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Thesis Abstract

Oxytocin (OXT) is well-known for its role in labor and lactation but OXT and its receptor
are involved in processes throughout the body, from maintaining muscle to driving blood vessel
growth. In this study, | focus on the role oxytocin plays in the visual system, something that has
remained unexplored since oxytocin was discovered in the eye in 1983. We have previously
shown that oxytocin receptor (OXTR) is expressed and functional in the retinal pigment
epithelium (RPE) and that OXT is present around the adjacent cone photoreceptor outer
segments. In this work | further characterized the signaling pathway at work in the RPE and then
explored potential downstream regulations. Using our knowledge of OXTR signaling | looked into
the potential for OXT to influence the function of the inwardly rectifying K* channel, Kir7.1, which
is a key component of RPE health and disease. | demonstrate that OXT can induce the inhibition
of this channel and that this inhibition is prolonged, suggesting a long-lasting effect of OXT on the
RPE. In addition to exploring the potential for OXT to influence cellular excitability | have explored
the potential for OXT to influence retinal vascular growth. Focusing on the production and
secretion of growth factors that control angiogenesis, | found that OXT does not appear to
influence retinal vascular growth through its action in the RPE. In addition, | looked for the
pattern of OXTR expression in the retina of the mouse not only to explore when OXT could begin
to play a role in the retina but also to characterize the animal as a model for future study on OXTs
impact on vision. Interestingly, | found that the mouse exhibits a different pattern of OXTR
expression than the primate, with expression of OXTR throughout the retina and inconsistent
expression in the RPE. This suggests a possible difference in the role played by the peptide
between primates and humans and suggests that mice may not be an ideal model for OXTs role
in the RPE. In total, this work represents a first step towards understanding of the role of OXT in
the retina.
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Chapter 1: Introduction and Literature Review



1.1 Introduction

The eye is our window to the world, allowing us to perceive and interact with our
surroundings. Although we so often take it for granted, human vision is made possible by a
complex and highly organized process that relies on the thin, neuronal tissue that lies in the
posterior of the eye called the retina. The function and development of the retina is closely tied
to the epithelial layer of cells that lies adjacent to the photoreceptors, the retinal pigment
epithelium (RPE). In the Pattnaik lab, we focus on understanding and characterizing the
function of the RPE and describing its impact on the retina. My focus, in this thesis, is to better

understand the specifics of this interaction, which is not yet fully understood.

One interesting, and previously unexplored factor that could play a role in this
regulation is oxytocin (OXT). A hormone that was first shown to be in the eye in 1983, oxytocin
has not been studied within the eye to any depth (Gauquelin et al., 1983). Oxytocin has a
diverse list of functions throughout the body, a list that continually grows as more work is done,
which extends labor and lactation to behavior and feelings of love. Another one of these
functions is the ability to stimulate angiogenesis in endothelial cells (Cattaneo et al., 2008). This,
plus the lack of fetal OXT production until late in gestation, brought our focus to the peptide, as
we were searching for a factor that could play a role in retinal vascular growth (Schubert et al.,
1981). To better understand its function, we set out to determine precisely where OXT and
OXTR were found, within the eye. In pursuit of this goal, a previous graduate student in the lab,
Patrick Halbach, M.S., demonstrated that oxytocin receptor (OXTR) is expressed in the RPE, and
that oxytocin is present around the photoreceptors of the retina (Halbach, 2013). This discovery

reveals the exciting possibility of oxytocinergic signaling within the retina-RPE interface. The



implications of this signaling are not yet clear but in this thesis | hope to have taken steps to
resolve this by focusing both on the direct effect of OXT on RPE cell function and by looking at
the potential for OXT to influence retinal angiogenesis, as well as through further

characterization of OXTR expression as it is observed in the primate and the mouse.

