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ABSTRACT
!
!
!
REACTIVE OXYGEN SPECIES REGULATE ACTIVITY-DEPENDENT TRANSPORT AND

DELIVERY OF AMPA RECEPTORS TO SYNAPSES
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Chapter 1 B Introduction

1.1 Overview of Glutamatergic Synapse Function and Plasticity
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+/*G/1912%9-$2/2C!D)/2/'(0:*-@-*/&('.!12%9-$2/2!-00#G!=#&! . #(9*'#9!-97!-&/')'()0%!$0-2*".!
G)')I('6/2!1&'2/1*#10/-&9'9(!-97! @/ @#&%C!D)/!' @$#&*-9./'#=19#& @-0!(0:*-@-*/&(".12%9-$2/!=:9.H
FHOI21@-7/1/6'7/9*1+%!*)/1=- *1*)-*I@-9%! . #(9*'6/! 7' 2#& 7/&21*)-*1-0*/&! #(9*'#9;10/-&9'9(!-97!
@/@#&%!-&/1.-:2/7+%!-0*/&/7!(0:*-@-*/&(".1*&-92@'22'#9!AUO*#M)"1/*1-0C;!3434BC!D)/&/I=#&/;!G/!
@:2*1:97/&2*-97)#HG!*) ' 21*%$/1#=12%9-$2/!'219#& @-00%! @-'9*-'9/71-9712*&/9(*)/9/ TV #& T &!*#!
H@3$&/)/92'6/0%!-778&/22!*)-+9#& @-0!(0:*-@-*/&('.12%9-$2/1=:9 . ¥ #9I*)-*|-_ #@$-9'/2!7'2#&H
71&21#=1%)/19/&6#:212%2*/@C!!
1.1A Glutamatergic Synapse Content and Function

A glutamatergic synapse is one in which the presynaptic bouton is equipped with the mo-
lecular components that coordinate activity-dependent release of glutamate (Figure 1.1 A), an
amino acid that is a metabolic precursor and the primary excitatory neurotransmitter in the cen-
tral nervous system (Niciu et al., 2012). Once released into the synaptic cleft, gluiandat®
glutamate receptors (Figure 1.1 B) before being rapidly taken up via glutamate transporters posi-
tioned on the plasma membrane of neurons and surrounding support cells (i.e. astrocytes; Figure
1.1 C; Niciu et al., 2012). Glutamate receptors subtypes are divided into two major categories:
metabotropic and ionotropic.

Metabotropic glutamate receptors (mGIuRS) initiate intracellular signaling involving G-

proteins, tetrameric proteins that come in a few flavors and act on well characterizedgignali
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Figure 1.1- Graphical representation of the functional componentst glutamatergic syrapses Glutamate
released from presynaptic vesicles pi)ds to glutamate receptors (B) before bealgn up into neurons (blue
cells) or astrocytes (green cells) via glutamate transporters (C). Glutdepstiedent activation of mGIURB)
initiates intacellular signaling (E), such as those involving activation of protein kinase C (PKC) taige maicti-
vated protein kinase (MAPKT.he lainite (F) and NMDA subtype of iGIuR$G) are calcium permeable. Mast
the AMPA subtypeare calciurdimpermeable, butalst depolarization froAMPARS (H) opens Ltype voltage
gated calcium channg(K).

Glutamate
Tranporter




Figure 1.1-!Calcium channels found at presynaptic termifda)issuch as the-Rand Ntype, supply the calcium
required for fission of glutamatsontaining vesicles with the presynaptic membrane to achieve glutamate |
leasel) Calcium is readily buffered by the endoplasmic tdtim (aqua compartment) and mitochondria
(green organelle) thatre positioned at postsynaptic sites. Various proteins compose the postsynaptigldien
and are important for structural organization of receptors at the postsynaptic membrane.

pathways (Figure 1.1 D). Currently, eight subtypes of mGluRs have been identified and their
glutamate-dependent activation either increases or decrease neuronal excitabilitymipbe,exa
glutamate binding to group 1 mGIuRs increases excitability by initiating calcium release from
intracellular stores as well as activating kinases (Figure 1.1 E) that regulate nx@ieBsen
and localization (Niciu et al., 2012; Wang and Zhuo, 2012). The different subtypes in addition to
the many downstream targets of their signaling make mGIluRs especially important flasiiong-
ing changes to neuronal excitability.

lonotropic glutamate receptors (iGIuRs) have a more direct role in neuronal excitation be-
cause these receptors are equipped with a cation pore that is opened by glutamate binding. Open-
ing of this pore allows for influx of cations, mainly sodium {Naut sometimesaldum (C&")
as well, which depolarizes the synaptic membrane and leads to the opening of voltage-dependent
ion channels that propagate depolarization throughout the neuron. The three subtypes of IGIURs
are named after their specific agonists and include kainite, N-methyl-d-aspartate jNMidA
I -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). Kainite receptors are the least
studied IGIuR, but it has been more recently identified that they participate in both ionotropic
and metabotropic signaling while localized to pre-, extra-, and postsynaptic sites (Figure 1.1 F
Nair et al., 2021). ThBIMDA subtype of iGIuRs (NMDAR) are found at post- and extrasynaptic
locations and have two distinguishing functional features: First, the opening of their cation pore
requires both glutamate binding and postsynaptic depolarization. This is due to the presence of a

magnesium ion (MRJ) in the pore opening that is extruded by repulsion to a positively charged



synaptic membrane. Second, their pore is highly permeabletggerifically, which makes
them especially important in the initiation of calcium signaling (Figure 1.1 G; Blanke and
VanDongen, 2009).

The AMPA subtype of iGIuRs (AMPAR$ concentrated at postsynaptic sites where they
are responsible for fast, excitatory synaptic transmission. Glutamate binding to AMPARS init
ates opening of their cation pore and depolarization (Figure 1Ni¢iu et al., 2012). The type
of cations that can pass through AMPARSs depend on the receptorOs subunit composition. Those
only composed of the GIuAl, GIuA3, or GluA4 subunits pass i@addition to Na If the
GIuA2 subunit is incorporated into the tetramer, then those receptors?aim@ermeable (Rao
and Finkbeiner, 2007). The majority of AMPARSs at glutamatergic synapses are heteromeric with
GIuA1/GluA2 or GIuA2/GIuA3 subunits. Fewer than 10% of these receptors are calcium-perme-
able GIuA1 homomeameaning AMPAR activation causes depolarization predominantly
through Na influx (Wenthold et al., 1996), but this depolarization allows for calcium influx
through activatetNMDARs and voltage-gated calcium channels (VGCCs; Figure 1.1 J and K;
Kapur et al., 1998; Luebke et al., 1993).

Other components that contribute to the basic function of the glutamatergic synapse in-
clude proteins that compose the postsynaptic der38p(Figure 1.1 j Ehlers, 1999). It is also
important to note that dendritic mitochondria and endoplasmic reticulum (ER) are locdjeed a
cent or within the excitatory synapse spines (Figure 1Hollenbeck, 2005; Wu et al., 2017). In
addition to supplying energy and synthesizing proteins, these subcellular compartments are im-
portant for C& buffering. Plasticity mechanisms modulate the functioalldhese components

to cause synaptic strengthening and weakening.



1.1B Plasticity of the Glutamatergic Synapse

Synaptic plasticity is a change in strength of synapses in response to the activity pattern
at that synapse or surrounding synapses. The strength of a connection as it pertains to synapses
refers to how efficient electrical signals are transduced into chemical ones and vicé versa.
change in synaptic strength can be achieved via presymagtimnisms that alter the amount of
glutamate released in response to activity and/or modulation of a postsynaptidesiteCe ee-
sponse to glutamate release. The activity-dependent strengthening of a synapse is known as long-
term potentiation (LTP) whereas weakeningnown as long-term depression (LTD).

Induction of LTP can be achieved electricallg.(high-frequency stimulation (HFS); 100
Hz) or chemically (i.e. with glutamate receptors agonstgi et al., 2004) and results in en-
hanced synaptic transmission which is measured at glutamatergic synapses by tioeyexcita
postsynaptic potential (EPS@itri and Malenka, 2008). During the early phase of LTP, the
EPSP increases dramatically. This is due to an increase in number of glutamags cessti-
tuting the readily releasable pool (Vandael et al., 2020) allowing for more glutamate release. At
the postsynaptic membrane, more glutamate receptors are present due to the lateral diffusion of
AMPARSs from extrasynaptic sites (Park, 2018; Penn et al., 2017). In the meantime, calcium-de-
pendent signaling pathways that were activated during the LTP induction protocol have activated
several key players that initiate exocytosis and contribute to stabilization of new R&IPA

Specifically, rapid increases in postsynaptic calcium due to opening of VGCCs and espe-
cially NMDARs activates the calcium-dependent messenger protein Calmodulin (CaM). The
main target for CaM as it pertains to LTP is calcium/CaM-dependent protein kinase Il (CaMKII).
Once activated by Cd4CaM binding, CaMKIl has many downstream effectors. For instauee,

tivated CaMKII can bind NMDARto prevent downregulation of channel function while also



allowing CaMKII to phosphorylate AMPARS in a way that increases the conductance of cations
through their pore (Sumi and Harada, 2020). PhosphorylatioM&fARsand/or auxiliary pro-

teinsat synaptic endosomes by CaMKII or other kinases increases the rate of their exocytosis
(Opazo and Choquet, 2011). Additionally, CaMKII phosphorylation of AMPAR auxiliary subu-
nits increase their association with postsynaptic density proteins thus trapping new ARtPAR

the postsynaptic membrane (Park, 2018; Penn et al., 2017). These mechanisms result in more
AMPARSs at a synapse therefore increasing the EPSP. However, for synaptic strengthening to be
maintained long-term, additional consolidation steps are required involving the reorganization of
the postsynaptic actin cytoskeleton and protein synthesis (Abraham and Williams, 2008; Baltac
etal., 2019; Citri and Malenka, 2008).

The study of synaptic weakening has been more challenging due to the stimulus for LTD
being less clear-cut. In the hippocampus, LTD has been induced using low-frequency stimulation
(1 Hz) which is thought to increase postsynaptic calcium modestly and less frequently than HFS.
These lower calcium levels activate phosphatases with high calcium-affingigsng in the in-
activation of kinases involved in synaptic strengthening (Malenka and Bear, 2004). However, it
has become clear that activation of CaMKIl is also required for LTD. Low and persistent in-
creases in calcium result in additional phosphorylation of CaMKIl causes a decrease il synapt
AMPARSs due to phosphorylation of a different site (Cook et al., 2021; Coultrap et al., 2014).
Dephosphorylation of AMPARS by protein kinase A or calcineurin also contributes to LTD by
decreasing their open channel probability (Malenka and Bear, 2004; Reyes-Garc’a and Escobar,
2021). These changes in AMPAR localization and function cause synaptic weakening due to less
efficient depolarization of the postsynaptic membrane in response to glutamate release. Take

together, it is clear how local trafficking of AMPARSs is important for Hebbian plasticity, but the



regulation of AMPAR localization is also central to the compensatory mechanismginggula

synaptic strength known as homeostatic plasticity.

1.2 Long-distance Transport of lonotropic Glutamate Receptors

It is clear that long-distance transport of iGIuRs is dependent on microtubule molecular
motors, specifically kinesin (Kayadjanian et al., 2007; Kim and Lisman, 2001; Setou et al.,
2000). Unfortunately, an understanding of this motor-dependent tranggad\anced slowly
in the years to follow due to the difficulty of visualizing iGIuR transport events. In recent years,
newin vivotechniques and temporal control of iGIUR release from the endoplasmic reticulum
(ER) have permitted experiments that have begun to detail how the long-distance transport of
newly synthesized iGIuRs, especially of l&IPA subtype (Bourke et al., 2021; Hangen et al.,

2018; Hoerndli et al., 2015, 2013).

1.2A An Overview of Protein Transport
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1.2B Transport of the NMDA subtype of lonotropic Glutamate Receptors

Although there are reports of iGIUR synthesis at postsynaptic sites (Ju et al., 2004), the
majority are synthesized via the ER-Golgi system described above (Hanus et al., 2016). Then,
their method of microtubule-based transport into dendrites is specific to the iGIuR type. For in-
stance, NMDAR rely on synaptic scaffolding proteins (MAGUKS) for their transport via the ki-
nesin KIF17. The specific MAGUKSs in these complexes is determin&MIYAR subunit
composition (Horak et al., 2014), which is thought to impadt teeruitment to and retentia
synapses (Yin et al., 2012). Although an activity-dependent mechanism has not been defined for

this transport, loss or functional modification ofgbkey players lead to impaired LTP



induction and memory defects. This suggests that long-distance transport of NMDARS is regu-
lated by synaptic activation (Yin et al., 2012).

Interestingly, theAMPA and NMDA receptor subtypes are iottransported to synap-
ses. Early evidence of this came from the observati®dMi#AR transport and delivery being
delayed an hour or more after NMDAR integration to a synapse (Washbourne et al., 2002). Ad-
ditionally, NMDARSs are subject alternative sorting in the somatic ER and often divertaidgio G
outposts within the dendrite from which they can be supplied to synapses (Jeyifous et al., 2009).
So, itOs becoming increasingly clear that transport of these iGIuR subtgoesated inde-
pendently of one another.
1.2C Transport of the AMPA subtype of lonotropic Glut@Receptors

After AMPARSs are synthesized and packaged into transport vesicles (Figure 1.2 b Step
1), they are loaded onto molecular motors for export into the dendrite (Figure 1.2 B Step 2). The
kinesin KIF5 carries out AMPAR transport with help from GRIP-1 which mediates the interac-
tion betweerAMPARSs and the motor. GRIP-1 is also important for directing vesicles to the den-
drite (Setou et al., 2002). Recently, it was shown that redistributidMBfARs from dendritic
endosomes to postsynaptic sites during LTP depends on microtubule-based transport via KIF13A
(GutiZrrez et al., 2021). There are also indications that KIF1A can associate withRs\Wi
and interaction between GRIP-1 and liprifWyszynski et al., 2002); however, there is no di-
rect proof that KIF1A carries out long-distance transpoAMPARS.A recent study in cultured
vertebrate neurons showed that AMPAR transport is upregulated biyyadgpendent calcium

signaling which was partially mediated by phosphorylation of AMPARs (Hangen et al., 2018).
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1 AMPARs are synthesized and packaged in vesicles imtso@olgi.2 Vesicles containing AMPARS are
loaded onto the molecular motor kinesin for transport into and through der@iritégse vesicles are then tar:
geted to specific synapses for delivery ofitlbargo.4 AMPARSs from transport vesicles or synaptic endo-
somes are then recruited to the synaptic membrane tobudatto the EPSP.

In vivo studies using in the nemato@aenorhabditis elegan€. eleganshave sup-
ported and added to these findings by detailing the regulation of GLR-1 (GluA1 homologue)
transport by VGCCs and CaMKII activity. Specifically, calcium influx through EGL-19 (L-type
VGCC) upregulates the amount®ER-1 transport. This is due to the initiation of a calcium sig-
naling pathway involving activation of UNC-43, tlie eleganfiomologue of CaMKII, which
initiates the loading oELR-1-containing vesicles onto UNC-116 (KIF5 homologue; Hoerndli et
al., 2015). The proper function and plasticity of glutamatergic synapses requires KIF5-mediated
export of AMPARs from the cell body (Hoerndli et al., 2015; Zhao et al., 2020). Consistent with
recent observations in vertebrates (GutiZrrez et al., 2021), GLR-1 receptor transport through den-
drites is also carried out by KIF13 @ elegangMonteiro et al., 2012)This KIF13-mediated
transport is regulated by cyclin-dependent kinase-5 (Monteiro et al., 2012) which has been impli-

cated in homeostatic and activity-dependent synaptic plasticity (Guan et al., 2011).



OnceAMPARSs are transported into the dendrite, fine regulation of their targeting to den-
dritic endosomes or postsynaptic sites (Figure 1.2 B Step 3) is required for integration of new re-
ceptors at the synaptic membrane (Figure 1.2 B Step 4) and therefore strengthening and mainte-
nance of a synapse. The signals within the dendrite that regulate cargo delivery remains unclear.
However, some proteins important ®MPAR transport via kinesins, such as liptirend CaM,
have been implicated in the capturing of KIF1A and unloading of other types of cargo at
postsynaptic sites (Stucchi et al., 2018). An indication that there is activity-dependeritaegula
of AMPAR delivery comes from observations that glutamate uncaging and high dendkitic Ca
slow and stop vesicular transport of AMP#&@RIangen et al., 2018). Future work dedicated to
unraveling the regulation of cargo delivery will be necessary for a complete understanding of
how long-distance transport of iGluRs and other proteins contribute to synaptic plasticity and

maintenance.

1.2D Metabolic Regulation of Long-distance Transport

The motor-dependent transport of iGIURs relies on the continuous supply of energy in the
form of adenosine triphosphate (ATP). This is because ATP hydrolysis by kinesin and other mo-
lecular motors drive conformational changes that phygicabve motors along cytoskeletal fila-
ments. The activity-dependent regulation of this process ByisGadso dependent upon ATP
since C& removal is carried out by the plasma membrarte-&aPase(PMCA) that moves
Ca* against its ionic gradient at the expense of ATP. Additional intracellufabGtieringis
predominantly carried out by the sarcoendoplasmic reticullirAd&ase(SERCA,;
Nikoletopoulou and Tavernarakis, 2012). Interestingly, production of ATP via mitochondrial ox-
idative phosphorylation (OXPHOS) creates reactive oxygen species (ROS) as a byproduct

(Halliwell, 1992). ROS have been mostly studied for their ability to induce oxidative stress,



however, it is becoming increasingly clear that ROS act as physiological signaling nmiecule
many cellular processes including those underlying learning and memory (Kishida and Klann,

2006; Massaad and Klann, 2011).

1.3 Reactive OxygenSpecies, Calcium Signaling and Energy Production

ROS are a class of chemically reactive molecules that include free radicalsl dienme
oxygen such as superoxide,{Qhydrogen peroxide (,), and hydroxyl radicals@H)
(Bolisetty and Jaimes, 2013). They were regarded as harmful, pathophysiological signaling mol-
ecules due to cytotoxic effects of elevated ROS levels. It is becoming increasingly clear that

ROS have signaling roles in neurons under physiological conditions.

1.3A ROS Production and Breakdown

The majority of a cellOs ATP is produced by mitochondrial OXPHOS which involves the
shuttling of electrons between proteins that compose the electron transport chain (ETC). Some of
these electron carriers can reduce the available oxygem{i@in mitochondria. Specifically,
there are two primary electron carriers and conditions under which electrons are donated to O
create @Q: First, Complex | of the ETC reduces When NADH levels are high and if coenzyme
Q is unavailable for reduction. Reduction oflfy Complex I is upregulated by ROS levels
which partially explains why mitochondrial dysfunction is accompanied by elevatedSR0OS.
ond, if coenzyme Q is reduced but ATP synthesis is low, then the resultant high proton motive
force will drive electrons back to Complex | often leading to reduction, aff MAD* (Angelova
and Abramov, 2018; Murphy, 2009). Physiological rates of mitochondrial ROS production have
been measured to account for 0.25% to 11% of the oxygen consumed by mitochondria (Zorov et

al., 2014). Outside of the mitochondria, plasma membrane-associated NADPH oxidases produce



O, and are regulated by ligands involved in inflammation, calcium signaling and pathogen de-
fense (Tauffenberger and Magistretti, 202Bsssignificant cytoplasmic sources of ROS in-
clude xanthine and amino acid oxida@slisetty and Jaimes, 2013).

