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ABSTRACT

Understanding the roles of neurons on behavior requires precise perturbation and fast
reading of neural activity during ongoing behavior. Optical techniques stand out of
other modalities regarding the cell-type/circuit specificity and the ability to both
polarize and depolarize neurons with high spatiotemporal resolution. Optogenetics,
relying on fiber optics and light-sensitive neural actuators, has revolutionized the neural
stimulation field making it possible to precisely investigate a certain neural function in
a casual manner. Optical reading, based on neural-activity-sensitive indicators
integrated with fluorescent sensors and working with various optical configurations,
brings molecular-level understanding of brain functions. Despite tremendous
developments in superficial cortex, the inherent strong light attenuation in tissue

remains a major challenge for interrogation of deep brain regions.

The opaque scalp and skull are first two parcloses that block light to penetrate the brain.
The brain tissue itself, is lipid rich and highly turbid in which photons can hardly go
very far (more than 200um) ballistically. For optical stimulation, conventional
optogenetics uses a fiber inserted into the cortex for delivering sufficient light power to
a specific brain region. Effects of tissue scattering is added to the natural conical
divergence of light from the fiber tip output, making the power density exponentially
reduced to below the threshold which is needed to influence neural function in a

sufficient brain region to induce behavior. In this case, strong power density is always
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required (>100mW/mm?) at the fiber tip for successfully driving a behavior, which
results in several side effects, such as heat induced neural damage and “escaped”
photons induced retina excitation and background noise behaving. For optical recording,
non-ballistic photons act as major role in blurring an image and decrease the signal-to-

noise ratio. The imaging depth and recording sensitivity is therefore greatly limited.

In this thesis, efforts are made to circumvent the scattering induced light attenuation in
brain tissue in both stimulation and recording aspects. Firstly, a microsphere-enhanced
optogenetic method is demonstrated exploiting the photonic nanojet effect. The
converging profile, i.e., the photonic nanojet is simulated regarding various
microsphere sizes and refractive indices to select a most appropriated sphere parameter
for experiments. Then by using the transparent polystyrene microsphere, the enhancing
ability is studied systematically, from in vitro, ex vivo, to in vivo demonstrations. Results
show that microspheres facilitate driving comparable neural response and behavior with
much less stimulation power. Secondly, a wearable photoacoustic imaging device for
neural calcium imaging is designed and fabricated. The photoacoustic effect is
introduced and exploited expecting less scattering from the acoustic side compared to
pure optics. Both in vitro and in vivo studies are conducted demonstrating feasibility of
the idea. The great potential for combining these two studies in this thesis to form a
closed-loop neural interrogation technique is finally discussed to open other

possibilities in neuroscience research.
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Introduction to the thesis background and structure

The brain has the most complex structure and function in the living body, which act as
the headquarters and receive and analyze information, then give order and drive
behavior. The brain is believed to be the “ultimate frontier” for understanding the nature
and humanity itself. Integrated understanding from the molecular, cellular, systematic,
and behavioral level is desired to reveal the true world of brain, which is far beyond the
current cognitive level of human beings. The United States has pioneered the Human
Brain Project (HBP) since early 1997 aiming to facilitate interrogation, protection, and
development of human brain from molecular level to system level, by combining
neuroscience and informatics. NIH has launched Brain Initiative in 2013 seeking to
uncover the link between brain function, behavior and cognition, through supports from
multi-disciplinary teams and collaborative efforts, finally improve treatment of brain
disorders and development of artificial intelligence. Referring to mission of the Brian
Initiative project, developing new technologies, tools and methods is of high priority as
a small step that we can achieve in a short period rather than unpractical questions such
as to draw a complete and precise picture of the activities of each neuron involved in

brain activities.

In recent years, the development of technologies in neuroscience can roughly be divided
into three categories, i.e., stimulation, recording, and analysis. Instead of conventional

electrical stimulation which directly insert an electrode to a brain region, new
XXI11



modalities include optogenetics by using genetically encoded opsins and sonogenetics
by using genetically encoded mechano-sensitive proteins to drive neural activities, and
magnetic stimulation taking advantage of the strong penetrability and slow attenuation
of the magnetic fields. Behind all the efforts exists the deep pursuit of noninvasive and
precise brain stimulation which can finally be translated to clinical treatment and other
realistic applications. Neural recording has developed from single electrode to collect
signal from only one neuron to tens to thousands of micro-electrodes together to record
signals from multiple neurons, thus giving more accurate description of brain activity
in this small recording region. Developments of genetically encoded calcium indicators
(GECI) and genetically encoded voltage indicators (GEVI) has greatly boosted
development of reading neural activity. These indicators normally are optical-based and
combine a sensor with a fluorophore, which change the fluorescent intensity upon
binding ion or changing of membrane potential. Studies have tried by using miniature
implantable lens combined with multi-photon fluorescence for less invasive imaging of
neural firing in a relatively deep region. To minimize invasiveness, MRI, PET, and
ultrasound-based/ -related techniques for directly monitoring neural activity, although
in an infant stage, show good prospect in the future. With development of big-data
analytics, huge information from imaging platforms, electrophysiological platforms, as
well as cellular biological platforms could be integrated and analyzed to understand the

realm of the brain fast and unambiguously, and at the same time facilitating diagnosis

XX



of neural disorders by artificial intelligence.

Among modalities mentioned above, optical based techniques for both neural
stimulation and recording represent a unique direction. Three major advantages of light
make it a powerful tool for neuroscience. First of all, visible and IR light is non-ionizing
and non-carcinogenic, which is safe for human. Secondly, light occupies a very small
but important region in the electromagnetic spectrum that can interact with molecules
of interest exclusively and gives biochemical molecular specificity which is unable to
realize by other modalities. In addition, the spatiotemporal resolution with millisecond
time control and single-neuron localization of light-based methods is much superior to
others. Harnessing these characteristics and fiber optics, optogenetics has
revolutionized neuroscience toolbox by making it possible to excite or inhibit specific
neurons with no interference of other neurons, which was never achieved by other
methods before its development in 2005. On the other side, optical imaging and
recording systems keeps iterating aiming at uncovering brain activity at high-resolution
and in large-field-of-view. These techniques have greatly promoted new discoveries in
superficial brain regions. Huge amount of information from deeper brain regions,
however, remains to be interrogated and is facing major challenges. In optogenetic
stimulation, the descending power density with depth beyond the fiber tip quickly drops
to below the stimulation threshold, thus hinders light-neuron interaction in depth. On

the other side, the intrinsically strong light scattering in biological tissue distorts the
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beam path and further reduce the power density, which weaken the ability of both fiber-
based stimulation and recording. These problems exist as big obstacles in the way of
progress from study of rodents’ brain to primate brain which has much larger size and
higher-level functions such as concept of number and calculation, self-awareness, etc.,

those are close to functions of human brain.

This thesis targets the light attenuation problem and develops microsphere-assisted
optogenetic stimulation and photoacoustic neural recording. Starting with a review
about the development of neural modulation and recording modalities and optics-based
stimulation and recording of neural activity in Chapter 1, the fundamental challenges
in front of this thesis work is clearly recognized and light scattering theory and its role
in biomedical applications are introduced to elaborate on the problem we are facing.
Chapter 2 details the exploitation of microsphere and the photonic nanojet effect in
optogenetics, both simulation and experimental results are included. Chapter 3 gives
design and preliminary demonstration of noninvasive photoacoustic neural recording

for behaving study. A conclusion and an outlook are finally followed up in Chapter 4.
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Chapter 1 Development of neural modulation and

recording modalities

1. Characteristics of neuron and the dissecting concept

The nervous system plays a centra role in leading the physiological functional
regulation and controlling activities in the body. Large numbers of neurons gather to
form all kinds of circuits in the central nervous system (CNS) and function as carriers
to store, process and transmit information, generating a variety of psychological
activities, and control all the behavior of animals. Neurons transmit information
electrically within the neuron in the form of action potential and chemically to the
adjacent neuron by chemical messengers. Recording of action potential in 1939[1] by
inserting micro-electrodes into the giant axons of squids has started the era of
electrophysiology. The development of patch clamp in late 1970s and early 1980s,
which also won the 1991 Nobel Prize in Physiology or Medicine, has for the first time
enabled currents recording from single ion channel during the action potential process.
These works have laid the foundation and paved way for interrogation of single neuron

property and the snowballing development of neuroscience and neuroengineering.

Under the resting state, healthy neurons have membrane potential at approximately -
85mV to -60mV from inside of the cells by assigning the extracellular fluid as voltage

zero, and generally hold steady[2]. Upon disturbance by local electrical currents that is



above the threshold (-55mV), the neuron is activated to an excited state and start firing,
as shown in Figure 1, by redistribution of three major mobile ions, Na*, CI', and K*. In
this state, the membrane potential normally reaches +30mV to +40mV, and then quickly
back to its resting state in millisecond and get ready for another firing. This action
potential can propagate along the axon without attenuation till to the synapse, where
voltage-gated Ca?" channels open and trigger neurotransmitter to release to excite or
inhibit the downstream neuron. This whole process is repeated on the downstream
neuron once its dendrite receives the neurotransmitter and get “disturbed”. In a large
scale, groups of neural response orchestrally may create oscillations and rhythms which

induce local field potential (LFP)[3], brain-wide activity, and finally behavior.
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Figure 1 A representative action potential profile when disturbed by a local electrical current[4].

Action potential is the fundamental of neuroscience and from which developed both
neural stimulation and recording techniques for causal unraveling of neural function as
well as diagnosis and treatment of neural disorders. Figure 2 shows a typical closed-

loop neural instrument including body-electrode interface for transporting stimulation
2



and sensing neural electrical activity; controller for switching between stimulator mode
and recording mode; data transferring, processing, and storing components; and power
supply. There’s a trend in taking the idea of a closed loop including stimulation and
feedback, and then adjusted stimulation with using a cluster of newly developed
perturbation and recording techniques rather than by using electrodes alone to provide
more detailed information in depth in order to better understand the brain and to restore
brain functions or prevent pathological conditions, such as MRI guided brain
stimulation[5] and all-optical electrophysiology[6, 7]. The combination of stimulation

with imaging methods to monitor neuronal activity, will have a major impact in

neuroscience.
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Figure 2 A typical closed-loop neural instrument including body-electrode interface for transporting stimulation

and sensing neural electrical activity [8]

2. Development of neural stimulation

The most widely used is electrical stimulation and recording which has profound
influence in prostheses and treatment. The first recorded electrical stimulation dates

back to 46 AD on a torpedo fish[9]. The technique has then been more and more applied
3



in various fields. In deep brain stimulation (DBS), an implantable pulse generator is
used to continuously deliver electrical pulses. DBS is a promising treatment for
movement disorders of Parkinson’s disease, dystonia, and essential tremor, which has
been approved by the US Food and Drug Administration (FDA). DBS was reported to
have larger than 50% of improvement in patients with movement disorders[10].
However, conventional DBS implementation includes chronically implanted electrodes
which may induce chronic safety issues, the invasiveness is facing more and more
challenges with developing noninvasive brain stimulation modalities. Transcranial
magnetic stimulation (TMS), transcranial electrical stimulation (TES) and focused
ultrasound stimulation (FUS) are representatives of non-invasive and less painful
stimulation. TMS employs pulsed magnetic fields to induce eddy currents in the brain
and subsequential physiological responses are expected to affect brain metabolisms and
neural activities, in which low frequency stimulation patterns induced cortical
inhibition and the high-frequency stimulus pattern causes excitation. TES delivers an
electrical current through the cortex for restoring brain function especially of those
suffering from mental illness such as brain damage or severe depression. Ultrasound
can propagate and penetrate through biological tissues through the skull, and the energy
can be focused into a small volume in sub-millimeter scale, thus as an alternative to

eliminate the risks of implanted hardware.

The neural specificity, however, are as low the same in these techniques. The
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macroscale electrodes used in DBS are very likely to non-selectively stimulated
adjacent neurons, thus playing as a limiting factor for improving DBS treatment
efficiency, inducing additional motor control effects and sensory problems. TMS, TES
and FUS meets the same problem in clinics. Resonant magnetic imaging (MRI) is
normally used as a guidance for targeting an appointed brain region due to the matched
spatial resolution between MRI and FUS. Towards cellular-scale neural specificity and
selectively excitatory, inhibitory or combined control of neuronal activity, FUS and
optogenetics (OG), chemogenetics (CG)/ pharmacogenetics (PG)[11] methods have
been developing fast in recent years, harnessing mechano-sensitive and optical-
sensitive ion channels, respectively. Figure 3 shows a comparison of the specificity
between electrical and optogenetic stimulation. These channels are genetically encoded
to the cell membrane, and only can be opened upon stimulation from the right energy
at appropriate parameters (e.g., Light/ ultrasound (in FUS) frequencies and power
density/ pressure). Pharmacogenetic approaches can activate opsins chemically and
hence eliminate fiber implantation and multi/ constant stimulation which is superior to
optogenetics alone in this respect. However, its benefit is still controversial, and the
spatial and temporal precision are not easy to control. Development of light induced
photothermal[12] and photoelectrochemical[13] by using materials with broadband
absorptions or ultrasound induced mechano-thermal neuromodulation provide

nongenetic neural control. Besides, as heating can be effective for a distance up to



100um, the thermo-based mechanism is ideal for peripheral nerve stimulations[13].
Combination of physical and biotechnological neuromodulation techniques will greatly

facilitate clinical translation of these techniques[5].

