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Message From the Director

While the Boston University Neu-
rophotonics Center (NPC) has just
completed its fourth year of opera-
tion, this is our third annual report.
Due to all the upheaval during the
pandemic, we did not complete an
annual report last year. As such,
this annual report is covering
activities from the last 2 years from
July 2019 through June 2021.

A major development for the NPC
over the last two years was the ar-
rival of Professor Anna Devor and
her team - including Martin Thun-
emann, Kivilcim Kilic and Natalie
Fomin-Thunemann - in CILSE. I
am very excited to have the Devor
lab here at BU and to have Anna’s
assistance as the Associate Director
of the NPC. Her creativeness in the
neurophotonics space, particularly
in microscopy methods and animal
models, and the Devor team’s open-
ness to collaboration and helping
others will greatly benefit the mem-
bers of the NPC. While the onset of
the pandemic caused a great deal
of delay in moving the Devor lab

to BU and then in setting up all the
equipment, they are now fully up
and running and already bringing
in new large grants funded through
NIH BRAIN Initiative.

The last two years has also seen
continued growth in the NPC com-
munity, now engaging 46 faculty at
BU and their trainees. This growth
over the last two years arose from
the addition of new faculty that we
welcome to BU (Abdoulaye Ndao,
Hadi Nia, and Timothy O’Shea) as
well as the growth of faculty inter-
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ested in working with the NPC in
adopting functional near infrared
spectroscopy (fNIRS) and related
human focused neurophotonic
technologies into their research
programs (Lou Awad, David
Chung, Claudio Ferre, Simone Gill,
David Greer, Deepak Kumar).

Supporting the growth of fNIRS
activities within the NPC, we
obtained a $5.9 million award
from the NIH BRAIN Initiative
for developing and deploying
“The Neuroscience of Everyday
World- A novel wearable system for
continuous measurement of brain
function.” This award is directly
engaging the labs of Boas, Cronin-
Golomb, Ellis, Kiran, Somers and
Yiicel; and the technologies we are
advancing under this grant are
immediately impacting the ef-
forts of many other groups at BU
including the labs of Awad, Ferre,
Gill, Kumar, Lewis, Sen and Tager-
Flusberg. You can read much more
about these exciting developments
in the feature article in this annual
report.

Another big development was the
establishment of the NPC Core
Facility. By the end of 2019, the
NPC instrumentation was being
extensively used by many groups
and we did not have a manageable
scheduling system in place, nor did
we have sufficient infrastructure

to maintain the high level of us-
age. Leading up to the start of the
July 2020 fiscal year, we established
the NPC Core Facility policies and
obtained approval from the Univer-

sity to operate as a core facility. We
have just completed the first year
of operation and were approved to
continue into our second year. The
available instruments and policies
are all easily found on the bu.edu/
neurophotonics website. Impor-
tantly, the scheduling system put in
place is very effective, and the cost
recovery model will help ensure
that we can maintain the high level
of service that this facility pro-
vides to the community. The NPC
continues to subsidize members,
particularly junior members and
those developing new ideas. The
NPC subsidized approximately 50%
of the activities during the 2020-
2021 fiscal year. We expect that the
total dollar amount of the subsidy
will stay about the same but that the
percentage will decrease as more
and more grant funded users utilize
the core. A critical component of
this core model that will benefit all
members is that it helps us pur-
chase major new equipment every
few years, augmenting what we

can obtain by, for example, shared
instrument grants.

In the following pages you will also
learn about the several faculty proj-
ects that have engaged the NPC and
the resultant collaborative publica-
tions and grants. I very much enjoy
working with this community, and
as we more fully emerge from the
pandemic I look forward to the in-
person gatherings and the creative
new ideas that will emerge during
those interactions.



At a Glance
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14

Projects Supported

$13.5M

Collaborative Grants
Funded

52

Publications from
NPC Faculty
Collaborations




WHO WE ARE

Over the past year, the BU Neurophotonics Center (NPC) has continued its vigoruos pursuit of its
mission: to build and support an interdisciplinary community that can develop and broadly deploy
impactful photonics technologies in the neurosciences to advance our understanding of how the
brain works in health and in disease.

As always, we never would have achieved what we have in the past year without the excellent work
of technical directors Anderson Chen and Meryem Yiicel and staff members Parya Farzam and John

Jiang.
We are also excited to welcome new and returning staff scientists.

Kivilcim Kilic is returning to the NPC after a brief excursion to the West Coast. She was instrumen-
tal in launching the NPC and we are excited to have her back with us on the East Coast.

We also welcome Martin Thunemann to the NPC. He joined the department of Biomedical Engi-
neering in 2020. He received his PhD in Biochemistry from Eberhard Karls Universitit Tiibingen,
Germany. During his graduate studies, Dr. Thunemann gained extensive knowledge in molecular
biology, cell culture, cardiovascular physiology, mouse transgenesis and the Cre/lox system. He
joined Dr. Devor laboratory at UCSD in 2015, first as a postdoctoral fellow, later — as a Project Sci-
entist. He has been leading a number of bioengineering efforts including those based on multipho-
ton imaging and multiplexed electrophysiological recordings in awake behaving mice, and will be
assisting the NPC community in the adoption of these methods.

Leadership
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WHO WE ARE

Technical Directors

Anderson Chen, Ph.D. Meryem Yiicel, Ph.D.