For us to understand the effect of oxytocinergic signaling in the RPE, and the potential
impact of this signaling on the retina, we must first understand the role of the RPE within the
retina and the mechanisms underlying this role. Stated plainly, the RPE is a barrier, separating
the subretinal space from the vascular blood supply of the choroid. As an epithelial cell, one
major function of the RPE is the transepithelial transport of fluid and waste from the subretinal
space that surrounds the photoreceptors to the choroidal blood. Additionally, the RPE is
responsible for the maintenance of the subretinal K* concentrations that potentiate the light
response of the photoreceptors. Both of these functions rely partially on the inwardly rectifying
K* channel Kir7.1, the predominant K* channel in the RPE (Yang et al., 2003). The RPE is also
responsible for the diurnal phagocytosis of the photoreceptor outer segments, a process that is
necessary to maintain a healthy and functioning photoreceptor population. The importance of
the RPE is clear when you look at the consequences of RPE dysfunction and degradation,
including Lebers Congenital Amaurosis (LCA) and Snowflake Vitreoretinal Degeneration (SVD),
to name only a few (Pattnaik et al., 2015; Pattnaik et al., 2013). In addition to these functions,
the RPE is responsible for the production of a number of growth factors. These are Vascular
Endothelial Growth Factor (VEGF), Pigment Epithelium Derived Factor (PEDF) and Insulin-like
Growth Factor-1 (IGF-1), among many others. In the mature, healthy eye, this VEGF secretion

helps to maintain the choriocapillaris while PEDF acts to inhibit angiogenesis (King & Suzuma,



2000; Strauss, 2005). In addition to this, the RPE is thought to be the primary source of VEGF for
choroidal neovascularization (Strauss, 2005). The RPE, therefore, has the potential to influence
angiogenesis in the retina through the secretion of these growth factors, a potential that is

explored in chapter 3.

Oxytocin receptor is a G-protein coupled receptor and as such its actions can be wide
reaching, ranging from direct effects on the receptor and its second messengers to more
delayed effects like alterations in gene expression. In the uterine myometrium, where its action
was first described, its signaling is primarily through the heterotrimeric G-protein G ag/11 which
activates phospholipase C (PLC) which then hydrolyzes phosphatidylinositol 4,5 bisphosphate
(PIP;) to diacyl glycerol (DAG) and inositol trisphosphate (IP3) (Arrowsmith & Wray, 2014). IPsin
turn activates a Ca?* release from the endoplasmic reticulum (ER) and DAG goes on to activate
MAPK signaling through Protein Kinase C (PKC). Around this framework, there is some
disagreement in the literature about the exact mechanisms underlying the response to OXTR
activation. | therefore set out, in chapter 2, to first describe the mechanism of OXTR signaling as
it exists in the RPE before exploring the broader impacts of its actions. Following this
characterization, | turned my focus to the potential regulation of Kir7.1, which as previously
mentioned is a key component of many RPE functions. In addition to this, | attempted to
describe the potential for OXT to influence the development of the retina, looking at its effect
on vascular development through the production of angiogenic growth factors by the RPE in
chapter 3 and by characterizing the ontogeny of the receptor within the RPE during

development in chapter 4. These studies were performed using commercially available human



RPE cells, isolated murine RPE cells, a heterologous HEK293 -OXTR cell line that we developed,

and tissue isolated from mice and rhesus monkeys.

To provide background information and to support the aims of this study, the
introduction of this thesis proposes to describe: 1) The importance of the RPE to retinal
function and the mechanisms underlying this role, 2) The function and regulation of Kir7.1 in
the RPE, 3) The history of oxytocin and a review of its actions throughout the body, 4) Oxytocin
receptor regulation and the mechanisms and effects of its signaling, 5) Systemic and peripheral
production of oxytocin, and 6) The development of the retina, looking at the role played by the
RPE as well as normal and pathological retinal vascular development. In light of this review of
current literature, | will then provide the three specific aims | proposed for this thesis, as they

were accepted by my thesis committee. We will begin first with a review of the RPE.



