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Introduction:

This overall scientific project is led by Prof. Rong Wang at UCSF. Prof. Chris Schaffer’s laboratory at Cornell
has collaborated with Prof. Wang for more than 12 years, using high-resolution in vivo imaging methods to
study the vascular changes that occur in the brain of mouse models of arterio-venous malformations, as well
as how altered cellular signaling due to genetic knock-outs alters those vascular changes. This report
describes the contributions of Prof. Schaffer’'s laboratory to this endeavor, which focuses primarily on two
aspects of the work. First, Prof. Schaffer supports the in vivo imaging capabilities in Prof. Wang'’s laboratory.
He guided the construction of the two-photon excited fluorescence microscope that is used there, and during
this grant he has facilitated system maintenance, upgrades, repairs/alignment, as well as training of individuals
in Prof. Wang’s laboratory in the use of this instrument. He also contributed to the design of experiments using
in vivo imaging and the analysis and interpretation of results. The second major activity on this grant in Prof.
Schaffer’s laboratory focuses on the creation of advanced nonlinear microscopes that would allow more
complex cellular dynamics to be followed in vivo. This latter research has produced a working hyperspectral
multiphoton microscope that acquires 48 channels of excitation/emission spectral information per pixel,
enabling the imaging of ten or more fluorescent species simultaneously. This work was recently published in
Optica. A new design that is under construction now will dramatically speed up the acquisition of this data,
which is essential for the use of this tool in live animals.

Keywords:
Nonlinear microscopy, hyperspectral imaging, arterio-venous malformation

Accomplishments:

Major Goals of this Project:

Prof. Rong Wang'’s laboratory discovered more than 10 years ago an altered cell signaling pathway, involving
constitutively active Notch4, that leads to the formation of arterio-venous malformations (AVMs) in the brain of
mice. Brain AVMs can be devastating, as they are typically not diagnosed until they lead to an ischemic or
hemorrhagic stroke and there are few treatment options beyond a highly-invasive and risky surgical removal.
Prof. Wang’s discovery that Notch4 over activity can produce brain AVMs provided one of the first viable
animal models of AVMs, permitting detailed studies of the genetic and physiological underpinnings of this
disease. Such studies require in vivo analysis of brain vascular structure and function, and the contributions of
Prof. Schaffer’s laboratory to this project center on developing and guiding the use of in vivo imaging tools to
accomplish this analysis. Under this award, Prof. Schaffer’s laboratory aimed to make two key contributions to
this work. First, we continued to support the in vivo imaging work conducted in Prof. Wang’s laboratory,
including help with instrumentation, guiding experimental design and analysis of results, and training
personnel. Second, we have sought to expand the complexity of biological phenomena that can be studied
through in vivo imaging by building a hyperspectral multiphoton microscope, with the goal of enabling in vivo
imaging of multiple distinct cell types simultaneously.

Accomplishments Toward these Goals:

Goal 1: Support in vivo imaging efforts in Prof. Wang’s laboratory at UCSF

Prof. Wang'’s laboratory uses a two-photon excited fluorescence (2EPF) microscope that was designed by
Prof. Schaffer’s laboratory and constructed by a jointly advised PhD student about 10 years ago. Briefly, 2PEF
imaging enables fluorescently-labeled structures to be imaged with micrometer resolution, in three-dimensions,
and at depths of several hundred micrometers into optically scattering samples, such as tissue. This 2PEF
imaging has been an essential tool in Prof. Wang'’s exploration of the genetic and physiological (e.g. blood flow
mediated vascular remodeling) underpinnings of AVM formation and regression in her Notch4-based AVM
mouse models. Prof. Schaffer’'s laboratory has supported these efforts by first designing and guiding the
construction of the 2PEF microscope and, since then, guiding the maintenance and repair of the instrument,
advising on the use of the instrument and the processing of the resulting images, helping with experimental
design and the analysis of results, and training of new members of Prof. Wang'’s laboratory on the use of this
tool. This expert support role has been accomplished through several different mechanisms. First, Prof.
Schaffer visits Prof. Wang'’s laboratory 1-2 times a year for a couple of days. During these visits, he personally
maintains the microscope, trains new users and answers instrumentation questions, and participates in
meetings to discuss progress, plan experiments, and analyze results. Prof. Schaffer did not visit Prof. Wang’s
laboratory in 2020 or 2021 due to the COVID pandemic. Second, members of Prof. Schaffer's laboratory
frequently consult by email and videoconference with members of Prof. Wang’s laboratory to deal with
technical problems with the microscope, to advise on the design and execution of in vivo imaging experiments,
to guide quantitative image processing and data analysis, and to answer general questions. These two
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mechanisms have led to a more than 12 year run of Prof. Wang’s laboratory having world-class in vivo imaging
capabilities that have enabled her AVM studies. This award has supported the efforts of Prof. Schaffer’s lab to
sustain these capabilities in Prof. Wang’s laboratory from the Fall of 2016 through the Fall of 2020.