Scientists
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Martin Thunemann, Ph.D. Kivilcim Kilig, Ph.D.

Staff

Parya Farzam John Jiang
fNIRS Specialist and Ad- Lab Manager
ministrative director



Lou Awad
Assistant Professor (Director, Neuro-
motor Recovery Laboratory)

Works to develop, test, and translate
rehabilitation technologies and inter-
ventions for people living with impaired
neuromotor control.

Thomas Bifano
Professor (ME, MSE, BME)

Deformable mirrors; Microelectrome-
chanical systems (MEMS); Adaptive
optics; Biphotonic microscopy;
Astronomical telescope instrumenta-
tion; Laser wavefront control

Irving Bigio
Professor (BME, ECE)

Medical application of optics, lasers and
spectroscopy; Biophotonics; Nonlinear
optics; Applied spectroscopy;

Laser physics

David Boas
Professor (BME, ECE)
Director of Neurophotonics Center

Neurophotonics; Biomedical Optics;
Oxygen delivery and consumption;
Neuro-vascular coupling; Physiological
Modeling

Anderson Chen

Lecturer (BME, MNI Facility Manager)
The Micro and Nano Imaging (MNI)
Facility suite is a central teaching and
research facility with a focus on optical
imaging metrology of biological materi-
als ranging from tissues to individual
molecules

Ji-Xin Cheng
Professor (ECE, BME, MSE)

Molecular spectroscopic imaging tech-
nologies; Label-free microscopy; Medi-
cal photonics; Neurophotonics; Cancer
metabolism; Photonics for infectious
diseases

Jerry Chen
Assistant Professor of Biology

Large-scale neuronal networks; Senso-
rimotor integration; Decision making;
Neurodevelopment; Non-linear micros-

copy

Ji-Xin Cheng

Professor (ECE, BME, MSE)
Molecular spectroscopic imaging
technologies, Label-free microscopy,
Medical Photonics, Neurophotonics
Cancer metabolism, Photonics for
infectious diseases

David Chung
Medical Doctor (BMC, Neurology)

Cerebral aneurysms, Stroke, Traumatic
Brain injury, Neuromonitoring

Alice Cronin-Golomb
Professor (Psychological & Brain Sci-
ences)

Neural correlates of perception and
cognition in aging and age-related neu-
rodegenerative disease

Alberto Cruz-Martin
Assistant Professor of Biology

Neural circuits; Sensory processing;
Visual pathways

Ian Davison
Assistant Professor of Biology

Pheromones and innate social be-
haviors; Cortical computations and
plasticity




Allison Dennis
Assistant Professor (BME, MSE)

Nanobiotechnology; Fluorescent bio-
sensing; Fluorescence resonance energy
transfer (FRET); Quantum dot chem-
istry; Fluorescence microscopy; Single
molecule sensing/imaging

Anna Devor
Assistant Professor (BME)

Cellular and systems-level neurosci-
ence, microscopy, physiological under-
pinning of noninvasive imaging

Michael Economo
Assistant Professor (BME)

Neural circuits, Cognitive function,
Neurodevelopmental disorders

Andrew Emili

Professor Biochemistry and Biology
Director of Center for Network Systems
Biology

Molecular Interaction Networks, Preci-
sion Mass Spectrometry, Proteomics,
Systems Biology.

Helen Fawcett
Research Assistant Professor, ME

Biodetection, Optics, Nanoscale lithog-
raphy and imaging, Photonics applica-
tions.

Claudio Ferre
Assistant Professor (DOT)

Development of manual skills in typi-
cally developing children and children
with disabilities (e.g., cerebral palsy)

Faculty

Chris Gabel
Assistant Professor (Physiology &
Biophysics)

Femtosecond laser surgery and optical
neurophysiology for the study of the
nervous system of the nematode worm
C. elegans

Simone Gill
Associate Professor (Medicine)

We are interested in how people’s bod-
ies and environmental demands influ-
ence walking and motor functioning
across the lifespan.

David Greer
Professor (BMC)
Chair and Chief of Neurology

Predicting recovery from coma after
cardiac arrest, brain death, and multiple
stroke-related topics, including acute
stroke treatment and stroke prevention.

Lee Goldstein
Assoc. Professor (Neurology, BME,
ECE)

The role of abnormal protein aggrega-
tion in chronic degenerative disorders

of aging

Xue Han
Assoc. Professor (BME)

Neurotechnology; Optical neural
modulation; Optogenetics;

Neural prosthetics; Neural network
dynamics; Brain rhythms; Neurological
and psychiatric diseases; Cognition

Michael Hasselmo
Director of Center for Systems Neuro-
science

The role of oscillatory dynamics and
neuromodulatory regulation in corti-
cal mechanisms for memory-guided
behavior



Mark Howe
Assistant Professor (Psychological &
Brain Sciences)

Basal ganglia circuit mechanisms for
learning and action

Swathi Kiran
Professor (Department of Speech, Lan-
guage, and Hearing Sciences)

Bilingual aphasia; Aphasia reha-
bilitation; Functional neuroimaging;
Language recovery; Impairments in
naming, reading, writing

Deepak Kumar
Movement & Applied Imaging Lab

Development of more effective and per-
sonalized treatment interventions that
reduce disability and directly impact
patient care

Laura Lewis
Assistant Professor (BME)

Developing computational and signal
processing approaches for neuroim-
aging data that enable new kinds of
analyses of human brain physiology and
function at subsecond timescales

Sam Ling
Assistant Professor (Psychological &
Brain Scientists)

Imaging human behavior to explore
how the brain mediates between the
“buzzing confusion” of the visual world
and our limited processing power

Jerome Mertz
Professor (BME, ECE)

Development and applications of novel
optical microscopy techniques for bio-
logical imaging

Faculty

Abdoulaye Ndao
Assistant Professor (ECE)

Light-matter interaction for digital
imaging and medical diagnostics

Hadi Nia
Assistant Professor (BME, MSE)

Interface of physical sciences and
molecular biology with a focus on links
between mechanical forces and cell
biology in health and disease.