The breakdown of ROS is necessary for maintaining physiological levels of ROS. The
majority of O produced by OXPHOS or by other processes undergoes dismutation by superox-
ide dismutases (SOD) into,8, (Tauffenberger and Magistretti, 2021). In the mitochondria,

H,0, is broken down into 0 and Qby glutathione peroxidases and peroxiredoxins. Mitochon-
dria-derived HO, readily escapes into the cytoplasm where catalases are responsible for their
breakdown (Murphy, 2009; Tauffenberger and Magistretti, 2021). ROS can also be reduced non-
enzymatically by glutathione as well as metal-binding proteins (i.e. myoglobin, and transferrin)
and other natural compounds (i.e. vitamin C and E) (Bouayed and Bohn, 2010; Tauffenberger
and Magistretti, 2021). Accumulating evidence supports that ROS act as a second messenger in
many cellular processes. Snantaining ROS within the physiological range (10-100nM) is nec-
essary for normal reduction-oxidation (redox) signaling and prevention of oxidative stress (Sies
and Jones, 2020; Tauffenberger and Magistretti, 2021).

1.3B Redox Regulation of Calcium Influx

The majority of what is known about ROS signaling in neurons pertains to its involve-
ment in calcium homeostasis. Redox regulation occurs at extracellular and intracefular Ca
sources as well as at pumps that remove cytoplasmicRgulation of C influx via plasma
membrane Cachannels by oxidation differs depending on channel subtype and cell type (Table
1.1). Oxidation of ryanodine and inositol 1,4,5-trisphosphatg (feeptors at the ER membrane

consistently stimulate the release of*Geom intracellular stores. Removal of cytoplasmiéCa



by PMCAs is downregulated by oxidation; however, the oxidation site can be occluded by CaM
binding suggesting that prior initiation of €aignaling may prevent redox modification of

PMCAs. Similarly, C& uptake into the ER by SERCAs is inhibited by oxidation (Hidalgo and
Arias-Cavieres, 2016; Hidalgo and Donoso, 2008). These examples of redox regulation demon-
strate how cytoplasmic €anflux and efflux are regulated in various ways by ROS signaling.
Interestingly, the reciprocal regulation of ROS signaling by calcium also occurs in neurons

(GSrlach et al., 2015).

Table 1.1 - Observations of functional changes due to plasma membrane?Cehannel
oxidation.

Channel Type Cell Type Functional Change Due to Oxidation

L-type VGCC Ventricular Myocytes I C&* currents
"#HS%E'()*+, & I Ca&* currents
-#.5*0+8&1,(H2R " Ca&* currents
HEK293 Cells I C&* currents

T-type VGCC Sensory and Thalamic " Ca&* currents
Neurons

P/QType VGCC | .$(,/0) &#*33,)& I C&* currents

TRP Channel 44#.)0+&5##$&6027+H#2& | ")-99/0!-.*'6-*'#9!
1,(.#2)8&92:#%$%,+/0+&-,++
;9<=>7?&-,++)&

I . Increases and decreases have been obggtidadgo and Donoso, 2008; Hool and Corry, 2007; Pires
Earley, 2017; Shirotani et al., 2001; Todorovic ametdvic Todorovic, 2013

1.3C Calcium Regulation of Oxidative Phosphorylation and ROS Production

Calcium uptake into mitochondria involves passage éf theough the outer mitochon-
drial membrane (OMM) by voltage-dependent anion channels (VDACS), which are large, volt-
age-gated pores that can pas% @ad ATP in addition to anions (Sander et al., 2021). Then, in-
creasing C& opens the pore of mitochondrial calcium uniporters (MCU) at the inner membrane
for C&* uptake into the matrix (De Stefani et al., 2015). This calcium uptkiee upregulated
by ROS due to oxidation of MCU increasing rate of*@gtake (Dong et al., 2017). Once in the

matrix, high C& upregulates ATP production via direct and indirect mechanisms.



Ca&* positively regulates three key players of the tricarboxylic acid cycle, which produces
electron donors for theTC and therefore OXPHOS (De Stefani et al., 2015). The production of
electron donors by the malate-aspartate shuttle is also upregulatett (§z@®ar et al., 2020).

There is some evidence for direct regulation of ATP synthase, the key protein in OXPHOS, by
Ca*. However, further research is needed to understand if this occurs under physiological condi-
tions (Territo et al., 2000; Wacquier et al., 2019). Lastly, it has been observed’haircan-

trations in the nanomolar range increase the rate of OXPHOS, but supraphysioloyjitalela
downregulate the rate of mitochondrial ATP production (Fink et al., 2017). This observation sup-
ports positive regulation of OXPHOS by physiologicat*Cahich results in an unavoidable in-
crease in ROS production. Resultant ROS signaling reciprocally regulates calcium influx (sec-
tion 1.3B) as well as the function of other proteins important for synaptic maintenance and
plasticity.

1.3D Redox Regulation of Synaptic Proteins

ROS act as a second messenger by participating in reversible and non-reversible redox
modification of synaptic protein. This involves the oxidation of accessible amino acidseontai
ing a thiol group (cysteine and methionine). The oxidation of thiol groups iespibtein func-
tion by altering structure or interactions with other molecules. There are several proteins in-
volved in the maintenance and plasticity of glutamatergic synapses that are subject to redox
modifications (Tauffenberger and Magistretti, 2021). Oxidation of CaM decreases its activation
of CaMKII (Robison et al., 2007; Snijder et al., 2011). Additionally, CaMKIIl has multiple sites
that can be targeted for oxidation depending on the kinaseOs conformation. Following binding of
Ca&*/CaM, a conformational change exposes sites in CaMKIIOs regulatory domain whose oxida-

tion results in autonomous activity of the kinase (Erickson et al., 2008; Zhang et al., 2021).



Together, this suggests that the timing of ROS signaling in relation to calcium influx can either
inhibit or prolong calcium signaling via CaM/CaMKII. It has been shown that oxidized CaM re-
sults in NMDA receptor hypofunction (Bodhinathan et al., 2010; Foster et al., 2017), and alt-
hough targets of CaMKII are well characterized, the downstream effects of CaMKIl autonomy
due to oxidation remain unclear (Bayer and Schulman, 2019).

Other oxidizable proteins involved in synaptic function and plasticity indNMBPARS,
PKC, and calcineurin. There are four cysteine residues on NMDARSs that when oxidized, reduce
channel function (Hidalgo and Donoso, 2008). Oxidation of PKC results in constitutive activa-
tion of the kinase and LTP-induced activation of PKC is inhibited by antioxidants suggesting that
this redox modification is necessary for LTP (Knapp and Klann, 2002a). Lastly, inactivation of
the calcium-dependent phosphatase calcineurin occurs due to oxidation-induced proteolytic
cleavage (Oswald et al., 2018). The diverse effects of oxidation on synaptic protein function cou-
pled with the reciprocal regulation of ROS and*Geavels suggest an integrated role fof*Gend

ROS signaling in synaptic function and plasticity.

1.4 Reactive Oxygen Species and Calcium Signaling in Synaptunction

An interplay between Caand ROS levels and their downstream signaling proposes that
this relationship is involved in maintenance and plasticity of glutamatergic synapseshigVi
theory still in its infancy, there is little direct evidence that &-®£S interplay regulates glu-
tamatergic synapse function. However, there are examples of how abnofh@l R@S signal-
ing independently result in plasticity defects of these synapses. Early studies suggeduithat i
tion of synaptic plasticity requires ROS signaling. Increases in ROS scavengers (exogenously

applied or overexpressed) and inhibition of ROS production both prevent induction of LTP as



well as cause impaired performance on learning and memory tasks. (Kishida et al., 2006; Klann,
1998). Similar impairments in LTP and LTD induction as well as memory result from loss of
ROS scavengers or exogenous application of ROS (Kamsler and Segal, 2003; Knapp and Klann,
2002b). Together, these studies suggest that the role of ROS in LTP is determined by the type of
ROS, where it is produced and the relative concentration of ROS (Massaad and Klann, 2011).
There is some evidence for convergence of ROS signaling witltd€pendent regula-
tion of synaptic plasticity. For instance,?@&aM-dependent activation of CaMKIl was shown
to be abnormal in the absence of the peroxiredoxins responsiblegdpbi¢akdown (Kim et al.,
2011). Activation of PKC by oxidation can free up CaM through the phosphorylation of neu-
rogranin which decreases its sequestration of CaM (Massaad and Klann, 2011; Ordyan et al.,
2020). Additionally,a Ca&*-dependent increase in mitochondrial ROS production was found to
prolong the activation of CREB, a transcription factor that has been heavily implicated in the
maintenance of LTP (Hongpaisan et al., 2003). These examples of redox-mediated changes in
Ca* signaling support that mechanisms underlying synaptic plasticity are co-regulated by ROS
and C&". Future research dedicated to studying how this interplay is normally involved in syn-
aptic function under basal conditions as well as during LTP/LTD induction is required for our
understanding of why synaptic function and plasticity is perturbed in conditions of high ROS and
Ca*. This understanding would provide insight into why cognition, learning and memory is al-

tered in aged and diseased brains where &l ROS are elevated.



1.5 Thesis Work: Regulation of AMPA Receptor Transport by Reactive Oxyge
Species
1.5A Premise and Initial Hypothesis

Activity-dependent changes in the availability of AMPARSs at a synapse is crucial for the
maintenance and plasticity of a synapse. If synapse activity is high but there are insufficient A
PARs present in synaptic endosomes to allow for LTP mechanisms, then that synapse will not
undergo strengthening. Therefore, activity-dependent reguladtiPAR transport is pertinent
for plasticity. As mentioned, this long-distance transport relies on a continuous ATP supply and
Ca* signaling, which are linked by ROS signaling. This suggests a potential role for ROS signal-
ing in AMPAR transport and delivery to synapses. Specifically, R@@8ated changes in Ca
influx were hypothesized to in turn alter AMPAR transport. Since oxidation had been shown to
up- and downregulate €anflux depending on the cellular context (Table 1.1), it was difficult to
predict if AMPAR transport would be positively or negatively regulated by ROS signaling. Re-
gardless, | hypothesized that ROS signaling regulates AMPAR transport and synaptic delivery.
To test this hypothesis, | used genetic and pharmacological manipulations to alter RO% and Ca
signaling in combination with various vivoimaging techniques i€. elegans.

The hypothesis-driven questions addressed in this dissertation include how increased and
decreased ROS levels impadWIPAR transport and delivery to synapses (Chapter 2), how ROS
signaling is initiated irC. elegangjlutamatergic neurons as well as howald®OS signaling
regulates Ca influx and AMPAR delivery at synapses (Chapter 3). Together, these results sug-
gest that physiological ROS signaling regulates the synaptic content of AMPARS by modulating

Ca*-dependent transport and delivery of AMPARS to synapses.



1.5B Studying Glutamate Receptor Transport and ROS Signaling in C. elegans

The simple nervous system and complete synaptic connegtd@elegansnake it a
great model for studying fundamental mechanisms of neuronal function (Sengupta and Samuel,
2009). There is conservation of key neuronal proteins including the L-type VGCC (EGL-19),
GluAl (GLR-1) and CaMKIl (UNC-43) (Hart et al., 1995; Jospin et al., 2002; Rongo and
Kaplan, 1999). The genetical malleability®f elegansas allowed for manipulation of genes
whose products were hypothesized to regulate GLR-1 transport. This combined with the nema-
todeOs transparent cuticle allow for the visualization of fluorescently-t@4ded in real time
in vivo. We specifically analyze GLR-1 transport in the AVA neurons, a set of glutamatergic,
unipolar interneuronwith a long neurite that spans the entire length of the ventral nerve chord
(Maricq et al., 1995). The AVA neurons are essential for the expression of long-term memory in
C. elegangRose et al., 2003; Stetak et al., 2009y players in the regulation GfLR-1
transport inC. elegansAVA neurons are consistent with the regulation of GIUA1 transport in
vertebrate neurons (Hangen et al., 2018; Hoerndli et al., 2015), which supports the relevance of
using this approach for studyiddVIPAR transport.

C. elegandave also been vital for our understanding of physiological ROS signaling.
ROS signaling is involved i@. elegangeproduction, cuticle biogenesis, cuticle molting and ep-
idermal wound healing (Miranda-Vizuete and Veal, 2017). Like in vertebrate neurons, changes
in physiological ROS levels have also been shown to modulate the activaiorlefjanseu-
rons (Li et al., 2016). Components involved in ROS homeostasis, such as NAPHD oxidase, SOD
and catalases, are also functionally conserved (Chfvez et al., 2009; Suzuki et al., 1996). These
components provide targets for manipulating ROS levels which can be used in combination with

GLR-1 transport analysis to address the proposed hypothesis.



Chapter 2 B Reactive OxygengciesSignaling Regulates the Long-Distance Transport

and Delivery of Glutamate Receptors

2.1 Introduction

To begin to understand if ROS signaling has a role in the regulation of GLR-1 transport,
we used both genetic and pharmacological methods for increasing ROS levels. We specifically
modulated HO, levels since it has a slightly longer hile than other ROS subtypes asgre-
sert within the cytoplasm making it the most likely species to participate in intnéaretignal-
ing pathways (Halliwell, 1992). I16. elegansvith a loss-of function (If) mutation in a peroxiso-
mal catalase {t2), we observed a decrease in total GLR-1 transport out of the cell body and
decrease®GLR-1 delivery to synapses (Chapter 2.2). The effect on transport and delivery was
nearly identical when wildtype worms were acutely treated with low concentration®of H
(Chapter 2.2). These molecular changes appear to alter locomotion and cause defects in olfactory
associative memory (Chapter 2.3). These data suggest that ROS are acting as a necessary regula-
tor of GLR-1 localization. If this were true, then diminishing ROS would also perturb GLR-1
transport. Thus, we assessed this possibility by decreasing ROS using a genetic and pharmaco-
logical approach. Both methods of diminishing ROS led to decrézisRell transport (Chapter
2.4). Taken together, the data presented in this chapter demonstrate how ROS act as a necessary

regulator of GLR-1 transport to synapses.



2.2 Reactive Oxygen Species Modulate Activity-Dependent AMPA Receptor Transport in
C. elegans
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2.2A Summary

The AMPA subtype of synaptic glutamate receptors (AMPARS) play an essential role in
cognition. Their function, numbers and change at synapses during synaptic plasticity is tightly
regulated by neuronal activity. Although we know that long-distance transport of AMPARS is
essential for this regulation, we do not understand the associated regulatory mechanisms of it.
Neuronal transmission is a metabolically demanding process in which ATP consumption and
production are tightly coupled and regulated. Aerobic ATP synthesis unavoidably produces reac-
tive oxygen species (ROS), such as hydrogen peroxide, which are known modulators of calcium
signaling. Although a role for calcium signaling in AMPAR transport has been described, there
is little understanding of the mechanisms involved and no known link to physiological ROS sig-
naling. Here, using real-time in vivo imaging of AMPAR transport in the intact C. elegans nerv-
ous system, we demonstrate that long-distance synaptic AMPAR transport is bidirectignally re
ulated by calcium influx and activation of calcium/calmodulin-dependent protein kinase Il.
Quantification of in vivo calcium dynamics revealed that modest, physiological increases in ROS
decrease calcium transients in C. elegans glutamatergic neurons. By combining genetic and phar-
macological manipulation of ROS levels and calcium influx, we reveal a mechanism in which
physiological increases in ROS cause a decrease in synaptic AMPAR transport and delivery by

modulating activity-dependent calcium signaling. Taken together, our results identify a novel



role for oxidant signaling in the regulation of synaptic AMPAR transport and delivery, which in
turn could be critical for coupling the metabolic demands of neuronal activity with excitatory

neurotransmission.

2.2B Significance and Impact

Synaptic AMPARSs are critical for excitatory synaptic transmission. The disruption of
their synaptic localization and numbers is associated with numerous psychiatric, neurological,
and neurodegenerative conditions. However, very little is known about the regulatory mecha-
nisms controlling transport and delivery of AMPAR to synapses. Here, we describe a novel
physiological signaling mechanism in which ROS, such as hydrogen peroxide, modulate AM-
PAR transport by modifying activity-dependent calcium signaling. Our findings provide the first
evidence in support of a mechanistic link between physiological ROS signaling, AMPAR
transport, localization, and excitatory transmission. This is of fundamental and clinicat signifi
cance since dysregulation of intracellular calcium and ROS signaling is implicatedgreagl
the pathogenesis of several neurodegenerative disorders including AlzheimerOs and ParkinsonOs

disease.

2.2C Introduction

The alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) subtype of
glutamate receptors (AMPARS) are essential for fast excitatory synaptic transmiss$ibp éAs
al., 2008). The number of AMPARSs at the synaptic surface is a key determinant of synaptic effi-
cacy and is the result of a dynamic equilibrium between the number of receptors in intracellular

pools and at the synaptic surface (Groc et al., 2009; Henley and Wilkinson, 2013; Rosendale et



al., 2017). Although a few AMPARSs can be synthesized locally (Hanus et al., 2016), the vast ma-
jority of AMPARSs are synthesized in the neuronal soma, often far away from synapses, and are
trafficked in a complex multistep process to dendrites and synapses (Brechet et al., 2017; Hanus
et al., 2016; Henley and Wilkinson, 2016). Intracellular transport by molecular motors (Esteves
da Silva et al., 2015; Hangen et al., 2018; Hoerndli et al., 2013; Kim and Lisman, 2001; Setou et
al., 2002), exo- and endocytosis (Ehlers, 2000; Yudowski et al., 2007) as well as surface diffu-
sion dynamics (Choquet and Triller, 2013) are all important steps of this complex trafficking. In-
tracellular AMPAR transport between different cellular pools of AMPARS is the least under-
stood of these steps but is essential for synaptic transmission and plasticity (Hoetnd@DéBa

Kim and Lisman, 2001; Setou et al., 2002). In addition, several studies have now shown that
transcription of Kinesin-1 motors (Puthanveettil et al., 2008) and the number of AMPARSs trans-
ported increase with neuronal activity (Hangen et al., 2018; Hoerndli et al., 2015). Furthermore,
AMPAR exocytosis (Yudowski et al., 2007) and stopping during transport in dendrites also in-
creases with activity (Hangen et al., 2018) suggesting that vesicle stops correlat&IRARS

delivery (Hoerndli et al., 2013). The correlation between stopping of vesicular cargo and delivery
has also been observed for other postsynaptic cargoes (Bommel et al., 2019; Guillaud et al.,
2008; Ichinose et al., 2015; Stucchi et al., 2018), but the regulation of stops and delivery of AM-
PARs is so far unknown.

