ABSTRACT

LICHTY, JAMES D. Model and Tool Development for Studying Alzheimer’s Disease in the
Organism C. elegans. (Under the direction of Dr. Adriana San Miguel Delgadillo)

Alzheimer’s Disease (AD) is a neurodegenerative disease which affects a large portion of
the world’s population. AD is characterized by progressive loss of neurological and motor
function, protein deposition and aggregation of amyloid  (Ap) and microtubule-associated
protein tau (MAPT), and widespread, neuronal oxidative stress, immune activation, and
degeneration. Most AD study in humans must be done post-mortem to prevent danger to the
patient, limiting information that can be gained from human studies alone. To that end, we use
the model organism C. elegans, a microscopic nematode, to act as a host for the in vivo study of
AD. C. elegans has many traits that make it a prime candidate for this purpose: it is transparent,
allowing for neuronal imaging without needing to sacrifice the animal, it has a high homology
with the human genome, and it shares neuron structure and types with humans. This work
focuses on using this animal to study the AP peptide and how it interacts with the organism as
whole, to further improve C. elegans ’usefulness in studying AD. Our multifaceted approach
highlights several ways in which C. elegans shines as a model for AD, but also raises a few
concerns that must be considered when using this organism.

In Chapter 2, we attempt to generate a new C. elegans strain which expresses AP both
intracellularly and extracellularly, to recapitulate an aspect of AD in humans not currently
reflected in C. elegans models. We use a novel method of A expression in C. elegans using a
combination of pan-neuronal promoter, signal peptide, protector sequence to prevent incorrect
cleavage of AP during processing, and the C99 fragment of the human amyloid precursor protein
(APP), which contains AB. This method takes advantage of the fact that C. elegans has a

functional y-secretase, which cleaves AP from C99. While C99 DNA and RNA can be detected



within the strain, AB-specific dyes and antibody staining were unsuccessful at AP peptide
detection. Additionally, the strains tested failed to show significant differences in expected health
metrics, determined from existing literature.

In Chapter 3, we use existing C. elegans strains, which express human A} pan-intra-
neuronally, to study the interactions of AP and environmental stressors. AP has been previously
shown to have a protective effect against pathogens, but little to no work examines other
environmental stressors. We show that AP provides selective resistance against specific stressors
while lowering resistance to others. AP does this in a hormetic-oxidative stress independent
manner, activating several genes in the Asp family, and initiating a neuropeptide signaling
cascade between neurons and other tissues. This effect is unique to AP, having a much stronger
effect than other control proteins tested.

In Chapter 4, we develop an injury device capable of targeted and consistent injury of C.
elegans neurons to mimic traumatic brain injury (TBI). TBI is one of the biggest risk factors for
AD, and it has been extensively associated with increased AP production and aggregation in
humans, but little is known about how A directly interacts with injury. We iteratively designed
the injury device using microfluidics, 3D-printed, and finally a LEGO design that is modular and
easy to replicate. Using a fluorescently labelled strain, we show the devices consistently injure
head neurons, producing dendritic blebbing and breakage, measured using fluorescent imaging.

In Chapter 5, we describe a system for labeling and tracking within an AD drug screen.
Drug screens typically require a population of worms to be split into treatment groups, each
receiving a unique drug. To track which drug was administered, these treatments need to be kept
separate for any subsequent assays and data collection, dramatically increasing labor, time, and

resource costs. To help address drug screen challenges, we developed a novel method of labeling



group of worms using a fluorescently labeled E. coli food source library. This library would be
fed to a population of worms, with each treatment group receiving a different fluorescent tag
through colonization of their gut. These treatment groups can then be pooled back together,
preventing the need to run an assay for each treatment group individually. The fluorescent tag is
then read during data collection using fluorescent techniques to associate each data point with the

respective treatment group.
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CHAPTER 1: Introduction and Motivation

1.1 Introduction and motivation for studying Alzheimer’s disease

Alzheimer’s Disease (AD) is a neurodegenerative disorder in which patients
progressively lose neurological and motor functions typically beginning around age 80. AD
affects a large portion of the world’s population, either through being directly aftlicted or by
relationship to those with the disease'". Rates of AD are predicted to increase in the coming
years, foretelling not only a large medical burden on the world’s population but also a large
financial burden in the form of medical costs and the unpaid labor of family members to care for
the patients!>. Thus, AD presents a large risk for the world’s future. AD is characterized by
immune system activation, oxidative stress, inflammation, neurodegeneration, and accumulation
of two proteins, amyloid B (AB) and microtubule-associated protein tau (tau)'=. There is
currently no cure for AD, due largely to the amount of unknown information there is regarding
the disease. While many genetic mutations have become associated with AD, these only explain
cases of familial-AD, which account for approximately 5% of cases!~. For the remaining cases,
there isn’t a clear, defined cause or causes that can explain them. There are many biological
explanations that have been proposed for the disease, the most prominent of which is the amyloid
cascade hypothesis*!!. This hypothesis proposes that AP triggers a cascade of effects in the brain
over time that eventually leads to AD. An opposing hypothesis is the pathogen hypothesis, which
connects AD to recurrent infections throughout a person’s life that slowly build up damage in the
brain, causing AD late in life*!!. Other external factors have also been associated with increased
rates of AD, especially traumatic brain injury (TBI)!*!3. AD research is limited by the fact that it
is a human disease, and most human studies must be done post-mortem. Thus, powerful and

well-characterized models are needed to fully understand the disease.



1.2 C. elegans as a model for Alzheimer’s disease and amyloid 8

C. elegans is a microscopic, hermaphroditic, soil-living nematode with a short lifespan of
approximately 3 weeks'*!'®. Many of C. elegans’characteristics make it an attractive model for
studying AD. It shares many neuron subtypes with humans, such as dopaminergic neurons, and
is optically transparent, permitting for monitoring of those neurons while the animal is still
alive'*16. Each animal has the same number of neurons, and in the same positioning and
orientation'*1¢, Additionally, C. elegans has many orthologs for human genes and proteins,
allowing for translation of effects seen in the animal to possible effects in humans'#!¢. There are
many useful tools developed for use in C. elegans as well that can be used in AD research: RNAi
suppression for targeted knock-down of AD-relevant genes, fluorescent labeling, and imaging for
assessing neuron health, and calcium imaging for quantifying neuronal activity!”!8, Additionally,
C. elegans has many well-established, low-cost protocols for genetic and drug screening, making
it a prime candidate for testing AD drugs'®!"1%?°, The characteristics of C. elegans and the
variety of specialized tools developed for use with it, along with the low labor and monetary
costs of managing large populations of animals make it a great candidate for a model of AD.

There are many C. elegans AD models currently in use that have been used extensively
for AD research. Models that focus on A are typically one of two varieties: either pan-neuronal
or pan-muscular expression of AB*!2*. These models are characterized by several deficits, such
as paralysis, neuron loss, mitochondrial dysfunction, decreased lifespan, and increased oxidative
stress, many of which are shared with AD in humans®!?. Interestingly, AP expression has been
associated with some positive effects in C. elegans as well, specifically that it can protect against
pathogens?. This matches some theories about how AB may act in humans, as there is some

evidence based on AB’s structure and behavior that it can act as an antimicrobial peptide?*°. C.



elegans’simplicity while still being able to capture all of these AD-relevant characteristics
highlights its ability to function as a model for AD.
1.3 Current challenges and limitations with modeling Alzheimer’s disease in C. elegans
While there is much research on AP using C. elegans, there are still a few key areas that
need to be explored. One such area is the localization of Ap within C. elegans. Current models
utilizing AB in C. elegans are limited to intracellular expression of the peptide?!>3. While
intracellular AP is relevant for AD, extracellular A is also theorized to play a large role in AD
progression®!-°, Intracellular AP in C. elegans is associated with several defects such as
decreased lifespan, mitochondrial disfunction, and membrane disruption?!"23. While these effects
are similar to those seen in AD, there are many aspects of AD not replicated in C. elegans that
could be due to the localization of AB. Extracellular AP contributes to loss of calcium
homeostasis, membrane depolarization, and membrane pore formation**¢. Including both
intracellular and extracellular AB in a C. elegans model could improve the model’s ability to
replicate these aspects of the AD or increase the severity of the effects already seen in current
models. Understanding the effects of extracellular AP are necessary to generate a clearer picture
of AD, and thus needed for C. elegans models to reflect the disease more accurately.
Developing AD is heavily associated with several environmental risk factors, such as
TBI, chemical exposure, and other stressors!>!>13_ Despite this, there is little research on how
environmental stressors impact C. elegans AD models. While AB’s interaction with pathogens in
C. elegans has been explored, how A interacts with other environmental stressors is largely
unknown. C. elegans may not experience some of the stressors humans do, but there are several
common worm stressors that could produce similar effects such as heat stress, oxidative stress, or

hypoxia. Additionally, fully characterizing how expressing AP affects the worm’s ability to



respond to different stressors can give insight into different genetic pathways A is influencing.
Due to AD’s association with environmental stressors, not characterizing these interactions could
lead to possible mistranslation of results when drawing connections between C. elegans and
humans'.

Despite TBI being one of the biggest external predictors of developing AD!1%13_ there is
currently no tool capable of mimicking blunt force trauma in C. elegans consistently. While
manually inflicting trauma, such as with a pipette tip or similar object, could be used to injure the
animals, humans lack the accuracy and control necessary for reproducible results. To produce
consistent results, a researcher would need to accurately control the force they apply at a scale
less than 1 mm, while also ensuring they injure the same location on each animal. There is a
microfluidic device capable of reproducing some effects of TBI, which uses acoustic waves to
injure the whole worm?’. This method has two major drawbacks: it lacks the ability to target
specific parts of worm and it doesn’t produce an impact such as seen in several TBIs.
Additionally, it is unclear if that device can induce neuronal damage markers such as dendrite
blebbing and breakage, as only behavioral effects were reported®’. As TBI is a significant risk
factor for AD, a tool capable of reproducing mechanical trauma in C. elegans would be
invaluable for researching AD.

There is currently no cure or effective treatment for AD!-, To solve this issue there are
wide variety of drugs designed and being tested in clinical trials to target different aspects of
AD?®, Despite this, few drugs have shown success in clinical trials for treating AD, regardless of
any initial benefits observed during development®®. Drugs that have been successful are limited
in effectiveness to only early-stage AD or to treating the symptoms but not the cause®®. The high

failure rate of these drugs, combined with the typical costs of developing a drug produce a



prohibitively high barrier to creating a successful treatment! -8, To help reduce costs and
determine a drug’s initial effectiveness against AD, several researchers use C. elegans models of
AD. The ability to produce large populations of worms for wide-scope drug screens is an
attractive attribute of C. elegans. However, costs can remain high, in part due to the inability to
distinguish each worm from animals in the same group. To keep track of which drug each worm
received, each drug treatment group within a screen must be kept separate during the entire
screen, necessitating that an assay for drug effectiveness be repeated for each group***. Thus,
the material, labor, and time costs for an effectiveness assay are multiplied by the number of
treatment groups there are, restricting the scope of a screen based on resources available.
However, limiting the scope for a screen with a low success rate, such as for AD drugs,
significantly reduces the chances of a successful hit. To address this, there are several methods
for improving chances in C. elegans drug screens, in particular microfluidic devices for
increasing throughput during the assay portion®*>-*>. While these devices increase throughput by
several orders of magnitude through automation when compared to manually assaying for drug
effectiveness, treatment groups still need to be kept physically separate from each other. This
doesn’t solve the central issue, highlighting the need for more methods to reduce the costs
associated with drug screens.
1.4 Dissertation overview and broader impacts

In this work, we sought to address the above-mentioned difficulties associated with
utilizing C. elegans as a model for AD. Extracellular AP, while relevant to AD, has yet to be
captured in a worm strain expressing the peptide. In the first project, we developed a method for
expressing AP extracellularly utilizing a combination of endogenous signal peptide and innate C.

elegans machinery capable of cleaving human APP. By expressing the C99 fragment of APP



preceded by a neuronal worm signal peptide, we theorized C99 would be included into the
neuronal membrane and cleaved by the worm y-secretase to release AP extracellularly. C99
transcription and translation was confirmed by PCR and RT-qPCR, respectively, but neither dye
nor antibody staining were successful in producing a detectable signal. Antibody staining is
considered the gold-standard for protein detection and visualization, but a literature search
confirmed little success for neuronal AB. This indicated that there are likely larger issues with A3
visualization methods in C. elegans that need to be addressed before the success of this project
can be determined.

To characterize AP interactions with environmental stressors, we exposed AB-expressing
worms to oxidative, heat, and hypoxia stresses. AD worms exhibited a decreased resistance to
oxidative stress, but an increased resistance to heat and hypoxia stressors, indicating a possible
hormesis-like effect. The stress resistance was dependent on both AP levels and localization and
was not alleviated by antioxidant exposure. While expression of other foreign proteins mimicked
AB-induced resistance, they were not able to fully recapitulate the effects. Gene expression
analysis indicated the Asp family genes as mediators for this resistance. Since stress resistance is
typically a cell non-autonomous response, we examined communication between different
tissues and determined that neuropeptide signaling is necessary for Ap-induced stress resistance.
This works highlights several previously unexplored interactions in C. elegans AD models.
While it is not immediately apparent how these interactions may connect to AD in humans, they
must be further characterized to prevent mistranslation of results in C. elegans models.
Additionally, the Asp family of genes falls under control of the C. elegans daf-16, hsf-1, hif-1,
and skn-1 pathways, the human orthologs of which have been implicated in AD. These

interactions may give some insight into how Af influences those pathways in humans.



In the third project, we describe a series of devices designed for recreating TBI in C.
elegans. The first series of designs were microfluidic devices which injured worms through
actuation of an injury valve. While these devices simplified animal handling and allowed for
precise control of worm position and trauma severity, the device could not withstand pressures
necessary to produce an observable injury phenotype. The next set of devices utilized 3D
printing to produce a guillotine-based design, the Nematine. The Nematine was capable of
consistent and severe injury, exhibited by dendritic blebbing and severing in worms, but was
limited by the roughness of 3D printing. The final design replicated the 3D-printed Nematine,
but with LEGOs instead, which maintained injury patterns while eliminating flaws. The
accessibility of our design’s materials and its simplicity make it an easily adaptable tool readily
available to C. elegans researchers. Additionally, while intended for use with C. elegans AD
models, the LEGO Nematine can be altered for use with other neurodegenerative diseases.

In the final project, we detail a novel method for labeling groups of worms during a drug
assay, Gutbow. Gutbow utilizes a library of fluorescent E. coli tags, that are fed to worms to
colonize their gut. Each tag can be associated with a different drug treatment group within a
screen, allowing for tracking of which treatment each worm received. This allows treatment
groups to be pooled during drug effectiveness assays and then identified during data collection.
As treatment groups are pooled, fewer replicates of the effectiveness assay are needed, reducing
the time, labor, and material costs of the assay. While this method was designed for use with AD
drug screens, it can be easily adapted to not only other drug screens, but also other types of
screens, such as genetic screens. This greatly increases Gutbow’s applications beyond our

intended use.
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CHAPTER 2: Generating an extracellular A expression system for C. elegans
2.1 Abstract

While current amyloid B (AP) expressing C. elegans models can mimic several aspects of
Alzheimer’s disease, one key characteristic that has yet to be generated is extracellular
expression of AP. In this chapter, we describe a novel method for attempting to achieve this.
Using endogenous components of the homologous C. elegans AB-like processing pathway, we
attempt to generate a strain capable of expressing human A extracellularly. We express the C99
fragment of the human amyloid precursor protein (APP), preceded by a signaling peptide and
protector peptide sequence under a pan-neuronal C. elegans promoter. By detecting the C99
DNA and RNA with PCR and RT-qPCR respectively, we show that our strain both incorporated
the construct into an extrachromosomal array and can transcribe C99 off that array. Neither dye
nor antibody staining were able to detect AP within the animals though, suggesting either an
issue with those staining methods for detecting AP or a more complex trafficking issue than our
method could solve.
2.2 Introduction

AP localization in neurons, whether intracellular or extracellular, has a profound impact
on the effects it causes to those neurons!*S. Intracellular AB has been connected to mitochondrial
dysfunction, synaptic dysfunction and loss, disruption of telomere maintenance, and loss of
calcium homeostasis'™. Alternatively, while extracellular AP is also associated with loss of
calcium homeostasis, it additionally contributes to membrane depolarization, membrane pore
formation, and immune activation*®. The effects of both localizations vary significantly, thus
highlighting a need for animal models to be able to replicate both. Current models utilizing A in

C. elegans lack the ability to generate extracellular A, possibly leaving a blind spot in AD
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research’. Previous attempts at generating a strain capable of producing extracellular Ap are
theorized to have failed due to rerouting of the AP peptide during processing (Christopher Link,
Personal Communication, June 2020), despite using an artificially designed signal peptide meant
for extracellular expression®. C. Link theorized that this rerouting may be due to either the size of
the signal peptide-AP construct® or that it was recognized as a foreign protein by C. elegans
(Christopher Link, Personal Communication, June 2020), and thus rerouted to remain
intracellular for sequestration, breakdown, and disposal. While some strains have shown that A}
can migrate from neurons to surrounding tissues, this only occurred later in life and in
conjunction with significant damage to the neuronal membrane®. Gallrein C., et al. theorized that
AP causes this damage to the cell membrane, which allows for leaking into the surrounding
tissue’. Thus, a strain designed to express AP extracellularly early in life must attempt to address
these challenges.

