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ABSTRACT

Brain is an important organ that plays a necessary role in our emotions, thought,
memory, and almost every process that regulates our body. In order to understand the
mechanism of the brain, numerous studies have progressed for more than a century.
However, our understanding of the brain is still limited. The reason is that no ideal
imaging tool nowadays has the capability to simultaneously achieve micrometer and
millisecond spatiotemporal resolution in the whole brain. To achieve this requirement,
we select Drosophila to be our sample because of its small brain size and the nearly-
complete structural connectome. In order to accomplish in vivo whole Drosophila brain
functional imaging, we need to reach the following requirements: (I) noninvasive method,
(IT) micrometer spatial resolution to distinguish neurons, (III) ~100 pm penetration depth
for Drosophila deep tissue imaging, (IV) millisecond temporal resolution volumetric
imaging for 3D functional dynamics.

Two-photon microscopy (2PM) is often used for in vivo brain study because of its
noninvasive characteristic, ~um scale spatial resolution and optical sectioning that offers
remarkable penetration depth, achieving the requirements (I - 111), respectively. However,
the imaging speed is limited since 2PM typically requires raster scanning through the
whole sample. Here we increase the speed on the lateral axis via multifocal imaging
formed by a diffractive optical element (DOE) and a multichannel PMT. The axial speed
is enhanced by a tunable acoustic gradient-index (TAG) lens, which scans the focus on
the axial axis with an ~100 kHz. Through combining these two optical elements, we are
able to achieve volumetric imaging with ~2 ms temporal resolution, which accomplishes
the last requirement (1V).

In this study, we apply our system on the GCaMP7f-labeled Drosophila brains for

in vivo imaging. With spontaneous activities, we discover the distinct transient response
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in different subcompartments in the mushroom body. We further stimulate the Drosophila
via electric shock, and observe periodic activities in the frequency domain. However, one
challenge remains is the data lost during imaging, which is caused by the software-
induced low CPU processing efficiency. With replacing a high-performance CPU to
overcome this difficulty in the future, our high-speed multifocal multiphoton volumetric
microscope paves the way toward establishing functional connectome in Drosophila

brain.

Keyword: Multifocal microscopy, Two-photon microscopy, Tunable acoustic gradient

-index lens, Volumetric imaging, Functional imaging
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Chapter 1. Introduction: Challenges of brain study and
possible solutions

Brain is an important and complex organ composed of astronomical numbers of neurons
that plays a necessary role in our emotions, thought, memory, and almost every process
that regulates our body. However, despite numerous studies that have progressed for more
than a century, our knowledge about brain function is still limited, due to the lack of
proper tools that achieve high-speed volumetric image and sub-cellular resolution
simultaneously for large scale brain imaging. Thus, in this study, we increase the imaging
speed to achieve high-speed volumetric two-photon microscopy and apply our system for

in vivo functional brain study.

1.1 Current status in brain study

Brain study is one of the most important domains in science. “What is the biological basis
of consciousness?” and “How are memories stored and retrieved?” are in the top 25
questions recorded in the 125-anniversary special section of Science [1]. The following
chapter will introduce some basic brain features and current state-of-the-art brain imaging

techniques.

1.1.1 Brain features

The brain controls our senses, high-order function and is also related to some common
diseases such as depression. To reveal how the brain works and how it affects our daily
behavior, studying the building component of the brain structure is necessary. The basic

component of the brain, which is neuron, has been debated between Golgi and Cajal in
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the 19th century [2]. Followed by the studies of more than 100 years by biologists and
neurologists, the features of a single neuron are well-known. Fig. 1.1.1a is asingle neuron,
commonly constructed by a soma (i.e. cell body) and neurites. Soma houses the nucleus
and offers cellular activities to keep the neuron functional. Neurites are responsible for
collecting and transmitting signals, and they are classified into dendrites and axons.
Dendrites receive the incoming signals from nearby neurons and send them to the cell
body. The length of dendrites are rarely longer than 2 mm. Axons, on the other hand,
extend a meter or more inside our body and transmit signals from the cell body to the
axon terminal [3]. The signals transport between the neurons are known as action
potential, which is controlled by the membrane potential of a neuron. The ions passing
through the membrane causing the action potential (i.e. electrical pulse) promptly rises

and falls with a time span of ~2 ms, as shown in Fig. 1.1.1b.
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Fig. 1.1.1 Neural structure and action potential
(a) Extended-focus views of rat pyramidal cells stained for biocytin [4]. Scale bar, 50

um. (b) An action potential recorded by electrophysiology and oscilloscope [3].
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However, even though the characteristic of a single neuron is well-studied, brain studies
still challenge scientists and neurologists nowadays. The particular reason for this
circumstance is that the function of the brain is not carried out by a single neuron but tens
of thousands of neurons with multiple upstream and downstream neurons connecting
together, also called “connectome”. Taking olfactory information in a Drosophila brain,
for example, it arrives at the antenna lobe (AL) primarily via antennal nerve (AN). The
signals then pass through the projection neuron (PNs) and are received by the dendrites
of the Kenyon cells (KC), also known as calyx (Ca) (Fig. 1.1.2a). The Kenyon cells are
famous for forming the mushroom body (MB), a brain region which plays an important
role in olfactory learning and memory in insects. As shown in Fig. 1.1.2b, the input of
MB is not only olfactory signals, but also information such as visual and temperature [5].
Since the numerous neurons that interact with the MB introduced above are already
complicated, not to mention the neurons in the whole brain intricately communicate with
each other, thus forming a complex connectome and giving rise to the emergent property
of the brain. Therefore, a microscopy that covers more regions of the brain, furthermore
with high spatiotemporal resolution, benefits to reveal the mystery of the brain [6]. In the

next section, common techniques and challenges in brain research are introduced.
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Fig. 1.1.2 Connectome of Drosophila mushroom body
(a) Olfactory pathway of the Drosophila right brain from anterior aspect [7].

(b) Sensory information input of MB [5].

1.1.2 Challenges of common technique in brain science

To make a brief sum up of the technology required in brain science, an ideal observation
tool needs to have a micrometer scale spatial resolution to resolve different neurons,
whose cell bodies range from 2 um to 20 um, depending on different species [8]. Beside
spatial resolution, millisecond scale temporal resolution is necessary to observe the action
potential or the rising time of a genetically encoded indicator to distinguish the time
sequence from different neurons. Last but not least, a large enough imaging area is
preferable since it covers as many brain neurons as possible; in other words, a whole brain
study is the ultimate goal. However, notice that there is a tradeoff here, by maintaining

the same spatial resolution to see every single neuron and dwell time of every pixel,

4
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increasing the imaging area causes the growth of the pixel number, resulting in lower

temporal resolution.

Overall speaking, it is difficult to observe a whole brain with high spatial and temporal
resolution simultaneously. For example, functional magnetic resonance imaging (fMRI),
a well-known technique which achieves whole human brain imaging with ~ 10 ms
temporal resolution [9], but with a poor spatial resolution with only few millimeters [10],
is not able to distinguish a single neuron and is much more suitable to observe different
brain regions [11] (Fig. 1.1.2a). Electrophysiology, on the other hand, utilizing micro-
electrodes simply measures the electrical signal of the neuron directly, thus having
excellent micrometer spatial resolution and sub-microsecond temporal resolution.
However, the number of micro-electrodes is limited since it will interfere with the brain
function [12, 13], so this technique also cannot achieve observing every single neuron in
whole brain study (Fig. 1.1.2b). However, optical microscopy manipulates light to excite
or illuminate the neurons and receive the photons by detectors for image information,
offering a sub-micrometer spatial resolution and millisecond scale temporal resolution
[14]. Although it has sufficient high spatiotemporal resolution, it suffers from a relatively
small region of interest (~ mm?3) [15], which is not large enough to cover the whole human
brain (Fig. 1.1.2c, d). Even though the human brain is our ultimate aim of functional brain
study, the large size is not suitable for whole brain high-speed imaging with optical
microscopy [16]. One way to achieve this whole brain study is to utilize small model

animals, for example Drosophila.
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Auditory network (b)

Regular firing

—

Fig. 1.1.3 Common techniques in brain study

(a) Several typically reported neurons with active regions of the human brain shown in
orange color (adapted from [17]), although fMRI is able to observe clear macroscopic
structure, it lacks the ability to observe a single neuron. (b) Neuron signals in the
mammalian brain display varying electrophysiological properties [18]. (c) Schematic of
laser scanning optical microscopy [19]. (d) In vivo larval zebrafish labeled with
GCaMP6f observed by two-photon microscopy, the individual somata is seen in the

right figure (Figure adapted from [19]).
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1.1.3 Model animal: Drosophila

The model animal we used is Drosophila Melanogaster, also known as fruit fly.
Compared to human and other model animals such as mice, the size of the Drosophila
brain is way smaller and whole brain study is more practical, as shown in figure 1.1.4.
Even though it has a minuscule brain size (~ 200 um X 750 um % 360 um), it has about
1.3x10° brain neurons [8] to form a complex enough behavior and connectome map
(Table 1.1.1). Throughout 100 years of biologist studies, a nearly-complete structural
connectome has been established [20-22], which acts as a crucial reference for
establishing in vivo functional connectome. Furthermore, nearly 75% of human disease-
causing genes have homolog in Drosophila [23], such as Alzheimer’s and Parkinson’s
disease, making it one of the most important model animals among neurological studies

and the “first draft” model before human whole brain studies [24].