Neuronal activity is associated with increased energy demands that is largely fulfilled by
mitochondrial ATP production (Hall et al., 2012), which concurrently produces reactive oxygen
species (ROS; Halliwell, 1992). The main ROS subtypes are hydrogen peroxide (H202), the su-
peroxide anion (O2-) and the hydroxyl radical (HO-) (Halliwell, 1992). Previous studies have

shown that ROS can affect calcium signaling mediated by N-methyl-D-aspartate (NMDA)



glutamate receptors, voltage-gated calcium channels (VGCCs) and calcium release from the en-
doplasmic reticulum (ER) (Akaishi et al., 2004; Amberg et al., 2010; Hidalgo and Arias-
Cavieres, 2016; Todorovic and Jevtovic-Todorovic, 2014). Interestingly, the effect of ROS var-
ies widely depending on dosage, cell type and model system used (Hidalgo and Arias-Cavieres,
2016; Wilson et al., 2018). This is illustrated by the fact that long-term potentiation (LTP) is dis-
rupted by elevated ROS (Bliss and Collingridge, 1993; Kamsler and Segal, 2003; Klann, 1998)
as well as depletion of ROS (Kishida and Klann, 2006). Thus, the literature supports a link be-
tween ROS signaling and changes in neuronal excitability. However, whether this is due to ROS
modulation of calcium signaling remains uncertain. In particular, there is a lack of direct evi-
dence for the roles of physiological ROS on neuronal calcium signalirigo.

The transparent mod€l. eleganss well-suited to study the effects of ROS on calcium
signaling in neuron vivo where circuits remain intact. More specifically, calcium and ROS
sensors have been successfully usedvoin C. elegando study conserved signaling pathways
(Braeckman et al., 2016; Luo et al., 2014; Sengupta and Samuel, 2009). In a@ditilmgans
have been instrumental in uncovering translationally conserved calcium and ROS signaling
mechanisms regulating neuronal activity, organismal aging and neurodegeneration (Alvarez et
al., 2020; Back et al., 2012; Griffin et al., 2019; Petriv and Rachubinski, 2004; Tardiff et al.,
2013; Treusch et al., 2011; Zullo et al., 2019).

In this study, we start to address the possible link between ROS production and regula-
tion of AMPAR transport using C. elegans. Single neuron expression of SEP::mCherry::GLR-1
(theC. elegansromologue of the AMPAR subunit GIuAl tagged at the N-terminus with SEP, a
pH-sensitive form of GFP, and mCherry) and the calcium sensor GCAMP6f enabled us to quan-

tify and characterize GLR-1 transport as well as changes in cytoplasmic cadoiivg in real



time. Together with genetic and pharmacological manipulation of VGCC activity and ROS lev-
els, our results show that AMPAR transport is directly regulated by activity-dependent calcium
signaling. We also find that physiological increases in ROS levels decreases calciusiaand, a
result, AMPAR transport, delivery and exocytosis. We further show that the targets of increased
ROS are specific and involve L-type VGCC-dependent calcium signaling upstream of cal-
cium/calmodulin-dependent protein kinase Il (CaMKII) activation. Altogether, our results sug-
gest a mechanism by which physiological ROS signaling acts as a negative feedback mechanism
regulating excitatory glutamatergic transmission by decreasing activity-dependamnnhdaltuix

and subsequent AMPAR transport.

2.2D Results

C. eleganss a useful model for studying long-distance AMPAR transport dynamics
vivo. Here we use a dual tagged AMPAR subunit, SEP::mCherry::GLR-1 girthéky176)ge-
netic background, expressed in a single pair of glutamatergic neurons (AVA) to analyze how
transport, delivery and exocytosis of GLR-1 are modulated by cytoplasmic calcium and reactive
oxygen species (ROS). AVA are long, ventrally running unipolar interneurons with cell bodies in
the head of the animal that express AMPA and NMDA subtypes of glutamate receptors (Maricq
et al., 1995). To reveal dim GLR-1 transport events, we used a photobleaching approach com-
bined with continuous imaging of the mCherry signal to visualize GLR-1 transport in the proxi-
mal region of AVA (see Figure 2.1 A). Both anterograde (Figure 2.1 A, blue arrowheads) and
retrograde (Figure 2.1 A, fuchsia arrowheads) transport events can be visualized as single parti-
cles advancing in opposite directions at different time points (Figure 2.1 A, timepoint images 1-

3). The trajectories of these transport events can be visualized and analyzed in a kymograph



representing their position on x-axis and time on the y-axis (Figure 2.1 A, bottom right). The to-
tal amount of GLR-1 transport as well as velocities and stopping of transport events can be quan-
tified using these kymographs. In control animals, the number of transport events as well as the
average anterograde velocity obtained in our hands (Figure 2.1 C and F) are similar to what we
reported previously and reported for vertebrate AMPAR transport in hippocampal neurons

(Hangen et al., 2018; Hoerndli et al., 2015; Ju et al., 2004).

Activity-dependent calcium signaling regulates AMPAR transport

Recently, we and others have shown that long distance AMPAR transport is regulated dy-
namically by neuronal activity. Although studies have shown that CaMKII activation is required
for activity-dependent AMPAR transport, the exact signaling pathways leading to CaMKII acti-
vation are still unclear (Hangen et al., 2018; Hayashi et al., 2000; Hoerndli et al., 201.53!-In
egansneurons, the majority of neuronal depolarization is achieved by VGCCs, specifically by L-
type VGCC (L-VGCC), while voltage-gated sodium channels are absent (Serrano-Saiz et al.,
2013).C. elegansaanimals expressing VGCCs with reduced calcium conductance have altered
synaptic distribution (Rongo C and Kaplan J, 1999) and diminished transport of AMPARSs
(Hoerndli et al., 2015). A necessary next step in understanding the regulation of long-distance
transport of AMPARS to and from synapses is to determine if this process is directly regulated by
increased cytoplasmic calcium leading to CaMKII activation. If this is the case, theowie
expect transport characteristics, such as export from the soma as well as transpors\vahacitie
pausing, to correlate with activity-dependent changes in cellular calcium levels.

To test this hypothesis, we took a genetic approach using strains with a reduced- or gain-

of-function mutation iregl-19 the sole L-VGCC gene i@. elegansleading respectively to a
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Figure 2.1 - Activity -dependent calcium signaling regulates GLRL transport. A) Left, Diagram illustrating
the location and procedure fiorvivoimaging of mCherry::SEP::GLR in AVA. Top right, representative im-
ages at three timepoints showing positions of AMP&Rtaining vesicles as they progress away from the ¢
body (blue arrowhead) and toward the cell body (fuchsia arrowhead). Bottorarigimograph displaying
the position (xaxis) of AMPARcontaining vesicles over time-éxis). Arrowheads indicate position of vesi-
cles in kymograph that correspond to representative images at timep8irsgdle bar = fim. All animals

are expressingEP::mCherry::GLRL in theglr-1(ky176)background. For all transport experiments, animalg
with no additional mutations in this background mferred to as OcontrolsO. B) 25 seconds of refatigen
kymographs from controlgegt19 reducedfunction (rf),egk19 gain-of-function (gf),unc43lossof-function
(Ify and unc-43 gain-of-function (gf) mutants. Scale bar suf. C) Total GLR1 transport (anterograde and
retrograde events) quantified from kymographs representative of a 5@ $ee@e stream (n>2torms for
each group; **: p=0.036, ****: p<0.00001 compared to controls). D) 25 seconds of representative kymo
of DMSO (control) and 1iM nemadipine treated worms. Scale barpnd E) Total GLR1 transport from
DMSO controls (n=12) and nemadipitmeated groups (n=14, ***: p=0.005 compared to DMSO contrel). F
Stop and velocity analysis of more than 60 transport events from coagklg(rf), egh19(gf)andunc43(gf)
mutants. F) Instantaneous velocity of AMPAR vesittageling in either aanterograde (solid) or retrograde
fashion (diagonal lines; n>60 transport events; n.s.=not significant, *: 12,0:0 p=0.003, ****: p<0.0001
compared to controls). G and H) Distribution of instantaneous velocities (binned eveny/8ez) for antero-
grade (G) and retrograde (H) transport for conted$;19(rf) andegt19(gf) mutants|) The percent of time
GLR-1-containing vesicles spent stopped in each genotype as quantified from the same transport event
A (*: p=0.043, **: p=0.001, ****: p<00001 compared to controls). Error bars for all bar graphs represent
standard error of the mean (SEM).

decrease or increase in calcium influx (Liu et al., 2018). Irg¢id 9reduced-function (rf) mu-

tant, GLR-1 transport out of the cell body was significantly decreased (10.2 £ 1.2, mean + SEM,
transport events per kymograph, n=16, p=0.0036, Figure 2.1 B and C) compared to controls
(17.9 £ 1.7 events, n=19). Conversely, inegé19gain-of-function (gf) mutant, GLR-1

transport was upregulated (26.7 = 1.7 events, n=17, p=0.0037, Figure 2.1 B and C). To ensure
that these changes in transport are in fact due to altered calcium influx, we acutely treated ani
mals containing SEP::mCherry::GLR-1 in tijle-1(ky176)background with the L-type-specific
VGCC blocker, nemadipine (Kwok et al., 2006). A 30-minute pre-treatment witfvi10

nemadipine caused a decrease in total transport (12.0 = 1.5 events, n=14, compared to 23.4 + 2.5
events in untreated controls, n=12, p=0.0005, Figure 2.1 D and E) sinelglir18(rf) (10.2 £

1.2, Figure 2.1 C). Both nemadipine treatmenteglelL9(rf) showed a similar reduction in cal-

cium in AVA as measured by GCAMPG6f (data not shown). These results indicate that not only is



calcium through VGCCs required (Hoerndli et al., 2015), but also that neuronal calcium directly
and bidirectionally regulates AMPAR transport to and from the cell body.

To better understand how AMPAR transport dynamics are impacted by calcium, we
guantified the velocity and stop frequency of individual GLR-1-containing vesicles agHi®
mutants. We found that the increased calciumgirl9(gf)mutants results in a slightly faster an-
terograde instantaneous velocity (1.37 = uA8se¢ n=87 events, p=0.003) compared to con-
trol animals (1.23 £ 0.0@m/se¢ n=90, Figure 2.1 F). The distribution frequency of the antero-
grade velocities in each group revealed that the increagg-i9(gf)is due to more vesicles
traveling at higher speeds (1.6-21®/sec, Figure 2.G). Retrograde transport velocities, how-
ever, were not significantly changed in #gd-19(gf)mutants (Figure 2.1 F and H). In addition,
we observed a significant increase in the percent time spent stopped for vesicles moving in either
direction inegl-19(gf)(29.9% + 2.7) compared to controls (20.9% + 1.8, p=0.043, n>95, Figure
2.1 1). Decreased calcium agl-19(rf) mutants decreases the instantaneous velocity of antero-
grade GLR-1 transport (1.08 £ Juin/sec, n=50, p=0.0037), but surprisingly had the opposite
effect on instantaneous velocity of retrograde transport (1.4 Hu@&ec, n=59, compared to
0.9 £ 0.06um/sec in controls, n=44, p<0.0001, Figure 2.1 F). The percent time vesicles moving
in either direction spent stopped was also drastically decreasgtt19(rf) mutants (paused
10.5% + 1.5 of the time, p=0.0011, n=79, Figure 2.1 1).

Cytoplasmic calcium increases from L-VGCC and other sources are known to activate
CaMKIll (Bayer and Schulman, 2019), which in turn has been shown to be required for normal
AMPAR transport (Hangen et al., 2018; Hoerndli et al., 2015). We sought to determine if and to
what degree CaMKII activation regulates AMPAR transport. For these experiments, we used

strains harboring genetic loss- and gain-of-function mutations of UNC-43, th€.sellegans



ortholog of CaMKII. Theunc-43loss-of-function (If) mutation leads to a complete loss of UNC-
43 (Reiner et al., 1999), whereas the gain-of-function (gf) allele causes partial calcium-independ-
ent, constitutive activation of UNC-43 (Umemura, 2005). Animals wnit+43(If)showed a
drastic decrease in GLR-1 transport (0.78 £ 0.30, n=14, p<0.0001) whereas animaitewith
43(gf)showed a dramatic increase in GLR-1 transport (36.3 £ 2.04 events, n=14, p<0.0001, Fig-
ure 2.1 B and C) compared to controls. Interestinglunict43(gf)mutants, instantaneous
transport velocity was unchanged (Figure 2.1 F), but the percentage of time all transport vesicles
spent stopped was drastically decreased to nearly 0% (vesicles stopped 0.06% * 0.49 of the time,
n=58, compared to 20.9% + 1.8 in controls, n=95, p<0.0001, Figure 2.1 ). We were unable to
guantify velocities and stop frequency of GLR-1 transpoutic+43(If)due to the low numbers
of transport events per kymograph (less than one per kymograph on average).

Collectively, these data demonstrate that calcium influx and calcium signaling by
CaMKIl directly regulate GLR-1 transport, with differential regulation of the dynamics (velocity
and stops) of anterograde and retrograde transport events. These findings advance our under-
standing of AMPAR transport by delineating a mechanism in which neuronal activity up- and

downregulates the quantity and dynamics of AMPAR transport.

Increased ROS levels within physiological range modulate activity-dependent changes in cyto-
plasmic calcium

A growing field of evidence shows that calcium-dependent signaling is modified or co-
regulated by ROS (GSrlach et al., 2015). Additionally, several studies have shown that neural ex-
citability and synaptic plasticity are modified by ROS signaling (Kishida and Klann, 2006;
Yermolaieva et al., 2000). More recently, a few studies have shown that function of VGCCs, in-

cluding the L-type, are altered by increases in ROS above physiological concentrations (Dang et



al., 2018; Todorovic and Jevtovic-Todorovic, 2014). However, we have a poor understanding of
if and how physiological ROS signaling impacts activity-dependent fluctuations in neuronal cal-
cium levels. Given this gap in knowledge and the growing interest in how calcium and ROS sig-
naling act to regulate neuronal excitation, we tested whether slight perturbations of ROS produce
observable changes in cytoplasmic calcium levels and the resultant signaling. Firstellising ¢
specific expression of the genetically encoded, fluorescent calcium indicator GCaMP6f
(Akerboom et al., 2013), we were able to visualize calcium transrentgo in the soma of

AVA (Figure 2.2 A and B). Using this technique, we observe temporal dynamics (i.e. transient
frequency and duration) of calcium transients similar to previous reports (Gordus et al., 2015;
Larsch et al., 2013).
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Figure 2.2 - Physiological increase in ROS leads to decredsactivity-dependent fluctuations in somatic
calcium. A) Brightfield and fluorescent confocal images of the verstidé of aC. elegan®xpressing

GCaMP6f in the AVA interneuron. Scale bar =5@. B) GCaMP6t F/F.i, over time. Grey dashed line repret
sents baseline threshold (30% of minimum fluorescence)alu




Figure 2.2DB) Fluorescence values above that threshold are summed (area under tlier alypeaks) and
normalized to the average baseline valyg)fo calculate total activity during the 60 second recording. For,
GCaMP experiments, all groups express GCaMP6f in AVA amdederred to as OcontrolO if no additional
H.O, treatment or mutation was added. C) Representative traces of somatic GCaMP6fdhoar@s@ VA
interneurons for 60 seconds nalimed to baseline fluorescendd~{Fnin) from control (n=56) and 100 nM
H.O; treated (n=58) animals. Dashed lineD) Total activity of GCaMP normalized to untreated control
(**: p=0.006). E) Average fluorescence baseline of controls afdtreatd animals normalized to control
group (1 50, n.s. = not significant). F) Representative traces of somatic GCaMP6f fluorescAn@eiiter-
neurons for 60 seconds, normalized to baseline fluorescence in control (n=50) and catalasecth@its (
n=51). Dashed line =fz. G) Total activity normalized to controls (**: p=0.0pH) Average fluorescence
baseline of controls and catalase mutants normalized to conttl3, (ms. = not significant).

To determine if cytoplasmic calcium is impacted by hydrogen peroxiga)Hhe most
stable and common form of endogenous ROS in cells (Bienert et al., 2006), we subjected wild-
type worms expressing GCaMP6f in the AVA to a 5-minute pretreatment of 100:@MoHor
to imaging. With this technique, we determined that acute treatment wih,adthcentration
within the physiological range (10-100 nM; Sies, 2017) decreased the total GCaMP activity to
80.9% = 0.07 of that of untreated controls (n>55 for each group, p=0.006, Figure 2.2 C and D).

Furthermore, we saw no effect of® treatment on baseline fluorescence (Figure 2.2 E),
indicating that the modest increase in ROS due to this treatment does not detectably change the
fluorescence properties of GCaMP itself or basal calcium levels. We conclude that an-acute
crease in KD, decreases the total amount of cytoplasmic calcium over the recording time (60
seconds) without drastically modifying the amplitude of the changes in cytoplasmic calcium in
the cell body of AVA. We sought additional evidence by using a genetic strategy to increase in-
tracellular HO,. To this end, we obtained a strain harboring a loss-of-function mutation in the
gene encoding the prima€. elegangatalasedtl-2), which decomposes approximately 80% of
all intracellular HO,to water, including in neuronal tissue (Petriv and Rachubinski, 2004). In
these catalase mutants, total GCaMP activity is significantly decreased (27.4% % 0rQ8 lowe
p=0.001; Figure 2.2 F and G). Again, the baseline of GCaMP fluorescetit@ () was not

different than in control animals (Figure 2.2 H). These results support that both acute and chronic

! N<



increases in KD, within the physiological range attenuate activity-dependent increases in cyto-
plasmic calcium irC. elegansieurons. Based on the identified regulatory role of calcium on
GLR-1 transport, we then hypothesized that these same modest increases in ROS may affect
GLR-1 transport and delivery to synapses.
Physiological ROS signaling regulates AMPAR transport and delivery to synapses

To test if ROS levels impact GLR-1 transport, we quantified GLR-1 transport as previ-
ously described following a 5-minute pretreatment with 10, 50 or 100 s@4iH which animals
swam freely before imaging in the samgkcontaining solution. We found that worms treated
with H,O, had significantly fewer AMPAR transport events ranging from 14.65 + 1.59 events at
10 nM HO, to 11.35 + 1.14 at 100 nM.8, (compared to 23.0 £ 1.09 events in untreated ani-
mals, n=22, p<0.0001, Figure 2.3 A and 3B). Given, that all treatments affected GLR-1 transport
to a similar degree, we used 50 nM gf3lin all following experiments. In addition, quantifica-
tion of GLR-1 transport itl-2(If) mutants revealed a significant decrease in GLR-1 transport
events (12.3 £ 1.10 events per kymograph, n=28, p=0.0012, compared to 19.0 £ 1.71 events in
controls, n=20, Figure 2.3 C and D). Thg:itreatment also led to significantly decreased ante-
rograde transport velocities (1.31 = Oi8/se¢ n=107 events, p<0.0001) compared to untreated
controls (1.52 £ 0.0@m/se¢ n= 90 events, Figure 2.3 E and F). THe2(If) mutation caused a
17% decrease in anterograde transport velocity (1.10 H10n0sec,n=107 events, p<0.0001)
compared to controls (1.33 £ 0.Q&h/se¢ n=59, Figure 2.3 G and H). Neithes®] treatment
nor ctl-2(If) altered retrograde transport velocity (data not shown), so remaining velocity anal-
yses were focused on that of anterograde trandpatdition, the percent of time GLR-1 con-
taining vesicles spent paused was decreased by these modest elevations in ROS levels

(p<0.0001, Figure 2.3 I and J). Thus, both acute and chronic increage.dé&tl to decreased



transport of GLR-1 containing vesicles to and from the cell body, as would be predicted by our

observations of decreased somatic calcium in response to modest ROS elevations. Furthermore,
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these slight increases in ROS were sufficient enough to alter the normal characterissgdeof ve
transport including transport velocity as well as the frequency and/or duration of stops along the
neuronal process.

