in a
process known as protein homeostasis. The cell must also take care of
any odd repairs that arise, including abnormally folded proteins and
damage to the genome.
Neurons are highly specialised ‘excitable’ cells that are called on
to integrate information from a variety of sources and quickly relay
signals to appropriate targets – a relatively demanding job involving
the rapid production and turnover of many proteins. We are all too
familiar with what happens when we have too much going on at work
– our housekeeping duties are not a priority and things start to get
backed up. There is evidence that the same may be true of neurons.
One sign that a cell has a backlog of housekeeping is the appearance
of ‘molecular chaperones’ – a class of proteins that are specialised
house-cleaners. Like a costly cleaning service, they are called under
stressful conditions to help restore balance. Interestingly, chaperone
levels in the brains of mammals and other animals have been found to
increase with prolonged wakefulness, suggesting that the longer a brain
is active, the more difficult it is to maintain homeostasis.
So, what does this have to do with C. elegans and stress-induced
sleep? The conditions that trigger sleep in C. elegans disrupt cellular
homeostasis. Noxious heat causes proteins to aggregate and molecular
chaperones to become recruited. Cold, ethanol, and high-salt

conditions are also known to disrupt protein homeostasis. UV light,
recently identified as another sleep trigger in C. elegans, damages both
proteins and DNA. Thus, the conditions that put a burden on a cell’s
ability to maintain homeostasis can trigger sleep in worms.
Dr Van Buskirk and her team speculate that as animals evolved nervous
systems with increased demand on neurons, housekeeping disruptions
occurred regularly (even without external stressors), and sleep became
coordinated with circadian regulation to counteract these disruptions
on a daily basis. This is a speculation that awaits much testing. But
for now, Dr Van Buskirk says, ‘we aim to determine the molecular
mechanism by which this occurs in C. elegans.’
FIRE Power!
As well as culturing roundworms, Dr Van Buskirk is also passionate
about training the next generation of scientists, aka CSUN
undergraduate students, through her innovative approach to teaching.
She has pioneered the BIOL447/L course – The Full Immersion
Research Experience or FIRE – an innovative scheme that gives
undergrads the experience of scientific inquiry and experimentation in
a real laboratory setting. The FIRE scheme is designed to give students
the opportunity for interactive, immersive, experiential learning – as
well as encourage them to pursue a career in research.
Dr Van Buskirk launched FIRE in 2013, and this first cohort saw 14
undergrads gain hands-on experience in designing experiments,
conducting sleep studies, analysing data and presenting findings. The
FIRE students contributed significant findings to the lab’s research
on stress-induced sleep. ‘The outcomes exceeded my expectations,’
admits Dr Van Buskirk. And the FIRE lab is just starting to heat up,
thanks to a grant from the National Science Foundation (NSF) that
provides support for the course and its integration with Dr Van Buskirk’s
research program.
The FIRE lab not only generates novel insights into the genetic
regulation of sleep, but it provides an opportunity for students to
know the thrill of discovery – an experience that is in some cases lifechanging. Several former FIRE students have gone on to pursue PhDs
or other graduate programs. Whatever path the students choose to
pursue, the skills gained transfer well to any career. The FIRE experience
has been overwhelmingly positive – with most finding it deeply
enriching and even fun! In this lab, the worms may be sleeping, but the
students certainly aren’t!
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CELLULAR POLKA AND
IMMUNE CELL SIGNALLING
Immunology remains an important branch of medical and biological
sciences, providing us with protection against infection and disease.
Professor Brian Schaefer of the Uniformed Services University, Bethesda,
has dedicated his research to elucidating the molecular mechanisms of
immune cell signalling, with the hope of discovering potential therapeutic
targets for immunological drugs – to ultimately treat human diseases
including autoimmunity, graft rejection and cancers.

A Century of Immunology
Impaired function of the immune system is
known to be responsible for a vast number
of medical conditions, such as cancers,
inflammatory disorders, allergies and
autoimmune diseases, where the immune
system attacks the body’s own tissues
instead of fighting infections. Since 1908,
when Russian biologist Ilya Ilyich Mechnikov
and German biologist Paul Ehrlich were
awarded a Nobel prize for their studies of
the immune system, research in the field of
immunology has advanced and developed to
an incredible degree. To this day, a significant
number of researchers and groups dedicate
their life’s work to new discoveries in immune
system biology, with the aim to help treat or
prevent human disease.
Immunology research has provided us
with many revolutionary discoveries, from
identifying the different cellular components
of the immune system to developing
vaccinations and therapeutic strategies to
combat many devastating diseases, including
smallpox, polio and measles. Despite these
incredible advancements made in our
understanding of immune system biology,
gaps in our knowledge of immune function
and a lack of therapies for many immune
system disorders continue to be major worldwide contributors to deadly disease.
The Finer Details of Immunology
From the earliest accounts of immunology
in 1549, with the inoculation of smallpox,
our understanding of the immune system
has advanced significantly. During the 20th
century, researchers identified the various
components of the immune system and

started to unravel the key mechanisms that
allow us to defend ourselves from harmful
invading organisms.
White blood cells are key players in immune
system defence and can be divided into B
cells and T cells that engage in two different
kinds of immune response. B cells produce
antibodies. These are large proteins that
circulate in the blood and fight against
foreign bacteria and viruses, by binding
to specific proteins found on their surface
(antigens). Because of the vast diversity of B
cells, antibodies can be generated to bind
nearly any antigen.
This ability to determine friend from foe
and recognise what is part of yourself and
what has come from elsewhere is key to
targeting harmful invading bacteria and
viruses for destruction. The binding of
antibodies blocks or impairs the ability of the
pathogen to function and can target these
invaders for destruction by other cells in the
immune system.
Another of the vital components of our
immune system are the T cells. T cells
recognise foreign antigens on the surface
of host cells that have been invaded and
destroy the infected cells. T cells have
antigen receptors on their cell surface
responsible for recognising and binding
fragments of antigens – proteins the body
recognises as foreign. This antigen receptor,
called the T cell receptor, activates T cells
through a biochemical signal that provokes
them to attack.
Professor Brian Schaefer began his career
in this field as a postdoc, working with Drs
Philippa Marrack and John Kappler, where
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Super-resolution microscopy reveals the
components of the POLKADOTS signalosome,
showing that Bcl10 (blue), Malt1 (green) and the
activated IKK complex (pink) are all components
of POLKADOTS filaments.

he started to investigate the mechanisms
of immune cell signalling through the T cell
receptor. He has since deepened his research
within this area, and he has expanded his
research to additional areas, including host
defences, cellular mechanisms of disease, and
cell injury and repair.
Professor Schaefer continued his work in this
field when he joined the Uniformed Services
University, where he dedicated his attention
to defining the molecular mechanisms of T
cell receptor signalling to a transcription factor
called Nuclear Factor kappa-B (NF-ĸB) – a
protein that controls gene expression. NF-ĸB is
of central importance in T cell biology because
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‘Our overall goal is to define how the transmission of cellular
signals is regulated by the formation of organised structures,
called “signalosomes”, within the cell.’

T cell receptor stimulation causes POLKADOTS formation and NF-ĸB activation. Confocal microscopy shows that delivery of an activating signal
to the T cell receptor causes Bcl10 and Malt1 to move into filamentous POLKADOTS, NF-ĸB then moves from the cytoplasm into the nucleus –
identified by staining nuclear DNA.

it turns ‘on’ the expression of many genes
involved in the changes that occur to T
cells when they are activated during an
immune response.
When a T cell receptor recognises and binds
to an antigen fragment, it initiates a series of
signals that ultimately activate NF-ĸB leading
to T cell activation and an appropriate
immune response. Professor Schaefer’s team
has revealed the nature of NF-ĸB activation
through the T cell receptor, discovering that
activating NF-ĸB occurs in a digital, switchlike manner.
T Cell Receptor Signalling
The signalling cascade involved in T cell
activation through the T cell receptor is
extremely complex, with many different
components influencing the process.
Professor Schaefer’s team has investigated
the many components of the signalling
cascade that ultimately drive NF-ĸB
activation and the consequent activation of T
cells and their rapid multiplication after they
detect a foreign protein that is important for
an appropriate immune response.
NF-ĸB is of particular importance, as it
stimulates the generation of a large number
of other molecules that play a role in the
response. The adaptor protein, Bcl10, also
plays a large role in transmitting signals from
the T cell receptor to NF-ĸB. Without the
Bcl10 protein, T cells are unable to multiply
and develop after T cell receptors engage
with foreign antigens.
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At the same time that T cells activate
NF-ĸB, Bcl10 is degraded and removed.
This suggests that this degradation of
Bcl10 may be a regulatory mechanism that
limits T cell receptor signalling to NF-ĸB,
acting as a brake on the immune response.
Although previously, the existence of such
a mechanism was controversial, more
recent studies by Professor Schaefer’s
group and others have confirmed that
T cell receptor stimulation induces this
intracellular degradation, precisely targeting
and delivering components of the cell such
as Bcl10 for ultimate destruction. This
work revealed that the process of Bcl10
degradation regulates functions that control
T cell survival and multiplication during an
immune response.
Professor Schaefer and his colleagues
explored further the link between T cell
receptor-induced destruction of Bcl10 within
the cell and the modulation of activated T
cell responses. The team revealed that as T
cells target the Bcl10 protein for destruction,
this process also reduces the ability of T
cell receptors to activate NF-ĸB, and limits
the NF-ĸB induced immune response. They
suggest that this mechanism modulates
antigen receptor signalling and propose that
this process may protect T cells from the
adverse consequences of unrestrained NF-ĸB
activation and an overactive immune system,
such as cellular aging.
Building the Structures for Signalling
Professor Schaefer states that, ‘our overall
goal is to define how the transmission
of cellular signals is regulated by the
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formation of organised structures, called
“signalosomes”, within the cell.’ Early T
cell receptor signals involve the formation
of a CBM (Carma1-Bcl10-Malt1) complex,
containing the Bcl10 adaptor protein,
Carma1 (a larger adaptor protein) and
Malt1 (an enzyme that breaks down
proteins). Assembly of this complex triggers
activation of another signalling complex, IKK,
the key regulator of NF-ĸB activation. After
being activated by IKK, NF-ĸB is able
to move into the nucleus of the cell to
activate target genes.
Professor Schaefer and his colleagues noted
that there was a lack of understanding of
how these proteins interact, and conducted
research to elucidate the signalling
mechanisms involved in this process. In their
early work, Professor Schaefer’s group had
identified T cell receptor-induced formation
of signalling clusters of Bcl10 and Malt1,
which make up a ‘signalosome,’ which they
named POLKADOTS, an acronym describing
the dotted appearance of these structures
within a stimulated T cell.
The team found that the abundance of these
signalling clusters is highly correlated with
how much NF-ĸB moves into the nucleus,
suggesting that the POLKADOTS structure
plays a role in activating NF-ĸB. Professor
Schaefer remarks that, ‘now that we know
something about what this signalling
machine does, we are trying to understand
exactly how it works. This information could
ultimately lead to new drugs for altering
immune responses to treat disease.’

‘We are using unique cuttingedge microscopes to make highresolution videos of the POLKADOTS
signalosome in living T cells. The
resulting movies will document
the changes in this signalosome
over time, enabling us to better
understand how this complex
molecular machine performs its
functions within the cell.’

They confirmed this finding by disrupting p62, which stopped
POLKADOTS from forming and blocked NF-ĸB from being activated.
The team showed that in mice genetically modified to remove p62
there was a change in T cell receptor-dependent IKK and NF-ĸB
activation and T cell activation during an immune response.
Together, their work has shown that p62, Bcl10, and Malt1 form
POLKADOTS – the ‘signalosome’ that directs the activation of NF-ĸB,
ultimately controlling the rate at which target genes are turned ‘on’ or
activated. This makes POLKADOTS an attractive target for developing
immunomodulatory drugs. For example, drugs inhibiting formation of
POLKADOTS may have applications in the treatment of autoimmune
diseases or other conditions that are characterised by an undesired
overactivation of T cells.
Looking to the Future
In order for Professor Schaefer’s group to reach their goal of identifying
specific targets for pharmacological drugs to modify immune
responses, it is important to define the signalling mechanisms in
molecular detail. Professor Schaefer’s team is engaged in studies
to elucidate the molecular mechanisms by which the POLKADOTS
‘signalosome’ precisely controls the activation of NF-ĸB.
Professor Schaefer reveals that, ‘our approach employs several
different technical methods, including biochemistry, molecular
biology, microscopy, and, most recently, mathematical analyses
and modelling with our collaborator, Professor Wolfgang Losert,’ who
is working with the team to develop algorithms for analysing patterns
of protein distribution.

Steps in signalling from the T cell receptor to NF-ĸB. When a T cell
receptor binds its target, a signal is sent, causing assembly of the CBM
complex just inside the cell membrane. Next, Bcl10 interacts with p62,
forming the filament-shaped POLKADOTS signalosome that contains
Malt1 and IKK. This causes IKK to become activated (P-IKK). P-IKK then
transmits a signal causing NF-ĸB to move from the cell cytoplasm into
the nucleus, where it turns on many genes required for T cell function.
At the same time this activation signal is being turned on by the T cell
receptor, it is also being partly turned off by autophagy of the POLKADOTS
filaments, a destruction process directed by p62 that destroys the Bcl10
protein, reducing activation of NF-ĸB.

The Bcl10 protein’s ability to form filaments is correlated with its ability
to activate NF-ĸB. Professor Schaefer’s research group found that the
active form of IKK is located only at the POLKADOTS signalosome,
providing compelling evidence that this filamentous structure controls
NF-ĸB activation.
Furthermore, when these filaments cluster around pre-existing
aggregates of a protein called p62, POLKADOT structures form.

To better understand how T cells turn off the POLKADOTS
‘signalosome,’ collaborations have also been established with
Professors You-Wen He at Duke University School of Medicine and
Thomas Conrads at Inova Schar Cancer Institute. Indeed, the majority
of Professor Schaefer’s work is now highly collaborative, as he has
found that joining forces with other investigators with complementary
expertise, ‘greatly increases the breadth of scientific and technical
approaches, facilitating a much deeper mechanistic understanding of
our scientific questions than could be achieved by my group working
in isolation.’
Professor Schaefer explains that, ‘we are completing a study
demonstrating that the composition of the POLKADOTS signalosome
changes substantially over time, and that it is actually transported and
consolidated at a specific location within the cell. These movements
are connected to a change in function of the signalosome.’ Discovering
the molecular mechanisms by which the POLKADOTS ‘signalosome’
regulates T cell receptor activation of NF-ĸB will bring the team closer
to their goal or identifying targets for novel immunomodulatory drugs.
‘We are also in the midst of an exciting collaboration with the Advanced
Imaging Center at the Howard Hughes Medical Institute’s Janelia
Farm facility,’ Professor Schaefer reports. ‘In this work, we are using
unique cutting-edge microscopes to make high-resolution videos of
the POLKADOTS signalosome in living T cells. The resulting movies will
document the changes in this “signalosome” over time, enabling us to
better understand how this complex molecular machine performs its
functions within the cell.’ The hope is this information can be used to
develop new treatments for a wide array of human diseases, such as
cancer, autoimmunity and graft rejection.
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Brian C. Schaefer is a Professor in the Department of Microbiology and
Immunology at the Uniformed Services University (USU) in Bethesda,
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on the Editorial Board of Frontiers in Cell and Developmental Biology.
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CELL PHYSICS:
UNDERSTANDING HOW
BIOLOGICAL MATTER
SELF-ORGANISES
The Collaborative Research Centre SFB 1027 at the Saarland
University in Saarbrücken and Homburg is an interdisciplinary
research team that aims to achieve a quantitative understanding
of the physical mechanisms at work when biological matter selforganises into complex structures. Such self-organisation allows
biological systems to perform dynamic functions including cell
migration and polarisation, cell-cell adherence and synaptic
transmission, biofilm formation and tissue growth.

The sum is more than its parts – this old
saying also holds true on all scales of
living matter: atoms form large proteins
that perform as molecular motors,
pumps and channels; proteins, DNA and
membranes form cells that can migrate,
adhere and proliferate; cells form tissues
and organs; tissues and organs form
organisms. In the same way that one
cannot predict the different phases
of water by simply looking at a single
water molecule, one cannot understand
the emergent functions of proteins or
cells, for example, by studying their
constituents in isolation.
In recent years, so-called ‘active matter’
systems, especially those found in
biology, have rapidly become the focus
of many research groups. In contrast
to passive matter, which responds
passively to external forces, pressure
or temperature changes, active matter
can move, pump, copy, and even
proliferate. Just like a ‘smart’ material,
active matter can adopt to a changing
environment. This ability depends
crucially on the use of energy, which
is the reason why these processes are
inherently out of equilibrium. Most
systems found in nature are actually out
of equilibrium: they are not stationary
and are continuously subjected to a
flux of matter and energy. Nearly all

dynamic processes occurring in living
cells consume energy in the form of
ATP and are commonly denoted as
‘active’ processes.
Prominent examples include ATP-driven
molecular motors within cells, which
on one side carry cargo around along
filaments of the cytoskeleton and on
the other side exert forces between
the cytoskeletal filament network.
The collective action of molecular
motors changes the cell’s shape and
pulls it forward on surfaces and in
three-dimensional environments.
Other examples on a larger scale are
swarms of self-propelled bacteria
in liquid that seek out nutrients, or
a collection of migrating immune
cells searching for target cells, such
as tumour cells. On a smaller scale,
examples include ATP-driven molecular
ion pumps, which transport particles
against a concentration gradient from
one cell compartment to another
or into the extracellular space, and
the delicate ATP-driven molecular
machinery that fuses the membranes
of vesicles carrying neurotransmitters
or toxic material with the cell’s plasma
membrane during exocytosis
(expulsion of molecules into the
extracellular space).
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One of the foremost institutions for the
study of collective behaviour of biological
matter is the Collaborative Research
Centre SFB 1027 ‘Physical Modelling of
Non-Equilibrium Processes in Biological
Systems’ at the Saarland University in
Saarbrücken and Homburg. The SFB
1027 aims to achieve a quantitative
understanding of the physical
mechanisms at work when biological
matter self-organises into complex
structures to perform dynamic functions
such as those described above. With
this goal in mind, SFB 1027 scientists
analyse the ways in which large biological
molecules and cells interact physically,
exert forces, move each other, and selforganise into complex functional
patterns on all scales, ranging from
proteins, lipid membranes and cells to
biofilms and tissues.
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This multidisciplinary collaboration is made up of researchers
from physics, medicine and biology, and involves associated
external groups from Dresden, Göttingen, Erlangen and
Geneva. Combining their expertise in a range of disciplines,
SFB 1027 researchers employ a two-pronged approach –
studying simplified model systems, on the one hand, and
whole organisms on the other. They perform theoretical
and experimental modelling of medically relevant biological
processes on the molecular, cellular and inter-cellular levels.
Since its recent founding in 2013, SFB 1027 has published
numerous findings, a few of which will be detailed below.

control cytokine transport and release at the immunological
synapse and away from it.
Ultimately, their research will lead to a comprehensive
understanding of how a swarm of killer cells operates
cooperatively to destroy tumour cells. The efficiency of the
immune response is of great importance to cancer therapy, and
this was recently highlighted by the great success of immune
checkpoint therapy in cancer treatment. The researchers now
want to identify searching and killing parameters that increase
the efficiency of tumour cell killing, as such insight could trigger
new cancer therapies in the future.

Illuminating the Function of Immune Cells
Understanding Intracellular Transport
The immune system is our body’s means for defending against
disease and decay, fighting invading pathogens and removing
dead or damaged cells to keep us healthy. The innate immune
system is the first line of defence against disease, providing
generalised responses that slow the progress of potential
disease-causing agents and helping to clear out damaged
tissue at the site of an injury. The adaptive immune system
is more nuanced – it works out strategies to shut down novel
pathogens and develops memories of past infections so that
it is better prepared to handle similar pathogens much more
quickly if it encounters them again.
Two of the most important components of the innate and
adaptive immune systems are natural killer cells and T cells.
T cells and natural killer cells are the main killer cells of the
human body that eliminate pathogen-infected or tumorigenic
cells. CD4+ T helper cells are crucial for activating killer cells
and allowing them to proliferate. These helper cells also
regulate the immune response by releasing substances
called cytokines.
By combining theory and experiment, SFB 1027 researchers
Markus Hoth, Bin Qu, Franziska Lautenschläger, Aránzazu
del Campo and Heiko Rieger aim to understand the biophysical
aspects of this killing process. To be efficient, killer cells need
to use optimal search strategies in complex cellular
environments to locate target cells and kill them quickly. Being
serial killers, they should not waste too much of their killing
capacity on a single target so as to avoid inefficient killing of
subsequent targets.
The researchers are working to define these killer cell search
strategies in both 2D and 3D environments. Their main
hypotheses are that killer cells work cooperatively and their
search strategies are heavily influenced by the environment
generated by other cells and metabolites. As part of this
investigation, the team is analysing the transport of vesicles
(bubbles in the cell that move substances around) to and from
the immunological synapse (the interface between a killer cell
and its target cell). They are also investigating the expression
of motor proteins (proteins that derive energy from ATP to
do work), and look at how the ratios of these proteins help to
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When an activated T cell or a natural killer cell has found
a target cell and established an immunological synapse,
so-called lytic granules (small vesicles containing cell-killing
material) need to be transported to the synapse where they are
released towards the target cell. Since vesicles are too heavy to
be transported by mere diffusion, they are instead moved along
the filaments of the cell cytoskeleton with the help of molecular
motors. Molecular motors are proteins that can move along
cytoskeletal filaments in specific directions. Intracellular cargo
can either be transported by single motors or by teams of
molecular motors.
Despite extensive research in the past years, several
fundamental questions related to motor-driven cargo transport
remain unanswered. This is particularly true for two-way cargotransport, where most studies have been carried out in vivo,
i.e., in a rapidly changing environment where it is difficult to
disentangle the properties of the motor-cargo complex and the
influence of the environment on cargo dynamics.
SFB 1027 researchers Ludger Santen, Stefan Diez and Reza
Shaebani analyse cargo transport driven by teams of molecular
motors using a combined experimental and theoretical
approach. They study the cooperation of molecular motors
and their response to varying external control parameters
using in vitro assays. Using these setups, the researchers
investigate how cargo is transported by teams of kinesin-1 and
mammalian cytoplasmic dynein motors (present at defined
ratios) under well-controlled experimental conditions. They
then use theoretical models to characterise the contributions
of individual motors in different motor-cargo complexes.
Ultimately, their results allow models to be developed for
two-way cargo transport along microtubules on a large scale to
understand transport in neurons.
Understanding Exocytosis Machinery
Once the lytic granules arrive at the immunological synapse,
they must release their cell-killing contents through the cell
membrane towards the target cell. This process is called
exocytosis, and is a form of active transport in which a cell
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expels molecules through an energy-dependent process.
Exocytosis and the opposite process, endocytosis, are used
by all cells, because most important chemical substances are
large hydrophilic (water loving) molecules that cannot pass
through the hydrophobic (water hating) portion of the cell
membrane without the input of energy. As well as being a
process employed by killer cells, exocytosis is also the means
by which neurotransmitters are released from nerve cells, to
pass information across synapses in the nervous system.
In exocytosis, vesicles are carried from within the cell to the
cell membrane, and their contents (hydrophilic molecules) are
secreted into the extracellular environment. This secretion is
possible because the vesicle transiently fuses with the outer
layer of the cell membrane. Membrane fusion requires a lot
of energy, and so cannot happen spontaneously. Therefore,
delicate molecular machinery, made up of so-called SNARE
proteins, mediates this vesicle fusion by pulling the vesicle
towards the cell membrane and then opening a pore.
SFB 1027 scientists Dieter Bruns, Ralf Mohrmann, Ralf
Seemann, Jean-Baptiste Fleury and Rainer Böckmann
study this SNARE machinery and membrane fusion events –
in vivo, in vitro and in silico – (i.e. using computer simulations).
A challenging goal of their research is to build an artificial
synapse, and then introduce SNARE proteins in order to study
membrane fusion. With these studies, the team aims to explore
the role of the flexibility of SNARE proteins, and the possible
curvature and flexibility of the cell membrane they are
inserted in.
A further goal is to extend their investigations from controlled
vesicle fusion, which constitutes the first step of synaptic
transmission (neurotransmitter release), to the activation
of receptors on post-synaptic nerve cells. In this context,
they will use their artificial synapse to study the trafficking
properties of neurotransmitter cargoes that are released from
individual synaptic vesicles and which subsequently interact
with post-synaptic receptors. By exploring the transport of
neurotransmitters as a function of vesicle and receptor density,
the team is able to observe different types of neurotransmitter
transport properties, from ‘free-flow’ to ‘traffic jams’, with

implications for understanding various neurological diseases.
Ultimately, this artificial synapse will be generalised to study
similar processes at the immunological synapse, where during
exocytosis toxic material is expelled towards the target cell.
Loosening the Grip of Biofilms
Another class of cell-to-cell interactions that carry strong
consequences for health take place within biofilms. Biofilms
are aggregates of bacteria that can form on any surface, such
as dental plaque, and are often problematic to remove. Many
biofilms evade the immune response, develop antibiotic
resistance and can be incredibly difficult to treat when they
are pathogenic. Biofilms are of particular concern in hospital
settings, where they can grow on the surfaces of medical
implants or catheters.
Traditionally, researchers have focused on trying to remove
biofilms from surfaces, but SFB 1027 scientists, including Karin
Jacobs, Markus Bischoff and Matthias Hannig opted to take
a unique approach, and look at how these bacterial colonies
bind to surfaces in the first place. They combined bacterial
experiments with sophisticated modelling techniques to better
understand what exactly allows the bacteria to bind so tightly
to a surface. They found that attachment is much different
than anyone thought – the bacteria manipulate proteins on
the surface of their cell wall to form much tighter surface bonds
than would be expected.
The SFB 1027 team found that manipulating the cell wall
proteins through chemical treatments was effective in reducing
the bonding efficiency. This work is a step towards the
development of cleaning solutions that are extremely effective
against biofilm formations.
The Future of Cell Research
The SFB 1027 team is engaged in novel and exciting cell
biophysics research that could revolutionise our understanding
of immune function, neural processes and bacterial behaviour.
Through their multidisciplinary approach, the team is shining
light on molecular processes in and between cells that could
lead to new treatments and better healthcare worldwide.

WWW.SCIENTIA.GLOBAL
31

CELL BIOLOGY
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GOOD BACTERIA GONE BAD
Bacteria within our gut play an essential role in breaking down our
food, but when they escape to a new environment some can turn nasty
in order to survive. Professor Hannah Wexler’s lab at the Greater Los
Angeles Veterans Health Care System (GLAVAHCS) has been investigating
what mechanisms Bacteroides gut bacteria use to survive when they
inadvertently escape and how we can stop them.

The Transition from Friend to Foe
The average human body contains ten times
as many bacterial cells as human cells, and
up to 100 times as many bacterial genes!
It is no wonder then that bacteria have
important roles in diverse human bodily
functions, including immunity and digestion.
The gastrointestinal (GI) tract is where most
of these microorganisms are found, with a
staggering 1011 per gram in the colon. The
bulk of these bacteria are anaerobes and
don’t require oxygen to survive. A quarter of
these anaerobes are Bacteroides, an ancient
family of microorganisms that colonises the
human gut during birth and is established
after ten days.
The relationship between humans
and Bacteroides is complex, but mostly
mutualistic. In exchange for room and
board in our colon, these bacteria use their
vast array of digestive enzymes to break
down complex carbohydrates known as
polysaccharides, liberating simple sugars,
volatile fatty acids and vitamins, which
make up a significant proportion of our
nutrient needs.

Furthermore, studies have shown that
Bacteroides contribute to the early
development of our immune systems and
prevent colonisation by harmful pathogenic
bacteria. They are involved in our immune
system in antibody development, they
stimulate colon immune cells to produce
antimicrobial proteins and peptides and they
stimulate the development of CD4+ T-cells,
the memory cells in our immune armament
that recognise pathogenic bacteria and direct
an appropriate immune response.
However, the metabolic adaptability afforded
to Bacteroides by a large genome is also
crucial to its ability to transition from friend
to foe when it ends up outside the colonic
niche. In situations where the integrity of
the GI tract is compromised, such as in
appendicitis or from surgical or traumatic
wounds or cancer, certain species of
Bacteroides can adapt by ‘turning on’ a range
of genes involved in pathogenesis known as
virulence factors.
When turned on, these genes produce
proteins that help the bacterium to adhere
to and feed off host tissues and protect them
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from immune cell attack. They can also uptake
and spread a range of mobile genetic elements
that are common within the packed gut
environment, and that can confer resistance to
antimicrobials, making infections of this type
extremely dangerous and difficult to treat.
Surgical site infections are the most common
type of healthcare associated infection,
with 157,500 identified by the Center for
Disease Control in 2011. The consequences of
acquiring drug resistant surgical site infections
can include increased pain and suffering,
increased hospital stay and increased
mortality; with around 8000 deaths a year and
a 2–11-fold higher risk of death.
Bacteroides fragilis is the most common
anaerobic causative agent and is responsible
for 17% of organ space surgical site infections.
It is also the main anaerobic bacterium that
causes blood infections and is implicated in
other serious infections, including intraabdominal and brain abscesses. Professor
Hannah Wexler and her team at GLAVAHCS
have been working for over 30 years on
characterising the virulence and antimicrobial
resistance mechanisms that allow Bacteroides
fragilis to change from a friendly commensal
organism to a deadly pathogen. Development
of new approaches to therapy requires that
we understand how Bacteroides fragilis makes
this transition.