1.2 The Retinal Pigment Epithelium

1.2.1 RPE Overview

The retinal pigment epithelium lies within the posterior of the eye, adjacent to the
photoreceptors of the retina and the blood vessels of the choriocapillaris (Figure 1.1). As its
name suggests, the RPE is a pigmented monolayer of polarized epithelial cells. The apical
membrane of these cells consists of microvilli that extend towards and between the light-
sensitive photoreceptors, facilitating the interaction of the two cell types. The basolateral
membrane of the RPE lies on top of Bruch’s membrane, a barrier that sits between the RPE and
the choriocapillaris. The function of the RPE is facilitated by this close physical proximity to the
photoreceptors and the blood supply, allowing the RPE to provide necessary nutrients to the
photoreceptors, including glucose, retinol and fatty acids (Strauss, 2005). lon channels on the
apical membrane of the RPE are also key mediators of photoreceptor function, ensuring that
the ionic composition surrounding the photoreceptors is conducive to photoreceptor
excitability (Steinberg et al., 1983; Strauss, 2005). To further support visual function the RPE is
also responsible for the conversion of all-trans-retinol, taken from the photoreceptors, to 11-
cis-retinal, which can be sent back to the photoreceptors to facilitate phototransduction (Baehr
et al., 2003). The RPE is also very phagocytically active, daily phagocytosing the outer segments
of both the rod and cone photoreceptors, digesting them and recycling usable elements like
retinal back to the photoreceptors. This process is necessary to ensure photoreceptor
excitability is maintained. The RPE is also responsible for the secretion of various growth factors
to allow maintenance of the choriocapillaris as well as the photoreceptors while also being an

epithelial barrier, maintaining the state of immune privilege that the retina enjoys. Finally, the



pigmentation of the RPE allows it to absorb light and protect against free radical formation

within the retina (Boulton & Dayhaw-Barker, 2001).

Through these diverse roles, the RPE is clearly an integral part of the visual system and is
absolutely necessary in maintaining visual function. This necessity is clearly demonstrated when
these functions are disrupted, resulting in degeneration of the retina and a loss of visual
function that leads to blindness (Strauss, 2005). Given the importance of the RPE to maintaining
vision, a study of the RPE cannot be complete without a full understanding of the mechanisms

underlying this maintenance. In the following sections, | will review what is known about each
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Figure 1.1: Structure and location of retina. Located in the posterior of the eye, light travels
through the retina, from the ganglion cells to the photoreceptors, where it stimulates a visual
response that is transduced in the opposite direction, traveling from the photoreceptors to
bipolar cells to ganglion cells.

Figure adapted from Gramage E. et al., (2014). The expression and function of midkine in the vertebrate retina.
British Journal of Pharmacology, 171(4), 11, with permission.



of these functions, in more detail. While it is necessary to outline this information for the
purpose of this thesis, | would point anyone interested in further detail to the excellent review

entitled The Retinal Pigment Epithelium in Visual Function by Dr. Olaf Strauss (2005).

1.2.2 Fluid and Waste Transport

The RPE is a tight monolayer of epithelial cells, meaning that between RPE cells are tight
junctions that prevent the open movement of ions and water between the choroid and the
retina. The transport of these materials occurs instead through the RPE cells themselves.
Primarily as a result of the robust metabolism in the neurons and photoreceptors of the retina
there is a large amount of water produced that is secreted into the extracellular space (Strauss,
2005). This water adds to water from the vitreous that is passively pushed through the retina
due to intra-ocular pressure towards the subretinal space and the RPE (Marmor, 1990). The
transport and removal of this fluid is necessary to ensure that the close physical interaction
between the RPE and the retina remains intact. There is a passive component to this fluid
transport, which is primarily observed when the RPE is damaged. In the functioning, healthy

retina, active transport in the RPE is the primary mechanism of fluid transport (Marmor, 1990).