Timothy O’Shea
Assistant Professor (BME)

Developing new treatments for brain
and spinal cord disorders by engineer-
ing glia to perform specific reparative
functions

Siddharth Ramachandran
Professor (ECE, MSE)

Optical physics of guided waves; Micro-
and nano-structured optical fibers;
High-power fiber lasers and fiber sen-
sors; Biomedical imaging and micros-
copy with optical fibers

Steve Ramirez
Assistant Professor (Psychological &
Brain Sciences)

Revealing the neural circuit mecha-
nisms of memory storage and retrieval,
and artificially modulating memories to
combat maladaptive states

Darren Roblyer
Assistant Professor (BME)

Optical functional imaging; Diffuse
optics and spectroscopy; Monitoring
of therapies in oncology; Non-invasive
monitoring of tumor metabolism




Michelle Sander
Assistant Professor (ECE, MSE)

Femtosecond lasers; Ultrafast photon-
ics and nonlinear processes; Fiber and
integrated optics; Frequency combs;
Infrared spectroscopy and biomedical
applications

Benjamin Scott
Associate Professor (Psychological &
Brain Sciences)

Develop and apply new technologies to
study the neural basis of cognition and
complex learned behavior

Kamal Sen
Associate Professor (BME)

Neural coding of natural sounds; Neu-
ral discrimination; Population coding
of natural sounds

David Somers
Professor & Chair (Psychological &
Brain Sciences)

Functional MRI, psychophysics, and
computational modeling to investigate
the mechanisms underlying visual per-
ception and cognition

" Robert Stern
Professor (Neurology)
1 Director of CTE

- Long-term effects of repetitive brain
! trauma in athletes, including the neuro-
degenerative disease

Chantal Stern

Professor (Psychological & Brain Sci-
ences)

Using fMRI to study how the normal

recognizes visual, spatial and verbal
information

Faculty

brain encodes, stores and subsequently

Helen B. Tager-Flusberg
Director of Center for Autism Research

The phenotypic characteristics of the
Language, communication and associ-
ated social-cognitive deficits in autism
(ASD) and other neurodevelopmental
disorders

Lei Tian

Assistant Professor (ECE)

Computational imaging and sensing;
Gigapixel, 3D microscopy; Compres-
sive imaging; Phase retrieval; Imaging
through complex media; X-ray phase
imaging

Benjamin L. Wolozin
Professor (DPET)

Focused on the role of RNA binding
proteins and translational regulation in
disease processes

John A. White
Professor & Chairman (BME)

Mechanisms of episodic memory;
Pathophysiology of epilepsy; Computa-
tional neuroscience; Design of real-time
instrumentation; Imaging of activity in
neurons and astrocytes

Meryem Yiicel
Assistant Professor (BME)

Functional neuroimaging (fNIRS,
fMRI, EEG); fNIRS signal processing;
cognitive neuroscience



Faculty Profiles

Tim O’Shea

LIA

ENG/NEERING

Tim O’Shea is an assistant profes-
sor in the biomedical engineering
department who started at BU in
Fall 2020 and subsequently joined
the Neurophotonics Center as a
faculty member in January 2021.
Tim leads the Glia Engineering
Lab which is focused on develop-
ing new treatments for brain and
spinal cord disorders by engineer-
ing the functions of glia. Glia are a
collection of cells in the brain and
spinal cord that interact directly
with neurons as well as peripheral
cells to ensure healthy nervous
system function. In spinal cord
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Biomaterial
in Brain

injury and stroke, damage to neural
tissue destroys large volumes of glia
and these cells are not naturally
replenished resulting in the forma-
tion of lesions that do not support
recovery. Dysfunctional glia can
also contribute to progression of

a variety of neurological diseases
such as Alzheimer’s, Parkinson’s
disease and Multiple Sclerosis. Al-
though glia are critically important
cells for healthy nervous system
function, glia have historically been
considered only supporting players
in what has classically been neu-
ron-centric neuroscience research

but recently the
spotlight has
shifted their

way.

In the lab Tim
and his students
are studying glia
in the context of
injury, degen-
erative diseases
and foreign
body responses
using in vivo
rodent models.
As part of this
work, they are
also developing
new bioengi-
neering tools
that can regu-
late glia func-
tions and serve as new therapies.
Biomaterials are the foundation of
their bioengineering toolkit and
the group is currently working on
synthesizing and characterizing a
variety of glycan-based biomateri-
als that are composed of polymers
with biologically inspired supra-
molecular functionalities that
afford tunable physiochemical and
biological properties. The lab also
maintains transgenic neural cell
lines that are used in transplan-
tation studies and interrogating
glia-biomaterial interactions. The
lab applies the bioengineering tools



Faculty Profiles

they develop to models of stroke
and spinal cord injury in the mouse
and incorporates cutting edge cell
and molecular techniques such as
immunohistochemistry (IHC) and
transcriptomics to evaluate thera-
peutic outcomes.