CELL BIOLOGY

‘An antimicrobial should be closer to a scalpel than
a sledgehammer.’

CREDIT: MIKE COX

The Commensal Chameleon
Bacteroides fragilis has two main traits
that allow it to switch from good to bad
– an ability to easily incorporate genes
shared by other bacteria and an ability to
turn specific genes ‘on’ or ‘off’ as needed.
Combined, these traits allow these bacteria
to exploit new nutrition pathways, protecting
themselves from toxic substrates, and
changing the molecules expressed on its
surface. This ‘commensal chameleon’ is the
perfect opportunistic pathogen.
Bacteria take up new genes by horizontal
gene transfer from related or unrelated
bacteria. This process is responsible for
the global dissemination of both virulence
and resistance genes that undermine the
usefulness of most antimicrobials. Amongst
commensal bacteria, Bacteroides fragilis
has a well-established role as a ‘resistance
reservoir’, because it is extremely good
at incorporating genes from others of its
kind as well as ‘foreign’ genes into its
extremely plastic genome by this process
of gene transfer.
However, Bacteroides fragilis also
possesses numerous systems for destroying
disadvantageous or harmful invading DNA
molecules. Restriction modification systems
degrade foreign DNA and are controlled by
molecular switches on the genome known as
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invertible promoters, which are turned ‘on’ or
‘off’ as needed for adaptation to a particular
niche environment. Professor Wexler recently
demonstrated that Bacteroides fragilis
strains possess multiple types of the recently
described CRISPR-Cas systems, bacterial
adaptive immune systems that recognise,
remember and destroy harmful invading
DNA, such as bacterial viruses.

protein and critical for maintaining cell
structure. Porins are another class of
membrane proteins that act as channels
controlling the diffusion of specific molecules
into the cell. The Wexler team described the
porin protein complex Omp200, and found
that it is involved in acquiring and utilising
polysaccharides, the major food sources in
the large intestine.

From her decades of studying Bacteroides
fragilis, Professor Wexler hypothesises
that an intricate balance between DNA
uptake and destruction, controlled by the
changing availability of resources in the
gut environment, is what has shaped its
adaptability.

Later in 2004, publication of the Bacteroides
fragilis genome sequence revealed dozens
more outer membrane proteins yet to be
studied. It is likely that some of these are
porins that are produced at sites of infection
to facilitate the uptake of host cell surface
proteins and lipids. The Wexler lab also
studied the role that porins play in resistance
to certain antimicrobials, by preventing their
transport into the bacterial cell.

Inside and Out – Early Discoveries
In their early work, Professor Wexler’s group
was the one of the first to describe the outer
membrane proteins in these bacteria. Gram
negative bacteria such as Bacteroides have
a double layered cell membrane. The outer
bacterial membrane acts like a suit of armour
to protect the bacterium from harmful
agents, while the inner membrane acts like
a selectively permeable skin, separating the
inside from the outside.
The Wexler lab identified the OmpA protein,
which can be implicated in virulence in other
bacteria, as the major outer membrane
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Pumping Out the Drugs
Sometimes an antimicrobial drug can get
inside the cell, but some bacteria have a way
of pumping it out again before it can act.
Multidrug resistant aerobic bacteria were
known to use efflux pumps, inner membrane
spanning proteins that use chemical energy
to expel the antimicrobial agent from the
cell. Professor Wexler’s group was among
the first to identify these systems as an
important multidrug resistance mechanism
in anaerobic bacteria of clinical importance.

antimicrobial treatment. Professor Wexler
is currently surmising that this bacteria’s
frequent implication in chronic multidrug
resistant surgical site infections may be due
in part to an ability to survive antimicrobial
treatment through tolerance and persistence
mechanisms that are distinct from resistance.

Working with their Japanese colleagues,
the team identified 16 efflux pumps
responsible for multidrug resistance in
Bacteroides fragilis. The team went on
to validate the importance of the efflux
pumps in conferring multidrug resistance
to bacteria that cause clinical infections,
and explained how the pump’s ‘on’ switch is
triggered by the presence of antimicrobials
in the environment.
Pre-packaged Pathogenicity and Virulent
Families
The Wexler Lab studies Bacteroides fragilis
strains that are responsible for serious,
multidrug resistant clinical infections around
the world. Often, a bunch of genes useful
for pathogenicity, such as resistance genes
and virulence factors, are shared together
on large mobile genetic elements. Professor
Wexler’s team has identified numerous types
of these mobile pathogenicity packages
that Bacteroides fragilis has acquired, which
contribute to its opportunistic pathogenicity.
In a strain causing a resistant appendicitis
infection, they identified a new type of
resistance gene called nimJ and investigated
its role in reducing the effectiveness of
metronidazole, the first line antimicrobial for
Bacteroides fragilis infections. Upon further
investigation, they discovered that nimJ was
carried on a large mobile genetic element,
which they called CTnHyb – Conjugative
Transposon Hybrid. This element contained
several other antimicrobial resistance and
virulence genes as well as a hybrid mosaic
of ‘foreign’ mobile elements identified as
originating in unrelated bacteria. Transfer of

CTnHyb to a non-pathogenic
Bacteroides fragilis strain was demonstrated
in the laboratory.
Another transfer experiment revealed
the horizontal gene transfer of a large
chromosomal segment from the pathogenic
Bacteroides fragilis strain to a lab strain. The
genes transferred replaced a large segment
of the recipient chromosome and included
genes involved in nutrient adaptation,
immune recognition, host interaction and
restriction modification systems that attack
foreign DNA. This demonstrated the potential
that this form of gene transfer has for
facilitating rapid environmental adaptation.
A systematic study of the published
genomes of 110 strains of Bacteroides
fragilis undertaken by Professor Wexler’s
team suggested that virulent strains causing
resistant blood infections belonged to a
distinct subgroup. More recently, they found
that Bacteroides fragilis containing blood
isolates contain distinct CRISPR-Cas systems,
now known to be acquired immunity systems
in bacteria and important in controlling
horizontal gene transfer and host interactions
and that the differences in the CRISPR-Cas
system are evident in these ‘blood’ isolates
as well.
Interrogating Tolerance and Persistence
Antimicrobial resistance is amongst the
most important factors for pathogenicity in
bacteria. Bacteroides fragilis is an important
multidrug resistant pathogen – despite its
relatively modest published resistant rates,
it is a tenacious microbe that often defies
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Antimicrobial tolerance can occur when
protein production is switched off by a
molecular trigger, leading to dormancy and
the formation of what is known clinically as
a ‘persister’, a cell that can survive treatment
and then reanimate to reinstate a chronic
infection. Professor Wexler is interested in
how this system works in Bacteroides fragilis.
She plans to use the latest systems biology
approaches (computational modelling
of complex biological systems) to study
the ‘tolerome’ and ‘persistome’, the genes
and proteins involved in tolerance and
persistence, of pathogenic Bacteroides
fragilis strains isolated from blood.
Swapping the H-bomb for the
Surgical Blade
A problem with most antimicrobials is that
they target a molecule or pathway present
in all bacteria. The result is like an atomic
bomb exploding in the gut, which wipes out
all but the most resistant bacteria. As well as
impacting digestive health, this contributes
to the evolution and spread of resistance
mechanisms in bacteria, as strains that have
these mechanisms are at a competitive
advantage. Indeed, the number of effective
antimicrobials is dwindling by the year
and there are genuine fears in the medical
community that this will herald a return
to the pre-antimicrobial era, when the
simplest surgery or infection carried a
great risk of mortality.
Professor Wexler believes that a more
targeted approach is preferable and that,
‘an antimicrobial should be closer to a
scalpel than a sledgehammer.’ She hopes
to investigate if the same CRSIPR-Cas
systems that bacteria use to protect them
from invading DNA can be re-engineered as
bespoke bactericidal weapons, designed to
selectively destroy bacteria carrying specific
pathogenicity genes, such as the ones she
hopes to identify in the Bacteroides fragilis
tolerome/persistome. This bactericidal
blade could also be repurposed to chop up
the genes themselves, thereby restoring the
effectiveness of antimicrobials and reducing
the global spread of resistance.
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METAL TRANSPORT
UNLOCKS ROUTES TO
NEW ANTIBIOTICS
Metals have been improving our lives since the bronze age, but they
also play a key role in keeping us healthy. We rely on numerous
metals, such as cobalt, zinc and magnesium (among others), to
perform essential roles in our bodies. Many bacteria also require
these same metals to survive, creating competition to find and use
them. Dr Albert Guskov at the University of Groningen has been
exploring how metals are transported in our bodies and in bacteria,
with a view to designing new anti-microbial treatments.

The Role of Metals in Microbial
Survival
‘The peculiarity of metals is that
they cannot be either synthesised or
degraded, that’s why there is always an
arms race between the host organism
(us) and intruding bacteria to get
control over metals,’ explains Dr Albert
Guskov, a researcher at the University of
Groningen.
Some harmful bacteria, such as
Helicobacter pylori, rely on nickel to
survive the harsh acidic environment
in our stomach. ‘More than half of our
population is infected with pylori, and
although most of us will never develop
any complications, in some individuals
it can lead to severe gastrointestinal
diseases (gastritis, ulcers and stomach
cancer),’ explains Dr Guskov. ‘Therefore,
we are working hard to study these
systems in order to provide necessary
knowledge, so the new generation of
anti-pylori drugs can be designed.’
Towards this aim, Dr Guskov and his
team have been looking at metal
homeostasis – the control of metals in
biological systems – and have recently
investigated the transport of cobalt and
nickel, which are essential metals for
humans and bacteria alike. ‘Cobalt is an
essential microelement (think of vitamin

B12) for humans; alas, many bacteria
also find it as an essential component of
their diet,’ says Dr Guskov.
Zinc is another important metal,
particularly in host–pathogen
interactions. When a host (us) tries
to collect all the available zinc at the
host–pathogen interface to reduce the
invading pathogen’s ability to damage
the host, the bacteria react by using
their own specific uptake systems to
scavenge the zinc.
Magnesium is yet another vital
metal present in every cell type of all
organisms, with numerous biological
roles. Despite the importance of
magnesium, nickel, cobalt and zinc
within our bodies, the mechanisms
behind how these metals move through
our cells and those of bacteria are not
well understood.
As numerous bacteria require these
metals for survival, regulating their
levels within human cells could help
to control levels of invading bacteria.
With antimicrobial resistance on the
rise, this could provide a new avenue
for designing new antibiotic drugs.
However, in order to design such drugs,
we need a far greater understanding of
how metals move through bacterial cells
and human cells.
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Metal Transport and the CorA Family
In all organisms, substances move in and
out of cells through the cell membrane.
The movement of metals across the
membrane is achieved with help from
special proteins. Depending on the type
of transport pathway, these special
proteins are either called channels
(possessing a continuous opening from
one side of the membrane to the other) or
transporters (where access to either side
is only possible at a given moment, and
the protein needs to undergo structural
changes to deliver a substance to the
opposite side).
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‘More than half of our population is infected with pylori, and although luckily most
of us will never develop any complications, in some individuals it can lead to severe
gastrointestinal diseases (gastritis, ulcers and stomach cancer). Therefore, we are
working hard on studying these systems in order to provide a necessary knowledge
so the new generation of anti-pylori drugs can be designed.’

Substances move through these
proteins in different ways – some flow
freely through (passive transport), while
others need energy to be moved along
(active transport). In many cases, the
movement of substances through the
channels is controlled by a special
‘gate’, which opens or closes in response
to chemical or electrical signals or
mechanical force such as a structural
change of the protein.
Although organisms require metals
to function properly, elevated levels
of most metals in cells can be toxic.
Therefore, being able to regulate their
levels accurately is key for a healthy
system. Nature has, unsurprisingly,
developed an elegant solution, by
evolving several specific families of
membrane proteins, one of them being
the CorA family of proteins.
The CorA family is a group of ‘metal
ion transporter proteins’ that secure
the movement of metal ions (charged
metal atoms) such as magnesium
(Mg2+) across biological membranes.
The transport of other metal ions such
as cobalt (Co2+) and nickel (Ni2+) is also
achieved by proteins from the CorA
family. CorA proteins are abundant in
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bacteria, and there are similar proteins
present in yeast and humans.

Pinning Down the Structures of
CorA Proteins

By understanding how CorA proteins in
bacteria identify metals and transport
them, we can design new drugs that
will target these proteins (and not their
human counterparts) and remove
the cell’s ability to acquire the metals
it needs to survive. This general idea
is applicable to other families of
membrane transporters as well. ‘Thus,
by deciphering the principles and
mechanisms of metal transport through
these systems we can learn how to
interfere with those with the ultimate
goal to stop the growth of unnecessary
bacteria in our bodies,’ says Dr Guskov.

One of the puzzling features of CorA
proteins is how they distinguish
between different metals – a
phenomenon known as selectivity.
Many scientists in the field believe that
the shape of a particular protein (the
way it is folded) defines the correct
distance between a metal ion and the
amino acid side chains, allowing the
protein to recognise different metals.
Ion transport pathways may only be a
few atoms wide at the narrowest point,
allowing only metal ions of a certain
size to pass through. This selectivity for
specific metals is often used to define
the carrier protein family (for example,
CorA proteins for magnesium transport
and ZntB for zinc transport). Some ion
channels may be selective to more than
one metal.

In their most recent studies,
Dr Guskov and his collaborators at
the MRC Laboratory of Molecular
Biology in Cambridge, UK, worked
towards improving their understanding
of zinc transport by analysing the
structure of ZntB, a CorA-like protein,
which is present in a number of
pathogenic bacteria.
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Dr Guskov and his team have been
working to elucidate the structures
of CorA and CorA-like proteins. By
knowing their exact structures, the team
can start to piece together the metal
transport mechanisms of these proteins,
illuminating how essential metals move
in and out of the cell and between
its compartments.

However, the team’s investigations into
CorA and ZntB did reveal that these
two proteins use completely different
transport mechanisms – CorA is a gatedchannel and ZntB behaves as an active
transporter, using proton coupling to
fuel the transport of zinc. ‘That’s very
surprising,’ proclaims Dr Guskov, ‘taking
into account how similar the general
architecture of both proteins is.’
These recent findings show how the
same protein fold has evolved to
transport different metals selectively by
using different transport mechanisms.
Recent Discoveries

However, determining the structure
of a protein is a difficult task. X-ray
crystallography, which involves firing
x-rays at a crystal and recording how
they bounce off its atoms, is the most
commonly-used method, but it can
often take a few months (or even years)
to determine a protein’s structure.
The main bottleneck with X-ray
crystallography is that you
need good quality protein crystals,
and in most cases, proteins don’t
crystallise well.
To analyse the structure of the zinctransporter protein ZntB, Dr Guskov and
his team used cryo-electron microscopy
– a cutting-edge technique that was
awarded the Nobel Prize for Chemistry
in 2017. This imaging technique fires
beams of electrons at proteins that have
been frozen in solution. The emerging
scattered electrons pass through a lens
to create a magnified image, which can
be used to work out the structure of a
given protein. Cryo-electron microscopy
is a powerful method, as it can take

snapshots of proteins that can’t easily
form into large crystals, and is
becoming very popular among
the scientific community.
Some time ago, the team also used
X-ray crystallography to determine the
first complete structure of a CorA protein
from Methanocaldococcus jannachii (a
microbe from the archaea family – very
similar to bacteria). This CorA structure
provided novel insights into the possible
mechanism behind the transport of
key metals, and most importantly, it
revealed long-awaited details about
how CorA proteins distinguish between
different metals.
Now that the team had structures for
both CorA and ZntB, they were able to
directly compare the two systems. ‘The
structures themselves unfortunately do
not fully explain the fine selectivity over
different (but quite similar in size) metal
ions,’ says Dr Guskov. ‘Thus, we are
also busy with additional studies, such
as molecular dynamic simulations.’
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CorA is just one of a few metal
transporter families that Dr Guskov
and his team are working on. ‘There
are many exciting things happening,’
states Dr Guskov. In collaboration with
Dr Dirk Slotboom, also at the University
of Groningen, the team has very
recently obtained the crystal structure
of another membrane protein that
transports vitamin B12 – a molecule
containing cobalt. Interestingly, this
protein is completely unrelated to the
other vitamin B12 transporters that have
been structurally characterised so far.
This transporter is the only one so far
that actually possesses bound vitamin
B12 in its structure. The team’s newlydiscovered structure is allowing them
to better understand how bacteria bind
and transport this essential vitamin.
‘We are also working very hard on nickel
transporting systems,’ adds Dr Guskov,
‘and we have obtained very promising
preliminary results.’ This research is very
timely, since several pathogenic bacteria
rely on nickel-acquiring systems for their
virulence, and nickel-resistant strains of
bacteria have recently been shown to
colonise a human’s gut.
The team now hopes that the structural
models obtained during this work may
serve as the starting point for the design
of new antimicrobial drugs.

CELL BIOLOGY

Meet the researcher

Dr Albert Guskov
Faculty of Science and Engineering
Groningen Biomolecular Sciences and Biotechnology Institute (GBB)
University of Groningen
Groningen
The Netherlands

Dr Albert Guskov completed his PhD in chemistry at the Free
University Berlin in 2009. He then moved to Singapore to work
as a postdoctoral researcher, and returned to Europe in 2012 to
take a position as a senior research fellow at the University of
Groningen. In 2015 he became an independent group leader,
and since 2017 he has been a tenure-track assistant professor
and the Head of the Biomolecular X-Ray Crystallography
Laboratory at the University of Groningen. Over the course of
his career, Dr Guskov has brought about a range of important
developments in the field of metal transport in biological
systems. In particular, he has illuminated the understanding
of metal transport via CorA proteins, including revealing details
on the mode of magnesium uptake and transport. He continues
to be a world leader in his field in structural biology and
received the NWO Vidi Fellowship in 2015 and NWO Start Up
grant in 2018.
CONTACT
E: a.guskov@rug.nl
W: www.rug.nl/staff/a.guskov/research
   linkedin.com/in/aguskov

FUNDING
The Netherlands Organisation for Scientific Research (NWO)
FURTHER READING
C Gati, A Stetsenko, DJ Slotboom, SHW Scheres, A Guskov, The
structural basis of proton driven zinc transport by ZntB, Nature
Communications, 2017, 8, 1313.
N Nordin, A Guskov, T Phua, N Sahaf, Y, Xia, S Lu, H Eshaghi, S
Eshaghi, Exploring the structure and function of Thermotoga
maritima CorA reveals the mechanism of gating and ion
selectivity in Co2+/Mg2+ transport, Biochemical Journal, 2013,
451, 365.
A Guskov, N Nordin, A Reynaud, H Engman, A-K Lundback, A
Jong, T Cornvik, T Phua, S Eshaghi, Structural insights into the
mechanisms of Mg2+ uptake, transport, and gating by CorA,
Proceedings of the National Academy of Sciences, 2012, 109,
18459.

KEY COLLABORATORS
Prof Dirk Slotboom, University of Groningen
Prof Vadim Cherezov, University of Southern California
Dr Cornelius Gati, Stanford University

CELL BIOLOGY

WWW.SCIENTIA.GLOBAL
40

PHYSIOLOGY

WWW.SCIENTIA.GLOBAL
41

PHYSIOLOGY

ASSAILING VESSEL:
ANGIOGENESIS IN HEALTH
AND DISEASE
Angiogenesis – the formation of new blood vessels – is a major component
of the progression of several diseases – especially cancer. Dr Olga Volpert
at the University of Texas MD Anderson Cancer Center works on elucidating
the molecular mechanisms of abnormal angiogenesis, for the development
of novel therapies.

Targeting Angiogenesis in Cancer
The cardiovascular system – this network
of veins, capillaries, and arteries, powered
by the heart and supported by tissue fluid
that bathes cells – provides cells with vital
nutrients and oxygen, while removing
waste products. In the embryo, primitive
blood lacunae give rise to the first blood
vessels. Hematopoietic cells then give rise
to the primitive endothelial (vascular) cells
that proliferate and coalesce to form the
initial vascular network in a process termed
vasculogenesis. This vascular network
then expands by sprouting new capillaries
(angiogenesis) in response to pro-angiogenic
factors. In healthy adults, angiogenesis
is rare and the vascular network of veins,
capillaries and arteries is fairly stable –
thanks in part to a range of anti-angiogenesis
factors in cells and blood that counteract
angiogenic stimuli. However, this delicate
balance between angiogenic inhibitors and
stimuli can be dysregulated, with associated
changes in the vasculature and blood supply
to the tissue. Dysregulated angiogenesis is
implicated in a number of diseases.
In particular, angiogenesis is a major
component of cancer. Cell division is
normally a tightly regulated and orchestrated
process, but in cancer, this proliferation
escalates due to genetic events known
as oncogenesis, and abnormal cells
divide rapidly and uncontrollably to form
tumours. Cancerous cells, just like normal
cells, depend on a blood supply to deliver
nutrients and oxygen, and remove waste
products – perhaps more so than normal
cells due to their abnormally high growth
and metabolic activity. Once tumours grow
beyond a few millimetres in diameter, they
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no longer rely on diffusion and promote the
formation of their own network of capillaries,
allowing them to overcome the growth
constraints. Angiogenesis is often a prerequisite to cancer metastasis – an advanced
stage of cancer progression in which
malignant cells migrate to other parts of the
body – spreading the cancer. Thus, early
diagnosis is important to improve patient
survival outcomes. In contrast, ischemia
refers to a range of conditions characterised
by insufficient blood supply – causing organs
to be starved of oxygen – which can lead
to irreversible tissue damage and necrosis.
Thus, therapies that stimulate angiogenesis
have been advocated as a means mitigate
against ischemic damage and improve blood
supply.
Due to the importance of angiogenesis in
cancer, suppression of angiogenesis is a
target of cancer treatment. Vascular epithelial
growth factor (VEGF) is a major activator of
angiogenesis, and the VEGF pathway is highly
active in a number of cancers. Hence, the
majority of anti-angiogenic cancer therapies
block the VEGF pathway. Bevacizumab, an
anti-VEGF monoclonal antibody, approved
by the FDA in 2004, has become a standard
component of cancer therapy – alone or
in combination with chemotherapy – and
was soon followed by a wave of other
VEGF inhibitor drugs. Notwithstanding,
VEGF-targeting anti-cancer drugs typically
elicit modest clinical improvements and
may have adverse side effects including
hypertension, thromboembolism, renal
failure and intestinal perforations – calling for
the development of more effective and safer
anti-angiogenic therapies.
Dr Olga Volpert, Associate Professor at the
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University of Texas MD Anderson Cancer
Center, works on elucidating the mechanisms
of pathological angiogenesis, especially
cancer angiogenesis – and applying these to
developing novel therapeutic approaches that
target the cardiovascular system.
Controlling Angiogenesis with MicroRNAs
New microRNA-targeting therapeutics may be
a safer, more effective alternative to current
VEGF inhibitors – as they provide a far subtler
degree of regulation at the post-transcriptional
level. MicroRNAs (miRNAs) are small noncoding RNA molecules 18–25 nucleotides in
length, involved in regulating gene expression.
MiRNA binds to transcribed mRNA, negatively
regulating its expression, through mediating
mRNA cleavage or translation repression.

the public health spotlight since the 1980s
ozone layer depletion scare. Long-term
exposure to ultraviolet B (UVB) radiation
in sunlight is a risk factor for both nonmelanoma and melanoma skin cancers. The
incidence of these skin cancers is increasing,
with 2–3 million non-melanoma skin cancers
and 132,000 melanoma cases occurring
globally each year. Skin can show the signs
of photodamage even after short exposures
to UVB irradiation. As with other cancers,
angiogenesis plays major role in skin cancer
progression, and UVB-induced vascular
changes in the skin have been attributed
to increased activity of pro-angiogenic
cytokines and chemokines, including VEGF,
Cox-2, basic fibroblast growth factor (bFGF),
and interleukin-8 (IL-8).
Thrombospondin-1 (TSP1), a large
glycoprotein abundant in healthy adult
tissues is a major inhibitor of angiogenesis.
Loss of TSP1 has been implicated in the

It is recognised that miRNAs are involved
in regulating several cellular functions,
including cell migration, apoptosis, signal
transduction, metabolic pathways – and
dysfunctions, such as tumorigenesis, tumour
growth and angiogenesis. Expression of
certain miRNAs are associated with the
progression or suppression of cancer.
MiR-27b is a dysregulated miRNA that can
act either promote or suppress cancer
progression. In many cases, miR-27b
stimulates angiogenesis. Previous studies
carried out by Dr Volpert and colleagues
have demonstrated that miR-27b promotes
capillary sprouting and influences the fate
of endothelial tip cells (which direct the
growth of new capillary sprouts and are
critical for angiogenesis) by suppressing the
production of the anti-angiogenic factors
Delta-like ligand 4 (DII4) and Sprouty-2
(Spry2) – essential for vascular stasis and
early segregation of veins and arteries.
Recent studies by Dr Volpert and her
colleagues, using Lewis lung carcinoma
(LLC1), mouse macrophage cell lines and
mouse models have indicated the potential
of targeting miR-27b as a therapeutic
intervention for cancer and other diseases
involving dysregulated angiogenesis. Using
a synthetic oligonucleotide, antagomir, that
specifically binds and destroys miR-27b –
called anti-miR-27b – they demonstrated

that inhibiting miR-27b suppresses cancer
growth and angiogenesis in mice. Conversely,
they used a synthetic miR-27b mimic to
investigate miR-27b as a therapy for limb
ischemia (a model of diabetic ulcers) and
myocardial infarction (heart attack) – both
vascular disorders. They demonstrated that
the miR-27b mimic increases angiogenesis
and tissue repair, and minimises tissue
damage in ischemic limb and in the heart
wall.
These findings demonstrate that targeting
miR-27b can be used as a therapeutic
strategy in cancer, and restoring miR-27b
is beneficial in vascular disorders. Current
interventions for treating ischemic diseases
involve inserting mechanical stents to
increase blood flow through diseased
vessels. While stem cell and gene therapies
have been advocated to treat ischemic
disease, they have thus far not entered the
clinic. MiRNA approaches such as delivering
miR-27b to diseased tissue may be a safer,
more effective alternative. Further preclinical
and clinical studies need to be conducted
to address this – in particular, successful
delivery of active oligonucleotides to tissues
remains a major bottleneck.
An Angiogenic Inhibitor from an Unlikely
Source
Sunlight-induced skin damage has been in
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progression of many cancers including
breast and colon carcinomas and skin
cancers. In the skin, TSP1 is expressed by
epidermal keratinocytes, and acts as a
natural gatekeeper of the vascular changes
associated with progression of cancer.
Therefore, TSP-1 seems an obvious candidate
for cancer prevention or treatment. It can
be either administered TSP-1 as a biologic
therapeutic; however, it is a very large
protein with complex functions and difficult
to produce for clinical purposes. What
if there was a compound that impedes
subcutaneous angiogenesis by elevating
expression of TSP-1 in skin, potentially with
anti-tumorigenic effects? There may be
such a compound – and it’s from an unlikely
source.
Chamomile flowers have been revered
since antiquity, for their purported healing
properties. A compound naturally found in
chamomile, apigenin, has been found to
have potent chemoprotective properties
against UVB-induced skin cancer. As well as
cytotoxic and cytostatic effects (potentially
useful for arresting the growth of rapidly
proliferating tumour cells), apigenin inhibits
angiogenesis. Peptides that mimic antiangiogenic effects of TSP1, such as ABT-898
have shown similar anti-angiogenic and
anti-tumorigenic properties.
Using cultures of human and mouse
keratinocyte cell lines and mouse models,
Dr Volpert and her colleagues carried out
studies confirming the anti-angiogenic
effects of apigenin, and demonstrated
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tumour growth and PEDF-knockout mice were more susceptible to
melanoma metastasis. More interestingly – cells champion their own
proliferation by suppressing PEDF production in fibroblasts, which also
appears to expedite the transition of healthy fibroblasts to a cancerassociated state. These studies suggest that the promotion of PEDF
expression by fibroblasts – or external delivery of PEDF and peptides
based on PEDF as targeted therapies – can be an affective therapeutic
approach to treating melanoma.
Senescence as a Potential Therapeutic Approach for Cancer

that apigenin mitigates TSP1 loss in the UVB-exposed skin – the first
known report of apigenin being directly involved in the regulation
of endogenous anti-angiogenic factors. They found that TSP1 levels
dramatically decreased with UVB exposure, although with apigenin,
before or after UVB irradiation, restored normal TSP1 levels. They also
found that like apigenin, ABT-898 inhibited the activity of Cox-2 and
VEGF and reduced UVB-induced vascular effects associated with onset
of skin cancer – angiogenesis and epidermal thickening. These studies
strongly suggest the potent therapeutic benefits of apigenin and its
mimetics – as a potential therapy or preventative measure for skin
cancer, and provide insights into their protective mechanisms.
Non-Malignant Fibroblasts in Melanoma

Angiogenesis Inhibitors Packaged in Exosomes

Malignant tumours are composed of neoplastic (rapidly dividing) cells.
There are also non-malignant cells in the tumour microenvironment
including fibroblasts, endothelial cells, immune cells and bone
marrow-derived cells. These are not innocent bystanders – they are
just as critical to cancer progression. It is now recognised that there is
‘crosstalk’ between malignant and non-malignant cells – causing these
non-malignant cells to switch to tumour-associated phenotypes.
Fibroblasts are important cells in skin physiology. However, cancerassociated fibroblasts are a major constituent of the tumour
microenvironment in melanoma (skin cancer) – and are thought to
be involved in making tumours resistant to chemotherapy drugs.
The emergence of the tumour-associated phenotype is driven by
environmental stresses and a host of cytokines. Cancer-associated
fibroblasts support tumour progression by releasing a range of growth
factors – basic fibroblast growth factor (bFGF), epithelial growth
factor and hepatocyte growth factor (HGF) – and angiogenic factors
– VEGF, interleukin-8 and stromal-derived factor 1 (SDF-1). In healthy
connective tissue, fibroblasts synthesise collagen and the extracellular
matrix important for providing a structural scaffold – but in cancer, this
scaffold supports tumour progression.
Pigment epithelial-derived factor (PEDF) is a secreted glycoprotein with
anti-angiogenic and tumour-suppressing properties. Dr Volpert’s team
previously discovered that loss of PEDF expression in melanocytes
enables melanomas to acquire an invasive metastatic phenotype.
However, the role of PEDF expression in fibroblasts in suppressing skin
cancer, and the impact of the extracellular matrix, are not well known.
To investigate this, Dr Volpert and her colleagues recently carried out
studies, which included PEDF knock-out human dermal fibroblasts and
mice. Accordingly, PEDF-depleted fibroblasts were found to promote
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Cellular senescence is a state in which cells cease to divide – though
still remain metabolically active. A very obvious – yet largely
uninvestigated chemotherapy approach – could be inducing
senescence in cancer cells. Dr Volpert and her colleagues are
investigating this cellular phenomenon in prostate cancer. Prostate
tumours overexpress androgen receptors, and previous studies suggest
that activating this receptor stimulates tumour proliferation and
inhibits apoptosis – though this is far from conclusive. Dr Volpert and
colleagues have recently carried out studies in which prostate cancer
cells undergo cellular senescence through continuous activation of
androgen receptors. These pioneering studies suggest the potential of
using androgen receptor-stimulating compounds in chemotherapy to
stop the growth of tumours by inducing senescence. However, much
research needs to be done first before clinical studies – particularly to
resolve the previous apparent contradictory findings in the pro- or antiproliferative effects of AR stimulation.