The transport of water is primarily driven by osmotic pressure, established via ClI- and K*
movement and supported by the presence of aquaporin-1 (Figure 1.2) (Stamer et al., 2003). The
energy for this transport is provided by the Na*-K*- ATPase, present on the apical membrane,
which establishes a gradient of Na* that flows from the extracellular space to the intracellular
space (Frambach et al., 1989; Strauss, 2005). This gradient provides the Na* required for the Na-
HCOs and Na*-K*-2Cl cotransporters, which facilitate the uptake of HCOs", Cl', and Na®. This, in

turn, supports a basolateral CI'/HCOs™ cotransporter which helps to regulate pH by transporting



HCOs out of the cell in exchange for an increase in intracellular CI~ (Strauss, 2005). High activity
of the CI'/HCOs™ cotransporter results in a decrease in the efficiency of the efflux of CI', while an
increased intracellular acidification, due to HCO3 buildup, has the opposite effect. This means
that intracellular pH can regulate CI transport, which may be an important mediator of water
transport from the retina during increased metabolic activity (Edelman et al., 1994; Strauss,

2005; Tsuboi, 1987).

Retina Choriocapillaris
apical basolateral
A Ion transport (apical), ( )
® (®5-15mV
, ol care CH— bestrophin ?
K+ Cl- CiC-2
Kir, , K+ CAMP_ Cr= oK TH
: K+ K+ maxi-K ?
HCO3-
Cl-
aquaporin1 H,0 H,O aquaporin 1
,Na*  Hcos
K+ e cI
B Transport ety H e H
of lactic acid lac: Cl—am— cIC-2
and pH Na—oS ~~ H*
lati 2 HCO3- H+
regulation 1Na* ; Ec MCT3
. H+

Figure 1.2. Epithelial transport and pH regulation. A: transepithelial transport of ions across
the RPE is shown. B: transport of lactic acid and pH regulation is also shown,; CFTR, cystic fibrosis
transmembrane conductance regulator; Kir7.1, inwardly rectifying K+ channel 7.1; maxi-K,
large-conductance Ca2+-dependent K+ channel; MCT1, monocarboxylate transporter 1, MCT3,
monocarboxylate transporter 3.

Figure and some of caption reused from Strauss, O (2005). The Retinal Pigment Epithelium in Visual Function.
Physiol Rev, 85(3), 845-881, as allowed by copyright.
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In addition to CI-, K* is an important regulator of this fluid transport in the RPE, both
through the transporters described above and through the presence of dedicated K* channels.
With K* being brought into the cell by Na*-K*-2Cl- and Na*-K*-ATPase, K* channels primarily
mediate the efflux of K* from the apical and basolateral membranes. Apical K* conductance is
well described, with the efflux being predominately through the inwardly rectifying K* channel
Kir7.1, which will be discussed in more detail in section 1.3. In contrast to the apical
conductance, the channels responsible for the basolateral K* efflux have not yet been
identified. A few channels that may fulfill this purpose include Ca?* activated K* channels and
M-Type K* channels (Pattnaik & Hughes, 2012; Ryan et al., 1999; Tao & Kelly, 1996; Zhang &

Hughes, 2013).

In addition to water, the RPE is also responsible for the transport of metabolic waste
from the photoreceptors to the choroid, a process that is also driven by ion movement. The
predominant waste product of the photoreceptors is lactic acid, which is mostly produced in
the outer segments. Lactic acid is brought into the RPE cell from the subretinal space via MCT1,
a lactate-H* cotransporter, as well as the Na* dependent transporter for organic acids. It is then
removed at the basolateral membrane by the similar lactate-H* cotransporter MCT3 and the
Na*/lactate exchanger (Kenyon et al., 1994; Strauss, 2005). These transporters, and therefore
the transport of lactic acid, rely on regulation of intracellular pH. As was outlined above this
regulation is achieved through the transport of HCOs", tying lactic acid transport to the

transporters and channels described above.