Goal 2: Develop hyperspectral multiphoton microscopy

Studies of both normal and disease-state physiology in animal models would benefit from the capability to
simultaneously visualize and distinguish a broad variety of cell types in vivo. Poor spectral resolution and/or
sensitivity to optical scattering hinders the application of current microscopies to in vivo imaging of many
fluorescent markers in scattering samples. 2PEF microscopy has become the technique of choice for
visualization of fluorescently-labeled features deep into scattering samples (~0.5 mm in mouse cortex), at
subcellular resolution. However, typical 2PEF systems have just two to four different wavelength detection
channels, which limits measurements to just a few fluorescent markers. Spectral resolution has been improved
in 2PEF using detection systems based on dispersive optics, but this approach becomes counter-productive in
scattering samples, where scattered light leads to spectral blurring and poor spectral resolution in angle-
dependent systems for separating wavelengths. Confocal detection can reduce this spectral blurring, but
eliminates much of the benefit of 2PEF for deep imaging. Other approaches to increasing the number of
fluorescent species that can be imaged simultaneously with 2PEF have focused on increasing the number of
detector channels and/or using multiple excitation laser wavelengths.

We have attacked this problem through the design and construction of a hyperspectral multiphoton microscope
(HMM) to address the challenge of achieving clear separation of multiple fluorescent species while maintaining
the deep imaging capability of 2PEF. The first version of this instrument used three different wavelength
excitation lasers to differentially excite different fluorescent dyes on successive image frames. In addition, the
four channel fluorescence detection system had angle-tuned bandpass filters in front of each detector, which
could be rotated to shift the detected wavelength in each channel. With four different angles of these angle-
tuned filters, we could detect fluorescence over the 400 — 700-nm wavelength range with ~25-nm spectral
resolution, requiring four successive frames. Thus 12 successive frames (4 angles X 3 lasers) produced a 48-
channel hyperspectral image. We then linearly unmixed this 48 channel image to obtain pure images of each
fluorescent marker. We demonstrated imaging of ten different color fluorescent beads with strong overlap,
imaging of up to eight different color fusion proteins that linked different color fluorescent proteins to different
intracellular structural proteins, and imaging of up to eight distinct biological structures in vivo using harmonic
generation, fluorescent protein expression, and exogenous dyes and fluorescently-labeled antibodies to
highlight specific structures. This work was published in Optica in 2020.

A major problem with this first-stage instrument, however, is the slow imaging speed. Our instrument requires
about 30 s to acquire a full 48-channel hyperspectral image, so three-dimensional image stacks can require
tens of minutes to acquire. This slow imaging limits experimental throughput on the instrument and sets a
lower limit on the time resolution at which we can follow dynamic events. An additional challenge is the impact
of motion artifact on the accuracy of the linear unmixing. When imaging in live animals, there is some
unavoidable motion of the tissue due to heart beat and respiration. In the brain, we typically have 1-3 um of
motion, mostly due to respiration. Because this motion will occur between successive image frames taken with
different excitation colors and detecting different emission wavelengths, the images that are used to linearly
unmix and extract “pure” images of each fluorescent marker will be slightly shifted relative to each other,
leading to poor unmixing at the boundaries of objects. Although we correct for some of this motion artifact with
post-processing, there remains some regions of poor unmixing, especially at the edges of smaller objects. We
also note that this microscope is somewhat wasteful in terms of the utilization of emitted fluorescence. In any
given image, we are rejecting (and not detecting) about three-fourths of the potential emitted light.