Exosomes are tiny physiological vesicles (50–150 nanometres in
diameter) formed through endosomal pathway and released by all
cells in the body and travel in biological fluids, like serum and urine.
Studies in the past decade have identified exosomes as the vehicles
in critical cell-to-cell and cross-tissue communications. These natural
nanovesicles carry proteins, nucleic acids and lipids and alter the
biology of the cells they enter. Most studies show that exosomes
released by cancer cells promote metastasis by creating permissive
environments at the sites of their arrival (metastatic niches).
In a recent study, Dr Volpert and colleagues found that at an early stage,
melanoma cells alert the immune system of the host to the presence
of metastasis by sending out exosomes that activate cells called
patrolling monocytes, which then seek out cancer cells in the blood
vessels at a distant site. Working with melanoma as a model, Dr Volpert
showed that one of such exosome-associated activators of patrolling
monocytes in pigment epithelium-derived factor (PEDF) – a known
angiogenesis inhibitor – which in this case ‘doubles’ as an activator of
immune response.
Summary
The FDA approval of bevacizumab in 2004 was a milestone in cancer
treatment – bringing the importance of dysregulated angiogenesis to
the spotlight. Thirteen years later, there is much about angiogenesis
that we do not fully understand – and Dr Volpert and her team are
trying to elucidate the complex molecular agents and mechanisms
involved. They hope that the insights from this pioneering research will
lead to novel approaches to the treatment of cancer and other diseases
such as macular degeneration.
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DETERMINING THE LINK
BETWEEN AGEING AND
CARDIOVASCULAR DISEASE
Ageing is the most significant risk factor for a range of prevalent
cardiovascular and metabolic diseases, such as hypertension and
obesity. Accordingly, new interventions are needed for delaying or
preventing these disorders. Dr Yu Wang is a pioneering researcher
at the University of Hong Kong who aims to identify potential
therapeutic targets capable of slowing down and reversing the
cardiovascular ageing process.

The natural process of ageing causes
a multitude of physiological and
morphological changes throughout the
body. In addition to the visible signs of
encroaching age, there are progressive
internal changes that slowly alter the
form, structure, and function of body
systems and organs.
These events can have detrimental
consequences, especially if occurring
in conjunction with poor overall health.
This is particularly evident in the
cardiovascular system, where numerous
age-related changes in the structure
and function of the vasculature (the
arrangement of blood vessels in
the body) lead to advancing blood
vessel damage and, ultimately, an
increased risk of cardiovascular diseases
such as coronary artery disease, stroke,
and hypertension.
Vascular dysfunction is a key
characteristic of ageing that leads
to impaired blood vessel function.
Indeed, ageing is considered as an
independent risk factor for decline in
vascular function. Even in a healthy
individual, the ageing process causes
a gradual failure of the body’s innate
ability to protect and preserve blood
vessel integrity.
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Vascular ageing of the arteries – the
blood vessels that deliver oxygenrich blood from the heart to the
tissues of the body – begins in early
adulthood and directly participates
in the development of cardiovascular
disease. Multiple complex mechanisms
drive a process known as ‘structural
remodelling’, in which arteries become
stiffer over time due to a thickening
of their vascular walls. This activity
principally involves alterations in the
tunica intima (the innermost layer of the
arterial wall comprising endothelial cells
and elastin fibres) and the tunica media
(the middle layer of the arterial wall
consisting principally of muscle fibres).
Arterial remodelling is triggered by
local, age-related dysfunction of the
endothelium – the layer of cells that line
the interior surface of blood vessels. All
endothelial cells in the body experience
wear and tear as they age. This
deterioration is known as ‘endothelial
senescence’ and can develop to a
point where cells lose their power to
divide and grow, leading to impaired
endothelial function.
Vascular smooth muscle cells are the
cellular components of the blood vessel
wall that provide structural integrity

WWW.SCIENTIA.GLOBAL
46

and regulate the diameter of the blood
vessel by contracting and relaxing. The
migration and proliferation of these cells
is the key mechanism leading to agerelated thickening of the vessel wall.

Thickening of the tunica intima
contributes to reduced elasticity within
the blood vessel and a reduction in
the diameter of the lumen (the central
space inside the blood vessel through
which blood flows). Conversely, the
thickness of the tunica media does not
change significantly with age. Instead its
structure is altered – characterised by a
decrease and fracturing of elastin fibres,
and by the accumulation of collagen
fibres (collagenous remodelling).
Collectively, these changes result
in reduced blood flow through
the artery, which promotes the
development of atherosclerosis – the
build-up of fatty deposits inside the
artery lumen. In addition, there is
impairment of the homeostasis (stable
condition) of the organs that the blood
vessels are supporting.

the progress of arterial remodelling
represents a promising approach for
both the prevention and treatment of
cardiovascular complications.
Dr Yu Wang, Associate Professor at
the Department of Pharmacology and
Pharmacy at the University of Hong
Kong, is working to discover more about
metabolic and cardiovascular diseases
associated with chronological and
accelerated ageing. Assisting her in this
work is Dr Bo Bai, a Research Fellow and
Dr Andy Man, a Research Associate at
the University of Hong Kong.

SIRT1 – the Anti-Ageing Protein

Together, these leading researchers,
along with their dedicated team, are
focused on identifying key biomolecules
with therapeutic potential in ageingrelated cardiometabolic diseases, such
as obesity. Their research presents
new thinking around the mechanisms
behind vascular ageing.

A comprehensive understanding
of the effects of ageing on the
cardiovascular system is crucial to the
development of novel therapeutics for
common age-related diseases such as
hypertension, coronary artery disease,
and stroke. Reversing or stabilising

Notably, their work has shown that
‘crosstalk’ between the endothelium
and vascular smooth muscle cells
within the artery controls the process
of structural remodelling. Currently,
their attention is on sirtuin-1 (SIRT1)
– the most important member of the
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anti-ageing protein family of sirtuins,
which are responsible for regulating a
wide range of cellular processes. SIRT1
in endothelial cells boasts several antivascular ageing properties and plays a
unique role in protecting blood vessels.
Increased SIRT1 activity has been shown
to prevent endothelial senescence by Dr
Wang’s team previously. In addition, it
promotes the growth of new endothelial
cells and enhances the ability of
the blood vessels to dilate, thereby
assisting with blood pressure regulation.
Importantly, SIRT1 is also able to
suppress vascular inflammation – the
hallmark of early stage atherosclerosis.
Despite extensive research into the role
of SIRT1, it remains unclear whether
or not endothelial SIRT1 modulates
arterial remodelling, and if so, by what
mechanisms. Another key player in
the process of vascular ageing is liver
kinase B1 (LKB1), an enzyme that
has a vital role in regulating signal
transduction pathways – the process by
which a chemical or physical signal is
transmitted through a cell.
Protein levels of LKB1 are dramatically
increased in senescent cells and
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the interactions between HERC2 and LKB1, in addition to the
degradation of LKB1.
Most importantly, in cells overexpressing SIRT1, the team
discovered that the protein interactions between HERC2 and
LKB1 were significantly enhanced. Indeed, a SIRT1/HERC2/
LKB1 protein complex was formed that triggered greater
degradation of LKB1 in endothelial cells.
By conducting further experiments in hypertensive mouse
models, the team demonstrated that overexpression of
SIRT1 in endothelial cells prevents age-related progressive
deposition of collagen and age-induced vascular stiffness in
carotid arteries (the arteries on either side of the neck that carry
oxygen-rich blood from the heart to the brain). They found that
this significantly reduced the thickness of the arterial wall and
lowered arterial blood pressure – encouraging outcomes in the
race to find therapeutic solutions for hypertension and related
cardiovascular diseases.
Identifying a Therapeutic Target

overexpression of LKB1 encourages endothelial senescence.
Drs Wang, Bai and Man discovered that SIRT1 reduces the levels
of LKB1 in endothelial cells by promoting its degradation and
deactivation. Based on these findings, they hypothesised that
endothelial SIRT1 is able to prevent arterial remodelling and
vascular ageing by regulating the protein stability of LKB1.
Protein Interplay in Vascular Ageing
To test their hypothesis, Dr Wang, Dr Bai, Dr Man and their
colleagues conducted a series of experiments in order to shed
more light on the intricate relationship between SIRT1 and
LKB1. They determined that SIRT1 has a binding partner – an
unusually large protein called HERC2. In specialised animal
models, switching off HERC2 functionality resulted in increased
LKB1 levels in aortic endothelial cells (cells lining the aorta, the
largest artery within the body). Furthermore, the number of
senescent (ageing) cells was greatly increased.
The research team also discovered that the combined events
of reduced HERC2 and increased LKB1 significantly enhanced
the production of transforming growth factor beta-1 (TGFß1)
– a growth stimulator that promotes a rapid increase in the
number of vascular smooth muscle cells, which, as we know,
drives vascular ageing.
Drs Wang, Bai and Man were able to confirm that SIRT1 and
HERC2 act synergistically to prevent the accumulation of
LKB1 in endothelial cells. They found that the switching off of
HERC2 does not inhibit the interactions between SIRT1 and
LKB1, but reduces the degradation of LKB1. On the other hand,
the switching off of SIRT1 was found to completely abolish
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In conclusion, the experiments conducted by Dr Wang, Dr
Bai, Dr Man and their colleagues suggest that in aged arteries,
the accumulation of LKB1 in the endothelium stimulates the
increased proliferation of vascular smooth muscle cells and
triggers the process of arterial structural remodelling. However,
increased levels of SIRT1, with the support of HERC2, prevent
these actions.
Thus, it was determined that the formation of the SIRT1/
HERC2/LKB1 complex in endothelial cells represents a potential
target for the development of de-stiffening therapeutics. Drs
Wang, Bai and Man intend to use these valuable research
findings for drug discovery and development in aging-related
metabolic and vascular diseases, including diabetes, obesity,
atherosclerosis, myocardial infarction and stroke.
Going forward, Drs Wang, Bai, Man and their rest of their team
are working on a number of other experiments to identify
more promising therapeutical targets. They have already
succeeded in identifying a series of novel adipokines – a group
of molecules secreted from fat cells that play a central role
in the regulation of energy metabolism and cardiovascular
homeostasis. Specifically, they have pinpointed adipokines
with both diagnostic and therapeutic values in clinical
medical conditions associated with obesity, insulin resistance,
hyperglycaemia, elevated blood pressure and renal diseases.
Other areas of research that the team are focusing on include
identifying protein biomarkers that may prove valuable in the
large-scale risk assessment, early diagnosis and therapeutic
guidance of type 2 diabetes mellitus and other related
cardiovascular and renal diseases.
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VITAMIN D AND
PREECLAMPSIA –
JOINING THE DOTS
Preeclampsia is a common but serious complication of pregnancy that
can harm both mother and baby. Recent research has identified vitamin
D deficiency as a risk factor for developing preeclampsia and also the
beneficial effects of vitamin D supplementation on this pregnancy disorder,
but the mechanisms for this are still not clear. Professor Yuping Wang at
Louisiana State University has been investigating this question by studying
the effects of vitamin D on the placenta.

The Global Problem of Preeclampsia
Pregnancy and birth are getting safer every
decade – however, preeclampsia, a disorder
of pregnancy characterised by the onset of
high blood pressure and often a significant
amount of protein in the urine, is still one of
the most common serious complications.
Around one in 20 pregnant women will
experience symptoms of the condition,
increasing the risk of harm to both mother
and baby. Preeclampsia is also a recognised
risk factor for cardiovascular diseases in
women later in life.
For the developing foetus in the womb the
placenta is the doorway that allows access
to the necessities of life. In this disc-shaped
organ, foetal blood passes close enough
to the mother’s blood so that a life-giving
exchange is able to take place. The foetus
receives oxygen in exchange for carbon
dioxide and nutrients in exchange for waste.
In preeclampsia this essential process is
disrupted as the mother’s uterine blood
vessels do not adapt to pregnancy as they
should and are unable to supply the placenta
with enough blood. Unfortunately, although
some risk factors have been identified, and
symptomatic treatments are available, there
is still much that is not known about what
causes preeclampsia and how to stop it.
Further research is essential if this common,
but dangerous, condition is to be consigned
to the history books. One of those leading the
charge is Professor Yuping Wang at Louisiana
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State University. With a career in placental
research spanning almost 30 years, she is
now focusing on a recently identified risk
factor for developing preeclampsia –
vitamin D deficiency – and has been
investigating in detail the actions of vitamin D
on the placenta.
The Placenta – ‘The Tree of Life’
The structure of the placenta is uniquely
adapted for its function. It contains spaces
in which maternal blood pools, ready for
the exchange of gases and nutrients to take
place. Finger-like projections, termed villi,
branch out from the foetal side and extend
into these pools. These villi contain blood
vessels from the embryo (foetus) at their
core, and their surface is covered with a
specialised type of cell called trophoblasts.
The tree-like structure of the villi in the
placenta creates a surface area of around
12 square metres for the exchange of
oxygen, carbon dioxide and nutrients.
Towards the end of pregnancy, this forest
of villi contains approximately 320 kilometres
of foetal blood vessels – that’s enough to
stretch from Dover in England, to Calais in
France, and back five times.
Maternal and foetal blood do not mix in the
placenta – instead, the exchange takes place
through diffusion, with the trophoblasts
providing an important biochemical and
physical barrier between the two sides.
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These specialised cells also produce numerous
hormones and growth factors that are required
for and can influence the development of
the placenta and the foetus. These include
vascular endothelial growth factor (VEGF)
family molecules such as placental growth
factor (PlGF) and vasoactivators such as
thromboxane and prostacyclin, which can
regulate placental blood vessel development
and function, respectively. Some trophoblasts
migrate to the maternal uterine blood vessels
during the development of the placenta to
promote uterine blood vessel adaptation to
pregnancy and increase maternal blood flow
into the placenta.
In preeclampsia, these trophoblasts don’t
appear to travel as far along the maternal
blood vessels as they should, resulting in

reduced blood flow into the placenta. This
results in decreased oxygen delivery to
the trophoblast tissue, inducing a state of
hypoxia (oxygen deprivation), which has a
knock-on effect on many cellular processes.
Hypoxia induces a state of oxidative
stress in these cells, characterised by the
increased production of reactive oxygen
species (ROS), inflammatory cytokines,
and vasoconstrictors, which can enter the
maternal blood stream and induce maternal
vascular dysfunction in preeclampsia.
Professor Wang is clear that these changes
are not inconsequential: ‘placental
trophoblast dysfunction plays a central role
in the pathogenesis of preeclampsia,’ she
says, so it’s essential that we understand why
and how.
Vitamin D and the Cells of the Placenta
Could vitamin D hold the key to answering
those questions? Professor Wang and her
team think it might and have published
multiple pieces of research over the past five
years that point in that direction. It is known
that not having enough vitamin D during
pregnancy increases the risk of developing
preeclampsia, but how vitamin D is able to
affect events in the placenta is less clear.

The first question Professor Wang and her
team asked was whether the trophoblasts
of the placenta have the ability to produce
or respond to vitamin D. Vitamin D can be
absorbed from food or it can be produced in
the body after the skin is exposed to sunlight.
The active form of vitamin D is formed
from a precursor molecule that is modified
by several enzymes present in certain cell
types and is then secreted from those cells.
This active form of vitamin D then binds
to receptors on its target cells to induce a
response in them.
Professor Wang and the team looked for the
presence of these vitamin D enzymes and
receptors in placental trophoblasts. They
found that trophoblasts in the placenta are
capable of both secreting, and responding
to vitamin D. On top of that, cells from
preeclamptic placentas had altered levels of
these enzymes, along with reduced amounts
of the vitamin D receptor, linking the state of
preeclampsia with changes in the regulation
of the vitamin D system in trophoblast cells.
Similarly, they found that in cells from the
umbilical cord, mimicking preeclampsia
by inducing hypoxia and oxidative stress
in the laboratory, led to decreased levels
of the vitamin D receptor and the natural
antioxidant CuZn-SOD. Antioxidants like

WWW.SCIENTIA.GLOBAL
51

CuZn-SOD usually counteract the effects
of oxidative stress by removing harmful
superoxides from the cell.
Both the vitamin D receptor and CuZnSOD levels could be returned to normal by
applying vitamin D to the cells. This is an
important finding, as it suggests that vitamin
D can act at the cellular and molecular level
in the placenta to reverse the effects of
oxidative stress in these cells.
Next, the team asked whether vitamin
D could reverse any of the alterations
to trophoblast function observed in
preeclampsia. One such alteration is an
oxidative stress-induced increase in the
production of thromboxane, a potent
vasoconstrictor that promotes contraction
of blood vessels. Professor Wang found that
the application of vitamin D to placental
cells was able to reduce this increased
thromboxane production.
This suggests that in the placenta, vitamin
D could correct the ratio of vasoconstrictor
thromboxane and vasodilator prostacyclin
production through its action on
trophoblasts, increasing blood flow into the
placenta, correcting the oxygen deprived
state induced by vasoconstriction in
placental vasculature in preeclampsia.
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‘We propose that normalisation of vitamin D receptor function to
improve vitamin D responsiveness in placental trophoblasts during
preeclampsia may correct and restore trophoblast function that would
lead to a decrease in severity and reduce the incidence of preeclampsia.’

Following this, Professor Wang turned her attention to the muscle
cells of the placental vessels themselves that allow them to change
shape altering blood flow. She found that in placental vascular
smooth muscle cells, applying vitamin D could not only upregulate the
expression of the vitamin D receptor but can also reduce angiotensin
II – another potent vasoconstrictor – induced contraction of the smooth
muscle cells of placental blood vessels.
This suggests that, like the placental trophoblasts, the muscle cells
lining the blood vessel are able to respond to vitamin D. It also suggests
a feedback system in which cells respond to increased vitamin D levels
by reducing their own production. Interestingly, vitamin D was able
to induce relaxation of blood vessel muscle cells in the laboratory.
Professor Wang and her team also identified a potential molecular
mechanism of vitamin D to relax muscle cells of placental blood
vessels, similar to that of losartan, an angiotensin II receptor 1 (AT1)
blocker, by inducing a signalling mechanism called phosphorylation of
the myosin phosphatase target subunit 1 (MYPT1) pathway molecule.
This is the key player involved in myosin light chain phosphatase
(MLCP) activation that is essential for vessel dilation or relaxation.

Taken together, these findings join some of the dots between vitamin
D deficiency and preeclampsia risk, and the molecular and cellular
events taking place in the placenta itself. They paint a picture of vitamin
D as an anti-oxidative and anti-inflammatory molecule that can act on
placental trophoblasts and endothelial cells to reduce the changes in
function that occur in these cells in preeclampsia.
Vitamin D can also cause the relaxation of blood vessel muscle cells to
increase blood flow and could reduce the oxygen deprivation seen in
preeclamptic placentas that is potentially harmful to the baby.
Future Directions
The big picture goal of Professor Wang’s research is to make pregnancy
safer, so how does she plan to apply this new knowledge about the
role of vitamin D to clinical practice? It’s not just about popping some
vitamin D supplements when you’re expecting.
Her finding that there are reduced amounts of the vitamin D receptor
on trophoblasts in preeclampsia suggests that these cells may not be
able to respond correctly to vitamin D, even if it is there.

In preeclamptic placentas, trophoblasts enter a state of oxidative
stress and increase the number of micro-particles they release into the
maternal bloodstream. These micro-particles induce an inflammatory
response and affect maternal adaptation to pregnancy that can
contribute to the abnormal changes in maternal vasculature and
immune systems seen in preeclampsia.

Her solution? To find a way of upregulating vitamin D receptor
production during preeclampsia specifically in trophoblast cells, with
the aim of restoring normal trophoblast function and decreasing the
severity of the condition.

In her most recent work, Professor Wang found that, when
preeclampsia is mimicked in these cells in the laboratory by reducing
oxygen levels, it is possible to measure an increase in the generation of
superoxides and micro-particle release. When vitamin D was applied to
these cells, both of these measures were then reduced.

She describes how, ‘we propose that normalisation of vitamin D
receptor function to improve vitamin D responsiveness in placental
trophoblasts during preeclampsia may correct and restore trophoblast
function that would lead to a decrease in severity and reduce the
incidence of preeclampsia.’ The team is exploring this exciting new
possibility and the next few years of Professor Wang’s work will be
focused on bringing them closer to this goal.
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AN ABSORBING TALE OF
THE INTESTINE UNFOLDS
Understanding the mechanisms behind the development of the small
intestine will help aid discovery of new therapies targeting intestinal
disorders. Andrew Freddo and his colleagues at the University of Michigan
Medical School are working to understand these life-threatening disorders
that currently have limited treatment options.

The Small Intestine’s Large Surface Area
The digestive system is composed of a set
of organs that perform complex functions to
ensure that the body absorbs all the essential
nutrients from food while eliminating
undigested components and waste products.
Once food passes through the mouth,
oesophagus and stomach, it enters the small
intestine. This structure is a narrow, long tube
of about 2 cm in diameter that is so named
because it is half the diameter of the large
intestine that follows it.
Seemingly contrary to its name, the small
intestine actually represents the longest part
of the digestive tract, extending to a length
of over 20 feet in humans, a length that
provides the necessary surface area
for effective nutrient absorption. In addition
to its length, the small intestine has two
other mechanisms for maximising its
absorptive surface.
First, the inside wall of the small intestine
is convoluted – it is lined with finger-like
projections called villi. There are around 3–7
million villi in the human small intestine,
each measuring roughly 0.5–1.6 mm in
length, that increase the surface area
available for absorption of nutrients by
6-8–fold.
Second, the absorptive surface of the
epithelium that makes up these villi has
microscopic membrane protrusions called
microvilli that form a brush like structure,
or brush border, leading to an additional
10-fold increase in the intestinal surface
area. Together, the length of the intestine,
the multiple folds and the presence of villi
and microvilli leads to an estimated total
absorptive surface area of over 30 square
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meters (over 320 square feet) in the
human adult, an area that ensures that
essential nutrients are effectively
absorbed by the body.
Significant loss of this enormous surface area
can lead to malabsorption and intestinal
failure, either through stunted growth in
intestinal length during the development of
the small intestine during embryogenesis,
as in in congenital short bowel syndrome,
or severe digestive disorders in adults,
such as celiac disease, where many villi
are lost. Understanding the mechanisms
behind the development of small intestinal
length, emergence of villi, and generation of
microvilli will provide information needed to
develop new therapies targeting these lifethreatening disorders, which currently have
limited treatment options.
The generation of the intestine in
vertebrates is a stepwise process that
begins early in embryonic development,
with the formation of a single layer of
epithelial cells that is moulded into a tube
with a flat surface. This tube elongates
rapidly and, at a specific stage in foetal life,
the surface of the tube begins to convolute
to form the villi. Concurrently, a thick lawn
of microvilli is generated on the inner (or
lumenal) surface of each epithelial cell.
Though the length and girth of villi can
be modified after birth, providing some
compensation in intestinal shortening, the
number of villi present in an individual is
thought to be largely established at the
time of birth. Thus, to learn how villi are
generated, it is necessary to study their
emergence during foetal life.
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Redefining the Structure of the
Intestinal Epithelium
Professor Deborah Gumucio works in the
departments of Cell and Developmental
Biology and Internal Medicine at the University
of Michigan. Her research focuses on
understanding the cellular and molecular basis
for intestinal development.
With graduate student Andrew Freddo and
Dr Katherine Walton, the team is studying the
key mechanisms that drive villus formation in
mice. This complex process requires constant
communication between the epithelial cells
that line the intestinal lumen and a loose
layer of underlying cells, collectively called
the mesenchyme. The intestinal mesenchyme
includes multiple cell types, including blood
vessels, fibroblasts or connective tissue, nerves
and muscle cells.

‘Our lab is searching for a cellular and molecular understanding of how the
small intestine develops. In particular, the process of villus formation, which
occurs in foetal life, is essential to generate the enormous amount of surface
area that is required for proper digestion of food and absorption of nutrients.’

It was previously thought that epithelial cells
that line the small intestine early in foetal
life, before the villi are formed, were multilayered or stratified. With improved imaging
techniques to track the shape of cells
during development, Professor Gumucio’s
laboratory redefined the classification of the
intestinal epithelial cells as a pseudostratified
structure, meaning that all cells have both an
apical and basal surface.
The team also found that within the
epithelial sheet, the cell nuclei move back
and forth between the top, the lumenal or
apical surface, and the bottom, the basal
surface, near the basement membrane, of the
epithelial cells.
This movement occurs as the cells divide
and the staggered nature of the nuclei gives
the false impression of multiple cell layers.
Indeed, in pseudostratified cells, the nuclei
at the bottom surface synthesise DNA, then
travel to the top surface to undergo mitosis,
where the cells divide into daughter cells and
then return to the basement surface to restart
the cycle. This constant movement of nuclei
is called interkinetic nuclear migration (INM),
and the process is closely coupled to cell
division and growth of the intestine.

Defining Villus Borders Utilising
Mechanical Forces

The small intestine greatly expands surface area (green) by initially making folds (arrows) at a
subset of dividing cells (red). CREDIT: [Integrative Biology, 2016, 8, 918–928] - Reproduced by
permission of The Royal Society of Chemistry
Epithelia throughout the body can be
classified into multiple different types based
on the shapes of the cells and the number
of cell layers that comprise the epithelium.
The different shapes include: squamous or
flattened, cuboidal or square and columnar
or tall, rectangular shaped cells.

Freddo describes how, ‘our lab is searching
for a cellular and molecular understanding
of how the small intestine develops. In
particular, the process of villus formation,
which occurs in foetal life, is essential to
generate the enormous amount of surface
area that is required for proper digestion of
food and absorption of nutrients.’