It is clear that fluid transport is important to maintaining a healthy retina. Therefore,

understanding the regulation of this transport is necessary for us to be able to identify the
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underlying causes of a subset of retinal diseases. In this thesis | show the regulation of the
Kir7.1 ion channel by OXT in the RPE, giving it the potential to play a regulatory role in this fluid

transport mechanism that we hope to explore further in the future.

1.2.3 The RPE and the Visual Cycle

The RPE plays a key role in maintaining the visual cycle. The light response of
photoreceptors is mediated by the isomerization of 11-cis-retinal to all-trans-retinal within the
opsin molecule. The visual cycle refers to the process through which this all-trans-retinal is
recycled back to photoactivable 11-cis-retinal. This re-isomerization predominately occurs in
the RPE, although some retinal from cones is regenerated in the Mdller cells (Arshavsky, 2002).

Herein | will focus on the visual cycle as it relates to the RPE.

Following the production of all-trans-retinal in the photoreceptor outer segments by
rhodopsin, the all-trans-retinal is released to the cytosol of the photoreceptors where it is
reduced to all-trans-retinol by retinol dehydrogenase (Strauss, 2005). The all-trans-retinol is
then transferred to the RPE on a carrier protein, which may be interphotoreceptor retinal

binding protein. Once inside of the RPE, the all-trans-retinol is esterified.

Loss of function studies have clearly demonstrated the role of RPE65 in the visual cycle.
It was initially thought that the protein acts as a chaperone for the all-trans-retinylester, but it
is now evident that it is responsible for the isomerization of all-trans-retinylester to 11-cis-
retinol in a one-step conversion (Cai et al., 2009; Moiseyev et al., 2005; Redmond et al., 1998).
Following this isomerization, 11-cis-retinol is oxidized to 11-cis-retinal by 11-cis-retinol

dehydrogenase (RDH5).



12

There is an alternate pathway through the RPE-retinal G protein-coupled receptor
(RGR). In this alternative pathway, the same all-trans-retinol that is esterified in the other
pathway is converted into all-trans-retinal by a retinol dehydrogenase (not RDH5) then

converted to 11-cis-retinal by RGR consuming light energy (Chen et al., 2001; Maeda et al.,

2003).
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Figure 1.3: The visual cycle. Schematic of the reactions of the visual cycle involved in the
interconversion of vitamin A and 11-cis retinal.

Figure and caption reused from Thompson D., Gal A., (2003). Vitamin A metabolism in the retinal pigment
epithelium: genes, mutations, and diseases. Progress in Retinal and eye research, 22(5), 21, with permission

These two pathways work together to maintain retinal availability, with the RGR

pathway producing 11-cis-retinal after light onset and the RDH5 pathway producing it for the
recovery from that of light exposure (Strauss, 2005). Following its production, 11-cis-retinal is
transported back to the photoreceptors, a process facilitated by interphotoreceptor retinal

binding protein (IRBP), whose mechanism is not understood (Gonzalez-Fernandez, 2003).
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1.2.4 Phagocytosis

As the photoreceptors are exposed to intense levels of light, photo-damage occurs to
proteins and lipids, which begin to accumulate. Additionally, retinal itself generates photo-
oxidative radicals (Strauss, 2005). Combined, these two factors lead to the accumulation of
toxic substances within the photoreceptor outer segments (POS). In order to maintain
photoreceptor function, these substances must be removed and digested. This is accomplished
through a coordinated shedding of the POS tips and the regeneration of new POS from the base
of the outer segments. The shed POS are phagocytosed by the RPE where they are digested.
Some material is recycled to the photoreceptors, utilizing processes similar to the visual cycle
(Bok, 1993). This process follows a circadian rhythm, with rod POS degeneration occurring in
the morning and cone POS degeneration occurring at night (Young, 1978). The regulation of
circadian phagocytosis appears to be complex and differs between rods and cones, with
evidence for the involvement of both central and local regulatory factors (Strauss, 2005;

Teirstein et al., 1980).