© Dr. Frank Hirth, King's College London

Fig. 1.1.4 Comparison of brain volume between human, mouse and Drosophila
The scale bar of the inset image is 100 um. [25] (Figure adapted from https://the

conversation.com/ode-to-the-fruit-fly-tiny-lab-subject-crucial-to-basic-research-38465)
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Human Mouse Drosophila

Brain volume 1.6x10% mm? 440 mm? 8x102 mm?

Number of brain neurons 8.6x10%0 7.1x107 1.3x10°

Table 1.1.1 Parameter of brain features in human, mouse and Drosophila. [8, 16]

1.1.4 Challenges of in vivo Drosophila brain study

To achieve in vivo whole brain imaging with optical microscopy in Drosophila, some
fundamental challenges need to be overcome. First, to match up the animal behaviors and
the brain neuron activities, a noninvasive method for in vivo study is required to reduce
damage on living organisms. Second, the size of the soma in the Drosophila brain is about
6 um [26], so micrometer scale spatial resolution microscopy is necessary to distinguish
neurons. Third, to reach the deep tissue area, hundreds of micrometer penetration depth
is needed. Fourth, the neuron distribution in the Drosophila brain, like in any other animal,
is three dimensional, so a volumetric microscopy tool is highly desirable. Last but not
least, to capture the action potential or the rising edge of ion dynamics, millisecond scale
temporal resolution microscopy is necessary for functional brain imaging (Table 1.1.2).
Despite the fact that each requirement can be achieved individually, in order to achieve
in vivo Drosophila whole brain imaging with high spatio-temporal resolution, these
conditions should be accomplished simultaneously, and no microscope is able to

complete these requirements until now [27].
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Drosophila brain characteristic Requirement

in vivo brain study Noninvasive method
~ 6 um neuron size Spatial resolution: micrometer scale
Deep tissue Penetration depth: hundreds of micrometers
3D structure Volumetric imaging
~2ms action potential Temporal resolution: millisecond scale

Table 1.1.2 Requirements for in vivo Drosophila brain study.

1.2 Comparison of brain study techniques

Great technique brings out great experimental data, which improves the edge of science.

As Robert A. Millikan mentioned when he received the Nobel Prize in 1923 [28],

The fact that Science walks forward on two feet, namely theory and
experiment. ... SometimeS it IS one foot which is put forward first,
sometimes the other, but continuous progress is only made by the use of
both by theorizing and then testing, or by finding new relations in the
process of experimenting and then bringing the theoretical foot up and

pushing it on beyond, and so on in unending alterations.

In this following section, suitable tools will be chosen to form a combination for high-

speed and whole brain study in Drosophila.

1.2.1 Optical microscopy in brain imaging

As mentioned above, optical microscopy with small animal models seems to be the
leading solution for probing the functional connectome in brains. Not only is optical
microscopy noninvasive, but it also offers sub-micrometer spatial resolution, which

accomplishes two out of five of our requirements. One of the problems left is deep tissue

9
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observation, i.e. large penetration depth. For traditional optical microscopy such as wide-
field imaging based on camera (Fig. 1.2.1a), by illuminating a large area, it observes
multiple neurons simultaneously and provides remarkable digital resolution. However, its
disadvantage is crosstalk due to tissue scattering, which means the signal is captured by
nearby pixels. While it illuminates and detects signals from the whole volume, wide-field
imaging lacks the ability of optical sectioning. With these two cons above, contrast
decreases in all three axes, making signal intensity severely lower in deep-tissue imaging.
Penetration depth of wide-field imaging is typically limited to less than 100 pm [29], so

it is more suitable for thin samples and not for our purpose [15, 30].

Confocal microscopy (Fig. 1.2.1b), on the other hand, avoids both lateral and axial low
contrast that occur in observation. The lateral scattering effect decreases due to the use of
single-channel detector and single-beam raster scanning, thus avoiding crosstalk. The
signals are gained in a time sequence and then assembled into one or multiple images. In
order to increase the axial contrast, a pinhole is used to block the out-of-focus signals,
thus only capturing the signals around the focus, which is also known as optical sectioning
[31]. These advantages on increasing the contrast are more suitable for deep tissue

imaging [32].

Two-photon microscopy (2PM) also offers optical sectioning (Fig. 1.2.1c), since two
photon effects only occur around the focal point [33]. Absorption and fluorescence no
longer happens at the out-of-focus area, thus decreasing photobleaching and phototoxicity
effects compared to confocal microscopy [34]. With 2PM based on near infrared

excitation wavelengths for excitation, it reduces the scattering effects when light passes

10
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through the tissue, resulting in longer penetration depth to millimeters [35, 36]. Thus, we

select two-photon laser scanning microscopy to be our imaging technique in this study.

(a) Wide field (b) Confocal (c) Two photon

Detector Detector Detector

Pin hole

Beam expander Beam expander Beam expander

Dichroic
mirror

Dichroic
mirror

Objective

Focal plane

Femtoliter

Focal plane focus volume

Laser Pulses

Fig. 1.2.1 The schematic between wide-field, confocal and two-photon microscopy
(@) Wide-field microscopy: Light illuminates the whole volume through the light path
and detects every signal from the sample. (b) Confocal microscopy: Light also
illuminates the whole volume but only detects the signals at the focus, while the out-of-
focus signals are filtered out by a pinhole arranged in front of the detection. (c) Two-
photon microscopy: Laser pulse only illuminates the focal region; thus, the pinhole is no

longer needed. 2PM is capable of detecting the signals from the focus. [35]

11
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1.2.2 Speed limitation in two-photon microscopy

2PM’s multiple advantages satisfy most of our requirements, including long penetration
depth that covers the whole Drosophila brain. However, the data acquisition speed of
laser scanning microscopy is its major bottleneck, due to the laser focus moving in the
sample voxel by voxel. This decreases temporal resolution, which is one of the necessary
requirements for observing functional images [37]. Multiple techniques have been
invented to solve this speed issue, for example, resonant mirrors [38] and polygonal
mirrors [39] have been utilized, which enhance the lateral scanning speed to 100 frames
per second [40]. With the use of a single-channel detector, the data acquisition rate is
restricted to ~500 MHz because of the fluorescence lifetime, which is about 2-3 ns. Thus,
intuitively utilizing a multichannel detector with multifocus drastically increases the data

throughput.

1.2.3 Enhancing speed in lateral axis with multifocus (DOE)

Multifocal multiphoton microscopy (MMM), also known as spatially multiplexing
multiphoton microscopy, enhances the imaging speed proportionally with the number of
foci since parallel multibeam are capable of scanning the region simultaneously. There
are several ways to split a single bean into multiple beams, such as microlens arrays,

spatial light modulator (SLM) and diffractive optical element (DOE).

Microlens arrays were the earliest version of MMM, which was invented around the
2000s and already has the ability for video-rate imaging [41, 42]. However, when the
incident laser beam passes through the microlens, the spaces between the microlens

causes energy loss, thus decreasing the transmission rate. Additionally, the intensity
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distribution of the incident laser is nonuniform, mostly Gaussian beam, resulting in the

power difference at the central and the peripheral part.

Compared to microlens arrays, SLM offers higher transmission rate and uniformity based
on that the liquid crystal arrays are finely adjusted [43]. These computer-controlled liquid
crystals inside SLM are in charge of changing the wavefront of the laser and conveniently
create arbitrary light patterns, including multifocal. However, the disadvantage of the
liquid crystal device is that it is sensitive to high power. Since we utilize high-power

femtosecond pulsed laser for two-photon imaging, SLM is also not suitable [44].

DOE, on the other hand, accepts high-power incident laser beam and reaches ~99%
transmission rate. It utilizes an imprinted microstructure pattern which changes the phase
of the laser passing through it, forming almost any beam shape [45]. Although the
disadvantage is that the beam shape is fixed, since it is decided by the microstructure [46];
it is simple to integrate in an optical path, thus we alternatively switch between single-
beam scanning and multibeam scanning, forming two techniques into one system. With
these advantages mentioned above, DOE seems to be the most suitable tool for forming
multifocus. Yet this 2D imaging is not enough, since the Drosophila brain is a 3D
structure, a volumetric imaging is necessary. To form a high-speed volumetric imaging,
we need a proper axial scanning technique while achieving millisecond scale temporal

resolution. In the next section, multiple axial scanning techniques will be introduced.

1.2.4 Enhancing speed in axial axis with a TAG lens

In one lateral axis, we have chosen a scanless technique. For the axial axis, there are also

several techniques that offer scanless ability which highly increase imaging speed, such
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as Bessel beam microscopy [47] and light bead microscopy (LBM) [48]. Bessel beam
microscopy utilizes optical elements, such as axicon, to elongate the depth of field (DOF)
to ~100 um, which is about 15 times larger than traditional gaussian beam (Fig. 1.2.2a).
This needle-shaped intensity distribution on the z axis enables Bessel beam microscopy
to avoid scanning along the axial direction, thus enhancing the volume rate [49]. However,
since Bessel beam projects 3D information on a 2D image, i.e. lacks optical sectioning

ability, it is more suitable for sparse neuron distribution.