Layers are described as simple, containing
one layer, stratified, containing several
layers, or pseudostratified. A pseudostratified
layer gives the appearance of several layers
because the cell nuclei, the cellular structure
that houses genetic material, are staggered
within the epithelial sheet but it is actually
a single layer of cells. This is in contrast to
other simple epithelia, in which all nuclei are
neatly aligned.
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Freddo is currently working in Professor
Gumucio’s lab to investigate cellular
dynamics during the emergence of villi in
foetal life. During villus development, the
pseudostratified epithelium described
above becomes converted into a columnar
epithelium and the flat lumenal surface of
the pseudostratified epithelial tube becomes
convoluted as the villi emerge.
Freddo has studied the role of cell to cell
signalling events between the epithelial
cells and the underlying mesenchymal layer
during this process and has proposed that
intraepithelial compression forces drive the
formation of regularly patterned boundaries
that separate the emerging villus domains.
Several important signalling pathways
transmit signals to embryonic cells to direct
them to differentiate properly. One of these,
the ‘hedgehog’ pathway, is essential for
the cellular communication between the
epithelial and mesenchymal layers that
drives the formation of villi.
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‘Our goal is to apply what we learn
to develop methods to make new
surface area for patients born
without a large portion of their
small intestine or who have lost
it to surgery.’

and Krishna Karikapati, to develop a computational model that
faithfully recapitulates these events.
The model revealed that three key events are required for the formation
of the invaginations, including: a) pressure from the expansion of the
clusters; b) changes in the stiffness of the epithelial apical surface
due to cell rounding; and c) the vertical displacement of the rounded
mitotic cell. Together, the work demonstrates how signalling molecules,
such as hedgehog, can cause epithelial cell shape changes that then
produce mechanical forces which generate villus boundaries.
More information can be gained from the study of systems in which
villus development is perturbed. Ezrin, an important protein found on
the cell’s outer surface, is known to be involved in proper villi formation,
because Ezrin-deficient mice exhibit villi that are fused together, as if
their boundaries are not properly formed.
Freddo’s preliminary data indicate that the lack of Ezrin also leads
to perturbation of epithelial cell shape as well as formation of an
abnormally stratified epithelium instead of the pseudostratified
epithelium normally observed during development. Additional
studies of Ezrin-deficient intestines have the potential to reveal more
information about the complex process of villus formation.
Towards Bioengineered Intestines

Another member of Professor Gumucio’s team, Dr Katherine Walton,
Assistant Research Professor in Cell and Developmental Biology at the
University of Michigan, has published work describing how hedgehog
signalling molecules, secreted by epithelial cells, lead to the formation
of clusters of underlying mesenchymal cells.
These clusters form a patterned array, which spreads down the
entire intestine in a proximal to distal wave over approximately 36
hours, a staggering rate that translates to generation of one cluster
every 5 minutes. The clusters then signal back to the overlying
epithelium, causing epithelial cells above them to change shape from
pseudostratified, tall and thin, to columnar, shorter and fatter, a process
that causes the epithelium to buckle, generating an emerging villus.
Freddo and his colleagues showed that the cluster-driven change
in the shape of the epithelial cells that lie over each mesenchymal
cluster generates compressive forces on the surrounding cells
located between the clusters. Importantly, cells within these
pressurised regions at this time are still pseudostratified and
undergoing INM, with many actively dividing.
Normally, when a cell is dividing (marked in red in the above figure),
it becomes spherical to sort its chromosomes and divide into two
cells. In a pseudostratified epithelium, this normally happens adjacent
to the lumenal surface. However, in regions that lie between the
expanding epithelium above clusters, circumferential pressure within
the epithelium causes dividing cells to rapidly dip beneath the apical
surface (indicated with the arrows in the above figure). Since the apical
portion of these dividing cells is still connected to the surrounding
apical surface, this creates an invagination or fold in the apical
membrane. These invaginations represent the boundaries between
emerging villi.
Based on these observations, the team collaborated with other
investigators with expertise in mathematical modelling, graduate
student Suzanne Shoffner and Drs Santiago Schnell, Shiva Rudraraju
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Freddo hopes to one day identify target molecules or strategies that
can help engineer intestines for patients. He says that, ‘our goal is to
apply what we learn to develop methods to make new surface area for
patients born without a large portion of their small intestine or who
have lost it to surgery.’
Bioengineered intestines could also be used as efficient in vitro models
for studying basic intestinal cell biology. Several groups are working
toward this goal using three main approaches. A slurry of adult whole
intestines, including all cell types, form the basis of Tissue Engineered
Small Intestines (TESI).
Adult intestinal stem cells also have been used to develop an epithelial
layer independent of an underlying mesenchyme. Finally, embryonic
stem cells, which are still capable of forming a large variety of cell types,
can be induced to form both the endoderm and mesoderm layers that
make up the intestine.
However, despite these multiple approaches, developing these
bioengineered intestines is still in the early stages and the models are
imperfect – no villus formation has been observed in vitro. However,
when these cultured tissues are transplanted into animals, villus
development does occur. It is thought that molecules and cell types
found in the host likely provide the necessary signals, and forces, that
drive the generation of villi in these constructs. However, further work is
needed to identify the source of these cues.
Freddo has a positive outlook on the future work, ‘our next steps are
to understand the mechanism by which physical forces and signalinduced cell shape changes can cause dramatic surface area expansion,
and to utilise molecular and physical methods to try to manipulate
this process. With this understanding, it may eventually be possible to
engineer sheets of cells to fold into proper villus structures, so as to be
useful as a therapeutic option for patients lacking a significant portion
of their small intestine.’
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THE BRAIN AND THE GUT –
A MEETING OF TWO MINDS
Until now, the brain and the neural network of the gastrointestinal tract
have been considered largely independent organs. Recent experiments
conducted by Professor Terry Powley of Purdue University and his
colleagues have fundamentally challenged this belief. Their work shines
much needed light on the complex neural circuitry of the stomach and
intestines and will assist the development of novel and optimised therapies
for problematic gastric disorders.

The Need for More Effective
Gastric Treatments
In recent years, the prevalence of obesity,
type II diabetes, and gastrointestinal (GI)
tract disturbances, such as gastroparesis,
tachygastria, and gastroesophageal reflux
disease, has reached epidemic status.
Although various treatments are available,
these gastric disorders are either not readily
addressed with surgery or they necessitate
radical and irreversible surgical intervention.
The increasing burden of these disorders on
people’s quality-of-life and the associated
costs to the healthcare system demonstrate
that there is still an urgent need for more
effective treatments and therapies than
those that currently exist. To date, gastric
interventions have largely been developed
using incomplete descriptions of the
distribution of nerves (the innervation) to the
GI tract. Essential information on the neural
circuitry of peripheral organ-systems is
critically needed if more efficacious therapies
are going to be developed and optimised.

Recently, a team of researchers led by
Professor Terry Powley at Purdue
University in Indiana, USA, have
fundamentally challenged these
assumptions. By performing neural tracer
and digital reconstruction experiments,
Professor Powley and his colleagues have
determined that although few neurons
interconnect the brain and the enteric
nervous system in the GI tract, those
neurons prove to have extensive, complex,
and highly differentiated terminal neurites –
branch-like structures that are responsible
for distributing information (axons) or
collecting information (dendrites) over a
region of the gut – which make them capable
of far more coordination and communication
than classically assumed.
‘The limited numbers of axons
interconnecting the big brain in the head
and the little brain in the gut have nerve
ending specialisations that make the
connecting neurites far smarter than
anticipated,’ says Professor Powley.
Mapping the Stomach’s Neural Circuitry

Challenging the Classical View
Classically, the brain and the enteric
nervous system (the mesh-like neuronal
network in the gut wall that governs the
GI tract) have been considered largely
independent neural organs in regards to
ingestion and digestion, with the brain being
responsible for the ‘what’, ‘when’, ‘where’ and
‘how’ to eat and the ‘little brain’ in the gut
working to process the nutrients that arrive
in the stomach. Very few individual neurons
interconnect the two ‘brains’, which led
researchers to assume that the two neural
organs were relatively autonomous.
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The stomach is a key organ in the regulation
and dysregulation of food intake. As the
body has a basic need to be aware of
ingested food, there is an intricate network
of electrically excitable cells, elaborately
arranged into circuits and strategically
distributed throughout the gut. These
circuits convert food into electrical signals
coordinating motility, secretion, food
intake, and even mood and other
behaviours. This neural network is known
as the ‘brain-gut connectome’ and is built
around food sensing.
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As part of the Stimulating Peripheral Activity
to Relieve Conditions (SPARC) Program,
Professor Powley is conducting a far-reaching
experiment to trace and digitally reconstruct
the ‘smart’ nerve endings of the brain-gut
connectome, with the aim of addressing
critical gaps in our understanding of how the
connectome controls stomach function.
He has been joined in this endeavour by a
team of co-investigators, comprising expert
researchers from his laboratory at Purdue
University in collaboration with faculty from
several other Purdue laboratories, with
Professor John Furness of the University of
Melbourne, Australia, and Associate Professor

‘The limited numbers of axons interconnecting the big
brain in the head and the little brain in the gut have
nerve ending specialisations that make the connecting
neurites far smarter than anticipated.’

Walter Voit from the University of Texas
in Dallas, USA. Using physiological tools
and stimulation techniques, this highly
specialised team aim to create highresolution maps of the stomach’s neural
circuitry. These maps will hopefully
be used to develop next generation
neural modulation devices (implants
that can stimulate nerves), which could
be used as tools for developing new
therapeutic strategies.
The stomach is particularly appropriate and
accessible for neuromodulation (altering
nerve activity by delivering electrical or
pharmaceutical agents to a target area), since

both regional GI nerve reflexes and
the more distributed central nervous
system (CNS) signals that travel between
GI sites are carried in one peripheral nerve –
the vagus – which possesses many branches
that provide multiple candidate sites for
electrode placement.

in copious complex arrangements (arrays).
All of these details make it difficult to
accurately recognise any particular nerve
ending in the GI tract originating from a
specified CNS source and to fully reconstruct
and characterise that ending using only
conventional histological techniques.

However, previous attempts to improve
and monitor gastric disorders by
neuromodulation have been problematic,
due in part to a lack of knowledge about the
vagal-stomach connectome – the neural
circuit linking the vagus nerve to target
organs in the GI tract.

Using high definition labelling techniques,
Professor Powley and his team are currently
defining the unmapped elements of
the vagal-stomach connectome in rats,
before going on to establish a large animal
pig model and, ultimately, to evaluate
the circuitry in human stomachs. In the
rat model, the team is defining ‘vagal
intramuscular arrays’ and other specialized
endings that are distributed throughout the
stomach wall by a set of basic structural
features. In some cases, they are modifying
and adapting these ending definitions to
the local tissue environments in different
gastric regions.

Despite the critical roles that the stomach
plays in controlling ingestion and digestion,
the vagal sensory fibres that project into
the gastric wall have not been thoroughly
described. Although the existence of
these connections has long been known
and simple or generic, unmapped vagal
endings have been assumed, many
specific characteristics of vagal sensory
and motor endings in the GI tract are still
largely unknown.
The characterisation of these nerve endings
has been challenging, probably because
the parent fibres of the vagus nerve travel
exceptionally long distances between the
brain and the GI tract, passing through
multiple tissues in the gut wall, and ending
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These findings have allowed the team to
more completely characterise the nerve
fibres that innervate the stomach wall. It is
hoped that this additional morphological
information will provide greater structural
detail of the gastric wall neural circuitry and,
most importantly, will aid the design of future
experiments that assess the physiology of the
nerve fibres.
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It is hoped that Professor Powley’s experiment will determine which of
the three nerve branches and terminal phenotypes connect to specific
regions of the intestines and will provide vital information to help
design novel GI surgeries, as well as experimental gastric interventions.
In the first stage of their experiment, the team removed the entire
GI tract from rats, separating the intestine from the stomach and
rectum, and flushing it of all contents before dividing it into its different
segments: duodenum, jejunum, ileum, cecum, and colon. Following
multiple inventory screening steps, the team has been able to produce
a complete sample of vagal endings and descriptively characterise
those endings.
This survey of the vagal sensory innervation of the gut will allow
the team to map the distribution of the nerve endings and identify
any novel phenotypes and/or variants in the vicinity of the mucous
membrane and submucosa. Professor Powley says, ‘we will need
to identify 300–400 complete vagal endings of each type to be able
to reliably recognise the distribution, regional concentrations, and
specialisations of the vagal phenotypes through the GI tract.’
Professor Powley and his team plan to use state-of-the-art closed-loop
stimulator technologies, algorithms, and electrodes to assess the
reliability, validity, and stability of vagal stimulation on stomach wall
and muscle activity, gastric emptying, reflux, hormone release, CNS
activation, and the ingestion of meals. Their ultimate goal is to use
these implantable stimulators and electrodes for human use.

In the next stage of the experiment, Professor Powley and his team are
performing highly selective vagotomies – removing one of the three
vagal pathways to the intestines – in three different groups of rats. The
brain and GI tract of each animal are then examined for characteristic
patterns of loss associated with the different vagotomies. This novel
procedure has permitted the accurate recording and reconstruction of
vagal endings, axons, and dendrites.

Understanding the Brain-Intestine Connection
Plans for the Future
In a second experiment, funded by the National Institute of Health,
Professor Powley and his team are focusing on digitising and
characterising the vagal projections that allow communication
between the brain and different sites along the GI tract. The vagal
sensory and motor innervation of the smooth muscle tissue in the
intestines is critically important for GI motility and related disorders.
Also, the vagal innervation of the intestinal mucous membrane,
and the layers underneath it (the submucosa), is equally important
for monitoring nutrient fluxes and hormonal responses, regulating
absorption, and modulating secretion.
Furthermore, the neural activity associated with these mucosal
layers is especially relevant to various eating disorders that require
effective clinical interventions. However, until now, no complete threedimensional mapping of the vagal circuitry (i.e. the endings, axons,
and dendrites) in the heavily folded intestinal mucous membrane and
submucosa has been accomplished.
Three distinct vagal pathways – three separate higher order branches of
the vagus nerve – supply the full length of the intestines. It has already
been established that one (or more) nerve bundle originating from
the gastric branches travels over the pylorus (the furthest part of the
stomach) to reach the duodenum (the first segment of the intestines).
Another bundle separates from the common hepatic branch of the
vagus and joins the small intestine at the level of the duodenum,
while the two ‘coeliac branches’ of the vagus take an indirect route
through the connective tissue of the descending aorta, before travelling
alongside neurovascular bundles to the intestines.

There is still much that Professor Powley and his team hope to achieve,
and their work in this arena is ongoing. Going forward, their research
will consolidate and extend existing anatomical, molecular, and
functional characterisations of the vagal-stomach connectome and
locate optimal sites for disease-controlling vagal neuromodulation.
Importantly, their findings will help to evaluate the best ways to
manage gastric disorders, including gastroparesis, reflux disease, and
eating disorders.
With regards to the vagal innervation of the intestines, questions of
critical importance when designing future treatments and therapies
are whether each of the three vagal pathways is responsible for the
innervation of a given region of the intestine, whether there is any
overlap of the distribution fields provided by the different paths, or
whether each of the vagal paths represents a different phenotype.
Professor Powley and his colleagues plan to take their experiments
further by determining which of the vagal branches supply which
arrangements of nerve endings in the intestine smooth muscle wall. In
addition, as sex differences are an important factor in vagal structure
and function, the patterns and phenotypes of vagal endings in males
and females will be compared.
Collectively, these ground-breaking experiments will provide much
needed information on the brain-gut pathways that control how
the intestines handle nutrients, illuminate the points of contact
with the gastrointestinal microbiome, and greatly inform the future
development of effective gastric interventions.

However, what intestinal regions and which vagal physical properties
(phenotypes) are supplied by each path has never been determined.
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LEARNING TO FORGET –
EXTINGUISHING
FEARFUL MEMORIES
We often hear how impairments in learning can have a negative
impact on peoples’ lives but what about problems with forgetting?
The inability to forget the association between everyday cues and
previous traumatic events underlies anxiety-related disorders, such
as post-traumatic stress disorder (PTSD). Professor Stephen Maren
at Texas A&M university is using cutting-edge techniques to reveal
the neural basis of the relapse of traumatic memories.

The Importance of Forgetting
Learning to predict when and where
threats are going to present themselves
is an essential skill for survival. From
gazelle on the Serengeti, to kids in
the schoolyard, we learn to associate
certain innocent cues, such as hearing
the school bell ring with negative
outcomes such as the threat of being
bullied. After this kind of learning, the
cue itself is enough to induce a fearful
response in us as we anticipate the
associated negative outcome.
This fear response prepares you for
action by causing changes in heart rate,
blood pressure and mental state that
equip you to either run from the threat
or fight for survival. It’s clear how this
learning ability would be beneficial
by keeping you one step ahead in a
dangerous world, however, what is
equally important is the ability to forget
these associations when they are no
longer relevant.
For example, there’s no use being fearful
of the school bell as an adult as there
is no longer a threat. In fact, having
this fear response as an adult could
negatively impact your life. Although
this is a simplistic example, the inability
to adapt by forgetting fear memories
is a core problem in many anxiety- and
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stress-related disorders, such as posttraumatic stress disorder (PTSD).
In these disorders, innocent cues
continue to be associated with
traumatic events and can induce a
fear response well after the threat has
passed, causing prolonged periods
of unnecessary stress and anxiety.
Behavioural therapy for these disorders
focuses on inducing the forgetting
of fear memories, a process termed
‘fear extinction’. This is not always
effective, however, and relapses of fear
memories often take place after therapy,
particularly during periods of stress
or uncertainty.
The events taking place in the brain
that cause these relapses of traumatic
memories are still not clear. Professor
Stephen Maren at the Department of
Psychological and Brain Sciences at
Texas A&M University, has been working
in this area of neuroscience for over
20 years. Professor Maren is clear that
research into this area has important
therapeutic potential. He describes
how, ‘my laboratory studies how the
brain learns, remembers, and dampens
memories of traumatic events. We hope
to use this knowledge to develop novel
approaches to the treatment of anxiety
and stress disorders, including posttraumatic stress disorder (PTSD).’
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Making the Connection
In order to understand how relapses of
extinguished fear memories take place
in patients, and how these might be
controlled, it is important to identify
the brain regions involved. The brain
contains highly specialised cells called
neurons that connect together to form
huge networks. These networks can
be within brain regions, but also allow
communication between different areas
of the brain. There are two brain regions
that have previously been found to play
a role in the fear extinction process:
these are the hippocampus, which is

‘My laboratory studies how the brain learns, remembers, and dampens
memories of traumatic events. We hope to use this knowledge to develop
novel approaches to the treatment of anxiety and stress disorders, including
post-traumatic stress disorder (PTSD).’

Gabriel Chmielewski, Division of Marketing and Communications, Texas A&M University.

involved in memory processes, and the
infralimbic cortex, which contributes to
the regulation of emotion.
These two brain regions are connected
by neurons that carry information from
the hippocampus to the infralimbic
cortex. Professor Maren and his team
are using cutting edge techniques to
investigate the nature of this connection
and the role it plays in fear extinction.
They are using a pioneering method,
called optogenetics, in which a virus
is used to introduce light-sensitive
receptors into specific types of neurons
in a target brain region.
When neurons contain these receptors,
they can then be activated by shining
a light onto the brain tissue. Using
this method, Professor Maren and his
team specifically induced activity of the
neurons in the hippocampus and found
that this causes a reduction in activity of
the neurons in the infralimbic cortex.
They then used another elegant
method to alter the activity of this
pathway in awake rats. In this case
they introduced ‘Designer Receptors
Exclusively Activated by Designer Drugs’
or DREADDs into these neurons. These
receptors are not normally present
in rats and only respond to specific
designer drugs. They then

administered these drugs to either
activate or silence the neurons
containing those receptors but left the
activity of other neurons intact.
They found using this method that
activating the connection between
the hippocampus and infralimbic
cortex in rats, results in a relapse of an
extinguished fear memory. If you do the
opposite and silence the same pathway,
then the relapse of that traumatic
memory is prevented.
The team demonstrated that activity
of the connection between the
hippocampus and the infralimbic
cortex is important to cause relapse
of traumatic memories and that
suppressing this connection can
reduce the relapse of memories that
had previously been supressed. This
important work of the team suggests
that hyperactivity of this pathway
could be a factor in the case of human
patients who have relapses during
behavioural therapy.
Blocking Stress
Professor Maren says that another
key area of interest for his team is,
‘the deleterious effects of stress on
extinction learning.’ Post-traumatic
stress disorder (PTSD) is thought to
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Gabriel Chmielewski, Division of
Marketing and Communications,
Texas A&M University.
be sustained by impairments in the
extinction of traumatic memories.
Behavioural therapy is used to try and
induce the extinction of those
memories in patients. However, if
behavioural therapy is carried out too
soon after a traumatic event, when
stress levels are still high, there is a
higher chance that the extinguished fear
memories will return.
Norepinepherine or noradrenaline is
a hormone present in the body that is
produced during periods of stress or in
the presence of danger. It primes the
body for the ‘fight or flight’ response
by increasing heart rate and blood
pressure, and in the brain, it induces a
state of high alertness and anxiety.
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Gabriel Chmielewski, Division of Marketing and Communications, Texas A&M University.

In PTSD, levels of norepinephrine are elevated, and drugs that
block the actions of norepinephrine have been beneficial for
some PTSD patients. However, it is still not clear how stress is
able to alter the extinction of these fearful memories.

improve extinction of fear memories. The amygdala is also
involved in the processing of emotion and also receives
connections from the infralimbic cortex.
Moving Forward

Professor Maren’s team has also investigated what happens to
the extinction of fear memories when you block norepinephrine
receptors with a drug called propranolol, which is commonly
prescribed for hypertension. If you induce a fear memory in
rats, there is a period of time of around 30 minutes when it is
difficult to induce the extinction of that fear memory. This is
thought to be because stress levels are still high from the fearful
experience, as in humans undertaking behavioural therapy
soon after trauma.
The team found that administering propranolol made it easier
to induce the extinction of that fear memory during those 30
minutes, but not after a longer delay. They revealed that the
effect of stress to impair the extinction of fearful memories is
due to elevated norepinephrine levels and can be reduced by
propranolol. Importantly, the team also carried out control
experiments to check that it was a fear extinction process that
was taking place and that propranolol did not affect memory
in general.
Professor Maren and his team also investigated the brain
regions that might be responsible for this effect of stress on
fear extinction. They found that the activity of neurons in the
infralimbic cortex is changed following the learning of a fear
memory and the observed changes in brain activity could be
stabilised by administering propranolol to the rats.
Despite this, applying the drug to the infralimbic cortex
only, using a specific localised injection did not improve the
extinction of fear memory. In fact, it was another area, the
amygdala, that seemed to be responding to propranolol to
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Professor Maren hopes that these new findings will lead to
better therapies for people suffering from PTSD and other
anxiety- or stress-based illnesses. The team has revealed
that the activity of a specific connection in the brain, from
the hippocampus to the infralimbic cortex, is important for
the pathological relapse of extinguished fear memories. This
suggests that drugs could be developed to decrease the activity
of this pathway in patients undergoing behavioural therapy to
reduce relapses.
Similarly, the identification of an existing drug, propranolol,
that can improve the chances of extinguishing a fear
memory during periods of stress could help patients
who are undertaking behavioural therapy soon after
traumatic experiences.
But these therapeutic goals are just the beginning for
Professor Maren and his lab: ‘we are now turning our
attention to brain circuits that mediate anxiety, a condition
that arises when one anticipates that bad events will happen
without precisely knowing when or where. We have identified
a region of the brain that detects uncertain threats and are
attempting to understand the circuit by which this leads to
anxiety-like behaviour.’
The team is applying its expertise using the latest research
techniques in neuroscience to discover key targets for the
treatment of all anxiety disorders, potentially aiding the many
people who struggle with these experiences in their daily lives.
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BS in Psychology from the University of Illinois, followed by
an MS and then a PhD in Biological Sciences (Neurobiology)
from the University of Southern California. He has since spent
over 20 years conducting research into the neural mechanisms
underlying emotional learning and memory in animals, and
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OLD DRUGS FOR NEW TRICKS
Dr Keith Brunt from Dalhousie University and Dr Jeremy Simpson
from the University of Guelph in Canada have pioneered research into
understanding the mechanisms of increased shortness of breath in
patients with heart failure. By applying a collaborative approach, they
have identified suitable drugs for effectively treating these symptoms to
significantly improve the quality of life of patients.

Gasping for Air
Heart failure is a rising global epidemic, with
an estimated prevalence of at least 37 million
individuals. Respiratory complications –
such as shortness of breath or ‘dyspnea’,
air-hunger or more commonly,
breathlessness – often accompany heart
failure and this severely impairs the quality
of life of the patients.
The diaphragm, a muscle that separates
the chest cavity from the abdominal cavity,
becomes weak during heart failure due
to the constant, unrelenting increase in
the work of breathing. Diaphragmatic
weakness is also a feature of other diseases
such as Chronic Obstructive Pulmonary
Disease (COPD), which involves difficulty
in emptying air out of the lungs due to a
narrowing of the airways.
The Tension-Time Index (TTI) is a quantitative
measure of the energy cost of breathing,
which indirectly measures the stress on
the airway muscles and the likelihood for
breathlessness. TTI is elevated in all diseases
involving breathlessness; however, the
mechanism of increased TTI in diseases such
as COPD is easily understood due to the
obstruction of the airways.
In contrast, airway obstruction and increased
resistance are not typically associated with
heart failure; and so the mechanisms of

increased TTI and the resulting shortness of
breath in cases of heart failure are currently
not well understood.
The Brain-Heart Pathway
Dr Keith Brunt from Dalhousie University
and Dr Jeremy Simpson from the University
of Guelph have pioneered research into
understanding the mechanisms of increased
shortness of breath in patients with heart
failure, which has led to suitable drugs
being identified for effective treatment of
these symptoms.
In a joint collaboration recently published
in Science Translational Medicine,
Drs Brunt and Simpson determined that
the same hormones – called angiotensin
and norepinephrine – involved in
exaggerating the symptoms of heart failure
through an increase in blood pressure are
also involved in weakening the diaphragm
and increasing TTI.
These hormones are released by glands
found in the kidney, and travel to the brain
where they confuse the areas of the brain
that regulate breathing, forcing the muscles
used for breathing to work harder. These
muscles then become wasted, in a process
known as atrophy. Although several drugs
are currently used to treat acute and chronic
heart failure, they often do not treat the
accompanying symptoms of shortness of
breath and diaphragm atrophy.
WWW.SCIENTIA.GLOBAL
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A Barrier to Drugs
The blood-brain barrier is a highly selective
membrane that separates the blood that
circulates through the rest of the body from
the brain and the fluids associated with the
brain. This barrier plays an important role
in protecting the brain from infections or
neurotoxins that may have entered the blood,
while simultaneously allowing transport of
very specific molecules required for the normal
function of the brain such as glucose, water
and some fat-soluble compounds.
However, due to its selective nature, the bloodbrain barrier prevents several useful diagnostic
and therapeutic agents from reaching the
brain. Hormone-suppressive drugs are widely
used to treat heart failure, but they have mixed
clinical outcomes in terms of improved quality
of life for patients.
The team from Drs Brunt and Simpson’s lab
showed that only selective pharmacological
agents that can cross the blood-brain barrier
are effective in reducing diaphragmatic
weakness in mice and subsequent difficulties
in breathing. While drugs that do not cross
the blood-brain barrier are still effective in
treating the heart and the surrounding blood
vessels, they do nothing for the associated
breathlessness.
This study emphasises the importance
of understanding the mechanism of
breathlessness in patients with heart failure
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‘Our goal in medicine isn’t just to keep people alive but for
them to have the best quality of life.’

when, how and why it happens, and what
can be done to treat both the underlying
cause and the symptoms.

to effectively treat the symptoms. The
drugs tested by the team that do cross the
blood-brain barrier and influence both the
heart and breathing are already approved
for clinical use, which greatly increases the
chances of this research having a direct
impact on clinical patients experiencing
shortness of breath after heart failure.
Dr Simpson describes the significance of
their research: ‘importantly, we don’t need
to wait for a new drug, which could take
years or even decades to develop –
physicians can begin using this information
in the art-of-medicine today and we only
have to select the right drugs for the right
patients at the right time.’
Collaborative Research
After discussion with clinicians, Drs Brunt
and Simpson carried out a seven year-long
study that focused on shortness of breath in
an experimental model, to determine what,
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Dr Simpson says, ‘unlike previous research
that examined the organs at the end stages
of the disease, we were looking at the
changes happening as heart failure develops.’
Their drive to successfully translate the
findings of their research has led to them to
several collaborations with cardiologists and
respirologists at the New Brunswick Heart
Centre to monitor patients with high blood
pressure and heart failure in a clinical study.
They describe their work as, ‘research
without borders – basic to clinical sciences
across countries using information
technology and partnerships with health
providers and industry partners.’ Both
Drs Brunt and Simpson are part of a larger
cohort called IMPART – a group of clinicians,
scientists and researchers studying the
effects of metabolic and inflammatory
diseases on the body (https://impart.team).
They are focused on understanding the
causes of and identifying effective treatments
for a range of diseases including diabetes,
arthritis, obesity and heart disease. The
team of academics and clinicians from
diverse backgrounds share research
funding, established clinical protocols,
student mentorship relationships, and
are supported by several local hospitals
and universities, all of which encourages
successful translational research.
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Strong Foundations for
Continued Innovation
Dr Keith Brunt has several years of
experience working with cardiopulmonary
diseases, and has contributed significantly
to understanding the role of respiratory
strain in inducing heart injury. In addition,
his program in experimental therapeutics
also focuses on understanding the wound
healing process in chronic diseases from
both a cell and molecular perspective,
capitalising on strategies to deliver effective
treatments to combat these diseases. Much
of his work as an early career investigator
focused on targeting specific genes involved
in heart attacks, inflammatory diseases
and aging, and has now advanced to using
nanotechnology to improve translation at the
molecular, physiological, and clinical levels.
Dr Jeremy Simpson established in a series
of papers, some in collaboration with Dr
Brunt, that stress on the respiratory system
has repercussions for both the respiratory
and cardiac systems. As an early career
investigator, he focused his attention on
understanding the reverse process – how
heart failure can affect the muscles involved
in breathing.
His research also focuses on the best time
of the day for the most effective cardiac
treatments and has established that
medications such as captopril that are used
to treat heart failure and high blood pressure

have the most benefit when administered during sleep time. Together,
the research of Drs Brunt and Simpson establish a strong foundation
for future work in advancing evidence based medicine with pre-clinical
validation in treating cardiovascular and respiratory diseases.
Focus on Strong Guidance and Mentoring

The availability of world-class infrastructure with a surgical suite
and equipment dedicated to understanding and evaluating the
physiological function and biochemical markers of heart failure and
other diseases across both the Dalhousie University and the University
of Guelph ensure that the research outputs from their laboratories are
high impact.