Altogether, these changes in GLR-1 transport could impact GLR-1 delivery and exocyto-
sis at synapses. To test this hypothesis, we turned to fluorescence recovery after photobleaching
(FRAP) using GLR-1 tagged with mCherry and SEP (a pH-sensitive for of GFP) at the N-termi-
nus (Figure 2.4 A) as previously described (Hoerndli et al., 2013; Kennedy et al., 2010). We
monitored recovery of mCherry signal from the dual tagged GLR-1 after bleaching to quantify
new delivery of GLR-1 to synaptic sites in the proximal region of the AVA processes. SEP fluo-
rescence, on the other hand, is quenched while in acidic endosomes and therefore protected from
photobleaching (Hoerndli et al., 2015; Kennedy et al., 2010), meaning its signal is revealed once
released to the membrane providing a measure of exocytosis of GLR-1-containing receptors to
synapses (Figure 2.4 A). Worms were again pretreated for 5 minutes with 5@akhéh im-
mediately mounted for imaging without any change in solution. During treatment, the rate of
GLR-1 delivery was significantly decreased (as determined by the nonlinear fit of the percentage
of fluorescence recovery throughout the 16 minutes following photobleaching, n=10, p=0.0011)
in comparison to untreated controls (n=10, Figure 2.4 B and C). Similar to the aCutecldt-
ment,ctl-2(If) also led to a significant reduction in the rate of synaptic GLR-1 delivery (n=10,
p<0.0001, Figure 2.4 B and C). This decrease in delivery could in part be due to the decreased
time in which transported vesicles are stopped when ROS is elevated (Figure 2.3 | and J), which
likely perturbs the ability to be delivered to synaptic sites. Together, these results shawerihat e

a modest, acute elevation of ROS can lead to decreased GLR-1 delivery at synapses.



The efficacy of excitatory neurotransmission is determined in part by the number of AM-
PARs at the surface of synapses (Henley and Wilkinson, 2016; Huganir and Nicoll, 2013) and
although ROS elevation decreased GLR-1 delivery to synapses, it may not affect exocytosis rates
or the number of receptors at the synaptic membrane. To determine if this is the case, we quanti-
fied the SEP signal following GLR-1 photobleaching in both acute and genetic conditions of
ROS elevation. Interestingly, the exocytosis rate of GLR-1 seemed to be unaffected by acute
H,O,treatment whereasgl-2(If) significantly decreased GLR-1 exocytosis rates (n=10 for all
groups, p<0.0001, Figure 2.4 D and E). This difference in SEP recovery suggests that acute and
chronic ROS elevation differentially affect GLR-1 exocytosis at synapses. Chronic ROS eleva-
tion could lead to sustained decreases in GLR-1 delivery resulting in a time-dependent depletion
of the synaptic reserves required for the GLR-1 exocytosis. If true, then a marked decrease in
SEP::mCherry::GLR-1 signal at steady stateti¥2(If) mutants would be expected. Surprisingly,
measurements of SEP::mCherry::GLR-1 fluorescence along the neuronal process before FRAP
in ctl-2(If) and controls did not show a significant change in mCherry or SEP signal (data not
shown). We postulate that the overexpression of GLR-1 necessary to follow single vesicle dy-
namics might mask changes in steady state levels of synaptic AMPARS.

To quantify the effect of physiological elevation of ROS levelstli2(If) mutants on
global glutamatergic circuit function and circumvent potential overexpression issues of the
SEP::mCherry::GLR-1 in AVA, we turned to behavioral analysis. The spontaneous reversal of
C. elegansanimals has been shown to reflect the function and number of synaptic GLR-1 recep-
tors (Burbea et al., 2002; Monteiro et al., 2012; Park et al., 2009; Zheng et al., 1999). In addition,
AVA activation has been shown to be essential for spontaneous reversals (Ben Arous et al.,

2010; Gray et al., 2005). Thus, we obtained reversal datdl(f) and found thattl-2(If)
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mutants exhibited fewer spontaneous reversals (1.37 + 0.19 reversals per minute, p<0.0001,
n=38) compared to controls (3.78 + 0.26, n=37, data not shdWws)behavioral change sup-
ports our calcium imaging data in which the total spontaneous activity of AVA is decreased in
ctl-2(If). Altogether, our results clearly show that modest ROS elevation is sufficient to modify
synaptic GLR-1 transport, delivery and, with chronic elevations, exocytosis to synapses ulti-

mately affecting glutamatergic circuit function.



Increased ROS modulate GLR-1 transport at or directly downstream of L-type VGCC

Our results indicate that modest increases in ROS (within the physiological range for
neurons; Sies, 2017) decrease the activity-dependent fluctuations in cytoplasmic calcium in the
AVA interneurons ofC. elegangFigure 2.2). This results in decreased GLR-1 transport into and
out of the cell body as well as decreased anterograde transport velocity and time vesicles spent
stopped along the neurite (Figure 2.3). Together, these changes in transport likely contribute to
decreased delivery and, in the case of prolonged elevations in ROS, exocytosis of GLR-1 at syn-
apses (Figure 2.4). To add clarity, we investigated mechanisms by which excess ROS decreases
cytoplasmic calcium, CaMKII activation, and therefore GLR-1 transport.

Our data presented above suggest a regulatory signaling pathway (Figure 2.5 A), in
which depolarization of AVA via glutamate receptor activation leads to calcium influx through
VGCCs to activate CaMKII. This model led us hypothesize that elevated ROS could be affecting
calcium signaling needed for CaMKII activation. We used a genetic epistasis strategy to tes
whether this is a linear pathway in which ROS function upstream of CaMKII activation to modu-
late GLR-1 transport. We made double mutants witt+43(If)andctl-2(If) as well asunc-43(gf)
andctl-2(If). If ROS are acting upstream of CaMKII activation, then one would prediatiticat
43(gf/If); ctl-2(If) double mutants would be similar to the singhe-43mutations alone as the
modest decrease in calcium duetie2(If) would not affect the activation of calcium-independ-
ent CaMKII in theunc-43(gf)mutants

To test this, we analyzed mCherry::GLR-1 transport and again observet-&(#)
alone decreases GLR-1 transport, but interestingly, the addition ctif-2) to unc-43(If or gf)
mutations does not change the amount of transport companed-#8mutations alone (Figure

2.5 B and C). Analysis of anterograde transport velocity and stopping um¢khé3(gf)mutants
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Figure 2.5- B) 25 seconds of representative kymographs from each experimgenipl Scale bar =am. C)
Quantification of transport events from full-length kymographs (%0 sdntrol,unc-43(If) andunc-43(gf)
without (-, white bars) and with (+, blue bars) thie2(If) mutation (fi 13; n.s.=not significant, **: p=0.0012,
*rx%: p<0.0001 compared to controls lacking tid-2(If) mutation). D) Instantaneous velocity of anterograde
transport for the same animals from part B and C (n>60 ev&fitsp<0.0001 compared to controls lacking
thectl-2(If) mutation). E) Percent of time GLR-1 vesicles spent stoppdetgetsame genotypes (n>60 events
**: p=0.009, ****: p<0.0001 compared to controls lacking ttt&2(If) mutation).F) 25 £conds of representa-
tive kymographs from each experimental group. Scale barm. %5) Quantification of transport events in con
trol or unc-43(gf)with (+, blue bars) or without,(white bars) 50 nM kD, treatment (h14; *: p=0.025, ***
p=0.0002, ****: p<0.0001 compared to untreated control).

mirror these results in that the velocity and stopping is the sameundch&3(gf); ctl-2(If)as in
theunc-43(gf)single mutant (Figure 2.5 D and E). It is interesting to note that the addition of the
ctl-2(If) mutation tounc-43(gf)did not affect transport velocity when compared witie-43(gf),

which indicates that modest ROS elevation likely does not lead to global perturbations af cellula
processes which would indirectly affect molecular motor-dependent activity. To determine
whether this is unique ttl-2(If), we also treatednc-43(gf)animals with 50 nM KD, prior to

imaging transport. Similar tctl-2(If), acute treatment with @, had no effect on thenc-43(gf)
mediated increase in GLR-1 transport (Figure 2.5 F and G). Together, these data indicate that
ROS signaling regulates GLR-1 transport upstream of CaMKII activation.

To pinpoint potential targets of ROS upstream of CaMKII activation, we next investi-
gated L-VGCCs, which we have shown to play an important role in regulating GLR-1 transport
events and delivery (Figure 2.1). To determine if L-VGCCs or downstream calcium signaling is
a target of ROS modulation, we used a genetic epistasis approach. We made double mutants with
ctl-2(If) and eitheegl-19(rf) or egl-19(gf),then analyzed GLR-1 transport. These analyses reveal
that the amount of GLR-1 transportagl-19(rf); ctl-2(If) is not significantly different froregl-
19(rf) (Figure 2.6 A and B). Howeveegl-19(gf); ctl-2(If)mutants have significantly decreased

GLR-1 transport events in comparisorel-19(gf)alone (13.9 £ 1.17 vs 26.7 £1.76
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Figure 2.6- ROS decrease GLRI transport numbers and alter transport dynamics by acting on or down-
stream of L-VGCC. All experimental groups express SEP::mCherry::GLR theglr-1(ky176)background.
A, G and ) 25 seconds from representative kymogré&pins each exgrimental group. Scale bar fufn. B)
Quantification of transport events from contraglk19(rf), oregk19(gf)without ¢, white bars) or with (+, blue
bars) thectl-2(If) mutation (fi 15; n.s.=not significant, *: p=0.012,**: p=0.007, ***; p=0.0005, compared to
controls lacking thetl-2(If) mutation;  : p<0.0001 compared teegt19(gf)alone). C) Instantaneous velocity
of anterograde transport events in each groug4revents, n.s.=not significant, *: p<0.05, **: p=0.0035, ***:
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19(gf)alone). D and E) Frequency distribution of instantaneous velocity (binned evenmyp8&x) ofantero-
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each group (M4 events, *p=0.044, **: p#0.009, ****. p<0.0001 compared to controls lackiat2(If);
p<0.0001 compared &gt19(gf)alone).
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Figure 2.6- H) Quantification of transport events from contratsl agk19(gf) without ¢, white bars) or with
(+, blue bars) 50 nM #D, treatment (h18; *: p#0.038 compared to untreated controls; : p=0.007 compare
to untreateaglk19(gf). J) Quantification of trasport events in controls ant-2(If) with (+, blue bars) and
without ¢, white bars)LO uM nemadipine treatment (n>10; *: p<0.05 comparedrtveated controld).

respectively, n=16, p<0.0001, Figure 2.6 A and B). In fact, the double mutant was not signifi-
cantly different tharetl-2(If) alone (11.2 = 0.91 events, n=19, p=0.42, Figure 2.6 A and B).
Quantification of the anterograde velocity and stopping of transport events in these strains fur-
ther support the idea that ROS affect calcium signaling at or just downstream of L-VGCCs. In
theegl-19(gf)mutant, instantaneous velocity of anterograde transport is increased compared to
controls (1.37 £ 0.03 vs 1.23 £ 0.0&/sec, n>40 events, p=0.0005, Figure 2.6 C and D). When
combined withctl-2(If), anterograde transport velocity is decreased to around thataif-&{#)
mutation alone (1.12 £ 0.03, n=43, vs 1.04 + 0.02, n=82, p=0.66, Figure 2.6 C and D). The per-
cent of time GLR-1 vesicles spent stopped along the neuronal process was increaseglin the
19(gf)mutants (stopped 29.9% * 2.72 of time, n=96) compared to controls (20.8% + 1.86, n=95,
p=0.044; Figure 2.6 F). When combined with2(If), stopping was drastically decreased com-
pared tcegl-19(gf)alone (11.65% £ 1.94, n=44, p<0.0001) and controls (20.88% + 1.86, n=89,
p=0.015, Figure 2.6 F). These data suggest that elevated ROS change transport velocity and stop-
ping throughout the neurite via decreased calcium. If true, then we hypothesized that transport
velocity and stopping should be decreased iretli€l 9(rf)mutant

Similar to our quantification of GLR-1 transport numbers, the transport veloatyl-of
19(rf), is decreased compared to controls (1.08 + @&ec, n=86, p=0.0001) and is unaffected
by the addition of thetl-2(If) mutation (Figure 2.6 C and E). The percentage of time vesicles
were stopped was also decreaseelghl9(rf) mutants (14.93% + 2.15, n=79, p=0.001; Figure
2.6 F). However, in contrast to our velocity results, we observed a slight, but not significant de-

crease in stopping with the additionati-2(If) (8.7% + 1.60, n=67, p=0.43, Figure 2.6 F). These

! Oz



data indicate that thetl-2(If) mutation is acting in the same pathwayegk19to regulate GLR-1
transport. To ensure that these results are due to elevated ROS levels and not developmental ef-
fects ofctl-2(If), we also treatedgl-19(gf)animals with 50 nM kD,. As previously observed,

H,O, treatment of control animals reduced the amount of GLR-1 transport and redl:ced

19(gf) transport to the same level agHalone (26.11 £ 1.15 vs 18.9 £ 1.76 events, n>18, Figure
2.6 G and H). To eliminate the possibility of these results being caused by developmental
changes in thegl-19(gf/rf)mutants, we also analyzed GLR-1 transport in controlctr{If)

mutants following treatment with the L-VGCC blocker, nemadipine. As we previously showed, a
10 uM nemadipine treatment significantly reduced the total amount of GLR-1 transport (14.36 +
1.53 events, n=11, compared to controls 24.00 + 2.15 events, n=10; p=0.008; Figure 2.6 | and
6J). However, nemadipine treatment did not further reduce transmir@ifif) mutants (14.56 +

1.13 events, n=9, in nemadipine-treated animals compared to 15.92 + 1.38 events, n=13, in un-
treated controls; Figure 2.6 | and 6J). Altogether, these observations suggest that ROS elevation
is affecting L-VGCC/EGL-19 dependent calcium signaling.

To obtain additional insight into how ROS modulate GLR-1 transport and delivery, we
combined FRAP of SEP::mCherry::GLR-1 and our genetic epistasis strategy (Figure 2.7). We
guantified synaptic delivery of GLR-1 using FRAP of mCherry signal (Figure 2.7 A and B) and
synaptic exocytosis using FRAP of SEP signal (Figure 2.7 C and D) in sglgl®(rf) or egl-
19(gf) mutants and when doubled wittt-2(If). Similar to our GLR-1 transport results, quantifi-
cation of mCherry and SEP FRAP showed that the rate of GLR-1 delivery and exocytosis is de-
creased iregl-19(rf)mutants and addition atl-2(If) causes no change in those rates (n=10, Fig-
ure 2.7). Alternatively, the FRAP of mCherryagl-19(gf); ctl-2(If)is reduced compared &gl-

19(gf),but not identical tatl-2(If) (Figure 2.7 B) as is the case with the FRAP of SEP in these
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Figure 2.7- ROS decrease GLRL synaptic delivery and exocytosis by actingroor downstream of L-
VGCC.

All experimental groups express mCherry::SEP:: GLRR the AVA in theglr-1(ky176)background. Groups
without additional mutations are referred to as @olth A)Representative maximum projections of the
mCherry fluorescence in the AVA interneurons beforenediately after and 16 minutes after photobleachin
of the imaging region from each experimental group. Scale bauns B) Recovery of mCherry fluorescence
following photobleaching in contraégt19(rf) andegt19(gf)with (dashed curves) and without (solid curves
ctl-2(If) (n" 8; **: p=0.003, ****; p<0.0001 compared to controls; : p=0.0001 compareceg-19(gf)single
mutant). C) Representative maximunojgctions of the SEP fluorescence in the same groups. Scale Ipain.=

D) SEP fluorescence recovery in the same experimental groups (****: p<0.0001 cdrtpaontrols;
p<0.0001 compared &gk19(gf).

genotypes (Figure 2.7 D). These results suggest that ROS not only modulate GLR-1 transport,
but also delivery and exocytosis by affecting the signaling cascade initiated by calcium influx
through L-VGCC/EGL-19.

Our data provide a better understanding of the mechanism by which activity-dependent

cdcium signaling regulates AMPAR transport to ultimately affect synaptic delivery and



exocytosis of AMPARs. We go on to show that L-VGCCs play a central role in regulating cyto-
plasmic calcium dynamics and that this process is modified by ROS. This leads to our suggested
model (Figure 2.8) in which physiological elevations of ROS can modulate synaptic GLR-1
transport at the soma and in the dendritic process by modifying calcium signaling originating to a

large extent from L-VGCC:s.

2.2E Conclusion and Discussion

Activity-dependent calcium signaling is required for AMPAR transport in vertebrate and
C. eleganglutamatergic neurons (Hangen et al., 2018; Hoerndli et al., 2015). Here we show that
in C. eleganscalcium influx mediated by L-VGCC/EGL-19 is not only required, but that the
magnitude of calcium influx directly corresponds to changes in AMPAR transport to and from

the cell body as well as AMPAR transport dynamics within neuronal processes. Furthermore, we
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Figure 2.8 - Proposed ROS signaling effect on GLR. transport.

Model showing that increases in ROS inhibit thevitgtidependent changes in cytoplasmic calcium which
occurs mostly due to calcium influx througfMGCC (yellow channel, VGC); but also AMPAR (green
channel) and NMDARs (orange channel). Intracellular release of calcium, such as from theyER™iine
receptors (blue channel, RyR), can also contribute to cytoplasmitietsvim calciumTherefore decreased
cytoplasmic calcium limits calmodulin (CaM) binding and activation of CaMKII reducing the nuwhbéa-
PAR transport and delivery to synapses.




show that physiological increases in ROS decrease somatic calcium signaling (Figuaes2.2) c
ing a subsequent decrease in somatic AMPAR export and synaptic delivery (Figure 2.3). This
study reveals a physiological interplay between ROS and calcium signaling that directly affect
AMPAR transport and delivery (Figure 2.8). It also prompts fundamental questions regarding
how AMPAR transport is regulated by activity in a spatially specific manner, such as how do so-
matic vs local dendritic calcium signaling pathways regulate AMPAR transport and what are
their effects on synaptic function and plasticity?

Long-distance AMPAR transport is one of the least characterized components of the mul-
tistep trafficking of AMPAR from the cell body to the periphery (Henley and Wilkinson, 2016).
It is clear that transport requires molecular motors, including kinesin-1 (Hoerndli et al., 2013;
Kim and Lisman, 2001; Setou et al., 2002), and is regulated by neuronal activity and CaMKII
(Esteves da Silva et al., 2015; Hangen et al., 2018; Hoerndli et al., 2015). However, we do not
understand the roles of other key players required for activity-dependent regulation and at which
steps (i.e. cargo loading, transport, delivery and removal) they act. Consistent with previous re-
ports (Hoerndli et al., 2015), we show decreased somatic export of AMPARS in mutants with re-
duced L-VGCC function or after treatment with the L-VGCC blocker, nemadipine (Figure 2.1
and 6). On the contrary, increased calcium influx in gain-of-function L-VGCC mutants leads to
more AMPAR transport demonstrating that activity-dependent calcium influx through L-VGCCs
bidirectionally regulates AMPAR transport out of the cell body (Figure 2.1).