Tim and his lab are excited to be
involved in the BU Neurophoton-
ics community. Since joining at the
start of this year Tim has already
initiated collaborations with lead-
ing imaging experts in the Neuro-
photonics center to apply advanced
imaging techniques such as 2
photon microscopy, optical coher-
ence tomography and ultrasound
to study functional outcomes of a
promising glia repair strategy in
cortical and sub-cortical stroke
injury models. Tim and his team
look forward to working on other
collaborative projects with the Neu-
rophotonics center in the coming
years.

Steve Ramirez

If you ask Steve Ramirez what he
likes most about working in the
Neurophotonics Center at Boston
University, he won't hesitate in tell-
ing you it’s the camaraderie and the
sense of shared support that per-
vade the place.

“I really enjoy that the community
embraces this kind of collegial and
team-oriented approach to science
which I love. People here are very
comfortable with sharing success,”
says Ramirez, an assistant professor
of Psychological and Brain Sciences
at BU and principal investigator of
the Ramirez Group in the Center.

b~y | T
T €

“It’s like a trip to Mars. One per-
son alone doesn’t get to Mars. You
need all the people in NASA. Have
you seen the videos of everyone in
a NASA control room celebrating
an achievement together, jumping
up and down and high-fiving each
other? In my world, that’s how all of
science should be.”

And in the Neurophotonics Center,
he adds, that’s how science is.

Indeed, there’s no shortage of
success to be shared. Since mov-
ing his lab to BU in 2017 - since
returning home, as it were; he had
been an undergraduate here and

11



Faculty Profiles

was well acquainted with both the
systems neurology program and
the Photonics Center - he and his
group have gone from strength to
strength, particularly in looking
at neural circuit mechanisms of
memory storage and retrieval and
how these might be manipulated
in treating a range of psychiatric
diseases and disorders.

Basically, they want to know, can
we selectively edit memories? Like
in the science fiction movies Total
Recall and Eternal Sunshine of the
Spotless Mind but here in the real
world, using lasers and genetic
engineering. For example, can we
identify and suppress fear memo-
ries associated with post-traumatic
stress disorder? The answer appears
to be a resounding yes. Ramirez
and his team have made tremen-
dous strides, not only in demon-

Lei Tian

When Lei Tian joined Boston Uni-
versity’s Electrical and Computer
Engineering department in 2016,
he never imagined his work would
take him into the neurosciences.
But when the Neurophotonics Cen-
ter at BU launched the following
year, bringing together a multidis-
ciplinary team from all four corners
of the university, he couldn’t help
but get involved.
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strating the fundamentals of how
such an approach might work but
also in advancing ever closer to
practical application.

Even more recently, they have used
the cutting-edge technologies in
the lab to show how certain social
interactions may help access previ-
ously held memories: an intriguing
finding, especially considering the
isolation many have experienced
during the COVID-19 pandemic.

“The intersection between memory
and the social dimension of the
world is a very powerful one,’
Ramirez says. “Both are well stud-
ied on their own, but the intersec-
tion between the two is less well so.
The fact is, socializing can strength-
en what already exists in the brain,
including memories. We now think
we've found a mechanism in animal

models to bring memories back on-
line through socializing”

In discussing his lab’s many
achievements, Ramirez returns

to the idea of community and the
importance of working together as
a community - very consciously
including the younger generation
of scientists, who in other environ-
ments don’t always have the free-
dom to contribute as fully as they
are able.

“I like to tell students, ‘Let’s think
big,” he says. “We can get to Mars.
Now what would it look like to get
to Jupiter?” The students here are

so remarkably good at thinking big
and being proactive about research.
It really is a testament to the culture
of the Neurophotonics Center, their
graduate programs and all the dif-

ferent umbrellas at BU”

Microlens array gycitation filter
Emission filter

and LED
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“When I started
with BU, neu-
roscience was
not one of my
ambitions,” he
says. “T was
thinking about
other things”
After a series
of conversa-
tions with NPC
faculty, though,
he realized the
potential im-

pact of his work
in neuroscience studies. “A lot of

people these days talk about how
super-important data is for the
biomedical science. After talking
with researchers in the Neuropho-
tonics Center, I realized that, if we
can help them process the data bet-
ter, they can see more, understand
more, in the studies they are doing”

The main thrust of Tian’s research
has always been computational
imaging, developing computational
algorithms and optical imaging
technologies that work together
synergistically to address a host of
applications. For instance, one of
the threads of his work has been the
development of a computational
label-free microscope combin-

ing programmable illumination,
multiple-scattering physical model-
ing and advanced reconstruction
algorithms to enable tomographic
reconstruction of unstained bio-
logical samples — work that was rec-
ognized by an NSF CAREER award
in 2019.

Today, in collaboration with in-
vestigators from across the NPC,
Tian and his group are creating
cutting-edge solutions for studies
producing very different kinds of
neuroimaging data - and, in doing
so, advancing the state of the art for
computational imaging.