We are now improving on our design for the HMM to create an instrument that would be more robust for in vivo
imaging experiments. This new design will address the issues of imaging speed, sensitivity to motion artifact,
and inefficient use of emitted fluorescence. In a collaboration led by Prof. Frank Wise (Applied Physics,
Cornell), we have designed femtosecond laser sources that produce synchronized femtosecond duration laser
pulses at multiple different wavelengths. We will capitalize on the unique capabilities of this synchronized multi-
color laser source to create a hyperspectral multiphoton microscope that dramatically increases the density of
fluorescence information that is obtained. By switching pulse-by-pulse between the three generated colors and,
additionally, driving non-degenerate two-photon absorption by simultaneously irradiating with combinations of
colors, we create five different excitation conditions. Imaging the fluorescence emission across eight
simultaneous detection channels that span the visible wavelength range will yield a 40 channel hyperspectral
image that will allow fine separation of fluorescent dyes based on two-photon excitation and fluorescence



emission spectra. This new system will acquire 40-channel images at about three frames per second, a speed
up of about two orders of magnitude compared to our current instrument. Because the excitation conditions are
switched pulse-to-pulse and the emission channels are detected simultaneously, motion artifact will not lead to
distortions between the 40 different channels of the image. Finally, because we are using an 8 PMT system
and dropping the use of angle-tuned bandpass filters, we detect all available fluorescence at all times, making
more efficient use of the fluorescence that is generated.

We have made progress in two critical ways and anticipate finishing the final construction and begin
demonstrating use of this instrument later this year. First, we have finalized the complex electronics and
software required to synchronize the fluorescence detected with the individual excitation pulse that excited it.
This required the use of field programmable gate arrays to appropriately route the data at the ~10 MHz rate of
excitation pulses. Second, we demonstrated non-degenerate two-photon excitation using synchronized
femtosecond pulses of different colors from a fiber laser built by the Wise lab. This latter work was published in
Biomedical Optics Express in 2021.

Opportunities for Training and Professional Development:

This proposal has provided the primary source of support for a PhD student, Mr. Menansili Mejooli. Mr. Mejooli
has a background in electrical and computer engineering and his PhD has focused on developing advanced
optical microscopy tools. Mr. Mejooli was the second author on our Optica paper on the HMM and was also
second author on our collaborative Biomedical Optics Express paper on fiber laser non-degenerate two photon
imaging. | anticipate he will finalize the construction of the next-generation HMM this summer and complete
demonstration experiments this Fall. He will complete his PhD toward the end of 2021.

Impact:

Impact on discipline:

Our support of Dr. Wang’s lab in the use of 2PEF for in vivo studies directly impacts the field of AVM studies by
enabling her lab to use these methods. In the field of optics and microscopy, the first generation HMM is,
frankly, a somewhat brute force approach to increasing the spectral discrimination capability of nonlinear
microscopy, but it does represent the largest number of excitation/emission imaging channels that has been
demonstrated. Our second generation HMM makes clever use of pulse train engineering and detection
systems to gain a dramatic amount of additional spectral information with the only real tradeoff being laser and
microscope complexity.