Once motors and cargoes have entered the dendrites, they are subject to the conditions of
those compartments. For instance, GLR-1 transport in the AVA neurite is bidirectional and het-
erogenous, displaying increased stopping probabilities at synaptic localizations of GLR-1

(Hoerndli et al., 2013). Several studies suggest that stopping of transport vesicles correlate with



delivery of AMPARSs to synapses (Hangen et al., 2018; Hoerndli et al., 2013), but it is unclear
how that is regulated and if vesicular stops affect synaptic delivery. Here, we demonstrate that
manipulations of calcium influx through L-VGCC modify AMPAR transport dynamics, such as
stops and velocity profiles (Figure 2.1), and lead to changes in synaptic delivery (Figure 2.7). We
show that decreased calcium influx through L-VGCCs decreases anterograde velocity and stop-
ping of AMPAR-containing vesicles within the neurite. Conversely, increasing calcium influx
through L-VGCC led to increased anterograde velocities and stops (Figure 2.1). Decreased ve-
locity and stopping corresponds to less GLR-1 delivery and insertion to synapses whereas higher
velocities and stops correspond to higher delivery and insertion (Figure 2.1 and 7), which is con-
sistent with previous findings (Hangen et al., 2018; Hoerndli et al., 2013) and demonstrates that
regulation of AMPAR transport dynamics in dendrites is a key factor in controlling AMPAR de-
livery and synaptic function. Interestingly, there is a drastic decrease in stop frequency in

43(gf) mutants suggesting that stop frequency of GLR-1 transport could be mediated by calcium-
dependent changes in CaMKII activity. Taken together, these results provide evidence for a
model in which calcium signaling controlled by L-VGCCs and CaMKII regulate AMPAR

transport into and out of the cell body as well as in the dendritic process in an activity-dependent
manner.

The AVA interneurons have long, relatively flat processes in the ventral cord that enable
high-resolution, time-lapse imaging and cell specific expression using the AVA-specific promot-
ers rig-3 and flp-18. Although powerful, this analysis is limited to AVA interneurons which
leaves open the possibility that other glutamatergic neurons, such as those with specific compart
mentalized calcium signaling (Hendricks et al., 2012), might have different ROS sensitivity

thresholds or regulatory mechanisms. However, our results using this approach concur with



studies using vertebrate neurons in which long-term increases in dendritic calcium increased the
amount of AMPAR transport and delivery (Hangen et al., 2018). Nevertheless, our data is a new,
in vivo demonstration of activity-dependent calcium signaling bidirectionally regulating AMPAR
transport throughout the neuron, determining transport vesicle numbers, dynamics and delivery
at synapses at short and long timescales.

Importantly, gain- or loss-of-function CaMKII mutants have a much stronger effect on
GLR-1 somatic export than L-VGCC mutations alone. This could be due to the mutations in L-
VGCCs not being a complete loss- or gain-of-function. However, it could also suggest that addi-
tional signaling pathways converge onto CaMKII to regulate GLR-1 somatic export. These sig-
naling pathways could involve other calcium sources (i.e. NMDAR and ryanodine receptors) or
other signaling cascades such as those involving protein kinase A/C or mitogen-activated protein
kinase (Boehm et al., 2006; Eales et al., 2014; Ren et al., 2013; Tang and Yasuda, 2017; Zheng
and Keifer, 2008). Although these signaling pathways change synaptic AMPAR trafficking, their

roles in somatic export and/or long-distance transport dynamics are yet unknown.

Compartmentalized calcium signaling

Calcium signaling originating from the plasma membrane, endoplasmic reticulum, Golgi
or mitochondria at neuronal cell bodies, dendrites and axons differentially regulate a variety of
neuronal functions (reviewed in Brini et al., 2014). Calcium influx in the dendritic shaft and den-
dritic spines comes from various ion channels including AMPAR, NMDAR and voltage-sensi-
tive calcium channels localized to the membrane, endoplasmic reticulum and mitochondria
(Catterall, 2011; Higley and Sabatini, 2012). Calcium imaging in cell culture has shown calcium
to remain within the spine following single spine activation (Nimchinsky et al., 2002; Saddatini

al., 2001). Interestingly, vertebrate and invertebrate neurons have compartmentalized calcium



transients that are important for neuronal function and computation (Ali and Kwan, 2019;
Donato et al., 2019; Higley and Sabatini, 2012). However, it is unclear how compartmentaliza-
tion of calcium regulates downstream processes such as trafficking of synaptic proteins.
Compartmentalized calcium signaling is conserved.ialegansnterneurons (Donato
et al., 2019; Hendricks et al., 2012). Our data shows that AMPAR transport in the long process
of AVA is affected by altered calcium influx due to mutations in L-VGCC and ROS levels.
Some of these effects are likely to be local in scope. However, we have no knowledge regarding
distribution of VGCCs, including EGL-19, or about compartmentalization of calcium signaling
in the AVA. It is unclear how synaptic inputs and calcium signaling are integrated at dendritic
and cellular levels to tailor AMPAR distribution. Our study provides a platform to start under-
standingn vivo calcium and ROS signaling mechanisms regulating AMPAR distribution ulti-

mately affecting synaptic strength and behavior of animals.

Reactive Oxygen Species

Neuronal excitation and synaptic plasticity have high energy demands and correlate with
physiological fluctuations in ROS levels (Bindokas et al., 1996). Pathophysiological ROS eleva-
tion is observed in aging and neurodegenerative conditions such as ParkinsonOs, HuntingtonOs
and AlzheimerOs (Stefanatos and Sanz, 2018). Intriguingly, some amount of ROS, in particular
superoxide (@), is required for LTP induction and memory formation (Thiels et al., 2000). This
suggests that ROS are required for LTP formation, supporting a necessary signaling role in excit-
atory neuronal function, perhaps specifically in AMPAR trafficking. However, there is currently
no direct mechanistic link between ROS signaling and regulation of AMPAR trafficking. Our re-
sults show that physiological ROS elevation decreases AMPAR transport, delivery and exocyto-

sis (Figure 2.3) through a mechanism involving decreased calcium influx (Figure 2.2).



Consistent with our results, hypoxic conditions triggering increases in ROS production leads to
decreased GLR-1 trafficking i@. elegangPark and Rongo, 2016).

Although there have been quite a few studies of the regulation of L-VGCC function by
physiological ROS in several cell types (Chaplin and Amberg, 2012; Cserne Szappanos et al.,
2017; Todorovic and Jevtovic-Todorovic, 2014) there have been extremely few in neurons
(Hidalgo and Arias-Cavieres, 2016; Massaad and Klann, 2011; Wilson et al., 2018) amd none
vivo. Our study is the first to show how small increases in ROS affect whole cell activity-de-
pendent calcium signaling and direct downstream targets such as synaptic AMPAR transport and
delivery. We show that genetically and pharmacologically induced increases in ROS within the
range of physiological signaling levels (~50 nM; Sies, 2017) leads to decreased calcium signal-
ing in the cell bodies of. eleganAVA neurons (Figure 2.2). This contrasts with what has been
found in vertebrate arterial smooth muscle and gonadotropes (Chaplin and Amberg, 2012; Dang
et al., 2018), but is consistent with reports of mitochondrial ROS elevation inhibiting L-VGCCs
in cardiomyocytes (Scragg et al., 2008). Discrepancies in the concentration of ROS treatment be-
tween these studies and the one presented here could explain the opposing results. Several cellu-
lar processes have been shown to be impacted differently by ROS levels within vs outside of the
physiological range (Wilson and Gonztlez-Billault, 2015; Beckhauser et al., 2016). It is possible
that ROS regulation of calcium sources follows suit in that moderate increases in ROS cause de
creased calcium influx but greater increases in ROS cause increased calcium influx.

Taken together, our results identify a novel role for ROS signaling in the regulation of
AMPAR transport and synaptic delivery, providing a link between the metabolic demands of
neuronal activity and excitatory neurotransmission. Future studies are required to test our pro-

posed model and understand its biological significance. Importantly, follow-up studies will first



be aimed at determining the source and targets of activity-induced ROS signaling. Theoability t
answer these questions will rely on the development of high affinity, genetically encoded ROS
sensors enablinig vivo subcellular imaging of these dynamics. It is interesting to note that
dysregulation of calcium signaling and ROS homeostasis is associated with aging and neuro-
degeneration (Barja, 2013; Grimm and Eckert, 2017; Kim and Jin, 2015; Stefanatos and Sanz,
2018). In this context, sever@l elegansnodels of AlzheimerOs diseases have providethkey

vivo evidence to demonstrate the causal role of calcium dysregulation in neuronal (Griffin et al.,
2019) and muscular degeneration (Sarasija et al., 2018; Sarasija and Norman, 2015). Further-
more, it has been shown that neurodegenerative modeélsiegansare translationally relevant

for vertebrate studies (Tardiff et al., 2013; Treusch et al., 2011). Thus, once a fundamental un-
derstanding of how ROS signaling normally regulates excitatory neuronal function has been ob-
tained in our model, future studies will determine how ROS and excitatory neurotransmission

change in aging and neurodegeneration.

2.2F Materials and Methods

Strains
C. eleganstrains were maintained on nematode growth media (NGM) and fed with the
E. colistrain OP50 at 20;C (Brenner, 2003). All animals used in experiments were hermaphro-

dites and the strains used in these experiments contained alleles listed in TaldmA2.1 be



J?7& *)('AlList of genetic alleles used, the corresponding geeeeffect of the mutation and reported func-

tional changes along with original references characteribim@llele!!

Gene | Allele Mutation Functional Change References
glr-1 | kyl76 Premature stop | Truncated, unfunctional (Maricq et al., 1995)
receptor
egl- | n582(rf) Missense mutatior] No calcium spikes (Liu et al., 2018;
19 in S4 domain Trent et al., 1983)
n2368(gf) Missense mutatior| Delayed inactivation, | (Laine et al., 2014;
in IS6 prolonged calcium Lee, 1997)
spikes
unc- | n498n1186 | Premature stop Protein null (Park and Horvitz,
43 (If) 1986; Reiner et al.,
n498sd(gf) Missense mutatior| Partial calcium-inde- 1999; Umemura et
in the active site | pendent, constitutive aq al., 2005)
tivation
ctl-2 | ok1137(If) ~1kb deletion Protein null (Spir— et al., 2012)
lin-15 | n765ts Frameshift muta- | Protein null (Kim and Horvitz,
tion 1990)

Transgenic Strains

To visualize GLR-1, we used the integrated aaklg201containing Prig-

3::SEP::mCherryglr-1 (Hoerndli et al., 2015) to express dual-tagged GLR-1 in the AVA glu-

tamatergic interneurons. Transgenic strains were created by microinjedimmi5{n765ts)

worms with plasmids containifdm-15(+) to allow for phenotypic rescue of transgenic strains.

The GCaMP6f-containing plasmid (Prig-3::GCaMR#fic-59 was a gift from Attila Stetak and

was used to create the strasfEx62[Prig-3::GCaMP6func-54.

Confocal Microscopy
Imaging was carried out on a spinning disc confocal microscope (Olympus IX83)
equipped with 488 nm and 561 nm excitation lasers (Andor ILE Laser Combiner). Images were

captured using an Andor iXon Ultra EMCCD camera through either a 10x/0.40 or a 100x/1.40



oil objective (Olympus). Devices were controlled remotely for image acquisition using Meta-

Morph 7.10.1 (Molecular Devices).

Transport Imaging and Analysis

All transport imaging was conducted on strains contaiakig201in theglr-1 null back-
ground ky176. One-day-old adults from these strains were mounted on a 10% agarose pad with
1.6 pL of a mixture containing equal measures of polystyrene beads (Polybead CAT No. 00876-
15, Polysciences Inc.) and 30 mM muscimol (CAT No. 195336, MP Biomedicals). The worm
was positioned to place the AVA interneurons in close proximity to the coverslip through which
the AVA neurites would be imaged. Once the neurons were located using the 100x objective and
a 561 nm excitation laser, a proximal section of the neurites was photobleached using a 3 W, 488
nm Coherent solid-state laser (Genesis MX MTM) set to 0.5 W output and a 1 s pulse time. The
photobleaching laser was targeted to a defined portion of AVA using a Mosaic Il digital mirror
device (Andor Mosaic 3) controlled through MetaMorph. Immediately following photobleach-
ing, a 500-frame image stream was collected in a single z-plane with the 561 nm excitation las
and a 100 ms exposure time. Kymographs were generated using the Kymograph tool in Meta-
Morph with a 20 pixel line width as previously reported (Hoerndli et al., 2013). Transport quanti-
fication was done blinded to the genotype and condition by manually counting all transport
events from resultant kymographs. Transport stops and velocities on the other hand were ana-
lyzed unblinded by manually tracing ~10 transport events per kymograph using the ImageJ
plugin KymoAnalyzer (Neumann et al., 2017). Individual traces were selected for inclusion in
this analysis if the fluorescence and image focus allowed for the event to be readily traced
throughout the entirety of the kymograph (500 ms). At least 10 kymographs per experimental

group were used for the stop and velocity analyses.



FRAP

Strains containingkls201were mounted for imaging as described above. First, an appro-
priate proximal region of AVA localized and memorized using MetaMorphQOs stage position
memory function. Second, an image stack was acquired using the 561 nm then the 488 nm exci-
tation laser (500 ms exposure) around the AVA process (20 images were taken every 0.25 ym
starting 2.5 um below to 2.5 um above the process, which required ~30 seconds total imaging
time). Third, ~80 um long sections of AVA proximal and distal to the imaging region were pho-
tobleached using the same photobleaching settings as previously described. The imaging region
was photobleached and immediately after, two image stacks (with 561 nm then 488 nm excita-
tion) were acquired for the O-minute time point. This was repeated at 2, 4, 8 and 16 minutes fol-
lowing the photobleaching of the imaging region. Finally, image stacks from all time points were
converted to maximum projections using MetaMorphQOs stack arithmetic function. The average
fluorescence in the imaging region at each time point was analyzed using the region measure-
ment tool in ImageJ 1.51s (Java 1.8). The background fluorescence (i.e. outside of the AVA)
from each maximum projection was then subtracted from the average fluorescence of the imag-
ing region. The resulting fluorescence from the maximum projections immediately following
photobleaching (O minutes) was subtracted from the fluorescence values of all subsequent time
points. These values were then divided by the average fluorescence of the neurite before photo-
bleaching to determine the percent of signal recovery for each channel within the imaging re-
gion.
In Vivo Calcium Imaging

All strains used for calcium imaging experiments contained the extrachromosomal array

csfEx62expressing GCAMPG6f in the AVA interneurons in tim15(n765ts)genetic



background. Eight to ten one-day-old adult animals with the array were selected and placed on a
10% agar pad with gL of standard M9 buffer (commadd. elegansulturing buffer; Stiernagle,
2006).C. elegansvere thus constrained but not immobilized similar to when placed in a micro-
fluidics chamber (Chronis et al., 2007). Animals were imaged using the 10x objective on the
spinning disc confocal. A 60-second image stream consisting of 240 images with a 250 ms expo-
sure time was acquired using the 488 nm excitation laser. During imaging, animals spontane-
ously attempt reversals, which is correlated with activation of the AVA thus increasingasytopl

mic calcium (Ben Arous et al., 2010) and resulting in changes in GCaMP6f fluorescence in our
strains. We report the total activity or total cytoplasmic calcium during each 60-second strea
(Figure 2.2 A and B). This was calculated using the following approach. For each frame, the
maximum fluorescence ¢ was quantified using MetaMorphOs region measurement tool by
manually defining the region of the image stream containing the AVA cell bodies. Attempts at
reversals exhibited large calcium transients whereas attempts at forward movemesnce abs
movement was correlated with only small variations considered as basal fluctuations.eFhe bas
line (Fnin) was defined as the average GCAMPG6f signal when worms are immobile or during for-
ward movement as this was previously shown not to activate AVA (Ben Arous et al., 2010).
GCAMPG6f signal during this time was observed to be within 30% of the overall minimum value
of GCAMP6f. Maximum fluorescence values for each frame was imported into a customized Ex-
cel document containing modules created with ExcelOs visual basic editor. One module calcu-
lates the average baseling,{J-by averaging all values within 30% of lowest value. This value

was used to determine th€ (R, - Fnin) for each frame normalized to the average baseline

(#F/Fnin, Larsch et al., 2013). Total activity was defined as the sum of,alafies greater than



Fmin (green area below the curve of all peaks of the 60 s recording, Figure 2.2 B) normalized to
the average baseline (average of the values below dotted line of the 60 s recording, Figure 2.2 B).
Spontaneous Reversal Quantification

The spontaneous reversal rate (reversal/min) was quantified using the semi-automated
tracking system of the WormLab System (MBF Bioscience). Briefly, for each trial, five to eight
one-day-old adult worms were selected off plates with bacterial food and transferred on food free
plates twice with a rest of ~2 minutes after each transfer. Spontaneous locomotion was then rec-
orded for 1 minute on the second plate and the video analyzed blinded to genotype. After detec-
tion of all animals and tracks by the seamiomatic tracking system, all tracks were manually
verified and corrected if necessary, still blind to genotype. N2, wild-type animal locomotion and
reversal rates were consistent with previously reported values: 3.78 + 0.26 reversal/minute com-
pared to reported ~ 4 £ 0.2 (Monteiro et al., 2012).
Hydrogen Peroxide and Nemadipine Treatments

Worms were acutely treated with® by placing the worm in 1.8L of solution con-
taining the appropriate concentration ofdHwith either 30 mM Muscimol and polystyrene
beads (for transport imaging) or M9 buffer (for calcium imaging). Approximately 5 minutes fol-
lowing the beginning of the treatment, image streams were acquired. Physiological intnacellul
concentrations of }D, range from 10-100 nM in vertebrate neurons (Sies, 2017), so 10, 50 and
100 nM were used for our experiments.
A 0.5 mM stock of nemadipine (VWR, cat. no. 89151-228) was dissolved in 0.1% DMSO and
the concentration was adjusted to M\ (a concentration reported to decrease calcium influx in
exposed neuroris vivo by ~70%; Larsch et al., 2013) with M9 buffer and OP50 liquid culture

immediately before a 30-minute treatment. During the treatments, one-day-old adult control



worms were placed into 1.5 mL Eppendorf tubes containing either control media or the pharma-
cological agent and placed on a rocker for oxygenation. The worms were then pipetted onto fresh

NGM/OP50 plates immediately before being moved to an agar pad for imaging.

