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ABSTRACT OF THE THESIS

Development of an Optogenetic Platform for the Study of Neural Network Activity
By
Seohyun Shim
Master of Science in Biomedical Engineering
University of California, Irvine, 2019

Professor William C. Tang, Chair

Our brain is made up of multiple levels of network activities that allow an individual
to perceive, think, and react to the outside environment. These neuronal networks connect
different regions of the brain and often activate synchronously to perform a complex mental
activity such as memory formation. Despite such critical nature of the neural network,
the fundamental understanding of how these mechanisms are not thoroughly understood.
Multielectrode array (MEA) is one of the widely used methods for observing the in vitro
neural network activity due to its ability to capture signals from multiple neurons at once.
However, it has limited functionality for observing signal propagation from a specific group of
stimulated neurons. Electrical stimuli that are given by the MEA are prone to crosstalk and is
likely to introduce electrical artifact to the data. Using light to stimulate genetically modified
neuron has shown a promising result in terms of spatial resolution as a light signal is relatively
free from introducing an electric artifact that compromises the resolution. It also allows us
to stimulate a specific group of cells in the same culture by modifying them to respond
to a different wavelength. In this light, a device was conceived, designed, constructed,
and initially tested that incorporated digital light processing (DLP) projector to MEA to
combine the advantages of two different methods; i.e., stimulate neurons with high resolution
and acquire data from multiple target sites at once. DLP projector utilizes Light Emitting

Diodes (LED) and digital micromirror device (DMD) that can form specific patterns to

viii



deliver light to multiple regions simultaneously. The device propagate light reflected off
of the DMD towards the cultured neurons, and the induced electrical signal are acquired
via electrodes. As this device was designed to have better spatial resolution than systems
that only use MEA and be able to induce stimulation on multiple neurons, it allows closer
replication of neuron interaction in the brain and provides a deeper understanding of their

function.

This thesis has been organized as follow:

Chapter 1 would provide background information by introducing neural network,
highlight the neurodegenerative disease, and mention commonly used electrophysiological
recording, including intracellular and extracellular methods. Chapter 1 also provide infor-
mation on the evolution of optical technology in biological studies, development of opto-
genetics, and what makes it appealing as well as various methods by which light used in
optogenetics can be delivered. Chapter 2 goes over the general design, building, and valida-
tion of the device as well as the experimental procedure that should be followed to conduct
the experiment. Chapter 3 elaborates on the final design of the device as well as results of
the light delivery validation and synchronization of the device between the projector and
data acquisition device. Finally, Chapter 4 discusses the experiments that should be done
to validate the device further as well as the limitation of the current design and the plan for
animal testing. After that, it concludes the thesis by mentioning the future outlook on how
the device could be implemented in a neural network study and what other question it could

help answer.
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Chapter 1

Introduction

1.1 Neural Networks

The brain is one of the most critical organs in any living thing. Not only is it a
vital organ for survival, but it also allows an organism to perform complex mental functions
such as cognition, emotion, and learning. Much of the brain’s structure consists of multiple
layers of networks that can be as small as an interaction between two protein molecules to as
large as one end of the brain communicating to the other end. Due to its multiscale nature,
the angle at which we approach the brain activity can also greatly vary in both spatial and

temporal scope [1].

The neural circuit has become one of the most researched areas as it acts as the
foundation of brain function as it bridges the gap between the molecular level interaction
to behaviors of the organism. It has been shown that the interaction between multiple
neural circuits induces complex functions such as memory formation by integrating multiple
kinds of information, including past experience and current sensory stimuli [2, 3]. Tt is also

notable that the neural circuit is conserved over different animals, including invertebrates
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Figure 1.1: Different range of studying brain network (taken from Bassett et al. 2017 [1]).

and vertebrates [4]. This similarity is advantageous as this implies that by understanding
the neural circuit and the biomarker associated with the circuit in a model organism, the
similar biomarker is likely to be found in human. These factors imply that one of the critical
factors in understanding the brain is in knowing more about the neural circuits and their

mechanism.