Just one example: In an October
2020 issue of Science Advances,
Tian’s group, in collaboration with
Ian Davison’s team in the Neuro-
photonics Center and NPC director
David Boas, reported a wearable
microscope for use in mouse mod-
els. Wearable instrumentation has
recently made considerable waves
in the neurosciences: not least
because it enables studies in freely
moving animals, yielding insights
into the brain that would not have
been possible in conventional im-
aging studies, where the animals are
typically physically constrained. But
because of engineering and other
challenges inherent to miniaturized
wearable microscopes, many of the
instruments developed for such

applications have been limited in
application.

Tian and colleagues tackled these
challenges decisively in the 2020
Science Advances paper, in which
they describe wearable instrumen-
tation called the Computational
Miniature Mesoscope, or CM2.
(The acronym doubles as a refer-
ence to the area of coverage it
provides - 1 centimeter squared

— which is approximately the area
of a mouse’s brain.) In developing
the CM2, they employed compu-
tational imaging — augmenting the
optics with algorithms - to facilitate
a robust design enabling single-shot
3D imaging across an 8 mm by 7
mm field of view with a 2.5-mm
depth of field with high resolution.

Ultimately, they hope to wield the
technology to image large popula-
tions of neurons across the entire
brain cortex of a mouse, potentially
opening the door to an array of new
neuroscience applications.

13



Supporting new research directions between faculty
is an important component of the Center’s mission:
to build and support an interdisciplinary community
that can develop and broadly deploy impactful photon-
ics technologies in the neurosciences to advance our
understanding of how the brain works in health and
in_disease. Neuroscientists are dependent on new
technologies that enable them to measure previously
inaccessible aspects of brain function and structure.
Scientists advancing photonics methods are on the
lookout for impactful applications to motivate and
direct their technological developments. The Center
aims to connect the technology developers with the
users to accelerate the advancement and early adop-
tion of novel photonic methods. The following pag-
es describe fourteen such innovative efforts that the
Center is supporting.
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Summary of Supported Projects
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Structural Microscopy of four of
the support projects.

The cells, dendrites, and axons in
the human brain are structured into
cytoarchitectonic and myeloarchi-
tectonic areas, based on cell type,
size, density, and the density of my-
elin sheath surrounding the axons.
Those structural components are
the substrate for cognitive compe-
tencies and the specific locations of
neuropathological processes. De-
spite significant advances in imag-
ing technology in the past decades,
our understanding of human brain
structures at 1-100 um scale, in
which neurons are organized into
functional cohorts, is still limited.
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Quantitative features such as cell
and myelin density have only been
reported in a small number of sub-
jects and over a small region of the
brain. In the neurophotonics center
we aim to develop and utilize a fully
automated imaging pipeline that
supports a human brain cell census
network by linking the macro-scale
MRI with micro-scale and multi-
plexed immunohistochemistry.

The imaging infrastructure at the
Neurophotonics Center consists
of a serial sectioning PSOCT-2P
microscope system that generates
multiple contrasts simultaneously,
including volumetric reconstruc-
tion, scattering coeflicient maps,

birefringence, autofluorescence

of vessels, axonal fibers and cell
bodies, and so on. From these
contrasts, various data-mining
algorithms are being developed to
extract features of human brain
such as vessel and fiber structure,
cortical layers, myelin content and
cell density. David Boas and his
team utilize this imaging system to
further our understanding of the
multi-level brain structure and pro-
vide landmarks for bridging MRI
to immunohistochemistry. This
project runs in collaboration with
Bruce Fischl at MGH and Kwang-
hun Chung at MIT.



Structural Microscopy

Quantitative birefringence
microscopy

Irving Bigio and his team has
developed a custom quantitative
birefringence microscopy (qBRM)
system for label-free imaging of
anisotropic structures in biological
tissues. This system, which is a re-
source available to other research-
ers at BU, is
equipped with
variable-ellip-
ticity polar-
izers in the
illumination
and detec-
tion arms,
which enable
two com-
plimentary
configurations:
(1) real-time,
qualitative
imaging with
circular polar-
izers of op-
posite handed-
ness; and (2)
quantitative
imaging with
six images
taken under
different light-
polarizations
states. For
neuroscience
applications,
qBRM has
been utilized
for high-reso-
lution imaging

of myelinated axons within brain
sections as well as collagen fibers in
the adventitia of cerebral artery sec-
tions. As breakdown of these struc-
tural components is an important
factor in many neurodegenerative
diseases, we anticipate that gBRM
will provide new insights into the
progression of these diseases in
human or animal tissues. In the

figure below, gBRM was applied for
studying Alzheimer’s disease (AD)
progression in human anterior
cerebral arteries (ACAs): (a-c) nor-
mal control; (d-f) early-stage AD;
(g-i) middle-stage AD; (j-1) late-
stage AD. (a,d,g,j) show qualitative
images of entire ACA sections.
(b,e,h,k) show relative retardance,
and (c,f,i,1) show optic-axis orienta-
tion maps.
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Functional Microscopy

Large Scale Fiber Photometry

Complex behaviors such as motiva-
tion and decision making are sup-
ported by cell-type specific neural
dynamics in widely distributed
neural circuits. A major challenge
for systems neuroscience is to cap-
ture these large-scale dynamics at
high resolution across deep, 3-di-
mensional brain volumes during
behavior. Current optical imaging
methods which leverage fluorescent
neural activity indicators are lim-
ited to sampling from small tissue
volumes or superficial regions of
cortex. Members of Mark Howe’s
lab in collaboration with the Boas
lab, have developed a new ap-
proach based on fiber photometry,
that enables optical measurements
from genetically encoded sensors of
neurotransmitter release and neural
activity from hundreds of targeted

Optical Fiber Array
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locations across arbitrarily sized
3-dimensional brain volumes in
behaving mice. They are applying

it to answer fundamental questions
about how neural dynamics in basal
ganglia circuits regulate movement,
goal-directed and habitual behav-
iors, and adaptive learning.