Drs Brunt and Simpson believe that supporting the development of
specific skills in early career researchers including graduate students
will help them thrive in their careers, academic or otherwise. They offer
extensive support to their graduate students by actively encouraging
diversity and inclusion, and often host on-line meetings with research
groups across Canada in order to encourage collaboration and allow
their students access to more expertise.

A Vision for the Future

By maintaining a critical mass of highly qualified personnel from
a range of career stages such as undergraduates, graduates and
postdoctoral researchers, the Brunt and Simpson labs provide
everyone with a diverse range of laboratory skills that further
strengthens their critical thinking, problem solving, research design,
data analysis and interpretation skills.

Dr Brunt and Dr Simpson both strongly believe in translating basic
research towards clinical applications, and are already following up
with patient studies and establishing connections with clinicians from
several heart institutes and centres across the country.

In order to ensure that students have a clear path to success, Dr Brunt
and Dr Simpson working with their graduate students devised a list of
twelve goals for their personality and research development that can
easily be translated to other industries and careers.
These include technical proficiency, the capability to troubleshoot,
critical thinking, a clear understanding of the literature and the
ability to use that understanding to come up with innovative ideas. In
addition, the other goals include creative reasoning when designing
and rationalising experiments, clarity in writing and speaking about
science, taking ownership of their project, building collaborative and
team-based skills and critically assessing the effort put in versus the
gains obtained for both individuals and teams.

‘Our goal in medicine isn’t just to keep people alive but for them to
have the best quality of life,’ says Dr Brunt. ‘We are most excited by the
potential to improve heart patients’ quality of life globally. We hope to
see heart patients enjoy their hobbies and comfortably perform daily
tasks again, without the feeling of breathlessness,’ he adds.

One of the caveats of past clinical trials that have assessed the efficacy
of drugs that act on the heart is that they have failed to measure
respiratory function – this is something they hope to explore in the
future. Dr Simpson acknowledges the road ahead of them: ‘there needs
to be more research into understanding the duration of treatment
required to alleviate breathlessness in heart patients and how to
balance and combine medications to achieve the best results.’
Their research interests also branch out into understanding how
similar mechanisms may play a role in other common and debilitating
diseases such as sleep apnea – breathing difficulties during sleep –
and COPD. Such interventions would not only help improve patient
quality of life but will also lead to an overall reduction in global
healthcare costs.
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in Physiology at the University of Saskatchewan, and subsequently
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Dr Jeremy Simpson is an Associate Professor at the University of
Guelph and heads the Simpson Lab in the university’s Department of
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A THREE-DIMENSIONAL
MODEL OF LUNG CANCER
New and successful drug development for the treatment of lung
cancer requires imaginative and creative thinking by scientists and
doctors alike. Dr Samantha Meenach and her colleagues at the
University of Rhode Island have developed an innovative approach
for testing new anti-cancer drugs before they reach the stage of
human trials.

Lung Cancer and Drug Development
Cancer is the second most common
cause of death in the United States,
with lung cancer resulting in the highest
mortality rate. Cigarette smoking is
the greatest cause of lung cancer,
with exposure to radon gas and some
industrial chemicals also contributing to
the development of the disease.
Surgery is a very effective form of
treatment for lung cancer; however, it is
usually only helpful in about a quarter
of patients at their time of diagnosis.
The current recommended treatments
for people who cannot undergo surgery
are radiotherapy and chemotherapy.
Radiotherapy involves directing beams
of ionising radiation (X-rays) into the
lung, which kill cancer cells where the
beams intersect. Chemotherapy, on the
other hand, requires the administration
of drugs that also kill cancer cells,
but these drugs often have many
unwelcome side effects on other parts
of the body. To allow the patient to
recover from the treatment, these drugs
are given at regular intervals with gaps
in between.
There are several distinct stages
involved in the development of any new
drug. Firstly, researchers will discover a
chemical that they believe will influence
a disease. Secondly, this discovery is
followed by laboratory studies, where
the drug is given to cells in plastic

dishes (in vitro), after which it can be
tested on animals (in vivo) to gain a
better understanding of how the drug
works and determine potential safety
problems. Finally, the drug is tested
on small groups of humans followed
by much larger clinical trials to test its
effectiveness, safety and side effects.
Thus, developing new, potentially better
drugs for treating lung cancer is costly.
It takes a long time and may involve
the suffering of many animals to check
various aspects of a drug’s behaviour
before it can be tested on humans. And
despite all this, many drugs fail to work
when they finally make it to human
clinical trials, or are found to be unsafe.
‘This failure is often due to poor
evaluation of drugs at the laboratory
stage,’ says Dr Samantha Meenach
of the University of Rhode Island.
‘Therefore, we need better ways
to assess lung cancer treatments
before moving further in the drug
development process.’

Individual tumour spheroid

Scientists are trying to reduce the need
for animal testing in drug development
for both ethical and scientific reasons.
Many drugs, including anti-cancer
treatments, may behave very differently
in laboratory animals compared to
humans. More realistic drug testing in
the laboratory would reduce the need
for animals and produce more accurate
results. Such improvements would also
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‘Our mini tumours act more like tumours in the lungs and thus, when
they are treated with newly developed drugs, we will have a better idea
as to the efficacy of the drug before animal or human studies’

speed up the drug development process
and reduce the costs of testing.
3D Multicellular Spheroids
Typically, when scientists wish to test
a potential anti-cancer drug, they first
grow up cancer cells in a plastic dish
filled with a liquid in a ‘2D culture
environment’. They then add the drug
to the dish to see what effect it has on
the cells.
Rather than using this 2D arrangement
of cells as a model for cancer, Dr
Meenach’s group has developed a
new in vitro model where lung cancer
cells grow into 3D spheres, which they
call ‘multicellular spheroids’. These
3D spheroids, which represent ‘minitumours’, have diameters that range
between 100 microns (one hundredth
of a millimetre) and a millimetre. It is
important to note that the team’s
mini-tumours begin as a small
collection of cells (typically around a
few thousand), just like in the early
stages of lung disease.
‘Our mini tumours act more like
tumours in the lungs and thus, when
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they are treated with newly developed
drugs, we will have a better idea as to
the efficacy of the drug before animal or
human studies,’ explains Dr Meenach.
Lung cancer tumours grow quite
differently from normal tissue within
the body. After growing for between
21 to 30 days, tumours develop into a
well-recognised three-layered structure.
The outer layer of the tumour consists
of living and actively-dividing cells, the
middle layer contains cells that are
alive but not very active and the inner
core is made up of dead cells that have
little or no access to oxygen or nutrients.
In general, tumours have a poor
blood supply as they have a smaller
number of blood vessels compared to
normal tissue, especially in the centre
of the tumour.
Drug Penetration: Getting to the
Heart of the Matter
After developing their 3D spheroids,
Dr Meenach and her team decided to
investigate how they would respond to
common lung cancer drugs and how to
improve their effectiveness. Remarkably,
they discovered that their mini-tumours
have the same layered structure as real
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lung tumours, and that commonlyused anti-cancer drugs acted mainly
on the outer layer of cells. Just like in a
real tumour, the internal cells did not
respond very well to drugs. Dr Meenach
believes that this variable response
needs to be better addressed when
probing new anti-cancer drugs in vitro,
and further development of her team’s
3D tumour model could be the answer.
To improve the effectiveness of a
particular anti-cancer drug, especially
on the cells deep within a tumour,
Dr Meenach and her colleagues coadministered a peptide with the drug
molecule. They used the peptide called
internalising arginylglycylaspartic
acid (iRGD), which has a very special
property in that it can increase the
penetration of drugs inside a tumour.
The team added both the anti-cancer
drug and iRGD to a culture containing
their 3D spheroids at the same time.
They found that the mini-tumours did
not grow as well in the presence of iRGD
and there was an increase in cancer cell
death compared to spheroids that were
exposed to the drug alone. This exciting
step forward has enabled scientists, in a

Growth of tumour spheroids
When drugs are delivered orally or through the blood stream,
they become naturally diluted throughout the body. Therefore,
a greater dose may be needed to have the desired effect on a
disease. New drugs developed for the treatment of lung cancer
may be more effective if they are delivered using an inhaler, just
like those used by people with asthma.
By using an inhaler system, the drug is delivered directly
to the lungs, which means that a smaller dose of the drug
may be used and the side effects in other areas of the body
could be reduced. In addition to this, since the drug is targeted
to where it’s needed, it can begin to act more quickly.
The actual administration of the drug would not require an
injection by a doctor or nurse, and could easily be taken by
the patient themselves.
Using their 3D spheroid mini-tumours, Dr Meenach and her
group are currently developing lung cancer drugs that can
be delivered as a spray and breathed in by a patient. The
team’s preliminary results have shown that cancer cells can
be initially treated much more effectively when using the
aerosol, compared to administration of the drug through
traditional means.
Stained tumour spheroid: green = live outer later, red = central
non-growing cells
laboratory setting and without the use of animals, to deliver an
anti-cancer drug that not only acts on the developing cells on
the outside layer of a tumour, but also penetrates the tumour to
kill the elusive internal cells.
Improved Drug Delivery
Typically, drug development experiments for lung cancer are
conducted within a liquid culture; however, this does
not accurately reflect how tumours grow within the airways
of the lungs. To make their 3D spheroid tumour model even
more realistic, Dr Meenach’s group developed a system
where the spheroids are grown in a very shallow culture.
Using the team’s approach, the cancer cells are not only
exposed to the culture liquid, but they are also exposed to
air, just like tumours in the lungs.

Future Directions
‘The next step in our work is to expand the types of lung cancer
cell types we can develop as air-grown tumour spheroids,’ said
Dr Meenach, when asked about her future plans. ‘In addition,
we will be evaluating the efficacy of aerosol anti-cancer
therapeutics on lung cancer tumour spheroids and comparing
these results against conventional 2D cell culture, animal, and
human studies.’
Dr Meenach and her group also wish to develop similar models
for different types of tumours, not just within the lung but
in other areas of the body too. By offering scientists a much
more accurate alternative to traditional 2D cell culture models,
the team’s techniques will provide a huge benefit to society,
reducing costs, animal suffering and the time it takes to
develop drugs, ultimately improving the survival rate of cancer
patients worldwide.
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ENHANCING THE EFFICACY
OF ANTI-VIRAL & ANTICANCER DRUGS
Cancer and viral infections are two of the leading causes of death
worldwide. It goes without saying that there is a need for more
effective treatment options. Dr Chris Meier from the University of
Hamburg’s Department of Chemistry has been working on exactly
that. His team’s goal is to enhance the efficacy of anti-viral therapies,
and more recently, anti-cancer drugs, by using compounds known
as prodrugs.

Fighting Disease with Antimetabolites
Viral infections are a significant cause
of death and morbidity worldwide.
Each year, approximately 1.5 million
deaths are attributed to hepatitis,
while about 1.3 million are caused by
HIV-related illnesses, according to the
World Health Organization. As a result,
scientists and health professionals are
working tirelessly to develop improved
therapeutic agents to treat and manage
these diseases.
Dr Chris Meier is a Professor of
Organic Chemistry at the University
of Hamburg in Germany, whose aim
has been to improve the effectiveness
of anti-viral drugs. His team focuses
on a group of chemicals broadly
known as ‘antimetabolites’. In cancer,
antimetabolites shut down target
cells by interfering with their normal
metabolic function – specifically,
they interfere with the cell’s ability to
synthesise DNA and RNA molecules.
However, antimetabolites acting as
antivirals interfere with the replication
of the viral genome (either RNA or DNA)
ideally without interfering with the host
cells. If this were to occur in viruses, for
example, then antimetabolites have
the potential to impede the progress of
certain diseases.

Successfully utilising antimetabolites
in treating viral infections may seem
simple. In reality, however, there are
many obstacles. One problem is that
some antimetabolites cannot penetrate
well into cells, thus limiting their
therapeutic effect. Another challenge
relates to selectivity – specifically
targeting a virus without damaging
healthy, surrounding cells and tissue.
Dr Meier’s work aims to overcome these
challenges. In particular, his research
focuses on the use of a unique set
of compounds that can expedite the
transport of certain antimetabolites
into disease-stricken cells and their
subsequent intracellular metabolism
into a pharmaceutically active form.
This strategy, therefore, has the
potential to enhance drug efficacy and
improve the treatment of disease.

sugar (deoxyribose for DNA or ribose in
the case of RNA) linked to one of the five
‘bases’ found in DNA and RNA, namely,
cytosine (C), thymine (T), adenine (A),
guanine (G) and uracil (U). Nucleoside
analogues are structurally similar, but
not identical, to naturally occurring
nucleosides, but they can have a very
different effect on cell function.

Increasing Efficacy with Prodrugs
Scientists had already been
experimenting with such a family of
antimetabolites known as ‘nucleoside
analogues’, in the treatment of cancer,
hepatitis (B and C) and HIV. Dr Meier was
inspired by the promising results these
scientists were achieving.
A nucleoside is a molecular component
of both DNA and RNA. It consists of a

WWW.SCIENTIA.GLOBAL
75

Regarding the activity of nucleoside
analogues in fighting disease, Dr Meier
explains: ‘The main mechanism of
action of these nucleoside analogues
is based on competition with the
naturally occurring nucleosides needed
to synthesise DNA or RNA. When they
are incorporated in the growing DNA
or RNA chain, they cause a termination
of the elongation process.’ So, when
nucleoside analogues are incorporated

DRUG DEVELOPMENT

into a virus’s DNA or RNA synthesis
process, they inhibit the replication of
that virus’s genome. For that reason,
nucleoside analogue-based drugs are
commonly used to target cells that are
hijacked by a virus, as they prevent
these cells from replicating viral genes,
thus halting the spread of the virus.
Early on in his research, Dr Meier
identified several factors that limit the
potency of nucleoside analogues in
stopping viral replication in infected
cells. Many nucleoside analogues
can be broken down (catabolised)
quickly, or can be prone to resistance
in the body. Another limiting factor
is that nucleoside analogues are
very inefficient at penetrating into
cells and being converted into their
pharmaceutically active form. To
address the latter, chemicals known
as ‘prodrugs’ can be used – and this
was the route that Dr Meier and his
colleagues decided to take.
Prodrugs aim to address the challenge
by more readily carrying nucleoside
analogues into a cell, and by
speeding up their metabolism into
pharmaceutically-active forms. In other
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words, prodrugs bypass some of the
more complicated and rate-limiting
steps, thus increasing the potency and
efficacy of the treatment.

known as ‘nucleoside triphosphate
prodrugs’. But, there were several
challenges associated with their use and
establishing their real-world viability.

The Promise of Nucleoside
Triphosphate Prodrugs

Overcoming the Challenges

Previous research has demonstrated
the potential of the prodrug method to
enhance the efficacy of antimetabolite
drugs, such as nucleoside or nucleotide
analogues. But Dr Meier and his
colleagues decided that the process
could be further refined to improve
performance and efficiency. Given the
complexity of the multi-step reactions
involved, it was hard to find a prodrug
strategy that maintained good efficiency
throughout the entire process. So, in the
team’s initial experimentation phase, it
really was a case of trial and error.
After intense experimentation, Dr Meier
and his team were able to develop a
family of chemicals that could bypass
all rate-limiting steps – seemingly
entering the cell with relative ease
and then being converted into a
biologically-active nucleotide analogue
within the cell. These chemicals are
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Nucleoside triphosphate prodrugs had
been studied before. However, as Dr
Meier states in one of his papers, ‘it was
common sense in the community that
the design of nucleoside triphosphate
prodrugs would be almost impossible’.
Why? It was deemed to be impractical
because they are highly unstable
during synthesis and application. Few
other scientists had also reported
poor yields. Others had reported on
the incompetence of these prodrugs
in permeating the cell. Beginning with
the latter, these were the next round of
challenges that Dr Meier wanted
to overcome.
In research published in 2015, Dr Meier
and his colleagues demonstrated
the first successful direct intracellular
delivery of nucleoside analogues using
their nucleoside triphosphate prodrug
technology. They also found that this
method could be applied to several

different nucleoside analogues. This was indeed a
very promising step. It was also at this time that they began
the ponder the merits of their strategy in treating cancerstricken cells as well (which would later become the focus of
Dr Meier’s work).

A Deeper Understanding of the Intricacies at Play

With a delivery mechanism in hand, the next step was to
improve the intracellular efficacy of the drug itself. In research
published in 2016, Dr Meier and his team developed a new
set of nucleoside triphosphate prodrugs, and they showed
that these compounds could efficiently penetrate into a cell.
Upon entering the cell and metabolising into their associated
bioactive triphosphates, they also demonstrated significant
anti-HIV activity. Dr Meier and his colleagues also made
significant improvements to the synthesis procedures used to
make these chemicals.

In a research paper published in 2017, Dr Meier and his
colleagues stated, ‘there are still some remaining tasks to
be solved. One major issue are the surprising differences in
stability of nucleoside analogue triphosphates’. Obviously,
enhanced stability (the ability of a drug to persist inside a
cell), increases its potential effectiveness. One nucleoside
triphosphate analogue, for example, had a notable intracellular
stability of 35 hours. On the other hand, some were only stable
for five hours under the same experimental conditions. Dr Meier
also highlighted that, although he and his team did indeed
develop an improved method for transporting drugs into cells
and improving their metabolic efficiency, there is currently no
data on the relevant uptake mechanism, nor any data on the
quantity of drug that is taken up by the cell.

Interestingly, in recent experiments on mice, the results of
which have not yet been published, the team’s nucleoside
triphosphate prodrug compounds demonstrated marked
improvement in comparison to a currently used drug
against hepatitis C (HCV). Almost twice as much of Dr Meier’s
nucleoside triphosphate prodrug was converted into its
pharmaceutically active form compared with its commercially
available counterpart. This is a highly interesting result,
because Dr Meier’s compound, despite only being experimental
at this point, is seemingly more efficient than the drugs
currently used.

However, Dr Meier is more than pleased with current progress.
‘Due to successful cell membrane penetration and the direct
intracellular delivery of the higher phosphorylated metabolites,
a strong anti-viral activity was accomplished,’ he says. He and
his team had demonstrated this in the case of the HIV or HCV.
To add to this, the general applicability of the strategy means
that it has significant potential in the treatment of cancer,
especially tumours. In fact, Dr Meier has conducted initial tests
in this regard, and they have shown that prodrugs are indeed
able to efficiently penetrate different types of solid tumour cells.
These early observations are certainly promising.

Indeed, as many of the challenges have been overcome,
especially in relation to cell permeation, Dr Meier’s enhanced
anti-viral therapies are certainly taking shape.

With some further research to improve the efficacy and
selectivity of the nucleoside triphosphate prodrug strategy, the
successful treatment of solid tumours, which are typically very
difficult to treat, is on the horizon. In fact, this is the subject
of Dr Meier’s future research. Without a doubt, his treatment
strategy will be a leap forward in the fight against viruses and
cancer – two of the world’s biggest killers.
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CHEAP AND ECO-FRIENDLY
DRUG SYNTHESIS USING
BIOCATALYSIS AND ONEPOT PROCESSES
Developing more efficient techniques for synthesising complex
drug molecules is a painstaking process. However, this is
something that Dr Romano Orru of Vrije University Amsterdam
is very much committed to. His team is working towards higher
efficiency and yield in the synthesis of pharmaceutical drugs using
biocatalysis and one-pot reactions in order to improve accessibility
to life-saving medicines.

A multi-component reaction, or MCR,
is a special type of ‘cascade’ reaction
that combines three or more chemical
reactants in one reaction vessel to
form a new chemical product. The
final product often consists of all the
atoms that were present in the original
reactants. Because of this, there is very
little waste or unwanted by-product
formation compared to more traditional
syntheses.

paper he wrote: ‘Multicomponent
reactions are powerful tools for the
synthesis of complex, biologically
relevant molecules. The atom economy
of MCRs, their convergent character,
operational simplicity, and the
structural diversity and complexity
of the resulting molecules make this
chemistry exceptionally useful for
discovery and optimisation processes in
the pharmaceutical industry.’

MCRs and other cascade reactions
(processes comprising several
consecutive reactions) allow scientists
to carry out chemical syntheses
to completion in fewer steps than
conventional techniques. Generally,
they improve the eco-friendliness and
time-cost efficiency associated with the
synthesis of drugs and other high-value
organic molecules. Therefore, these
one-pot processes have the potential to
reduce our environmental impact, and
lower the overall costs associated with
producing life-saving medicines.

One of the most widely applied MCRs
for synthesising small drug-like organic
molecules is the Ugi method, discovered
by Ivar Ugi in 1959. In an Ugi MCR, four
chemical reactants rapidly combine
to form a type of molecule called an
‘α-aminoacyl amide’. These chemicals
are often used as precursors in the
production of many useful organic
substances, such as pharmaceutical
drugs. That being so, Dr Orru and his
team investigated the use of an Ugi-type
MCR to produce a new α-aminoacyl
amide derivative to use in the synthesis
of certain pharmaceuticals.

Upon reflection on the inherent
capabilities of MCRs to optimise
pharmaceutical syntheses, Dr Romano
Orru at Vrije University focused his
attention on these reactions. In a 2010

Specifically, the new derivative they
created was used in the MCR-based
synthesis of a group of chemicals
known as fused 2,5-diketopiperazines,
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or DKPs. Fused DKPs are found in several
medicines and function as anticancer,
antiviral, antifungal and antibacterial
agents. The research that Dr Orru and his
colleagues conducted was a remarkable
success. More than that, it helped
reinforce the need for more efficient,
sustainable and robust processes for
synthesising therapeutic agents. Dr Orru
and his team had essentially revealed
the adequacy of MCRs as a means of
achieving exactly that.
Another interesting feature of the
team’s approach was that they used
a biocatalyst in their MCR-based
synthesis schemes towards fused DKPs.
Biocatalysts are natural substances, such
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as enzymes, that are used to initiate or speed up chemical
reactions. The process of ‘biocatalysis’ is widely used in the
pharmaceutical industry for producing organic products. But
Dr Orru wanted to optimise the practice – focusing specifically
on maximising the efficiency of synthesis techniques across
the board. And ultimately, his team’s goal was to ensure that
these improvements would translate into real benefits for
ordinary people.
Efficient Synthesis of a Hepatitis C Drug
Hepatitis C is a bloodborne disease that infects the liver of the
host. Just under four-hundred-thousand people die from the
disease each year. The sad part is, Hepatitis C is very much a
treatable disease – as long as there is access
to suitable medical services and treatment options. One such
treatment involves a drug called telaprevir – an antiviral drug
that is administered orally. It kills off the Hepatitis C virus by
disrupting the processing of viral proteins and preventing
replication. Telaprevir was developed in response to the poor
effectiveness of many other Hepatitis C treatments.
In 2010, Dr Orru and his colleagues investigated the viability
and efficiency of a certain method to produce molecules called
substituted prolyl peptides. This group of organic molecules
is of great importance in pharmaceutical chemistry, as they
provide the key components of many antiviral agents, such
as telaprevir and boceprevir – both of which are used in the
treatment of Hepatitis C. In fact, that same year, Dr Orru’s
team would re-visit and further optimise the method they had
developed, focusing specifically on the synthesis of telaprevir.
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Up until the team commenced their work, one of the greatest
challenges associated with the synthesis of telaprevir was
the poor ‘stereoselectivity’ of many of the prevailing reaction
schemes. Stereoselectivity refers to the ability to ensure that the
preferred structural form of a molecular product predominates
over other possible structural forms after the reaction has taken
place. Stereoselectivity is a big deal in pharmaceutical science
– as having the correct structural forms in the final product is a
large determinant of the drug’s efficacy. Furthermore, greater
stereoselectivity during synthesis techniques potentially
mitigates the need for further purification and processing steps.
Because previous synthesis methods for making telaprevir
had poor stereoselectivity, they were lengthy and inefficient,
ultimately contributing to higher production costs, and
growing doubts about the drug’s commercial viability. To
address the need for greater stereoselectivity, Dr Orru and his
colleagues developed and optimised a synthetic scheme for
the production of telaprevir that included two MCRs and a
biocatalytic reaction step.
Much to the team’s delight, they were able to vastly improve
stereoselectivity and the overall efficiency of the entire process.
In fact, their optimised method consisted of only 11 steps
compared to the 24 steps in previously reported procedures.
Consequently, the team’s approach improved the overall yield
of telaprevir by a factor of eight. These results again confirmed
that the combination of MCRs and biocatalysis is an invaluable
tool for the efficient, sustainable and robust synthesis of a vast
array of therapeutic agents.
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Several enzymes have been successfully
used to catalyse reactions in the
synthesis of pharmaceuticals such as
sitagliptin, singulair and posaconazole.
Building upon this work, in a 2016
research project, Dr Orru and his
team explored the use of biocatalytic
enzymes in a one-pot reaction for the
stereoselective synthesis of pyrrolidines
under mild conditions.

Biocatalysis and One-Pot Processes
for Other Therapeutic Agents
In later research, Dr Orru’s team took a
similar approach to improve the purity
and yield of rather complex polycyclic
chemicals (molecules containing
multiple rings), namely, tetracyclic
pyrroloindolines and constrained
tryptamines. Like the research of
2010, this was a significant milestone
in pharmaceutical science. A relative
of these tetracyclic pyrroloindolines,
known as phenserine, advanced to
phase three of clinical trials for the
treatment of Alzheimer’s disease,
while constrained tryptamines have
been reported as potent and selective
inhibitors of serotonin, and thus might
be useful in treating mental illness.
Other similar drugs have been utilised in
the treatment of neuropathic pain.
After an assiduous process of trial and
error, Dr Orru and his team developed
and optimised a method that promised
greater efficiency in the manufacture of
these therapeutic agents as well. In this
case, the one-pot process (which the
team refer to as an ‘interrupted FischerIndole cascade reaction’) that they
had developed significantly increased
the yields of these drugs, while the
biocatalytic conversion of one of the
reaction precursors also allowed the
team to have greater control over the
stereoselective outcome of the process.

However, improving the efficiency
and yield of pharmaceutical synthesis
techniques would not prove to be the
only consideration of Dr Orru’s research.
MCRs and Cascade Syntheses for
Improved Sustainability
Sustainability in chemical and material
manufacturing is a genuine concern for
chemists across the globe. For example,
they strive to reduce hazardous wastes
and limit energy consumption during
the production of pharmaceutical drugs.
Of course, the goal is to lessen the
environmental impacts of production
processes. Dr Orru also esteemed
this goal, and so he and his team
investigated the plausibility of MCRs as
a way of reducing the environmental
impacts of synthesis techniques.
One pot systems are an efficient and
economical option for the synthesis
of organic products. The process is
described as ‘greener’ in the sense that
it reduces the number of steps required
to achieve the same outcome as a
comparative multi-step procedure, thus
reducing the energy required. It is also
possible to combine several catalytic
processes in one reaction vessel.
Enzymes are especially useful catalysts
in one-pot systems because they
facilitate otherwise difficult reactions
with unparalleled competence.
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With their optimised one-pot method,
the team was able to use enzymes to
‘activate’ typically-unreactive precursors
so that they would take part in the
reaction. By doing so, the researchers
were able to improve the yield of a
range of different pyrrolidines. Notably,
they were also able to improve the
overall efficiency of the process –
producing the desired products in a
sustainable manner.
Towards Better Practice and the
Associated Benefits
Dr Orru is committed to improving
the overall efficiency of organic
synthesis. Since entering the field, he
has developed notable candidates in
the emerging and highly competitive
area of one-pot cascade reactions and
MCRs. His team has demonstrated
that using optimised biocatalysts
in combination with MCRs or other
one-pot cascade processes is a viable
option for improving the reaction
time, yield and stereoselectivity
associated with the synthesis of many
useful pharmaceuticals. He has also
demonstrated the value of biocatalysis
in combination with MCRs and other
cascade reactions in the quest for more
sustainable and environmentallyfriendly production methods.
Dr Orru’s aim is to ensure that
pharmaceutical manufacture is
as economic and productive as it
can be, thus reducing the
environmental impacts of drug
development and improving
accessibility to life-saving medicines.
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THE STROKE FOUNDATION,
AUSTRALIA

The Stroke Foundation, Australia has for the last two decades
worked to support stroke survivors and their families. As ‘the
voice of stroke’ in Australia, the national charity is working to
increase community awareness and understanding of how
stroke can be prevented, and how recognising the signs of stroke
and getting access to treatment quickly can improve outcomes.
It also aims to support healthcare practitioners and researchers
to develop new innovative ways to prevent and treat stroke and
promote rehabilitation, improving quality of life for survivors. In
this exclusive interview, the Chief Executive Officer of the Stroke
Foundation, Australia, Sharon McGowan tells us about their
work with the community to prevent, treat and beat stroke. She
explains how the Foundation works alongside stroke survivors
and their families, healthcare professionals and researchers, to
build community awareness and foster new thinking. Their aim is
to support survivors on their journey to live the best possible life
after stroke.
INTEGRATED HEALTHCARE
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‘The stroke challenge is looming large for our communities and the
health system in Australia. Today, there is one stroke every nine
minutes within Australia, by 2050 this number is set to increase to
one stroke every four minutes.’