It is a widely accepted fact that the hippocampus plays a crucial role in long-memory
formation and retrieval. However, the exact staged encoding mechanism with which it per-
forms such a complex task is not well understood. The association between the hippocam-
pus and spatial memory is relatively well documented, while its association with non-spatial
memory such as object recognition still provides conflicting results [5]. Most of the results
are obtained either from a behavioral study of a model organism such as mice with differently
sized or damaged hippocampus and its subregions [6]. In other words, not enough research
is being conducted on the neural circuit level. This lack of coverage may be attributed to the
fact that the hippocampus located deep inside the brain and thus is tough to stimulate and

gain signal in vivo with high spatial resolution. One of the ways to circumvent this issue is



to use in vitro hippocampal neuron culture to study its circuit. Indeed there was a previous
study done on hippocampus neuron cultured on electrode array to understand trisynaptic
loop that involves dentate gyrus (DG), cornu ammonis regions 1 and 3 (CA1l and CA3),
and entorhinal cortex (EC) [7]. This supports the notion that in vitro neuron study can be
an excellent tool to gain an understanding of hippocampal neural circuit that is difficult to

control in vivo.

Recently Eytan and Marom showed that “early-to-fire” cells were present in neural
circuits that trigger slightly before the others, influencing the activity of other neurons
[8]. These neurons are sometimes called “leader neurons” and are assumed to have a more
substantial role in forming networks and communicating within neural circuits due to it being
connected to more neurons compared to the other. Because it has the potential to play an
essential part in communication between the neural circuits, it is worth looking into its role in
communication, especially between hippocampal subregions. Observing the characteristics
and function of leader neurons are expected to provide new insight into the fundamental
mechanism of memory formation and a potential biomarker for diseases associated with

memory degradation.

1.2 Neurodegenerative Disease

Neurodegenerative disease is any disease that causes the neurons and by extent brain
function to deteriorate over time, which includes Parkinson’s, Huntington’s, and Alzheimer’s
diseases (AD). According to the National Institute of Environmental Health Sciences, more
than 5.5 million Americans are currently suffering from neurodegenerative disease. Because
one of the most significant risk factors for these diseases is age, the number of incidences is
expected to rise with the increase of senior population [9]. According to a report produced

by the US Census Bureau, the number of people older than 65 represents 8.5 percent of the
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world population and that percentage is predicted to increase to nearly 17 percent by 2050
(Fig. 1.2). Therefore if this issue is not addressed soon, the number of patients with the
neurodegenerative disease could rise to as many as 12 million in 30 years. Thus, the drive

to finding the cure for these diseases has been very strong for the last several decades [10].

AD is one of the most common neurodegenerative diseases. According to a statistic
provided by Alzheimers’ Association, AD affected about 5 million Americans in 2018, and
the number of patients is predicted to increase by two folds in the next decade (Fig. 1.3).
AD is the 6th leading cause of death in the US but is the only one that does not have a
treatment that can slow, stop, or completely cure the condition. In addition to causing
suffering on the patient and their family, AD weighs heavily on the health care system and
the federal budget. US government had spent an estimated $200 billion in AD patients, and
the average Medicare cost for those with AD and other types of dementia is three times
higher than people without those conditions. This increased cost is mainly attributed to the
co-morbidity that comes with AD. For example, AD patients with diabetes need to spend

more money to manage their disease than a patient who only has diabetes [11].

Despite such importance in addressing AD, the development of the cure has not



been fruitful even with over 200 clinical trials during the last two decades [12, 13]. Current
drug discovery focuses mainly on the neuropathological features based on amyloidogenic
hypothesis, i.e., the assumption that the amyloid beta (AS) peptide causes plaque buildup
in the brain which leads to the neuronal death and cognitive impairment [14]. Another way
that is used to modify the disease is to stop the degradation of tau protein, which maintains
the structure of the neuron. By preventing tau protein from collapsing, neuronal death
caused by the disease could be stopped from propagating. There are also other forms of
drugs that are currently in the market such as acetylcholinesterase inhibitor which alleviate
symptom associated with lack of acetylcholine, or N-methyl d-aspartate receptor antagonists
that removes the excess glutamate produced when brain cells are damaged thereby preventing
further damage in healthy brain cells [15, 16]. However, these drugs cannot cure the disease
itself, nor can they reverse the damage already done on the brain. To develop a treatment
that works on the fundamental level, it is essential to understand the biological pathway and

find valid biomarker.