The new approach uses micro-3D
printed plastic frames to precisely
position arrays of over 100 small
(37-50 micron) diameter optical
fibers with uniform density across
a deep 3D tissue volume. Arrays
are surgically implanted into mice
which express cell-type and neu-
rotransmitter specific fluorescent
indicators. High sensitivity CMOS
cameras are used to image changes
in fluorescence through each fiber,
on timescales of 10s of millisec-
onds, which reflect local neural
activity from small regions around
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each fiber tip. Stable measurements
can be made over several weeks as
head-fixed mice perform decision
making tasks guided by sensory
cues. As indicated in the figure
above, the positions of each fiber
tip in the array can be precisely
localized in the brain with post-
experiment imaging.

With this new technique, the Howe
lab is now investigating the large-
scale dynamics of dopamine and
acetylcholine release in the stria-
tum, a large deep brain nucleus in
the basal ganglia (blue in figure
above). For the first time, they can
observe how these neuromodula-
tors evolve in space and time across
100s of cubic millimeters to modu-
late critical functions ranging from
movement control to reinforcement
learning. The figure below shows
the spatial distribution of dopa-
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Functional Microscopy

minergic reward signals measured
from fibers at many locations across
the A/P and M/L striatum axes in a
behaving mouse. Imaging capabili-
ties are currently being expanded to
support multi-color imaging of red
and green fluorescent indicators in
the same tissue, enabling investiga-
tion of how large-scale neuromod-
ulation influences post-synaptic
signaling in distinct basal ganglia
cell types. This approach can be
easily adopted by the neurophoton-
ics community and is applicable to
addressing a wide range of basic
questions in systems neuroscience.
Future directions will extend the
capability to enable precise opti-

cal manipulations neural activity
across large deep brain volumes.

Adult Neurogenesis and Neuro-
blast Migration

Adult neurogenesis has garnered
widespread interest over the past
few decades for its potential in
regenerative treatment for degen-
erative nervous system pathologies.
However, obstacles to studying
neuroblast migration and function-
al integration in-vivo have created a
gap in knowledge that impedes the
therapeutic localization and incor-
poration of neuronal stem cells into
functioning circuitry. Over the past
year Ben Scott and his team have
employed advancements in mul-
tiphoton microscopy and genetic
engineering to evaluate living,
transgenic zebra finch songbirds as
a naturalistic model for the study

of adult neurogenesis and adult
neuroblast migration, overcoming
many obstacles to the in-vivo imag-
ing of this biological phenomenon.

Zebra finches have extensive neuro-
genesis throughout their lives. Tens
of thousands of new neurons are
added to song system pre-motor
circuitry during the song learning
period alone. To access this super-
ficial population of behaviorally
relevant migratory neuroblasts, the
team implanted cranial windows
over the HVC nucleus of transgenic
zebra finches that densely express
green fluorescent protein (GFP) in
different cell types. With immuno-
histochemistry, they verified that
migratory neuroblasts were labeled
in these transgenic zebra finches.
Using the Bruker Investigator two-
photon microscope at the Neuro-
photonics Center, they captured
large volumetric time-lapses of this
neuroblast migration in the hippo-
campus, ventricular zone, and HVC
(see the image below). Their analy-

sis yielded hundreds of migratory
cells in three spatial dimensions
across time from a single bird’s
imaging session, which is orders

of magnitude larger than in previ-
ous work and revealed neuroblast
migration in the zebra finch hippo-
campus for the first time.

Formation and Retrieval of
Memories

Understanding the basic mecha-
nisms of memory function requires
recording from populations of
neurons in the hippocampus, a
brain region crucial for the for-
mation and storage of memories.
In vivo optical imaging methods
provide the opportunity for large-
scale recording of neural activity
from thousands of neurons in the
mouse hippocampus during mem-
ory formation. Previous research
has indicated that specific neurons,
expressing the activity-dependent,
learning-related gene c-Fos are ac-
tivated during initial learning, and
that reactivating these cells drives
memory recall. For this reason,
these c-Fos cell ensembles are be-
lieved to form part of the memory
trace, or engram, in the brain. Until
recently, identifying and record-
ing from these engram cells in

the intact brain has been limited
by current technology. Now, with
multiphoton imaging, it is pos-
sible to both identify engram cell
populations and record their neural
activity during learning and mem-
ory retrieval. Steve Ramirez, Ben
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Scott and their collaborative team
utilize a novel approach combin-
ing two-photon calcium imaging
with the activity-dependent genetic
strategy to access engram cells and
to image activity of these engram
cells during learning and memory
recall. This approach will provide
novel insight into how patterns of
activity in engram cells drive the
formation of memories, and how
their sustained reactivation drives
the retrieval of these memories.