LBM, on the other hand, is a variant of Bessel beam that offers optical sectioning ability.
Via a series of mirrors and a dichroic, multiple focus is generated along the z axis with
time difference between each bead, thus it is able to distribute the signals from different
depths (Fig. 1.2.2b). However, since we have already chosen multifocus on the lateral
axis, adding a multifocus technique on the axial axis causes numerous foci. This results
in the low intensity of each focus, thus the photons collected by the detector will decrease,
which is not suitable for high-speed microscopy. Since the above z-scanless techniques

are not proper, we introduce several axial scanning techniques below.
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Fig. 1.2.2 The schematic of axial scanless techniques
(a) The comparison between the Gaussian beam and the Bessel beam. Traditional 2PM
utilizes a Gaussian beam for 3D scanning, forming an image stack. Bessel beam, on the
other hand, extended DOF, which enables the scanless on z axis, but squeezes the
volume information into a single frame [50]. (b) LBM generates multiple foci on the

axial axis with temporal multiplexing to achieve z axis information [48].

For scanning technique, the most straightforward way to form a volumetric image is to
move the objective by a piezoelectric actuator (Fig. 1.2.3a), but the frequency is limited
to ~100 Hz due to the inertia of the objective [51], which is not fast enough to achieve
high temporal resolution. Compared to the piezoelectric stage, electrically tunable lens
(ETL) (Fig. 1.2.3Db) has less inertia. ETL utilizes mechanisms such as polymer membrane

or electrowetting that allows the axial scanning speed to achieve nearly 1 kHz [15, 52].
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Multiplane volumetric image has been demonstrated recently with volume rate at 10 Hz
[53, 54]. However, the speed is still not fast enough to accomplish a millisecond scale

microscopy.

To achieve high-speed axial scanning, inertia-free techniques such as tunable acoustic
gradient-index (TAG) lens (Fig. 1.2.3c) offers frequency over 100 kHz [55, 56], which is
at least two and three orders faster than ETL and piezoelectric actuator, respectively. With
the acoustic wave driving the liquid inside the TAG lens resonantly, the density of the
liquid and refractive index changes sinusoidally. Thus, periodically converge and diverge
the beam, then by combining TAG lens and objective, they are considered as switching
between concave and convex lens. Consequently, from the literature review above, TAG
lens has the fastest axial-scanning speed to achieve our millisecond scale microscope,
which seems to be the most suitable technique. After combining two-photon, DOE and
the TAG lens, we achieve the five requirements which are mentioned at section 1.1.4.
This leads to our aim: observing functional images in the Drosophila brain with our high-

speed MMM.
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Fig. 1.2.3 The schematic of axial scanning techniques
(a) Piezoelectric actuator mounted on the objective to generate a z axis scanning.
(Figure adapted from [57].) (b) ETL is driven by electricity, take liquid lens for
example, by pushing and pulling the orange membrane on the left, the transparent liquid
inside the lens will cause the shape changes on the blue membrane, thus bending the
light passing through [58]. (c) TAG lens is an acousto-optics element, the refractive
index of the liquid changes by acoustic wave, thus converges and diverges the laser

beam, forming a high-speed axial scanning technique. (Image courtesy: Y.-H. Tsai)

1.3 Aim: Functional volumetric brain imaging in Drosophila

brain study

In summary, for the purpose of observing the in vivo functional imaging in Drosophila
brain, we utilize a two-photon volumetric millisecond-scale multifocal microscope.
Multifoci are generated on the lateral axis by DOE, this scanless technique on one lateral
axis highly increases the imaging speed proportionally with the number of foci. The TAG
lens scans the axial axis with an extremely high frequency. With the combination of DOE,
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TAG lens and 1D galvanometric mirror, a volumetric image is completed; and via DOE
and TAG increasing the imaging speed on two axes, millisecond scale temporal resolution
is also achieved. Other requirements such as non-invasive method, micrometer scale
spatial resolution and high penetration depth are provided since the two-photon optical
microscopy inherently offers. In this study, we not only observe functional activity by
this high-speed MMM, but also enhance the performance of this system. In the next

chapter, we will introduce the principle of each technique in our system we have chosen.
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Chapter 2. Principle of each technique

In this chapter, we will describe the principle of the mechanism we have chosen, including
two-photon microscopy, DOE and TAG lens. The combination of these above techniques

which achieve a volumetric imaging will also be explained.

2.1 Two-photon microscopy

Our high-speed microscope is based on two-photon excitation. The theory was presented
in 1931 by Maria Goppert-Mayer [59]. Compared to single-photon excitation, two-photon
excitation is when an electron of a molecule absorbs two identical energy photons
simultaneously and is excited to the excited state from the ground state. The electron will

then decay back to the ground state and emit a fluorescence photon (Fig. 2.1.1).

First electronic
excited state

Vibrational

Aﬁlﬁ-‘ 4 relaxation
Excitation 17-"‘ Emission Excitation Emission

photon photon photons photon
VWA, VWM, VWA VWM,
One-photon Fluorescence Two-photon Fluorescence
excitation emission excitation emission
A

Vibrational
Electronic states
’.1:! ground state ’rf!

Fig. 2.1.1 Jablonski diagram of single-photon and two-photon excitation

The fluorophores that absorb single and two photons are excited to the first electronic

states from the ground state [60].
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Since the two-photon excitation requires absorbing two photons nearly simultaneously,
the probability of this effect is lower, it depends quadratically on the. excitation laser
intensity (S « 12, S: absorption probability, I: excitation laser intensity), which is a
nonlinear effect [61]. On the other hand, the probability of single-photon excitation is
simply proportional to the excitation laser intensity. As shown in Fig. 2.1.2, the excitation
linearly occurs at all cone volume at single-photon excitation while only the focal area is
excited at two-photon excitation. The unit Goppert-Mayer (GM), named in her honor, is
used to quantify the molecular two-photon absorption cross-section, which defines the
absorption probability. However, the range of the common fluorescence dye is 1-300 GM
[61], where one GM is 108 m?s/photon, thus extremely low probability occurs at two-
photon excitation. To solve this problem in 2PM, an ultra-short pulsed laser with ~100 fs
pulse width is often utilized to concentrate the photons into discrete pulses [34]. Since
the photons are confined in the temporal region with pulse laser, 2PM also converges the

2 size. These two

photons at the spatial region with an objective, which is ~um
confinements in both spatio-temporal regions highly enhance the probability of two
photons arriving at the fluorophore at the same time while still maintaining the average

power relatively lower than the sample tolerance limit [14].

With these difficult requirements, give rise to two significant advantages in 2PM. First,
since the electron absorbs two photons simultaneously, the energy of the photons will be
approximately half less compared to single-photon excitation. This means longer
wavelengths are used for excitation, mostly near infrared region, due to the less affected
by tissue scattering, this leads to longer penetration depth [62]. Second, the nonlinearity
of two-photon excitation leads to the excitation only happening at the focal area. As

shown in Fig. 2.1.2, this provides optical sectioning ability in volumetric imaging, thus
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resulting in enhancing the imaging contrast [14]. Since the focal plane is excited, this
advantage in decreasing the photobleaching and phototoxicity effects, which is more

suitable for living samples [34].

Focal Plane

One Photon Two Photon
Signal o I Signal o I’

Fig. 2.1.2 Fluorescence excitation in single-photon and two-photon microscopy
(a) Fluorescence occurs along the light cone in single-photon excitation due to the
signal being proportional to the laser intensity. (b) In two-photon excitation,
fluorescence occurs only at the focal area due to the nonlinear effect. This provides the
intrinsic optical sectioning capability compared to single-photon excitation. (Figure

adapted from https://xu.research.engineering.cornell.edu/research/)

2.2 Diffractive optical element (DOE)

Although 2PM provides multiple advantages, the speed limitation is restricted since it

requires scanning through the whole sample (Fig. 2.2.1a). One way to increase the
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imaging speed is to utilize multifoci, as mentioned in section 1.2.3, we have chosen DOE

to form a scanless method.

DOE is a phase element that splits a single beam from the laser into multibeam utilizing
diffraction. The micro-structure embedded in the element transforms the beam shape into
specific patterns, including beam array. The pattern is decided through simulating the
diffractive result before manufacturing; thus, the pattern is fixed after it is produced. DOE
also has nice performance with ~99% transmission rate, ~80% splitting efficiency and
uniformity less than 1%, which is suitable since we require high intensity laser power for
two-photon excitation. Here, we customized a DOE to form 32 beams in one direction.
As shown in Fig. 2.2.1b, combined with a 1D galvanometric mirror, this parallel scanning
enhances the imaging speed at least 32 times faster. To form a high-speed volumetric

image, we need to combine this to a high-speed axial scanning technique.

(a) (b)

/|

Scanning
v 6 ¢ ¢ ¥

A

« > Scanning
galvo L—» galvo

Fig. 2.2.1 The schematic of single beam and multibeam

l—b galvo

(a) Traditional single beam scanning in 2PM requires single beam scan through the
whole plane, resulting in relatively slow imaging speed. (b) DOE simultaneously
generates multiple beams to cover one axis, this scanless method on the axis enhances
the imaging speed. (Figure adapted from [46])
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2.3 TAG lens

The tunable acoustic gradient-index (TAG) lens utilized acousto-optic effect to change
the wavefront of the incident laser, resulting in convergence or divergence of the light
passing through the lens. As shown in Fig. 2.3.1, the TAG lens is composed of silicone
oil in the center surrounded by a cylindrical-shaped piezoelectric transducer, and an outer
metallic housing [63]. When a TAG lens is operating, a sinusoidal voltage signal with
specific frequencies drives the piezoelectric transducer, it then vibrates and creates
acoustic standing waves inside the silicone oil, thus periodically changing the density of
the oil. Which means the refractive index of the TAG lens is a spatial and temporal

dependence function and is described as:

n(r,t) = ny + nyjy (%) sin(wt) (2.1)

where n, is the static refractive index, n, is the maximum refractive index when the lens
is operating, J, is the Bessel function of the first kind, w is the lens driving frequency, and

v the speed of sound in the medium [64].