Hippocampus is one of the most distinct regions that is affected by AD, which leads
to the early signs of the disease such as memory loss or confusion [17, 18]. The atrophy of the
hippocampus in the early stage of AD has been observed via non-invasive imaging techniques
such as computed tomography (CT) and magnetic resonance imaging(MRI). Many reported
that the volume of hippocampus in AD patients reduces by 15-30% compared to the healthy
individuals, which imply an association between the hippocampus and the disease (Fig. 1.4)
[19, 20, 17, 21]. However, hippocampal atrophy lacks specificity and sensitivity for AD,
especially at an early stage of mild cognitive impairment as it can also be present in the

non-AD form of dementia [22, 23].

Recently, hippocampal subregions were found to react differently in the presence of
AD with CA1 showing the most shape alteration and volume reduction. Therefore more

attention had been increasingly given to hippocampal subregion for predicting pathological



High damage Mid damage Low damage

Hippocampal
atrophy

WMHs

Figure 1.4: Example of hippocampal and white matter atrophy in mild cognitive impairment
patients (taken from Moretti et al., 2009 [24]

alteration. The entorhinal cortex (EC), which connects the neocortex to the hippocampus
and thus is the gateway for the hippocampus to receive the information flow, was another one
that was identified as the core AD marker [25]. It was discovered to show early accumulation
of neurofibrillary tangle (NFT), which is one of the hallmarks of AD, and many AD patients
were observed to have EC with decreased volume and thickness 26, 27, 28, 29]. However,
atrophy in hippocampal subregions is challenging to observe using the traditional imaging
method such as MRI because the EC boundaries are often not very clear to see [30]. This
difficulty in identifying the exact location of the EC poses as a challenge when attempting

to use EC atrophy as a biomarker for AD.

To find out what the fundamental mechanisms of brain functions are and how each
can be compromised due to a disease, it is imperative to understand the underlying neural
circuits that process those functions. With the development of technology such as optoge-
netics and calcium imaging, neural activity is now able to be measured to link the neural
circuitry to their functions in the brain [31, 32]. Using this technology to find out what goes

wrong in the neural circuit in a diseased individual could be very beneficial in identifying



the target for new drug discovery that can cure the disease.

1.3 Electrophysiological Recording

Every eukaryotic cell utilizes selective ion transport across the membrane for sur-
vival. Due to the different concentration of a variety of ions such as sodium and potassium,
an electrical potential difference occurs between intracellular and extracellular space and
causes the electrical current that can be measured [33]. Electrophysiological recording takes
advantage of this and observes this current to understand the cell activity. This technique
is particularly useful when studying excitable cells such as muscle cells or neurons as they
produce current when performing a necessary function such as muscle contraction or nerve
conduction. Electrophysiological recording can be performed either in vivo or in vitro with

each having its advantage over the other in certain areas.

The advantage of in vivo recording is that it can monitor the neural activity of an
organism that is in its natural state. This is crucial for some experiments as not every
condition in vivo can be replicated in vitro, thus requires a live animal to conduct the study.
Also, in vivo recording allows for observation on the whole body in response to particular
stimulus instead of focusing on small specific part [34]. Knowing the overall effect on the
body is crucial, especially in pharmaceutical or medical study as it provides insight into
what side effects to look out for when targeting specific biomarker to treat a disease. In vivo
experiment also enables screening for drugs on the long-term effect on an organism (34, 35].
Despite these advantages, in vivo experiments are very hard to control and often requires

in-dept understanding on the mechanism to understand the result correctly.

In vitro study, on the other hand, is much easier to control the environment for the

experiment. Due to its relative simplicity, in vitro cultured neurons are often used to gain



more insight into the fundamental mechanism of neural activity and to study the circuit
dynamics. While 2D in vitro culture may not necessarily have the same formation as the in
vivo tissue, it has been shown in previous studies that the neurons in culture show similar
characteristics regarding the formation of networks as in vivo. Especially the fact that
hippocampus retains its directionality when cultured in vivo implies that the neural network
required for communication between hippocampal subregions and possibly the underlying

mechanism of memory formation can be observed in vitro in a controlled environment |[7].

Cultured tissue is beneficial in that one animal can produce multiple samples that
can be used in multiple experiments. For instance, hippocampal neurons are often cultured
by 1,000 cells/mm? density. Since the total number of neurons in hippocampus can be
as high as 21,000 cells/mm?, even under the assumption that not all neurons successfully
grow in vitro, many samples can be obtained from one brain [36]. Compared to in vivo
experiment where one animal is needed per experiment, in vitro method can reduce the

number of animals needed to be sacrificed for the experiment.