Table 1 summarized current brain stimulation modalities used in clinics as well as in

developing.

Electrical Stimulation Optical Stimulation

(a) (b)
Implanted Optical Fiber
(200 um diameter)

Depth Electrode
(1.27 mm diameter)

Targeted neuron type Targeted neuron type

expressing ChR2

ChR2 Channels

—\77__Action Therapeutic J . ¥2__ Action . Therapeutic
Potential Effect Potential Effect
7z Action — DR No Action s
Potential ~ Side-Effect o otion > No Side-Effect

Adjacent non-targeted neuron

\Adjacent non-targeted neuron

Figure 3 Comparing the cell specificity between electrical and optogenetic stimulation (a) Electrical stimulation
affects all types of cells near the electrode non-specifically. (b) Optogenetic stimulation only interacts with neurons
of a specific type that have been genetically targeted by expressing opsins (ChR2 in this figure). Schematic not to
scale.[14]

Table 1 Current brain stimulation modalities

Spatial  Temporal Cell-type Neural Neural
Invasiveness
precision  precision specificity depolarization hyperpolarization
DBS mm ms Yes Low Yes No
TMS cm ms No Low Yes No
TES mm ms No Low Yes No
FUS pMm~mm ms No High Yes Yes
CG/PG mm~cm min No High Yes Yes
Single .
oG . ms Yes High Yes Yes
ce




3. Development of neural recording

Understanding the brain function is of great importance in neuroscience. The advanced
neural recording or imaging methods are crucial to the study of central nervous system
in cognitive, systematic, or molecular and cellular level. Real-time functional
information from neural recording is vital evidence to understand the mechanisms and
real-time response behind neural activities in terms of behaviors and thoughts. Over the
past decades a wide variety of techniques for recording of neural activities have been
developed, which differ in spatial scale, temporal resolution, and purpose. They can be
categorized into electrophysiological methods, ionizing radiation methods, magnetic

resonance methods, ultrasonic methods, and optical methods.

For the most widely used electrical methods for brain signal recording, the trade-off
between anatomical coverage and spatiotemporal resolution is obvious.
Electroencephalography (EEG) generally is used to measure the electrical fields in
extracellular space with a coarse spatial and excellent temporal resolution (~10ms) and
can only register large brain areas (whole brain) with collective neural dynamics[15].
Micro-electrocorticography (WLEC0G) can distinguish faster (~1ms) and smaller brain
(1 mm?- 10 cm?) signals with increasing recording channels and thus smaller recording
region[16]. Towards finer resolution (0.1ms) to cellular scale (100 neurons), multi-
electrode arrays (MEA) with penetrating shanks for cortical neurons in vivo or benchtop

MEA systems for brain slices or neural cultures have greatly contribute[17]. The
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ultimate method and golden standard has been single-cell, even single-channel patch

clamp recording (0.1ms)[18], as mentioned above.

Besides the above trade-offs, EEG is mostly used through scalp and noninvasively, but
only pick up faint and low-frequency signals due to distances between electrodes and
neurons. This not only make the signal hard to be localized, but also vulnerable to ocular
artifacts[19]. To be close to neurons and get more specific high-frequency signals, the
electrodes must be implanted into the brain, which is invasive and may cause other
safety effects. In this case, the compromise between spectral range and invasiveness in
these electrode-based recording techniques due to the natural low-pass filtering

property of biological tissue [20] is another issue.

Other recording techniques in major include several imaging modalities, i.e., X-ray
computed tomography (X-ray CT), functional magnetic resonance imaging (fMRI),
positron emission tomography (PET), single photon emission computed tomography
(SPECT), diffuse optical tomography (DOT), or magnetoencephalography (MEG) to
image the brain structures and functions directly or indirectly. X-ray CT, PET and
SPECT represent early development of neural imaging instruments in the 1980s and
continue to contribute tremendously to neuroscience and diagnosis. Nevertheless, X-
ray is an ionizing source in the electromagnetic spectrum and patients are normally
exposed to significantly high dose of radiation which is 100-500 times higher than

normal X-rays[21]. PET/ SPECT usually provide functional information with injection
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of radioactive tracers. Although having good contrast and sensitivity when proper tracer
is used, spatial and temporal resolution is always the main drawback. Moreover, the use
of radioactive isotopes may cause radiation ionizing. Due to less invasiveness, low
radiation exposure, non-ionizing contrast and wide availability, fMRI obtains blood
oxygen level-dependent (BOLD) signal during neural activity relying on paramagnetic
properties of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (Hb). By
using magnetic fields and radio waves instead of X-rays or radioactive tracers, fMRI
has dominated the brain imaging area since it is born in the 1990s with good spatial
resolution and contrast, however, it provides low temporal resolution and moving of
subject is prohibited. Comparably, DOT by using near infrared light and imaging the
optical absorption of hemoglobin can generate similar results to fMRI[22]. The
weakness of DOT is that it can only penetrate a few centimeters deep. MEG directly
measures the magnetic fields induced by electrical stimulation and with less signal
distortion than EEG. Ultrasonic method, with functional ultrasound (fUS) as a typical
example, measures neural activities indirectly via blood volume. Though it has
potentials of good spatiotemporal resolution and imaging depth, its actual utility is still
under investigation. Photoacoustic imaging (PAI), as implicated by its name, combining
optics and ultrasound has unique contrast with advanced spatiotemporal resolution.

Table 2 summarizes the key properties of these brain imaging modalities.



Table 2 Key properties of brain imaging modalities. NA: not applicable.

Penetrati Directness
Spatial Temporal Contrast Sensiti- Weara
-on to neural Safety
resolution resolution source vity -bility
depth activity
EEG/M Action
10mm ms cm Yes Depends Safe Good
EG potential
X-ray
30-100pm 0.1s cm-m Anatomy NA NA Ionizing Poor
CT
Safe with
Hemoglo- MR -safe
fMRI mm s-min cm-m No Low Poor
bin body
implants[23]
Glucose
PET 1-2mm 0.3s cm-m Yes High Radioactive Poor
metabolism
SPECT lem 0.3s cm-m Blood flow Yes High Radioactive Poor
One-third
Hemoglo-
DOT of imaging ms 1-10mm No High Safe Good
bin
depth
50- Blood
fUS <1s[25] cm No High Safe Good
200um[24] volume
PAI 0.1-200pm 50us mm-cm Molecule Depends High Safe Good

Having their own advantages and disadvantages as shown in Table 2 and in
conventional optical methods mentioned above, these methods cannot meet full needs
in the field of neuroscience. Despite bulky systems that are not wearable, new designs
that the animals do not need to be anesthetized and can instead move freely during the
experiments are more suitable for small animal in vivo behavioral and cognitive studies.
Non-invasive and wearable system that allows free moving, deep brain penetration,
high spatiotemporal resolution, and have access to neural functionality is on urgent

developing.
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4. Light-based neural stimulation and recording

Since development of the first laser in 1960, light has become a versatile tool and
dramatically driven developments in multiple areas, such as physics, astronomy,
telecommunication, accurate navigation, material manufacturing, and life science. The
first trial by Fork in 1971 surprised the world by driving Aplysia abdominal ganglion
neurons to the action potential threshold by focused laser[26]. With continuous optical
technology development, direct two-photon stimulation of neurons with higher
resolution and single-neuron potential in vivo was demonstrated in 2002[27]. Multi-
disciplinary cooperation among physics, engineering, chemistry, and biology keeps
impulsing development in neuroscience. Most early studies pay efforts to photo-
stimulation with caged compounds such as glutamate[28] for mapping neural circuits.
Although can be widely used since almost every neuron in mammalian CNS can be
stimulated by glutamate, neuron type specificity and timing cannot be precisely
controlled in this way as all cells can be excited near the stimulation site. On the other
side, it is quite problematic to deliver these caged compounds in vivo. Towards high
spatiotemporal precision, high neuron-type/network specificity, and flexible in vivo

applications, selective neuron stimulation in a genetic-encoded way came into being.

Chosen as the Method of the year in 2010 by Nature Methods[29], “optogenetics has
opened new doors for experimentation across biological fields”. Optogenetics involves

adaptation of microbial opsin genes encoded to neurons and light activation of optical
11



sensitive gene-encoded ion channels, as illustrated in Figure 4. From its emergence,
optogenetics not only has been widely explored in neuroscience, but also shown great
potential in treatment of neural disorders. The field keeps growing with efforts and
developments in five major aspects, including opsins and channel-protein iteration,
gene delivery system, light delivery system, neural activity reading, and applications in

various body parts and disorders.

Delivery of
opsin-
: encodmg
S genes
Genetic Optic.al
construct Imaging
Expression
of opsin
Modi
e Light
construct -
Recording source

Activation
of opsin

In-vivo analysis
(behavior, electrical
activity etc)

Figure 4 Illustration of optogenetic realization[30]. Gene modification combined with cell-type-specific promoters
allow excitation (depolarization) or inhibition (hyperpolarization) of preselected neuron populations. Followed by
confirming of successful expression of opsins on the cell membrane by fluorescence imaging, optogenetics is
conducted to activate the opsins to elicit neural response or drive behavior. The stimulation results can be recorded

for feedback instruction of next-round experiments.
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Early genetically encoded optical studies[31-34], due their mechanisms for affecting
depolarization, only allowed control of neuronal activity in timescales of seconds to
minutes. Channelrhodopsin-2 (ChR2), through which cations stream into the cell
membrane by responding to blue light, open the era of millisecond (a thousand time
faster) control of single spikes and synaptic activity[35]. This improvement has brought
optical stimulation to the speed that matches the fundamental building blocks of neural
computation. In addition to neuron excitation, halorhodopsin (NpHR) inhibits neuron
activity acting as a chloride pump upon shedding a yellow light[36]. Opsins are kept
being reformatted through elaborate gene mutations (Figure 5). For example, to be more
sensitive to light, thus enable deep penetration and large scale optogenetics[37, 38];
step-function opsins (SFO) to function longer time after stimulation to avoid
consecutive high-power laser illumination and heating generation[39]; and to realize as
fast as hundreds of hertz that can reach or even beyond the gamma band for more
applications[40, 41]; or to response to red-shifted light wavelengths that are less
absorbed or scattered and enables deep transcranial optical excitation[42]. The
wavelength-dependent light interactions with opsins are shown with various colors in

Figure 5.
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Figure 5 Some of the currently available opsins[43] with showing their corresponding functions (excitatory,
inhibitory, or biochemical), off-kinetics, and responding wavelength.

Gene delivery system is developing from invasive ways to non-/less invasive ways. The
light-sensitive proteins are generally introduced to targeted neurons via viral gene
delivery approaches[35]. Due to existence of the blood brain barrier (BBB) and its
natural blocking property, the most feasible route for viral delivery is direct brain
injection and infusion[44]. Transgenic mice model[45] is an alternative approach that
avoid brain injection and its related side effects, such as brain damage and vectors
backflow, but operates at high cost due to the need for whole-body genome alteration.
New techniques, for example by using MRI-guided transcranial focused ultrasound[46,

47] or shockwave[48] to open BBB, are kept emerging to be noninvasive, more cost-
14



effective and flexible. A newly developed virus that can cross the BBB and delivery
genes throughout the CNS through intravenous injection[49] promotes noninvasive

gene delivery technique a big step forward.

Light delivery system is an entirely distinct bioengineering challenge in optogenetics.
The optogenetic efficiency is highly influenced by the protein expression extent on the
target neurons as well as the number of photons that reach the opsin-expressing cells.
Figure 6 illustrates two basic categories of light delivery. One is wide-field illumination
which interact with all opsin-expressed neurons inside the propagation region (Figure
6 a)), this scheme is mostly used in in vivo studies by using an inserted optical fiber for
free-behaving studies trying to correlate behavior to the brain function in a certain brain
region. Given that neural cells within the same brain region may have diverse
responding profiles [50-52], the other uses patterned light and interact with cells
selectively as shown in Figure 6 b)). This strategy can be achieved with one-photon
excitation (1PE) or two-photon excitation (2PE) combined with red-shifted
channelrhodpsions for longer penetration depth and better 3D resolution. The neural
events can be generated one by one by serially scanning of light beams or in parallel
with structure modulated light beams. The neural events can be generated by one-opsin-

one-wavelength combination, or multi-opsin-multi-wavelengths combination.
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Figure 6 Illustration of two light delivery categories in optogenetics. (a) Wide field illumination and cell-type
targeted optogenetics. (b) Gene- and light- double targeted single-cell resolution optogenetics[53]. Neural events

can be generated with one-photon or two-photon interactions.