Bolt Line

Inlet & Outlet
used for
filling lens

Window —

Metal Housing—> 4

PiezoelectricTube  Inner Electrode
Contact

Fig. 2.3.1 Component of the TAG lens [63]
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In an oscillation period, there are three stages during TAG lens operating, as shown in
Fig. 2.3.2a, corresponding to the values of sin(wt) in Eq. 2.1. The refractive index
maintain uniform in TAG lens when sin(wt) = 0, thus the wavefront is unchanged and
the position of the focus is at the zo image plane after the objective. When sin(wt) > 0,
central refractive index has a local maximum, thus converges the incident beam, creating
a focus at the z; image plane after the objective. On the contrary, when sin(wt) < 0,
refractive index generates a local minimum at the central part, thus diverges the incident
beam, creating a focus at the z> image plane after the objective. In brief, TAG lens acts
like a convex and concave lens sinusoidally changing in between. After combining the
TAG lens with an objective, the focus moves between z; and z,, which forms the total
axial scanning range (4z), as shown in Fig. 2.3.2b. The frequency of the focus moving

on the axial axis is identical to the driving frequency of the TAG lens.

By considering tube lens, TAG lens and objective, we determine the microscope scanning
range. Assume the TAG lens as a tunable focal length lens with optical power changing
from 874; 10 =874 . Via thin lens approximation and geometrical optics, the axial

scanning range Az is written as:

2ffibedTAG _ 28T4G (2.2)
M2=6% o(Md—frupe)® 62, 6246 (80pjd~1)" '

Az = |z, — z,| =
where f.,,5. being focal length of the tube lens, 6746 and &, ;. is the optical power of the
TAG lens and objective, correspondingly, M the magnification of tube lens and objective

and d is the distance between the TAG lens and the objective [65].
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There are three important parameters in the TAG lens, which are the axial scanning speed,
axial scanning range and the effective aperture, corresponding to volume rate, volume
size and resolution. As mentioned previously, axial scanning speed depends on the
driving frequency of the acoustic wave; axial scanning range is the moving range of the
focus, as shown in Eq. 2.2. The effective aperture of the TAG lens is defined by the main
lobe of the Bessel function, since only this region works like a periodically changing
concave and convex lens, as shown in Fig.2.3.2a. Notice that there are relations between
these parameters. In order to achieve high-speed volumetric imaging, higher driving
frequency is recommended to increase the axial scanning speed, this also enhances the
axial scanning range [66]. However, driving frequency w will also affect the effective
aperture, i.e. the Bessel function of the first kind, as shown in Eq. 2.1. In brief, the relation
between these parameters are closed to each other and should be carefully chosen for

individual applications.
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Fig. 2.3.2 Schematic of TAG lens and the objective achieving axial scanning
(a) Three stages of TAG lens which acts like a window, convex and concave lens. Red
curve is the profile of the refractive index. (b) Combination of TAG lens and objective
generating focus scanning on the axial axis between z1 and z». r, radial coordinate along
lens radius; n, refractive index; d, distance between objective and the TAG lens; 4z,

total axial scanning range. [27]
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2.4 High speed two-photon volumetric microscopy

In summary, we increase the volume rate of our two-photon volumetric microscopy on
two axes. On the lateral axis, DOE is utilized to generate multifocal to enhance the
imaging speed. On the axial axis, TAG lens offers a high-speed focal scanning. After
combining these two techniques with a 1D galvanometric mirror which is often used at
laser scanning microscopy, this then achieves a high-speed volumetric microscopy, as
shown in Fig. 2.4.1. Notice that the scanning frequency of the TAG lens is way higher
than the galvanometric mirror. Instead of scanning the x-y plane first, the scanning order
starts from the x-z plane, thus generating a vertical imaging plane, then moves to the next
plane via the galvanometric mirror. This subsequently vertical imaging plane forms a

volumetric imaging.

1D galvanometric mirror

z TAG lens

Fig. 2.4.1 Schematic of multifocal method combing with TAG lens achieving
volumetric microscopy
DOE generates a scanless method which covers the x direction, y direction is scanned
by a galvanometric mirror and TAG lens offers scanning on z direction

(Figure adapted from [27])
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Chapter 3. Experimental method: system design and
sample preparation

In the previous chapter, the principle of each technique forming a high-speed volumetric
MMM was explained. Here, the information on how we composed our microscope will
be demonstrated, including the optical and hardware setup, experimental protocol. The

preparation of the Drosophila sample for functional imaging will also be displayed.

3.1 Optical setup

First, we will introduce the optical elements in optical setup following the light path, from
excitation to emission. The overall schematic of our volumetric MMM is shown in Fig.

3.1.1.

Fig. 3.1.1 Schematic of high-speed volumetric MMM

HWP, half-wave plate; PBS, polarizing beam splitter; PMT, photomultiplier tube; Obj.,

objective. Image courtesy: G.-J. Huang.
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A Ti:Sapphire pulsed laser (Chameleon Ultra Il, Coherent) operates at 940 nm with an
average output power of ~1.4 W, 140 fs pulse width and 80 MHz repetition rate is utilized
for two-photon excitation laser source. Placing a pair of half-wave plate (HWP) (10RP52-
4, Newport) and polarizing beam splitter (PBS253, Thorlabs) after the laser exit is used
for modifying the laser power. A pair of beam shrinkers (AC254-150-B-ML, AC254-50-
B-ML, Thorlab) create a suitable beam size to fit the effective aperture of the TAG lens.
With a customized diffractive optical element (DOE, Holo/Or), a single beam was splitted
into 32 beams. A 4f system (AC254-100-B-ML, AC254-150-B-ML, Thorlab) then relays
these beams onto the galvanometric mirror (6215HM40B, Cambridge Technology) for
lateral scanning. These scanning beams are then sent through pair of telecentric scan and
tube lens (SL50-CLS2, TL100-CLS2, Thorlab) to arrive the objective (HC PL IRAPO
20x, NA=0.75, water immersion, Leica) creating a multiline image. To achieve high
speed axial scanning, the TAG lens (TAG Lens 2.5B, TAG Optic Inc.) operating at ~70
kHz was arranged before the objective to change the wavefront of 32 beams. Resulting in
32 foci simultaneously scanning in the z direction at ~70 kHz according to the states of
the TAG lens. These 32 foci scan through the whole sample with the scanning directions

of TAG lens and galvanometric mirror both orthogonal to the arrayment of the foci.

Epi-detection was used in this system, where the emitted fluorescent passed through the
same objective, TAG lens and scan/tube lens. The signals are then descanned by the
galvanometric mirror and separated via a dichroic mirror (DMLP650R, Thorlab). With a
descanned method, the signals remain stationary on the detector. To filter out the laser
and decrease the background signals, two band-pass filters (FF01-520/15-25, Semrock;
FBG39-2IN-SP, Thorlab) are utilized before the detector. Since 32 foci simultaneously

creates fluorescent signals, instead of using single-channel PMT for detection, a 32-
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channel PMT (H12175-200, Hamamatsu) is utilized. This 32-channel PMT is constructed

by a lineup of single-channel PMTs with each channel corresponding to each beam. Table.

3.1.1 shows the manufacturer and model number of each instrument.

Instrument Manufacturer Model number
Ti:Sapphire Laser Coherent Chameleon Ultra Il
Half-wave plate Newport 10RP52-4
Polarizing beam splitter Thorlabs PBS253
Beam shrinkers, lens 1 Thorlabs AC254-150-B-ML
Beam shrinkers, lens 2 Thorlabs AC254-50-B-ML
Diffractive optical element Holo/Or Customized 32-beam splitter
A4f system, lens 1 Thorlabs AC254-100-B-ML
A4f system, lens 2 Thorlabs AC254-150-B-ML
Galvanometric mirror Cambridge Technology 6215HM40B
Scan lens Thorlabs SL50-CLS2
Tube lens Thorlabs TL100-CLS2
Silver mirror Thorlabs PF20-03-P01
TAG lens TAG Optics Inc. TAG lens 2.58
Obijective Leica HC PL IRAPO 20x/0.75 W
Z stage OptoSigma GSC-01
Dichroic Thorlabs DMLP650R
Filter Semrock FF01-520/15-25
Filter Thorlab FBG39-2IN-SP
32-channel PMT Hamamatsu H12175-200

Table 3.1.1 Manufacturer and model number of the instruments.
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In 2PM for neuroimaging, fluorescent proteins are often used to increase the imaging
contrast [67]. Among several kinds of fluorescent proteins, green fluorescent proteins
(GFP) provide comparatively large two-photon cross-section and mature development,
thus are one of the suitable candidates [68]. Lately, jGCaMP7, a family of GFP-based
calcium sensors has better performance than other sensors to detect activity responses of
neurons, for example, JGCaMP7f has higher intermediate Kinetics than GCaMP6f [69].
Since the maximum two-photon cross-section of jJGCaMP7 is around 940 nm, as shown

in Fig. 3.1.2, we choose 940 nm for our excitation wavelength.
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Fig. 3.1.2 Two-photon excitation cross-section of jJGCaMP7 family [69]