In humans, A is produced through a multistep process beginning with the APP!%-12 (Fig
2.1A). APP is expressed in neurons, where it is processed through the endoplasmic reticulum and
golgi apparatus before being released in a vesicle that is integrated into the cell membrane!%!2,
APP is oriented such that the N-terminus is in the extracellular space and the C-terminus is in the
cytoplasm'®!2, There are two pathways through which APP can be further processed:
amyloidogenic and non-amyloidogenic. The pathway is determined by which enzyme cleaves
APP first. Cleavage by the a-secretase protein initiates the non-amyloidogenic pathway, as the
enzyme cleaves APP within the AP residue!®!2. The B-secretase instead cleaves APP such that the
99 amino acid C99 fragment containing A} remains membrane bound, and the N-terminus of
APP is released extracellularly'®12. C99 is then cleaved by the y-secretase to release A

extracellularly. From there AP self-assembles and aggregates to form the characteristic
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extracellular oligomers and aggregates seen in AD!'%12. Accumulation of intracellular A is
theorized to come from two sources: amyloidogenic APP cleavage not localized to the cell
membrane and reuptake of AP after its release from membrane bound APP'. It is currently
unclear how APP cleavage would occur when not membrane bound, indicating that AP reuptake
is the more likely culprit. Regardless, both intracellular and extracellular AP play integral roles in
AD progression'®.

C. elegans contains an APL-1 processing pathway, homologous to the human APP
pathway with a few key differences'*!® (Fig 2.1B). APL-1 processing occurs much in the same
way as APP processing in humans. APL-1 is integrated into the membrane and sequentially
cleaved by a worm a-secretase followed by a worm y-secretase, much like APP and the - and y-
secretases. The first difference is that C. elegans lacks its own AP peptide as the APL-1 sequence
does not contain an equivalent peptide that gets cleaved and released during processing that
behaves like AB. Additionally, C. elegans doesn’t have a B-secretase, although it does have the
worm a- and y-secretases'>!®, Link, C. observed that the C. elegans y-secretase was able to

cleave human APP at the correct residue but failed to see any B-secretase activity in the organism

(Christopher Link, Personal Communication, June 2020).
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Figure 2.1: Human Amyloidogenic APP and C. elegans APL-1 Processing
Pathways. A) Human APP is included into the membrane during processing
after translation. APP is then sequentially cleaved by a human [-secretase and
y-secretase. This releases the A peptide extracellularly where it forms
oligomers, fibrils, and the characteristic aggregates. B) C. elegans APL-1 is
similarly included into the membrane during post-translational processing.
There APL-1 is sequentially cleaved by a worm a-secretase and y-secretase to
release an Af-like peptide, which doesn’t fulfill the same roles as Af.

2.3 Results and Discussion
2.3.1 Design considerations for expressing AP extracellularly in C. elegans

To address the main two problems with previous attempts at extracellular expression of
A, we designed a construct meant to handle them separately. Firstly, for the issue of AP size
during processing, instead of expressing just the A peptide, we expressed the entire C99 human

fragment. We theorized that, while C. elegans doesn’t have -secretase activity, its y-secretase

activity should be sufficient to release Ap from C99. Additionally, C99 contains the full
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transmembrane domain from APP, improving its chances at successful inclusion into the cell
membrane during processing. After inclusion into the membrane, C99 would be cleaved by the
worm y-secretase, like its processing in humans, to release A extracellularly. And since C99
cleavage doesn’t occur until after inclusion in the neuron membrane, the theorized redirection
based on AP size should be prevented. This would protect our construct from the first of the

theorized problems.

Extracellular AB
aggregation

AB

y-secretase cleavage

Worm y-secretase

C99 I

Figure 2.2: Proposed processing pathway utilizing the
described method. Human C99 is expressed pan-neuronally
and included into the neuronal cell membrane during post-
translational processing. There C99 is cleaved by the worm
y-secretase to release Ap extracellularly, mimicking its
expression in humans.

For the second theorized problem, recognition as a foreign protein, we decided to use a
different signal peptide. Previous attempts at expressing AP extracellularly have used artificial
signal peptides to direct Ap®, which were designed for extracellular expression in C. elegans but
were not taken from C. elegans proteins. We hypothesized that using an endogenous signal
peptide would help to disguise C99 from the host cell, improving its chances of integrating into
the membrane. To direct C99 to the membrane, we used an endogenous C. elegans signal peptide
selected from a library of 15 we extracted from proteins that are directed to either the membrane

or extracellular space of neurons during their processing (Fig 2.3). The signal peptides were
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taken directly from C. elegans proteins using the online database GExplore!”. Signal peptide
candidates were extracted from target proteins using SignalP 5.0, an online resource for the
prediction of signal peptide cleavage sites'®. SignalP 5.0 utilizes a neural network trained on
known signal peptide sequences to predict all eukaryotic cleavage sites within a fed sequence
and estimates the likelihood of cleavage at each residue. We fed candidate protein sequences to
SignalP 5.0 to first filter for signal peptides with only one cleavage site and that were small

enough to be easily inserted into our construct, ideally less than 100bp. This size restriction was
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Protein AA Sequence

u - Successful Signal

Peptide Cleavage
(1) \‘4)/ .
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Proteins
Proteins
- e POREL / N\
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Predicted Cleavage Isolated Signal Our
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Figure 2.3: Signal peptide screening and selection process. A pool of candidate proteins was determined
using the online GExplore database. The candidate pool was limited to neuronally expressed proteins that
are directed to either the cell membrane or extracellular space during processing. Each candidate protein
was run through SignalP 5.0 to determine cleavage sites for the protein’s signal peptide. Signal peptides
that were very large or contained multiple cleavage sites were rejected from the pool for simplicity.
Signal peptides from accepted candidates were isolated based on the cleavage site and added to the 5’ end
of the C99 construct to create a test construct. Each test construct was rerun through SignalP 5.0 to
recheck the cleavage sites. A final 15 signal peptide pool was generated from successful test constructs.
The depicted SignalP 5.0 graph is an example output from the software, where the red line corresponds to
the signal peptide sequence, the yellow line to the rest of sequence, and the green line to the predicted
cleavage sites.
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put into place to simplify generating the final plasmid constructs. By limiting the signal peptide
size to 100bp, each signal peptide could be inserted into a backbone construct, containing each
other piece necessary for C99 expression, using site-directed mutagenesis. This process was
simpler than generating 15 individual constructs, saving both time and labor, and reducing the
chances for errors. Once a signal peptide passed that step, we isolated it from the candidate
protein and put it on the N-terminus of our construct and reran it through SignalP 5.0. If the
signal peptide-construct combination was successfully cleaved in SignalP 5.0, we kept it for our
library, which resulted in 15 successful hits.

In addition to these two considerations, we also decided to use the rab-3 promoter
because it has been well established for pan-neuronal expression in C. elegans and the unc-54
3’UTR as a universal 3°UTR!%, Lastly, McColl et al. showed that many of the current C.
elegans models actually express AP with the first two amino acids cleaved off (AB3.42)?!. This
form of AP is less toxic and thus represents a problem when trying to mimic AD. We included in
our construct a two amino acid protector sequence, designed to protect against this erroneous
cleavage and ensure that full-length AB was expressed?!. The complete construct was the rab-
3p:SignalPeptide:ProtectorPeptide:C99:unc-54 3’ UTR (Fig 2.4A, Table 2.1). A plasmid without
the signal and protector peptides was also constructed to act as a control. Initially, the control
plasmid was microinjected with an mCherry pharyngeal marker to generate ASM 16, but during
preliminary testing with that strain, mCherry interfered with AP visualization, requiring a
replacement marker?>2. Instead, each of the 16 constructs were microinjected into C. elegans
along with a hybrid roller and hygromycin, chosen as it can self-excise upon temperature upshift,

resulting in strains ASM17-322%2% (Table 2.1). Utilizing a self-excising cassette allows for
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Figure 2.4: Construct design for extracellular AP expression. The construct consists of the rab-3
promoter, a signal peptide from the library of 15 signal peptides determined using SignalP 5.0, a two AA
protector sequence necessary for prevent A cleavage, the C99 fragment of human APP, and the universal
unc-54 3 UTR.

insertion of a marker to confirm the success of microinjection and then removal of that marker
before experiments to prevent interference.
2.3.2 PCR and RT-qPCR analysis to detect C99

To confirm that each construct had successfully been integrated into an
extrachromosomal array, PCR was used to extract and amplify C99 DNA. Rather than test all 16
strains at once, we narrowed our initial scope to just ASM15, as it contained the ap/-1 signal
peptide, which we theorized had the best chance of mimicking AB expression. Apl-1 is the
homolog to human APP, and thus would have the closest expression pattern to human APP of the
chosen proteins'*-1¢. In the PCR electrophoresis gel, the C99 specific primers produced a band at
approximately 300bp. The C99 DNA fragment used to generate the extrachromosomal array was
also approximately 300bp, indicating that C99 DNA had been successfully inserted (Fig. 2.5A).
We next sought to confirm that C99 was being transcribed from the extrachromosomal array
using RT-qPCR. By looking at C99 mRNA, we confirmed that our construct was successfully
transcribed (Fig 2.5B). This was further supported by a singular peak on the melt curve, showing
a single product in our sample (Fig 2.5C). With these two assays, we successfully showed the

C99 was incorporated into the strain and was being transcribed.
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Table 2.1. Plasmid constructs generated in this work

Name Genotype

JDLSP1 Prab-3_ida-1-SP_ArtificialSP_C99_unc-54-3' UTR
JDLSP2 Prab-3 nilp-11-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP3 Prab-3 nilg-1e-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP4 Prab-3_gir-4a-SP_ArtificialSP_C99 _unc-54-3' UTR
JDLSP5 Prab-3 _crm-1b-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP6 Prab-3_lat-1a-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP7 Prab-3 old-1-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSPS8 Prab-3_dyf-7-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP9 Prab-3_aff-1-SP_AttificialSP_C99 unc-54-3' UTR
JDLSP10  Prab-3_hot-7-SP_AtrtificialSP_C99 unc-54-3' UTR
JDLSP11  Prab-3 apl-1a-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP12  Prab-3 des-2b-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP13  Prab-3 fmi-1a-SP_ArtificialSP_C99 unc-54-3' UTR
JDLSP14  Prab-3 tol-1-SP_ArttificialSP_C99 unc-54-3' UTR
JDLSP15  Prab-3 deg-3-SP_ArttificialSP_C99 unc-54-3' UTR

JDLSPO Prab-3 C99 unc-54-3' UTR

2.3.3 Failure to detect C99 or AP peptides
In order to verify the translation of the C99 sequence into protein and cleavage of C99,
we first stained the ASM135 strain with the AB-specific dye, 1,4-bis(3-carboxy-4-

hydroxyphenylethenyl)-benzene (X-34). X-34 selectively binds AP fibrils and aggregates®-2°. We
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Figure 2.5: PCR and RT-qPCR results from the ASM15 C. elegans strain. A) PCR amplification of the
C99 gene from ASMI15 lysis. C99 is 300bp. Each lane is a repeat to confirm accuracy. B)
Amplification plots from RT-qPCR for C99 mRNA in ASM15 strain. C99 mRNA was consistent
across all three samples and had higher amplification when compared to negative controls, indicating
successful detection. C) Melt Curve Plot from RT-qPCR for C99 mRNA in ASM15 strain. A
detectable peak in the negative controls indicate possible contamination of the samples with genomic
DNA. Regardless, each set of peaks represent a different product, as the melt temperatures are
different. Green lines idicates negative controls and purple lines indicate C99 mRNA.

theorized that if A is being successfully cleaved from C99, it should form its characteristic
fibrils and aggregates. Therefore, if X-34 staining indicates aggregates, C99 translation and
cleavage are verified. Our initial assay showed promising results, with AP aggregates appearing
around the pharynx, where the highest concentration of neurons is in the worm (Fig 2.6).
Unfortunately, after imaging unstained ASM15, we realized that we could not reliably
differentiate between mCherry in the pharynx and any stained A, as mCherry and X-34 have
significant overlap in their spectra®»?>2°. Moreover, there appeared to be X-34 staining outside of
the head in both AD and non-AD worms, despite the lack of AP, calling into question the

specificity of X-34. Additionally, there was significant variability in the observed fluorescence
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levels, likely due to mosaicism with the extrachromosomal array?’. Mosaicism occurs due to the
extrachromosomal array not transmitting to every cell during animal development, resulting in
only a fraction of the animal’s cells containing the array?’. Typically, integration into the genome
can address this problem, but can also prove to be a time intensive process which didn’t seem

worth pursuing if C99 translation and cleavage had yet to be confirmed.

Figure 2.6: C. elegans heads stained with the dye X-34. The dotted line indicates
head location. A) Wild-type C. elegans showing no clear aggregates. B) ASM15 C.
elegans with suspected aggregates indicated with arrows. These aggregates were
later confirmed to be indistinguishable from the pharyngeal marker and off-target
stained of X-34. It is unclear if the highlighted clumps are A} aggregates.

To solve the issue regarding the X-34 dye, we alternated to antibody staining with an
antibody that had significantly less overlap with the mCherry pharyngeal marker. Additionally,
antibodies could be chosen to target any form of AP rather than just fibrils and aggregates. We
also changed the co-injection marker to the hybrid roller-hygromycin marker mentioned above,
eliminating concerns with spectral overlap. To test the effectiveness of the alternative staining
method, day 1 adults were stained using an anti-Af primary antibody targeting the 17-24 residue,
followed by a secondary antibody targeting the primary antibody and conjugated with Texas Red.
The primary antibody was selected for its ability to bind both C99 and A in any form if the 17-
24 residue of AP was intact. A primary and secondary antibody were used to produce a stronger
signal, as this would likely detect even low levels of C99 translation. To improve the penetration

of the antibody into the animal’s tissues, two attempts were made using freeze-crack and
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collagenase methods for disrupting the cuticle®®. Despite this, antibody staining failed to detect

any AP or C99, suggesting that there was a problem with either the staining method, or with the

expression method for C99. Additionally, we repeated this experiment with a control that

expresses AP pan-neuronally but only intracellularly. This intracellular-Af control experiment

also failed to detect any AP, indicating that the issue was likely in the staining method. We

hypothesized three possible errors, in order of likelihood, that could be causing this problem:

1.

Antibody staining failed, as our control failed to show A and there aren’t many
examples of successful detection of neuronal AP in C. elegans literature using dyes or
antibody staining.

Antibody staining is working, but AP levels are below the resolution threshold of
antibody staining. This is possible, as while there’s little evidence for antibody staining to
detect neuronal AP in C. elegans literature, there is evidence that Elisa and Western Blot
assays can’8. These assays analyze concentrated protein from the whole animal or
multiple animals, whereas antibody staining relies on detection of diffuse protein spread
throughout a single animal.

AP isn’t being produced at all, due to an error in the expression method, either in the
translation of mRNA to protein, the localization of C99 to the membrane, or in the

cleavage of C99 to release AP.

In addition to testing for the presence of C99 and AP, we ran preliminary assays for

detrimental health effects in our strain. We examined lifespan, brood size, and behavioral

patterns for any differences from wild-type worms. These preliminary assays were chosen as A

expression has been associated with changes in these health metrics in C. elegans®®. Animals

expressing C99 seemed to exhibit a slight grouping phenotype, characterized by animals

26



remaining in the edge of the bacterial food lawn and avoiding the center of the lawn. Despite
this, no quantifiable difference was observed between the C99 expressing strain and wild-type
worms. The grouping phenotype was too inconsistent and minor to properly quantify. This
indicated that although there may have been issues with antibody staining, C99 production and
cleavage into AP may not be occurring as well. It was expected that if C99 was properly
translated and cleaved to produce AP, a detrimental phenotype would exist. The lack of a
phenotype suggests that either A is not being produced, or if it is, it does not induce any
detrimental effects. Although an Elisa or Western Blot assay could have confirmed C99
translation and cleavage, antibody staining, or similar visualization method, is necessary to
confirm project success, as determining the location of Ap within the organism is necessary for
determining intracellular versus extracellular localization. If AP remained intracellular or its
reuptake rate by the cell was greater than its export rate, then our model wouldn’t recapitulate
that aspect of AD. Due to lack of successful antibody staining and no appreciable change of
health metrics, it is likely that this method for C99 expression and cleavage to produce
extracellular Ap was unsuccessful. Although unclear at which step in this process the error
occurs, it is likely during or after translation, as C99 DNA and RNA are detectable. While
endogenous signal peptides were used to direct the peptide to the cell membrane, it possible that
these were not sufficient for redirecting a foreign protein; increasing the scope to include signal
peptides from proteins other than the 15 chosen may possibly improve success. Additionally,
although C99 contains the transmembrane domain of APP, it is unclear if full length APP is
necessary for membrane inclusion. An alternative method of expressing full length APP with an
edited B-secretase site may prove more successful, if that B-secretase site were changed to allow

cleavage by another C. elegans enzyme. Though, selection of an appropriate cleavage site

27



alternative would require careful consideration, as cleavage of an altered APP would compete
with endogenous targets of the chosen enzyme. Utilizing unaltered human APP would require
introducing B-secretase activity into the worms. This would generate new enzymatic activity in
C. elegans neurons, as there is currently no equivalent protein, which could produce unforeseen
effects. These effects could also convolute detrimental effects from extracellular A, interfering
with results. While these alternatives to our method exist and could be tested, without a
successful method for visualization of neuronal A, their success could not be determined. A
staining and visualization in C. elegans is an area of research which needs much improvement as
several of the current methods lack the ability and consistency required to be reliably applied in

studying AD.