For the most common cases by relying on fiber optics for delivering light into brain.
Although microfabricated waveguides (Figure 7a)) can delivery multiple individual
light sources into the brain with a 2D[54]/ 3D[55] pattern to simultaneously or
sequentially dissecting multiple cortical sites with cell-type specificity, and have the
ability to address complex shaped and distributed neural circuits especially potentially
helpful in large animals like primates, the complex optical patch for light coupling and
scanning remain major drawbacks[56]. Implanting an optical fiber (Figure 7b) is still
the most common light delivery method for both cortical and deep brain regions since
demonstration in anesthetized[14] and freely behaving rodents[57]. Normally a step-
index multimode fiber ceramic ferrule with 200pum core size is inserted into the brain
cortex by using a stereotaxic instrument and through a hole on the skull. Dental cement
is then used fixed the ferrule to the skull. A matching sleeve is used to connect the
ferrule and patch cable only at experiment (Figure 7b)). Light-emitting diodes (LED)
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or laser sources are then coupled into the fiber and animal can move freely with using
a rotary joint. Towards wireless control and the most flexible movement, micro-LEDs

integrated onto implanted devices also have been exploited[58, 59].

(b)

Connection between
patch cable and implant

Figure 7 a) Optical micrography of 3D waveguide array with an DMD-modulated illumination pattern[55]. b)

Implantable optical fiber ceramic ferrule connected with a patch cable [60].

The illumination pattern could be short light pulses with small duty cycles for excitation
control, while continuous light for inhibition[61]. Sufficient power density (mW/mm?)
above a threshold is essential for successful stimulation, which depends on the specific
opsin and its expression level. For wild-type ChR2, 1-5mW/mm? was found sufficient

for ChR2-evoked action potentials[35].

Recording of neural activity is another essential technique concern in light-neuron
interaction. Current optical techniques for neural recording can be generally
categorized into two types. One features noninvasive, deep-penetration, and imaging of

intrinsic contrasts in vivo. This type is represented by laser doppler flowmetry (LDF)
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for measuring cerebral blood flow[62], near-infrared (NIR) spectroscopy for measuring
oxygenated hemoglobin and deoxygenated hemoglobin changes during functional brain
activation[63], function optical coherence tomography (fOCT) for detecting scattering
changes during neural activation[64], and surface plasmon resonance (SPR) which is
sensitive to refractive index changes during neural activities[65]. These optical cortical
functional mapping has been used since the 1980s and developed dramatically
afterwards. Being able to monitor brain physiology noninvasively and without using
extrinsic contrast agents, these methods are ideal for clinical use and for monitoring of
chronic cases. In contrast, the other type features high specificity, high spatial resolution,
but superficial imaging only and mainly used to image extrinsic fluorescent contrast
such as calcium or voltage indicators ex vivo or in vivo. This type includes multi-photon
microscopy, light sheet microscopy, super-resolution microscopy, miniature
microscopy[66] and microscopes combined with wave shaping methods such as
adaptive optics[67] and wavefront shaping[68] to go deeper. Development of various
fluorescent indicators facilitates both observation of activities of mammalian neurons
in real time and identification of their synaptic connection[69], and to link their
functions with morphology[70]. These tools for studying brain activity have been
attractive method as they allow for simultaneous recording of activity from many
individual neurons. For optical (e.g., fluorescence) calcium imaging, the calcium signal

comes from a group of calcium-sensitive proteins with specific optical absorption,
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capable of showing fluorescence changes in intracellular calcium levels in neurons in
vivo. Figure 8 shows the profile of two-photon brain imaging as an example for this

part.
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Figure 8 Two-photon microscopy of the brain in vivo. (a) Basic principle of generation of two-photon fluorescence.
Two low-frequency photons are absorbed almost together, and one high-frequency photon can be generated during
decay. (b) Schematic illustration of two-photon imaging with surgery to expose the imaging area to the objective.
(c) Two-photon imaging of brain vasculature by using dextran-conjugated fluorescein through intravenous
injection. (d) Dual-channel imaging of neural calcium response (green) and blood signals (red). (e) Three-channel
imaging of mouse model with Tg2576 APP Alzheimer's disease with amyloid-targeting dye (blue), GFP expressing

neurons and dendrites (green) and vasculature (red)[71].

Being able to excite or inhibit specific neural types or neural circuits flexibly,

optogenetics has been used in various areas those unimaginable to do with other
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stimulation methods. The unique target selecting capability make it an ideal tool in
neuroscience for deciphering neural circuits transmission in stress[72] and
neurodegenerative disorders such as Alzheimer diseases and Parkinson and potential
ways to alleviate symptoms[73]. Other potential therapeutic effects include applications
in epilepsy[74], memory retrieval[75], hearing[76]/ visual restoration[77], heart disease,

pacemaker[78], and cancer[79], etc.

Referring to the concept in Figure 2, neuroscientists are also searching for opportunities
to conduct a “closed-loop optogenetics”, i.e., electrophysiological recording/ optical
imaging/ activity-based readouts guided optogenetic stimulation, as powerful tactics for
investigation of neural function in causal and real-time manner[80]. In this scheme, the
readouts can be processed online and then used to conditionally modulate on/ off or
other parameters of light source, which is both beneficial to neuroscience research to
study neural functions and to clinics for seizure detection and prevention.
Electrophysiology-optogenetics interfaces such as optrodes[81-83] are conventionally
used for simultaneous stimulation and recording. With developments in opsins and
optical sensors for neural activity with minimal spectral overlapping so that can work
in pair, and with taking full advantage of high spatiotemporal capability of optical
techniques, all-optical closed-loop system with online fast and quantitative physiology
reading and high-precision optogenetic perturbation has been becoming unprecedented
in the neuroscience toolbox and drawing increasing attention. Combination of
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GECIs[84, 85] or GEVIs[6, 7, 86] with optogenetics confers possibility of investigating
causal link between neural activity and function through all-optical electrophysiology
with potential of single-cell-resolution imaging and perturbation[87] within a
population of neurons, as shown in Figure 9. Together with photoporation for non-
contact gene delivery[88], an ambitious blueprint is all-optical operation of the whole

optogenetic process (Figure 10).
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Figure 9 Example of simultaneous all-optical imaging and manipulation[86].
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Figure 10 Closed-loop all-optical control including structural imaging guided gene delivery through photoporation,

expression analysis, optogenetics along with detection of neural activity.

5. Current challenges in applying optics in neuron science and the theoretical

foundations

5.1 Current challenges in optogenetic stimulation

Firstly, it is always desired but still remains a huge challenge to localize light to small
volumes deep inside the brain. Fiber-optic based light delivery to some extent narrows
the illuminated volume, the spatial resolution achieved is still coarse. And there is a
limit of the number of fiber probes that can be inserted. Fine-tuning optogenetic control
of small cluster of neurons is thus a difficulty. Secondly, optogenetics stands out of
conventional neural modulation methods due to its ability to provide cell-type-specific
stimulation. However in practice, to get sufficient power density for stimulation of a
volume, light induced heat can affect neurons as well. Commonly used protocols

increased the temperature by 0.2-2 °C and suppressed spiking in multiple brain
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regions[89], some higher even damage the neuron. In addition, seeing through
development of the neural stimulation methods (Part 2 of Chapter 1), we can find that
with more and more aspects of neurophysiology goes into control, both
biotechnological constraints and invasiveness increase. Optogenetics provides superior
spatiotemporal resolution with highest invasiveness. Finally, as mentioned in Part 4 of
Chapter 1, the most common used fiber-optic scheme exploits a multimode fiber with
200pum core size. Light power density is highest at the fiber end and reduces
dramatically with distancing, which may not stay above the stimulation threshold
through the whole illuminated brain region. In general, the utilization rate of light

energy is deficient.

The brain tissue is lipid-rich and optically turbid. As illustrated in Figure 11, light output
from the fiber end has a natural divergence angle 0, the intensity thus decreases as the
distance z to the fiber end increases (Figure 11a)). Considering photons in the
wavelength range of 400 to 900nm within which light extinction from scattering is
much stronger than that from absorption[90, 91], shorter propagation distance and
greater divergence when fiber inserted into brain tissue (Figure 11 b)) is caused majorly

by scattering.
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Figure 11 Illustration of light intensity decrease (a) outside the fiber end and (b) from combined effects of

geometric divergence and tissue scattering.

Adapting from the Kubelka-Munk model which assume monochromatic illumination,
isotropic scattering and no reflection at boundaries[92], light transmission rate (T) in

diffuse scattering media can be further simplified assuming no absorption [14]:

1

T = (1)

o Sz+1

where S is the scattering coefficient per unit distance and z is the distance to the fiber

end.

On the other hand, light exit from the fiber end is normally not collimated and the

conical geometry from the fiber output naturally induce intensity decrease with
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increasing z regardless of scattering or absorption. The geometric-decreased intensity

with distance z (without tissue scattering and absorption) can be calculated as:

Iz) __»p
1(z=0)  (z+p)?

2

where

p=r /(ﬁ)z—l(s)

in which r is the radius and NA is the numerical aperture of the optical fiber.

The relationship between light intensity and tissue penetration regarding fiber optics is
a combined effect and can be calculated by taking the product of the transmission rate

in considering scattering and absorption only and beam divergence only:

I(z2) _ p?
[(z=0)  (Sz+1)(z+p)?

(4)

A strong intensity gradient with depth can be got from equation (4) when S is equal to
11.2 mm™ and 10.3mm! for mouse and rat, respectively, as shown in Figure 12. The
intensity drops dramatically to 50% within 100pm of distance beyond the fiber tip, and
10% at about 200 um. Considering 1mW/mm? threshold for ChR2 excitation, superhigh
power density (380mW/mm?[14]) is needed at the fiber output if a brain volume of
~0.5mm? (1.4mm from the fiber tip)is planned to be stimulated to cover a substantial

part of cortex area and induce a specific function.
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Figure 12 Light intensity at 473nm drops as a function of depth z to the fiber tip[14].

By this delivery scheme, it is only possible to stimulate populations of neurons that are
within the illuminating region from the fiber tip and with above threshold intensity.
Higher power density is normally necessary for a sufficient volume to be stimulated.
Much higher power may produce nonspecific effects. Strong and multi-scattered
photons can reach light-sensitive organs such as the retina, which directly elicit neural
activity or animal’s behavior. Absorbing may also generate heat or even damage the
neurons. Local temperature increase, especially at the nontargeted area near the fiber
tip, is worth special consideration as subtle changes even without tissue damage may
cause significant physiological (0.1-0.4°C[93]) or behavioral(1-4°C[94], [95]) effects.
In a typical optogenetic light delivery setup, an optical fiber (200pum, NA=0.37) inserted
0.5mm above a target region with SmW blue output can provide 4.9mW/mm? power
density[14] and induce 0.38°C local change in temperature by calculation with ignoring
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the mitigating effects from conduction and blood flow over time[61]. By the same
calculation method, the temperature increase near the fiber tip (with 380mW/mm?[14])

can reach 30 °C.

Opsins are engineered to be more sensitive to red-shifted light and therefore circumvent
light attenuation in two aspects[37]. On the one side, most of this method were achieved
by developing step-function opsins (SFO), which work with orders of magnitude lower
light power; on the other side, red-shifted light suffers less attenuation in biological
tissue. But SFOs feature slow kinetics (as shown in Figure 5) and only subtle neural
modulation capability[96]. A recent study has demonstrate a totally noninvasive
optogenetic process in vivo[97] with millisecond precision, the incident power at the
fiber end remains very high due to strong attenuation light inside the brain and we
believe there’s a long way ahead to get to the bottom of this problem. Considering the
most commonly used fiber optics for in vivo optogenetics, methods for improving light

delivering efficiency inside the brain is highly desired.