Can you tell us why it’s important to support research into stroke
prevention, treatment and rehabilitation in Australia and across
the world?
Stroke is a largely preventable and treatable disease. Yet, stroke is a
leading cause of death and disability globally. Research will help us
beat it.
Over the past two decades, the massive advances we’ve witnessed in
the diagnosis and treatment of acute stroke have led to a significant
reduction in the lives lost to this terrible disease. Stroke may no
longer be the death sentence it once was, but for the 26 million stroke
survivors globally and the more than 475,000 stroke survivors living
in the Australian community its impacts are far reaching and lifechanging.
There is still so much we don’t know about the mysteries of the brain.
Twenty five percent of stroke causes are unknown. Breakthroughs in
stroke prevention, treatment and recovery are needed now more than
ever.
Please describe the areas of research you are currently supporting
and your research priorities.
The Stroke Foundation Research and Innovation Fund supports the
translation of high quality research into changes in practice, policy
and knowledge – research that can translate into improving real world
practice.

The Stroke Foundation provides grants to support early-to-middle
career researchers to expand our collective knowledge and
understanding about stroke. We focus on this group to fulfil our aim to
increase capacity in research on stroke. We also focus on areas where
there is a recognised gap in evidence and knowledge.
By providing seed grants, we empower clinicians, health professionals
and scientists to explore their research questions, to test their concepts
and implement their innovative ideas. We also support clinicians,
health professionals and scientists to follow research as a chosen
career.
The results, data and evidence from research support by the Stroke
Foundation assists participants in securing much larger, longer-term
research grants from other funding organisations. We also partner with
hospitals, research institutes and other major organisations to fund
multi-disciplinary national and international trials.
Current research priorities are – long term stroke recovery support.
This includes transition of care from hospital to a general practitioner,
follow-up interventions to assist patients once at home and long-term
support to reduce their unmet needs.
High quality acute stroke care. This particularly addresses aspects of
care highlighted in the Clinical Guidelines for Stroke Management that
are considered best-practice care, e.g., access to stroke unit care, and
time critical treatment. The aim is to facilitate translation into practice.
And finally, support for Carers as this is important for the health and
well-being of survivors of stroke as well as caregivers themselves.
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‘There has been a consistent lack of strokespecific funding and poor resourcing costing
us lives and money.’

stroke treatment and care; starting in the
ambulance and progressing through hospital
and rehabilitation to the transition home.
We also partner with the community
to deliver a number of key awareness
campaigns throughout the year. These
include Australia’s Biggest Blood Pressure
Check and National Stroke Week. This year
for Australia’s Biggest Blood Pressure Check
we delivered more than 56,000 health checks
across the country helping people learn more
about stroke and identify and manage their
stroke risk. Stroke Week is held in September
each year, and thousands of community
events are held across the country. This year
we focused on educating people on the signs
of stroke F.A.S.T.
The FAST test is an easy way to recognise and
remember the signs of stroke. Using the FAST
test involves asking these simple questions:
Face – Check their face. Has their mouth
drooped?
Arms – Can they lift both arms?

Can you briefly tell us about Associate
Professor Bruce Campbell’s research using
brain imaging to aid procedures to remove
clots from the brain, which has been
hailed as a breakthrough?
The Stroke Foundation Research and
Innovation Fund combined with the Heart
Foundation, Royal Melbourne Hospital
Foundation and NHMRC (National Health
and Medical Research Council) has
supported pioneering research to improve
treatment of ischaemic stroke patients with
large blocked vessels in the brain in whom
standard clot-busting medication is less
effective.
Hailed as a major breakthrough, Associate
Professor Bruce Campbell’s research
combined advanced brain imaging of
ischaemic stroke patients to identify those
who could benefit from restoring blood flow
with a minimally invasive procedure. This
delicate microscopic surgery removes the
clot that is blocking blood supply to the brain
and caused the stroke.
When combined with traditional clotdissolving treatment, this innovative new
approach led to 70 percent of patients
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returning to independent living, as compared
with 40 percent of patients who received the
standard treatment.
Crucially this case study demonstrates how
evidence-based research is needed to effect
significant changes in traditional stroke
treatment. Research has the power to save
lives, prevent disability and ultimately reduce
the burden of stroke on our community.
As well as supporting research projects,
tell us how you work to inform public
and political opinion and influence policy
to improve standards of stroke care in
Australia?

Speech – Is their speech slurred? Do they
understand you?
Time – Time is critical. If you see any of these
signs, call an ambulance straight away.
We build on these campaigns with activities
and advocacy throughout the year.
The Stroke Foundation also operates a
dedicated website for the stroke community
called EnableMe (www.enableme.org.au)
which provides them with an avenue to
communicate with other stroke survivors and
access fact sheets, and one for the clinical
community called InformMe (www.informme.
org.au) which keeps members up to date on
stroke developments.

The Stroke Foundation is the voice of stroke
in Australia. We work to raise the awareness
of stroke, facilitate research and support
stroke survivors.

Can you tell us more about the National
Stroke Audit and its importance for
clinicians and researchers and other
projects where the use of data and
information is being applied?

Through the national audit program, the
Stroke Foundation accesses a snapshot
of stroke treatment and care in Australia.
It provides a measure of adherence to
important aspects of care recommended
in the Clinical Guidelines for Stroke
Management. The latest update to the
Guidelines was launched this September,
including 250 recommendations for

The Stroke Foundation’s national audit
program provides a comprehensive
snapshot of stroke treatment and care in
Australia. The Stroke Foundation collects
and evaluates data on the delivery of stroke
care using standard indicators based on
the best-practice recommendations of the
Clinical Guidelines, as well as Stroke Service
Frameworks and Acute Stroke Clinical Care
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Standard.
The National Stroke Audit is conducted
annually but alternates between acute and
rehabilitation services. Stroke clinicians can
access their audit data online via InformMe
and use it to benchmark their performance
and use the tools provided to improve
performance on key criteria.
The Stroke Foundation also played a key role
in the development of the Australian Acute
Stroke Clinical Care Standard. The Standard
enhances the Clinical Guidelines and aims
to support the delivery of appropriate care,
reduce unwarranted variation in care, and
promote shared decision making between
patients, carers and clinicians.

‘The Stroke Foundation Research and
Innovation Fund supports the translation
of high quality research into changes in
practice, policy and knowledge – research
that can translate into improving real world
practice.’

Tell us more about how you support the
early career development of researchers.
The Stroke Foundation focuses its grants
program on early to mid-career researchers.
These are the researchers who find it
hardest to gain funding to support their
research careers, and so by supporting these
researchers we are contributing to building
capacity in research in stroke. We provide
relatively small amounts of funding to
conduct pilot or feasibility studies. The grants
provide an opportunity for researchers to
take their first step towards a big idea.
By providing seed grants, we empower
clinicians, health professionals and scientists
to explore their research questions, to
test their concepts and implement their
innovative ideas. We also support clinicians,
health professionals and scientists to follow
research as a chosen career. The results, data
and evidence from research support by the
Stroke Foundation assists participants in
securing much larger, longer-term research
grants from other funding organisations.
Finally, what do you see as the biggest
challenges facing clinicians and
researchers working to prevent and treat
stroke in the next ten years? Tell us about
your longer-term plans to tackle these
challenges.
The stroke challenge is looming large for
our communities and the health system in
Australia. Today, there is one stroke every
nine minutes within Australia, by 2050 this
number is set to increase to one stroke every
four minutes. Like many countries around the
globe our population is ageing.
Stroke is a largely preventable and treatable

disease. Research has seen significant
advancements in stroke however, currently
only a small percentage of Australian stroke
patients are getting access to the latest
treatments and ongoing specialist care that
we know saves lives.
We know regional Australians are 19 percent
more likely to suffer a stroke than their
metropolitan counterparts. Due to limited
access to best practice treatment, regional
Australians were also more likely to die or be
left with a significant disability as a result of
stroke.
It doesn’t need to be this way. There has
been a consistent lack of stroke-specific
funding and poor resourcing costing us lives
and money. Health professionals are doing
their best in a health system that is already
stretched. If action is not taken now to
address stroke prevention and inequality of
care imagine the burden in 2050.

and Torres Strait Islanders. A national
action campaign to ensure every Australian
household has someone who knows FAST –
the signs of stroke and to call an ambulance.
Stroke is a time critical medical condition.
Time saved in getting people to hospital and
treatments = brain saved.
The action plan also includes a nationally
coordinated telemedicine network – breaking
down the barriers to acute stroke treatment.
Working to ensure all stroke patients have
access to stroke unit care, and spend enough
time on the stroke unit accessing the services
and support they need to live well after
stroke.
Finally, it also includes development
of ‘Living’ Clinical Guidelines for Stroke
Management to accelerate world class
treatment and care for Australians with
stroke, ensuring the latest advancements in
research are translated into clinical practice.

The Stroke Foundation has called for a
funded national action plan to address the
prevention and treatment of stroke, and
support for stroke survivors living in the
community.
Key elements included a national action
plan to promote absolute risk assessment
of cardiovascular disease for adults aged
45–74 years and from 35 years for Aboriginal
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EMPOWERING INDIGENOUS
COMMUNITIES:
MODERN SOLUTIONS TO
COLONIAL PROBLEMS
Dr Fiona Stanley and her team of multi-disciplinary researchers at
the Centre for Research Excellence in Aboriginal Health and Wellbeing
use novel strategies to empower Indigenous Australians and promote
public health.

Australian communities, and is setting an
example for the rest of the world.
A Career of Service

An Institutional Legacy of Failure
Worldwide, the destructive effects of
European colonisation continue to plague
indigenous peoples today, often through
pervasive and persistent systemic racism.
The Aboriginal and Torres Strait Islander
peoples of Australia are a prime example
of these effects. Aboriginal Australians
experience higher rates of poverty, illness,
poor mental health and low self-esteem,
incarceration, and ongoing consequences of
stolen generation trauma.
Despite millions of dollars spent on public
health initiatives for Indigenous Australians,
Aboriginal populations continue to
experience higher rates of infant mortality,
preventable diseases, mental disorders,
suicide, and shorter life expectancies.
Discriminatory practices and racism,
both overt and subliminal, are major
contributing factors to the compromised
health of Aboriginal communities. Numerous
studies have linked the ‘everyday racism’
experienced by Aboriginal peoples and
disenfranchised populations worldwide to
higher stress rates and poorer overall health,
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and the effects of racism extend beyond
individual experience. Systemic racism
contributes to lack of cultural understanding
and commitment among mainstream health
providers, perpetuating the failure of many
public health interventions led by nonAboriginal teams.
All too often, government initiated
programs intended to aid marginalised
populations fail to involve members of
these populations when designing the
program. As a result, such programs have
frequently been ineffective and inappropriate
in the communities they were meant to
serve. Dr Fiona Stanley heads a diverse
team of Indigenous and non-Indigenous
Australian researchers at the Centre for
Research Excellence in Aboriginal Health and
Wellbeing, dedicated to shifting the paradigm
driving Aboriginal public health initiatives
by partnering with Indigenous Australians
to develop effective programs that both
serve and empower their communities.
The problems of Aboriginal populations
are complex and interwoven, but the
multifaceted approach of Dr Stanley’s team
is driving positive change in Indigenous
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Dr Stanley began her career in Perth in the
1970s as a young doctor working in child
health. She found herself repeatedly treating
Aboriginal children flown in from remote
settlements, nursing them back to health
only to return them to the same problematic
environments. ‘I realised that clinical treatment
of sick Aboriginal children was not the best
way to improve Aboriginal health and that
we needed to understand the pathways
causing disease and other poor outcomes,’ she
explains.
Determined to get in front of the problem,
rather than treat the aftermath, Dr Stanley
joined the Aboriginal Advancement Council
in East Perth, and soon found herself visiting
reserves and missions all over Western
Australia to learn more about the conditions
afflicting Aboriginal families. This experience
led her to further her education in public
health in the United Kingdom, and upon
returning to Perth she established the Western
Australia Maternal and Child Health Research
Database (MCHRDB) to begin quantifying data
on births and maternal and childhood health.
Through developing strong friendships with
Indigenous community leaders, she began to
understand the complex nature of improving
Aboriginal health. In order to create healthier

‘The solutions to closing this gap include recognition of the history of colonisation,
reducing racism, understanding the power of culture and land and giving power and
responsibility to Aboriginal people and organisations to enable effective services’

CREDIT: Dr Cheryl Kickett-Tucker
Aboriginal communities, living conditions,
education, employment, and cultural
self-esteem all need to improve as well.
She recognised that creating change in
these communities would require a holistic
effort and needed to involve and empower
Aboriginal leaders.
In 1990, Dr Stanley founded the Telethon
Institute for Child Health Research,
dedicated to investigating and preventing
childhood diseases and disabilities. The
Telethon Institute is committed to training
and supporting the group of researchers
that cared the most about the plight of
Indigenous communities – Aboriginals
themselves. The Institute has trained
numerous Aboriginal PhD and masters
students, and facilitated their progression
into leadership roles. By employing
Aboriginal health workers as research
assistants, the Telethon Institute has been
able to enrol more Aboriginal mothers and
babies in longitudinal research studies, and
perform research in Aboriginal communities
that far exceeded any previous public health
efforts led by non-Aboriginal teams.
In 2005, with a team of Aboriginal
investigators, the Institute secured a five-year
capacity building grant to train numerous
Aborginal PhD students. In 2010, many of the
newly trained Aboriginal researchers from the
Telethon Institute partnered with the Western
Australian Aboriginal Controlled Health
Organisation and Kulunga Research Network

to secure a 5 year, 2.5 million dollar grant
to form the Centre for Research Excellence
in Aboriginal Health and Wellbeing (CRE).
The grant laid out goals for a revolutionary
approach to Aboriginal public health – seven
years later the CRE is an internationally
renowned beacon for transformative
approaches to public health.
Lofty Goals
Dr Stanley and her team recognised that
to truly alter Aboriginal health trajectories,
it was not enough to follow the standard
procedure of delivering pre-packaged care
without considering community culture
and readiness. They needed to partner with
and engage the Indigenous Australians that
would be receiving care, and in the process,
address socioeconomic drivers of health,
combat systemic racism in healthcare
delivery, and facilitate leadership and
empowerment in Aboriginal communities.
They recognised that by taking a holistic
approach that promotes community building
to create healthier environments from the
onset, they would not simply be putting a
band aid on existing conditions, but getting
to the root causes behind health disparity in
disenfranchised communities.
Their goals were to generate new knowledge
that would lead to improved health
outcomes, and to ensure this knowledge
was translated into changes in public health
policy and practice, while simultaneously
facilitating collaboration with Aboriginal
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groups and researchers, as well as advancing
the training of new Aboriginal researchers
and community leaders.
New Knowledge About Old Problems
The CRE’s approach to augmenting
knowledge about the unique health
challenges facing Aboriginal communities
involves both quantitative and qualitative
strategies. To develop comprehensive
childhood and maternal datasets, the CRE
researchers built on and combined data from
three major Aboriginal health initiatives: the
Developmental Pathways Project (DPP), a
study following Aboriginal individuals for
over 30 years from before birth through
adulthood; the Western Australian Aboriginal
Child Health Survey, a survey of 1 in 5
Western Australian Aboriginal children; and
Dr Stanley’s own MCHRDB, which continues
to compile data on maternal and childhood
health in Indigenous Australian populations.
The comprehensive quantitative data
gathered from these measures has allowed
CRE researchers to distinguish risk factors
and health trajectories unique to Aboriginal
communities and identify solutions and
interventions tailored to these communities.
The CRE combined these results with
community engaging qualitative research to
develop a holistic perspective on the unique
challenges Aboriginal communities face.
Using Community based Participatory Action
Research (CPAR) methods, the team partners
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CREDIT: Dr Juli Coffin

CREDIT: Dr Cheryl
Kickett-Tucker

perpetuate the impacts of colonisation, by reinforcing exploitative
paradigms and racist perspectives. The CRE recognises that in order to
strengthen Aboriginal communities and enact effective change, their
research must be in partnership with Indigenous peoples, structured
to facilitate positive narratives and perceptions, and tracked to ensure
only effective strategies persist.
To accomplish this aim, CRE researchers analyse Aboriginal data in
contrast to the population as a whole, rather than making race specific
comparisons. This helps to reduce the sense of fatalism often seen in
research on marginalised groups, and is more effective in identifying
factors associated with positive health outcomes that may be unique to
Indigenous populations.
The CRE is dedicated to testing the effectiveness of the tools they
develop, and maintaining a critical track record of how well their
research programs translate into positive health outcomes. In addition
to the talented Aboriginal researchers that lead many CRE programs,
members of the local Aboriginal community are involved in planning
and implementation at the onset of each initiative. This meaningful
engagement increases overall participation and fosters collaboration
between public health workers and the communities they serve. Finally,
the CRE works to promote the successes of Aboriginal-led programs
through an extensive outreach strategy in the community at large. The
combination of these tactics ensures that the CRE’s efforts work to
elevate rather than marginalise Indigenous Australians.
Aboriginal Researchers Empowering Aboriginal Communities

with Aboriginal people to build communities. CPAR techniques focus on
establishing dialogue with disenfranchised and marginalised groups,
empowering them to create positive social change, while recognising
and deconstructing systemic racism imposed by colonisation. One of
the greatest pitfalls of previous government interventions has been lack
of cultural sensitivity and awareness. The CRE is working to develop
new measures of cultural competence by which government and nonprofit organisations that offer services to Aboriginal communities can
be measured.
Strong cultural identity is highly associated with mental wellbeing
among the youth of marginalised groups, yet many Australian schools
actively suppress the racial identity of Aboriginal students. The CRE
is working to measure the association between cultural identity and
wellbeing across the lifespan, in order to strengthen Aboriginal racial
identity and pride in positive and empowering ways. Through all of
these initiatives, the CRE is gathering the most comprehensive datasets
on Indigenous Australian health and wellness ever collected, while
working to identify and dismantle systemic racism and discrimination
that has contributed to Aboriginal struggles.
Shifting Policy for a Brighter Future
To enact genuine positive change in marginalised populations, data
collection alone is not enough. This is illustrated by over 20 years of
research on Aboriginal communities, that has served to build many
researchers’ careers, but done little to improve the plight of Aboriginal
families. If anything, many past research efforts have served to
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One of the subtler lasting effects of colonisation is the tendency to view
Indigenous peoples as needing non-Indigenous saviours to lift them
out of poor conditions. While this perspective may be well-intentioned,
it is problematic because it takes power away from fully-capable
Aboriginals and reinforces the false notion that they are somehow
lesser than their European contemporaries. ‘The main solution to these
issues to give the power, capacity, responsibility for them to Aboriginal
researchers and professionals,’ explains Dr Stanley. The CRE combats
the ‘white saviour’ narrative by supporting the careers of Aboriginal
scientists and researchers, and developing cohesive teams of Aboriginal
and non-Aboriginal collaborators working together towards a shared
goal of Aboriginal empowerment and community responsibility.
They accomplish this through two primary approaches. First, they
collaborate tightly with numerous Aboriginal organisations and groups
to cooperatively foster programs that benefit Indigenous Australians.
This approach ensures that CRE programs are well received across
many Aboriginal communities and that positive programs with focuses
beyond public health continue to succeed in these communities.
Second, the CRE is dedicated to promoting early- and mid-career
Aboriginal researchers, community leaders, and public health workers.
The Centre actively recruits both Aboriginal and non-Aboriginal PhD
students that are dedicated to culturally sensitive public health. It
provides facilities and financial support for Aboriginal researchers and
research initiatives, along with a well-established mentoring program
that is supportive and culturally sensitive.
Through the efforts of Dr Stanley and the researchers at CRE,
Aboriginal peoples are empowered to improve their conditions and
enjoy healthier lives and communities. The Centre has become an
internationally recognised leader in translational research that enables
marginalised communities to live better lives.
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Meet the researchers

Dr Fiona Stanley, Australian of the Year in 2003, is a vocal advocate for
the needs of children and their families. She was the Founding Director
of the Telethon Kids Institute, established in Perth from 1990 until 2012.
She continues to advocate for the Institute, research and families as
their Patron. She is trained in maternal and child health epidemiology
and public health, and has spent her career researching the causes of
major childhood illnesses such as birth defects.
E: fiona.stanley@telethonkids.org.au
Dr Juli Coffin is a prominent Aboriginal researcher with research
expertise in cultural security, education and research across a diverse
range of chronic diseases, nutrition, contextualising bullying, and
health promotion. She holds a Bachelor of Education, a Masters of
Public Health and Tropical Medicine and a PhD with an award in
excellence, combining her education and cultural learnings to deliver
outstanding translation of research into practice.
E: juli.Coffin@nd.edu.au
Dr Pat Dudgeon is an Aboriginal psychologist and Fellow of the
Australian Psychological Society and a Professor at the School of
Indigenous Studies at UWA. She is actively involved with the Aboriginal
community and her primary research focus includes Indigenous social
and emotional wellbeing and suicide prevention. She is currently the
director of the National Empowerment Project – an Indigenous suicide
prevention project working with eleven sites in Aboriginal communities
across the country.
E: pat.dudgeon@uwa.edu.au
Dr Michael Wright is an Aboriginal researcher who has an extensive
and varied array of experience in Aboriginal health, mental health, and
education. He holds a PhD from Curtin University, a Masters in Applied
Epidemiology from ANU and a Bachelor of Social Work from the
University of Western Australia. His research experience and expertise
are highly regarded and recognised in the Aboriginal community, with
Government and non-Government agencies, and policy-makers.
E: michael.wright@telethonkids.org.au
Dr Cheryl Kickett-Tucker, an Aboriginal researcher, holds a PhD
from Edith Cowan University, Perth, a Masters from the University of
Oregon, a Bachelors of Applied Science and an Associate Diploma of
Applied Science from Edith Cowan University, Perth. In 2008, Cheryl
founded Pindi Pindi Pty Ltd- Centre for Research Excellence in Aboriginal
Wellbeing, a research hub representing urban Aboriginal people.
She has dedicated her career to Aboriginal community development
programs.
E: cheryl@koya.org.au

Mr Glenn Pearson is an Aboriginal researcher and is the Head of
Aboriginal Research and leads the Kulunga Aboriginal Research
Development Unit at the Telethon Kids Institute. A trained primary
school teacher, he has 15 years of experience within the Australian and
State Governments in a range of areas including health, education
and child protection. Mr Pearson ensures that the Institute’s research
reflects the needs of Aboriginal families and is conducted in accord
with Aboriginal community ethical and cultural protocols. He is
currently completing a Doctorate at the University of Western Australia,
exploring delivery of child protection, health and educational services
to Aboriginal families.
E: glenn.pearson@telethonkids.org.au
Dr Roz Walker is the Head of Aboriginal Maternal Health and Child
Development at the Telethon Kids Institute, where she works on several
projects which aim to address the social and cultural determinants that
impact on Aboriginal maternal, child and adolescent outcomes. She is
a Chief Investigator on several national ARC Indigenous Discovery and
NHMRC Project grants, and has been involved in research, evaluation
and education with Aboriginal communities building local capacity
within both Aboriginal and non-Aboriginal organisations for thirty
years.
E: roz.walker@telethonkids.org.au
Dr Rhonda Marriott has over 40 years of experience as a registered
nurse and midwife. In 2003, she was invited to become the inaugural
Head of the School of Nursing at Murdoch University – becoming the
first Indigenous Head of a University School of Nursing in Australia.
Over the past 5 years, Rhonda has focussed on full-time research and
applies community participatory action research methods to address
questions of concern to Aboriginal people and communities. She is the
lead investigator on an NHMRC study investigating culturally secure
birthing experiences of urban Aboriginal women and their families; and
is a chief investigator on 15 other funded research projects.
E: R.marriott@murdoch.edu.au
Dr Sandra Eades is Australia’s first Aboriginal medical doctor to be
awarded a Doctorate of Philosophy, with a focus in epidemiology at
the Institute for Child Health Research, Perth. Her research career has
focused on the epidemiology of Indigenous child health in Australia.
Over the past decade, she has made substantial contributions to the
area of Aboriginal health and has provided leadership at a national
level in Aboriginal research.
E: sandra.eades@baker.edu.au
Dr Dawn Bessarab is an Aboriginal researcher and Director for the
Centre for Aboriginal Medical and Dental Health at the University of
Western Australia. She advocates the importance of understanding
the cultural traditions of Aboriginal people and is engaged in research
looking at interventions and collaborative approaches to addressing
health issues affecting Aboriginal people. Dawn is a chief investigator
on a number of National Health and Medical Research Council grants
and her expertise in Aboriginal research is highly regarded.
E: dawn.bessarab@uwa.edu.au
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LIFE-SAVING DATA:
HOW BREATHING ‘SAFE’
AIR CAN KILL
Air pollution can have serious health impacts. However, until now, the
link between air pollution and death had not been comprehensively
shown in the US, especially for rural areas and underrepresented
populations. Using data science methodologies, Dr Francesca Dominici
and her team at Harvard University have robustly demonstrated
the adverse – and sometimes fatal – effects of air pollution at an
unprecedented level of spatial and temporal detail.

Death from Air Pollution
While air pollution is frequently considered
a nuisance, it is unthinkable to most that
we can die from it. Yet this is exactly what
happened in late October 1948, when a wall
of thick smog descended on Donora, a mill
town in Pennsylvania. Like pollution from
cars today, the Donora residents were used
to smoke spewing from the smokestacks
of nearby zinc and steel mills, so they went
about their normal routines, unaware of the
danger that surrounded them.
By the evening of Oct 29th, people walking
outside could not even see their hands in
front of their faces. Susan Gnora, a 62-year
old resident, started to gasp and cough.
She died the next day. It is estimated that
6,000 people fell ill and at least 20 people
were killed in one of the worse air pollution
disasters in US history. Donora’s 1948 historic
‘killer smog’ transformed our perception of
air pollution as an annoyance to potential
killer. Unfortunately, air pollution still kills,
with 3.3 million annual premature deaths
globally (representing 5.86% of global
deaths) attributable to outdoor air pollution.
In the US, improvements in air quality
historically began in 1963 with the Clean Air
Act. The Environmental Protection Agency
(EPA), established in 1970, altered the Clean
Air Act to include the National Ambient
Air Quality Standards (NAAQS), which set
exposure limits for six major air pollutants.
Fine particulate matter, defined as inhalable
particles with a particle size of less than
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2.5 µm (PM2.5), is one of the major NAAQSregulated pollutants. In the US, the main
contributors to PM2.5 include different
modes of transportation and coal-based
electricity generation.
From the 1970s onwards, hundreds of articles
have shown a correlation between PM2.5 and
adverse health outcomes, such as mortality
(number of deaths) in urban populations
and decreased life expectancy. Because of
these findings, policy makers have lowered
the allowable amount of PM2.5 in the air for
NAAQS. The current NAAQS has set an annual
limit for PM2.5 levels at 12 µg (micrograms)
per cubic metre of air (µg/m3). The aim of
the NAAQS is to protect the population,
especially vulnerable members who may be
especially sensitive to harmful effects of air
pollution, such as children or elderly persons.
The current threshold was previously
updated in 2012 and is to be reviewed every
5 years.
It is predicted that as communities meet the
stricter required standards, fewer people will
fall ill and die from air pollution. Despite this,
one question remains. Are current standards
adequate to protect human health in the
light of recent scientific data?
Harnessing Data to Understand the
Dangers of Air Pollution
One of the pioneers at the forefront of
public health research to understand
the adverse impacts of air pollution
is Dr Francesca Dominici, Professor of
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Biostatistics at the Harvard T. H. Chan School
of Public Health and co-director (alongside
Dr David Parkes) of the Harvard Data Science
Initiative at Harvard University. Her research
is dedicated to understanding the health
impacts of various environmental threats
through comprehensively analysing large,
heterogenous datasets. Her team’s research
provides critical scientific evidence needed to
inform various health policies worldwide.
Previously, others have published studies
investigating the relationship between longterm exposure to PM2.5 and mortality. However,
these data only covered well-monitored urban
areas and populations with a higher than
average socioeconomic status. Consequently,
little had been known about long-term health
effects of air pollution in smaller cities, rural
areas or amongst people with lower income.