2.4 Materials and Methods
2.4.1 Strains, media, and culture

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates seeded
with OP50 E. coli bacteria and kept at 20 °C unless otherwise stated”. Age-synchronization for
experiments was performed by washing plates with a 1 mL of a solution of M9 media
supplemented with 0.01% v/v TX-100 (M9TX). Worms were allowed to settle, and supernatant
was removed and replaced with 1 mL of 1:2:1 mixture of bleach, 1M NaOH, and water. Once
eggs were released, they were washed 3 times with 1 mL M9TX, and transferred to fresh plates.
2.4.2 Generation of constructs and transgenic lines

The base plasmid construct, pGH8-C99 was assembled using Gibson assembly (NEB
#M5510). The pGHS plasmid containing pRab-3 and the unc-54 3’UTR was used as the
backbone®®. pGHS8-pRAB-3::mCherry::unc-54utr was a gift from Erik Jorgensen (Addgene

plasmid # 19359 ; http://n2t.net/addgene: 19359 ; RRID:Addgene 19359) The C99 fragment of

28



APP was amplified from pCAX-APP-C99°'. pCAX-APP-C99 was a gift from Dennis Selkoe &
Tracy Young-Pearse (Addgene plasmid # 30146 ; http://n2t.net/addgene:30146 ;
RRID:Addgene 30146). These were then amplified again with primers designed to add
homology regions necessary for Gibson assembly. To generate each of the signal peptide
constructs, primers were designed containing the signal and protector peptide sequences. These
primers were used in site-directed mutagenesis (NEB #E0554S) to insert into the pGH8-C99
plasmid, generating the remaining constructs (Table 2.2). Successful insertion of the peptide
sequences was confirmed by Sanger sequencing. The pGH8-C99 construct was inserted into an
extrachromosomal array along with the pharyngeal mCherry co-injection marker using standard
microinjection procedures*?%*. Once each construct was confirmed, they were inserted into an
extrachromosomal array along with the dual roller-hygromycin co-injection marker using
standard microinjection procedures into the Bristol N2 wild-type strain?*?*. This generated the
17 strains used in this work (Table 2.1). Successful injection was confirmed using fluorescent
microscopy looking for the co-injection marker.

Table 2.2. C. elegans strains generated in this work

Name Genotype

ASM16 delEx3[myo-2p::mCherry + rab-3p::C99]

ASM17 delEx5[rab-3p::apl-1aSP::C99 + GFP::SEC::3xFlag]
ASM18 delEx6[rab-3p::hot-7SP::C99 + GFP::SEC::3xFlag]
ASM19 delEx7[rab-3p::C99 + GFP::SEC::3xFlag]

ASM20 delEx8[rab-3p::nlp-11SP::C99 + GFP::SEC::3xFlag]
ASM21 delEx9[rab-3p::nlg-1eSP::C99 + GFP::SEC::3xFlag]
ASM22 delEx10[rab-3p::dyf-7SP::C99 + GFP::SEC::3xFlag]

ASM23 delEx11[rab-3p::0ld-1SP::C99 + GFP::SEC::3xFlag]

29



Table 2.2 (continued)

ASM24 delEx12[rab-3p::lat-1aSP::C99 + GFP::SEC::3xFlag]
ASM?25 delEx13[rab-3p::ida-1SP::C99 + GFP::SEC::3xFlag]
ASM26 delEx14[rab-3p::tol-1SP::C99 + GFP::SEC::3xFlag]
ASM27 delEx15[rab-3p::des-2bSP::C99 + GFP::SEC::3xFlag]
ASM?28 delEx16[rab-3p::deg-3SP::C99 + GFP::SEC::3xFlag]
ASM29 delEx17[rab-3p::crm-1bSP::C99 + GFP::SEC::3xFlag]
ASM31 delEx18[rab-3p::fmi-1aSP::C99 + GFP::SEC::3xFlag]

ASM32 delEx19[rab-3p::glr-4aSP::C99 + GFP::SEC::3xFlag]

2.4.3 PCR and RT-qPCR for C99 detection

C99 presence in the ASMI15 strain was confirmed using PCR (NEB #E0555S). DNA was
extracted from worms by picking several of them into a solution of 100 pg/mL Proteinase K in
worm lysis buffer (50 mM KCI, 10 mM Tris pH 8.3, 2.5 mM MgCl,, 0.45% NP-40, and 0.45%
Tween-20). This was exposed to -80 °C for 10 min. followed by 65 °C for 60 min. and 95 °C for
15 min. This solution was used directly for PCR without further modification.

For RT-qPCR, worms were first age-synchronized by bleaching and cultured to adulthood
at 20 °C. Worms were then washed from plates and rinsed several times with MOTX. RNA was
extracted using the Direct-zol RNA Miniprep extraction kit (Cat# R2051). During the Tri
Reagent step, a motorized pestle was used for 1 min to help break the worm cuticle. RNA from
this was directly used in the Luna Universal One-Step RT-qPCR kit (NEB #E3005S) at a

concentration of 50 ng/uL.
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2.4.4 X-34 Dye Staining

For X-34 dye staining, worms were first age-synchronized by bleaching and cultured to
adulthood at 20 °C. Worms were then stained according to the protocol from Link et al.>* and
imaged using fluorescent microscopy.
2.4.5 Immunohistochemistry

For immunohistochemistry, worms were first age-synchronized by bleaching and cultured
to adulthood at 20 °C. Immunohistochemistry was then performed per standard protocols®® and
imaged using fluorescent microscopy. Antibodies used were an anti-A mouse primary antibody
targeting the 17-24 residue of AB (VWR 76302-456) and an anti-mouse donkey secondary

antibody conjugated with Texas Red (VWR RL610-709-002).
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CHAPTER 3: AP induces hormetic-like effects in C. elegans models of Alzheimer’s Disease
3.1 Abstract

The amyloid B (AP) peptide is known for its characteristic aggregates in the disease and
ability to cause a wide range of detrimental effects in the various models used to study it. Despite
this, AP has also been shown to induce some beneficial effects. In the organism C. elegans, AP
has exhibited antimicrobial properties against external pathogen stressors. Here we explore AB’s
ability to protect against other external stressors, to further characterize C. elegans 'use as a
model for Alzheimer’s disease. We exposed AB-expressing C. elegans to heat, oxidative, and
hypoxia stressors and found that AP selectively increased resistance to heat and hypoxia stresses
but not oxidative stress. This effect was only partially mimicked by other foreign protein
controls, implying AP exerts some additional effect. Only AP levels in the neurons, and not
muscles, correlated with stress resistance levels. This selective stress resistance was mediated by
the HSP family of genes and required neuropeptide signaling to function. These results highlight
some possible effects of expressing AP that must be considered when using C. elegans as a
model for Alzheimer’s disease.
3.2 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that causes loss of
cognitive function in patients, typically starting at advanced age. AD is characterized by several
features: the formation of amyloid  (AP) aggregates and micro-tubule associated protein tau
(tau) tangles, immune activation, inflammation, oxidative stress, and neuron loss'. In addition to
forming plaques and aggregates, mutations in the AP peptide are associated with higher rates of
AD, while AB expression also induces AD-like symptoms in cell and animal models®*. These

lines of evidence have made A a priority target in AD research. Interestingly, some studies have
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also indicated that AP can potentially act as an antimicrobial peptide, suggesting a protective role
for AP>%. Extensive work seeking to identify how AP becomes toxic in the brain has pointed to
certain AP isoforms, small oligomer intermediates, and AP localization as key determinants in
toxicity”. Despite these discoveries, AB’s role in AD is still unclear, creating a need for well-
characterized, robust models.

The nematode C. elegans has been previously used as a model for AD'*!2. C. elegans
boasts many benefits as a model for neurodegenerative diseases: it is transparent, allowing for in
vivo imaging in live animals; has high homology with the human genome and proteome,
including several stress-related pathways; and shares many neuron subtypes with humans'?.
Current models of AD in C. elegans focus on intracellular expression of human AP either pan-
neuronally or pan-muscularly!'®!2. These models exhibit several symptoms such as severe
paralysis, behavioral and motor defects, and reduced lifespan'®!2. AB expression in worms has
also been linked to loss of function and stability in mitochondria, leading to oxidative and
metabolic stress'. Conversely, worms expressing AB have also been shown to exhibit increased
pathogen resistance, indicating a possible beneficial effect against environmental stressors®. AR
shares some characteristics and behaviors with antimicrobial peptides, such as pathogen cell
surface adhesion and pore formation, which may be the cause of this interaction®6. The
relationships between AP and other environmental stressors have yet to be examined despite
several stressors, like oxidative stress, being associated with higher rates of AD'>!®, Investigating
these interactions may improve our understanding of AD and how A functions within it.

There is significant overlap between stress pathways in animals, including C. elegans and
humans. The C. elegans gene daf-16, an ortholog for the human forkhead transcription factor

(FOXO), has been highlighted for its ability to extend lifespan and increase stress resistance'”.

38



Another C. elegans gene, hsf-1, is involved in the heat stress response and is an ortholog for the
human HSF1'8. The hif-1 gene (ortholog of human HIF1A) controls hypoxia resistance by
regulating many hypoxia response genes, including vAl-1 and egl-9"°. The skn-1 gene acts as a
master regulator of the oxidative stress response in worms and its human orthologs, the Nrf/CNC
proteins, are also regulators of oxidative stress?°. All four of these transcription factor pathways
have important roles in aging and aging-related diseases in humans and have been implicated in
AD?""2*, Due to the substantial overlap between human and C. elegans stress response pathways,
analysis of interactions between stress and AP in C. elegans can shed light on the effects of A in
humans.

In this work, we use several C. elegans models of AD to examine whether interactions
exist between the effects of environmental stressors and AP expression and elucidate the
underlying pathways behind any changes in AB-driven resistance to stress. We assessed the
resistance of AB-expressing worms to oxidative stress, heat stress, and hypoxia. Our results
indicate that AP expression selectively increases resistance to heat stress and hypoxia while
reducing resistance to oxidative stress. When supplemented with an antioxidant, n-acetyl
cysteine (NAC) and heat stressed, AB-induced stress resistance was unchanged, indicating that
hormesis driven by ROS (reactive oxygen species) was not the source. A, despite causing
oxidative stress, likely directly induces stress resistance independent of hormesis. Neuronal
expression of A affected stress resistance in a dose-dependent manner, while muscular levels of
AP had no correlation with stress resistance. Using nCounter gene expression analysis, we
identified several stress genes upregulated by A in both unstressed and stressed worms. Several
of these genes act downstream of the major stress response pathways, daf-16, hif-1, hsf-1, and

skn-1, suggesting AP activates these transcription factors either directly or by inducing cellular
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stress. Since stress response genes are mainly activated in the intestine, we sought to determine
how neuronal AB was influencing other tissues to induce stress resistance. Using RNA1 to
knockdown two well-known genes required for neuropeptide signaling, unc-31 and egl-3*-°,
stress resistance returned to WT levels, pointing to neuropeptide signaling as the source of
communication from neurons to other tissues for Ap-induced stress resistance. These factors
taken together highlight the complex effects of AP in cells and at the organismal level. AP
expression has some beneficial effect for the animals in some contexts and thus results of studies
of AP in C. elegans should consider possible interactions with environmental conditions. These
results suggest that AR may play a substantial role in stress response, either through directly
activating stress pathways or acting as a hormetic stressor.

3.3 Results and discussion

3.3.1 AP induces selective stress resistance in C. elegans.

To determine whether A} modulates responses to environmental stress, we analyzed the
resistance of worms expressing A to various stressors. We chose three strains for exposure: a
wild-type N2 (WT), JKM2 (AB+), which co-expresses AP and AP tagged with wrmScarlet pan-
neuronally, and JKM3 (AB-), which expresses wrmScarlet pan-neuronally'’. The AR+ strain
expresses the tagged AP sub-stoichiometrically to limit wrmScarlet’s impact on AP aggregation,
resulting in an aggregation pattern driven by AB'°. To assess worms’ resistance to oxidative
stress, we exposed them to a 50 mM paraquat solution for 24 hrs. (Fig 3.1A). As expected, this
toxic dose of paraquat®’ resulted in reduced survival in the AB+ strain (37 %) as compared to the
N2 wildtype (92 %) and the AB- strain (69 %) (Fig 3.1B). As shown by Gallrein et al.'°, the AR+
strain exhibits elevated levels of internal oxidative stress from A} expression, possibly increasing

their susceptibility to external oxidative stress and thus reduced resistance to paraquat. The Ap-
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strain exhibited a less severe decrease in survival, possibly due to expression of neuronal
wrmScarlet. Although the AP+ strain also expresses wrmScarlet, it does so at much lower levels
than the AB- strain, and this does not completely account for the discrepancy in survival between
the two strains.

We next expanded our assay to include two additional common environmental stressors:
heat stress and hypoxia. We exposed the worms to a severe heat stress of 37 °C for 4 hrs. and
then allowed them to recover overnight at 20 °C (Fig 3.1A). Unexpectedly, the Ap+ strain
exhibited increased heat stress resistance, surviving at an average rate of 90 %, compared to 42
% and 62 % in WT and AB-, respectively (Fig 3.1C). Similarly, when exposed to severe hypoxic

conditions (<0.1 % O2) for 48 hrs. followed by overnight recovery (Fig 3.1A), the A+ strain had
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Figure 3.1: A provides selective resistance to severe heat and hypoxic stress, but not paraquat-induced
oxidative stress.(A) Overview of experimental setup. Animals were age-synchronized to L4 larvae and
then allowed to grow for another 24 hrs. before exposure to stressors. (B) Survival rate after 24 hr.
exposure to SO0mM paraquat stress. (C) Survival rate after 4 hrs. 37 °C heat stress exposure and overnight
recovery at 20 °C. (D) Survival rate after 48 hrs. hypoxia (< 0.1 % O>) exposure and overnight recovery.
WT is wild-type N2 Bristol, AR+ is JKM2, AB- is JKM3. N =9 (12 for hypoxia stress) replicates per
strain. Each dot represents a replicate of approx. 30 worms. Statistical analysis was performed using
ANOVA. * is p-value < 0.05, ** is p-value < 0.01, *** is p-value < 0.005.
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increased hypoxia resistance, with an average survival rate of 82 %, compared to 22 % and 65 %
in WT and AB-, respectively (Fig 3.1D). We attributed this increased resistance to a possible
hormesis-like effect. Notably, the AB+ strain does not display increased lifespan, which is often a
hallmark of hormesis'®. The AB- control strain also demonstrated a higher tolerance to these two
stressors when compared to WT, although not as high as the A+ strain. This effect could stem
from the wrmScarlet protein, like in the oxidative stress assay (Fig 3.1B). However, the
substantial survival difference between the AR+ and the AB- indicate that wrmScarlet alone is not
driving these differences. AP and wrmScarlet could induce similar protective effects, but the Ap-
strain lacks several other physiological deficits shown in the AR+ strain such as decreased
lifespan, brood size, and movement!°.
3.3.2 Ap-induced stress resistance is dependent on Ap levels and localization.

To validate that AP induces heat stress resistance, we tested the effects of increasing
doses of AP in strain CL2355, referred to as the nAf strain here. The nAp strain expresses A
pan-neuronally upon upshift to 25 °C'?, and thus AP abundance is expected to be influenced by
the time spent at 25 °C. We upshifted the nAp strain to 25 °C for increasing amounts of time and
then exposed it to heat stress (37 °C for 5.5 hrs.) followed by overnight recovery at 20 °C (Fig
3.2A-B) to test heat stress resistance. The nAP strain exhibited increased heat stress resistance
when compared to the WT strain, which increased with time at 25 °C. Notably, the 12 hr.
timepoint showed the greatest difference in resistance between strains, with the nAf strain
exhibiting an average survival rate of 60 % compared to the WT strain’s 33 % average survival
rate. We also noted that upshift to 25 °C produces an increase in heat stress resistance in the WT
strain, which results in insignificant survival rate differences between strains at 24 and 48 hrs.