5.2 Current challenges in optical recording of neural activity

Except for EEG and MEG, a few optical methods were developed for wearable
recording over the past decades. Such as miniscope, functional near-infrared
spectroscopy (fNIRS), and two-photon microscopy (TPM), can provide both structural

and functional information from many individual neurons, directly or indirectly,

27



depending on the tissue properties and the chromophore/dye involved. Excellent
contrast and spatiotemporal resolution can be expected, yet with compromised
penetration depth due to strong scattering of light in deep tissue [98-103] or high risk
of neural damage with densely fired photons. Pure optical approaches are no favored
for deep (>200 pm) recording or are limited to volumes <1 mm? due to the strong light
scattering. Given the fact that even the smallest mammals, such as shrews, have a six-
layer neocortex of about 0.5mm and that for human 2-4mm, 200um only touches the
first two layers of the cerebral cortex (Figure 13). This is far from getting the integrated
information that span all the thickness of the cortex, including specific functions of the
deep layers and the connections among different layers with different temporal
dynamics. In practice, optical-based brain imaging often requires invasive surgeries to
remove the hair, skin, scalp, and even skull to minimize the scattering-induced quality
reduction. Going deep is not only about the problem of invasiveness, but a more

meaningful gain is also the accurate study of brain function at depth.
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Figure 13 a) Layers of mouse cortex and corresponding depth[104]. b) Light is strongly scattered inside biological

tissue during propagation[105]
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The theoretical foundation of this problem can be explained as follows. In an ideal
imaging system with transparent imaging target, the finest structure in the target that
can be imaged will not be smaller than the Abbe diffraction limit[106]. In practice,
however, majority of the biological sample in nature are turbid medium, and features
heterogeneous distribution of refractive index, which together contribute to scatterring
photons through various paths (Figure 14 b)). Some can be directly reflected from the
surface of the medium (Specular Reflection); some go into the medium and directly
transmit out without interaction with the medium (ballistic photons); some go through
one or a few scattering events and then go out from the illuminated surface (Diffuse
Reflection); some transmit through the medium after experiencing several scattering
events (Diffuse Transmission); others are absorbed after multi-scattering. Number of
ballistic photons represents the ability of an incident light beam to pass through tissue
and reach the focal plane. Figure 14c) shows that only a small portion of photons can
go directly to the focal plane and finally be detected and form a diffraction limited
image. These photons are attenuated regarding propagation distance and scattering
coefficient of the tissue, and normally can propagate only less than a few hundred
micrometers within biological tissues. The majority of photons get multi-scattered and
diffused, increase the background noise and degrade the image quality by distorting the

ideal wavefront and destroy the ideal diffraction limited focusing spot (Figure 14 d-g)
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Figure 14 Biological tissue diffuse light temporally and spatially. (a) Temporal profile of an incident light pulse.
(b) Visualized paths of photons through tissue[107] showcases scattering induced spatial diffusion of photons. (c)
A time-domain broadened pulse after scattering events, adapted from[108]. (d) A plane wave is detected as random
speckle after passing through a strong scattering medium, and the speckle profile is shown in (e). (f) A shaped

wave plane is reshaped to an optimized/ideal focal point. (d, f) are from [109] and (e, g) are from [68].

With such strong scattering effects, both excitation and emission light can be bended
and thus limiting the penetration ability of exciting light and increasing crosstalk of
emission light which together degrading image quality at deep tissue. While structure
imaging can be achieved by fixing and imaging thin tissue samples, current pure optical
imaging methods are facing major challenges to decipher the functional information
that requires preservation of physiological condition in large volume and in depth to
subcortical regions with cellular/ sub-cellular resolution[109], referring to a mouse

cortex layer distribution and corresponding depth (Figure 13).

Efforts have been made transfer from blue to red, which is less scattered, less absorbed

and even can penetrate skull[110], through engineering of opsins and indicators for
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stimulation and recording, respectively. Such kind of efforts are desired, however, not
easy to achieve. Long-wavelength also allow imaging through nonlinear multiphoton
mechanism, which allow localized excitation and imaging confined in the nonlinear
area with high resolution at depth. Multiphoton microscopy has been the most widely
spread modality for preclinical relatively deeper brain imaging with sub-micrometer
resolution, compromised imaging depth with acceptable quality remained in superficial
brain considering phototoxicity, available fluorophores, spatial resolution and overall
cost[111]. These techniques also suffer from low scanning speed. Overall, a technique
that can achieve molecular level imaging at depth with high spatiotemporal resolution

is highly desired.
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Chapter 2 Application of photonic nanojet effect in

optogenetics
1. Introduction to photonic nanojet and study overview

Firstly described in 2004, photonic nanojet (PNJ) is a narrow, high-intensity and
converged three-dimensional light area generated near the shadow-side surface of an
illuminated lossless dielectric microcylinder[112] or microsphere[113]. It maintains a
subwavelength beam waist that can be less than the diffraction limit (~A/3) and focal
length over a distance longer than the input wavelength (~2X) beyond the dielectric
cylinder or sphere[114]. It mostly happens when the refractive index contrast (m)
between the cylinder/sphere and the background is around 1.7[112, 113], and the
diameter is within an intermediate range (A to 10A) where neither Rayleigh theory nor
geometrical optics is applicable[115]. Microspheres with diameters between 1-10 pym
fall into this intermediate range and has been numerically and experimentally observed
to generate this phenomenon. Featuring subwavelength-scale and high-intensity focal
region, and lower Joule heating as compared to plasmonic resonant systems, PNJ has
proved to have broad applications spanning from super-resolution optical
microscopy[116], optical trapping[117], nanolithography[118], high-density optical

data storage[119], etc.
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Figure 15 Comparison between (a) macroscale and (b) microscale condensing with plane wave illumination. The
focal length in (a) and (b) are far larger and smaller than the wavelength, respectively[120]. A, the incident

wavelength; D, diameter of the lens/ microsphere; f, focal length.

Compared with macroscale condensing by lens, the microsphere generates a nanojet in
a short focal length just several times of wavelength beyond the sphere (Figure 15),
which is ideal for concentrating light in vivo. The study in this thesis for the first time
exploiting the photonic nanojet effect for highly localized optogenetics with less input
illumination power, which holds potential for optogenetic stimulation at depth, as
shown in Figure 16. We first simulate to choose microsphere with most proper size and
refractive index that gives the best converging effect in the application context. Then
transparent polystyrene (PS) microspheres are mainly used in experiments to
demonstrate our idea. Safety issues are then discussed to make practical sense of the
proposed method. Compared to upconversion nanoparticle[121] that has shown
favorable capability in fighting against tissue scattering, two major advantages exist in
current study. One advantage of PS microsphere is its transparency, which is not
wavelength-fastidious and superior to upconversion nanoparticles that has to use a
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narrow band illumination (which is mostly 980nm, a high-water absorption band). This
wavelength transparency is helpful to deeper stimulation where long wavelengths are
mostly needed. In addition, applications of current upconversion nanoparticles are
impeded by their relatively low quantum yield and thus requires orders of higher
incident power than that indeed need for optogenetics. Transparent microspheres, on

the contrary, do not have such special requirements.
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Figure 16 Schematic illustration of microsphere enhanced optogenetics. (a) Photonic nanojet facilitates stimulation

of cells locates at deeper region with less incident power. (b) Zoom-in view of light-microsphere-cell interaction,
in which light intensity which originally insufficient to interact with a cell can activate a cell with aiding of

microsphere focusing. Gray ball: microsphere.

2. Photonics nanojet simulation and measurement

We simulated to compare beam concentration performance of microspheres with
several different sizes and refractive indexes (Figure 17) by using FEM method and

COMSOL Multiphysics software.
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Figure 17 Photonic nanojets generated by dielectric spheres of various sizes and refractive indexes.

Table 3 Quantification of Figure 17. NA, Not applicable.

d=3pum n=1.6
n 1.33 1.6 2.7 d(pm) 1 3 6
Waist(nm) NA 500 400 Waist(nm) 300 480 480
Length(nm) NA 3000 600 Length(nm) 1400 3000 4600

We chose two materials (n=1.6 for polystyrene, and n=2.7 for titanium dioxide) in the

simulation. With a fixing sphere diameter, the focusing region at the shadow side of the

sphere become more confined in jet length (600nm) with higher sphere refractive index

(2.7), as shown in Figure 17 a) and jets size at full-width-at-half-maximum (FWHM)

area are quantified in left part in Table 3. We believe an intermediate jet profile will
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perform better in practice. As in this study, spheres are not tightly bounded onto one
cell, and the illumination may come from every direction. “looser” and longer jets
generated from multi-directions potentially interact more cells and thus should be more
efficient than a tightly confined jet that can only interact with one cell each time.
Considering current widely available monodispersed and transparent microspheres and
the jet profile, we choose polystyrene microspheres (PS) with n=1.6 in further studies.
In Figure 17 b), the size effect is investigated. The waist remains around A, but the jet
region becomes longer and further with increasing sphere diameter. For the same
consideration about enhancement efficiency in experiments, we choose PS microsphere

with 3um size in further experiments.

On the other side apparently, the electric field amplitude is magnified ~2 times in the
concentrated region, the optical intensity is therefore 4 times enhanced. So theoretically
~4 times lower power is needed in microsphere-enhanced optogenetics. The actual
enhancement was measured by using fibers. As shown in Figure 18, with using the PS

microsphere, the power density is greatly enlarged.
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Figure 18 Experimental measurements of power density enhancement with using a PS microsphere.

3. Characterization of microspheres

We characterized commercially available microspheres PS and TiO; in DI water, and
results are shown in Figure 19. In Figure 19 (a), no peak absorption appears at 488nm
or 580nm. According to the peak absorption of ChR2 at 488nm and NpHR at 589nm in
neural excitation and inhibition applications respectively, this potentially lessens the
possibility of Joule heating by the sphere themselves and guarantee maximum light
transmission. Zeta potentials were measured by a Zetasizer Nano Z system (Malvern
Instruments Ltd) and microscopy images were got from an Olympus 1X73 inverted
microscope with an 60X objective (NA=0.7). The near -30mV surface charge of PS
indicates mono-dispersion and can be visualized in Figure 19 (c). Comparably, near
OmV surface charge results in slight aggregation in TiO> and consistent in the
microscopy image in Figure 19 (d) as well. However, even size distribution estimated

to be 3um is seen in both.
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Figure 19 Characterization of Polystyrene (PS) and Titanium Dioxide (TiO2) microspheres distributed in water. (a)

Absorption spectra. (b) Zeta potential. (c) and (d) Microscopy images with 60X microscopy.

4. 1In vitro and ex-vivo demonstration

We first used patch clamp to test the effects of microsphere on cell line and neurons.
Figure 20 illustrates the patch clamp configuration. A naked optical fiber tip emitting
488nm light was placed closely to the cell surface to stimulate one single cell. The
microsphere enhancement capability was investigated on cells pre- and post- adding
microspheres. With microscopic phase imaging and fluorescence imaging (Figure 21,
upper row), we firstly confirmed that a cell successfully expressing ChR2-mcherry
infusion is under investigation. Microspheres can be clearly visualized in the enlarged

view. The relatively large area of the cell body compared to the sphere enables
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simultaneous whole-cell electrophysiological recording and microsphere-assisted
optogenetic stimulation with minimal potential for electrode-sphere artifacts such as

changes in seal or pipette resistance (Figure 21, lower row).
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Figure 20 Schematic illustration of patch clamp investigation of optogenetics on ChR2-expressed cells. (a) without

and (b) with microspheres.
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Figure 21 Microscopy visualization of a ChR2-expressed cell under phase imaging and fluorescence imaging

before and after adding spheres (PS as example).
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Figure 22 shows that stimulation of HEK-293T cell line with 488nm excitation elicits
inward currents under voltage clamp condition. In all power conditions from 0.1 to 6.4
mW/mm? (Figure 22 a) and b)), the inward currents with adding PS increased faster
with increasing stimulation power and current amplitudes were significantly higher
than without PS. Maximum current amplitudes of the ChR2 group was observed under
6.4mW/mm? excitation power. Whereas PS+ChR2 group increased the maximum
current to 1.25 times (~420pA VS ~600pA) at the same power. In another group
involving TiO; microspheres, the ratio of the inward currents between with and without
sphere enhancement was larger. At 2.6 mW/mm? power condition, ChR2 alone only
induce minimum current, while the TiO>+ChR2 group has reached almost its maximum,
with a ratio about 4.2 (~100pA VS ~420pA). In both the PS and TiO; cases, as seen
from the inward current profile (Figure 22 a) and b) and in the quantification (Figure
22 ¢) and d)), the difference between with and without spheres, or the enhancement
performance of the spheres was strong at relatively low powers and descends with
higher powers. This make sense as cells response to light stimulation with a saturation
threshold beyond which no stronger response can be generated. In addition, TiO>
appeared to behave better than PS for application on a single neuron. This consists with
its more confined jet region compared with PS as shown in Figure 17, making sure that
most of the energy directly interact with the cell membrane where the ion channels

locate.
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Figure 22 Inward current increases with the increase of excitation light power, and microsphere can elicit higher
inward current at a same power. (a) PS enhance 293T cell response to light in a dose dependent manner with
quantification in (b). (c) TiO2 enhance 293T cell response to light in a dose dependent manner with quantification

in (d). *p<0.05, **p<0.01, ***p<0.001, unpaired t-test.