In a related project, John White and
his team are investigating the neu-
ronal networks altered by engram
manipulations and their behavioral
manifestations. To understand
engram manipulations, the pathway
from stimulation to behavior can
divided into two questions: 1) how
does engram stimulation drive the
hippocampal output region? and 2)

20

and two-photon
imaging to
observe popula-
tion and engram
cell activity in
hippocampal
CAL, the output
region of the
hippocampus,
during engram
reactivation.
With this ap-
proach, they can
observe down-
stream popula-
tion and engram
network activity
during behav-

ioral manipulation to understand
the hippocampal outputs driving
the behavioral changes. This study
will help elucidate the mechanisms
that lead to different behaviors
despite activating similar engram
neurons in upstream regions such

how do hippocampal outputs corre-
late with behavior? While memory
and spatial navigation have been
correlated with patterns of activity
in the hippocampus, the hippo-
campal network activity during the
artificial manipulation of memory

has not been studied. The White as DG.
lab use single-photon stimulation
Memory 2P CA1 1P DG 2P CA1
Tagging in DG Imaging Stimulation Imaging
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Multimodal Approaches

iPSC-Derived Brain Organoids

Cortical organoids, 3-dimensional
neuronal cell cultures derived from
human induced pluripotent stem
cells, have recently emerged as
promising models of human brain
development and dysfunction.

Xue Han and her team grow 3D
iPSC-derived midbrain organoids
that upon differentiation exhibit
midbrain phenotype and consist of
a diverse cellular population com-
plete with dopaminergic neurons
and glia. They transduce the or-
ganoids with no-associated virus
(AAV) vectors to express fluores-
cent markers or calcium indicator
GCaMP.

Ben Wolozin’s lab has developed
methods to reproduce the pathol-

] in celt culture

ogy and pathophysiology of Al-
zheimer’s disease using 3 dimen-
sional sphroid assemblies of human
neurons, astrocytes and microglial
cells. These spheroids exhibit classic
markers of tau pathology character-
istic of Alzheimer’s disease includ-
ing hyper-phosphorylated tau,
oligomeric tau and fibrillar tau.
Organoids and spheroids can be
maintained and studied in the

dish for months. Ultimately, their
growth and development are lim-
ited by the lack of vascularization.
The absence of blood vessels limits
their oxygenation and often renders
the organoid core necrotic, interfer-
ing with further maturation.
Therefore, organoids have been
implanted into mouse brain, where
they were vascularized, which en-
abled further growth and develop-
ment, including generation of func-

2-photon microscopy

Expression of bicsensors and
optogenetic actuators in
organoid implant

after implantation D
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tional synapses between xenograft
and host neurons (Mansour, et al.,
2018, Nat Biotech 36: 432-41). This
approach enables longitudinal stud-
ies, for which effective multimodal
recording technologies are crucial.

Martin Thunemann and Anna
Devor collaborate with the Han
and Wolozin teams on multimodal
monitoring of cortical organoids
transplanted into mouse cortex
using transparent graphene micro-
electrode arrays and two-photon
imaging. This project also runs in
collaboration with Duygu Kuzum
and Alysson Muotri at UC San
Diego. The team implant single
organoids into the retrosplenial
cortex of adult immunodeficient
mice, place a graphene array (fab-
ricated by the Kuzum’s lab) bonded
to coverglass on top of implant and

Electrophysiology

QOrganoid
graft

Host
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Vascularization, maturation, functional
integration of organoid xenograft
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surrounding host cortex, and moni-
tor the implant using electrophysi-
ological recordings and two-photon
imaging over many weeks. They
perform recordings of local field
potentials and multi-unit activity
during spontaneous activity and in
response to sensory stimulation. As
the implantation site is close to vi-
sual cortex, they are able to record
electrical activity in host cortex and
organoid implant in response to
photic stimulation of the contralat-
eral eye. Using two-photon imaging
with intravascular Alexa 680-Dex-
tran, they observe vascularization
within the implantation site. Imag-
ing of organoid implants that were
transduced with adeno-associated
virus encoding fluorescent proteins
before implantation show sustained
transgene expression. This novel
combination of stem cell and neu-

rorecording technologies provides a
unique opportunity for comprehen-
sive evaluation of the development,
maturation, and functional integra-
tion of human neuronal networks
within the mouse brain.

FUS-BBB Opening, Neuroin-
flammation and the Neuro-
vascular Response

The blood-brain barrier (BBB)
controls which biologics are able to
pass from the blood stream into the
brain parenchyma. Nick Todd at
Brigham and Women’s uses focused
ultrasound (FUS) as an emerging-
technology that allows non-invasive
and controlled opening of the BBB
for delivery of therapeutics that
would not otherwise reach the
brain.

In collaboration with Martin
Thunemann and Anna Devor, the
Todd lab aim to better understand
the relationships between FUS-BBB
opening, neuroinflammation, and
alteration of cerebral blood flow
regulation so that the field of FUS-
BBB opening can be moved for-
ward safely into new applications.
(pO2) using Phosphorescence Life-
time Imaging Microscopy with the
Oxyphor-2P probe.