‘The current understanding is, the Environmental Protection
Agency is setting safety standards and if pollution is below
that standard, everyone is safe. That’s basically not what the
scientific evidence is saying.’

exposure and death rate. The researchers
found no evidence of a safe level of air
pollution – a concentration that does not
affect mortality – at concentrations as low as
5 µg/m3.

To shed much-needed insight into this
knowledge gap, Dr Dominici and her team
conducted a nationwide study, published in
the New England Journal of Medicine, of all
Medicare-eligible people living in the US from
2000 to 2012. The 13-year data period (from
January 1st, 2000 to December 31st, 2012)
covered 61 million people – more than 96%
of whom were aged 65 years or older.
Using previously established prediction
models and monitoring data from the
EPA, she determined the daily PM2.5 and
ozone concentrations for nationwide grids
that are 1 km by 1 km, thus providing
unparalleled spatial and temporal resolution.
The massive sample size also allowed for
unprecedented accuracy and statistical
power in the estimation of pollutionassociated mortality amongst racial
minorities and disadvantaged people.

Dr Dominici and her team found that each 10
µg/m3 increase in annual exposure to PM2.5
(independent of ozone) is associated with a
7.3% increase in all-cause mortality (risk of
death from any cause), which is equivalent
to 120,000 fatalities just among people aged
65 or older. Additionally, they discovered that
each increase of 10 parts per billion of ozone
(molecules of ozone per billion molecules in
the air) increases all-cause mortality by 1.1%
(leading to 19,000 deaths among the elderly).
Most importantly, when they further analysed
subgroups, the team found that men, racial
minorities, and Medicaid-eligible persons
(i.e. those of low income) had a higher risk of
death related to PM2.5 exposure compared
to the general population. Moreover, even
when PM2.5 concentrations were below the
currently allowed 12 µg/m3, there was still
a significant association between PM2.5
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Dr Dominici’s findings strongly suggest that
lowering the annual exposure limit to below
12 µg/m3 for PM2.5 will produce important
health benefits, especially amongst racial
minorities and people with low income. If
fine particulate matter was decreased by only
1 µg/m3 across the US, 12,000 lives would
be saved annually. If ozone was reduced by
one part per billion, an additional 1,900 lives
would be saved every year. The data also
provide a stark warning – the loosening of
current restrictions, accompanied by cuts to
the EPA, would have devastating impact on
public health.
Even Short-Term Exposure to Air Pollution
Can Kill
In the study discussed above, Dr Dominici’s
research team revealed the link between
long-term exposure (one year or greater) to
air pollution and mortality. But what about
the effect of short-term (daily or hourly)
exposure to PM2.5 or ozone on death rates?
In 2012, the 24-hour NAAQS for PM2.5 was set
to 35 µg/m3. For ozone, there was no annual
limit, but the 8-hour NAAQS was set to 70
parts per billion. To date, several studies have
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already revealed that short-term exposures to PM2.5 or ozone are linked
to mortality. However, previous datasets primarily covered urban and
well-monitored areas. Therefore, Dr Dominici and her team mined the
same dataset they used in their long-term exposure study to uncover
the potential health impacts of short-term exposure to fine particles
and ozone.
For this study, which was published in the Journal of the American
Medical Association (JAMA), Dr Dominici and her group restricted their
analysis to days with daily air pollution concentrations below the
current NAAQS (i.e. below 25 µg/m3 for PM2.5 and 60 parts per billion for
ozone), since most days included in the study were already well below
the current safety requirements. During the study period, greater than
22 million persons included in the analysis died.
Notably, they found that each 10 µg/m3 increase of PM2.5 was
associated with an increase in daily death rate of 1.05%, while each rise
in ozone of 10 parts per billion was correlated with a daily death rate
of 0.51%. Although these percentages may sound small, Dr Dominici
emphasises that the number of deaths add up when the entire
population of American seniors is considered. For example, an increase
in just 1 µg/m3 in daily PM2.5 would lead to 550 extra deaths per year,
equivalent to more than 7,100 premature deaths over the study period.
For ozone, an increase in just 1 part per billion of daily ozone would
lead to 250 extra deaths per year or 3,250 extra deaths over 13 years.
Furthermore, even when the analysis of daily PM2.5 levels were
restricted to below 25 µg/m3, the association between short-term PM2.5
exposure and mortality remained, but was elevated – a similar pattern
was observed for ozone. This strongly suggests that air pollution is
linked to an increase in daily death rates, even at levels well below
currently allowed safety standards. This suggests that the current
national air quality standards need to be re-evaluated.
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Making a Mark on Global Public Health and Regulatory Policy
Harnessing the power of current computational techniques and sound
statistical methodology, Dr Dominici’s ground-breaking and important
findings supports the need to regularly revise regulatory policies to
account for new scientific data. Her team’s crucial research also shows
that there are no ‘safe’ levels of PM2.5 or ozone exposure. The higher
the exposure, the higher the risk, even at levels well below current
safety requirements. The team’s results thus provide a strong impetus
for policy makers to increase the stringency of NAAQS. Loosening
environmental restrictions, on the other hand, would have devastating
effects on public health.
These investigations may have implications for environmental
monitoring and forecasting of pollutant exposure. This would allow
sensitive individuals at risk to develop personalised protection
strategies, such as staying indoors on heavy pollution days.
Nonetheless, these individual-level protections can only complement,
not replace, the ultimate solution of pollution controls. Emission
controls required by the Clean Air Act have been shown to prevent
hundreds of thousands of premature deaths, with economic benefits
far outweighing costs.
Dr Dominici also hopes that these compelling findings will cause the
public to rethink the decision to dismantle the EPA and cut its research
budget. Nevertheless, one thing is clear, Dr Dominici and her team will
continue to develop new statistical methods and new data science
tools to understand the public health impacts of environment threats
and influence policy makers to make needed changes in regulatory
policy, saving countless lives in the future.
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Meet the researcher
Professor Francesca Dominici
Department of Biostatistics
Director Harvard Data Science Initiative
Harvard T. H. Chan School of Public Health
Harvard University
Boston, MA, USA

Professor Francesca Dominici completed her PhD in statistics at the
University of Padua, Italy, in 1997. Afterwards, she worked at Johns
Hopkins Bloomberg School of Public Health at Johns Hopkins
University for a number of years, starting with her postdoctoral
training and culminating in a Professorship position at the
Department of Biostatistics. In September 2009, she moved to the
Harvard T. H. Chan School of Public Health at Harvard University,
where she is currently a Professor of Biostatistics. Alongside Dr
David Parkes, she is also the co-director of the Harvard Data Science
Initiative. Her pioneering research broadly focuses on developing and
advancing methods for the analysis of large, heterogeneous datasets
to identity health impacts of environmental threats and inform policy.
Through rigorous statistical analyses of terabytes of data, Professor
Dominici and her team have provided the scientific community and
policy makers with robust evidence on the adverse health effects of air
pollution, noise pollution and climate change. Her ground-breaking
studies have directly impacted air quality policy, leading to more
stringent ambient air quality standards in the US and advanced public
health research worldwide.
CONTACT
E: fdominic@hsph.harvard.edu
W: https://sites.sph.harvard.edu/francesca-dominici/
  @francescadomin8

KEY COLLABORATORS
Qian Di
Antonella Zanobetti
Christine Choirat
Joel Schwartz
FUNDING
The Health Effects Institute
EPA
NIH
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TACKLING TRAUMA:
A REVOLUTIONARY
APPROACH TO EMERGENCY
MEDICAL CARE
The multiple injuries sustained in a traumatic accident put victims’ lives
at risk and can be difficult to diagnose accurately in fast paced emergency
room settings. Dr Kayvan Najarian and his team of researchers at the
University of Michigan are designing advanced automated trauma decision
support systems that can help emergency physicians make critical timesensitive decisions in life or death situations.

The Trouble with Trauma
Trauma, the medical term that includes the
vast range of injuries that might be sustained
during an accident such as a car crash, is
the leading cause of death for United States
citizens under the age of 41. In cases of
severe trauma, it is common for a patient
to have sustained many injuries in multiple
parts of the body, and the lives of these
patients often depends on a quick
and accurate diagnosis, followed by a
treatment plan that prioritizes the most
dangerous injuries.
Patients arriving in the emergency room
with severe injuries present some of the
greatest challenges for medical staff and are
at the greatest risk for further complications
if a poor diagnosis is made or treatment
is delayed. Thus, tools that aid in making
these critical decisions can be the difference
between life and death.
Often doctors are in a rush to obtain as
much diagnostic data as possible as quickly
as possible, and a Computed Tomography
scan or CT scan is often the tool of choice
to quickly assess the extent of damage to a
patient’s bones and internal organs following
an accident. ‘In the majority of traumatic
injuries, patients suffer from polytrauma,
that is, they often suffer from trauma to
multiple systems and parts of the body,’ says
Dr Kayvan Najarian, Associate Professor of
Emergency Medicine at the University of
Michigan. ‘In particular, pelvic and abdominal
injuries often accompany brain injuries.
Consequently, information contained in
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head, abdominal, and pelvic CT scans are
among the most important medical data
available for clinical decision-making.’
During a CT scan, the patient lays inside a
special machine that uses x-ray technology
to create multiple digital images of ‘slices’
of a patient’s body. When these images are
stacked together it creates a 3D model of the
inside of the body, allowing doctors to assess
internal injuries without making any cuts or
employing any invasive techniques.
Dr Najarian’s background is in electrical and
biomedical engineering, which he began
applying to CT images in 2008, when his team
worked to develop an improved method
of analyzing CT brain scans following a
traumatic head injury. Typically, following a
CT scan, the multitude of image slices must
be carefully aligned before a 3D analysis of
the structure can be performed.
To speed the analysis of brain CT scans, Dr
Najarian’s team created an algorithm to align
the image slices more quickly and detect
abnormalities. In addition to a clearly defined
midline, the brain contains four major
fluid-filled cavities called ventricles, where
spinal fluid is produced. The algorithm starts
by locating the midline, then aligning the
location of the ventricles.
By comparing to a database of healthy and
injured brain scans, the program is then able
to suggest potential injury sites to doctors to
aid in diagnosis. Dr Najarian and his team are
now focused on developing computerized
methods of aiding in CT assessments.
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‘The main research focus of the Biomedical
and Clinical Informatics lab has been the
creation of computer-aided decision systems
for complex clinical problems, in particular
designing automated decision support
systems,’ Dr Najarian explains. ‘In collaboration
with numerous researchers in engineering,
basic sciences, life sciences, as well as
clinicians, we identify clinical problems that
can be solved by mine and my lab members’
research gains in signal processing, machine
learning, and image processing. These
systems are designed with the express purpose
of translating this research to operational
clinical settings.’

‘We have developed a computer-assisted decision support
system capable of rapidly analyzing large volumes of patient
information to generate accurate treatment recommendations
and outcome predictions.’

Revolutionizing Pelvic Injury Diagnosis
After their success in augmenting CT
processing for brain scans, Dr Najarian and
his colleagues began to explore other ways
that advanced image analysis algorithms
could be used to aid in medical decisions
and help in emergency trauma situations.
Their next point of focus was the pelvis. Due
to the proximity of many major organs to
the pelvis, pelvic injuries can be some of the
most threatening to a patient’s immediate
health and are highly associated with
increased mortality rates.
Unfortunately, when a patient has sustained
many traumatic injuries it is more likely
that one will be missed, particularly when
the injury is to an internal structure –
misdiagnosis of the most critical injury occurs
in 16.2% of multiple trauma situations, which
increases to 19.6% when there are multiple
abdominal and pelvic injuries, and 39.5%
when both the pelvis and limbs are involved.
CT scans of the abdomen and pelvis
are among the most important tools for
assessing the severity of internal injuries
but can contain massive amounts of
information that are difficult to process
through visual inspection alone. The
pelvis contains multiple complex bone
structures that naturally vary in shape and
size between individuals, and the abdomen
contains multiple organs that exhibit a

similar grey intensity on standard CT scans,
making it more difficult to detect edges and
abnormalities within these regions.
The first goal of optimizing pelvic CT analysis
is to accurately map bone location and
placement in relation to the other organs in
the pelvic region. In 2009, Dr Najarian and his
team developed a novel method of creating
3D maps of bone locations from CT images
to enhance bone structure visualization. This
innovative method of processing preserves
accurate shape and size of bones in the 3D
model rendered from 2D CT images. The
next step in the process was much more
complicated – could the team’s system learn
to detect fractures?
The pelvis is a particularly difficult area
for a computer to detect fractures in – the
bones have complex structures, with a
great amount of variation between different
people, and many bones that are close
together may create gaps that a computer
could interpret as a fracture where no
fracture exists. Even the trained eye of an
experienced emergency room doctor can
easily miss pelvic fractures on a CT scan – the
complexity of this area fools people and
computers alike.
In 2012, Dr Najarian and his team debuted
a new version of their pelvic CT analysis
software that utilizes a novel algorithm to
detect fractures in pelvic bones. The system
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first identifies and maps bone boundaries,
then uses known anatomical data to locate
fractures automatically. In 2013, the team
updated the system with an even more
robust image analysis algorithm that
combines data from each CT image
to accurately identify fractures, even
when patients have more unique natural
pelvic shapes.
Beyond Bones: Locating Soft
Tissue Damage
Dr Najarian and his team realised that one
of the greatest challenges for a system that
aids trauma injury diagnosis is locating
the soft tissue damage that can often be
more deadly than a broken bone. Internal
hemorrhaging in the abdomen or pelvis is
one of the greatest concerns for doctors, as it
is the leading cause of death within 24 hours
of an accident.
Detecting hemorrhages quickly after trauma
is critical to patient survival. Yet historically, it
has been highly time consuming for doctors
to locate hemorrhaging manually from CT
images, delaying the time-sensitive decisionmaking process that can mean life or death
after a traumatic accident. In 2012, the team
developed a new method of automated
hemorrhage detection and boundary
mapping from CT data.
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Their system starts by analyzing each slice of a CT scan for unusual
blood pooling – if a hemorrhage is found in a given slice, the system
then uses it as a starting point to build a 3D model of the hemorrhage
boundaries within the pelvis. The software is able to compare this with
known anatomical data to identify normal areas of blood flow, such
as large veins, and reduce false positives. The use of this technology
drastically reduces the amount of time it takes doctors to identify
and diagnose internal bleeding, saving crucial time in a trauma
patient’s treatment.
Another critical challenge for CT based diagnosis is differentiating
and diagnosing damage to the many organs in the pelvic region. Solid
organs, such as the spleen and liver, look very similar on the x-ray
imaging technology employed by standard CT machines. As with other
areas of the pelvis, identifying organs and damage can be difficult for
both the human eye and a machine.
In 2015, Dr Najarian and his team demonstrated that their software
system could be trained to accurately assess spleen health from a CT
scan. Using a unique edge-finding technique, the system is able to
differentiate between minute variations in shades of grey to find the
boundaries of the spleen and identify lacerations and hemorrhaging in
the organ. This technology can be applied to other organs, and when
combined with the lab’s other imaging algorithms forms a powerful
system to aid emergency physicians.
Dr Najarian describes, ‘we have developed a computer-assisted
decision support system capable of rapidly analyzing large volumes
of patient information to generate accurate treatment
recommendations and outcome predictions. This patented technology
intends to provide a near-real-time system to assist medical caregiver
decision-making in traumatic pelvic and abdominal injury cases by
extracting information from all available patient data, especially CT
scans, and integrating the extracted features using machine learning
to generate prediction, warning, and treatment recommendations at
every stage of patient care.’
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Transforming the Use of CT in Trauma Care
Working with emergency medicine researchers at Virginia
Commonwealth University and the University of Michigan, along with
the Michigan Center for Integrative Research in Critical Care, Dr Najarian
and his team are now piloting the use of their automated trauma
decision support systems in real life hospital settings. Through the use
of multiple advanced algorithms, the system is able to first analyze CT
scan data to detect injury, and then combine its findings with patient
demographic data to make predictions for the best course of action for
that individual patient’s treatment.
The system accurately makes critical predictions such as how many
days the patient will need to stay in the intensive care unit, and the
likely scenarios for care following their release. Dr Najarian states, ‘the
next step for the polytrauma project is to develop a fully functional
polytrauma decision support system suitable for commercialization.’
The team hopes to release the system for use worldwide in the
near future. With further development, the system could streamline
emergency room and intensive care unit functions, such as how much
plasma a patient will need, the potential success of various surgical
outcomes, along with medications and dosage requirements.
In addition to the trauma decision support system, Dr Najarian’s team
is working on other technologies that could revolutionize healthcare,
such as an automobile system that could predict the onset of a severe
cardiac event and alert a driver prior to complications that could
compromise driving safety.
They are also working on a program to automate the interpretation of
coronary angiogram videos visualizing heart blood vessels and building
an international dataset of such videos for medical research use.
The tools developed by Dr Najarian and his team are bringing cuttingedge innovations to patient care and saving lives in the most difficult
of situations.

WWW.SCIENTIA.GLOBAL
98

Meet the researcher

Dr Kayvan Najarian
Department of Computational Medicine and Bioinformatics
Department of Emergency Medicine
Michigan Center for Integrative Research in Critical Care
University of Michigan
Ann Arbor, MI, USA

Dr Kayvan Najarian began his education in Iran at the Sharif University
of Technology, earning a bachelor’s degree in Electrical & Computer
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National Research Council Canada
– Medical Devices Research Centre

CREDIT: National Research Council of Canada

The National Research Council of Canada (NRC) celebrated 100
years of existence in 2016. It has a rich history of contributions
in medical device innovation, from the development of one of
the first cardiac pacemakers in the early 1950s, to the first massproduced electric wheelchair, to more recent inventions in the
medical imaging sector.
In this exclusive interview, Dr Jean-François Houle, Director
General of the Medical Devices Research Centre of the NRC,
tells us about their work to support commercialisation and
translation of the NRC’s vast knowledge and intellectual
property-base, in the fields of biosensors/biochips, functional
nanomaterials and microdevices, in vitro diagnostics,
implantable devices, medical simulation and digital health
technologies. All this is achieved through a large-scale program
aimed at supporting the industrial medical devices sector,
academia, and other federal government departments in
fulfilling their research imperatives.
INTEGRATED HEALTHCARE
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‘The aging population and the rising tide of chronic
illnesses will cause a dramatic increase in healthcare
needs which in turn will cause a significant burden to
healthcare systems across the world.’
CREDIT: National Research Council of Canada

Can you tell us a little about your current role in supporting
commercialisation of new medical technologies and your vision
and goals for the future?
We provide our clients with R&D services, access to professional
experts, and world class scientific infrastructure. We engage in research
services agreements to help develop novel shared intellectual property
or adapt NRC intellectual property to fit the needs and sector focus of
our clients.
While our most recent activity has largely supported later stage
technologies with a shorter path to commercialisation, we foresee a
larger role in acting as a translational engine for novel ideas originating
both from the NRC investment in science and technology platform
development as well as from other sources such as academia, other
government departments, clinicians, and industry. In the near future,
it is our intent to make significant investments in newer platform
technologies that can serve as core technologies for new segments of
the industry.
Finally, for nearly 70 years, the National Research Council of Canada
Industrial Research Assistance Program (NRC–IRAP) has been
stimulating wealth creation for Canada through technological
innovation. The program provides technology assistance to small
and medium-sized enterprises (SMEs), at all stages of the innovation

process, to build their innovation capacity and successfully take
their ideas to market. NRC–IRAP helps SMEs identify and understand
technology issues and opportunities and provides linkages to the best
business and R&D expertise in Canada.
Please tell us about the potential healthcare benefits of supporting
the development of new medical devices and technologies.
It is becoming increasingly clear that patients and individuals are
demanding more personalisation of care – the growing demands on
the healthcare system with the aging population and the number
of individuals living with chronic conditions will force the system to
become more efficient and more value-based, hence the term
precision medicine.
Precision medicine requires richer sources of data to make betterinformed decisions about care. This information comes from better
diagnostic modalities, better integrated data analysis platforms,
patient-centred information and smarter devices.
Briefly describe how you are supporting Canadian medical device
companies to develop innovative medical technologies. What can
you offer your collaborators?
We can play a number of roles depending on our client’s needs. We can
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‘It is clear that care must be decentralised from costly
treatment centres like hospitals and be more predictive,
participatory and preventative much like the tenets of
personalised or precision medicine.’
CREDIT: National Research Council of Canada

Our Simulation and digital health group
focusses on three research activities:
Medical Task Simulation to develop software
tools to facilitate training of healthcare
delivery; Cognitive Care to develop Virtual
Reality/Augmented Reality software tools
to complement the assessment and
remediation/management of cognitive
deficits; and thirdly, Interactive Remote
Care to develop software tools to support
remote patient management. Each research
activity is supported by a corresponding core
software platform.

CREDIT: National Research Council of Canada

act as inventors in internal research projects,
the results of which are made available to
our clients to augment their own intellectual
property, or in collaboration with our clients
where we co-develop intellectual property
that fits with their product vision.
As innovators, we help translate
breakthrough technology into a ‘proof
of concept’, with an eye towards
commercialisation and manufacturability.
Finally, as technology integrators, we can put
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into play the vast expertise of our
1,800 research colleagues at the NRC
to incorporate technologies from other
sectors and provide a total system
solution for our clients.
Can you tell us a bit about the research
infrastructure you support and the
research facilities available to aid
development and commercialisation of
medical technology?
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Our microfluidics facilities, located in
Boucherville, houses state-of-the-art
infrastructure for rapid prototyping of
microfluidics. The NRC has pioneered the
development of a Canadian Science and
Technology platform for low-cost, industrially
translatable, micro-nano device fabrication
to support the emergence of a national
ecosystem of molecular-based medical
devices empowering in-vitro diagnostics,
genomics-based precision medicine, cellbased therapy and regenerative medicine.

Representing an investment of $15 million into this unique science and
technology platform for the fabrication of integrated bio-analytical
micro-nano devices – its development has resulted in the publication
of more than 150 peer-reviewed articles in high-impact journals and 25
patented technologies (60 patents worldwide).

CREDIT: National Research Council of Canada

The National Research Council’s activities on biomaterials and
implantable devices target the development, design, manufacturing,
and testing of biocompatible materials and devices. We have unique
expertise and infrastructure on materials processing that covers
a wide range of materials including metals, polymers, ceramics,
coating, composites, as well as fabrication processes as diverse as
injection moulding, pressing, extrusion, film processing, foaming, and
a comprehensive testing suite for mechanical, structural, or chemical
analysis. Our expertise in simulation supports the optimisation of
fabrication processes as well as the design and optimisation of devices.
The National Research Council expertise has been successfully used
to support the development of devices from ‘proof of concept’ to
transfer to industry. These platforms and infrastructure serve as
collaborative engines through which the NRC is delivering solutions
for Canadian companies, addressing government priorities through
collaborations with federal departments and international Research
Technology Organisations. Ultimately, this makes the NRC a unique
‘one-stop-shop’ in Canada, to support product development by
bridging innovations to market.
Can you give us examples of the kinds of technology you are
currently developing or have been particularly promising or
successful?
A powerful engine for real-time medical simulation is currently
being adapted for a number of our customers for their specific
surgical training applications. More notably, a version of this engine
was at the core of a novel neurosurgical simulation system. Labelled
the NeuroVR, it was successfully licenced to CAE Healthcare in January
2016. It has been showcased around the world and recognised as
the most realistic surgical simulation platform in the world. More
recently, with the support of Bayer Inc., the National Research Council
developed a first-of-its-kind pulmonary endarterectomy surgery
simulator that has the potential to improve the quality of life for
thousands of Canadian patients.
Our one-of-a-kind facilities and expertise in bioanalytical micro
and nano-devices are being used by a number of clients looking to
automate and miniaturise analytical processes using our proprietary
microfluidic cartridge and systems. For example, the National Research
Council’s Medical Devices Research Centre and the Canadian Food
Inspection Agency have developed a device that can identify one of the
most dangerous bacteria that can enter our food supply in as little as 20
minutes. The new method is a dramatic improvement over the current
test which takes a full day to complete.

Our considerable expertise in materials and manufacturing processes
has led to the development of a proprietary titanium foam process
which in turn has been incorporated in novel implants for the veterinary
market as well a novel titanium screw for orthopaedic application in
humans. The NRC-McGill porous screw technology developed for the
treatment of scaphoid fractures recently obtained clearance from the
Food and Drug Administration.
This is an important milestone in the development and
commercialisation of the technology. The device was developed jointly
by surgeons from McGill University and NRC researchers. Licenced to
Amorchem™ in 2012, the company sees a good opportunity for the
technology that supports the development of a therapeutic strategy
where less metal and more bone mean better and faster healing.
Finally, what do you see as the biggest challenges that could be
tackled by innovative medical technology in the next ten years?
The aging population and the rising tide of chronic illnesses will cause
a dramatic increase in healthcare needs which in turn will cause a
significant burden to healthcare systems across the world. Coupled
with healthcare consumerism and the desire to move away from
volume-based care (short-term cost) to value based care, to sustain
productivity and quality of life, this phenomenon will provide a
tremendous opportunity for medical devices entrepreneurs.
It is clear that care must be decentralised from costly treatment centres
like hospitals and be more predictive, participatory and preventative
much like the tenets of personalised or precision medicine. Diagnostic
technologies, digital technologies, and smart devices all hold the
promise of delivering solutions for these needs.

The process developed by the two teams can easily be adapted to
detect other bacterial or viral contaminants, and even allergens in food
products. The new testing device has been patented and based on the
interest the technology has generated in Canada and other countries,
a Canadian company has acquired a licence to manufacture and bring
the device to the commercial market.
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LJARI: CREATING
CUTTING-EDGE SYSTEMS
FOR ADDICTION RESEARCH
Founded by Catherine Rivier, Maury Cole and Bette Cessna, La Jolla
Alcohol Research, Inc (LJARI) is developing cutting-edge systems for
researchers in the field of alcohol and drug addiction.