The trend of 25 °C-induced heat stress resistance in wildtype animals is consistent with prior
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reports?®2°. Despite this effect, our results suggest that AR expression induces an additional
protective effect, since a significant difference in heat stress survival is observed between the two

strains at 12hrs.
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Figure 3.2: AB-induced heat stress resistance is dependent on A expression levels and neuronal
localization. (A) Overview of experimental setup. Temperature upshift to 25 °C was staggered such that
stress exposure occurred at the same time for each condition. (B) Survival rate after 5.5 hr. 37 °C heat
stress exposure and overnight recovery at 20 °C. Time at 25 °C correlates to levels of A in the neurons in
nAQR strain. (C) Survival rate after 5.5 hr. 37 °C heat stress exposure and overnight recovery at 20 °C.
Time at 25 °C correlates to levels of AB in the neurons in nAp strain and in muscles in mA strain. WT is
wild-type N2 Bristol, nAf is CL2355, mAP is CL4176. N=9 replicates per condition. Each dot represents
a replicate of approx. 30 worms. Statistical analysis was performed using two-sample t-test and two-way
ANOVA. * is p-value < 0.05, ** is p-value < 0.01, *** is p-value < 0.005.

Since both the AP+ and the nA strains express AP in neurons, we next tested whether the
increased stress resistance is specific to AP expression in this tissue. We expanded this heat stress

assay to include strain CL4176 (referred to as mAp) (Fig 3.2C). The mAp strain also expresses
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AP upon upshift to 25 °C!!, but in muscles instead of neurons. Rather than showing a dose-
dependent heat stress resistance as we expected, the mA strain maintained a survival rate of
approximately 64 % regardless of the time spent at 25°C (Fig 3.2C). This result indicates that the
resistance in the mAp strain is not a result of AP levels. While the nAp strain contains a
fluorescence marker, the mAp has a rol-6(sul006) marker that deforms the cuticle and results in
a roller phenotype?’, which possibly explains this. In addition, the efficiency of Ap production as
a function of time at 25 °C likely differs in these two tissues. Since the mAp strain’s resistance
did not vary, while the nAP strain’s resistance did vary and reached higher levels than the mAf
strain, we conclude that AP in neurons is a driver of heat stress resistance. It is unclear what
aspect of the mAp strain contributes to increased heat stress resistance, but previous work has
shown that AP is undetectable when uninduced in this strain!!, indicating that AB levels in
muscles likely have little effect on resistance.

3.3.3 Foreign protein expression only partially accounts for increased stress resistance.

As noted in our initial stress assays, wrmScarlet in the AB- strain induces some level of
stress resistance. To test if foreign protein expression drives this effect, we sought to replicate the
effect with another strain expressing GFP pan-neuronally, OH438 (referred to as nGFP) (Fig
3.3A)*!. The nGFP strain exhibited increased heat stress resistance similar to the AB- strain, with
an average survival rate of 53 %. This result strengthens the idea that the hormesis-like effect
stems at least partially from foreign protein expression in the neurons. Yet, the AB+ strain had

significantly higher survival than the AB- strain (Fig 3.1), implying that foreign protein
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expression alone does not completely account for the effect and that Ap induces protective

effects against stress.
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Figure 3.3: Heat stress resistance is partially replicated with other neuronally expressed
proteins and is not eliminated with NAC treatment. A) Survival rate after 4 hr. 37 °C heat
stress exposure and overnight 20 °C recovery in pan-neuronal GFP strain. (B) Survival rate
after 4 hr. 37 °C heat stress exposure and overnight recovery in worms grown on control
and 5 mM NAC plates for 24 hrs. before heat stress exposure. WT is wild-type N2 Bristol,
nGFP is OH438, AP+ is JKM2, AB- is JKM3. N=9 replicates per condition. Each dot
represents a replicate of approx. 30 worms. Statistical analysis was performed using two-
sample t-test and two-way ANOVA. * is p-value < 0.05, ** is p-value < 0.01, *** is p-
value < 0.005.

3.3.4 Antioxidant exposure does not suppress the protective effect of Ap.

Since AP has been shown to induce oxidative stress in C. elegans®?, we hypothesized that
the protective effect induced by AP could be the result of oxidative stress-driven hormesis****. To
determine if AB-induced oxidative stress drives increased stress resistance, we tested if the

antioxidant NAC modulates the protective effect of AB. We exposed worms to 5 mM NAC for 24
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hrs., a dosage that has been shown to reduce oxidative stress in C. elegans®>>°. After NAC
exposure, animals were heat stressed at 37 °C for 4 hrs. and allowed to recover overnight. NAC
had an insignificant effect on the AB+ and AB- strains but increased WT resistance (Fig 3.3B).
NAC has been previously shown to induce some heat stress resistance®>, but it failed to
significantly affect the AP+ strain. This suggests that AB-induced heat stress resistance is
independent of any NAC-induced effects. Additionally, reducing AB-induced hormetic effects
with NAC failed to produce a change, further indicating that Ap modulates stress resistance in an
oxidative stress-independent manner.

3.3.5 AP upregulates several stress response pathways.

To elucidate how A induces stress resistance, we probed the gene expression of several
stress resistance pathways using Nanostring nCounter analysis®’. We targeted a predefined panel
of targets that included several genes in the daf-16, hsf-1, hif-1, and skn-1 pathways. RNA
samples from 3 biological replicates of each of the WT, AR+ and A- strains were pooled for
unstressed, heat stressed (2.5 hrs. at 37 °C), and hypoxic (<0.1% Oz for 24 hrs.) conditions (Fig
3.4A-C). This analysis revealed several stress resistance genes that were upregulated in the Ap+
strain in both unstressed and stressed conditions, including several heat-shock proteins (HSPs).
HSPs are associated with protein misfolding and molecular chaperones involved in stress
response, specifically heat stress, hypoxia, and oxidative stress'®*. During stress, they are
typically upregulated in the neurons and intestine as a part of the stress response®®. Ap+ worms
exhibited elevated levels of four HSPs under all conditions: hsp-16.1, hsp-16.2, hsp-16.49, and
hsp-70 (Fig 3.4A-C). This may indicate why AP induces more stress resistance than wrmScarlet,
as the AB- strain only showed increased expression of these genes under hypoxia (Fig 3.4C). The

HSPs are co-regulated by the daf-16, hsf-1, hif-1, and skn-1 transcription factors'®#*-42 making it
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unclear which pathway or pathways AP is inducing. Surprisingly, AP expression doesn’t
upregulate any of the tested hypoxia or autophagy genes when compared to the controls, even
under stressed conditions, suggesting the increased resistance is mediated mainly by the HSPs.

Some of the main oxidative stress response genes, sod-3 and gst-4+44

, are slightly upregulated
despite the AP+ strain exhibiting lowered oxidative stress resistance, which is possibly due to
AB-induced oxidative stress. Interestingly, the #t7-33 gene, another oxidative stress response gene
responsible for paraquat and hydrogen peroxide resistance®, is highly upregulated in unstressed
worms, but this doesn’t translate to increased paraquat resistance when exposed (Fig 3.1B).
Overall, this gene analysis suggests that AP induces stress resistance through upregulation of
HSPs.

3.3.6 AB-induced stress resistance requires neuropeptide signaling.

Stress resistance in C. elegans is a cell nonautonomous response mediated by
communication between several tissues, most commonly the intestine and neurons>**¢*¥ Stress
will upregulate transcription factors like 4if-1 in neurons which can activate serotonin signaling
and other pathways in a cell nonautonomous manner!®*°4¢4 Neuroendocrine communication to
the intestine through neuropeptide signaling can drive stress resistance through the upregulation
of transcription factors in the intestine like daf-16, skn-1, and hsf-1 %344 The intestine can
also act as a sensor for stress, such as detecting dietary restriction through food intake and daf-16
activation, oxidative stress through skn-/ activation, and heat stress through Asf-/
activation'®3%46#® It can then communicate these stresses back to the neurons to trigger an
organism-level stress response!®*%46-48 Therefore, we next focused on whether neuronal A

could activate stress resistance pathways in the intestine through neuroendocrine communication.

It has been previously shown that A can spread from neurons to other tissues in aged C.
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elegans'®. In our experiments, we evaluated young worms, before the age where AP dispersal has
been identified!?, thus ensuring AP is restricted to neurons. To understand how neuronal AB
influences organism-level stress resistance, we assessed whether disrupting neuropeptide
signaling between the neurons and other tissues had an effect on stress resistance. To knockdown
neuropeptide signaling, we used RNAi by feeding®, targeting two key neuropeptide signaling
genes, unc-31 and egl-3. Unc-31 regulates neuropeptide release from dense core vesicles?> and
egl-3 is necessary for neuropeptide maturation®; knocking out either would severely limit
neuropeptide signaling. To ensure silencing was effective in neurons, we used an RNAI1 sensitive
strain, NL2099 (rr/-3(-))*, as our control. This strain was crossed with our A+ strain to
generate ASM35 (AB+;rrf-3(-)). Upon knockdown of either gene (Fig 3.4D), AB-induced stress
resistance in AB+;rrf-3(-) worms dropped to similar levels as r7f-3(-). This result suggests that
AP in neurons upregulates stress resistance pathways in other tissues through neuropeptide
signaling, thus driving increased organismal resistance to stress. It is unclear if A is directly
initiating neuropeptide signaling, or if AP is inducing another stress that may be responsible for

the activation of the stress response at the organismal level.

48



Figure 3.4: Nanostring analysis indicates several resistance genes upregulated in both
stressed and unstressed worms and RNA1 suppression suggests resistance is communicated
through neuropeptide signaling. (A-C) Nanostring analysis on unstressed (A), heat stressed
(B), and hypoxic stressed (C) worms. Genes are grouped by type and box color indicates
expression changes. 3 biological replicates were pooled per sample. (D) Survival rate after
4 hr. 37 °C heat stress exposure in RNA1 suppressed worms. RNAi control was HT115
with empty vector. WT is wild-type N2 Bristol, AR+ is JKM2, AB- is JKM3, rrf-3(-) is
RNAi-sensitive strain NL2099, AB+rrf-3(-) is ASM35, a cross between JKM2 and
NL2099. N=9 replicates per condition. Each dot represents a replicate of approx. 30
worms. Statistical analysis was performed using two-sample t-test and two-way ANOVA. *
is p-value < 0.05, ** is p-value < 0.01, *** is p-value < 0.005.
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3.3.7 Conclusions

In summary, this study found that AB induces resistance to heat and hypoxic stress but not
oxidative stress by activating key stress response genes. Several members of the HSP family of
genes were induced in the AB-expressing strain under both unstressed and stressed conditions. The
location and levels of AP have significant effects on the levels of stress resistance induced, with
muscular AP expression levels having no correlation with resistance. The stress resistance may be
partially explained by neuronal expression of foreign protein, but A is able to provide higher
stress resistance than either of the two other proteins tested. It is unclear if protein aggregation
plays a role in this protective effect, as both AB and wrmScarlet-tagged AP aggregate!®, but
aggregation levels were not assessed in this work. Gene expression analysis indicates that A
activates some combination of the daf-16, hsf-1, hif-1, and skn-I pathways to induce stress
resistance, but further work is needed to determine if all four pathways participate in this effect.
The HSP family of genes falls under numerous transcriptional regulators, and expanding the
breadth of genes covered by this kind of screen may provide more insight into which pathways are
activated. RNAi1 knockdown of unc-31 and egl-3 shows that to induce stress resistance, AP
activates neuropeptide signaling to communicate with other tissues. More work is needed to
examine exactly how A activates neuropeptide signaling, whether that be directly or indirectly
by inducing cellular stress. This study highlights the need to more fully characterize the effect of
AP on C. elegans, and to consider its complex organismal effects when using it as a model for AD.
If the increased stress resistance is not consistent across species, there may be more limitations of
C. elegans as a model for AD and more factors to consider before its use as such. Knowing these
limitations and interactions will make interpretations of results more meaningful. The results of

this work also imply that A may have beneficial effects for the host, outside of AD. The role of
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AP in healthy humans is still quite unclear, but several theories regarding its function include
pathogen defense, injury recovery, and regulation synaptic function®. Inducing stress resistance
pathways and acting as an early signal for stress may be another role it plays in human biology. It
will be crucial to further characterize the role of AP in C. elegans and other model organisms to
better understand the mechanisms by which AP induces physiological changes in AD and other

human diseases.
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3.4 Materials and methods
3.4.1 Strains

Table 3.1. C. elegans strains used in this work

Strain Genotype Source
N2 Wild type From CGC
JKM2 Is [rgef-1p::Signalpeptide-Abeta(1—42)::hsp-3(IRES)::wrmScarlet- Kirstein Lab

Abeta(1—42)::unc-54(3'UTR) + rps-0p::HygroR]

JKM3 Is [rgef-Ip::wrmScarlet::unc-54(3'UTR) + rps-Op::HygroR]

CL2355 dvIs50 [pCLA45 (snb-1::Abeta 1-42::3' UTR(long) + mtl-2::GFP] 1

CL4176 dvIs27 [myo-3p::A-Beta (1-42)::let-851 3'UTR) + rol-6(sul1006)]
X

OH438 otls117 [unc-33p::GFP + unc-4(+)]

NL2099 rrf-3(pk1426) 11

ASM35 JKM2xNL2099 Cross

(Gallrein et al.,
2021)
Kirstein Lab
(Gallrein et al.,
2021)

From CGC

From CGC

From CGC
From CGC

This work

3.4.2 C. elegans growth and maintenance

Nematodes were grown and maintained at 20 °C on nematode growth medium (NGM)

seeded with E. coli OP50 as a food source, unless otherwise specified, according to standard

protocols!. Age-synchronization for experiments was performed by washing plates with ImL of

a solution of M9 media supplemented with 0.01% v/v TX-100 (M9TX). Worms were allowed to

settle, and supernatant was removed and replaced with 1mL of 1:2:1 mixture of bleach, 1M
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NaOH, and water. Once eggs were released, they were washed 3 times with ImL M9TX, and
transferred to fresh plates.
3.4.3 C. elegans crossing

The JKM2 strain naturally produces a higher proportion of males than N2, so no extra
procedures were needed to obtain males for the cross. To cross, young-adult NL2099
hermaphrodites were isolated onto a plate with JKM2 males in a 1:10 ratio, hermaphrodites to
males. After several days, offspring were isolated and checked from homozygous passing of
transgenes. The JKM2 transgene was checked using fluorescence microscopy. Once the JKM2
transgene was confirmed for 100 % transmittance, individuals were picked to fresh plates and
allowed to grow. When sufficient offspring were on each plate (minimum 100 worms) genomic
DNA was collected using standard methods and PCR was performed using primers flanking the
rrf-3(pkl1426) deletion site obtained from the Wormbase online resource. DNA showing the
deletion was then processed through Sanger sequencing to confirm the rrf-3(pkl426) mutation.
3.4.4 Oxidative stress assay

Animals were age-synchronized by bleaching and cultured to the L4 stage at 20 °C. After
another 24 hrs. of growth, approximately 30 worms were picked to a fresh plate containing
50mM paraquat (added during plate production after media was cooled to 50 °C) per cohort.
These plates were transferred to a 20 °C incubator for 24 hrs. and then scored for survival by
prodding with a platinum wire worm pick to check for movement. Animals that didn’t respond

were marked as dead.
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3.4.5 Heat stress assay

Animals were age-synchronized by bleaching and cultured to the L4 stage at 20 °C. After
another 24 hrs. of growth, approximately 30 worms were picked to a fresh plate per cohort at
room temperature (20 °C). These were transferred to an incubator set at 37 °C for the specified
time (4 hrs. or 5.5 hrs.), before being returned to the 20 °C growth incubator for overnight
recovery. For the 25 °C upshift experiments, these plates were instead first transferred to a 25 °C
incubator for the specified time before the 37 °C stress. Animals were scored for survival by
prodding with a platinum wire worm pick to check for movement. Animals that didn’t respond
were marked as dead.
3.4.6 Hypoxia assay

Animals were age-synchronized by bleaching and cultured to the L4 stage at 20 °C. After
another 24 hrs. of growth, approximately 30 worms were picked to a fresh plate per cohort.
These plates were put in a GasPak chamber with 3 satchels to lower the oxygen concentration to
below 0.1 %. After 48 hrs. the chamber was opened, and the worms were allowed to recover
overnight before scoring. Animals were scored for survival by prodding with a platinum wire
worm pick to check for movement. Animals that didn’t respond were marked as dead.
3.4.7 RNA extraction and gene expression profiling

Animals were age-synchronized by bleaching and cultured to the L4 stage at 20 °C. After
another 24 hrs. of growth, worms were split into three treatment groups: unstressed, heat
stressed, or hypoxia stressed. Unstressed worms were allowed to grow for another 24 hrs. before
RNA was extracted. Heat stressed worms were stressed the next day at 37 °C for 2.5 hrs.
Hypoxia stressed worms were stressed for 24 hrs. as described above. Following treatment, RNA

was extracted according to the Direct-zol RNA Miniprep extraction kit (Cat# R2051). During the
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Tri Reagent step, a motorized pestle was used for 1 min to help break the worm cuticle. RNA
samples were then provided to the UNC Respiratory TRACTS Core, who performed the
Nanostring nCounter analysis. For each combination of strain and condition, three biological
replicates were pooled together.
3.4.8 RNAI plate preparation and suppression assay