After confirming function of the ChR2 protein on 293T cell line as a usual procedure,
we next proceed to validation on primary neurons (Figure 23). Both inward currents
and action potentials were recorded upon light onset, and microsphere enhancement
work similarly. In Figure 23 a) and b), power of PS enhancement keeps being stronger
with increasing light dose and a fast-increasing inward current was seen, while the
group without PS grows slower. In Figure 23 c), light can stably and repeatably
depolarize neurons from their resting potential by about 100mV with 3.ImW/mm?
power in the no-PS group. The power, in comparison, reduced to less than 2.6mW/mm?

in the PS group. The successful rate of action potentials by light was significantly

enhanced by PS microspheres. (Figure 23 d)).
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Figure 23 Inward currents and successful rates of neural action potentials increase with the increase of excitation
light power, and microspheres facilitates elicit higher neural responses at a same power. (a) PS microspheres
enhance neural inward currents upon light stimulation in a dose-dependent manner with quantification in (b). (c)
PS microspheres enhance successful rates of neural action potentials by response to light in a dose-dependent

manner with quantification in (d). **p<0.01, ***p<0.001, unpaired t-test.

To test the microsphere-mediated enhanced optogenetics in C57BL/6 mouse line, we
performed calcium imaging and Multi-electro-array (MEA) study in acute brain slices
of the mice. Before attempting of each experiment, it is important to confirm functional
ChR2 proteins are expressed in the excitatory neurons. Acute brain slices were obtained
two weeks after natal injection of AAV virus carrying ChR2-mcherry fusion protein
with excitatory neuron specific promoter CaMKIla (pAAV-CaMKIla-hChR2(H134R)-
mCherry). Figure 24 displays large numbers of cellular fluorescence revealing robust
expression and natal injection at 0-days post born provide brain-wide expression of the

target protein. The fluorescence appears to be majorly localized on the cell membrane,
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which has good consistency with previous observation of mCherry expression on

neurons.

Figure 24 Acute brain slice expressing ChR2-mCherry fusion protein.

MEA allows long-term recordings of local field potentials (LPFs) and extracellular
action potentials (EAPs) from populations of neurons at millisecond time scale[17].
The MEA data obtained from in vivo or ex vivo studies are often very similar, therefore
experiments on brain slice can vividly display what happened in real in vivo
environment. The mice were sacrificed ~two weeks post injection and brain was sliced
coronally with 300um thickness and recorded with a 64-pin MEA system, as shown in
Figure 25. The hippocampus region was put on the recording sites, as hippocampal
neurons are arranged in the same orientation, the extracellular signals from each neuron

don’t cancel out but rather add up to give a signal that is strong enough to be recorded
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by a nearby field electrode.

(a) (b)

Figure 25 Hippocampus recording in an acute brain slice of coronal section with a 64-pin MEA system. (a)
Tllustration of positions of electrodes (black squares), brain slice (with hippocampus shown in pink), and blue light
illumination (blue area in the center). (b) A microscopic image to confirm that the hippocampus region placed on

the electrodes in experiment with a 4X objective.

Figure 26 shows the averaged raw data of spikes elicited with 3x10s blue light
illumination (1Hz, 10ms). ChR2 alone (upper row in Figure 26) induced spikes has
minimum change with increasing power. While in the ChR2+ PS group elicited
significant difference (see quantification in Figure 27) upon very low power stimulation
(2.2mW/mm?). The difference keeps growing till 3.5mW/mm? light power. This result
is consistent with the patch data (Figure 22) that PS can significantly enhance neuron
response to light. While the difference seen with no light input but just after adding PS
microspheres may probably be due to the surface charges of the microsphere which

influence the neural activities.
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Figure 26 Raw data of MEA signals from one representative channel upon light stimulation on ChR2 expressed
brain slice. Upper row: Increasing light power before adding PS. Lower row: Increasing light power after adding

PS.
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Figure 27 Number of spikes quantified from Figure 26. The bar chart represents means + SD of brain slice
stimulated by light with increasing power and compared from three independent recordings. n = 3, *p < 0.05,

unpaired 2-tailed t tests.
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These spikes represent changes in the extracellular field due to ion flux (Na*, Ca®"...)
in the local environment[3, 17]. Among all the ions, calcium act as the second
messenger that convert electrical signals into chemical activity in addition to control
cell excitability and therefore is the mostly studied among all ions in the central nervous
system[122]. Calcium signals have been the surrogates for direct measurement of
single-cell action potentials since all cells use changes in intracellular calcium
concentration to regulate cell signaling events. Neurons especially, with their elaborate
dendritic and axonal structures, both localized and widespread calcium signals have
been captured. Neural action potential is associated with influx of calcium ions.
Exocytosis of neurotransmitter triggered by calcium influx in presynaptic terminals
starts neural communication. The intracellular concentration in resting state is less than
100nM, while rises around 10 to 100 times higher when excited and generating action
potentials[123]. Monitoring calcium ion flow can facilitate the monitoring of action
potential firing, which can be achieved at single neuron resolution by using optical

measurements comparing to electrode recording.

Therefore, we next investigated whether the microsphere-assisted enhancement works
through magnified calcium influx on acute brain slice by microscopic imaging of an
intracellular calcium indicator which has peak absorption far away from the peak
absorption of ChR2. Compared to field recording in MEA, calcium imaging can have
single-cell resolution, thus no need to confine the imaging region to hippocampus area.
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Imaging was conducted 2 minutes pre- and 5 minutes post-shot with an inverted
fluorescence microscope before and after adding PS spheres in the same field of view,
so that calcium response of the same cells can be tracked, and that microsphere
concentration should not be a factor that may lead the results. The experimental setup
and procedural observation were shown in Figure 28, and results are shown in Figure
29 and quantified in Figure 30. 50 cells were analyzed in each case and an “imaging
only” group was set to exclude unexpected excitation by the imaging beam because of
spectral overlap between the imaging wavelength with the absorption spectrum of
ChR2. It is obvious in Figure 29 that this overlap induced excitation can be ignored.
And PS has greatly increased neuron calcium response at 3.5mW/mm? light power.
Compared to the MEA results, 2.2mW/mm? did not elicit detectable neuron response
indicated by fluorescence change. These may result from superimposed factors
including sensitivity of the camera, sensitivity of the calcium-sensing dye, and one-shot
stimulation instead of multi-pulse stimulation in MEA, fluctuations of power density

among experiments, etc.
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Figure 28 (a) Setup for calcium imaging of microsphere-enhanced optogenetics. (b) Procedural observation of

fluorescence increasing after light stimulation during experiment in the PS group.
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Figure 29 Addition of PS microspheres evokes greater calcium influx.
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Figure 30 Quantification of Figure 29. (a) Maximum fluorescence change of each cell. (b) Excited neurons those
reach AF/F0>3% at 150s are counted.
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5. In vivo demonstration

In addition to give major cellular and molecular level readouts, behavior study is
necessary to gather macroscale information about the enhancement performance.
Mixture of virus and microsphere (1:1) was injected into the primary motor (M1) region
of C57BL/6 mice in the right hemisphere (AP: 0.25mm, ML: -1.5mm, DV: -1.0mm),
and optogenetics was performed three weeks after till ChR2 protein is fully expressed
(Figure 31a)). Zoom-in view in the blue circle shows the hypothesis that at deeper
region beyond the fiber tip where the optical power density becomes very low and
ChR2 protein cannot be excited. With addition of the PS microsphere, these membrane
proteins got larger chance to be stimulated by enhanced optical power density near the

sphere.
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Figure 31 Scheme for in vivo experiments. (a) Mice aged 8 weeks were injected with a mixture of viruses and
microspheres in the primary motor area (M1) in the cerebral cortex, and fiber was inserted two weeks after
injection. Mice were treated with light stimulation (15Hz, 10ms, Imin on and 1min off) with increasing power one

more week after. (b) Illustration of the setup used for in vivo recording.

In the experiment, we used light pulse with 15Hz repetition rate and 10ms pulse width
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for stimulation. The stimuli keep one minute on and then one minute off to allow the
subject to recover to natural state (Figure 31b)). Upon starting the next round
stimulation, the power is increased so that we expect to get a dose dependent response
to know the intensity threshold for driving a specific behaviour in ChR2 alone group
and in ChR2+PS group. The results are shown in Figure 32. Compared with mice
injected with ChR2 only, photo-stimulation of mice injected with ChR2+PS reliably
evoked increases in average speed, speed change, and total distance travelled (Figure
32 b-d)). At low stimulation intensity (1.4 mW/mm?), the animal behavior showed little
difference to that of light-OFF state for the ChR2-only group, while ChR2+PS induced
significant difference in animal behavior at the same photo-stimulation power. The
evoked rotating speed was much higher and total distance travelled were much longer
compared to light-OFF state in the ChR2+PS group than in the ChR2-only group at the
same condition. At a relatively high stimulation intensity (5.6 mW/mm?), the difference
got even more significant, indicating much more enhanced optogenetic light-triggered
behavior. Representative rotating trajectory upon light stimulation is shown in Figure
32 a). In this in vivo study, effects of PS kept positive when incident power going higher,
which seems to contradictory to the in vitro and ex vivo studies. However, this is
acceptable due to various parameters those may affect the in vivo output such as opsin

expressing level, opsin quality and animal condition, etc.
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Figure 32 PS can enhance the optogenetic locomotion. (a) Trajectory analysis of mice in three different doses of
stimuli. Mice in the ChR2-alone group (PS (-)) were drove to rotate with higher stimulus dose (5.6 mW/mm?)
while only 1.4 mW/mm? power is needed in the PS+ ChR2 (PS(+)) group. (b)-(d) Optogenetics evoke increase in
(b) speed (c) speed change and (d) distance travelled in light-ON state compared to light-OFF period, the changes
are larger in the ChR2+PS groups and groups with higher stimulation powers than those of the ChR2-alone groups

and groups with lower stimulation power. n=4 in each group, *p < 0.05, **p < 0.01, unpaired 2-tailed t tests.

In addition to intracellular calcium signal in acute brain slice, the in vivo stimulation
effect can be evaluated in single-cell manner by testing expression of c-Fos, a marker
protein that is induced expressing immediately-early upon receiving external
stimulation and that is widely used as a functional and anatomical mapping tool to
identify successfully activated neurons in response to stimuli[124]. Minimum light
power was used in this experiment (only 5%, 15Hz, 10ms, 1min on) and mice was then
sacrificed 60min later to allow maximum expression of c-Fos protein. The ChR2-

positive areas are identified by mCherry fluorescence (red) and colocalization (yellow)
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of c-Fos (green) and mCherry was then counted, with representative images shown in
Figure 33 and quantification shown in Figure 34. The ChR2 alone group has averaged
c-Fos positive cells counted about one while that of ChR2+PS groups has more than

two per unit region, the difference is significant enough as shown in Figure 34.

DAPI c-Fos ChR2-mCherry Merged Enlarge

Figure 33 Representative images of M1 mouse cortex treated with light stimulation without or with PS

PS(-)

PS(+)

microspheres, stained for c-Fos expression. The mice were sacrificed 60 min after stimulation with minimum
power (5%, 15Hz, 10ms) for 1 minute, and their brains slices were imaged for DAPI (blue), mCherry (red), and c-

Fos (green) expression.
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Figure 34 Quantification of Figure 33. The bar chart represents means + SD percentages of c-Fos-positive cells per

unit area. n=5, *p < 0.05.
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6. Methodology in this chapter
Simulation

FEM method and COMSOL Multiphysics software is used. All spheres are assumed
dielectric and transparent. Refractive index of tissues are very near to ambient solution
environment[125] and thus approximated to indices of water. Microspheres of different
diameters (d) are embedded in the water environment (refractive index of water:
n=1.33). 488nm plane wave incidences from the upper port, and a perfectly matched
layer (PML) at the bottom for terminating the electromagnetic field. Scattering
boundary conditions are used for all the external boundaries and continuous boundary
conditions are default for all the internal boundaries. The simulation is conducted by

solving:

jo

VX us (VX E) - k2 (er—w—EO)E = 0(6)
Animal

C57BL/6]J mice of eight weeks old were used for ex vivo and in vivo experiments.
Standard housing condition with 12h light/dark alternation and food and water available
ad libitum are provided for holding animal. All procedures regarding animal operation
were conducted with strictly following the guidelines of the Department of Health -

Animals (Control of Experiments) of the Hong Kong S.A.R. government.
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Cell culture

Primary neurons were obtained at the 16" embryonic day from the mouse embryonic
cortices as described in[126]. Cortices were firstly immersed and sectioned in ice-cold
Neurobasal medium and then incubated for 15min in 0.25% trypsin-EDTA in a water
bath at 37°C. Cells were then collected by centrifuging and washing with Neurobasal
medium with 10% FBS, 0.25% L-Glutamine and 1% Penicillin-Streptomycin once.
Cells were then centrifuged again and resuspended in medium followed by
mechanically triturated with a pipette and then statically settled to get the supernatant
removed. Then cells are resuspended in medium further containing 2% B27 serum-free
supplement and seeded in 35mm dishes containing poly-L-lysine (PPL)-coated
coverslips at 5 x 10° cells per dish. The medium was changed 24h after to Neurobasal
+ 0.25% L-Glutamine + 2% B27 +1% Penicillin-Streptomycin and half rechanged

every 72h.