Due to their usefulness, many methods were developed over the years in the field
of electrophysiology for many different purposes in the neural study. Some of the most
prominent methods include intracellular recording using sharp or patch electrodes, and ex-

tracellular recording with microelectrode array.

1.3.1 Intracellular recording

Intracellular recording measures the change in cellular membrane potential by having
one electrode act as a ground while the other electrode records potential from the interior of
the cell membrane. Getting access to the interior potential is done either by piercing through
the membrane using a sharp electrode or forming a seal with a giga-ohm resistance on the

membrane using patch clamp. Although sharp electrode recording is the more traditional
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Figure 1.5: Different ways patch clamp can measure membrane potential (taken from Chen
et al., [37]).

method of the two, patch clamp has the advantage of not needing to disrupt the cell mem-
brane too much and thus can record the electrical activity of a cell in a more natural state.
For this reason, the patch clamp method is currently used very frequently for both in vivo

and in vitro electrophysiological recording [38].

The patch clamp method involves a flat, blunt open glass pipette. By being attached
to the outer cell membrane via suction, the pipette can act as a microelectrode. This
method allows for a recording of the currents through the ion channel on the cell membrane
that is sucked into the glass pipette (Fig. 1.5). This method directly measures the current
flowing through the cell membrane; therefore, it is very specific and sensitive. Because of this
sensitivity, patch clamp is used very often in neural activity recording, especially on studying
single neuron dynamics related to behavior [39]. With the help of optogenetics, which can
ensure high temporal resolution when stimulating the neurons, the patch clamp proves to
be an excellent tool for studying the electrical current flow in single excitable cell [40, 41].

However, using patch clamp is not ideal when trying to study the neural network activity of



Figure 1.6: Different types of MEAs. A. Utah style array (taken from Kim et al., 2006 [43]) B.
Planar electrode array (taken from multichannel system webpage [44]) C. 3D tip-protruding
MEA chip (taken from Liu et al., 2012 [45]).

multiple neurons, as it can only record up to 4 neurons at one time. Although some patch
clamp devices were made that has up to 20 recording sites with the help of optogenetics,
gathering enough data to obtain the overall picture of the neural activity remains a daunting

task [42].

1.3.2 Extracellular recording

Extracellular recording measures the change in electrical potential around the extra-
cellular space of a cell when the ion flows through the cell membrane, i.e., local field potential
(LFP). It can either measure the potential from a single cell or multiple cells depending on

the size of the electrode or purpose of the study.

Multielectrode array (MEA) is often used for this purpose as it can measure multiple

10



neurons at once depending on how many electrodes are present [46]. This capability allows
for an observation on the spontaneous activity or responses from multiple neurons after a
stimulus. Thus MEA is often used for drug screening to identify the drug’s effect on neural
tissue. There are many different kinds of MEA depending on their purpose including the
ones with sharp electrodes in vivo recording, a planar electrode for general neural culture,
and 3-dimensional(3D) tipped electrodes for piercing through the dead layer of a brain slice

to get better activation (Fig. 1.6).

With increased density of electrodes comes lower signal to noise ratio due to electrical
signals affecting not only the cells that are placed on the electrode but the neighboring cells
as well. This capacitive coupling (i.e., crosstalk) can compromise the spatial resolution as the
association between the recorded signals, and the stimulation that was provided gets blurry
[47]. Many research is being conducted on addressing this issue by either minimizing the
electrode impedance [47], introducing voltage bias [48], or applying an algorithm to remove
the effect of crosstalk afterward [49]. Nevertheless, the existence of crosstalk that increases
proportional to the density of the electrodes and the intensity of the stimuli still acts as a

hindrance to recording neural network activity.

1.4 Optical technology in biological study

1.4.1 Overview of Optical technology

Study of light and its properties has been around since the ancient times [50]. As
visual perception is the most used sense for observation, the drive to find ways to see the world
better had always been active in human history. With the invention of spectacles in the 14th
century, an early form of a telescope was developed in the late 16th century by the Lippershey

and the Jassens who were famous spectacle makers. A compound microscope, which is a

11



reverse telescope, was also developed by the same makers using two lenses [51|. Since then,

more microscopes were developed to have lower chromatic and spherical aberration.