Bacteria and plates were prepared according to a modified protocol from Timmons et
al.¥. In summary, bacteria was cultured from the Ahringer RNAi Library®? in fresh LB media
supplemented with 50 pg/mL ampicillin and 12.5 pg/mL tetracycline. After overnight growth
(16-18 hrs.), the culture was centrifuged and resuspended in fresh LB media supplemented with
50 pg/mL ampicillin and 1mM Isopropyl-B-d-thiogalactopyranoside (IPTG) to ODgpo=0.5. After
another 4 hrs. of growth, bacteria was seeded onto NGM plates supplemented with 50 pg/mL
ampicillin and ImM IPTG. Animals were age-synchronized by bleaching and cultured to the L4
stage at 20 °C on plates containing the relevant RNA1 E. coli strain (control, unc-31, egl-3). After
another 24hrs of growth, approximately 30 worms were picked to a fresh plate per cohort
containing their respective RNAI E. coli strain. The heat stress assay was then performed as
described above.
3.4.9 Statistical analysis

Statistical analysis (ANOVA and t-test) was performed using MATLAB. P-values were

considered significant when: p<0.05(*), p<0.01(**), and p<0.001(***).
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CHAPTER 4: Mimicking traumatic brain injury in C. elegans using custom made devices

4.1 Abstract

Traumatic brain injury (TBI) is one of the best external predictors of developing
Alzheimer’s Disease (AD) later in life, but there has yet to be a consistent method for mimicking
this in C. elegans. In this chapter, we describe the iterative design process for making a device
capable of consistent, mechanical trauma of C. elegans. We initially began with a microfluidic
device as it would allow for the most precise handling of C. elegans and allow for imaging
immediately before and after trauma. Unfortunately, microfluidic devices were unable to produce
sufficient force to induce injury due to pressure limitations; to address this, we developed an
alternative 3D-printed guillotine design, named Nematine. The Nematine design uses gravity-
controlled force by dropping a coverslip onto immobilized worms on an agarose pad from
different heights. The starting height, and thus force, of the coverslip can be precisely controlled
using different parameters such as device height and coverslip position. We show that this device
can induce severe neuron damage, including complete severing of dendrites in the head.
However, 3D printing resulted in rough surfaces that interfered with coverslip movement. Due to
the rough surfaces and printer accessibility concerns, we redesigned using more readily available
LEGO bricks. The LEGO design provides a high level of precision and smoothness, while
maintaining customizability. The LEGO Nematine design can sufficiently injure neurons as well,
producing common signs of neuron damage in a pair of head neurons in C. elegans.
4.2 Introduction

The exact cause of AD is unknown but there are many predictors of developing the
disease'". One of the best environmental predictors for developing AD and related dementias is

TBI*%. There are many theories on how a TBI may contribute to AD. After a TBI, amyloid B
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(AP) levels have been shown to increase and aggregate but drop back down during recovery’*. It
is possible that remnants of these AP aggregates could act as seeds for future AP aggregates
during AD pathology>". TBI has been shown to disrupt the blood-brain barrier, which could
allow for pathogens, immune cells, and other pollutants to penetrate into the brain, causing
damage responsible for AD development. The microtubule-associated protein tau’s (tau)
structure and stability is affected by TBI as well, possibly leading to its aggregation as seen in

AD*®. The risks of AD from TBI have been well established in humans, from sources like sports

injuries, car crashes, and other direct impact sources>®.

Current models in C. elegans connecting TBI and AD have largely been limited to
exposure AP and tau extracted from mouse models of TBI!!. While this method can induce AD-
like effects in the animals, it doesn’t directly damage neurons through impact, possibly missing
characteristics of TBI that could further contribute to AD. To more accurately reflect how the two
may interact, it is necessary to induce both in the organism, rather than relying on mice as the
host and C. elegans as a biosensor’!!. Another more recent model was able to induce minor
neuronal damage using surface wave acoustic irradiation'?. With this model, Miansari et al. were
able to induce immediate damage that caused short-term paralysis and learning issues using a
microfluidic device. Animals showed impaired chemotaxis, reduced mobility, and reduced
learning capacity after exposure'?. Despite the similarities to human-TBI, these effects were still
temporary when compared to the long-lasting effects seen in humans. This discrepancy was
likely due to the difference in intensity between typical TBI exposures and the exposure used in
their assay. Furthermore, their method is not directed at a specific part of the worm, as it is

currently limited to whole-body trauma. Additionally, it is unclear if acoustic wave exposure is

sufficient to induce neuronal morphological changes associated with neuron damage, such as
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beading/blebbing, dendrite disorganization and loss, or complete neuron loss'. The lack of a
design capable of mimicking targeted TBI in C. elegans highlights the need for a device that can
consistently and accurately inflict trauma, producing an observable neuronal injury phenotype.
4.3 Results and discussion
4.3.1 Manual trauma results in inconsistent injury and difficult to control force

We first sought to confirm that sub-lethal mechanical trauma would be sufficient to
induce neuronal injury. To accomplish this, mobile worms were injured with different regimes of
manual trauma consisting of manual hits with a platinum wire worm pick. Worms were injured
with 1, 5, or 10 hits and then imaged immediately after. While some injury was observed in the
worms, force and location of trauma was difficult to manually control, producing inconsistent
injury patterns. Worms could have been immobilized to improve consistency of trauma location,
but force severity was still a concern. The manual trauma method was abandoned for this reason
and for concerns of inconsistency between researchers during administration of the assay.
4.3.2 Microfluidic trauma device fails to produce sufficient injury

To address concerns with inconsistency, we next opted to use a custom designed PDMS
microfluidic device (Fig. 4.1A). The initial device, device Y (DY), was previously designed by
Rita Tejada (unpublished) and consists of a loading chamber (LC), injury channel (IC), flush
channel (FC), and two outlet channels (OC1 and OC2) that could be selectively closed to sort the
animals. Flow in each channel is regulated using pressure valves controlled by a Matlab software
designed by Andrew Clark (unpublished). Additionally, within the IC, there are two injury
feature valves (IFV) that are actuated to hit an animal once it is in position and a hold valve (HV)
to hold animals in position. The IFVs have small protrusions into the IC to assist with their

ability to inflict trauma. Animals entered the device through the LC and flow was maintained
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Figure 4.1: Microfluidic device designs for mechanical injury to mimic TBI. Flow channels are cyan,
valves are yellow, injury features are maroon, and example worms are gray. A) Device Y design and
layout. Worms enter the device through the loading chamber (LC) and into the injury channel (IC). There
they are held in place by the hold valve (HV) and the injury feature valves (IFV) are actuated to injure the
worm. This design requires that worms enter the IC tail-first. After injury, the worm is flushed into either
outlet channel (OC1 and OC2). The flush channel (FC) is used to move worms through the device. B)
Device V design and layout. This device contains a single outlet channel (OC) and pseudo flush channel
(pFC). The IFVs are split to allow separate control, eliminating the need for tail-first worms. The HV was
lengthened to improve its ability to hold the worm in place. The IC is separated from the pFC by a
channel restriction instead of a valve, and this restriction is either square-cut or tapered. C) Device V2
design and layout, similar to Device V with a few changes. Valves on the LC and OC were lengthened to
improve flow control. The channel restriction in the IC was replaced with a series of smaller flush
channels, to prevent worms from escaping into the pFC and reduce clogging during operation. Shown is
the final 10 pm design.
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until a single animal was in the IC. If multiple animals entered the IC, the FC was opened to
flush them back to the LC. Animals were required to enter tail-first, as the injury features were
oriented that way. Once a single animal entered tail-first into the IC, the LC was sealed off, and
the FC was used to put the animal in position for trauma. Animals were imaged, injured with the
desired regime of 1, 5, or 20 hits, imaged again, and then the FC was used to send them to OC1
for collection. Once collected, animals could be monitored for recovery on a plate or in liquid.
OC2 was used for clogs, animals which were too young or oriented incorrectly, and other
undesirable materials. The trauma regime was controlled for number of hits, duration of hits,
time in between hits, and pressure in the [FV. This device had a few key problems that we
observed during operation. Firstly, the IC valve used to prevent animals from moving to OC1
and OC2 let animals through, regardless of what pressure was used to close it. Microfluidic
valves close by deforming the PDMS and bulging the walls of the channel, but this does not
create a perfect seal in the channel'*. Similar issues also occurred with the LC, OC1, and OC2,
valves. While an incomplete seal was expected, pressures necessary for maneuvering worms
within the device were too high for the current valve design to contend with. Secondly, although
there were two IFVs to allow for animals of different lengths to be injured, they could not be
separately actuated in this design. Due to their connection, longer animals receive twice as many
hits as shorter animals. Lastly, the IC was too wide, allowing the IFVs to push the animals out of
the way rather than injuring them. While these problems could be resolved in this design by
small changes in the device, such as increasing valve length and decreasing channel sizes,
assembling and operating the device proved to be quite difficult, requiring a larger redesign.

The objective of our next design was not only to solve the problems mentioned above,

but to also significantly simplify the design to improve device assembly and operation. To
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achieve this, we designed device V (DV) (Fig. 4.1B). Whereas DY had two outlets and five flow
valves, DV has a single outlet (OC) and two flow valves. Additionally, we lengthened the two
valves by approximately 50% to improve their ability to block flow. Like DY, animals enter the
device through the LC and flow into the IC. The IC width was decreased from 80 um to 50 um,
which is the approximate width of the animals used in this work. We split the IFVs so that they
could be actuated separately and spaced them such that we could injure animals whether they
entered head- or tail-first. This change reduced the loss of ~50% of worms loaded into the device
with DY down to < 5%. There are two versions of this change which vary the spacing of the
IFVs, to allow for injuring of different sections of the animal. The HV was lengthened to
improve its ability as well. Rather than an FC controlled by a valve, we constricted the IC after
the IFVs to prevent animals from flowing through. This created a pseudo-FC (pFC), with which
we could pull or push fluid through to position the animal in the IC. The pFC had two different
constriction point designs, square-cut or tapered, to improve positioning of animals during
trauma. After imaging and the trauma regime, animals would be flushed out of the device
through the OC using flow from the pFC and collected for further observation. DV attempted to
address challenges with DY, and succeeded in decreasing device complexity, improving IFV
location and function, and almost eliminating animal loss due to positioning and orientation.
Unfortunately, the constriction of the IC was not sufficient to prevent animals from escaping into
the pFC at high flow rates. The constriction also increased clogging since it could not be actuated
to allow detritus to flow through. Additionally, although the valves were lengthened, a 50%
increase was not sufficient to prevent animal flow through. Although DV had several issues,

there were significant improvements when compared to DY.
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To address the issues with DV, it was minorly redesigned to generate device V2 (DV?2)
(Fig. 4.1C). DV2 had two major changes: significantly increased valve length and a complete
redesign of the IC constriction; DV2 operated in much the same way as DV otherwise. The valve
length was increased from 150% to ~450%, which eliminated problems with animal flow
through. The constriction point was redesigned to have multiple smaller channels connecting to
the IC. We generated multiple versions of this redesign, varying the small channel width from 8
to 12 um. The 12 um width was too large for high flow rates, but 10 pm or less was sufficient for
preventing animal flow through. We chose to continue with the 10 um design, as decreasing the
channel width further provided no benefit and required higher pressures to achieve the same flow
rates. Five channels were added to improve the design against clogging, as up to 3 channels can
clog before the device sees significant drops in functionality. This resulted in the final device
DV2-10 (Fig 4.10).

To ascertain the device’s ability to mimic TBI, we used the strain BY200, which
expresses GFP in six dopaminergic head neurons'>. Animals were injured in regimes of up 20
hits, with 0.5 sec. duration and spacing between hits. All of the tested trauma regimes failed to
produce injury levels detectable above baseline levels, both immediately after trauma and within
24 hrs. of recovery. This failure was likely due to the level of force that the IFVs can apply
without bursting. Additionally, as the PDMS used is semi-flexible to allow for control of valves
by pressure and the worms lack a hard exterior, we suspect that the worm was moved and
deformed by the IFVs rather than taking the direct force of the hit. The pressure limitation and
lack of direct hit highlighted a major issue with PDMS microfluidic devices for this application.

Their flexibility severely hindered their ability to produce a solid hit for trauma to induce injury.
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4.3.3 3D-Printed and LEGO injury devices induce severe neuronal damage in
dopaminergic head neurons

To eliminate the need for microfluidics since they were unable to produce the necessary
blunt force for injury, we opted for a 3D-printed design using a filament printer. For the initial
design, we aimed to meet three criteria: control, simplicity, and reproducibility. To meet these
goals, we designed the wDrop (Fig. 4.2A). This device inflicts trauma by holding a coverslip in
place to drop on immobilized worms on an agar pad below. The wDrop consists of a base brick
and multiple stackable bricks, with each brick having slots in each corner to hold the brick above
it in place. Immobilized worms are aligned on an agarose pad, imprinted with a music record or
similar object which creates lanes, which is loaded into the injury slot on the bottom of the base
brick. The worms are positioned such that they are straight, and their heads are injured near the
anterior pharyngeal bulb. Depending on the severity of injury desired, trauma could be inflicted
with either the base alone, or the base and additional stacked bricks to add height. A coverslip,
chosen for its light weight and small thickness, is dropped through the drop slot on top of the
device. This follows the channel to the bottom of the device where the coverslip strikes the
worms loaded into the injury slot, resulting in a blunt force trauma. The wDrop design meets the
first criteria, control, as the force of the impact onto the animal’s head is directly controlled

through gravity. Force is altered by changing the number of stackable bricks used, the weight of
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Figure 4.2: 3D printed and LEGO Nematine designs and injury. A) wDrop design overview. (Left) Agar
pad that was imprinted onto a music record to generate lanes for aligning worms during injury. Each lane
is wide enough for 1-2 worms to be aligned in. Worms were paralyzed with 2 mM tetramisole to assist in
positioning. (Middle) wDrop base brick, with a slot on top for dropping the coverslip into for injury.
Underneath is a slot to position the coverslip containing the agar pad and worms during injury. (Right)
Stackable wDrop brick, used to increase height and thus severity of the injury. B) Guillotine-based 3D-
printed Nematine design. The blade and tracks are indicated with arrows. C) Preliminary images collected
from BY200 worms with the 3D-printed Nematine. Uninjured worms show little to no defects in the
dendrites. Injured worms show significant blebbing (cyan arrows) or complete severing (yellow arrows)
of the dendrites. Neuronal cell bodies are indicated with green stars. D) LEGO Nematine design. The
blade and tracks are indicated with arrows. E) Preliminary image collected from BY200 worms with the
LEGO Nematine. Injured worms show similar blebbing (cyan arrows) injury patterns as worms injured
with the 3D-printed Nematine. Neuronal cell bodies are indicated with green stars.
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the coverslip dropped, and the height of each brick. To accelerate testing of multiple drop heights
we printed stackable bricks of multiple heights beforehand. The design also meets the second
criteria, simplicity, as operating the device requires only lining up the worms on an agarose pad
and dropping the injury coverslip. Additionally, the force of impact of the coverslip is easily
calculated using the drop height and coverslip weight. Unfortunately, achieving reproducibility
presented several problems. When the injury coverslip is dropped, it gets caught and slowed
down by the channel designed to guide it down to the worms. The 3D printing method utilized in
production of the device results in rough surfaces, providing many defects in the channel for the
coverslip to catch on. The roughness of the material is a product of using a filament 3D printer,
as this prints the device in layers, resulting in significant ridges on the surface. While resin 3D
printing could prevent this, resin 3D printers are less accessible and have higher material and
operating costs, which discouraged their use. The device surfaces could have been improved
through sanding the channel to smooth the drop and using a lubricant, but the channel was too
narrow for sanding and using a lubricant introduces a possible contaminant onto the worms when
they’re hit by the coverslip. Additionally, after the injury coverslip is dropped, the device didn’t
have a way to lift the coverslip up off the worms. This requires manually lifting the coverslip,
which introduces further trauma than intended, often decapitating the worms in the process.