The excitation laser passes through the DOE to form a multifoci, as we mention from
section 2.2, the parameters are fixed once the DOE was fabricated. Hence, we need to
choose the parameters of DOE to match our sample, Drosophila. Since the size of the
Drosophila brain is ~ 200 x 700 um?. The short side (200 um) must be covered by
multifoci to achieve whole brain imaging. Due to the neuron size of Drosophila is about
6 um [26], we deduce that 32-33 neurons are on the short side of Drosophila brain. Thus,

we separated 32 foci with 6.875 degree splitting angle, so that every neuron is at least
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scanned by one beam. Combining DOE with 4f system, scan/tube lens and the 20x
objective with 10 mm focal length, the 6.875 degree splitting angle is enough to cover

200 um. The calculation is shown as:

Full range = fopj. X Opop X Mys X M, (3.1)

100 50

= 10 mm X (6.875° X i) X S0
150 200

180

= 200 um

where f;,5,;. is the focal length of the objective, 6, is the splitting angle of the DOE,
M,y is the magnification of 4f system, M, is the magnification of the scan/tube lens.

The long side is simply scanned by 1D galvanometric mirror with maximal scanning
range achieving ~850 um [27], with the combination of DOE and galvanometric mirror,

we are able to cover the lateral plane of the Drosophila brain, as shown in Fig. 3.1.3.

~32-33
neurons

Fig. 3.1.3 Schematic of multifoci combining with galvanometric mirror scanning
through the lateral plane of the Drosophila brain
DOE forms 32 foci (red spots) aligned on the short side while 1D galvanometric
mirror scans the foci on the long side (red lines), covering the lateral plane of the
Drosophila brain (dark blue) (Created with BioRender.com.)
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After introducing the specification of DOE, which increases the lateral imaging speed.

The following paragraph we determined the parameter of the TAG lens that achieves high

speed axial scanning. Here, we placed the TAG lens just in front of the objective to

optimize DOF extension and signal collection efficiency [64], therefore, we need to

consider the effective aperture of the TAG lens. Due to the fact that small effective

aperture causes small beam size incidents on the back aperture of the objective, leading

to lower NA and decreasing the spatial resolution. Since the back aperture of our objective

is ~16 mm, we selected the maximal effective aperture of our TAG lens, which is ~11

mm for our microscope (Table. 3.1.2). The corresponding frequency is ~70 kHz with total

lens power 2 m™,

Frequency (kHz)

Calc. Eff. Aperture

Total Optical Power

% of Max Driving

(mm) (diopters) Amplitude
68.5 11.0 0.5 20%
68.5 11.0 1.0 39%
68.5 11.0 1.5 58%
68.5 11.0 2.0 75%
188.0 4.0 10.0 43%
188.0 4.0 20.0 80%
308.0 2.5 10.0 5%
308.0 2.5 20.0 10%

Table 3.1.2 Specification of TAG Lens 2.50.

The value of axial scanning range is shown in Eq. 2.2, by utilizing a 10 mm focal length

objective lens, we theoretically achieve ~200 um depth coverage.

Az

28T 4G

2

2
85pj.~6%a6(80pj.d—1)

T 1002—(100%0.005—1)2
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Since the axial length of Drosophila is ~360 um, the axial scanning range of the TAG
lens seems unable to cover the whole z direction. Fortunately, the experimental scanning
range, done by our former member Yu-Hsuan Tsai, is about 80% larger than the
theoretical result, which is able to extend to ~360 um [27], thus the TAG lens scanning

range is enough to cover the axial length of Drosophila (Fig. 3.1.4).

intensity (a.u.)

~360 pm

i I ! I ! I i I ! |
0 100 200 300 400 500
axial position (pm)

Fig. 3.1.4 The experimental axial scanning range of the TAG lens

(Figure adapted from [27])

The above paragraph shows that the volume size is large enough to cover the whole
Drosophila brain, we then simply go through the temporal resolution of our high-speed
microscopy. Since the frequency of the TAG lens operates at ~70 kHz, we easily calculate
the time of the foci scans through the whole volume. As mentioned in section 2.4, the foci
first scan the z axis with the same frequency as the TAG lens then moves to the adjacent
vertical plane by the galvo mirror. In our system, we are able to choose different pixel

numbers on the galvo scanning axis, such as 128, 256, 512 and 1024. Notice that with
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larger pixels, it causes longer scanning time. Take 128 pixels for example, the scanning

time t is calculated as:

t = Trac X Npix. (3.3)

=1 %1285 =18ms
70k

where Tr 4 is the period of the TAG lens, and N,;,. are the selected pixel numbers on the

galvo scanning axis. Thus, we achieve a high temporal resolution microscopy (~1.8 ms)

with the volume rate >500 volumes/second.

3.2 Hardware setup

In our microscope, we use PMT to detect the emitted photons and transfer optical signals
to current signals. Since the emitted photon yield per pulse is only ~3 photons/pulse, we
choose a maximal quantum effect PMT (H12175-200, Hamamatsu) with ~20% as our
detector [27], which is a 32-channel PMT. This then outputs a ~pA current which is too
small for data acquisition. Thus, we customized two 32-channel amplifier boards (AMP)
with the assistance of Southport Co., Ltd, to magnify the signals of the PMT. The first
AMP board composed of 32 ERA-3SM+ (Mini-Circuits) connects just behind the PMT,
after that the signals transfer by 32 SMA-SMA cables to the second AMP board
composed of 32 ADRF6520 (Analog Devices), with 23.5 dB and 53 dB maximal gain
correspondingly. This not only increases the current signals, but also avoids the electrical
crosstalk during signal transforming, the detailed introduction will be discussed at section

4.4.2.
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After the current signals are magnified with amplifiers, we utilize 8 four-channel
digitizers (NI-5734, National Instrument), so that we have 32 channels corresponding to
32 foci-induced fluorescence signals. The overall data flow is shown in Fig. 3.2.1a, since
the repetition rate of the pulse laser is 80 MHz, the fluorescence pulse is also 80 MHz.
The maximum sampling rate of our digitizer is 120 MS/s (sample per second), which is
high enough for our sampling. The sampling time of data acquisition is triggered by the
synchronization signal from the Ti:Sapphire laser we use, which is also 80 MHz. Before
the synchronization signal is imported into the digitizer, it passes through a delay board
in order to match the maximum fluorescence signals. Since every fluorescence signal is
input into the digitizer, the total throughput for each digitizer is 320 MS/s with 16-bit
sampling size, thus the data throughput is too large. Here we utilize a field-programmable
gate array (FPGA) (PXle-7972, National Instrument) to not only down-sampling the
sampling size from 16-bit to 8-bit but also pre-processing the data via decimation,
accumulation or average (Fig. 3.2.1b). For example, after average N pixels via FPGA, the
sampling rate per digitizer is 4x80/N MS/s; and the data throughput per digitizer is
(4x80/N)x8 Mbit/s, which is 4x80/N MB/s. Since we use 8 digitizers, the total data
throughput is 2.56/N GB/s, so an array of solid-state disk (HDD-8261, National
Instrument) constructed into a redundant array of independent disks (RAID) offers 2 GB/s
transmission rate is used for our data acquisition system (DAQ). Notice that N is chosen
to be 1, 2, 4 or 8, this results in the pixel numbers on the z axis. In this study, we average
8 pixels in our system, leading to ~70 layers on the axial axis, which has quite large layers
compared to other high-speed volumetric microscopes [53, 54]. The calculation of the

layers on the z axis is shown as:
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Layersonz axis =T X Tpy; ~ 2N (3.4)

=80M X — =+ 16 ~ 70
70k

where I is the repetition rate of the laser pulse, Tr4¢ 1S the period of the TAG lens and N

Is the selected pixel numbers for pre-processing the data.

Since our receiving data is eight 1D arrays on the time sequence. We need to reconstruct
the signals at the precise position to generate a 3D volumetric image. A transistor-
transistor logic (TTL) signal synchronized with the operating frequency of the TAG lens,
which is generated by the TAG lens controller, is imported into a multifunction 1/0
module (PXle-6368, National Instrument) to record the position of the galvanometric
mirror and the TAG lens for image reconstruction. The TAG TTL signal is also imported
into the eight digitizers for synchronizing them together. These above instruments
including the 1/0 module, digitizers were integrated into a computer case (PXle-1075,

National Instrument) and manipulated by a controller (PX1e-8880, National Instrument).
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Fig. 3.2.1 Overall data flow of our digital acquisition system
(a) Data and signal flow in the DAQ system. Blue line: Laser synchronization signal.
Red line: Fluorescent/data signal. Green line: TAG signal. (b) Utilizing FPGA for data

pre-processing. (Figure adapted from [27])

3.3 Experimental protocol

1. Excitation beam alignment of two-photon microscopy
e Turn Ti:Sapphire laser on and adjust the wavelength to 940 nm.

e Place the removable mirror on the beam path with a specific angle to lead

the laser into our system.
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Turn on the Ti:Sapphire laser shutter and check whether the laser beam
enters our system by an IR viewer.