While the development of optical system allowed the diffraction limit of light limits
the observation of small biological organism, the resolution of the optical system using visible
light. i.e., if two objects are closer than A/2N A distance away from each other with A being
the wavelength of light and N A being the numerical aperture(NA) of the objective lens, it is
impossible to tell them apart [51|. Even the state-of-the-art highly corrected objective lens
has the maximum NA of 1.3-1.6, the highest spatial resolution possible for optical imaging
was limited to 180nm until as recently as 2010 [52]. This limitation posed as a challenge

when observing subcellular organelle as it could be as small as 100nm.

In the 1960s, Shimomura et al. discovered a way to extract green fluorescent protein
(GFP) from the jellyfish Aequorea victoria [53]. What differentiated this protein from other
similar bioluminescent proteins was that there were no additional chemical or enzyme needed
to activate the light. The gene sequence of this protein was promptly cloned in the 1990s and
is used to this day in various studies [54]. GFP was initially used for in vivo gene expression
but soon was actively utilized in genetic fusion tag to certain proteins and observing the
localization of target protein [55]. Thus, GFP and fluorescence microscopy opened a new

door for observing transcriptional pathway and protein interaction.

To enable closer examination of these proteins with GFP, overcoming the limitation
of the diffraction barrier was essential. This need led to the development of new optical tech-
nology using fluorescence molecules called Photo-Activated Localization Microscopy (PALM)
[56]. For this microscope, fluorescent proteins are randomly chosen to be stimulated, and the
point spread function of the small subset of cells are acquired from the target site. Then the
molecules are photobleached, and another subset is chosen to be activated. By aggregating
the data obtained from multiple instances of turning the fluorescent molecules on and off,

the actual image can be recreated with much high resolution of up to 10-20nm|56, 57|.
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Although fluorescence gene can be inserted to individual promoters to observe only
the specific protein of an organism, this gets little trickier when attempting to examine
sample that is not single layered. The fluorescent light from multiple focal planes all lie on
top of each other to create a single two-dimensional image that blurs the actual proteins
that we were trying to target. To solve this problem, a confocal microscope which enhances
the resolution and contrast of the image by focusing on a single point in a specific focal
plane is often used. This resolution is achieved by introducing confocal pinhole into the
optical system and effectively blocking out the images from other focal planes that are out of
focus. Each image can later be used to produce a 3D reconstruction of the sample [58, 59].
Two-photon microscopy (TPM) is another one of the fluorescence microscopes that mainly
aim to image the three-dimensional structure of tissue that is thicker than a few hundred
micrometers. Instead of using a pinhole to block out the images that were created out of
focus, it scans over the focal plane with low-energy photons using the x-y scanner and only

detect fluorescence when two photons combine to have enough energy to elicit a response.

From using natural visible light to using a laser to elicit a response, the optical
technology has evolved to use light not only something to observe but a tool to better focus

on the target while reducing the rest. Recently, more active use of the element emerged as

13



first electronic

excited state N
vibrational

relaxation

_— emission
itati issi exciianon
excitation emission photon

K" Choton photons
photon M VA ¥ ;
one-photon fluorescence two-photon Swossoasios

excitation emission excilaticm emissioi1

- clectronic

ground state
A N

(@ ()

vibrational
states

Figure 1.8: Jablonski diagram of (a) one-photon and (b) two-photon excitation (taken from
So et al., 2000 [60]).

light is used to intentionally induce activity from the living cells with the same tool used to

activate the fluorophores within the microscope [61].

1.4.2 Principle of Optogenetics

Ever since the discovery of bacteriorhodopsin, a retinal protein that acts as light-
activated single-component ion pump found in halobacteria that can control the ion flow
with within millisecond, optogenetics has become a vital tool for many researchers [62]
(Figure 1.10). Optogenetics combines genetic and optical method and provides a way to
stimulate and elicit a response from specific cells either in vivo or in vitro. The first protein
to be used as an optogenetic tool in the central nervous system was channelrhodopsins that
react to blue (460nm) light integrated into hippocampal neuron [63]. In the years that
followed, more single-component proteins were found that were capable of being activated in
a different wavelength of light. Some of the examples of these microbial opsin gene family are
bacteriorhodopsin (BR) which is a light-gated proton pump, halorhodopsin (HR) which is a
chloride pump, or channelrhodopsin (ChR) which lets in ion-flux proteins [64]. For neural

stimulation, however, ChR with its ability to let cation flow into the cell is ideal as it causes
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Figure 1.9: Steps for applying optogenetic techniques for in vivo stimulation. A. choose
the type of opsin used, B. insert opsin gene via viral carrier, and C. stimulation using light
emitting instrument (taken from Pama et al., 2013 [65]).

depolarization of neuron to trigger action potential and induce chain reaction from other

connected neurons.