Image Presentation and Data Analysis

All images were acquired under non-saturating conditions. Quantification of GLR-1
transport FRAP and calcium imaging is described in the appropriate sections above. Representa-
tive images shown were chosen and processed following analysis only to the extent necessary to
appreciate the corresponding quantifications. Image processing (RGB colors, cropping, adjust-
ment of brightness and contrast) was performed in Photoshop (21.1.1). For FRAP images, the
mCherry signal of SEP::mCherry::GLR-1 is shown in magenta for colorblind vision. This was
achieved in Photoshop by duplicating the 561 nm information to create the red and blue channels
of the RGB image which was then merged to create the magenta image as published previously
(Hoerndli et al., 2013). All images in each panel were identically processed.
Experimental Design and Statistical Analysis

All experiments were performed using one day old adult hermaph@dgiegansani-
mals as determined by a single row of eggs and by picking as precisely identifiable L4 stage
larva 24 hours before imaging and behavior experiments. Each dataset contained at least three
experimental replicates with 4-5 replicates needed for datasets containing more genotypes or
conditions (Figures 5, 6, and 7). The total number of animals analyzed is indicated in the figure
legends for each figure. All mutant strains were back-crossed at least 2x with N2 wild-type ani-
mals. All imaging reagents such as SEP::mCherry::GLR-1 and GCAMP6f were crossed into

strains carrying genetic mutations in the exact same way, verifying the presence of the knock-out



glr-1 alleleky176and genetic mutations using PCR genotyping on at least 2 generations. Primer
sequences are available on request.

For statistical analysis, all datasets were screened for outliers using a Thompsat. Tau te
For datasets including only two experimental groups, statistical significance wdsusEstga
two-tailed studentOs t-test. For datasets comparing more than two experimental groups, a one-
way Brown-Forsythe ANOVA with a DunnettOs correction for multiple comparisons was used.
FRAP differences between groups was determined using an extra sum-of-squares F-test of the
nonlinear hyperbolic regression fit to the data. All statistical analyses were performed using
Prism 8 software. Statistical details, numbers of ROIs and animals analyzed, and p-vaties are
dicated in detail in each results section. Data are presented as mean + SEM umiese othe

stated.
Code/Software

Code for custom Excel modules used for analysis of calcium imaging is available online

at: https://github.com/racheldoser/GCaMP_Analysis_Excel VBA.git.

2.3 Elevated ROS Signaling Causes Abnormal Neuron&lctivation and Impaired Learning
in C. elegans

Changes in transport and synaptic targeting of GLR-1 alter neuronal excitation and syn-
aptic plasticity inC. elegangHadziselimovic et al., 2014; Hoerndli et al., 2015; Stetak et al.,
2009). The abnorm#&LR-1 transport and delivery due to elevated ROS led us to hypothesize
that catalase mutants would haleredneuronal activation and plasticity. We can assess this
possibility behaviorally since the AVA is an interneuron that integrates sensory information to

determineC. elegandocomotion. Additionally, glutamatergic plasticity within the AVA-circuit



is required for olfactory associative memory (Ben Arous et al., 2010; Gray et al., 2005; Morrison
and Kooy, 2001; Stetak et al., 2009). So, we can assay spontaneous locomotion and associative

memory assays as a proxy for activation and plasticity of the AVA neuron.

2.3A Chronic elevations in ROS decrease the frequencyadé@anseversals

The synaptic content of GLR-1 in the AVA determines the frequency of spontaneous re-
versals ofC. elegangBen Arous et al., 2010; Gray et al., 2005; Park et al., 2009; Zheng et al.,
1999) Thus, quantification of spontaneous reversals (see Chapter 2.2F) is a measure of the glu-
tamatergic transmission in which the AVA neuron is central (Figure 2.9 A). Loss of GLR-1 sig-
nificantly reduces the number of spontaneous reversals (Figure 2.9 B) which demonstrates that
glutamatergic synapse function is necessary for wildtype locomotor behavior. Interestingly, re-
versal frequency was significantly decreased in two of the three catalases expr€ssddgans
(Figure 2.9 B). Specifically, strains with loss-of-function mutationstlii, a cytoplasmicata-

lase had reduced reversal frequency compared to wildtype. Similarly, loss of the peroxisomal
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catalase encoded by tb#-2 gene resulted in decreased reversals. The loss-of-function mutants

for ctl-3 had reversal frequencies that were comparable to wildtype.

2.3B Chronic elevations in ROS prevent olfactory associative learni@gefegans

Redistribution of GLR-1 at AVA synapses is required for olfactory associative memory
(Hadziselimovic et al., 2014; Stetak et al., 2009), so diminished transport and delivery was hy-
pothesized to impair the learning and memory expression in catalase mutarmt$-2{lfestrain
was subjected to an olfactory associative memory assay since we and others have observed that
loss ofctl-2 has a more pronounced effect on behavior and survival than other catalase mutants
(Petriv and Rachubinski, 2004). Interestingtt};2(If) mutants showed impagdlearning in the
chemotaxisassayimmediately after olfactory conditioning (Figure 2.10). This learning impair-

ment made it difficult to assess memory expression at later timegoints.
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2.3C New Materials and Methods

Olfactory Associative Memory Assay

C. eleganstrains were synchronized via an egg preparation that involves lysing gravid
adults with bleach, plating eggs onto a 10 cm NGM plate (no OP50) overnight before transfer-
ring hatched L1s with M9 onto a fresh 10 cm NGM/OP50 plate. For olfactory conditioning, day-
one-old adults are washed with M9 before being placed onto chemotaxis plates (5 mM
KH,PO/K,HPO, [pH 6.0], 1 mM CaGl 1 mM MgSQ, 2% agar) with or without a piece of
Whatman paper containing 0.1% Diacetyl. Plates are sealed with parafilm and left at room tem-
perature for 1 hour. Immediately after, a chemotaxis assay is performed in which worms are
washed from conditioning plates with M9 onto the middle of CTX testing plates that contain a
droplet of 0.1% Diacetyl (diluted in ethanol) or ethanol on opposite sides of the plate. Sodium
azide (1M) is added to the regions of these droplets just before worms are transferred to testing
plates. After 1 hour, worms in each region are counted, and a chemotaxis index (CI) is calcu-
lated. Cl = (No. on 0.1% Diacetyl - No. on ethanol) / Total (Bargmann et al., 1993). Short-term
memory was assessed by transferring worms via an M9 wash to an NGM/OP50 plate for 1 hour
prior to running the chemotaxis assayhese assays were carried out in the lab of Dr. Attila Ste-

tak at the University of ZYrich, Switzerland.

2.4 Decreased Reactive Oxygen Species Signaling Alters Glutamate Receptor Transport to
Synapses irC. elegansAVA Neurons
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2.4A Summary

Reactive oxygen species (ROS) are chemically reactive molecules normally produced during cel-
lular respiration. High ROS levels negatively impact forms of synaptic plasticity that rely on
changes in the number of ionotropic glutamate receptors (iGIuRs) at synapses. More recently, we
have shown that physiological increases in ROS reduce iGluRs transport to synapses by acting
on activity-dependent calcium signaling. Here, we show that decreasing mitochondria-derived
ROS decrease iGIuR transport albeit in a calcium-independent manner. These data demonstrate
differential regulatory mechanisms by elevated or diminished ROS levels which further support a

physiological signaling role for ROS in regulating iGIuR transport to synapses.

2.4B Description

In the brain, signal transmission between neurons mainly occurs at electrochemical junc-
tions or synapses where release of presynaptic neurotransmitters activates postsynatptis. rece
In most nervous systems, the primary excitatory neurotransmitter is glutamate. When released by
presynaptic neurons, it activates glutamate receptors containing cation channels andciauses e
tation through membrane depolarization. The AMPA subtype (AMPAR) of glutamate receptors
is especially central to excitatory transmission (Ashby et al., 2008). The amplitude of a postsyn-
aptic response to glutamate release depends on the number of postsynaptic AMPARS, and
changes in synaptic content of AMPARSs is the basis for the synaptic plasticity that underlies
learning and memory (Groc and Choquet, 2020). Most AMPARSs are synthesized in the cell body
and must undergo long-distance transport to these sites. This transport is a multistep process in-
volving loading of AMPAR-containing vesicles onto molecular motors (Esteves da Silva et al.,
2015; Hangen et al., 2018; Hoerndli et al., 2013; Kim and Lisman, 2001; Setou et al., 2002), de-

livery of these vesicles (Heisler et al., 2014; Setou et al., 2002), and exocytosis of AMPARS to

! b3



the synaptic membrane (Yudowski et al., 2007). Regulation of receptor endocytosis (Ehlers,
1999) and surface diffusion (Choquet and Triller, 2013) further contribute to controlling the syn-
aptic content of AMPARS.

Regulation of motor-dependent transport and delivery are the least understood steps, but
we now know they are regulated by activity-dependent calcium signaling (Hangen et al., 2018;
Hoerndli et al., 2015). Additionally, we have recently show8.ieleganghat the calcium in-
flux that upregulates AMPAR transport and delivery is attenuated by increased reactive oxygen
species (ROS; Doser et al., 2020), a class of reactive molecules that are normal byproducts of ox-
idative phosphorylation (Halliwell, 1992). These findings begin to explain observations of syn-
aptic plasticity defects (i.e. less induction) in elevated ROS conditions (Bliss and Cadjagri
1993; Kamsler and Segal, 2003; Klann, 1998). Interestingly, ROS depletion leads to similar de-
fects in synaptic plasticity (Gahtan et al., 1998; Kishida and Klann, 2006), suggesting that ROS
concentrations must be within a specific physiological range for normal synaptic plasticity. So,
we asked if ROS are required for AMPAR transport by depleting ROS via pharmacological and
genetic methods i6. eleganghen analyzing transport of the AMPAR subunit GLR-1 (Doser et
al., 2020).

In C. elegansthe AVA glutamatergic interneurons are ideal for these studies because
they are unipolar with a single neurite that spans the length of the entire ventral nerve chord
(Maricq et al., 1995). Additionally, cell-specific promoters for the AVA neuron allow for molec-
ular replacement of native GLR-1 with a fluorescent-tagged GLR-1 in these neurons alone (Fig-
ure 2.11 A). This has enabled visualization of the transport of individual vesicles containing
GLR-1 as they are exported from the AVA cell body through the long AVA neurite (Doser et al.,

2020; Hoerndli et al., 2015). Using these methods, we have shown decreased GLR-1 transport



when ROS levels were elevated within the physiological range (Doser et al., 2020). Since we
were able to pinpoint that elevated ROS downregulates GLR-1 transport by attenuating activity-
dependent calcium influx, we hypothesized that ROS act as regulatory molecule in this process.
If this hypothesis is correct, then reducing ROS would alter the amount of GLR-1
transport. To test this, we overexpressed the neuronal catalase encodectlsy geae in AVA
(Figure 2.11 A, top), which would presumably lead to decreased ROS levels only in these neu-
rons. To image GLR-1 transport, we photobleached a proximal portion of the AVA neurite to un-
cover the dim fluorescence GILR-1-containing vesicles (Figure 2.11 B). Then, we continu-
ously imaged GLR-1::mCherry for 50s at a single confocal plane within a section of the AVA
neurite. Transport events within this image stream are represented in kymographs as black traces
with position on the x-axis and time on the y-axis (Figure 2.11 B, C and E). Quantification of the
number of GLR-1 transport events from kymographs revealetrelegansvith AVA-specific
overexpression of CTL-Bad decreased transport compared to the control strain (Figure 2.11 D).
It is important to note that this difference in transport between strains is unlikely due to discrep-
ancies in their GLR-1::mCherry expression since the average fluorescence of GLR-1::mCherry
in the AVA neurite is nearly the same in eacsfEx63470.4 £ 66.1 andsfEx65 465.6 + 68.2;
mean + SEM; p = 0.95, two-tailed StudentOs t-test). These results suggest that chronic CTL-2
overexpression decreased ROS levels which in turn led to a reduction in GLR-1 transport. A ma-
jor source of ROS is mitochondrial oxidative phosphorylation (Halliwell, 1992), so we hypothe-
sized that CTL-2 overexpression decreased the effect of mitochondrial-derived ROS signaling.
To test this hypothesis and rule out developmental effects of CTL-2 overexpression, we
treatedC. elegansvith mitoTEMPO, a mitochondrial-targeted antioxidant (Murphy and Smith,

2007), to acutely diminish ROS signaling. Following a 2-hour mitoTEMPO treatment, we found
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Figure 2.11- Diminished ROS levels decrease AMPAR transport out of #hcell body via a calcium in-
dependent mechanismA) Representative images showing expression of cat#ntansgenic arrays used
Scale bar = 5m. B) GLR-1::mCherry transport. Top: Single time points from 50 s of continuous imagin
(100 ms/frame). Two GLR-containing vesicles (blue and green numbers) are pointed out for three
timepoints. Bottom: Kymograph derived from 30 s of a 50 s image stream depictingnps#tias) of GLR
1 transport vesles over time (yaxis). Scale bar = bm. C and E) Representative kymographs depicting
GLR-1 transport vesicles (black lines) as they are transported through the length of the naxi#edixer
time (y- axis). Scale bar = bm. D) Quantification of trasport events in contrdlirff-15(n765ts)X; glr-
1(ky176)lll; csfEx63 n=15) and worms overexpressing catalase (2{2X)) in the AVA (in-15(n765ts)X;
glr-1(ky176)lll; cSfEx65n=11, **:p=0024, twetailed StudentOsdst). F) Quantification of transport event
from untreated (n=18) and mitoTEMPO treated (n=20) woghisl(ky176)Ill; akls201 ***:p=0.0008, two
tailed StudentOsgdst). G) Representative traces of changes in GCaMP6f fluorescence in the AVAlgell |
over 60 gn vivonormalized to basile fluorescence /Fmin) from untreated (n=35) and mitoTEMPO

treated (n=35) wormgiii-15(n765ts) X; csfEx§2H) Average F/Fmin hormalized to untreated controls. I)

Total activity (sum of fluorescence values aboveelas divided by baseline) normadid to untreated con-
trols. J) Average baseline of these groups normalized to untreated controls.

that GLR-1 transport was decreased compared to untreated controls (Figure 2.11 E and F). The
similar decrease in transport dued®L-2 overexpression and acute mitoTEMPO treatment sug-
gests two things: First, diminished ROS signaling has a direct effect on the regulation of GLR-1
transport. Second, since mitochondria-targeted antioxidants reduced transport to the same extent
as overexpression of a cytoplasmic catalase, it is likely that mitochondrial respiratiorajer
contributor to ROS signaling involved in regulation of GLR-1 transport.

Since we previously determined that elevated ROS regulates GLR-1 transport by attenu-
ating calcium influx (Doser et al., 2020), we next asked whether diminished ROS levels also at-
tenuate calcium influx. To address this question, we subjedle@leganstrain expressing the
calcium indicator GCaMP6f in AVA neurons to a 2-hour mitoTEMPO treatment. Quantification
of GCaMP fluorescence over a 60 s imaging session (Figure 2.11 G) did not reveal any changes
in the amplitude of GCaMP peaks (Figure 2.11 H), total activity (summation of GCaMP
fluorescence above baseline, Figure 2.11 1), or baseline GCaMP fluorescence (Figure 2.11 J) be-

tween untreated and mitoTEMPO treated worms.



Altogether, these results demonstrate that diminished ROS levels decrease the amount of
GLR-1 transport out of the cell body via a mechanism that seems to be independent of activity-
dependent calcium influx based ionvivo calcium imaging with GCaMP6f. However, since cal-
cium imaging is not as sensitive as other measures of calcium influx, it remains possitaé tha
cium channel activation, conductance, or inactivation is altered by diminished ROS signaling.
The addition of these results to our previous findings (Doser et al., 2020) suggest that ROS are a
necessary regulator of long-distance AMPAR transport. Since this transport is crucial for supply-
ing receptors in a way that allows for synaptic plasticity, these studies begin to explain why syn-

aptic plasticity defects are observed in conditions of non-physiological ROS.

2.4C Materials and Methods

Cloning

The catalase genetl-2) was cloned fronC. elegan£DNA using the forward primer 50-
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCCAAACGATCCATCGGA-30 and re-
verse primer 50-GGGGACCACTTTGTACAAGAAAGCTGGGTCGATATGAGAGCGA
GCCTGTTTC-30designed on ApE (v.2.0.60). Using the gateway recombination cloning tech-
nique (Invitrogen), thetl-2 gene was positioned behinfid18, an AVA specific promoter, and
followed by an eGFP 30UTR (from pGH112, Erik Jorgensen) in the destination vector pCFJ150
(Erik Jorgensen, Addgene - Plasmid #19329).
Transgenic Strains

Transgenic strains were created by microinjectiolnei5(n765tsworms as previously
described (Doser et al., 2020). The above plasmids were used to create the following extrachro-

mosomal arrayxsfEx65 [Pflp-18::ctl-2::eGFP + Prig-3::glr-1::mCherry], csfEx63 [Prig-



3::glr-1::mCherry] andcsfEx62 [Pflp-18::GCaMP6f + lin-15p::lin-15]ThecsfEx65and
csfEx63transgenic strains have a loss-of-function mutatiayiril (allele:ky176 in addition to
lin-15(n765ts).
MitoTempo Treatment

A stock of 1M mitoTEMPO (Sigma) was dissolved in deionized water and diluted to
0.5mM with M9 and OP50 liquid culture immediately before the 2-hour treatment as previously
described (Xu and Chisholm, 2014). 20-40 one-day-old adult control worms were individually
picked off NGM/OP50 plates and placed into a 1.5 mL Eppendorf tube containing either control
media (M9/OP50) or 0.5mM mitoTEMPO in M9/OP50. The tubes were placed on a rocker to
allow for oxygenation during the duration of the treatment. The worms were then pipetted out of
the tubes onto fresh NGM/OP50 plates immediately before being moved to an agar pad for imag-
ing as described above.
Imaging and Analysis

Confocal microscopy was carried out using a spinning disc confocal microscope (Olym-
pus IX83) as previously described (Doser et al., 2020).
In vivo Glutamate Receptor Imaging and Analysis

In vivoimaging of glutamate receptors was conducted on strains containing either ex-
trachromosomaPrig-3::glr-1::mCherry(csfEx65andcsfEx63 or Prig-3::SEP::mCherry::gir-1
(akls201 Hoerndli et al., 2015) in gIr-1 null backgrounddlr-1(ky176). All imaging experi-
ments were done using one-day-old adults as described in more detail in Doser et al., 2020.
In Vivo Calcium Imaging

Calcium imaging experiments were conducted on strains containing the extrachromoso-

mal arraycsfEx62in thelin-15(n765ts)genetic background. Eight to ten one-day-old adult



animals were placed on a 10% agar pad with 2uL of M9 buffer. They were imaged individually
at 10x for 60 seconds (image stream was acquired using the 488nm excitation laser with a 250ms
exposure time for 240 frames). The fluorescence was measured and analyzed as previously de-
scribed (Doser et al., 2020).
Code Availability

Custom Excel modules used to analyzgivocalcium imaging can be found at

https://github.com/racheldoser/GCaMP_Analysis_Excel_VBA.qgit.

Statistical Analysis
All datasets were screened for potential outliers using a Thompson Tau test. Cleaned da-

tasets were then tested for statistical significance using a two-tailed StudezgOs T-t



Reagents

Table 2.2 -C. elegansstrains, transgenic arrays and pharmacological agents.