By adjusting the angle of the HWP, we are able to change the input power.
Adjust the degree of the HWP to 79 degrees for least transmission power.
Adjust the knobs of the mirrors to align the laser beam to pass the irises,
which is called beam-walking. This makes sure the laser passes through
the center of the optical elements, such as the 4f system and scan/tube lens.
Screw the hollow tube which has two irises inside to the objective mount.
Tune the knobs of the silver mirrors to align the laser beam to pass the
center of the objective.

Change the hollow tube to the objective into the lens mount.

A ssingle beam 2D imaging with a single channel PMT (PMT2100, Thorlab)
is used to easily find the sample and spatially correspond to our high-speed
multifocal microscope. Insert the dichroic (FF573-Di01-25X36, Semrock)
which is mounted on a flipper between the scan/tube lens to guide the
emission fluorescence into the single channel PMT. This is called slow
scan imaging in the following article.

Turn on the computer and click “PMT2100 4.0” to operate the single
channel PMT for single beam 2D imaging. Click “JadeMAT 3.3” software
to run the 2D imaging program. The parameters are adjustable such as
image size, pixel dwell time. One can also change the z position or achieve
a z stack image at the stage control region, as shown in Fig. 3.3.1. Then

click “JadeMat Reader 2.1” to read the 2D image.
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Fig. 3.3.1 Software of 2D imaging and the control panel of “JadeMAT 3.3”

2. Emission beam alignment of multifocal two-photon microscopy

Place 1 mM FITC fluorescent liquid of a glass container under the

objective.

Tune the HWP to 70 degrees for 40 mW laser power after the objective to

excite the fluorescent liquid.

Remove the dichroic between the scan/tube lens which is for single beam

scanning.

Insert the dichroic (DMLP650R, Thorlabs) between the 4f system and

galvanometric mirror to guide the emission fluorescence into the

multichannel PMT. Adjust the angle of the dichroic and the mirror after
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the dichroic to align the detected light path and make sure it roughly
locates at the center of the detector.

e Turn on the power of the multichannel PMT and the amplifier. Click the
“32chs Amplifier.exe” to adjust the gain of the second amplifier
(ADRF6520, Analog Devices) to 60% which provides ~30 dB gain (Fig.
3.3.2).

e Import the output cable of CH16 and CH17 from the AMP to the

oscilloscope and balance the amplitude of the signals from two channels.

= L - - T - L)
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COM4 M Start ] HY poo_ N HV ' pos N COMA - Hv | . . poo W Hv | . oo N
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| \
| |
T . @ - = L . - —
PMT 3. Click “Amp” PMT | Amp
Amplifier H12311 H12175 Filter b 2 4 Change the value of total gain and click “Updat”
com [ T e e ‘ b ‘ i galn P
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Amplifier Gain
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Fig. 3.3.2 Control panel of amplifier and its operation steps
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3. Data acquisition

e Adjust the laser delay board to match the laser trigger and the fluorescent

peak (Fig 3.3.3)

+

SOUTHPORT

(b)

Ch1 RMS
705mv

Ch2 RMS
3.57mvV

Chi_ 1.00V & @B 10.0mv< M 10.0ns] A Chi # 0.0 V

4> 0.00000s |
Fig. 3.3.3 Laser delay board and the synchronized laser corresponding to the fluorescent
signals
(a) The coarse and the fine phase tuner is able to delay the synchronized laser. (b)
Synchronized laser (CH1) and the fluorescent signal (CH2) shown by an oscilloscope.
Red dot line is the sampling time which has to match the peak of

the fluorescent signals. [27]
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e Turn on the power of the TAG lens controller and connect the controller
to the TAG lens with a SMA connector.
e Click “TAG Lens controller 3.3.8” and follow the steps in Fig. 3.3.4 to

operate the TAG lens.
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Fig. 3.3.4 Operation steps of the TAG lens

(Figure adapted from [27])
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e Insert the DOE which is mounted on a flipper.

e Replace the fluorescent liquid with a 3D fluorescent microsphere sample
or Drosophila brain sample. Click the “TAG 32” software for data
acquisition of 3D imaging on the computer and follow the steps in Fig.
3.3.5 to accomplish data acquisition of our high-speed volumetric imaging.

4. 3D image reconstruction

o C(Click “TAG32Parser vl.l.exe” and follow the steps in Fig. 3.3.6 to
reconstruct the volumetric imaging data.

e This software reconstructs the acquired data into multiple 2D images (x-y
plane) in different z layers. Click “First==PNG" and “ALL=>PNG” to
save the first and every acquired volume, correspondingly. It transfers into
DAT and PNG files from TDMS files and can be exported for further

analysis.
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Fig. 3.3.5 Data acquisition software and operation steps

(Figure adapted from [27])
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Fig. 3.3.6 3D image reconstruction software and operation steps
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3.4 Drosophila sample: Electric shock

For the Drosophila fly line, we use OK107-GAL4 to express the whole MB and UAS-
GCaMP7f for genetically encoded calcium sensors. We then mount the Drosophila on a
homemade fly stage. The fly stage is made by MakerBot Replicator+ and embedded with
an iron plate in the middle. The fly is placed into the ice bucket for 20 minutes for fainting,
it then will be fixed on the iron plate with AB glue. After waiting the glue dries, add
phosphate buffered saline to keep the fly alive. We then remove the cuticle of the
Drosophila head by removing the skull by tweezers (Dumont #55) and the air sacs above

the brain. The Drosophila brain is exposed below the objective and is ready for imaging.

In order to obtain functional study, here we use electric shock. We create a periodic
voltage pulse by Arduino and relay, as shown in Fig. 3.4.1a. The DC power supply
provides 25 voltages and the relay controlled by the Arduino generating voltage pulse
with the duration of electric shock is 0.7 s and relaxing time is 1 s. The voltage pulses are
sent to the Drosophila via two screws. One screw is connected to the iron plate and the
other is connected to the Drosophila abdomen by iron wires. This allows the periodic
electric shocks passing through the sample (Fig. 3.4.1b). Further details of brain surgery
and activating the Arduino for electric shock is recorded in Hung-Yu Chen’s master thesis

[70].
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Fig. 3.4.1 Setup of electric simulation and fly stage
(a) DC power supply provides steady current with 25 V; the Arduino and relay
generates the voltage pulse. (b) The schematic of the circuit passes through the

Drosophila. (Figure adapted from [70])
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Chapter 4. Improvement of the system and solutions

Although our microscope offers the highest speed in two-photon volumetric microscopy,
this state-of-the-art system encounters some challenges, such as crosstalk due to
multichannel and high data throughput that might cause missing data. In this chapter, we

introduce the challenges we found and their solutions.

4.1 Crosstalk in multichannel

Even though multichannel PMT highly increases the imaging speed, the intrinsic
drawback is the crosstalk between different channels [71]. Our lab member Chien-Sheng
Wang utilized photon reassignment algorithm to solve this issue. Here, we use single-
beam and a single-channel PMT to acquire a high-resolution image which is mentioned
at section 3.3 excitation part (slow scan image). The step size is 60 nm on both x and y
axis. The figure is shown in Fig. 4.4.1a. After switching to our high-speed multichannel
microscope, the image shown in Fig. 4.4.1b is oval due to the crosstalk along the
multichannel array (x axis). With improving the image based on photon reassignment
algorithm via crosstalk vector, which is [L? L 1 L L?]. The L is the percentage leaking to
the adjacent channels. The optimization of the L value is obtained by manual iteration to
approach the similarity of the slow scan image. With this photon reassignment algorithm,

the crosstalk effect is decreased, as shown in Fig. 4.4.1c.
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T—» galvo (y) T—» galvo (y)

Fig. 4.1.1 Fluorescence microspheres before and after photon reassignment

(a) Slow scan image of 10 um fluorescence microspheres acquired by single-beam and
a single-channel PMT. Scale bar, 30 pm. (b) Fast scan image of 10 um fluorescence

microspheres before photon reassignment. (c) Photon reassignment of fast scan image.