For the cell to react to light, microbial opsin of choice is integrated into the cell
membrane by inserting the opsin gene into the target cell. Inserting these genes is done
either by breeding transgenic animal or using viral transduction on wildtype animal with
adeno-associated virus (AAV) [66]. Viral transduction is more prevalent for in vivo expression
process as it provides opsin to a small area of the brain that should be stimulated [67]. It
is also beneficial in in vitro settings as it has a relatively high level of expression. However,
viral transduction cannot guarantee all the neurons to be infected and can yield an uneven
result. Transgenic animal tends to have lower opsin expression level than the viral method
but shows a more consistent expression over all neurons. Therefore, if the experiment calls
for even expression of opsin, a transgenic animal would be better suited for the purpose than

attempting viral transduction [68].
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Figure 1.10: Recent increase of ‘optogenetic’ in scientific literature. Reconstructed from
graph taken from Deisseroth et al., 2011 [69].

1.4.3 Advantage of Optogenetcs

Optogenetics has several key advantages that make it appealing. The most promi-
nent one is that once inserted, microbial opsins expressed on the cell membrane respond to
light and allow ion flow into the cells in millisecond precision [69]. Before optogenetics was
utilized, if researchers wanted to control cellular activity, methods such as genetic modifi-
cation, pharmacological modulation, or temperature-sensitive mutations were used. These
methods either targeted less specific areas or took a long time to activate, which is not ideal
for studying neural activity where the result of a stimulus can occur in a relatively short
amount of time and can propagate to trigger a wide range of reactions |70|. Therefore, the
specificity and speed offered by optogenetics have opened up a new horizon for studying

simultaneous input-output interrogation of excitable tissue.

Because optogenetics utilizes light to trigger response and not an electrical signal,

it has a relatively low chance of inducing crosstalk. Crosstalk in electrophysiology had been
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Figure 1.11: Electrical signal versus light signal in vivo. While electrical signal stimulate all
the neurons that are around the probe, light signal only stimulate those that are modified
(taken from Goncalves et al., 2017 [71]).

a significant issue, especially since many of the extracellular recordings are done with MEA
that benefits from having more recording sites. As light stimuli do not travel through the
media as much as the electrical stimuli do, it is relatively free from causing crosstalk during

the experiment.

1.4.4 Light delivery methods

Network activity within neural circuit often requires stimulation from multiple neu-
rons. Therefore, optogenetic stimulation on multiple target sites is necessary to mimic the
function that occurs in vivo. Activation of a specific pool of neurons tends to be trickier than
the stimulating all the opsin-expressing cells at the same time, as targeting multiple small
areas almost simultaneously or in a short interval without stimulating any other unwanted
regions can be quite challenging [72|. Several ways of dealing with this problem have emerged

over time either using a scanning or parallel approach [73].

Scanning approach focuses on changing the excitation spot rapidly to stimulate mul-

tiple target sites. These transitions are usually achieved by redirecting the light by a certain
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Figure 1.12: Example of scanning approach on multiple target stimulation (taken from
Ronzitti et al., 2017 [73]).

angle and scanning over specific trajectories over the sample. A laser is generally used as
the light source in this approach, and either acousto-optic deflectors or galvanometer is used
to direct the rays to respective stimulation sites |74, 75]. Acousto-optic deflector utilizes
acoustic frequency and galvanometer uses mirror controlled by electric current deflect the
light beam to the intended target. However, this method has the disadvantage of having a
slight time lapse between multiple target sites, which can compromise the temporal resolu-
tion. Also, because light passes over other neurons in this approach, an unwanted response
may be triggered. Therefore the target sites that should be triggered needs to be within a
certain distance, or it may be difficult to achieve a reliable resolution. Therefore this method
is more suitable for when the intended targets are closer together and have fewer neurons to

stimulate |73, 76].