A glass of cold beer after a hot day of hard
work. A glass of wine on your anniversary
dinner. A cocktail at the beach, complete
with jaunty umbrella. We drink alcohol on
many occasions, for many reasons – it acts
as a way to relax and a means to celebrate.
A ubiquitous drink that we have enjoyed
throughout history, alcohol forms an almost
inseparable part of much of our culture.
Yet alcohol has a darker side – one in which
the glass of beer or wine leads to another
glass, and another, and so on into drunken
paralysis. A side in which the feeling of
celebration is replaced by the feeling of
anger, where that one cocktail on holiday
turns into a bottle of bourbon each night. A
side where alcohol becomes a toxic friend
who destroys your life and yet one whom you
simply cannot live without.
Alcohol addiction is a major problem across
the world, driven by the cheap cost of
alcoholic drinks and the ease of obtaining
them. Yet despite this, we often have
difficulties saying why addiction occurs –
what exactly is the difference between the
dependent alcoholic and the social drinker?
Where does addiction start and how does
it progress? How does alcohol dependence
affect our health, be it in the short term or the
long term?
These questions become even more
difficult to answer when we move beyond
alcohol and look into the field of drug
dependence. The sheer variety of drugs that
are available in modern society means that
researchers need to cover more ground, yet
the illegal nature of the addiction means
that researchers are often poorly funded.
Despite this, the same questions need to be
answered – where does addiction begin, how
does it progress, and what are the health
implications?
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As with many questions about human
behaviour, the answers revolve around a
number of factors, from the psychological to
the neurochemical. This in turn means that
researchers in the field of addiction must
balance many different factors when trying to
identify those that have the strongest or most
critical effects. This is often done through the
use of animal models – most commonly the
mice and rats that are used in laboratories
around the world. Both species can develop
alcohol or drug dependence, and both
develop health issues that are analogous to
human ones. For this reason, much groundbreaking work in the field of addiction has
been performed with the help of animal
researchers.
Mice and rats are, naturally enough, different
to humans. Humans drink alcohol because
they enjoy it and they enjoy the effects it
brings. Rats dislike the taste of alcohol as
well as the effects, which means that they will
voluntarily drink it up to a certain point but
no further. This aversion to alcohol means
that rats are a good model for the bloodalcohol levels of short-term binge drinkers,
yet cannot simulate the much greater,
continuously-high levels of alcohol found in
the system of a human alcoholic. Methods
do exist to reach these higher blood-alcohol
levels, usually by injecting or force feeding
the rats with alcohol. However, these are
stressful for the animals, producing a number
of stress-related hormones that can interfere
with the biochemical mechanisms being
studied. Similarly, these methods are difficult
to perform over long periods of time, making
them an unreliable simulation of alcoholism.
There is thus a need for better modelling of
alcoholism in animal models, and it is this
need which the team at LJARI set out to fulfil.
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New Solutions for Addiction Research
LJARI, short for La Jolla Alcohol Research Inc,
was founded in 1997 by Professor Catherine
Rivier from The Salk Institute, and Maury Cole
and Bette Cessna, both from The Scripps
Research Institute. Their roles eventually
evolved into that of Chief Science Officer and
Scientific Head (Catherine Rivier), CEO and
Head of Design Engineering (Maury Cole)
and Director of Operations and Head of the
Business Team (Bette Cessna). The company

The single-chamber self-administration e-VapeTM vapor inhalation system

is currently located in La Jolla, California, a
beautiful region with a number of highlyreputed research institutions. ‘San Diego
County represents one of the top alcohol
and drug dependence research areas in the
country,’ says Bette.
The company was founded with the intent
of commercialising an alcohol vapour
system that Maury Cole had developed
as part of his previous work in the field.
The original system, developed to assist in
experiments for a large Alcohol Research
Centre grant, works by vaporising ethanol
and incorporating it into the airflow entering
the rat cages. The rats then inhale this and
it becomes rapidly incorporated into the
bloodstream, leading to high blood-alcohol
levels with none of the stress-related
problems associated with other methods.
‘Physiological relevance to humans is
paramount in animal research,’ explains
Maury. ‘The panic response and stress factors
induced by handling rodents presented a
huge barrier, as this panic response is not
present in humans who drink alcohol.’
The company was originally funded with the
help of the highly competitive Small Business
Innovation Research grants – funding
which was vital for the development of the
commercial vapour system. With the ability

to provide specific levels of alcohol vapour to
up to eight animal cages, the LJARI system
offers an extremely useful level of control
for researchers in the alcoholism field. In
particular, the ability to set up the cages with
bedding and toys meant that the rats would
feel perfectly comfortable while becoming
very drunk – an excellent model for the
human experience.
The basic technology and available
modifications (such as advanced safety
features or the ability to allow rats to dose
themselves) meant that the LJARI system
has been widely taken up by the research
field, with machines installed in laboratories
across the world. In the US, the company’s
products are currently being used at top
academic institutions and federal agencies,
such as the National Institute on Drug Abuse
(NIDA), the National Institute on Alcoholism
and Alcohol Abuse (NIAAA), the Food and
Drug Administration (FDA), Mayo Clinics, the
Scripps Research Institute, the Salk Institute,
Yale University and Harvard University. ‘We
custom build each system to order, because
the combinations are so varied.’ says Bette.
‘Our customisation ability enables us to give
investigators exactly what they need for their
research.’

ground breaking discoveries based on
data gathered through the use of the LJARI
machines. For example, researchers from the
Scripps Institute have worked with alcoholdependent rats who have been provided with
high levels of vaporised alcohol through the
use of LJARI systems. These rats were treated
with a compound that led to inactivation of
certain neurons within the amygdala – a part
of the brain critical for memory, emotion and
decision making. The researchers found that
by targeting specific subsets of the amygdala,
they were able to produce a long-term
decrease in alcoholism in the dependent rats.
This in turn suggests that the region could be
targeted in the development of treatments
for humans.
Tools to Investigate the Dangers of
E-Cigarettes
Although the company was founded with a
focus on alcohol studies, LJARI eventually
branched out into several other areas
of addiction research. One of these is
nicotine, and in particular, the simulation
of e-cigarette use. E-cigarette use is rapidly
booming across the developed world, driven
by increased restrictions on plain cigarettes
and a corresponding belief that they are the
‘healthier’ alternative.

These products have led to a number of
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before. ‘Voters have made their feelings on legalized marijuana very
clear,’ notes Bette, ‘and most, if not all states are expected to vote for
legalisation within the next decade.’ This wave of legalisation is bringing
new technology and venture capital into the marijuana field. One of the
outcomes of this change is the development of e-cigarette cartridges
which contain THC – the active compound found in marijuana. ‘The
resulting vapour does not have the traditional marijuana smell,’
explains Bette, ‘making it very easy for folks to walk down the street
vaping marijuana, even in states where it has not been legalised.’
This is concerning for both regulatory and research agencies – the
effects of e-cigarettes are poorly understood – the effects of vaporised
cannabinoids even less so. With a strong position in simulating
vaporised compounds, LJARI was thus in an excellent position to
extend the capabilities of their system. A further Small Business
Innovation Research grant was obtained, allowing the team at LJARI
to extend the e-VapeTM system into one that can deliver marijuana,
psychostimulants, opioids and various other drugs. These systems
are highly sought after: ‘Every time a system is built, we schedule to
photograph the system so it can be added to our website,’ says Maury,
‘then a lab begs us to fill their order now and wait to photograph the
next one! “We don’t care if it’s a prototype, we want it now” is not
exactly a problem we will complain about!’
As a relatively new system, the majority of the publications developed
using data from the e-VapeTM system have focused on establishing the
ability of the system to simulate many of these drugs. For example, rats
can be provided with vaporised stimulants such as methamphetamine
(speed) or mephedrone, and will then show the heightened activity
and movement that we associate with methamphetamine users.
Similarly, the system has been shown to work with vaporised THC, with
rats showing typical symptoms of intoxication such as reduced body
temperatures and slower reflexes.

Vapor generator with the vape tank on top

A more recent work conducted by NIDA showed that rats could be
provided with vapour forms of the opioid Sufentanil – the strongest
opioid painkiller which can currently be used by humans. The rats
rapidly developed an addiction to the Sufentanil, seeking out hits when
possible and showing signs of withdrawal (shaking, teeth-chattering)
when denied. ‘We’re really excited to have such a huge range of drugs
being used with our e-VapeTM system,’ says Bette, ‘especially given the
opioid addiction crisis in the US.’
Plans for the Future
The actual health risks are relatively unknown for e-cigarettes, as
the pace of research is much slower than the pace of commercial
development. ‘Because of the explosive growth of e-cigarette use, the
NIH, CDC, FDA and other federal and state agencies began allocating
funding to e-cigarette research, as data is desperately needed for safety
and regulatory policy,’ says Maury. E-cigarettes rely on the production
of vaporised liquid that contains nicotine, and thus were a perfect
match to the systems already developed at LJARI. The new system,
known as e-VapeTM, allows researchers to study the long-term effects of
e-cigarette fumes on animal models.

La Jolla Alcohol Research, Inc is currently going from strength to
strength, developing innovative systems for researchers in the field of
alcohol and drug addiction. Although the team’s latest experiments
have predominantly been focused on establishing the LJARI system
in the field of drug-related research, follow-up studies will begin to
investigate the biological and neurochemical mechanisms behind
addiction, as well as the long-term health effects of these treatments.
This will help scientists and doctors determine how best to treat human
drug and alcohol-dependence, which in turn, will help save many from
their toxic relationships.

Inhalation of addictive compounds is, naturally, not limited to nicotine
and tobacco. The ever-expanding legalisation of recreational marijuana
means that more and more people are legally inhaling than ever
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Maury D Cole
President and CEO
La Jolla Alcohol Research, Inc.
La Jolla, CA
USA

Maury Cole began his scientific career in 1985, when he worked as an
animal lab technician in the Department of Animal Research at The
Scripps Research Institute until 1987. While also working as a supervisor
at the Agouron Institute, he simultaneously completed his degree in
Biology at San Diego State University in 1989. Since the completion of
his degree, he worked as a senior research associate in the Department
of Neuropharmacology at The Scripps Research Institute. Maury is one
of the founders and the current CEO of La Jolla Alcohol Research, Inc.
With over a decade of experience in animal handling and many years
working with rodent models of alcoholism, Maury was the perfect
person to develop what would become the LJARI alcohol vapour
system and the follow-on e-VapeTM system. With over 13 publications to
his name from these systems alone, and more on the way, Maury Cole
has significantly advanced the field of alcohol and drug research.
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MULTI-SENSORY TOOLS
FOR AUTISM
For children with autism, communication can be a challenge.
Drawing from a wealth of clinical experience, speech pathologists
Lois Brady and Matthew Guggemos at iTherapy, LLC are developing
innovative, engaging multi-sensory communication tools with the
aim of improving quality of life for individuals with autism.

Autism spectrum disorder is a lifelong neuro-developmental condition.
Currently, one in 59 children in the
USA and over one in 100 of the UK’s
population are born with autism
spectrum disorder – and the incidence
is rising. It manifests itself as a number
of symptoms and behaviours that affect
the way in which individuals understand
and react to the world around them.
People on the autism spectrum often
have problems with social interaction
and communication because they find
it hard to understand and use spoken
language. In fact, around 40% of people
diagnosed with autism are non-verbal.
Speech and language therapy, as
well as behavioural, educational, and
occupational interventions can help to
provide support. People on the autism
spectrum each learn and develop
in different ways, so their needs and
levels of support vary considerably.
There are a range of tools available
to help individuals overcome their
communication barriers – including the
use of pictures, gestures, sign language,
visual aids, or speech-output devices
like computers.

scientists and assistive technology
specialists who are dedicated to helping
people on the autism spectrum.
Drawing on their clinical experience,
the group aims to improve technologybased interventions for autism
spectrum disorder. Through their
evidence-based approach, they
have developed a powerful software
application – InnerVoice. This innovative
tool uses an emotionally expressive
software-based speech-generating
communication system, specifically
designed for individuals who struggle
with social communication.
Their tool provides a combination
of facial expressions, emotions,
written words, and actions with speech,
offering a complete multi-sensory
learning experience.

Finding your InnerVoice

Brady, a speech pathologist with over
25 years of experience says: ‘We at
InnerVoice are dedicated to improving
quality of life for people who struggle
with communication challenges. We
believe that the current technology
is ready but underutilised and that
communication can be mastered if
people are provided with the right tools.
We make those tools.’

One constraint of communication
systems is that they often fail to convey
emotions. This is where the work of
Lois Brady and Matthew Guggemos
at iTherapy LLC comes in. Brady and
Guggemos lead a team of speechlanguage pathologists, communication

The team has researched key areas
of language development and skill
acquisition and applied this knowledge
to influence and shape the design of
InnerVoice, truly addressing the complex
communication needs of people on the
autism spectrum.
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Say What You Feel
Our emotions, whether they be sadness,
anger or happiness, are important
communication tools that help us to
express our ideas, feelings, and wishes.
Brady and Guggemos recognised that
the ability to convey emotions, through
tone of voice or facial expressions,
could have far-reaching benefits for
individuals with communication
challenges. In their project, ‘Say What
You Feel’, the researchers explored
the idea that synthesised emotional
communication could be exploited to
enhance educational communication
systems. The team created and tested an
emotionally expressive software-based
speech-generating system, specifically
designed for individuals with little or no
verbal communication ability.
In a series of experiments, the team

‘We at InnerVoice are dedicated to improving quality of life for
people who struggle with communication challenges. We believe
that the current technology is ready but underutilised and that
communication can be mastered if people are provided with the
right tools. We make those tools.’

measured the ability of the software
to portray the human emotions anger,
happiness, sadness or neutrality.
Integrating a combination of facial
recognition software along with
emotional speech algorithms was found
to most accurately convey emotions on
the InnerVoice tool.
Engaging Animated Avatars
Children with autism have difficulty
understanding facial expressions,
recognising familiar faces and
mimicking social-communicative
behaviour. This is in part due to slowdeveloping activity of mirror neurons
in the brain, which play a key role in
learning. One treatment intervention
that has been shown to help stimulate
mirror neuron activity in people
with autism is video self-modelling.
This intervention helps individuals
imitate social behaviour, such as facial
expressions, or imitate movement, such
as speech production.
An innovative solution offered by
InnerVoice is to animate the image of
the user. This unique system features
interactive video self-modelling
using animated self-avatars – digital

characters that incorporate the user’s
face – giving users a greater opportunity
to understand, predict and mimic social
behaviour that they see in everyday
situations. The avatars are intrinsically
engaging to a child with autism. Since
engagement has been shown to be
vital for successful learning, this ability
to pique the interest of the child makes
the app especially effective.

of people with autism and motivates
them to engage in communication.
InnerVoice’s interface coordinates the
user’s point on the screen with the
avatar’s eye gaze, thereby helping teach
the relationship between pointing and
eye gaze – two crucial factors in learning
word meaning and social behaviour.

Giving a Voice to Children with Autism

From an early age, neurotypical
children – outside of the autistic
spectrum – learn social, cognitive, and
communicative skills through listening
to speech and looking at faces. Infants
identify socially important people, like
parents or caregivers, and learn how
to understand other people’s feelings
and emotional well-being through
recognising, interpreting, and mimicking
their facial expressions.

Joint attention is a pivotal skill
that influences communication
development and social interaction,
enabling children to communicate with
adults as well as their peers, sharing
what is in their minds. Another crucial
communication skill is theory of mind –
a social-cognitive ability that involves a
number of skills such as understanding
a person’s intentions, sharing attention,
and tracking eye gaze.
Despite their difficulty sharing attention
with another person, research has
shown that people on the autism
spectrum can be highly motivated and
focused when they use computers or
mobile devices as learning tools. The
InnerVoice avatar attracts the interest
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Neurotypical Development

Dr Deb Roy and his team at MIT found
that children learn words by
accumulating numerous interactions
within linguistic, temporal, and spatial
contexts. In fact, the ’birth of a word’
is triggered by the length and speed of
caregiver’s words or sounds, produced
in one or more of these three contexts.
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By producing easy-to-imitate speech in a meaningful
context, parents provide a model that their children can
mimic. In autism spectrum disorders, the ability to imitate
social behaviour develops slowly – profoundly affecting
the individual’s ability to communicate. The design of the
InnerVoice app draws on Roy’s findings. It has the ability to
adjust the avatar’s utterance length and speed. This can then
be applied to any context a user might wish to create.
The Art of Communication
Speech requires a lot of practice and imitation to master,
much like learning a musical instrument. It’s a complicated
motor activity – meaning that it involves movement – where
children have to imitate sounds that are combined into words
and sentences. Research shows that video self-modelling is
an effective way to teach skills to people with autism, possibly
because it stimulates mirror neuron activity in the brain. Mirror
neurons are key to learning pretty much any motor activity,
including speech development.
When a person uses InnerVoice to learn to communicate, he/
she is watching him/herself carry out a target behaviour, while
being engaged. Equally important, engagement activates
reward centres in the brain that act to reinforce behaviours like
social interaction or eating. This reward mechanism plays a
crucial role in learning – when someone likes doing something,
it’s likely that they will do it more. The InnerVoice app aims to
stimulate mirror neuron and reward centre activity in the brain,
encouraging imitation and increasing engagement.
Semiotics is the study of signs and symbols – how they
are used and what they mean. A word is a sign that carries
meaning. People on the autism spectrum experience sensoryprocessing difficulties with establishing a semiotic process
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– the process that pairs meaning to a symbol. One of the
most important aspects of InnerVoice is the avatar-mediated
interaction that creates a multi-sensory semiotics experience
that simultaneously represents the associations shared among
spoken, written, or gestured symbols with the meanings
they represent.
For example, pairing dynamic media – such as a short video
of a dangerous situation within a home environment – with
spoken and written words helps establish a semiotic process,
assigning meaning to a symbol or a word. This multi-sensory
semiotic experience is vital for helping teach language to
people on the autism spectrum.
Following the philosophy of Universal Design – allowing
universal access to all, whether or not they have disabilities –
InnerVoice is designed to be accessed, understood and used
to the greatest extent possible by all people, regardless
of age or ability. The app can be used as a multi-sensory
semiotics tool, a video self-modelling tool or as an assistive
communication device.
A powerful, researched and engaging tool, InnerVoice can
help children become more effective communicators, support
their own decision-making and allow them to become more
independent: overall improving social communication and
helping to improve quality of life for children with autism.
With a vision to expand their toolkit, the future at InnerVoice
looks bright. Guggemos says: ‘we continue to expand the
idea of Multi-Sensory Semiotics by creating more technology
that makes it easy for people of all ages and abilities to
communicate.’ Through a combination of science, technology
and play, the InnerVoice approach is set to have a truly positive
impact on speech and language therapy for many children.
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Lois Jean Brady, MA CCC-SLP
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Martinez, CA
USA

Matthew Guggemos, MS CCC-SLP
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Napa, CA
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Lois Jean Brady has over 25 years’ experience as a practicing
Speech-Language Pathologist. She authored Apps for Autism,
and co-authored Speech in Action and Speak, Move, Play and
Learn with Children on the Autism Spectrum. She was winner
of two Autism Speaks App Hack-a-thons, the Benjamin Franklin
Award for Apps for Autism and an Ursula Award for Autism
TodayTV. Lois’s current research developing multi-sensory
products aims to enhance communication, attention, cognition
and quality of life for individuals with autism. She also codeveloped the VAST Autism Apps to increase speech. She was
Principal Investigator on a 2015 National Science Foundation
Small Business Innovative Research program, which focused on
synthesised emotional communication for mobile devices.

Matthew Guggemos is the co-founder and chief technology
officer of iTherapy. He is also a speech-language pathologist,
researcher, certified autism specialist, and professional
drummer. He specialises in designing multi-sensory learning
products for people on the autism spectrum, drawing from his
experiences as a professional drummer and literary specialist,
which influence his design ideas. He is currently studying
the relationships shared among semiotics, skill mastery,
improvisation, and communication and how these concepts
can be applied to educational technology for autism. Matthew
was director of research on a 2015 National Science Foundation
Small Business Innovative Research grant, that led to the
development of the synthesised emotional communication
software, subsequently incorporated into InnerVoice. Notably,
Matthew received the 2013 Mensa Intellectual Benefits to
Society Award for his design contributions to InnerVoice.
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INTEGRATED HEALTHCARE –
BUILDING HEALTH SYSTEMS
FOR THE FUTURE
Globally, health systems are struggling to meet the rising demands
from an ageing population and lifestyle-associated diseases such
as diabetes and heart disease. To tackle this challenge,
Professor Stephen Leeder, at the University of Sydney, Australia,
and the Western Sydney Local Health District in New South Wales,
is spearheading initiatives in integrated healthcare to improve
health services to patients with chronic and complex conditions.

Integrated Healthcare – A Solution to
Rising Healthcare Costs
The focus of healthcare worldwide
has shifted from the management of
infectious diseases to issues shaped by
an ageing population, urbanisation and
globalisation of unhealthy lifestyles.
With many of these conditions requiring
long-term care, global healthcare costs
will escalate, despite greater economic
pressures to tighten healthcare
spending. Unfortunately, health
systems are frequently fragmented,
leading to poor co-ordination of care.
Consequently, healthcare systems
across the world find themselves unable
to respond to the new demands placed
on them and this undermines their
ability to provide universal, equitable
and high-quality care that is sustainable.
To combat this significant healthcare
concern, integrated healthcare,
also known as co-ordinated care, or
comprehensive care, is becoming
a worldwide trend. It consists of
managing and co-ordinating healthcare
so that patients receive a continuum
of preventive and curative services,
depending on their life course needs.
These services are provided across
different levels of the healthcare system
– in hospital if necessary or at home if
feasible – in a safe, effective, timely, and
high-quality manner.
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Developing more integrated care
systems has the potential to generate
significant benefits for the health
of all people, including improved
patient outcomes, better health
literacy, increased care satisfaction,
improved service efficiency and
reduced overall costs.
Professor Stephen Leeder, an Emeritus
Professor at the University of Sydney
with over 40 years of experience in
public health research, recognises the
need for greater healthcare integration
in Australia. In Sydney, where he has
worked predominantly in association
with one of its major teaching hospitals
at Westmead in Sydney’s west since
1985, he observed that patients with
several long-term and serious health
conditions were often poorly served by
health services because they tended
to be disease-focused rather than
patient-focused. He describes how
‘someone with diabetes, heart disease
and arthritis may be treated by specialty
teams for all those conditions but
unless you have an enthusiastic general
practitioner (GP), no one puts the
parts together. Instead we need much
stronger service integration.’
With his interest in public health,
he championed a trial of integrated
healthcare in Mount Druitt, a socially
disadvantaged area of Western Sydney
with a culturally diverse population.
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His team then monitored the resulting
changes in patient outcomes, health
service use and multidisciplinary
partnerships among healthcare providers.
What they found presents a compelling
case for improved integration of
healthcare services in Sydney to better
serve patient needs and deliver improved
healthcare outcomes.

‘So, someone with diabetes, heart disease and arthritis may be
treated by specialty teams for all those conditions but unless you
have an enthusiastic GP, no one puts the parts together. Instead we
need much stronger service integration.’

Building HealthOne Mount Druitt –
a Hub for Healthcare
To facilitate better integration of
healthcare services in Mount Druitt,
in Western Sydney, Professor Leeder
supported the establishment of the
HealthOne Mount Druitt (HOMD)
initiative. HOMD is a program funded
by the New South Wales (state)
government that aims to improve
co-ordination of services between
community health and local GPs,
reducing unnecessary hospital readmissions and to mobilise community
health services such as nursing and
physiotherapy. The model broke from
previous, unsuccessful co-ordination
attempts that were hospital-centred
and instead focused on a communitybased model of care that was more
patient- and GP-centred.
Led by a Steering Committee, the
planning for HOMD took two years.
Chronic aged and complex care was
considered the top priority and HOMD
commenced enrolling patients with
chronic conditions and complex care
needs in September 2007. It was
designed to assist GPs, often working
alone, in Mt Druitt arranging allied

health professional and nursing care
for patients who could not travel to
the central community health clinic.
The program was based within the
larger Mount Druitt Community Health
Centre, a purpose-built facility with
approximately 120 multidisciplinary
staff, including nursing, therapy and
counselling staff. It also reached
patients in their homes and at GP
practices through face-to-face visits or
by phone.
HealthOne Mount Druitt Improved
Patient Outcomes
An independent evaluation of the
HOMD initiative was completed in
2012. It revealed that 322 patients
were enrolled in the chronic and
complex patient arm of the program
from September 2007 to August 2011.
By August 2011, the number of active
clients that remained was 125, excluding
27 who entered a nursing home, or had
left the area or died.
The mean age for these patients was
68.4 years. Almost a quarter (24%) of
participants were born outside Australia.
For these 125 patients, the number
of presentations to the emergency
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department and the length of stay in
the emergency department significantly
decreased in the 12 months following
enrolment in HOMD, compared to the
12 months before enrolment. Moreover,
there was a clear improvement in
patient outcomes for HOMD participants
as nearly 30% of participants had no
hospital presentations after enrolling in
the program.
In addition, the pattern of health service
use among the 125 active patients also
changed in the 12 months before and
after HOMD enrolment. There were
fewer referrals to the less specialised
community home nursing services
(from 63.3% to 10.6%) and referrals
to specific allied health services,
such as physiotherapy, podiatry, and
psychosocial services increased.
There was also a decline in the annual
number of hospital referrals from 55.2%
to only 12% in the study population.
In contrast, the number of referrals by
health service providers to community
home nursing and allied health services
rose from 24.6% to 38.5%. Likewise, the
number of self-referrals and those from
family and friends more than doubled.
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These data support the view that care co-ordination through
HOMD met a range of previously undetected service needs.
Furthermore, after enrolment in HOMD, fewer patients were
passive recipients of healthcare – rather, there was an increased
capacity to initiate engagement with healthcare providers and
to navigate the healthcare system, which are important factors
for service access and improved health outcomes.
Linchpins to Success – GP Liaison Nurses
The HOMD model offers considerable promise for improving
care co-ordination among health service providers while
reducing hospital admissions. However, there were barriers to
the implementation of this program. The greatest challenge
was building relationships among key partners, particularly
overcoming strong established barriers to trust among GPs
and other community health service providers. To overcome
the problems of lack of trust and communication, HOMD
provided two GP liaison nurses (GPLNs), who were linchpins in
successfully implementing the model.
In the HOMD program, each patient was assigned to a GPLN
who identified their needs based on previous assessments
and referral history – the nurse managed communications,
case conferencing and case co-ordination among the
health providers involved in the patient’s care. A survey of
healthcare providers involved in HOMD showed that almost all
respondents either agreed (66%) or strongly agreed (30%) that
GPLNs were vital, facilitating communication among patients
and service providers. In addition, most respondents (84%) also
agreed (59%) or strongly agreed (25%) that the GPLNs crossed
traditional boundaries to enhance care co-ordination between
patients and their healthcare providers.
To understand and clarify the role of GPLNs in the healthcare
system, Professor Leeder and his team also surveyed 19 GPLNs
working in the community of Greater Western Sydney – the
first study in Australia to define the role of GPLNs. By sending a
series of questionnaires to the GPLN experts, interspersed with
regulated feedback to inform subsequent rounds, Professor
Leeder’s team was able to delineate the role of the GPLNs
through expert consensus. The findings showed that the
role functions of these nurses could be grouped under 11
individual domains.
The 11th domain of ‘co-ordinator’ formed the predominant
part of the role – however, this was supported by the other
10 domains, which were, ‘educator, communicator, advisor,
advocate, change agent, manager, collaborator, negotiator,
team member and clinician.’ When their skills across all these
domains were combined with their expert knowledge of local
service provision, the GPLNs were well-equipped to facilitate a
cultural change towards safe and timely integration of patient
care in the community.
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Improved Patient Outcomes in the Future
Overall, Professor Stephen Leeder and his team has found
that integrated healthcare, as implemented through the
HOMD program, contributes to improved health outcomes
and reduced hospital admissions for patients with chronic or
complex conditions. The GPLNs were integral to facilitating care
co-ordination and communication. They functioned primarily
as co-ordinators, but also played other roles to improve patient
uptake of other multidisciplinary community health services.
Although the HOMD program has shown substantial
promise, considerable challenges to its implementation
remain. These include how best to involve a greater proportion
of local GPs, and uncertainty surrounding future funding and
thus, program sustainability.
Nevertheless, research on the HOMD program in Australia
also supports other work conducted internationally, that
suggests healthcare effectiveness is increased by placing
patients in the centre and empowering them to engage with
healthcare providers. This international research also suggests
that healthcare effectiveness is increased when effective
communication exists in a multidisciplinary team.
Although HOMD is the first and most established site to
develop the integrated model of care in Sydney, by April 2015,
there were 20 HealthOne sites operating across seven local
health districts in New South Wales, and a further eight sites in
development – a testament to the success of the first site.
Professor Leeder’s next steps are to ensure that healthcare
services across Western Sydney are as well integrated as
possible across the hospital-community boundary in
addition to the GP-community health interface. He says that
he is, ‘really excited that this vision is being increasingly
endorsed by managers, specialists, GPs and patients.’ His
important and continuing work for socially disadvantaged
patients in Australia has left a legacy that will serve to inspire
many others in his field towards improving patient care and
ultimately, patient outcomes.
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Professor Stephen Leeder completed his PhD in epidemiology
at the University of Sydney (Australia) in 1974. He then worked
at the St Thomas Hospital Department of Clinical Epidemiology
and Social Medicine in London for 18 months and then at
McMaster University in Ontario (Canada) as an Assistant
Professor in the departments of Clinical Epidemiology and
Medicine for one year.
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He returned to Australia as Foundation Professor of Community
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Medicine at Westmead Hospital. He served as dean of the
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of Sydney, from 2005 to 2013.
With over 40 years of experience, his breakthrough research
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policy. He is also interested in medical educational reform and
mentoring young investigators, seeking ways to ensure the
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advocate for integrating community care with hospital services
to improve patient health. He is the current editor of the
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District. He is a regular contributor to medical newspapers on
matters of health policy.

KA Mallitt, J McNab, R Hughes, J Fernyhough, J Paterson and
D O’Halloran, Reducing emergency department presentations
among chronically ill patients in Western Sydney: a key role for
coordinated primary care, Australian Journal of Primary Health,
2017, 23, 140–6.
J McNab and JA Gillespie, Bridging the chronic care gap:
HealthOne Mt Druitt, Australia, International Journal of
Integrated Care, 2015, 15, e015.
L Wilkes, M Doull, J Paterson, KL Cornu and HN Chok, The
role of the General Practice Liaison Nurse as integrated care
coordinator: A Delphi study, Clinical Nursing Studies, 2016, 4,
67–77.
SR Leeder, T Jowsey, JW McNab, The experiences of patients
and carers living with multimorbid, non-communicable
diseases, Australian Journal of General Practice, 2018, 47,
24–27.

CONTACT
E: stephen.leeder@sydney.edu.au
W: http://sydney.edu.au/medicine/people/academics/profiles/
stephen.leeder.php
WWW.SCIENTIA.GLOBAL
115

INTEGRATED HEALTHCARE

LISTEN TO THE STORY
BEHIND THE SCIENCE
SciPod is moving science
communication into the 21st
century, providing you with
an unlimited, informative
and comprehensive series
of scientific research
audiobooks to keep society
and science connected.
So what are you waiting for?
It’s free, it’s fun, it’s only one
click away:
www.scipod.global

SCIP OD
For more information, visit www.scipod.global

Do you want to increase the visibility
and accessibility of your research?

Contact us today to discuss your
dissemination needs and find out
how we can help.

W: www.sciencediffusion.com

E: info@sciencediffusion.com