4.2 Shift on galvo axis

As shown in Fig. 2.4.1, the galvanometric mirror scans in a period generates two volumes.
Since the scanning direction is totally opposite, by flipping the even images on the galvo
axis, we shall obtain a similar image compared to the odd images. However, there is a

shift on the galvo axis after flipping the images, which is about 15 pixels (Fig. 4.2.1).
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Fig. 4.2.1 Shift on galvo axis between odd and even volumes before phase changing

(a) Slow scan image of 10 um fluorescence microspheres. (b-c) Same sample as (a)
acquired by our high-speed microscope, corresponding to the odd and even (after
flipping along y axis) volume image. Scale bar, 20 um. (d-€) The line profile of the
fluorescence signal (white line) that passes through the fluorescence microsphere,
corresponding to (b) and (c). The red arrow indicates the microsphere and the y axis

shift between the odd and even volume image is about 15 pixels.
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The problem here is that the starting point on the galvo axis is incorrect. With one period
(180 degrees) of galvanometric mirror corresponding to 256 pixels (2 X 128 pixels) in
our system, 15 pixels correspond to ~ 10 degrees. With the help of our lab member Ting-
Chen Chang by adding the parameter of “Phase Adjustment (degree)” on the control panel
of the data acquisition software (Fig. 4.2.2). We are able to change the default starting

phase from -90 degree to -80 degree for obtaining images without shifting (Fig. 4.2.3).
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Fig. 4.2.2 Phase adjustment parameter on the data acquisition software control panel
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Fig. 4.2.3 Odd and even volumes after phase changing
(a) Slow scan image of 10 um fluorescence microspheres. (b-c) 10 um fluorescence
microspheres acquired by our high-speed microscope, corresponding to the odd and
even (after flipping along y axis) volume image. Scale bar, 20 um. (d-e) The line profile
of the fluorescence signal (white line) that passes through the fluorescence microsphere,
corresponds to (b) and (c). The red arrow indicates the microsphere with no shift

between odd and even images.
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4.3 Missing data causing image shift

Since the time span in a biology experiment to observe functional activities is usually
longer than several seconds. The imaging quality should be maintained throughout the
imaging time. However, we have discovered a random shift on the galvo axis and z axis.
The position of the fluorescence microspheres is shown in Fig. 4.3.1a via slow scan
imaging. We then switch to fast scan imaging with acquisition time for more than 5
seconds. The image is normal in volume 2811 and 2812, correspondingly shown in Fig.
4.3.1b and Fig. 4.3.1c, but it suddenly changes in one volume, which is ~2 ms, as shown
in Fig. 4.3.1d. The top image shows only a single layer and the bottom image shows the
projection on xy-plane. This indicates the signals are shifted on both the y and z axis. The

phenomenon might be caused by missing data, thus affecting the image reconstruction.
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5142 ms (2811) 5144 ms (2812) 5146 ms (2813)

Fig. 4.3.1 Missing data causes fluorescence microspheres shift on y and z axis

(a) Slow scan image of 10 um fluorescence microspheres. (b), (c), (d) 10 um
fluorescence microspheres acquired by our high-speed microscope, corresponding to the
2811th, 2812th and 2813th volumes. Top, single layer. Bottom, projection on xy-plane.

Scale bar, 20 um.

Here, we check the shifting pattern via the crosstalk induced by the fluorescence
microspheres. As shown in Fig. 4.3.2, the signal shift happens every four channels, which
correspond to an individual digitizer.
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Fig. 4.3.2 Signal shift occurs in four channels
(a) Signal without shifting, the intensity of background is uniform. (b) Signal shift
occurs at channel 29~32, which corresponds to the last digitizer. (c) Signal shift occurs

at channel 5~8, which corresponds to the second digitizer.

Here, we test the TTL signal of the TAG lens, which might cause missing data on a single
digitizer. The TTL signal is duplicated into eight signals via a printed circuit board (PCB)
as shown in Fig. 4.3.3a. Those signals are then imported to the auxiliary 1/O of the
digitizer in order to synchronize the eight digitizers. If one specific TTL signal after the

PCB is missing and is not synchronized with the original input TTL signal, the acquisition
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time of the corresponding digitizer might be different from other digitizers, resulting in

missing data and signal shifts.

In order to confirm whether the TAG TTL signals after the PCB are synchronized. We
duplicated the signals after the PCB via a T-joint connector and imported the signals into
the analog input of the digitizer. By operating our data acquisition system, we are able to
analyze the image pattern, and recognize whether the signals after the PCB are
synchronized. Here, we import TAG TTL signals without passing through the PCB into
channel 1, and import signal a~g which pass through the PCB into channel 2~8,
sequentially (Fig. 4.3.3a). Since the TAG TTL signal is used for triggering the angle of
the galvanometric mirror. The signals appear at the end of the period, which is the last
few layers (128~142); in contrast, there are no signals on the rest of the layers. Fig. 4.3.3b
shows volume 3451 (6332 ms) which presents the standard image, the top image is layer
16 and the bottom image is layer 130. However, at the next volume 3452 (6334 ms) as
shown in Fig. 4.3.3c, the TTL signals which are imported into the second digitizer have
shifted to the above layer (16). Since the TTL signals in charge of the second digitizer,
which is imported to channel 3 (signal b, orange) still maintain at the last few layers, we

are able to confirm the TTL signals are synchronized after the PCB.
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Fig. 4.3.3 Experiment of the synchronization of TAG signal after the PCB

(a) PCB of duplicating the TAG TTL signals to synchronize the eight digitizers. The

dualed signals are also imported into the analog input of the digitizer. (b-c) Acquired

image of volume 3451 (6332 ms) and 3452 (6334 ms). Top, layer 16 on z axis. Bottom,

layer 130 on z axis.
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Chapter 5. Biology results

In this chapter, we apply our system on the GCaMP7f-labeled Drosophila brains for in
vivo imaging. We then observe the functional image including spontaneous calcium

dynamics and periodic activity in MB via electric stimulation.

5.1 Functional Drosophila imaging: Spontaneous

As mentioned in the previous section, missing data causes imaging shifts. Before
analyzing the time-lapsed brain images, we need to check whether the image is shifted.
In order to observe the MB of the Drosophila, we place the cuticle-removed fly under our
high-speed microscopy and accumulate 100 acquired volume images. There are ~1100
volumes within 2s. Comparing first and last 100 volumes, as shown in Fig. 5.1.1a and
Fig. 5.1.1b, the MB maintains at the same region, so we move on to analyzing the images
temporally. This result also proved that our high-speed multi-beam microscope is able to

acquire in vivo Drosophila brain image.
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Fig. 5.1.1 Accumulating 100 volumes of fast scan images
(@) Accumulate the first 100 volumes of MB (1-100). (b) Accumulate the last 100

volumes of MB (1000-1100). Scale bar 50 um.

After confirming the images are not shifted, we analyze the calcium-dependent
fluorescence changes (AF/Fo) inside the MB, which is the central processing unit of a
Drosophila. Fig. 5.1.2a is the anatomical structure of the MB with three subcompartments
in the alpha lobes. With the slow scan imaging, we are able to acquire a 2D image (xy-
plane) of the MB (orange) inside the Drosophila head capsule (purple), as shown in Fig.
5.1.2b. After switching to our high-speed multifocus microscope, and accumulating 100

volumes (~ 180 ms) and projection on the yz-plane, we clearly see the left and right alpha
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lobes of MB, as shown in Fig. 5.1.2c. In order to resolve the calcium dynamics in a living
MB lobe, we observe the axially resolved signal of the right MB, as marked by the white
boxes in Fig. 5.1.2c. Each box is 25 x 17 x 5 um?®, corresponding to 4 x 10 x 1 pixels in
X, Y, and z axis, respectively. The spatiotemporally resolved AF/Fy signals of the boxes
are presented in Fig. 5.1.2d (gaussian smoothing, window size = 366 ms). This figure
presents the different intensity in the subcompartments of the right lobe of MB, where R1,
R2 and R3 correspond to Fig. 5.1.2a. The colored arrow indicates the different AF/Fo peak
of the subcompartments. With repeating the same experiments on different Drosophila,
as shown in Fig. 5.1.3, the spatiotemporal results reveal a distinct transient response in
R3, which corresponds to the subcompartment in Fig. 5.1.2a. The projection in the top of
Fig. 5.1.3c shows the distinct response in R3 (black arrow) through highlighting the
fluctuation from the average of normalized responses. In the next section, in order to
achieve a much more obvious calcium dynamic, we stimulate the Drosophila to acquire

a periodic response inside the MB.
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Fig. 5.1.2 Drosophila brain image and spontaneous fluorescence changes in MB
(a) Mushroom body inside a Drosophila brain. Inset, three subcompartments (colors) in
the alpha lobes. (b) In vivo observation of MB labeled with GCaMP7f by slow scan.
Purple, Drosophila head capsule. Orange, MB. Scale bar, 100 um. (c) Structure of the
MB captured by high-speed microscopy (accumulates 100 volumes) projected to the yz-
plane (y, galvanometric axis; z, TAG axis). Scale bar, 50 um. (d) The AF/Fo of the right
alpha lobe of MB cross section along z direction, each line corresponds to each white

box in (c). Three colors relate to the three subcompartments in (a).
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Fig. 5.1.3 Time-lapsed images of MB and fluorescence changes in the alpha lobes
(a) Fast scan MB time-lapsed volumetric images. Scale bar, 50 pm. (Link: https://drive.

google.com/file/d/1IKKKKPciyRC2m5by76amvflsFAXcRprl7/view?usp=sharing)

(b-c) AF/Fy of the left and right lobe. The black arrow indicates the distinct transient
response in R3. Notice that the intensity decay is the heat absorption caused by the TAG
lens which will be mentioned at section 6.3, this causes the image intensity decreases.
By highlighting the fluctuation from the average of normalized responses, the distinct

response in R3 (black arrow) is shown at the projection in the top of (c).