Parallel approach utilizes patterned light to stimulate multiple sites at once. Example
of this approach includes micro-light-emitting diode (micro-LED) array, digital multi-mirror
device (DMD), and liquid crystal spatial light modulator (LC-SLM). Micro-LED array turn
the corresponding LED on and off to make the pattern, and DMD and LC-SLM each use
either mirror or LC to deflect or block the light where it is not needed |77, 78|. This approach

has the advantage of having a high spatial resolution with typical DMD having 10°. The
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Figure 1.13: Example of digital multimirror device (taken from Allen, 2017 [79]).

temporal resolution that can be achieved using DMD depends on the controller. Currently,
DMD with up to 2560x1600 is commercially available which, with the appropriate optical
system in place, can achieve a very high spatial resolution. It also utilizes a variety of light
source other than laser such as LED which is cheaper as well as more portable. As most of
the projectors that have DMD installed has multiple LEDs, a multicolor experiment can be

performed relatively easily. |73, 79].

DMD device had been used in multiple optogenetic studies both in vitro and in
vivo due to its ability for patterned photostimulation and its high temporal resolution that
can reach several kHz [80]. This high spatiotemporal resolution is especially useful when
tracking and targeting cells on a live animal such as Caenorhabditis elegans [81|. Therefore,
the projector that utilizes a DMD device is expected to be able to have higher spatiotemporal

resolution compared to other methods mentioned above.

1.5 Research Goals and Approach

To improve upon the current method that uses patch clamp or MEA, we designed

a device that incorporates digital light processing (DLP) projector to MEA to combine the
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advantages of two different methods; i.e., stimulate and acquire data from multiple neurons
at once with high spatiotemporal resolution. To elaborate, compared to the patch clamp
that can record from less than 20 neurons at once, MEA provides a better overall picture
of the network activity of cultured neurons by recording responses from up to 120 neurons
that are located on top of each electrode. Electrical cross-talk that is frequently observed in
MEA stimulation is mitigated in this device by utilizing light to stimulate the neurons. DLP
projector provides a high temporal resolution of up to 1kHz with a good spatial resolution
of around 4pm by 2um per pixel. Using DLP projector is also advantageous in that it can
change the color of the light source quite quickly as it uses a parallel approach for light

delivery.

Light from the projector is propagated to the neurons cultured on top of the MEA via
simple optics system consisting of two doublet lenses and an objective lens. When the light
stimulates the neurons, MEA is able to acquire the electrical response that can be analyzed.
As this device is expected to have better spatial resolution when receiving a response from
multiple neurons than systems that only use MEA, it is expected to allow closer observation
of neural network activity. This increased resolution could lead to a deeper understanding
of the influence individual neurons have over the neural circuit and their potential role in

the network function.

The objectives of this research effort include the following goals:

1. Deliver the light with high spatial resolution,

2. Synchronize data collection with the light delivery,

3. Collect and process data from the cultured neuron on MEA

The optical system was designed to demagnify the patterned light from the projector.
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These patterns are designed beforehand to stimulate each electrode that is on the array both
individually and as a combination with other electrodes. The photodiode was placed to act
as a trigger for the software with which the data from electrode array is collected and by
doing so synchronize the time the light arrives at the target site and allow the time signal

appears on the data acquisition software.
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Chapter 2

Building and Validation of the Device

2.1 Overview of the General Design

The general design for the device consists mainly of two parts: light delivery and data
acquisition. The primary focus was on the light delivery part of the device, as that needs to

be in place before any culturing the neuron for the experiment to start.

2.1.1 Optical system

Optical system consists of a DLP projector, two doublet lenses to collimate the light,
mirror, and objective lens (For specification of the parts, see Appendix A.1 and A.2). All of
these components are aligned on the aluminum rail to allow for customization, and the lens
stands are screwed in place using washers that were designed as a cylinder to allow the lenses
to turn after it was secured in place. This was an essential feature for the correct alignment
of the lenses as the washers that were used before was rectangular, which prevented us from

adjusting the lenses to face the light source at a correct angle. The mirror at the edge
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Figure 2.1: Actual setup.