To address the problems with wDrop, we redesigned the entire device, instead modeling
it after a guillotine. The new device, the Nematine, retains several of the properties of the wDrop,
such as a slot for the worm coverslip and gravity-controlled force, but significantly alters how
the injury coverslip is dropped (Fig 4.2B). The coverslip is instead glued into a 3D-printed
holder, and this acts as the “blade” of the Nematine. The blade is guided by two tracks on each

side, which ensure it falls in the place each time. These are also larger than the channel in the
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wDrop, allowing for smoothing to improve drop accuracy. The blade is not contained within the
device either, allowing for it to be easily lifted off the worms after trauma. To test the device’s
ability to mimic TBI, we used the BY200 strain mentioned above and ascertained neuronal
damage after a single hit. Animals were loaded onto a coverslip and injured by a single hit at
max device height, and then fluorescently imaged to examine neuronal injury. Animals injured
with a single hit showed significant neuron damage, including beading/blebbing and complete
severing of dendrites in the CEP head neurons (Fig. 4.2C). This indicates that the Nematine can
adequately mimic several aspects of TBI and neuronal damage. However, despite the Nematine’s
success in this aspect, the design still had a significant problem with reproducibility. Although
we were able to smooth the blade tracks with sandpaper, the surface was still not smooth enough
to prevent the blade from catching or slowing as it falls. When the blade catches on the tracks, it
hits the agarose pad and worms at an angle, producing an uneven hit pattern; this resulted in
approximately 50% of blade drops being discarded, as it was unclear which worms were injured
correctly and which weren’t. The low success rate of Nematine trauma and limited access to
resin printers indicated that 3D printing was not ideal to meet our goals of accessibility and
reproducibility.

Luckily, there is another readily available material that has been previously used in DIY
lab devices: LEGOs!>!6. LEGO devices offer significant advantages over 3D printed devices:
bricks are injection-molded, creating a smooth finish, inexpensive and widely available, and
allow for easy device modification. Utilizing LEGO bricks, we retained the original Nematine
design, making only minor changes to accommodate for the bricks size and shape (Fig 4.2D).
The blade has two variations, one using a coverslip to hit the animals and another using a LEGO

brick directly. The smoothness of the LEGO bricks eliminated problems with the blade catching
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and slowing down. The drop height is easily modifiable by changing the number of bricks used.
The blade is slightly heavier with the LEGO design, but this can be adjusted for by using shorter
device heights and cutting off excess weight of the blade. Additionally, multiple blades allow for
multiple hit “types” based on whether the hit was with a coverslip or LEGO brick. The LEGO
Nematine produces similar injury patterns as the 3D-printed Nematine, indicating that despite the
material change, the device retains similar functions (Fig 4.2E). Preliminary testing with this
device showed increased beading in injured worms. This project and further testing are currently

under development by Kin Gomez and Noah Torreyson.
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4.4 Material and methods
4.4.1 Strains, media, and culture

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates seeded
with OP50 E. coli bacteria and kept at 20 °C unless otherwise stated'’. Age-synchronization for
experiments was performed by washing plates with a 1 mL of a solution of M9 media
supplemented with 0.01% v/v TX-100 (M9TX). Worms were allowed to settle, and supernatant
was removed and replaced with 1 mL of 1:2:1 mixture of bleach, 1M NaOH, and water. Once
eggs were released, they were washed 3 times with 1 mL M9TX, and transferred to fresh plates.
The BY200 strain was used for all experiments in this work'®.
4.4.2 Microfluidic device design, assembly, and use

The microfluidic devices used in this study were designed and fabricated through
standard photo and soft-lithography techniques with the help of Andrew Clark!®. The designs
were created using AutoCAD to modify a previous design of another student in the lab, Rita
Tejada Vaprio (Unpublished design). The device was operated using a pressure box and
MATLAB code designed by Andrew Clark (Unpublished work). In short, age-synchronized
worms were loaded into the injury chamber, imaged, hit with the desired injury regime, imaged
again, and then flushed from the device into a collection chamber. Animals were immobilized in
the injury channel using 5 mM tetramisole in M9 media and the hold valve. Image Z-stacks were
collected using a 40x objective and GFP excitation/emission filter with a 0.5 pm step size. If
further monitoring was required, worms were transferred to a fresh plate and stored at 20 °C.
4.4.3 3D-printed device design and use

The 3D-printed devices were designed using the online Tinkercad software. Designs were

collaboratively designed by James Lichty, Daisy Aguilar, Kin Gomez, and Noah Torreyson.
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These were then printed by the NCSU library’s 3D-printing services. To injure worms with a
device, age-synchronized worms were loaded onto an agar pad imprinted from vinyl record. This
gave the agar pad channels which were used to line up the worms. The worms were immobilized
with a 10 mM tetramisole solution. The agar pad was lined up with the injury feature of the
device and the feature was dropped to hit the worms for the desired injury regime. The worms
were then imaged using fluorescent microscopy using the settings described above.
4.4.4 LEGO device design and use

The LEGO device was designed to mimic the 3D-printed design. Designs were
collaboratively designed by James Lichty, Daisy Aguilar, Kin Gomez, and Noah Torreyson.

Device designs were tested in the same way as the 3D-printed designs as described above.
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CHAPTER 5: Gutbow: Labeling C. elegans for pooled screens

5.1 Abstract

A major advantage of using C. elegans as a model for Alzheimer’s and other diseases is
the ease with which large populations can be generated to facilitate drug screens. These screens
require a large number of separate populations so that a wide array of drugs and genes can be
tested at once. However, a difficulty with these screens is the high material and time costs, due to
managing so many populations during drug exposure, effectiveness assaying, and data collection.
C. elegans are visually indistinguishable from each other, requiring that each treatment group of
animals be kept separate to track the effects of a treatment. Drug effectiveness assays involving
chemical exposure, animal fitness, or similar complex experiments would need to be replicated
for each treatment group, multiplying the resources and time necessary. Although possible,
throughput on assaying each group individually would be severely limited by the length of the
assay and difficulty of data collection. Labeling animals is a possible method to address this
problem, as labeled groups can pooled together for a single assay but has several caveats that
prevent its widespread use. While there are phenotypical markers, such as roller and dumpy
phenotypes, that allow for visually identifying different worms, these markers are not always
visually distinct, and can affect the animal’s response to a drug or assay. Other markers, such as
fluorescent markers, run into similar issues, as well as interfering with any fluorescent output an
experiment examines. Throughput of drug screens is often improved with microfluidic devices,
as these can automate handling of animals during assaying and data collection. The devices fail
to address the core problem though, as animals still need to be kept physically separate during
assaying and data collection. The scope of these screens, despite microfluidic devices, are limited

by a combination of the material costs, time costs, and variety of markers available. In this
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chapter, we describe a method for labeling worms with an inducible fluorescent marker from an
E. coli food source library, Gutbow. This library does not directly modify the worm’s genetics,
instead relying on colonization of the worm gut with a fluorescent bacterial strain. Worms are fed
a unique fluorescent E. coli strain from the library, colonizing their gut with a bacterial label
associated with a drug treatment. These animals are then pooled together for a single
effectiveness assay, such as environmental stress, chemical exposure, or fitness assay. During
data collection, the fluorescent protein in the E. coli is induced to reactivate the label, allowing
for the connection of results to initial drug treatment. The label is inducible to prevent
interference with fluorescent signals during data collection and allow for blinding during the
assay. We show that fluorescent bacteria can be visually detected in worms for up to 3 days after
the initial feeding, allowing this method to be applied to a wide range of assay types. We
designed the E. coli library using a randomized construct containing a combination of fluorescent
markers, with a theoretical maximum of 1024 variations. The library significantly improves the
number of labels available for use in C. elegans and can be implemented alongside most
microfluidic devices used in drug screens. The combination of our technique and current
microfluidic designs would both improve throughput through automation and reduce the
associated costs by requiring only a single effectiveness assay. Additionally, as Gutbow does not
require genetically modifying the worms, other researchers can easily adapt it for use in already
established drug screening pipelines by simply altering the food source during drug exposure.
5.2 Introduction

Large scale drug screening assays utilizing C. elegans suffer from a major limitation in
that they require sacrificing resolution to limit material and time costs of managing large

numbers of populations'. In a typical drug screening assay, a large starting population of C.

85



elegans is split into treatment groups. These treatment groups are then each exposed to a
different drug of interest from a library. A goal with drug screens is typically to cover as many
drugs at once as possible, to limit the number of rounds necessary to screen the entire library.
This goal poses a problem though, as each of these different treatment groups need to undergo
the same assay, to ascertain each drug’s effectiveness. To prevent multiple rounds of screening,
many replicates of the same assay need to be run simultaneously, requiring a high amount of
labor to manage each of the assays. Each assay needs to be kept separate as well, as the worms,
and thus treatment groups, are indistinguishable from each other, multiplying the material costs
by the number of drugs being tested*. The labor required at one time could be reduced by
running multiple rounds of assays, but depending on the treatment method and testing assay, this
could significantly increase the time required. That solution would also not reduce the total
amount of labor required, just spread it out over time. To address problems with the size and
scope of drug screens, a solution would need to reduce the costs of handling many groups of
animals, reduce the number of assays necessary for the screen, or increase the throughput of
assaying and data collection.

There are multiple avenues to address concerns over a drug screen’s size and scope. One
such method is to reduce labor costs by automating parts of the process; microfluidic devices are
a common way to do this’>”. These devices designed for use in drug screens typically work by
separately exposing animals to drugs and then automating the assay and data collection steps
inside the device®”. Several of these devices boast a throughput orders of magnitude higher than
what one could achieve manually, but still exhibit many limitations that prevent their widespread
use>’®. One such limitation is the lack of accessibility to materials and personnel required for

these microfluidic devices. Mondal et al. developed a microfluidic chip device capable of
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automating fluorescence imaging of a protein aggregation model; the device allowed imaging of
almost 14,000 animals per hour, a rate not achievable through manual imaging®. However, that
rate requires accurately printing, assembling, and running microfluidic chips containing 96
separate devices, each containing multiple imaging channels, and specialized software to
automatically collect and analyze images®. Drug screening devices such as this can be quite
complex both in operation and assembly, and labs not experienced in microfluidics will not be
able to utilize them effectively. Additionally, designs like the Mondal et al. device are typically
specialized for one purpose, in this case, fluorescent imaging of poly-glutamine®. While not
impossible, altering a device such as this requires a high level of understanding in both
microfluidics and image analysis; specialization can increase the throughput of a device but
restrict its adaptation for other purposes. Decreasing the complexity of a device can combat these
restrictions to improve both adaptability and ease of use, but will limit throughput, as in the
Chung et al. and Caceres et al. designs®’. Both of these devices contain a single imaging channel,
dramatically decreasing complexity, but increasing data collection time and requiring a separate
device for each treatment group®’. Regardless of device used, none of the above designs reduce
assay costs, as each treatment group undergoes the effectiveness assay individually. Also, by
keeping groups physically separate, the above designs also introduce variability into the
experiments, as each treatment group may experience different conditions within the devices.
While microfluidics work to improve many experiments, there remains a need for a microfluidic-
independent way of improving drug screens.

Another possible way to address problems with drug screens is to visually label drug
treatment groups and then combine them into one group during the assay and data collection

portions. These labels could take the form of a behavioral or physical phenotype, such roller and
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dumpy worms, or as fluorescent marker inside the worm, generated through a microinjected
marker!'®!!. This method would reduce the material and labor costs of these steps by not
requiring that each treatment group be individually assayed, only slightly increasing the duration
of data collection to read each label. Additionally, visual labeling isn’t mutually exclusive with
microfluidic devices, allowing for utilization of both simultaneously; an experimental setup
could use this method to label each treatment group and then pool all groups in a single device. A
combined method would reduce the material costs of running the assay with labeling, while
simultaneously reducing labor and time costs of collecting data with the microfluidic device.
Labeling isn’t used in drug screens though, as the scale of the screens is typically many orders of
magnitude larger than the number of available markers. An attempt to increase the number of
available markers, NeuroPAL, utilized a few fluorescent markers to label each neuron in C.
elegans'?. NeuroPAL relied on the ratios and location of each fluorescent protein to identify each
neuron, dramatically increasing the number of “labels”, without needing more fluorescent
proteins. While labeling worms in a drug screen couldn’t rely on label position, a similar method
could be developed using fluorescent protein ratios. Inserting the marker would need to be done
with care, as it may interfere with the drug treatment or assay, such as in the microfluidic devices
described above™. Those devices rely on a fluorescent signal as an output, and introducing
fluorescent markers may cause spectral overlap, convoluting the data unnecessarily. In non-
fluorescence-based assays, a fluorescent marker could influence the animal’s response such as
seen in Chapter 3, changing the results of a stress assay. As these markers are typically always
visible, blinding an assay can also prove difficult, as the label would need to be actively avoided.
Lastly, managing the populations required to maintain the number of fluorescent markers

necessary for a drug screen would require significantly more effort than current methods;
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differentially marked strains would need to be stored, grown, and prepared separately before
each drug exposure rather than a single population as is used currently. For these reasons,
utilizing a microinjected fluorescent marker isn’t feasible for drug screening; a microfluidic-
independent, label-based method for improving drug screens needs to overcome the current
issues with labeling worms to be viable.
5.3 Results and discussion
5.3.1 Gutbow overview

A microfluidic-independent method for visually labeling would need to overcome the

following problems before it could be implemented in drug screens:

1. Labels should have a wide variety, to have a similar magnitude of options as drugs in a
drug screen.

2. Labels need to have minimal effect on worm health, behavior, etc., to prevent
interference with assay outputs.

3. Labels need to be designed such that they produce little interference in assay output and

data collection and allow for blinding of experiments.

To address the above problems, we designed an E. coli-based system for fluorescently labeling
C. elegans, Gutbow (Fig. 5.1). Gutbow utilizes an E. coli library containing 1024 variations of
the same construct expressing fluorescent proteins. The system is designed such that worms are
fed an E. coli strain from the library before and during drug exposure. This strain colonizes their
gut, “labeling” them. During or after data collection, the label is activated with isopropyl B-D-1-
thiogalactopyranoside (IPTG) to produce a fluorescent signal, identifying which drug treatment
that worm received. This allows for the results for each worm to be connected directly to its drug

treatment, without needing to keep each treatment group separate during the assay.
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Figure 5.1: Proposed Gutbow method for labeling worms during a drug screen. The Gutbow library is
combined with a drug library to associate each drug with a specific Gutbow label. This drug-color library
is then exposed to worms, allowing for the drug to take effect and for the Gutbow label to colonize the
worm gut. These worms can then be combined into a single population for assaying. During or after data
collection, the Gutbow label can be reread for each worm to connect the worm’s results with the drug
treatment it received.

5.3.2 Gutbow Design and Considerations

During the design Gutbow, we first sought to eliminate the issues with traditional
fluorescent labeling methods, as this class of labels are simple to identify utilizing fluorescent
imaging. To expand the repertoire of fluorescent labels available, we adopted a NeuroPAL-like
method!?, expressing multiple proteins to generate a combinatorial label, but not within C.
elegans. Expressing the number of labels necessary for a drug screen would require managing
those strains before, during, and after the screen, needing more effort than current methods.
Additionally, as seen in Chapter 3, fluorescent labels can influence stress response when
expressed in neurons. Rather than risk Gutbow creating a similar effect in a worm tissue and
requiring management of that many strains, we eliminated these two concerns by expressing the
fluorescent labels in their E. coli food source. E. coli is well established as a food source for C.
elegans, and other methods, such as RNAi suppression by feeding dsSRNA-expressing bacteria,
make use of this fact'3"15. To ascertain E. coli’s ability to colonize the worm gut, wild-type N2 C.

elegans were fed two different fluorescent E. coli strains in a preliminary experiment: an RFP
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strain and GFP strain. The bacteria’s ability to colonize the worm gut was necessary, as during a
drug screen using Gutbow, animals would be pooled for the effectiveness assay after drug
exposure and labeling requiring a separate non-fluorescent food source, such as E. coli OP50'3;
using the same Gutbow food source would contaminate each treatment group with labels from
other groups. Many assays require less than 48 hrs. to run, such as examining neuronal
morphology, stress survival, or chemical exposure!®!8; the target colonization duration was set at
48 hrs. Worms were fed one of the strains for 24 hrs. starting from larval stage 4. After those
initial 24 hrs. worms were washed several times and then transferred to non-fluorescent OP50 E.
coli. Optimally, the fluorescent bacteria would be detected within the worm gut using fluorescent
imaging, as this would allow for detection during data collection. As it was unclear if this would
be sufficient, an alternative method of transferring a worm to LB media to culture its feces was
also employed. Both methods would rely on visual detection of any signal with fluorescence
microscopy; if fluorescent signal could not be visually observed to 48 hrs. fluorescent imaging
would be employed to increase the sensitivity of detection. Every 24 hrs. after transfer to OP50,
worms were examined for the presence of fluorescent bacteria in their gut and a single worm was
transferred to LB media to grow bacteria from its gut overnight. The overnight growth was
checked for fluorescence the following day. We observed fluorescent signal from both food
sources detectable in the worm gut every day consistently up to 3 days after transfer to OP50.
Fluorescent signal was observed in the overnight growth of worms taken each day for up to 5
days after transfer to OP50. The preliminary experiment was not continued past 5 days. This
indicated that E. coli was able to colonize the worm gut and remain colonized for up to 3 days
after transfer to a new food source. This period is long enough for many experimental assays'®1%,

which typically last less than 48 hrs. The E. coli strain BL21 (DE3) was used as the base strain
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for the library due to its improved protein production capabilities'®. Additionally, this strain is a
derivative of the strain used in the Ahringer RNAi Library!®, which acts as a food source in
RNAI1 genetic screens. As the food source used to feed C. elegans can have significant impacts
on the animal’s health?’, utilizing a closely-related strain to well-established method, such as

RNAi suppression by feeding dsSRNA-expressing bacteria!>"!>

, eliminates concerns regarding
these health effects.