Impact on other disciplines:

The greatest impact of multiphoton microscopy in biomedical research has been the ability to directly observe
and quantify the behavior of, and interactions between, cells in living organisms. This has been used primarily
as a tool for hypothesis testing, where cell types of interest are labeled using genetic strategies or exogenous
dyes and are imaged on microscopes that feature 2—4 simultaneous fluorescence detection channels. In these
kinds of experiments, “red” and “green” labeled cells (or other structures) stand out against a black
background. That black space is not empty, however, but is densely filled with other cell types that are not
seen and whose role, therefore, cannot be examined. Modern genetic labeling strategies, such as the various
Brainbow constructs, are approaching the point where every cell in a volume can be labeled with a unique
combination of fluorescent proteins. Clearly differentiating these color combinations and thus delineating the
cells, however, requires much more information than can be acquired on current microscopes that image well
in vivo. Use of these powerful labeling strategies has been limited primarily to post-mortem imaging of tissue
using confocal microscopes, which are too sensitive to optical scattering for robust in vivo use. The HMM wiill
overcome this challenge and enable us to image many fluorescent species simultaneously in scattering
samples, and should transform in vivo imaging from a tool used primarily for hypothesis testing to a more
general technique that could be used for unbiased biological discovery. The instrument could enable
experiments where the dynamic interactions of all cells in the imaged volume can be tracked over time to
generate hypotheses about the cellular interactions that drive normal- and disease-state physiological
processes. As an example of this impact, our lab is part of an NIH-funded P01 program project grant focused
on imaging the response of T-cells to tissue injury. Our role is to help with instrumentation to enable the
simultaneous imaging of multiple classes of cells to better understand the cell interactions that lead to T-cell
mediated immunity or tolerance.

Impact on technology transfer:
We partnering with ThorLabs on the development of the second-generation HMM. So far, this partnership has
focused on them providing some custom optical and opto-mechanical design and fabrication for us at steeply
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discounted rates. If the instrument proves to work as well as we hope and if the laser technology from Prof.
Wise’s lab proves reasonable to replicate, | believe ThorLabs will be interested in pursuing commercialization
of the microscope. We were recently awarded a patent on some of the key technology and ideas that underlie
the first and second generation HMM designs.

Impact on society:

If successful, this instrument development could provide a powerful new tool to elucidate the cellular
interactions that drive disease processes, potentially revealing new mechanisms that could be targeted
therapeutically.

Changes/Problems:

Changes in approach:

The reduced quality of the linear unmixing due to uncompensated motion artifact in the first-generation HMM
was more severe than we had hoped and this, coupled with the slow imaging speed, has really decreased my
enthusiasm for this as a design that could be broadly used, especially for in vivo applications. So, rather than
moving forward with animal experiments using the first-generation design, we focused on the second-
generation HMM, which | believe will solve the primary problems, but at the expense of a more complicated
laser and microscope design. This trade-off currently seems very much worth it.

Products:

Publications:

M.L. Buttolph, M.A. Mejooli, P. Sidorenko, C.-Y. Eom, C.B. Schaffer, and F.W. Wise, “Synchronously pumped Raman
laser for simultaneous degenerate and nondegenerate two-photon microscopy,” Biomedical Optics Express 12,
2496 (2021).

A.J. Bares, M.A. Mejooli, M.A. Pender, S.A. Leddon, S. Tilley, K. Lin, J. Dong, M. Kim, D.J. Fowell, N. Nishimura,
C.B. Schaffer, “Hyperspectral multiphoton microscopy for in vivo visualization of multiple, spectrally overlapped
fluorescent labels,” Optica 7, 1587 (2020).

Patents:
AJ. Bares, C.B. Schaffer, S. Tilley, “Hyperspectral multiphoton microscope for biomedical applications,” 10,394 ,008.

Participants:

Name: Chris B. Schaffer

Project Role: Pl

Research ID: ORCID: 0000-0002-7800-9596

Months: 1

Contribution: Oversee the design, construction, and testing of HMM. Visit Prof. Wang to consult,
maintain microscope and train users.

Funding: Cornell salary and this award

Name: Menansili Mejooli

Project Role: Graduate student

Researcher ID: ??

Months: 12

Contribution: Performed work on the design, construction, and testing of generation one and two
HMM, as well as created linear unmixing and image analysis code.

Funding: Cornell TA and fellowship awards, as well as this grant.

Other support:

An updated current and pending support document is appended for Prof. Schaffer.
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