293T cell line were purchased from ATCC. Cells were incubated in a humidified
incubator maintained at 37°C with 5% COs. The culturing medium consisted of
Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum, 100 pg/mL

streptomycin, and 100 units/mL penicillin.

Viral transduction

High-tilter viruses (pAAV-CaMKIIa-hChR2(H134R-mCherry)) were obtained
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commercially and stored at -80°C prior to use. ChR2 gene sequence was fused with that
of the fluorescent reporter mCherry We used a CaMKlla promoter to preferentially
transduce only excitatory neurons. Virus diluted 1:100 in PBS was added to primary
neuron cultures at DIV7 at room temperature. For each dish with 5 x 105 cell density,
101% genome copies were directly added into the cell medium. Then the plates were
gently shaken and put back into incubator for 3-5 days under monitoring of fluorescence
and cell condition. Successful transduction with bright fluorescence were used in

further experiments.

Patch Clamp

7 days after virus transduction, patch clamp was used to record the light-evoked
membrane potentials on primary cortical neurons. Borosilicate-made glass patch
pipettes (Vitrex, Modulohm A/S, Herlev) were pulled by using a micropipette puller (P-
97, Sutter Instrument Co.) and filled with pipette solution to have a resistance of 5—
TMQ. Current clamp was applied for measuring membrane potential and voltage clamp
was applied for measuring inward current. Cells were bathed in their original medium
and can be visualized in 3D by phase contrast microscopy. Good transduction was
confirmed by fluorescence imaging. The pipettes filling solution contains 1 mM MgClo,
138 mM KCI, 10 mM HEPES ,10 mM NaCl, and D-mannitol compensated for osm 290
(pH 7.2). Digidata 1440B (Axon Instruments) and amplifier (Axopatch-700A, Axon

Instruments) together with pClamp Version 9 software were used for data recording The
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data were analyzed by using Clampfit 10.0.

Intracerebroventricular viral injection

Viral injection to the intracerebroventricular region of the neonatal mouse brain was
conducted for brain-wide transduction and at the same time guarantee more active brain
slice can be used in further experiments. This method has been described in detail
previously[127]. Briefly, PO pups were first anesthetized on ice and then injected virus
by using a 10pL syringe with a 32G needle within 6 hours of their birth. The head of
the pups were gently wiped with a cotton swab soaked in 70% ethanol before injection.
3/5 of the distance from the eye to the lambda suture was identified as the injection
point. Then 1pL thawed virus aliquot was loaded into the injection syringe and the pup
was laid on its side having its head directly under the syringe. The syringe needle was
perpendicular inserted to the pup skull to a depth of 3mm. Both injection and withdraw
of needle were done slowly to make sure virus aliquots do not leak out. Pups were then
labeled and put near a warm source to allow recover of body temperature and then put
back to their mother cage. Condition of the pups were monitored every day in the first

few days after injection.

Preparing of acute brain slices

Two weeks after intracerebroventricular viral injection, mice are deeply anesthetized

and decapitated. Brains were taken out quickly and sliced in ice-cold and gas-bubbled
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artificial cerebral spinal fluid (ACSF) containing 124 mM NacCl, 10 mM Glucose, 3
mM KCl, 26 m NaHCOs3;, 2 mM CaCl,, 1.25 mM NaH,PO4+/H>O, and 2 mM
MgS04/7H:0. The gas constitutes with 95% O and 5% CO> to maintain a pH of 7.4 in
ACSF. Coronial sections with 300um thickness were sliced by using a vibrating
microtome (Leica VT1200S) and recovered in 37°C gas bubbled ACSF for 1h before

experiments.

MEA recording

Individual brain slice was placed into the MED probe (MED64, Alpha MED Scientific
Inc, Japan). Slice anchors and mesh netting were used to keep slice adhere to the
electrodes. Position of the hippocampus area was adjusted under the microscope.
Bathing solution for recording was frequently refreshed manually by gas-bubbled
rACSF containing 3 mM KCl ,124 mM NaCl, 10 mM Glucose, 26 m NaHCO3, 1.25
mM NaH>PO4/H>0, 1 mM MgS04/7H20 and 2 mM CaCl.. After system noise checking
suggested by the MED system user manual, spontaneous neuronal spikes were recorded
with low cut frequency at 100Hz and high cut frequency at 10000Hz. Slice was kept
not moving during recording to make sure signals recorded in a specific channel before
and after adding microsphere were from the same brain area. Light was coming down
from the top of the probe dish. Three traces were recorded under each light intensity.

Number of spikes was counted with threshold of +0.01mV.
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Calcium imaging

The prepared acute brain slices were stained with a fluorescent calcium indicator X-
Rhod-1, AM (X-14210, Invitrogen) at 4uM final concentration in the rACSF with gas
bubbling at room temperature. Stained slice was then placed into a confocal dish for
microscopy. The stimulation and imaging system consists of an inverted fluorescence
microscope (IX73, Olympus) with Cy3 filter and a sSCMOS camera ((ORCA- Flash4.0
LT Plus C114400-42U30, Hamamatsu)) and 488nm light shed from top down. Slices
were imaged for 2 minutes before stimulation as baseline and then stimulated with only
one shot (10ms) blue pulse and imaged for another more 5 minutes. The stimulation
period (10ms) was not imaged. During imaging, a perfusion pump continuously
pumped fresh bathing solution (gas-bubbled rACSF) to keep the brain slice in its best

condition.

Stereotaxic injection and fiber insertion

CS57BL/6 mice were anesthetized with xylazine (10 mg/kg) and ketamine (100mg/kg)
in PBS. Hairs above the operation location were shaved and scalp was scissored
allowing exposure of the skull. Mice was then fixed onto the stereotaxic apparatus and
a hole was drilled on the skull with coordinates AP 0.25 mm, ML -1.5 mm, DV -1.0
mm for M1. Mixture of 500nL pAAV-CaMKIIa-hChR2(H134R-mCherry virus aliquots

and 500nL microsphere suspension was injected at 0.1pL/min speed, followed by
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keeping the injection pipette 10-minutes at the injection site. The pipette was then
withdrawn slowly with another 5-minute pause halfway. The sergery site was then
disinfected and sutured followed by returning the mice to their housing room. Three
weeks later, the mice were anesthetized and underwent surgery again to insert fiber
ceramic ferrule at the same coordinate. The fiber was fixed with dental cement pulled
by small screws on the skull. Wide-field behavioral recordings were conducted one

week after fiber insertion.

Optogenetic manipulations

Ex vivo optogenetic processes including MEA recording and calcium imaging relied on
a 488nm laser providing various repetition rates, pulse widths, and powers. Open field
behavior testing was conducted within a 40cm X 40cm X 50cm field box. 10min
habituation were allowed to reduce the acclimation noise. Behavioral parameters
including trajectory, speed, and total distance were extracted using a commercial
software Toxtrac. Power density during experiments with beam spot size of ~Imm

diameter used can be measured by a power meter (Thorlabs) and then calculated.

Immunohistochemical fluorescent staining

60min after light treatment, mice were heart perfused with PBS followed by 4%
paraformaldehyde (PFA) (cat. no. P1110, Solarbio) in PBS. Brain slices with 10um

thickness were dissected with the paraffin method. Slices were then blocked by
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blocking buffer (10% normal goat serum + 0.3% Triton in PBS +5% BSA) for 2h in
room temperature. Followed by incubating 16-18h using primary antibody (c-Fos (9F6)
Rabbit mAb, Cell Signaling Technology) solution diluted (1:500) in blocking buffer in
4°C environment. After gently and completely washing with PBS, slices were incubated
with secondary antibodies (Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488, Invitrogen) diluted (1:1000) in the blocking buffer for 2h
at room temperature, followed by washing, drying, mounted on glass slides with adding
Prolong Diamond Antifade Mountant with DAPI drop wise, coverslip capping over and
then imaging. Samples were imaged by using an upright confocal microscope registered
in the UBSN facilities in The Hong Kong Polytechnic University. Cells showing
colocalized c-Fos signals (green) and mCherry (red) were counted manually in five unit

arcas.

7. Summary and discussion

In this study, we use polystyrene microsphere as an example and demonstrated that
transparent microsphere can significantly enhance the optogenetic response at
relatively low light stimulation power by exploiting its natural photonic nanojet effect.
This systematic study was conducted in multiple facets from cellular level to animal
level. The results have given us confident that optogenetics could be much more
efficient to generate the same response with much less power with assistant of

transparent microspheres, and thus the fiber insertion can be potentially unnecessary,
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and it is possible to go very deeply into the brain with microsphere plus long-
propagating red/ near-infrared-light stimulation, or even neural modulation at a distance
(remote control). Looking back to the general background of this thesis, less invasive

and less harmful generally means more widely applicable.

Safety is a prime and imperative concern. The central nervous system has an elaborated
scheme to isolate foreign bodies through a combination of chemical and cellular
pathways via the immune system. The causes of neuroinflammatory response can be
numerous, the mechanical mismatch can be one of the major factors. Hence, general
approaches to combat or “trick” the immune system is to modify the interfacial
materials to make them more closely match the tissue mechanics and therefore can
follow the motions of the brain[ 128]. Figure 35 A) shows the Young’s modulus of tissue
and various materials used in neuron-probe interfaces. Hydrogel has closest mechanical
property to tissue and is the most compatible. PS microsphere has Young’s modulus
estimated to be 3200-3400 MPa[129], which is much stiffer than tissue. However,
another approach suggests that stiffer materials still can be used when their dimensions
are small enough in the (sub)cellular scale (1-10um) to enable mechanical compliance,
as shown in Figure 35 B). To minimize inflammatory responses in extended
applications, surface coatings such as hydrogel coating or PEG coating is expected to

help efficiently reduce inflammatory factors.
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Figure 35 Mechanical mismatch between soft neural tissue and common probe materials. (A) Young’s modulus of
biological tissue and some common materials. (B) Schematic illustration of the mechanical compliance of stiff
inorganic materials (Si, metals, oxides; left), compare to elastomers like poly (dimethylsiloxane) (PDMS; middle);
Materials with high modulus and are nominally rigid can be made compliant by minimizing the critical dimensions

(right)[128].

Shining light into brain tissue may also result in temperature rise, which will induce
altering of cell function thorough affecting enzymatic reactions, molecular
conformational changes and molecular interactions[130]. Photothermal neural
stimulation[131] is also a possible way for modulating neurons. In our study, to ensure
neuron excitation is purely induced by light stimulation through light-gated ChR2
channel, but not by heat through other thermal-sensitive channels, the temperature
increasement during laser radiation was measured by a thermal meter, and we find no
obvious temperature increasement was induced (Figure 36). This demonstrates that
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adding PS microspheres will not subvert the gene-coded specificity as thermo-based

stimulation mostly have non-genetic and non-localized heat provided selectivity.
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Figure 36 Temperature increases during 488nm laser radiation on an acute brain slice (15Hz, 10ms, 1min).

Particle diffusion inside biological tissue is another issue that may affect the penetration
and dispersion in tissue and thus the overall efficiency. The diffusion profile is mostly
believed to be affected by particle size, surface charge, material, particle-cell interaction,
etc., and finally determines the particle concentration on each cell. Experiments and
analysis in this study are based on a certain fixed concentration of spheres to see their
general influence and have not gone into too much detail in this regards. Although
results have shown significant positive effect of adding PS microsphere on optogenetic
efficiency in this study, the microsphere parameters can be further improved regarding

this application. This could be another topic in the future.
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Chapter 3 Photoacoustic recording of neural

activity during naturalistic behavior

1. Photoacoustic imaging is less affected by tissue optical scattering

Since scattering plays such an important role in biological optical processes, instead of
trying hard to remove multi-scattered photons like strategy used in nonlinear
multiphoton microscopies for brain imaging, there exists another method which tries to
take advantage of the scattering effects during incident propagation and reduce their
negative influence the way back to the detector. Such a method introduces the
photoacoustic effect though detection the ultrasound signal generated by absorbed
photons. Figure 37 illustrates the photoacoustic working principle. Briefly, incident
light is multi-scattered in the tissue and absorbed by an absorber. The local temperature
rises steeply in time and generates ultrasonic wave during propagating under the
thermal confinement and pressure confinement conditions. The generated ultrasonic
wave then can be detected by ultrasonic transducers and finally reconstructed to an
image of this absorber. On the one side, multiple scattering events increase the rates
that photons hit absorbers, be absorbed and then generate ultrasound waves. On the
other side, as soft tissue is relatively transparent to ultrasound which is ~1000 times
less scattered in tissue than light[132, 133], the imaging resolution and imaging depth
can be significantly improved compared to pure optical ways. Looking back to Figure

14 b, c) in Chapter 1, the photon usage rate can be much more improved if multi-
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scattered and absorbed photons can be utilized as well. Combining with appropriate
absorbers which can represent physiological processes, photoacoustic brain imaging

provides a smart way of recording neural activities deep in the brain.
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Figure 37 Principle of photoacoustic tomography (PAT)[134].