Once the base strain was chosen, we next focused on the construct design. Gutbow
requires a variety of fluorescent labels similar in magnitude of size to some drug libraries to be
effective’!?2. As available fluorescent wavelengths are limited due to spectral overlap and the
number of fluorescent proteins is not infinite, we utilized a modified method similar to
NeuroPAL'?; specifically, using fluorescent ratios of different proteins to generate unique labels.
By measuring the ratios of different proteins with fluorescence microscopy or similar method, if
those protein levels can be carefully controlled, unique “colors” are created through association
with a specific ratio. Once E. coli expressing these colors colonizes a worm’s gut, that worm can
be identified by measuring the ratios of the fluorescent proteins. To produce the ratios, we
designed a library of constructs containing 5 fluorescent proteins under a single promoter
creating a polycistronic insert. The fluorescent proteins in each construct are randomized from a
selection of GFP, RFP, eBFP, and YFP?3, such that a construct can have multiple copies of a
single protein, but no more than 5 total. We theorized that the levels of each protein in a strain
are dictated by the number of copies in the construct and distance from the first translational

initiation site?®. An additional level of control is added by using the T5 promoter?, an IPTG-

inducible promoter, so protein levels can be further modulated by altering IPTG concentration.
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This promoter has an added benefit of allowing labels to be turned “off” during data collection to
prevent interference with assay outputs and allow for proper blinding of experiments.

Manually generating that many unique constructs using traditional cloning methods
requires a large amount of labor. To simplify the process, we used Goldengate assembly.
Goldengate assembly generates a construct by cleaving restriction sites, typically Bsal, on each
DNA piece to produce sticky ends. Each sticky end will have a corresponding sticky end on
another piece of DNA. During the assembly, corresponding sticky ends match and are annealed
to produce the entire construct. We designed our construct such that it consisted of a backbone
and 5 inserts, each with their own corresponding pair of sticky ends. Although including more
inserts meant more variants in the final library, the construct was limited to 5 inserts, as
according to the NEBridge Golden Gate Assembly kit (NEB, E1601S), that number was a good
balance between efficiency and length. Based on that number of inserts, we chose the 4
fluorescent proteins, GFP, RFP, eBFP, and YFP%, as inserting those into the construct randomly
would give up to 1024 (4°) different combinations, assuming each position and copy number
combination can produce a unique signal. The fluorescent proteins were chosen as they are
common colors used in C. elegans research, such that a high proportion of labs would have
access to imaging equipment capable of measuring them. Although there is some overlap in their
spectra, by measuring the ratios of signal for each protein, we theorized that each construct in the
library would produce a unique identifier, similar to that of NeuroPAL'?. Identification of a label
would require four measurements, one for each of the available proteins (Fig 5.2). While some
variants will contain the same combination of colors, we also theorize that each position in the
construct will result in different expression levels due to the regulation of polycistronic mRNA

during translation®*. This difference in expression level would fluctuate the fluorescent signal of
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Figure 5.2: Proposed label identification method for Gutbow. Fluorescent readings are collected from
each construct in the library for RFP, YFP, GFP, and eBFP. The ratios of each are associated with a
randomly assigned label, visualized here using randomized colors. The library is identified by these
labels. After assaying and data collection, fluorescent readings are collected for each animal and
characterized in a similar manner to identify the label.

each protein based on their position, resulting in similar protein combinations producing
different outputs. To prepare the 4 proteins for Goldengate assembly, we first designed the sticky
ends that corresponded to each of the 5 positions, P1, P2, P3, P4, and P5. Sticky ends were
designed to contain the Bsal restriction site, the stick end sequence, and 3-5 buffer bases to
protect the rest of the sequence. By combining those sticky ends with the 4 sets of primers we
designed to amplify each fluorescent protein from its original plasmid, we produced 20 sets of
primers (Table 5.1). The primers were also designed to add ribosome binding sites (RBS) in front
of each location, to allow for each position to be translated individually by ribosomes. The RBSs
were determined using the online RBS calculator from the Salis Lab?%-!. Each protein had 5 sets
of primers, 1 set per possible position on the construct. Additionally, one more set was designed

for the backbone plasmid, pD441 WT_hi*, such that it could anneal to P1 and P5 properly
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(Table 5.1). This backbone was chosen as it contained the IPTG-inducible T5 promoter and a
kanamycin selection marker. The other plasmids used in this work contain an ampicillin selection
marker, reducing the risk of contamination from those plasmids. The T5 promoter allows for the
fluorescent protein expression to be controlled by the dosing of IPTG, which would limit the
fluorescence levels during experiments and data collection. Additionally, since the labels can be
turned “off”, experiments could be appropriately blinded. Once each fluorescent protein and the
backbone were amplified, they were combined into a single reaction and conditions were
optimized for 20 inserts. Although there were only 5 positions in the construct, the reaction
contained 4 products for each position, which resulted in 20 total inserts. Designing the reaction
this way allowed us to run a single reaction instead of 1024 reactions. Initial characterizations of
the construct using whole-plasmid sequencing revealed possible issues with the primer design, as
tested constructs only contained 2-3 of the inserts. We suspect that the sticky end sequences for
different positions are too similar, as they only consist of 4 bases and similar bases could mis-
anneal during the assembly process. This issue can be fixed by altering the primer sequences to
reduce the similarities. Further characterization of the constructs and completion of this project
are being transferred to another lab member.

As it has been designed, Gutbow addresses the 3 problems we sought to fix. Gutbow
produced a very high limit on label variety at 1024 possible combinations. This number can be
further increased by adapting Gutbow to include more inserts or more options for fluorescent
markers. The system is very amenable to these adaptations as Goldengate assembly can handle a
large number of inserts with relatively high efficiency. Gutbow will also have minimal effect on
the worm as it is entirely contained within the bacterial food source. If BL21(DE3) is not an

optimal food source for an experiment, this method can be repeated using a different host strain,
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only needing to repeat the single assembly reaction and transformation. Lastly, as the labels are

inducible with IPTG, they can be turned “off” during data collection to prevent interference with

assay outputs and allow for proper blinding of experiments. These factors make Gutbow an

excellent option for reducing material and labor costs when running drug screens, by allowing

multiple drug treatment groups to run together in a single assay. This would also reduce

variability in those assays as drug treatment group could be run under the same exact conditions.

Table 5.1. DNA primers used in this work.

Target Position Forward Primer Reverse Primer

GFP 1 ggctacggtctc TGGCatgegtaaaggaga  ggetacggtctc TTGTttatttgtatagttcatccat
agaacttttcac gecatg

GFP 2 ggctacggtctc ACAAGAAATACAA  ggctacggtctc TCTCttatttgtatagttcatccat
GAATACAATAAGGAGatgcgtaaa gccatg
ggagaagaac

GFP 3 ggctacggtctcGAGAGAAATACAA  ggctacggtetc TTTGttatttgtatagttcatccat
GAATACAATAAGGAGatgegtaaa  gecatg
ggagaagaac

GFP 4 ggctacggtctcCAAAGAAATACAA  ggctacggtctc AGT Tttatttgtatagttcatccat
GAATACAATAAGGAGatgegtaaa  gecatg
ggagaagaac

GFP 5 ggctacggtctc AACTGAAATACAA  ggctacggtctcATAGttatttgtatagttcatcceat
GAATACAATAAGGAGatgcgtaaa  gccatg
ggagaagaac

RFP 1 ggctacggtctcTGGCatggcttectecgag  ggcetacggtetc TTGTttaageacecggtggagte

gatg

ac
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Table 5.1 (continued).

RFP 2 ggctacggtctc ACAAGAAATACAA  ggctacggtctc TCTCttaagcaccggtggagtg
GAATACAATAAGGAGatggcttcct  ac
ccgaggatg

RFP 3 ggctacggtctc GAGAGAAATACAA  ggctacggtetc TTTGttaagcaccggtggagtg
GAATACAATAAGGAGatggcttcct  ac
ccgaggatg

RFP 4 ggctacggtctcCAAAGAAATACAA  ggctacggtctcAGT Tttaagcaccggtggagt
GAATACAATAAGGAGatggcttcct  gac
ccgaggatg

RFP 5 ggctacggtctc AACTGAAATACAA  ggctacggtctc ATAGttaagcaccggtggagtg

GAATACAATAAGGAGatggcttcct  ac

ccgaggatg

YFP 1 ggctacggtctc TGGCatggtgagcaaggg  ggctacggtetc TTGTttacttgtacagetegtee
cgag atgc

YFP 2 ggctacggtctc ACAAGAAATACAA  ggctacggtctcTCTCttacttgtacagetegtce

GAATACAATAAGGAGatggtgage atge
aagggegag
YFP 3 ggctacggtctcGAGAGAAATACAA  ggctacggtetcTTTGttacttgtacagetegtee
GAATACAATAAGGAGatggtgagec atgc
aagggegag
YFP 4 ggctacggtctcCAAAGAAATACAA  ggctacggtctc AGT Tttacttgtacagetcgtee

GAATACAATAAGGAGatggtgage atgc

aagggegag
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Table 5.1 (continued).

YFP

eBFP

eBFP

eBFP

eBFP

eBFP

Backbone

5

N/A

ggctacggtctc AACTGAAATACAA
GAATACAATAAGGAGatggtgage

aagggegag

ggctacggtctc TGGCatggtgagecaaggg

cgag

ggctacggtctc ACAAGAAATACAA
GAATACAATAAGGAGatggtgage
aagggcgag
ggctacggtctcGAGAGAAATACAA
GAATACAATAAGGAGatggtgage
aagggcgag
ggctacggtctcCAAAGAAATACAA
GAATACAATAAGGAGatggtgage
aagggcgag
ggctacggtctc AACTGAAATACAA
GAATACAATAAGGAGatggtgage
aaggegegag
ggctacggtctcCTATGAATTCTGAT

CACACTGGCTACC

ggctacggtctc ATA Gttacttgtacagctcgtee

atgc

ggctacggtctc TTGTttacttgtacagetegtee

atgc

ggctacggtctc TCT Cttacttgtacagetcgtee

atgc

ggctacggtctc TTTGttacttgtacagetcgtee

atgc

ggctacggtctc AGT Tttacttgtacagetegtee

atgc

ggctacggtctc ATA Gttacttgtacagctcgtee

atgc

ggctacggtctcGCCAGGTTTACCTCC
TTAAAAGTTAAACAAAATTATTT

C
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5.4 Materials and methods
5.4.1 Strains, media, and culture

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates seeded
with OP50 E. coli bacteria and kept at 20 °C unless otherwise stated*. Age-synchronization for
experiments was performed by washing plates with a 1 mL of a solution of M9 media
supplemented with 0.01% v/v TX-100 (M9TX). Worms were allowed to settle, and supernatant
was removed and replaced with 1 mL of 1:2:1 mixture of bleach, 1M NaOH, and water. Once
eggs were released, they were washed 3 times with 1 mL M9TX, and transferred to fresh plates.
Wild-type Bristol N2s were used for all experiments described in this work.
5.4.2 Library construct design and assembly

The library construct was assembled using the NEBridge Golden Gate Assembly kit
(NEB E1601S). Fluorescent proteins were amplified from eBFP2, E0030, E0040m, and
E1010m? (Addgene) using primers designed to add on unique bsal sites corresponding with
each position in the construct. eBFP2, E0030, E0040m, and E1010m were gifts from Douglas
Densmore (Addgene plasmid #66034, 66031, 66032, and 66033). The backbone was amplified
from pD441_WT_hi*? (Addgene) with primers designed to add on bsal sites corresponding to the
beginning and end positions. pD441 WT hi was a gift from Mark Pallen (Addgene plasmid #
128857; http://n2t.net/addgene:128857; RRID: Addgene 128857). This produced 21 unique
products: 1 backbone and 5 of each of the fluorescent proteins (1 version per position in the
construct). These were mixed in different ratios and assembly was performed as described in the

kit. Construct sequences were confirmed using whole plasmid sequencing.
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5.4.3 Fluorescent E. coli longevity in the worm gut

To test the longevity of E. coli in the gut, we age-synchronized worms to the L4 stage at
20 °C. Worms were then transferred to plates containing either red or green fluorescent E. coli,
provided by the Crook Lab. After 24 hrs. of growth, worms were transferred again to plates
containing non-fluorescent £. coli and checked once per day for fluorescence in their gut using
fluorescence microscopy. Single worms were also picked to tubes of LB media to allow for

growth of bacteria from their feces and these were checked the next day for fluorescence.
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CHAPTER 6: Conclusions

6.1 Summary and overview of projects

Alzheimer’s disease (AD) represents a growing problem for the world due to its high
rates in the elderly and the world’s aging population'=. The need to address its burden on both
the medical and financial situation of the world continues to become more and more apparent.
Much information of the information about AD is still lacking, there is currently no cure, and
research in humans is limited by the dangers posed with invasive procedures required to study it.
This highlights the need for appropriate models for AD, of which C. elegans stands as a prime
candidate. C. elegans shares many neuron subtypes with humans, including using many of the
same neurotransmitters, and its genome is approximately 60-70% homologous to the human
genome®. Additionally, C. elegans has many tools specially designed for it, including
microfluidic devices, image analysis software, and large genetic libraries for gene suppression
and knockout >!°, Despite this, there still several improvements that can be made to increase its
functionality as a model for AD. Firstly, C. elegans AD models only encapsulate intracellular
amyloid B (AP) effects and fail to account for extracellular AR "1, Secondly, while AB
expression in C. elegans has been connected with increased pathogen resistance, very little is
known about how other environmental stressors may interact with AB . Thirdly, there isn’t a
method for severe mechanical injury in C. elegans, despite traumatic brain injury’s (TBI) strong
association with the development of AD and other dementias !>, Lastly, large-scale drug
screens in C. elegans have high costs associated with them due to the inability to distinguish or
label different groups of animals within mixed populations. Thus, in this dissertation, we
developed techniques and tools to attempt to address four issues. We designed an expression

system utilizing the C99 fragment of the human amyloid precursor protein (APP) to express Af
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extracellularly. We examined the relationship between A} expression and resistance to external
stressor, determining that AP produces a hormesis-like effect in C. elegans. We developed a tool
capable of inducing neuronal damage, characterized by dendritic blebbing and breakage, through
blunt force trauma to the worm head. Lastly, we developed Gutbow, a gut colonization-based
method of labeling groups of animals using an E. coli food source to improve throughput and
reduce material costs in AD drug screens. The tools and techniques developed in this dissertation
will significantly improve C. elegans’ usefulness as a model for AD by increasing the scope and
type of AD experiments that can be run using this model organism.
6.1.1 Extracellular A expression in C. elegans

AP in AD is typically associated with large extracellular aggregates seen in advanced
cases of AD '*. Despite this, both intracellular and extracellular AB have been associated with
detrimental health effects in AD. Intracellular AP has been associated with mitochondrial
dysfunction, synaptic dysfunction, disruption of telomeres, and loss of calcium homeostasis 172%;
conversely, extracellular A is connected to membrane depolarization and pore formation, and
immune activation, in addition to loss of calcium homeostasis 2°*2. AB is produced in the brain
through the sequential cleavage of APP 232>, APP is included into the cell membrane during
processing where it is cleaved by human B-secretase to produce the membrane-bound C99
fragment containing AP and y-secretase to release AR from C99 extracellularly 2*-*, Intracellular
AB is hypothesized to come from two possible routes: cleavage of APP not at the membrane and
reuptake of A after cleavage from C99. Regardless of its source, both intracellular and
extracellular AP have a significant impact on the progression of AD.

Current AR models of AD in C. elegans lack the ability to produce extracellular Ap "3,

While AP has been shown to leak from neurons into surrounding tissues later in life, this is not
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reflective of AD in humans where both intracellular and extracellular AP are present throughout
most stages of the disease !"2%. Previous attempts at extracellular are theorized to have failed due
to redirection of AP during post-translational processing (Personal Communication, Chris Link,
June 2020)'2. To address this problem, we developed a novel system for extracellular expression
of AP which utilizes several key changes to improve expression. Firstly, while previous attempts
utilized an artificial signal peptide to direct AP to the extracellular space, this system replaced
that with an endogenous C. elegans signal peptide. This signal peptide is 1 of 15 from a library
C. elegans signal peptides taken from neuronal proteins directed either to neuron membrane or
extracellular space. The library was generated using the online GExplore database?® to extract the
signal peptide sequences from candidate neuronal proteins. Candidate signal peptide sequences
were tested using SignalP 5.0%7, an online software that predicts signal peptide cleavage in
eukaryotic organisms. Signal peptides were screened for their size and number of cleavage sites,
optimizing for a size of 100 bp or less and a single cleavage site. These endogenous signal
peptides were theorized to better direct to the cell membrane than an artificial signal peptide as
they were taken directly from C. elegans proteins. The second major change was in the expressed
protein. Rather than expressing human A, the C99 fragment of APP was used. This fragment
contains AP, and while worms lack a B-secretase, they have sufficient y-secretase activity for
cleavage 283!, We theorized that as C99 contains the transmembrane domain of APP, it could be
integrated into the cell membrane during processing and be cleaved by worm y-secretase to
release AP extracellularly, such as in human processing of APP. These two changes to standard
AP were thought to be sufficient for achieving extracellular Ap expression.