Strain Genotype Source
FJH 15 glr-1(ky176)Ill; akls201 Hoerndli Lab, Colorado
State University
FJH 289 lin-15(n765ts)X; glr-1(ky176)Ill; | Hoerndli Lab, Colorado
csfEx65 State University
FJH 188 lin-15(n765ts)X; glr-1(ky176)Ill; | Hoerndli Lab, Colorado
csfEx63 State University
FJH 186 lin-15(n765ts)X; csfEx62 Hoerndli Lab, Colorado

State University

Integrated arrays

Contents

Source

akls201

Prig-3::SEP::mCherry::glr-1

Hoerndli Lab, Colorado
State University

Extrachromosomal arrays

Contents

Source

csfEx62

Prig-3::GCaMP6f + Rin-15::lin-
15 + Pegl-20::niIs::DsRed

Hoerndli Lab, Colorado
State University

csfEx63 Prig-3::glr-1::mCherry + Plin- Hoerndli Lab, Colorado
15::1in-15 State University
csfEx65 Pflp-18::ctl-2::eGFPIet858 + Hoerndli Lab, Colorado

Prig-3::glr-1::mCherry + Plin-
15::lin-15

State University

Plasmid name

Genelinsert

Source

pRD21 Pflp-18::ctl-2::eGFPlet-858 Hoerndli Lab, Colorado
State University

pAS1 Prig-3::GCaMP6f::unc-54 Stetak Lab, University of
Basel

pDM1556 Prig3::glr-1::mCherry Maricq Lab, University
of Utah

pJM23 Plin-15::1in-15 Maricq Lab, University
of Utah

pCT61 Pegl-20:nls::DsRed Maricq Lab, University
of Utah

Pharmacological agent Effect Source

MitoTEMPO An antioxidant that accumulates | Sigma-Aldrich

mitochondria due to conjugation
a lipophilic cation.

2.5 Conclusion and Discussion

To conclude this chapter, there is a tightly regulated physiological range in which ROS

levels must be maintained for normal GLR-1 transport, delivery and exocytosis to synapses



(Chapter 2.2 and 2.4). Increased ROS levels impact GLR-1 localization by attenuating somatic
calcium influx which is required for CaMKII activation and loading of GLR-1-containing vesi-
cles onto molecular motors for transport (Hoerndli et al., 2015). Consistent with the diminished
calcium influx into the AVA soma in the presence of elevated ROS, loss of cytoplasmic and pe-
roxisomal catalases decrease the spontaneous rever€alslefjansa behavior controlled by

AVA activity (Chapter 2.3A). The decreased amount of transport observed in strains lacking the
primary peroxisomal catalasetlf2) appears to be insufficient for the redistribution of receptors
necessary for memory acquisition. This is indicated by the failuc#-a¢lf) mutants to learn the
negative association of an odor (Chapter 2.3B). In the case of diminished ROS, GLR-1 transport
is also decreased but occurs via a calcium-independent mechanism (Chapter 2.4). Altogether,
these finding support a role for ROS as a physiological signaling molecule in the regulation of
GLR-1 localization in a way that is important for normal neuronal égtand plasticity.

To add to the detailed discussion of Chapter 2.2, the comparison of total GLR-1 transport
in experimental groups with increased and decreased ROS is interesting because it réveals tha
transport is decreased to a similar extent in each group regardless of if ROS levels wdre altere
via genetic or pharmacological methods. It can be assumed that our genetic and pharmacological
methods changed ROS levels to different extents; however, in each instance, total GLR-1
transport was decreased by 30-40% (Figure 2.3 and 2.11). Additionally, increasing concentra-
tions of exogenous @, did not proportiondy effect GLR-1 transport (Figure 2.3). Instead,

GLR-1 transport during treatment with the lowesOklconcentration was no different than a 10-
fold higher concentration. This suggests that ROS signaling outside of a tightly regulated physio-
logical range impacts only a subset of transport, such as activity-dependent transport, and per-

haps has no control over the basal flux of GLR-1-containing vesicles.



The behavioral data witttl-2(If) suggest that elevated ROS levels cause abnormal neu-
ronal function. This observation is consistent with what has been seen in other model systems i
which elevated ROS prevents induction of LTP at glutamatergic synapses and the expression of
hippocampal-dependent memory (Kamsler and Segal, 2003; Kumar et al., 2018; Oswald et al.,
2018). This indicates that the involvement of ROS in excitatory synapse function is conserved
although targets of ROS signalintay differ between species. Despite alte@dlegandoco-
motion and olfactory associative learningcth2(If), there are no detectable differences in the
average fluorescence intensity of syna@ldRr-1::mCherry::SEP betweantl-2(If) and the con-
trols (data not shown) meaning synaptic content of GLR-1 is changed very little if at all. Mecha-
nisms the regulate local GLR-1 trafficking, such as endocytosis, could compensate for the de-
creased GLR-1 transport, delivery and exocytosis observed atl42@) mutants. In order to
understand if this is the case, future experiments will include a detailed analysis of houcsynapt
delivery, exocytosis and endocytosis of GLR-1 is regulated by synaptic activation and local ROS

signaling.



Chapter 3 B Local, Activity-dependent Reactive Oxygen Species Signaling Regulatest&!

mate Receptor Dynamics in Dendrites

3.1 Summary
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GLR1::mCherry, mito-roGFP in AVA neurite

Fluorescence
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3.3 Mitochondrial Calcium Uptake and ROS Production is Activity-Dependentin C. ele-
gansNeurons

To manipulate neuronal activity vivo while imaging mitochondrial calcium dynamics,
we first created strains that expressed the red-shifted Channelrhodopsin, ChRimson (Schild and

Glauser, 2015), in the AVA neurons in addition to the cytoplasaideum indicator GCaMP6f.



We optimized a light stimulation and imaging protocol for reliable, whole-cell activation of
ChRimson (Figure 3.8). The light-sensitivity of Channelrhodopsis glegansequires sup-
plement with all-Trans Retinal. Without Retinal, even the highest light dosage did rtcrelici
increase in GCaMP fluorescence (Figure 3.8 B) indicating that the calcium influx measured with
GCaMP is indeed due to light-induced opening of ChRimson. This optimization experiment
proved that whole-cell activation with ChRimson was feasible while imaging GCaMP and that a
light dosage of 40 uW/mirwas most reliable igliciting calcium transients. So, this intensity

was used for whole-cell activation of ChRimson in all experiments (Figure 3.8).

To measure calcium level within the mitochondrial matrix, we co-expressed ChRimson
and mitoGCaMP, a modified GCaMP localized to the mitochondrial matrix. Light-induced acti-
vation of AVA resulted in increased mitoGCaMP fluorescence (Figure 3.2 A and B). Further
analysis the mitoGCaMP fluorescence of individual mitochondria showed that mitoGCaMP
peaks were highly variable (Figure 3.2 C). This is partially illustrated by the population summary
of maximum mitoGCaMP fluorescence,(f that shows maximums anywhere between 10-60%
above minimum fluorescence values (Figure 3.2 D). Additionally, the latengy.ttmfowing
light stimulation ranged from 0 to nearly 5 seconds (Figure 3.2 E). It is also interesting to note
that .. values had no correlation with the latency tgfer individual mitochondria (data not
shown). These findings propose that dendritic mitochondria have variations in the rate and de-
gree of calcium uptake.

As previously mentioned, increased OXPHOS rates due to mitochondrial calcium uptake
would also increase ROS production. Unfortunately, tools that tenhypooaitrol mitochondrial
calcium uptake have not been well characterized (Kichuk et al., 2021). However, since we had

observed mitochondrial calcium uptake as a result of ChRimson activation, we instead
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repeatedly activated ChRimson prior to fluorescence imaging of the mitochondria-localized ROS
indicator,mito-roGFP (Figure 3.3 A). The duration of repeated ChRimson activation (33.3 mHz)
positively correlated with 405/488nm roGFP fluorescence ratio (Figure 3.3 B). Since an in-

creased 405/488nm roGFP fluorescence ratio indicates increased oxidation of the tool, this



finding implies that neuronal activity is positively correlated with mitochondrial ROS produc-
tion. Taken together, these data suggest that neuronal activation leads to mitochondnmal calci

uptake which in turn causes ROS production that is proportional the neuronOs activity level.
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Figure 3.3 - Repeated neuronal activation leads to increasedtmihondrial ROS production.

A) Confocal images of mitochondrial-targeted roGFP fluoresedne to 488nm (left column) or 405nm (righ
column) excitation after 0 © 60 min of repeated neuronigbéon. B) Average roGFP fluorescence ratio fol-
lowing 0, 5, 20, or 60 minutes of repeated stimulation of @is&h (at 33.3 mHz) with or without retinal (n=8
for each). ****: p<0.0001. Two-way ANOVA with DunnettOs correati

3.4 Localized Calcium andROS Signaling Alter Dynamics of Glutamate Receptor
Transport and Delivery in Dendrites.

We have shown that whole-animal changes in calcium and ROS levels are correlated
with altered GLR-1 transport dynamics within the neurite (Figure 2.1 and 2e3)eXY sought
direct evidence for the regulation of GLR-1 transport within the neurite by calcium and ROS. To
do this, we optimized simultaneous calcium and GLR-1 transport imaging as well as the use of
genetic tools for temporal and spatial control of ROS produgti@ivo.

To begin to clarify calciumOs role within the dendrite in synaptic target®gRfL, we

guantiied relative calcium concentrations within the AVA neurite in relation to the dynamics of



GLR-1 transport events. To do this, we optimized a simultaneous GCaMP and GLR-1 transport
imaging protocol. Changes in the dynamics Gflar-1 transport event (i.e., velocity and stop-
ping) were matched with the relative GCaMP fluorescence at the corresponding timepoint and
position within the neurite. This analysis revealed that higher cytoplasmic calsiels lied to

slower or stopped GLR-1 transport events (Figure 3.4 A and B).
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Since we had previously shown that elevated ROS signaling reg@lafie4d transport
by modulating calcium influx into the AVA neuron (Figure 2.2 and 2.5), we hypothesized that
these effects of ROS production at mitochondria on GLR-1 transport were also due to redox reg-
ulation of calcium influx. To address this, we collected an image stream of GCaMP fluorescence
before and after light activation of mito-KR with a localized light pulse (15 s, 561 ng§ £0
L'(:&/'NC_!5. We observed a slight, but not significant increase in both the amplitude of peaks
and total GCaMP activity per minute in regions targetednito-KR activation compared to
GCaMP activity in those regions before the activation of ido¢Figure 3.7 B and C). Im-
portantly, the light pulse itself did not have an effect on contesiEk63. The high variation in
this dataset prompts the need for additional replicates in order to determine if mito-KRaactivat

truly increases calcium influx within localized regions of neurites.

3.5 Conclusion and Discussion
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3.6 New Methods
Cloning and Transgenic Strains

Plasmids were created using In-Fusion Cloning (Takara Bio) or the Gateway recombina-
tion (Invitrogen) method. DNA primers for In-Fusion were created using Takara BioOs online In-
Fusion Primer Design Tool and with the opensource ApE Plasmid Editor (M. Wayne Davis) for
Gateway. Cloning methods specific to plasmids used in this Chapter are detailed in Table 3.1.
The microinjection method described in Chapter 2.2F was used create the transgenic strains in

Table 3.2 via injection of plasmids in Table 3.1.

Table 3.1 - Plasmids

Plasmid Name| Gene/Insert Source

pAS1 Prig-3::GCaMP6f Stetak Lab, Univ. of Bsel
pJM23 lin-15p:iin-15 Maricq Lab, Univ. of Utah
pCT61 egl-20p:nis::DsRed Maricq Lab, Univ. of Utah
pDM1556 Prig-3::GLR-1::mCherry Maricq Lab, Univ. of Utah
pDM2251 Prig-3::EAT-4::mRFP Maricq Lab, Univ. of Utah
pRD15 Pflp-18:: TOMMZ20::roGFP::let-858 Gateway Cloning

pRD36 Pflp-18:: TOMMZ20::KillerRed::let-858 In-Fusion Cloning

pRD22 Pflp-18::PH::KillerRed::let-858 Gateway

pRD30 Pflp-18::ChRimson:: TdTomato Gateway Cloning

pRD27 Pflp-18::ChRimson::let-858 Gateway Cloning

pKKO1 Pflp-18::mito4x-GCaMP6f::let-858 In-Fusion Cloning




Table 3.2 - Transgenic Strains

Strain Genotype Contents

FJH 18 | akls141 IlI; gir-1(ky176) llI Prig-3::GLR-1::GFP (integrated)

FJH 185 | lin-15(n765ts) X; csfEx62 pAS1 + pJM23 + pCT61

FJH 266 | lin-15(n765ts) X; csfEx115 pAS1 + pRD22 + pJM23

FJH 276 | glr-1(ky176) IlI; csfls1 pAS1 + pDM1556 + pJM23 (integrate(

FJH 296 | lin-15(n765ts) X; glr-1(ky176) Ill; | pPRD15 + pDM1556 + pJM23
cSfEx67

FJH 402 | lin-15(n765t)s]ite-1(0k530) X; pRD30 + pRD15 + pJM23 + pCT61
csfEx160

FJH 412 | lin-15(n765t)s, lite-1(0k530) X; pRD30 + AS1+ pJM23
cSfEx167

FJH 416 | lin-15(n765ts), lite-1(0k530) X; pRD36 + pRD15 + pJM23
csfEx168

FJH 431 | lin-15(n765ts), lite-1(0k530) X; pKKO1 + pRD27 + pDM2251 + pJM23
csfEx187

FJH 553 | lin-15(n765ts) X; csfEx195 pRD36 + pAS1 + pJM23 + pCT61

FJH 555 | akis141 Il; gir-1(ky176) IlI; akls141;pRD36 + pJM23 + pCT61
csfEx188

Wholecell Activation of AVA ChRimson

L4s from strains expressing the extrachromosomal asf#x160, csfEXL67 or csfEx187
were picked onto an NGM/OP50 plate that was coated with a 100 uM concentration of all-Trans
Retinal (Sigma-Aldrich, cat no: R2500+a&luted with M9 buffer). Worms were left overnight
on Retinal plates before optical neuronal activation via an LED array (613 nm, CoolBase 7 LED
module from LuxeonStar). ChRimson expression was verified in these strains behaviorally by
testing light-induced reversals. For mitoGCaMP experiments, the LED array was placed above
the DIC condenser lens and controlled remotely using a pattern generator that pulsed the LED
every 15 s for 3 s. LED intensity adjusted at the beginning of each experiment ta/FhonpvE-

ing a custom potentiometer in combination with a digital optical power console (ThorLabs,



PM100C) and microscope slide photodiode sensor (ThorLabs, S170C). For ChRimson activation
before roGFP imaging, freely behaving one-day-old adults were placed onto a fresh NGM/OP50
plate 2 inches beneath the 613 nm LED array {AOnuy). The pattern generator pulsed the
LED for 1 s ever 30 s (33.3 mHz) for 5 to 60 min before being mounted for imaging.
Stream Imaging of and Analysis mitoGCaMP Fluorescence

Worms were mounted for imaging in mixture containing 15 mM Muscimol and polysty-
rene beads as previously described. Image streams of mitoGCaMP fluorescence were collecte
on our spinning disk confocal (see Chapter 2.2F) using a 5% output of our 488 nm imaging laser
and a 250 ms exposure. One-minute-long streams were collected capturing 4 pulses of 613 nm
light. Average fluorescence values of individual mitochondria for each frame were determined
using MetaMorphOs region measurement tool. Background fluorescence near each mitochondrion
wasquantified per frame using the same method which was later subtracted from mitoGCaMP
fluorescence for each frame in Excel. Then, all fluorescence values were normalized to the mini-
mum value (F/F»). Fluorescence peaks were aligned using the first frame of light stimulation.
From this alignment, averaged fluorescence peak and delay from light-on to maximum fluores-
cence was calculated.
Ratiometric Fluorescence Imaging and Analysisab-roGFP

Immediately after ChRimson stimulation, worms were mounted for imaging in a 15 mM
Muscimol solution. Th&AVA neurite containing roGFnitochondria was located, and images
were collected with a 500 ms exposure every 0.25 um to capture a 5.25 um stack of images
around the neurite. The 525 nm emission was imaged with 405 nm then 488 nm illumination at
each Z-plane. The average roGFP fluorescence due to 405 or 488 nm excitation was measured at

individual mitochondria using MetaMorphQOs region measurement at a single Z-plane in which



the roGFP fluorescence due to 488 nm excitation was the highest. The average background fluo-
rescence at that Z-plane was also logged. The mitochondria region was copied to the fluores-
cence image collected with 405 nm excitation at the corresponding Z-plane, then roGFP and

background fluorescence values were logged identically.

Localizedmito-KR Activation with GCaMP/GLR-1 Imaging

To activatanito-KR (TOMMZ20::KillerRed) within discrete regions of the AVA, the neu-
rite was located using a 100x objective anddirexpressed fluorescent reagents (GCaMP or
GLR-1::GFP) and the 488 nm imaging laser. An imageitd-KR fluorescence in a single Z-
plane was briefly acquired using a 100 ms exposure and 561 nm imaging laser. Then, using this
image, a mask was created around a region with one anttweK R* mitochondria. Using the
green LED from a CoolLED system (pE-309 that is directed to illuminate the masked region
with a Mosaic Il digital mirror device (Andor Mosaic 3) controlled through MetaMdrgi
intensity was adjusted to 2.5 or @ total output using a digital optical power console
(ThorLabs, PM100C) and photodiode sensor (ThorLabs, S130C).