5.2 Functional Drosophila imaging: Electric simulation

In order to carry out periodic functional imaging in Drosophila, there are several ways to
stimulate the fly, for example light, odor, and electric shocks. Here, we use electric shocks
for stimulation, since it fires most of the neurons inside the brain. As mentioned in section

3.3.4, we applied 25V stimulation for 0.7s, and relaxed for 1 s. (Fig. 5.2.1).
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Fig. 5.2.1 Electric stimulation

Before high-speed imaging, we utilize slow scan to observe the structure of the MB (Fig.
5.2.2a), the volume image is achieved by changing the height of the z-stage (GSC-01,
OptoSigma). In order to confirm whether the MB is stimulated, we zoom in the alpha lobe
of the MB and stimulate the Drosophila. With the frame rate of ~164 ms (128 x 128
pixels, 10 us pixel dwell time), we capture 2D time-lapsed images (Fig. 5.2.2b). The time
series of AF/Fo changes with 1.7 s periodicity (Fig. 5.2.2c), also after utilizing the Fourier
transform, the peak shown in frequency domain is around 0.58 Hz (Fig. 5.2.2d), which
matches our electrical period. Thus, this verifies the MB is stimulated by the electric

shocks.
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Fig. 5.2.2 Slow scan image stack and the fluorescence intensity change
(@) Slow scan image of the 3D structure of MB by the movement of the z-stage. Scale
bar, 50 um. (b) Zoom in the right alpha lobe of the MB (green area) to achieve 2D time-

lapsed images. Scale bar, 10 um. (Link: https://drive.google.com/file/d/1ovbxIAGpMZ

076evotSN3_ImicA73Jgrn/view?usp=sharing) (c-d) Time and frequency domain of

AF/Fo in the area of the right alpha lobe marked by white circle.

After confirming the MB is successfully stimulated by the electric shock, we switch to
our high-speed microscope to achieve millisecond scale volumetric image and stimulate
the Drosophila with the same protocol. There are 3000 volumes within 5500 ms. By
accumulating 200 volumes (~ 366 ms) and projection on the yz-plane, we repeat the

analysis in section 5.1. The region of interest is marked by the white box in Fig. 5.2.3a.
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Each box is 25 x 16.4 x 5 um®, corresponding to 4 x 6 x1 pixels in x, y, and z axis,
respectively. The spatiotemporally resolved signals of the boxes are presented in Fig.

5.2.3b (gaussian smoothing, window size = 366 ms).
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Fig. 5.2.3 Fast-scan imaging of MB and the multilayer fluorescence intensity
(a) Structure of the MB captured by multibeam and multichannel PMT (accumulate
200 volumes) projected to the yz-plane (y, galvanometric axis; z, TAG axis). Scale bar,
50 um. (b) The signal intensity of the right MB cross section along z direction, each

white box in (a) corresponds to each line.

In order to confirm the frequency of the calcium dynamics signal is the same as the
stimulation frequency, we analyze each layer inside and outside the right lobe of MB,

which is our treatment and control group. Fig. 5.2.4a indicates the area inside and outside
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the MB, which is the blue and red area, respectively. We select the layers inside the areas
and show the fluorescence intensity changes spatiotemporally in Fig. 5.2.4b and Fig.
5.2.4c, which corresponds to the treatment and control group (gaussian smoothing,
window size = 366 ms). The top and bottom figures are viewed at different angles. After
utilizing the Fourier transform of each layer inside the MB (treatment group), there is a
peak at around 0.58 Hz (Fig. 5.2.5a), which corresponds to our electrical stimulation. On
the other hand, with the Fourier transform of the control group, there is no peak around
0.58 Hz (Fig. 5.2.5b). Utilizing a bandpass filter with passband frequencies of 0.2 Hz and
1.2 Hz, the filtered signal is shown in Fig. 5.2.5c and Fig. 5.2.5d. Where the three periods
in the time domain are clearer in the experiment group than in the control group. This
shows the MB area is stimulated by electric shock and is able to be observed through our

high-speed microscope.
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Fig. 5.2.4 The spatiotemporal AF/Fo inside and outside the MB
(@) The areas inside (blue) and outside (red) the right lobe of MB corresponds to our
treatment and control group. Scale bar, 50 um. (b-c) The AF/Fq calcium dynamics signal
of the multiple layers inside the MB (blue area) and outside the MB (red area). Top, 3D

presentation. Bottom, projection along the z axis.
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Fig. 5.2.5 Fourier transform and the filtered signal of the MB area and control group
(a-b) Frequency domain of the AF/Fo inside the MB area (blue) and the control group
(red). (c-d) Time domain of the filtered signal. Specify passband frequencies of 0.2 Hz

and 1.2 Hz.
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Chapter 6. Conclusion and discussion

In conclusion, we combined DOE and TAG lens to achieve multifocal high-speed
microscopy, with observing spontaneous and stimulation response of the MB in living
Drosophila. My contribution in this study is to confirm that our high-speed multifocal
two-photon microscopy is able to achieve in vivo Drosophila functional brain imaging
and the missing data testing with TAG TTL synchronization. Our high-speed system
sacrifices the step size (6 um, 3.5 um and 5 um in X, y and z axis, respectively) to achieve
high temporal resolution with 2 ms. However, the emitted photon yield per pulse is only
~3 photons/pulse, which is the ideal number for low-scattering tissue. Since our sample,
in vivo Drosophila, is a high-scattering tissue, one volumetric image is too dark to resolve
a single neuron. Thus, to observe the structure image, we accumulate the images
temporally to enhance the fluorescent signals, this results in decreasing the imaging speed,
as shown in Fig. 5.1.1. In order to observe the functional response, we spatially average
the signals along the MB cross section, as shown in Fig. 5.1.2c, resulting in decreasing

the spatial resolution.

6.1 Increasing the emitted photon yield

In order to increase the emitted photon yield per pulse, we are able to optimize the
excitation and emission portion. For excitation, we utilize an 80 MHz repetition rate laser,
which is often used for 2PM. However, the repetition rate is too high for our experiment
because of this over-sampling on the z axis (~570 pixels along 360 um, z resolution: ~5.5
um), so here we average eight pixels into one pixel as we mentioned in section 3.2.
Nevertheless, recent study has shown that the ideal repetition rate for deep tissue 2PM is
1~10 MHZz repetition rate [72]. In the future, we are going to utilize a 10 MHz laser by
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adding eight laser pulses into one pulse, resulting in an eight-fold increase in the peak
power of the laser pulse. The emitted photon yield per pulse elevates 64 times (82 times),
due to the nonlinearity of two-photon excitation.

For emission, the detecting system we use is a descanned system, as shown in Fig. 3.1.1.
The fluorescent beams are maintained at the same position on the detector while the
galvanometric mirror is scanning. However, the scattering photons are not able to reach
the detector due to the long light path, resulting in low signal intensity, especially in high-
scattering tissue [34]. In the future, we consider a non-descanned system, which shortens
the light path between the sample and the detector. The difficulty is to separate the
multibeam to match the corresponding multichannel PMT while focusing the beams
scanning in the PMT detecting area. The optimization on the excitation and emission
portion is able to increase the emitted photon yield per pulse, resulting in higher signal

intensity.

6.2 CPU performance might cause missing data

As mentioned in section 4.3, the missing data is still not solved, with the experiments
done by our lab members Ting-Chen Chang and Chung-Ming Chen, the possible reason
for the missing data might be the software-induced low CPU processing efficiency. Since
we have proved that the TAG TTL signals after the PCB are synchronized, we are able to
observe the signal shifts via importing those signals into the analog input of the digitizer.
As shown in Fig. 6.2.1a, the TAG TTL signal without passing through the PCB is
imported into the first digitizer (channel 1), signal b and ¢ are imported into the second
and third digitizer (channel 5 and channel 9), respectively. With CPU stress testing, we
notice that the signal shifts occur at high CPU stress (Fig.6.2.1b-c). By changing to a

higher performance CPU, this problem might be solved.
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Fig. 6.2.1 CPU stress experiment
(@) The TAG TTL signal layout of testing CPU stress. (b) The TTL signals are not

shifting at low CPU stress. (c) The TTL signals shift at high CPU stress (red spots).

6.3 Absorption of the TAG lens

Although the TAG lens offers high-speed axial scanning, our previous lab member Yu-
Hsuan Tsai found with large incident power (~500 mW) on the TAG lens, it causes
thermal-induced aberration due to non-uniform heating of the silicone oil inside the TAG
lens. Thus, this might change the laser wavefront after the TAG lens, resulting in intensity
decreases over time. As shown in Fig. 6.3.1a and Fig. 6.3.1b, which is the image of a
portion of 32 foci captured by SCMOS utilizing FITC solution, the intensity is lower after
the thermal effect of the TAG lens (3 sec) compared to the thermal effect occurs (0 sec).
Fig. 6.3.1c presents the intensity decay in three seconds, which is similar to Fig. 5.1.3.
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With low incident power, we are able to avoid this heat absorption. Another possible way
is to change a TAG lens which has low-power absorption material, this depends on

whether the TAG lens company offers such kind of commercial TAG lens.
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Fig. 6.3.1 32 foci under TAG lens thermal effect
(a) Before the TAG lens induced thermal effect (0 sec). (b) After the TAG lens thermal

effect (3 sec). (c) The intensity of the foci decreases due to the thermal effect.

6.4 Other applications of this system

Although our microscopy is designed for the Drosophila brain, this high-speed imaging
is able to observe volumetric cellular structure screening, for example blood cells in
vessels. We mimic the cells moving at high speed by moving the fluorescent microsphere.

(Link: https://drive.google.com/file/d/1PVnXxZKiUvYF6Co el7pIMDd3R40pXkV/vi

ew?usp=sharing) Since our microscopy scanned the z axis via the TAG lens operating

with a high-speed, this made our microscopy work like a vertical light sheet, which is
perfect for vertical structure such as Purkinje cells in mice brain [73]. These applications

might be possible ways to push forward in the future.
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