Once a plasmid construct containing these two changes was generated and integrated into

an extrachromosomal array in C. elegans, we sought to confirm the presence of extracellular Ap.
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C99 DNA was confirmed using PCR and gel electrophoresis; C99 RNA was confirmed using
RT-gPCR, screening for C99 RNA. These two assays successfully confirmed the presence of
C99 DNA and RNA within the strain. To verify translation of C99 and cleavage to release AP, we
stained the strain with the A specific fluorescent dye, 1,4-bis(3-carboxy-4-
hydroxyphenylethenyl)-benzene (X-34). X-34 selectively binds AP fibrils and aggregates, which
were expected if C99 was successfully cleaved *>33. Initial assays showed significant deposition
and aggregation of AP in the head, but after imaging of an unstained control, it was realized that
the fluorescent pharyngeal coinjection marker was interfering with detection. Antibody staining
targeting both C99 and A with an alternative fluorescent signal showed no distinguishable
signal for the strain and another control intracellular A strain. This is despite using a two-step
antibody staining procedure to amplify the signal. A literature search for methods to improve
antibody staining in C. elegans neurons showed little success in staining neuronal A strains '3,
While Elisa and Western blot assays on those same strains showed signal, in many cases the
signal was faint until late in life, indicating that Ap likely accumulates slowly in neurons for an
unknown reason 13, We theorized 1 of 3 issues was occurring with our strain: antibody staining
was not working, AP levels in neurons is lower than the detection threshold for most dyes and
antibody staining, or AP is not produced due to an error in the method. Regardless of which
problem is occurring, without significant improvements to A detection methods in C. elegans,
effectiveness of the method cannot be estimated. While an Elisa or Western blot assay could

detect the presence of C99 or A, without a method for visualizing the location of A, project

success could not be determined.
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6.1.2 Interactions between AP and external stressors

A significant amount of research has been invested in studying AD and its risk factors.
Despite this, there is no clear cause of AD in most cases. Several environmental stressors
including chemical and pathogen exposure have been associated with an increased risk of AD
after exposure 2. To relate this fact to AD, the AD peptide AP has been theorized to interact with
some of these stressors by acting as an antimicrobial peptide due to its size and structure!**. In a
C. elegans model of AD expressing AP pan-neuronally, AB was shown to have a protective effect
against a pathogen external stressor, further supporting this theory!®. Despite AD’s association
with other external stressors, there is little research to examine how AP may interact with other
external stressors. This highlights a promising avenue of research to explore further using C.
elegans.

To investigate the interactions between AP and various external stressors in C. elegans,
we expose a C. elegans AD model expressing AP pan-neuronally to those external stressors. We
theorized that if AP only had antimicrobial activity, exposure to non-pathogenic external
stressors would reduce worm survival more when compared to non-AD controls. Worms were
exposed to a 37 °C heat stress, a hypoxic stress of O2 <0.1%, and a 5 mM paraquat-induced
oxidative stress. As expected, when exposed to paraquat-induced oxidative stress, AD worms
exhibited significantly lower survival rates than non-AD controls. Interestingly though, AD
worms showed higher stress resistance than non-AD worms when exposed to heat and hypoxia
stresses, indicating a possible hormesis-like effect towards these stressors. To further expand on
this hormesis-like effect, we next examined if AP dosage or location affected stress resistance.
Using strains which express A either pan-neuronally or pan-muscularly upon upshift from 20

°C to 25 °C, resistance was observed to increase only in the neuronal strain upon upshift to 25
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°C. Additionally, time spent at 25 °C after the upshift correlated with resistance levels. This
indicates that specifically neuronal AP matters for the hormesis-like effects. The muscular strain
exhibited increased stress resistance regardless of time spent at 25 °C, indicating that some other
factor in the strain increased stress resistance and not AP levels. To investigate the stress
resistance’s specificity to AP, another strain expressing GFP in all neurons was heat stressed.
While this strain showed increased stress resistance levels, the level was lower than AB-induced
levels, like the wrmScarlet controls used in previous experiments, indicating AP} produced a
unique effect when compared to other proteins. A has been previously shown to induce oxidate
stress, which could lead to a hormetic effect®®. To determine the effect of this on stress resistance,
AD worms were exposed to an antioxidant, n-acetyl cysteine (NAC), before heat stress to
alleviate AB-induced oxidative stress. NAC exposure had no effect on the resistance of the AD
worms, suggesting that AB-induced stress resistance is independent of any oxidative stress
hormetic effects.

Using Nanostring analysis to elucidate which genetic pathways A is influencing, we
identified the Asp family of genes as they are upregulated in AD worms in unstressed, heat
stressed, and hypoxia stressed conditions. This family of genes is under the control of the daf-16,
hif-1, hsf-1, and skn-1 transcription factors, which all contribute to major stress response
pathways*®*. The daf-16 and skn-1 pathways are typically associated with oxidative stress, hif-1
is associated with hypoxia stress, and Asf-1 is associated with heat stress*®-*°. Interestingly, the
human homologs to these four pathways have all been implicated in AD, indicating a possible
connection between their activation in these C. elegans strains and AD***3. Many of the
pathways controlled by these transcription factors require communication between tissues such

as the neurons to the intestine*®*. By perturbing neuropeptide signaling by knocking down unc-
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31 and egl-3, the stress resistance levels in AD worms dropped to wild-type levels. This suggests
that neuropeptide signaling, and thus cell non-autonomous signaling, is necessary for the effects
induced by AB. It is unclear whether AP is directly inducing neuropeptide signaling or inducing
another stress that may be responsible for activation of the stress response at the organismal
level.

6.1.3 Devices for mimicking TBI

Of external indicators, traumatic brain injury (TBI) is the best predictor for developing
AD later in life'>!6, It is unclear exactly how TBI increases chances of AD, but TBIs have been
shown to generate a temporary increase in AP levels acutely after and disrupt the blood-brain
barrier, possibly allowing contaminants and pathogens into the brain!>!®#47 The risks of AD
from TBI are well established in humans, from sources like sports injuries, car crashes, and other
direct impact sources'>!%*47_Current models in C. elegans connecting TBI and AD have largely
been limited to exposure to Ap from TBI mice*->*. Additionally, while there is a microfluidic
device that attempts to mimic TBI using acoustic waves, it induces minor damage on an
organismal level that only produces temporary behavioral effects®'. Thus, there is a need for a
tool capable of mimicking targeted blunt force trauma TBI, that also examines for characteristic
neuronal damage attributes such as neuronal blebbing and dendritic breakage.

To address this need for a device capable of delivering a blunt force trauma, we initially
developed a microfluidic injury device, repurposed from a design for another project. The device
consists of a loading chamber, injury channel, flush channel, and two outlet channels. Animals
are loaded into the injury channel through the loading chamber and immobilized into position
utilizing a hold valve. If animals enter in the correct orientation, tail first, an injury valve that

protrudes into the injury channel is actuated to simulate injury. Animals are then sorted into one
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of two outlet channels depending on the success of the injury. This initial device had several
issues that need to be addressed by a redesign; namely issues with the injury valve and flow
valves separating each chamber and channel. Upon redesign, the new device was simplified to
have a single outlet, fewer flow valves, and two separate injury valves. These new injury valves
could be separately actuated to allow injury of worms in either orientation, head or tail first.
After another minor redesign to reduce clogging and improve flow, animals expressing GFP in
six head neurons were injured in the device using a regime of 20 hits per worm. After imaging
both immediately after injury and 24 hrs. after injury, it was determined that microfluidic devices
were unable to properly injure the animals. PDMS and worms are both too flexible to inflict
injury, as the injury valves simply move the worms out of the path of injury when expanding.
While increasing the pressure of a valve could possibly improve this, the maximum pressure
before the injury valve bursts was not sufficient for injury.

By switching to a 3D printed design, we sought to solve issues observed with the
microfluidic designs. The initial 3D printed design used drop based design; a coverslip is
dropped into a slot at the top of the device and falls down an injury channel to hit the worms
lined up below. The immobilized worms were oriented using an agar imprinted onto a music
record. This created lanes for the worms, which could be lined up as desired. The force of the
impact was determined using the coverslip drop height; this was controlled by increasing the
height of the device with stackable bricks on top of a base brick for holding the agar pad in the
correct position. These bricks were printed using a filament 3D printer, which produces ridges as
is prints layer by layer. While these ridges can normally be removed by sanding, the small size of
the injury channel prevented this. Due to this, the coverslip was frequently slowed and stopped

during its fall, preventing a successful hit. Rather than swap to a resin printer which wouldn’t
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produce those ridges, a new design based on a guillotine, the Nematine, was generated. The
Nematine instead used two rails on either side of a coverslip holder “blade”. The blade falls
along the rails to accurately hit the worms below. Similarly to the drop device, the Nematine
controls force by altering the height from which the blade is dropped. This device was used to
injure the strain used in the microfluidic device and a significant improvement in injury was
observed. After a single hit from the Nematine, worms exhibited significant neuronal damage in
the form of blebbing and partial or complete dendritic severing. Despite its success in injuring
worms, the Nematine exhibited a similar problem to the drop device; the rails that guide the
blade could not be sufficiently sanded to prevent slowing and stoppage of the blade during some
injury attempts. As resin printers are significantly less accessible to labs when compared to
filament printers, we opted for an alternative that was widely available: LEGO bricks. We
generated a LEGO brick device following the same design principles as the original Nematine.
This new LEGO design was able produce similar results to the Nematine, but without the
roughness issue and more modularity, as a new design didn’t need to be printed with every
change. This device is the first of its kind for successfully mimicking this kind of injury in C.
elegans.
6.1.4 Gutbow labeling for drug screens

AD remains without a cure despite the vast number of drugs in research and clinical trials
with that goal®’. AD drugs have an extremely high failure rate so ensuring costs are minimized
during testing is an integral part of assay design®?. The model organism C. elegans is an
attractive option for achieving this, as large populations are relatively easy to generate when
compared to other model organisms. This facilitates drug screens covering a wide range of

targets, as the number of animals isn’t limited. C. elegans drug screens do have a limit though; as
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animals are indistinguishable from each other, different treatment groups need to be kept
physically separate in order to keep track of the drug administered. This dramatically increases
costs associated with running an assay to determine drug effectiveness, as each treatment group
needs to be assayed individually. This also decreases throughput as more assays need to be
performed and increases variability since each treatment group could be exposed to different
conditions. There are several microfluidic devices designed to assist with this, but they fail to
address the main issue®!°. While several of them boast dramatically increased throughput by
automating the process, sometimes several orders of magnitude greater than manually assaying,
treatment groups are kept separate during the entire process®!°. Any assays still need to be
repeated for each treatment group, those assays are just completed faster. While these devices are
a great addition to the tool kit for C. elegans drug screens, a non-microfluidic solution is needed
to address this issue.

To track different treatment groups within a drug screen, we developed a C. elegans
labeling system, Gutbow. This system utilizes a fluorescently labeled E. coli library as a food
source for the animals. Each treatment group is fed a different label from the library either before
or during drug exposure, which colonizes their gut. During assaying and data collection, animals
from different treatment groups are pooled into one large assay group, fed on a standard OP50 E.
coli food source. During or after data collection, the fluorescent label is induced through the
addition of isopropyl-B-d-thiogalactopyranoside (IPTG) and read using fluorescent instruments.
As determined from preliminary testing with two fluorescent strains of E. coli, the animals’ guts
remained colonized for 3-5 days after switching to a non-fluorescent food source, which is
longer than most assays. This system allows pooling of the treatment groups during assays,

significantly reducing costs associated with the assays, as fewer overall assays need to be run.
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Additionally, variability in assays is reduced as all treatment groups are exposed to the same
conditions.

The Gutbow library was generated utilizing Goldengate assembly and a predefined
backbone construct with 5 slots for inserts under the same promoter. Distance to the promoter
determines the production rate; proteins closer to the promoter have higher production rates.
Four proteins, GFP, RFP, eBFP, and YFP, were used to fill these slots, generating 1024 variants
of the plasmid (4°). Those proteins were chosen for their limited overlap in spectra and
accessibility for measurements. This method produces a library with a similar scale of variants as
many drug screen libraries. As the promoter used is inducible, fluorescent interference during
data collection should be minimal. This has the added benefit of allowing for easier blinding
during experiments, as the signal is only present when desired. Initial tests with the library
revealed an issue with primer design that can be easily corrected by changing the Bsal sites used
in the Goldengate assembly. Gutbow is an excellent candidate for improving drug screening with
C. elegans, as it will reduce material, time, and labor costs associated with high volume screens.
Additionally, Gutbow is not mutually exclusive with previously described microfluidic devices,
allowing for their use in conjunction with Gutbow.

6.2 Applications beyond the scope of this dissertation
6.2.1 Extracellular Ap expression in C. elegans

We developed a method for expressing AP extracellularly, using novel ideas for changing
expression patterns of AP in C. elegans. Although the method was unable to be confirmed
successful, this highlighted several problems with C. elegans AD research; namely issues
regarding visualization neuronally expressed AP. Without effective methods to visualize AP

within the neurons, it is unclear how intracellular A is distributed within the organism. Recent
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work on a new model utilizing expression of Af and tagged-Ap has illustrated this clearly, as in
that model it was discovered that AP disrupts the cell membrane and migrates to other tissues
later in life'®. Additionally, our work highlights an area of C. elegans AD research that is still
lacking, extracellular APB. As described in Chapter 2, both intracellular and extracellular Ap has
effects on AD. Capturing both of those aspects in AD research is necessary to generate a clearer
picture of the disease. This has important implications not only for research looking at AP
specifically, but also any AD drug screens utilizing C. elegans. If a drug is designed to target A,
it may have drastically different effects depending the location of AB. By more accurately
reflecting the disease in drug screens, ineffective drugs are more likely to be eliminated, saving
both time and resources for other drugs.
6.2.2 Interactions between AP and external stressors

Here we described a novel interaction between A and environmental stressors. Other
than an interaction between AP and a pathogen stressor, these types of interactions have not been
previously characterized. This has important implications for C. elegans as a model for AD.
Understanding how A influences the host animal is important for interpretation of results in that
model organism. That these interactions had not been previously reported indicates there is much
work still to be done characterizing C. elegans AD models. Additionally, despite the identified
genes being associated with AD in humans, it is unclear how the effects seen in our work can be
translated to humans. Although AP may interact with the same genetic pathways in humans, the
end results of the pathways can be very different. The role of AP in healthy humans isn’t quite
clear, but this indicates that Af may have a larger role than just as an antimicrobial peptide,
possibly acting as a signaling molecule, regulating synaptic function, or influencing injury

recovery. Inducing stress resistance pathways and acting as an early signal for stress may be
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another role it plays in human biology, which could be why it accumulates in AD. It will be
crucial to further characterize C. elegans and other model organisms like this so that we can
better understand the results when using them to study AD and other human diseases.
6.2.3 Devices for mimicking TBI

In this work, we present a device for mechanical injury of C. elegans using the 3D
printed and LEGO Nematine. This device was designed such that it is easily accessible to a wide
range of researchers. Although the device was designed to study how TBI may impact AD, TBI
is also a predictor of various other forms of dementia as well'>!. The Nematine could be easily
adapted for use in those dementias, requiring only a different C. elegans strain. Additionally,
through scale-up that device could be adapted to other organisms as well such as flies or
zebrafish. The Nematine device presents a new avenue of exploration for dementia researchers,
due to its ease of adaption and accessibility.
6.2.4 Gutbow labeling for drug screens

We developed a novel method for labeling C. elegans, Gutbow, which labels animals by
colonizing their gut with a fluorescent tag. While our focus was on its applications in AD drug
screens, it can be easily adapted for a wide range of purposes. Although AD drugs are important
as AD doesn’t currently have cure, Gutbow can be used with other C. elegans drug screens as
well. Most drug screens are performed in a similar manner, so the Gutbow library can be fed
along any set of treatments. Additionally, Gutbow can be adapted beyond drug screens; RNA1
genetic screens can be performed in a similar manner, with the Gutbow library fed alongside the
RNALI treatment before screening. The entire library need not be used either. A researcher could
feed a few of the labels to several strains and then combine them together for any assay,

effectively blinding the assay until induction of the label. This would also reduce the materials

118



costs for that assay, as worms wouldn’t need to be kept separate. A method for non-permanently,
inducibly labeling different strains or conditions within an experiment is a great tool for C.

elegans researchers.
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