The LED was pulsed to illuminate the masked region for 15 s during image streaming via
MetaMorphOs OTrigger ComponentsO functions. For GCaMP imaging, a 60 s image stream was
collected with 5% power of our 488 nm imaging laser and a 250 ms exposure. Then, the shutter
for the CoolLED system was opened for 15 s before imaging GCaMP for another 3 min. When
KillerRed was activated before GLR-1 transport imagargRFP image was acquired as previ-
ously described to create a mask region for targeting of the LED. Then, using an ir@age of
1::GFP, a larger region of the neurite was selected for photobleaching using the parameters de-
scribed for other transport experiments (see Chapter 2.2F). A 3 min image stream of GFP fluo-

rescence was collected using a 100 ms exposure time (50% 488 nm imaging laser power). For



both GCaMP an&LR-1 transport imaging, a consistent Z-plane was held in focus for the entire
imaging session using the continuous focus function of a Z drift compensator (Olympus, IX3-
ZDC2).
Analysis of GCaMP Imaging withito-KR Activation

Using MetaMorphOs region measurement tool, the GCaMP fluorescence within the region
that was or was not targeted for activatiooitio-KR was quantified for each frame. These fluo-
rescence values were exported as individual comma delineated files for each animalexgich w
then imported into an Excel document with custom functions (created in ExcelOs Visual Basic
Editor). These functions calculated the baseling)(By determining the lowest maximum fluo-
rescence value and averaging all values within 30% of that minimum. Then, separate calcula-
tions for the following were done for the first minute (before light stimulation) and the 3 min
post-stimulation. Any values above the baseline range were summed and normalizedge-the ba
line for that animal to calculate total GCaMP activity. The maximum fluorescencewasuei-
vided by the baseline to calculate the amplitude (maximum,J:/Representative traces are raw
fluorescence values normalized tg.F
Analysis ofGLR-1 Transport with Mito-KR Activation

Image streams were converted into kymographs using MetaMorphOs kymograph function
which were analyzed using the ImageJ plug-in KymoAnalyzer as previously described (see
Chapter 2.2F). The x- and y-coordinates for individual GLR-1 transport events were imported
into an Excel document where instantaneous velocities were calculated by multiplying the
(in pixels) by the relative pixel size when imaging with our 100x objective (0.104 nm) ahd the
y by the frame rate (0.1 s). These velocities were separated by whether the corresponding seg-

ment was within or outside of the light-targeted region. The light-targeted region was defined as



+/- 25 pixels surrounding the center of the light-targeted region. Then, velocities were further
categorized into anterograde (positive) or retrograde (negative) velocities as well as stops (veloc-
ity = 0) by custom Excel functions. This allowed for the calculation of average velocities within
vs outside light stimulated regions. Additionally, stop probability was calculated by summing the
number of stops within each region and normalizing to number of transport segments that trav-
eled through that region.
Whole Animal Activation of Mito-KR in AVA
Individual one-day-old adults of transgenic stracsfEXL68, csf19%r csfEXL88) con-
taining pRD36 Pflp-18:: TOMM20::KillerRed::let-858 without multi-vulva phenotype were
transferred onto a fresh NGM/OP50 and placed 2 inches below a 567 nm LED array (CoolBase 7
LED module from LuxeonStar). The light intensity was adjusted to 2Bnu®with our potenti-
ometer, digital optical power console and photodiode sensor (S130C). Worms were illuminated
for 5 min before being immediately mounted in Muscimol solutiorGR-1 transport imaging.
Dual Imaging and Analysis of GCaMP aGd.R-1 Transport
891#9/H7-%H#07!-7:0*21A2*&-"9hIL]Y!3_bB;!'"@-(/'2*&/-@2#=I\VV"->?b=I=0:#&/2./9./1-97!
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7/*-'02B!*)-*1'21-77*'#9-00%!/E:'$$/7!G"™*) *@#tlor iXon Ultra EMCCD cameras amb65 nm
long pass beam splitter integrated into a WaveFx-F1 spinning disk by Applied Spésg2t;!
~@/&-1-0'(9@/9*1G-2!-7[:2*/7!-219/[7IT'G™)(:'7-9./'=&#@"! D/*&-2%/ M!=0:#&/2./9*\ @'.&#H
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Analysis of Dual GCaMP and GLR-1 Transport Data

Both GCaMP and GLR-1 kymographs were created using identical line segments and
MetaMorphOs kymograph function. Then, GCaMP fluorescence values throughout the neurite for
each frame was quantitated using MetaMorphOs Region Measurement function to gain pixel-by-
pixel GCaMP fluorescence values of the kymographs. GLR-1 transport events were identified
using kymographs and the ImageJ plug-in KymoAnalyzer as previously described. The pixel-by-
pixel GCaMP fluorescence values and track coordinates for a given animal was imported into an
Excel document with custom functions created with ExcelOs Visual Basic Editor. Thesaguncti
calculated the velocities of each track segment and output the average GCaMP fluorescence from
a 17x17 pixel square around the coordinate value corresponding to the start of the track segment.
This data was binned by velocities (every 0.2 um/sec) using custom R code that was created in R
Studio (1.1.456) with tools from the following R libraries: rbin (0.2.0), usethis (1.6.1), devtools
(2.3.1), fields (10.3).
Data and Statistical Analysis

All datasets were tested for outliers using ThompsonOs Tau Test. Cleaned data was im-
ported into Graph PadOs Prism for generation of graphs and statistical testing. The effect of a
treatment within individual animals was tested using a two-tailed paired StudesiOb it
paired data was tested with a one-way ANOVA using a TukeyOs or DunnettOs multiple compari-
son test depending on whether means between all columns were to be compared (TukeyOs) or if

the mean of a control was to be compared to that of all other groups (DunnettOs). If only two



means from separate groups were compared, a two-tailed StudentOs t-test was usedi-The statist

cal test used is indicated in the figure legends of each figure.



Chapter 4 B Methods forin Vivo Optogenetic Control of Cytoplasmic Calcium Levelsn C.
elegans

.4.1 Summary
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4.2 Introduction
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4.3 Use of Genetically Encoded Reagents for Postsynaptic Increases in Calcium
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4.4 Use of Genetically Encoded Reagents for Optical Activation of Presynaptic Release
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We tested this using a strain expressing ChRimson in presynaptic mechanosensory neu-
rons and GCaMP in the AVA$fEX99 see Table 4.2) but observed little to no increase in
GCaMP fluorescence in the AVA cell bodies or neurites following optical activation of presyn-
aptic ChRimson (Figure 4.4 B). Co-expression of RFP-tagged EAT-4, the vesicular glutamate
transmitter that is localized to presynaptic terminal (VGIuT1 homologue), supportedeitat
expressing neurons have presynaptic terminals directly adjacent to a proximal portion of the

AVA neurite (Figure 4.4 B). Experimental replicates proved that optical stimulation of



ChRimson irmee3 neurons rarely provoked an increase in AVA GCaMP (Figure 4.4 C). Since
AVA controls locomotion (Figure 2.9), the expression and proper function of ChRimson in the
presynaptic neurons was validated with light-induced reversals in which Retinal t&f&ie@o

worms consistently reversed their locomotion in response to green light (Figure 4.4 D). This sug-

gests that when worms are mounted for imaging, optical activatime®3 neurons is inhibited.
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From these experiments, we provide direct evidentntigst3 expressing neurons make
functional synaptic connections with AVA as has been suggested by earlier studies (Schafer,
2015). The biological difficulties that were encountered suggest that these harsh touch neurons
function as on/off pressure sensors and their activity is clamped during the pressure stimulus.
These neurons are likely clamped by the harsh pressure necessary to restrain worms during imag-
ing which may explain the inability to optitglactivate synaptic transmission to the AVA during
calcium imaging.
|
4.5 Conclusion Discussion and-uture Directions

Overall, the best combination of tools for optical manipulation and measurement of neu-
ronal activityin vivothat was testedaspostsynaptic ChRimson and GCaMP6f. The caveats
and biological hurdles posed by the other tool combinations and approaches make them less reli-
able for light-induced activation or nonideal for measuring relatively quick changes in neuronal
activity. First, activation of the light-sensitive calcium releaser PACR was nosta&msin caus-
ing increases in calcium. Additionally, when calcium increased following PACR activation, the
increase was minimal. This is likely a characteristic of the tool itself and not due totigopé
the AVA neuron or caveats of vivo use since others have also seen only a moderate increase in

calcium (8-20%) due to PACR activation in various cell tyipestro (Fukuda et al., 2014Yhis



all suggests that PACR cannot be used to reach higher calcium concentrations normally achieved
by neuronal activation (Kyung et al., 2015).

Next, the activation of optoCSTIM, o@. elegansspecific version of optoSTIM, is
seemingly irreversible or has slow dissociation from CRAC channel. This prolonged binding of
STIM-1 to CRAC channels may be functionally conserved between the humén elegans
orthologs of STIM-1 since continuous calcium elevations were observed for nearly 10 minutes
following optical activation of optoSTIM (Kyung et al., 2015). This characteristic of optoCSTIM
prevented repeated stimulation and made assessing light-induced calcium influx diffieult sinc
light is used for mounting worms for imaging and localizing the AVA neuron. This exposure to
light likely activated optoCSTIM prior to imaging which would explain the lack of light-induced
calcium influx during RCaMP imaging. Overall, the slow kinetics of optoCSTIM make it unsuit-
able for eliciting repeated activation on a timescale that is relevant to normal neutertgl ac
patterns. However, it would be useful for experiments in which long-term increases in cytoplas-
mic calcium are desired.

The Channelrhodopsin subtypes (ChRimson and ChR2) that were expressed postsynapti-
cally both elicited the largest increases in cytoplasmic calcium. When expressiadiztly low
levels, ChRimsomvasreliably and repeatedly activated during calcium imaging (Figure 4.3 B).
Although ChR2 was also reliably activated during calcium imaging, the fluctuation in calcium
was slower which did not allow for repeated activations with an interstimulus intervéidess
30 s (Figure 4.3 E). Tseslow dynamics of the calcium events following ChR2 activation could
be explained by slower light-induced activation of ChR2, however, this is not consistent with
what has been reported@ elegansieurons or other excitable cell types. Instead, depolariza-

tion due to ChR2 has faster on- and off-rates than ChRimson (Akerboom et al., 2013; Klapoetke



et al., 2014). A better supported explanation is that the rise and decay rate of RCaMP fluores-
cence is much slower than that of GCaMP6f (Akerboom et al., 2013; Chen et al., 2013), so dif-
ferent kinetics of the calcium indicator used likely account for the delayed and prolonged in-
crease in RCaMP fluorescence due to ChR2 stimulation when compared to GCaMP with
ChRimson. Newly developed red-shifted calcium indicators with faster kinetics (Hussein and
Berlin, 2020; Kerruth et al., 2019) will be useful for better characterization of ChR2 in activating
AVA as well as other neurons and cell types.

Our approach to activating presynaptic neuiangvowith ChRimson revealed that the
biology of the neuron can inhibit its optical activation. We observed that optical stimulation of
presynaptic ChRimson activated #th¢A neurons only when worms were freely behaving, and
that this stimulation was insufficient in initiating synaptic transmission frea3 neurons to
AVA when worms were mounted for imaging. This may be explained by the fachéle®neu-
rons sense harsh touch with an OonO and an OoffO response to a pressure stimulus (Li et al.,
2011). This method of encoding touch in these neurons is different than in gentle touch neurons
expressingnec2 andmec4 which have graded and sustained responses to various types of stim-
uli (Suzuki et al., 2003). Because of this difference, a viable alternative for optical control of syn-
aptic transmission to AVA could be expression of ChRimson in the gentle touch neurons using
themee4 promoter. This would allow for control of the glutamatergic posterior touch neurons,
AVM andALM, which are known to provide input to AVA. However, where these neurons syn-
apse onto the AVA is unknown, so locating these synaptic sites would be a necessary first step
for this alternative approach.

These experiments increase our understandi@y efeganseurobiology and these

tools. This knowledge should guide further optimization of an optogenetic approach for



activating the AVA neurite as it would allow for fundamentally interesting questions to be ad-
dressed regarding the activity-dependent regulation of glutamate receptor transport to synapses.
The Oholy grailO of this work would be to optically stimulate a precise region of the AVA neurite
while simultaneously imaging GLR-1 transporvivo. Although we have seen that spatially pre-
cise activation of the AVA is possible using ChRimson (data not shown), the difficulty in repeat-
ing this experiment suggests that we do not know enough about how subcellular organization of
Channelrhodopsins influence their function. This prompts the need for additional characteriza-

tion of optogenetic approaches for single cell activatiorivo.

4.6 New Methods
Cloning and Transgenic Strains

All cloning of the plasmids in Table 4.1 and microinjection for transgenic strains in Table
4.2 was done as described in Chapter 3.6. Modification of optoSTIM to optoCSTIM was done by
replacing the portion of human STIM-1 in optoSTIM with the entire length o€theegans
stim-1 genewhich was amplified from cDNA with the following primersiGATCTAAGGAG-
CACACAAAAACAAAAGGCTCAGCAAAAAG 50 and 50ACTGCAGAATTCCTATTAATT-
AGAAGTGCCACCCAGACTG 30. Components for creating pRD plasmids were either gifts
from Attila Stetak (ChRimson and ChR2) or were purchased from AddGene (PACR, #55774

optoSTIM, #70159).



Table 4.1 B Plasmids

Plasmid Name| Contents Source

pSM1 Prig-3::RCaMP Stetak Lab, Univ. of Bsel
pDM2444 Pmee3::ChRimson Stetak Lab, Univ. of Bsel
pDM2251 Pmee3::EAT-4::mRFP Stetak Lab, Univ. of Bsel
pRD24 Pflp-18::eGFP::0ptoSTIM In-Fusion Cloning
pRD25 Pflp-18::eGFP::PACR In-Fusion Cloning
pRD29 Pflp-18::eGFP::0ptoCSTIM In-Fusion Cloning
pRD27 Pflp18::ChRimson::let-858 GatewayCloning

pRD30 Pflp-18::ChRimson:: TdTomato let-858| GatewayCloning

pRD31 Pflp-18::ChR2::let-858 In-Fusion Cloning

Table 4.2 B Transgenic Strains

Strain Name | Genotype Array Contents

FJH 250 lin-15(n765ts) X; csfEx107 pRD25 + pAS1 + pJM23

FJH 251 lin-15(n765ts); csfEx108 pSM1 + pJM23

FJH 277 lin-15(n765ts), lite-1(0k530) X; csfEx14 pRD29 + pSM1 + pJM23

FJH 369 lin-15(n765ts), lite-1(0k530) X; csfEx99 pDM2251 + pDM2444 + pAS1
+ pJM23

FJH 385 lin-15(n765ts), lite-1(0k530) X; csfEx14 pRD29 + pJM23

FJH 399 lin-15(n765ts), lite-1(0k530) X; csfEx15 pRD31 + pSM1 +pJM23

FJH 412 lin-15(n765ts), lite-1(0k530) X; csfEx1g pRD30 + pAS1 +pJM23

Whole cell activation of Channelrhodopsins with calcium imaging

L4s from strains expressing the extrachromosomal astix 57, csfEXL67 or csfEX399

were picked onto NGM/OP50 plateoated with 100 uM all-Trans Retinal (diluted with M9

buffer). After 12 B 16 hrs on Retinal plates, ChRimson-containing wesfisx®7 and

csfEXL67) were stimulated during calcium imaging as described in Chapter 3.6. GCaMP imaging
involved acquisition of a 30 to 60 s image stream using a 250 ms exposure and 488 nm imaging
laser set to 0.1% power. For the ChR2-containing stesitx157, the LED setup on the confo-

caland pulse generator setting were the same as with ChRimson-containing strains but with a

blue LED adjusted to 0.25 mW/nirgd70 nm, CoolBase 7 LED module from LuxeonStar).

WW




RCaMP imaging in these strains used the same acquisition parameters and a 561 nm imaging la-
ser set to 5% power.
Whole-lIl Activation of Other Optical Tools with Calcium Imaging

One-day-olccsfEx107animals were mounted for imaging identically to other optogenetic
experiments (see Chapter 3.6). PACR and optoCSTIM were activated during imaging of RCaMP
fluorescence (250 ms with a 561 nm imaging laser set to 5% power) by our 470 nm LED array
set to 3 mV/mm?. To visualize light-induced clustering of optoCSTIM with calcium imaging,
our dual imaging setup (see Chapter 3.6) was used to image eGFP::o0ptoCSTIM with the 488 nm
imaging laser (5% power) and RCaMP with the 561 nm imaging laser (20% power)rata fra
rate of 100 ms. No additional optical stimulation was used during these experiments since the
488 nm imaging laser irreversibly initiated clustering of optoCSTIM.
Light-induced Reversal Assay

Single one-day-old adults that had been placed onto Retinal plates 12 b 16 hrs prior were
transferred onto a fresh NGM/OP50 plate. They were located using dim white light on a fluores-
cent stereoscayNikon, SMZ18) equipped with a bandpass filter cube (Nikon, $exa
Red/mCherry) and a solid-state white light excitation source (SOLA SMiIl). This allowed for il
lumination with 560 nm (+/- 40 nm) that was turned on manually for 3 s when the worm was
stopped or moving forward while continuously observing the wormOs locomotion. If the worm
was performing a spontaneous reversal, then there was a delay in the light pulse until the worm
changed direction or stopped. If a reversal was not initiated within the 3 s light pulse, it was con-
sidered as unresponsive to the light pulse. Freezing and hypercontraction were not considered as
reversals but were noted to occur for a given strain since these behaviors suggest high levels of

ChRimson expression. For testing ChRimson expression in all strains using this method, each



worm was subject to 5 light pulses with 10-20 seconds between each pulse. For a more detailed
analysis of light responses (Figure 4.4), each worm was tested using 10 light pulses. Animals of
the same genotype that were not supplemented with Retinal were used as negative controls for
these assays.
Calcium Imaging Analysis

Fluorescence of calcium indicators for each frame was normalized to the minimum fluo-
rescence. These normalized fluorescence values were compared qualitatively for mdst datase
since many involved the lack of a light-induced calcium response. For datasets with consistent
light-induced alcium responsesnadditional analysis was done to assess the variatical-n
cium responses. To do this, fluorescence peaks were aligned using the onset of the light stimulus
from which an average fluorescence and standard error of the mean could be calculated per

frame after the light stimulus.
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5.1 ROS as a Physiological Regulatory Molecule

ROS Regulation of AMPA Receptor Transport to Synapses
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Regulation of Other Cellular Mechanism by ROS

As the field of physiological ROS signaling grows, it becomes increasingly obvious that

redox regulation is integral to many mechanisms in neurons. It is important for the regulation of



cytoskeleton remodeling, activation of regulatory proteins as well as transport of mitochondria.
First, physiological ROS levels are required for normal F-actin assembly and microtubule dy-
namicsin vivo. The influence of ROS on cytoskeletal dynamics is especially apparent during
neurodevelopment where abnormally low and high ROS levels both cause collapsed or shrunken
axonal growth cones (Wilson and Gonzlez-Billault, 2015). Secondly, ROS are required for the
activation of certain kinases such as extracellular signal-regulated kinase (ERK) @&s tnaail

scription factors like cCAMP response element-binding protein (CREB) which are important for

the long-term changes in synapses efficacy (Beckhauser et al., 2016).

Lastly, transport of mitochondria via molecular motors is redox regulated via a calcium-
independent mechanism suchttbgidation of a mitogen-activated protein kinase causes reversi-
ble inhibition of mitochondrial transport (Debattisti et al., 2017). Since transport of mitochondria
is carried out by the same kinesin motor as AMPAR transport, these findings suggest that redox
regulation of kinesin-based transport is specific to the cargo. Further study of how ROS signaling
is involved in the development, maintenance, and plasticity of the nervous system will provide
insight for future research on why abnormal neuronal function occurs during ROS dyshomeosta-
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5.2 Initiation of ROS Signaling in Neurons
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It will be impossible to provide a mechanistic explanation for how mitochondrial dys-
function in aging or neurodegeneration impacts neuronal excitation until we understand how mi-
tochondria function is regulated by neuronal activity and vice versa. The metabolic demand and
distant location of synapses make them reliant on their local mitochondrial energy supply. This

makes synapse function especially susceptible to the effects of ATP deficits, incre&ed RO



production and calcium mishandling. So, specifically studying the relationship between synaptic
activation and mitochondrial function (calcium buffering and ROS production) will be informa-
tive for the synaptic loss and dysfunction that occurs during natural aging or due to neurodegen-

eration.

5.3 The Future of Studying Synaptic Function and Plasticityn Vivo

The goal for the optimization and characterization of the optogenetic approaches de-
scribed in Chapter 4 was to identify an optical tool that would allow for temporal control of sin-
gle synapse activatidn vivo. In anin vivo system, there is little proof of subcellular activation
of optogenetic tools (Kichuk et al., 2021) and no demonstration of optical activation of single
synapses that we are aware of. So, future optimizationw¥o optogenetics using what was
learned from experiments shared in Chapter 4 would be novel and impactful. Controlling syn-
apse activity patterria vivowould open doors to new questions regarding mechanisms of syn-
aptic scaling and site-specific targeting of synaptic proteins as well as provide a measts for te
ing the physiological relevance of mechanisms underlying synaptic plasticity and maini@enance

native, intact circuitry.

5.4 Limitations and Considerations
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