2. Photoacoustic brain imaging

Photoacoustic imaging (PAI) based on the photoacoustic effect, harnesses optical
absorption generated contrast and acoustic signal detection and avails benefits of optical
resolution and acoustic penetration (Figure 37). PAI overcomes the optical diffusion
limit ultrasonically and combines rich contrast of optical interrogations with high
resolution and clinically relevant depth of penetration. PA is sensitive to blood
hemoglobin absorption and becomes effective to monitor blood oxygenation by
measuring oxygen saturation (sO2)[135]. In addition, other intrinsic absorbers such as
lipid[136], melanin[137], water[138], and a variety of exogenous contrast agents have
been explored in PAI for anatomical, functional, and molecular kinetics imaging. As a

result, PA has attracted tremendous interests in the past two decades and demonstrated
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great potential in various preclinical and clinical applications.

PA systems have been developed in various scales for brain imaging (Figure 38).
Compared to confocal fluorescence microscope, optical resolution photoacoustic
microscope (OR-PAM) has realized diffraction-limited imaging at about 1mm, with
higher optical sensitivity compared to two-photon microscopes. Acoustic resolution
microscope (AR-PAM), in which the acoustic focal point is smaller than the size of the
optical focal point, normally have tens-of-micros lateral resolution and millimeters of
imaging depth. Photoacoustic computed tomography (PACT) has the largest
penetration depth of several centimeters, with hundreds-of-microns lateral resolution.
Since early demonstration in the year around 2000, dramatic system development in
this field has been emerging. Various PAI systems have been used in brain imaging.
The first demonstration of noninvasive PA for brain imaging was in 2003[139], in which
the structure of the whole brain and functional imaging of cortex upon stimulation of a
rat brain was imaged transdermally and transcranially. This study has encouraged
tremendous studies of the brain using this modality and various structural[140],
functional[141], and molecular imaging[142] in different depths and resolutions have

been demonstrated from then on.
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Figure 38 Photoacoustic brain imaging in multiple scales. (a) Imaging of mouse cortical vasculature with the skull
intact but the scalp removed by using optical-resolution photoacoustic microscopy (OR-PAM). (~3um lateral
resolution and <Imm penetration depth) (b) Acoustic-resolution photoacoustic microscopy (AR-PAM) of cortical
vasculature with both scalp and skull intact in a living adult mouse. (~70um lateral resolution and ~3mm
penetration depth) (c) Photoacoustic computed tomography (PACT) of the cortical vasculature with both the scalp

and skull intact in a living rat. (200um lateral resolution and 8mm penetration depth) [143]

The above systems are mainly for anesthetized and fixed animals. As mentioned in
Chapter 1, most of the current imaging studies were conducted in a head-fixed condition
and in anesthetization, which not only give the animal additional emotional stress, but
also are incompatible with free explorations in real experimental environments. /n vivo
neuroscience studies always desire a miniaturized or wearable device, worn on animal’s
head, to improve the accessibility, throughput, and quality of brain-imaging studies in
freely behaving mice. Such a wearable device should have minimal impact on the
animal’s head and pose least effect on the animals’ normal behavior. Imaging capability
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of non-invasiveness, deep brain penetration, wearability, high spatiotemporal resolution,
and neuronal functionality, which can be applied to freely moving animals, is urgently

needed and still not yet available.
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Figure 39 Wearable and head-mounted PAI devices. (a) PACT and (b)whole brain imaging in depth[144]. (c) PA A-
line and integrated with an electrode for (d) simultaneous recording of blood flow and electrophysiology[145]. (e)

OR-PAM and (f) brain vascular imaging[146].

Based on these considerations, a series of wearable and head-mounted PAI devices has
been developed. Tang et al[144] developed a wearable PACT that can do 3D imaging
in behaving rats with ~200um lateral resolution for both structure and functional
imaging. Figure 39 a) shows a photograph of the 3D wearable PAT probe. The cerebral
blood vessels can be clearly imaged (Figure 39 b)). By visual flash stimulation, PA
signals from different areas of the brain can be readily recorded. Despite the wearable
PACT system, wearable A-line[145] (Figure 39 c) and d)) and wearable OR-PAM[146]

(Figure 39 e) and f)) has also been developed for brain study in behaving rats. In the
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wearable A-line configuration, micro-electrodes were placed in parallel to the optical
fiber and integrated into a needle guide, an ultrasound transducer is placed confocally
with the needle tip. An optical and electrical rotary joint was used facilitating free
moving of the animal. Blood flow in a single capillary and neuron activities around
were recorded simultaneously by PA recording and electrode recording both in
anesthesia and during moving. This system has lateral resolution ranging from 0.9um
to 8.8 um as a function of the distance between the fiber tip and the capillary. The
authors further promoted from this invasive A-line recording to imaging of a larger field
of view and developed less invasive and wearable OR-PAM device, as shown in Figure
39 e) and f)). In this study, a micro-electromechanical-system (MEMS) was used for
optical scanning and a 10MHz flat ultrasound transducer was used for signal receiving.
The final probe weight was 8g and FOV of 1.2mmx1.2mm with 2.25um lateral
resolution and 105pm axial resolution, respectively. Cerebral vascular morphology and
hemodynamics were monitored both during ischemia and reperfusion on a freely

moving rat.

However, it must be noted that accurate interpretation of neural activity from
hemodynamic changes requires profound understanding of quantitative relationships
between cerebral blood signal and neural activity, which is currently in bridging. The
blood oxygenation change is also influenced by other physiological activities and may

not be sensitive enough to sub-millisecond-resolved individual neural activity. Thus,
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blood oxygenation monitoring alone cannot picture comprehensive information about

neural activities.

Recently, it has been shown that it is possible to use genetically encoded calcium
indicators (GECIs) to generate PA signals. GECIs can be expressed in designated neural
structures, cell populations, cellular organelles, and can provide signals down to the
level of action potentials of a single neuron. In addition, it provides the possibility for
long-time repeated imaging, such as several days or even up to years. Fluorescence of
the protein would be inhibited with the absence of calcium ion. These appealing features
have attracted more and more use in photoacoustic imaging [147, 148]. Combination
with gene transfection empowers PA imaging the capability to simultaneously obtain
vital neuronal functionalities (e.g., blood hemodynamics, oxygenation, and calcium
induced action potentials). For example, iGECI[149], a newly developed fluorescence
and photoacoustic dual-modality molecule for neural calcium imaging, has enabled
simultaneous monitoring of neuronal and hemodynamic processes in the mouse brain

through an intact skull.

Therefore, PA imaging can be a good platform for developing a noninvasive deep-
penetrating wearable neural imaging device for freely moving animals and monitoring
blood oxygenation and neural calcium response simultaneously. Combination of
photoacoustic technique with gene transfection technique will take brain and neural

study to a new era. In this ongoing study, we aim to develop a wearable and head-
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mounted miniaturized photoacoustic microscope (w-PAM) for real-time photoacoustic
imaging of blood oxygenation and calcium signal with single cell resolution on freely
moving small animals. For this device, the excitation light is tightly focused to an
optical diffraction limited area, and the PA signal generated is then detected by a
confocally aligned focused ultrasound transducer. w-PAM can provide ~pum-scale focal
spot with single-cell resolution, as well as more sensitive signal acquisition compared
to unfocused photoacoustic tomography (PAT) systems. The proposed w-PAM would
be capable of recording neural activities in the superficial and deep cortex with high
spatiotemporal resolution and would be convenient for brain functional imaging of free
moving animals. The success of this study will provide a new device for research in
neuroscience and give a more comprehensive and unprecedented understanding of
neural activities in more detailed scales in freely behaving animals from both blood-

oxygenation and calcium-influx points of view.

3. Experimental design and results

A wearable head-mounted PAM system, as illustrated in Figure 40, is designed for real-
time neural activities visualization with affordable cost and performance. As shown in
Figure 40, the major components of the head-mounted scope include a multiwavelength
pulsed laser source as the light source; a small aperture GRIN lens as the optical
converging lens; a hollow focused transducer for better alignment of the optical and

acoustical foci to ensure imaging sensitivity; a MEMS mirror for fast scanning of the
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light; and a plastic yet solid printed holder to fix all these components and mount the
miniaturized probe onto the mouse head. The MEMS miirror can scan through an area
in a range of £6° tilt angle about both x- and y-axes by varying the voltage applied,
with a scanning speed of up to 500 rad/s and a response time of less than 100 us. The
imaging system aims to have a lateral resolution of 3 um, an imaging depth of up to 1
mm, and an imaging area of about 1mm? considering the scanning speed of the MEMS
mirror. All components are easily assembled into a 3D-printed plastic case specially
designed by using the SOLIDWORKS software. The case is designed with reference to
the size of a mouse head and fixed onto mouse’s skull, like a semi-permanent hat. The
rest of the system would be attached only during the experiment. This whole system
(zoom-in picture) weights 8g and the size is comparable to a coin, as shown in Figure

41.

Obj
Multiwavelength a3 I = _>
laser source » I —

Function
generator

Computer

L]

Amplifier

Figure 40 Schematic illustration of the proposed wearable PAM system. L1, L2, L3, lens; P: pinhole; Obj:
objective; SMF: single mode fiber; SC: scanning control; SA: signal acquisition; RJ: rotary joint; M: MEMS

Mirror; HT: hollow transducer.
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Figure 41 Size and weight of the wearable system.

In parallel, we tested the brain calcium response to stimulation via a calcium sensitive
dye (X-Rhod-1), by electrical stimulation of brain slice and in vivo recording of the
calcium influx during head movement. As shown in Figure 42 and Figure 43, the
fluorescence amplitude of the dye can change according to external stimulation or
internal brain activity and can well capture the cellular calcium influxes happened in
the brain. This has laid a solid foundation for future experiments by exploiting signal

from this dye as representative of brain responses.

+Electrical stimulation

100 200 300 400 500 600 700
Time (s)
(d) Brain slice without electrical stimulation
150
-Electrical stimulation

200 400 600 800

Time (s)

Figure 42 Ex-vivo study about brain response to electrical stimuli recorded by a calcium-sensitive dye. (a) Brain
slice showed bright fluorescence after electrical stimulation. (b) Quantified fluorescence increasement of
representative cells from (a). (c) Brain slice showed weak fluorescence before electrical stimulation. (d) Quantified

fluorescence of representative cells from (c).
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Figure 43 In-vivo recording of the calcium influx during head movements by the calcium-sensitive dye. Fiber
photometry was used for recording fluorescence changes during the process that the rat recovered from its
anesthetized state. After the awake time point, a fluorescence decrease matches a head turn left, and a fluorescence

increase matches a head turn right.

By using this fluorescence calcium dye, we further conducted cellular experiments to
compare the photoacoustic (PA) and fluorescence (FL) performance in monitoring the
calcium response. As shown in Figure 44 a), the PA (red) signal and FL (green) signals
generally mirror each other although with a little discordance induced by the difference
in batches of cells or the inherent energy difference between PA and FL. Either without
the dye (grey, PA ctr) or with the calcium inhibitor (dark green, FL), the signal
amplitudes show little or no change upon stimulation. Compared to fiber photometry
(Figure 44 d-e), one of the most widely used tools in neural science, the advantage that
PA signal can be well detected through skull is obvious with ~Imm depth in the
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experiment, while the fiber photometry can only collect signal when the fiber tip is

extremely close to the cell surface.

(a)

3
o

+skull PA
~—— +RR FL

- N w
o o o

Amplitude change (%)
o

0 10 20 30 40 50
Time (s)

(d ) (e) ‘ | —w/o skull, very close .

30 . —w/ skull, ~Imm
—wl/o skull, ~Imm

=S = -10 :
Cell dish (CLU199) it Stimulus onset
-30

0 20 40 60 80 100 120 140 160 180
Time (s)

Figure 44 Photoacoustic signal is as reliable as fluorescence for detecting neural calcium response yet has
additional advantage of going deep through skull. (a) Cellular experiments by using a commercial fluorescence
microscope and a customized photoacoustic setup for comparing the capability of photoacoustic in capturing
neural calcium dynamics. RR: Calcium inhibitor; (b) Fluorescence image of the CLU199 cell before and (c) after
stimulation. (d) Experimental setup by using fiber photometry. A skull was included or not included in two
individual experiments with ~lmm distance; the fiber tip was very close to the dish bottom (cell surface) in a third

experiment. (e) FL signals got from fiber photometry.