Figure 2.2: Full setup simulated.
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directs the light down towards the objective lens, which in turn demagnify the light so that
the image is small and intense enough to stimulate neurons individually. To place the optical
component correctly, Dr. Gordon Kennedy, who is an optics specialist at Beckman Laser

Institute (BLI), provided guidance on the overall structure.
Equipments

1. DLP projector(Texas Instruments (TI). model: DLP LightCrafter Evaluation Module)
2. 01" Achromatic Doublet, SM1-Threaded Mount, f = 35mm, ARC: 400-700nm (Thorlabs,
model: AC254-035-A-ML)

3. 02" Achromatic Doublet, SM2-Threaded Mount, f = 200mm, ARC: 400a4A3700nm (Thor-
labs, model: AC508-200-A-ML)

4. Achromatic Doublet (f=200.0mm, @?1", ARC: 400-700nm)

5. Long working distance objective lens(MLWD-5X Long Working Distance Microscope Ob-
jective Lens)

6. Mirror (01") Protected Silver Mirror, 0.24" (6.0mm) Thick (Thorlabs, model: PF10-03-
PO1)

7. Lens Mount with Retaining Ring for @1" Optics, 8-32 Tap (Thorlabs, model: LMR1)

8. Lens Mount with Retaining Ring for @¥2" Optics, 8-32 Tap (Thorlabs, model: LMR2)

9. Aluminum Breadboard 8" x 24" x 1/2", 1/4" - 20 Double-Density Taps Threaded Mount,
ARC: 400-700(Thorlabs, model: MB824)

10. Vertical Cage System Mounting Plate (Thorlabs, model: CPVM)

11. Cage Assembly Rod, 6" Long, @6mm(Thorlabs, model: ER6-P4)

12. 9" and 12" Long Construction Rail(Thorlabs, model: XE25L09, XE25L12)

For the DLP projector, a stand and a ramp were built to have the projector on the
specific height and angle. Both of the components were made with laser-cut acrylic. The

ramp’s angle can be adjusted with the eight bolts that are used to fasten the platform in
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Figure 2.3: Optical components on rail.

Figure 2.7: Placement of mirror
Figure 2.6: Design of mirror holder holder in the assembly

place.
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Figure 2.9: Printed photo diode
Figure 2.8: Design of photodiode holder. holder

Indents helps the case hold
together better

Hole for light
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Front

Figure 2.10: Case formation with the DLP projector in place.

To make the adjustment of optics component easier on the rail, round washers were

made by laser cutting acrylic sheet with the thickness of around 4mm and was threaded using

the threading tool to make it compatible with the screws. Mirror holder and photodiode

holder were designed and 3D printed with polylactic acid (Fig. 2.6, 2.8).

2.1.2 Light Pattern Delivery

As the device needs to target the electrode array without requiring a microscope,

the default light pattern has 120 rectangles that are associated with each electrode. The
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image that is projected with the DLP projector is horizontally elongated as it takes 608 x
684 image to produce an HD image. Therefore, each rectangle that targets an electrode

should have approximately 2:1 height to width ratio.

In addition to adjusting the light ray to converge, the demagnification ratio needs to
be determined. The size of the rectangles was calculated using the size of an image produced
on the target site using a solid pattern that uses all 608 x 684 pixels, which was measured
to be about 2.8mm by 5.1mm. From that measurement, pixels that are needed to cover one
electrode was determined to be 7 by 4 pixels, which translates to 30 by 30 square microns.
Depending on which electrodes are stimulated, the pattern is made using the custom python

script.

The frequency at which the light is delivered to stimulate the neurons is controlled
by the DLP Lightcrafter graphical user interface (GUI). Multiple bits and multiple color
(MBMC) sequence are explicitly used to deliver the light as needed (Appendix B.2). For
validation, a sequence provided by the TI which consists of 25 1-bit images with 2225 ms
exposure time was used, and the LEDs used for this sequence is red, green, and blue. Red

and green LED are only used once each at the beginning, while the rest of the sequence all

uses the blue LED.

2.1.3 Data acquisition

As shown in Fig. 2.12, two primary devices for two different functions (light pro-
jection and data acquisition) are both connected to the computer but is not physically
connected to each other. Also, it is difficult to measure the exact lag between the projector
and the computer when the command is given to initiate light pattern sequence. Therefore,
it is mandatory to have a way to synchronize the starting point of data acquisition and the

starting point for the light sequence. This was achieved by connecting a photodiode to the
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Figure 2.11: Example provided by Multisystem on MC Rack software use (taken from
MC _Rack manual by Multisystem, 2013 [82]).

MEA-2100 system via analog input to record the light intensity as the sequence starts and
aligning that data to mark the starting point of the light pattern sequences (see Appendix

A.3 for specifications on the device).

After the light stimulates the neurons that are targeted, the electrical response is
recorded via the electrode a