BBE disruption by FUS + microbubbles
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Applications Beyond Neuroscience

Ex vivo Lung Imaging

How does lung metastasis alter the properties and
function of the lung at the alveolar level? And how
does this remolding of the lung microenvironment
affect tumor growth and treatment response? Hadi
Nia and his team aim at answering these critical
questions by developing novel model systems to
probe the lung function and properties at the alveoli
level, and how they change by hematogenous lung
metastasis at different steps of tumorigenesis. The
figure to the right shows a two-photon image of two
breast cancer metastatic nodules (in blue) and how
they remodel the structure of the alveoli surround-

ing them (in green).
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In vivo Measurement of Me-
chanical Stresses in Tumors

A recently identified physical
abnormality in fibrotic tumors

is an elevated level of tensile and
compressive solid stresses, defined
as the mechanical stresses gener-
ated and transmitted by the solid
components of the tumor within
itself and surrounding tissues.
These stresses are found to promote
tumor progression and impede
drug delivery by compressing blood
vessels, increasing invasiveness of
cancer cells, stimulating tumori-
genic pathways, and inducing neu-
ronal damage. However, the origins
and consequences of solid stresses
are still poorly understood due to

a lack of appropriate measurement
tools. Despite the recent progress
in measuring solid stress ex vivo
and in vitro, the in vivo measure-
ment of solid stress in tumors is

an unmet need. In this project, the
Nia lab use intravital multi-photon
microscopy and optical coherence
tomography at NPC to quantify the
intratumoral mechanical stresses in
vivo. This will lead to better under-
standing of the origins and conse-
quences of mechanical stresses and
how they evolve in different stages
of tumorigenesis.

Tumor Vascularization and Oxygenation

Abnormal angiogenesis has been
characterized as a hallmark of
cancer and its alleviation can be

a necessary factor for a success-
ful response. The vasculature is
responsible for supplying oxygen
and nutrients throughout the body
and removing waste. Cancer cells
can override this natural signaling
and co-opt the vascular system in
order to support its development.
Tumor vasculature commonly has
abnormal structural and func-

tion, characterized by excessive
leakiness, enlarged vessels, and
abnormal branching order. While
many tumors are characterized

by hypoxia, little is known about
intravascular oxygenation. Dar-
ren Roblyer and his team aim to
look at the relationship of struc-
tural vasculature properties such
as length and diameter compared
to intravascular partial pressure of
02 (pO2) using Phosphorescence
Lifetime Imaging Microscopy with
the Oxyphor-2P probe.

ECM Mechanics and Cell Metabolism

Invasive cancers respond to their
microenvironment via metabolic
plasticity, and metabolism is known
to respond to changes in the me-
chanics of the fibrous extracellular
matrix (ECM). The Roblyer lab
study the relationship between
ECM mechanics and tumor me-
tabolism with respect to invasion in
breast cancer spheroids.

They fabricate tumor spheroids in
varying densities of collagen micro-
environments and use multiphoton
imaging to perform measurements

Elasticity

of collagen organization and cell
metabolism in 3D cell cultures

of breasts cancer invasion using
second harmonic generation (SHG)
and fluorescence lifetime imaging
microscopy (FLIM).

The outcomes of this project will
advance our fundamental under-
standing of breast cancer progres-
sion and offer new avenues of

investigation for pharmacological
intervention.
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Proof-of-principle Optical Imaging Technology

Imaging Neuronal Dynamics
across Multiple Brain Areas
with Two-photon Resolution

In order to understand how the
brain functions as a whole, it is
necessary to monitor the patterns
of neuronal activity across the brain
with cellular resolution. Jerry Chen
and his team are developing a novel
large field of view two-photon
microscope for imaging neuronal
dynamics across multiple brain
areas.

The key advancements in capabili-
ties compared to previous tech-
nologies are:

1) True simultaneous imaging of
four brain regions across a 5Smm
field of view, sufficient to cover
mouse sensorimotor cortex. Pre-
vious systems have demonstrated
only sequential imaging across a
similar field of view.

2) Because of this simultaneous
imaging capacity, the Chen lab

are able to image neural dynam-
ics at high speeds (30Hz). This is
3-4x faster than other large field of
view imaging systems that rely on
sequential imaging.

3) All four field of views are inde-
pendently positionable across 3 di-
mensions which allows us to target
any combination of brain areas for
imaging. The only other previous
quad-region imaging system had
fixed field of views and was applied
for imaging only a single brain
region.
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Proof-of-principle Optical Imaging Technology

Three-Photon Reverberation
Microscopy

In comparison to two-photon mi-
croscopy, three-photon microscopy
provides superior depth penetra-
tion, due to the longer excitation
wavelength it uses, and higher or-
der nonlinear dependence of its sig-
nal. Previous demonstrations have
successfully used three-photon
microscopy for calcium imaging of
relatively small neural populations
in the mouse hippocampus.

Jerome Mertz and his team seek to
broaden the application of three-
photon imaging to larger popu-

lations of neurons. Recording

of neuronal activity from large
populations is key to understand-
ing complex brain functions. To
that end, the Mertz lab aim to
record calcium transients from
multiple depths simultaneously
using reverberation microscopy.

In reverberation microscopy;,

a single pulse of light enters a
partially-transmitting cavity,
which creates multiple copies of
the original pulse that are delayed
in time from one another (see the
figure below). Since each of the
copies has looped through the
weakly-focusing cavity a differ-
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ent number of times, they will each
focus at a slightly different depth in
the sample. The time delay between
the copies provides a means of dis-
tinguishing which signal came from
each depth post-hoc. Three-photon
reverberation microscopy could
potentially allow for recording of
neuronal activity in the cortex and
hippocampus simultaneously, a tool
that can be exploited for a variety of
neuro-biological studies.
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