An integrated system was built to simultaneously record fluorescence and

photoacoustic signal for in vitro study. As shown in Figure 45, a delay generator with
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precise time control was used for sequential triggering of the laser output, the camera
recording, and the electrical pulse from a function generator for neural stimulation.
532nm pulsed laser was introduced to an inverted fluorescence microscope for
generating both PA and FL signals, and at the same time to trigger the oscilloscope to
start recording and delivering signal to a computer. PA signal was amplified first by an
~20dB amplifier and then delivered to the oscilloscope, while FL signals are directly
recorded by an sCMOS camera and can be analyzed by propriety software on the

computer.
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Figure 45 (a) An integrated system for simultaneous recording of photoacoustic and fluorescence signals for in
vitro study. (b) The photo of pulsed laser alignment. (c) The photo showing PA excitation by the pulsed 532nm
laser and recording by a transducer on cell culture. (c) Display interface showing simultaneous PA and FL

recording.

For simultaneous in vivo recording of PA and FL, basic hardware components are the
same as those shown in Figure 45 (a), whereas minor adjustments were made on the

above system. As shown in Figure 46 (c) and (d), a fiber ferrule was inserted into a
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hollow transducer for simultaneous collecting FL and PA signal, which was then fixed
onto the mice head. The other end of the fiber was aligned to the objective of the
microscope for delivering FL signal to the camera. The mouse was trained four days
before the experiment to do locomotion to reduce acclimation noise during experiment
(Figure 46 a)), and then injected with the calcium-sensitive dye which is validated
previously in ex-vivo conditions (Figure 46 b)) following by inserting and fixing a fiber
ferrule to the primary motor brain region. Simultaneous recording was then conducted
during locomotion (Figure 46 e)) and the display interface show the real-time signal
change (Figure 46 f)). Final data can all be stored and analyzed through MATLAB

(Figure 46 g)).
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Figure 46 simultaneous recording of PA and FL during locomotion.

As blood has significant brighter PA signal than most of other absorbers in vivo, we
here propose to use a fast multiwavelength source for spectrally scanning the absorbers

and thus discriminate different signals in tissue. This source can potentially be provided
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by work from reference[150]. As described in their updated work, the 532 nm pumped
fiber laser source can provide five wavelengths, 532nm, 545nm, 558nm, 590nm, and
620nm with 1Mhz repetition rate and 150ns switching time, which is fast enough to

capture a same event inside the physiological environment.

Prior to in vivo experiment, we first theoretically assessed the capability of the spectral
unmixing method for solving this problem. Spectra of blood, dye and their mixture were
scanned by a microplate reader and ratio of dye concentration in the mixture was
calculated by matrix inverse calculation. Figure 47 shows the whole spectra of dye,
blood, and dye mixed with blood. The extinction coefficients of both dye and blood

(oxyhemoglobin) are calculated according to equation and compared in Table 4:

OD =excxl (7)

Where € is the extinction coefficient (L/(mol*cm)), ¢ is the concentration (mol/L),
and [ is the length of the absorption pool(cm). It turns out that the dye and blood have
no big difference in their ability to extinct light with both coefficient at 10*. By
changing the dye concentration and using a spectral unmixing algorithm, proportion of
dye in the mixture can be calculated (Figure 48), with 4uM as the minimum
concentration that can be discriminated in the mixture. This demonstrates that this
method can be readily used in in vivo study where a dye concentration of 4uM is

recommended in injection.
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Figure 47 Spectra of dye, blood, and dye mixed with blood.

Table 4 Extinction coefficients of Oxyhemoglobin and Dye.

‘Wavelength (nm) 532 545 558 590 620
Oxyhemoglobin 4.8 x 10* 5.1 x 10* 3.3 x 10* 5x 10* 3.2 x 10*
Dye 2.7 x 10* 3.4 x 10* 4 x 10* 9 x 10* 5.7 x 10*

5 o
o O o

N
o

Dye concentration
(LM)
= w
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Proportion of dye

Figure 48 Proportion of dye (green) increases in the mixture with increasing dye concentration (black).
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4. Summary and discussion

Photoacoustic imaging is an ideal way of circumventing scattering induced problems
while retain advantages provided by optics. Photoacoustic imaging act as an ideal tool
for combining vascular imaging and neural activity imaging in awake and behaving
rodents, which lay a foundation for profound investigation for studying neurovascular
relationship and obtaining reliable neuronal information in a noninvasive way at deep
brain region. Preliminary data has suggested feasibility of this study. Improvements in
the engineering side, including the wearable device configured with multiwavelength
imaging and algorithm, imaging quality, imaging speed, application of GECI and
appropriate behaving models, are remained to be done. Compared to a bench top PAM
system, a system that aims to work during naturalistic behavior is deemed to need
unique requirements from the perspectives of weight, animal acclimation, packaging
and assemble of small optical components (especially those interact with the

transducer), quality of signals collected by small and hollow transducer, wiring, etc.

It is important that the device should be light so that the animal does not feel heavy and
uncomfortable. 8g seems light enough for rat, but for mice with smaller body structure
and weight, novel probes remain to be designed. For example, a substitution of
conventional bulky transducer can be the coverslip based transparent micro-ring
acoustic detector (MRR)[151], a schematic illustration is shown in Figure 49. While

MRR has only sub-millimeter size, it permits a larger detection angle of ultrasound
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signal than piezoelectric transducers, which is favorable in providing larger field-of-
view (FOV) in laser scanning PAM systems. Apart from small size, MMR features
much broader ultrasonic detection bandwidth, which subsequently improves the axial
resolution in PAI. The axial resolution, in our scheme, however, will be much worse
due to the much-decreased bandwidth of the piezoelectric transducer with a hollow
center. In addition, with using the MRR, the numerical aperture of the converging lens
can be tighter as there will be no worry about whether the working distance is large
enough for placing a transducer there, thus the lateral resolution can be improved. At
last, as light oscillates orders of magnitude faster than ultrasonic waves, this light-based
detection method thus allows highly sensitive detection over a wide frequency band. In

this case, the SNR can be significantly improved.
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Figure 49 Schematic illustration of photoacoustic microscopy by using a micro-ring resonant filter.
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In the current study, we use spectral unmixing method to extract dye concentration in
the dye/blood mixture. Appropriate modification of the algorithm may favor more
accurate and sensitive resolving. In addition of this, the signal-to-noise ratio (SNR) in
calcium detection could also be improved with larger number of stimuli, instead of one
stimulus each time. Another way considered for stripping the blood background is to
separate by response time as in normal case, neural responses much faster than blood,
which has also been exploited in other studies[152]. This method, however, put a lot of
demands on the system imaging speed, which is a big challenge for small and wearable
OR-PAM. Except for taking advantage of latency in temporal entanglement, it has also
been demonstrated that there are brain regions that neurons response alone with no
detectable blood response, which is termed neurovascular decoupling[153] and may

also act as an investigation target.

In the current study, a calcium-sensitive dye with maximum excitation wavelength at
570nm was used. And the PA amplitude is found to change inversely with changing of
the fluorescent amplitude with similar percentage. This on the one side suggests that
the PA signal is as reliable as the fluorescent signal in the demonstration. On the other
side, it initiates development of other photoacoustic-professional calcium-sensitive
indicators, including dyes and proteins which emit PA signals those are proportional to
the change of intracellular calcium concentrations. The decrease of PA amplitude and

with increased intracellular calcium influx can be explained in different aspects. First,
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it may be induced by the reduced absorption upon calcium binding[154]. Secondly, it
may result from shifted absorption peak upon calcium binding[155]. Thirdly, neither of
the above two changed, but the competition between the energy for generating
fluorescent and photoacoustic signal lead the result. Any one of these three process

could be potential entry point for development of new photoacoustic calcium indicators.

Finally, device stability and recording reproducibility are important issues. In the
naturalistic state, the animal may feel uncomfortable with the wearable device, and thus
induce acclimation noise during recording. To this end, a device holder is designed and
semi-permanently fixed on the skull and the rest of the system is worn only before
experiment. There may also exist spontaneous behavior induced noise besides a
designed behaving model, which is inevitable but can be reduced with multiple
trainings before experiment and rather be ignored with multiple experiments. In the
behaving state, fluctuations in blood pressure or heart rate can be the third factors that
affect the reproducibility. The influence may be remarkable if the subject feels nervous
and stressed. In all, acclimation is highly needed before any behaving studies to get

reliable results under designed conditions.
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Chapter 4 Conclusion and outlook

This thesis aims to push development of the neural science toolbox a small step forward.
A basic scientific question underlying is the strong light scattering in biological tissue,
which greatly impedes applications of optical techniques in neuroscience in deep brain.
In this thesis, a photonic nanojet based microsphere enhanced optogenetic neural
stimulation method and a photoacoustic neural recording method are demonstrated
aiming to circumvent the light scattering attenuation in brain tissue. In the first study,
simulation results show that the converging ability of microsphere provide a highly
localized electromagnetic field within which the light intensity can be enhanced about
four times and to a large extent complements the scattering induced loss of power
density in the targeted brain region. Then experiments are systematically conducted
from in vitro, ex vivo, to in vivo scenarios. The results showing favorable for eliciting
comparable neural response with lower incident light power and thus less side effects,
and the potential also exists in by using the same power but reach a deeper brain region.
In the second study, the scattering-tolerant photoacoustic effect is introduced and
exploited, and a wearable photoacoustic device is designed and fabricated. Feasibility
of the idea is demonstrated in vitro and in vivo for photoacoustic monitoring of neural
activity by calcium imaging, and the remaining work for further developments are

discussed.

The combination of stimulation and imaging has potential to provide an invaluable tool
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for precise monitoring and controlling neural activity to decipher the function of neural
circuits in a causal way. All optical ways such as by using two photon optogenetics and
two photon calcium imaging has been an emerging concept with developing of light-
sensitive actuators, red-shifted neural activity indicators, closed-loop system design and
algorithms, and news optical configurations. By changing pure optical reading to
photoacoustic reading, extra benefits brought by photoacoustic are easily obtained. A

system design is shown in Figure 50 adapting from Figure 40.

Optogenetics
light source
L1. P L2 ) Obj
|| Multiwavelength I i \ Y
light source _ I = SMF
DM
SC

el Amplifier
generator
— Computer AD

Figure 50 Design for closed-loop microsphere-enhanced optogenetics and photoacoustic imaging system. L1-L2,
lens. P, pinhole. DM, dichroic mirror. Obj, objective. SMF, single-mode fiber. RJ, rotary joint. SC, scanning

control. SA, signal acquisition. AD, analog to digital converter.

Conventionally single-mode fiber (SMF) which delivers TEMO00 mode is required for
high-resolution imaging. Due to limited efficiency of SMF, high incident power is

needed for performing optogenetics. Microspheres therefore can work as a relay. The
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multiwavelength light source in this system could potentially be a LED-array based
light source, which is much more convenient and faster than lasers for tuning
wavelengths. Given current technical context, imaging paths mainly used red-shifted
wavelengths, and optogenetics are based on blue and green wavelengths. Recorded PA
signal from the AD can be used as feedback for next round optogenetic experiment.
Considering real-time requirements in a closed loop experiment, the MEMS mirror in
the head-mounted device can be replaced by a digital micromirror device (DMD) which
enables pattern generation and multi-spot stimulation. Due to the converging ability of
microsphere, the beam path after reflected by DMD inside the device does not have to

be refocused to a diffraction-limited spot like in a conventional OR-PAM does.

The combination of microsphere enhanced optogenetics with photoacoustic neural
recording will undoubtfully facilitate functional study of the deep brain with opening
the gate of combining of blood response with neural response in a high spatiotemporal
scale. The first thing that comes to mind is this combination should facilitate profound
dissection of the relationship between neural activity and cerebral blood flow, i.e., the
neurovascular coupling. Besides the basic understanding that energy demanding of
neural activities initiating localized oxygen consumption and subsequential increased
blood flow, it is desired to discriminate by which kind of cell the vascular response is
induced, i.e., inhibitory neurons, excitatory neurons, or glia cells. Combining of cell-

type specific and micro-sphere-enhanced optogenetics with blood-signal-sensitive and
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GECI-sensitive photoacoustic imaging will dramatically increase our knowledge of
neurovascular coupling strategy in the deep brain in a less harmful way. This application,
in practice, requires spectral discrimination among the imaging contrast and

optogenetic ion channel to minimize the cross talks.
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