The substances responsible for allowing the photoreceptors and the RPE to coordinate
this POS shedding and phagocytosis has not been identified, suggesting that the shed POS alone
may be sufficient to initiate phagocytosis by the RPE. Studies done with isolated rod outer
segments have delineated the process of photoreceptor phagocytosis (Figure 1.4). Phagocytosis
begins with the shed POS binding to the apical portion of the RPE. This leads to POS ingestion,
which continues for 4 hours, after which the cells are not responsive to further binding for 1-2
hours (Hall & Abrams, 1987). Ingestion is mediated by intracellular signaling that involves a rise

in in IP3 through activation of MerTK receptor, which associates with myosin IIA to reorganize
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cell shape, as well as binding of the integrin and CD36 receptors on the RPE (Finnemann &
Silverstein, 2001; Heth & Marescalchi, 1994; Strick et al., 2009). The rise in IP3 and the
subsequent increase in intracellular Ca%* are thought to act together to regulate phagocytosis,
with IP3 stimulating ingestion and Ca?* acting together with Protein Kinase C to shut it off (Hall
et al., 1991; Heth & Marescalchi, 1994). The cAMP second messenger system also appears to
play a role, regulating the rate of phagocytosis through B-adrenergic stimulation and
stimulation of adenosine A, receptors (Gregory et al., 1994; Hall et al., 1993). It is possible that
ion channels in the RPE also play a role in the initiation and maintenance of phagocytosis. L-

type Ca?* channels appear to play some role in the regulation of phagocytosis, as their

apical membrane

Ingestion InsP31 RPE

Figure 1.4: Initiation of rod outer segment (ROS) phagocytosis. Initiation begins when ROS
binds to apical membrane. Binding induces a rise in IPs which intern leads to ingestion, which
involves the macrophage receptor CD36; CD36, macrophage phagocytosis receptor; FAK, focal
adhesion kinase; Gas6, growth-arrest-specific protein 6; MerTK, receptor tyrosine kinase c-mer;
PLC, phospholipase C; POS, photoreceptor outer segment.

Figure and some of caption reused from Strauss, O (2005). The Retinal Pigment Epithelium in Visual Function.
Physiol Rev, 85(3), 845-881, as allowed by copyright.
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inhibition with pharmacological blockers decreases phagocytosis in human RPE cultures (Karl et
al., 2008). These channels are sensitive to membrane potential and are activated with
membrane depolarization, potentially implicating other ionic modulators of membrane

potential, like Kir7.1 (Strauss et al., 1997).

Most work exploring RPE phagocytosis is done in rod photoreceptors. We have
previously shown that oxytocin, present in the cones, can induce a rise in Ca?* through a
mechanism very similar to the one that regulates phagocytosis of rods (York et al., 2017). My
work demonstrated that OXT can induce the inhibition of Kir7.1. An interesting possible
implication of these findings is that OXT may play a role in the initiation or maintenance of cone

POS phagocytosis through G-protein coupled signaling or modulation of ion channels.

1.2.5 Growth Factors and Angiogenesis

The RPE is known to secrete a number of growth factors, as well as other factors that
are necessary to maintain the retina and the choriocapillaris. These include Vascular Endothelial
Growth Factor (VEGF), Pigment Epithelium Derived Factor (PEDF) and Insulin-like Growth Factor
1 (IGF-1). The secretion of these factors has been shown to be primarily at opposite sides of the
RPE. PEDF is secreted into the subretinal space whereas VEGF is secreted through the basal

membrane toward the vascular choroid that lies beneath Bruch’s membrane (Strauss, 2005).

In the mature, healthy eye, VEGF secretion helps to maintain the choriocapillaris while
PEDF acts to inhibit angiogenesis (King & Suzuma, 2000; Strauss, 2005). In addition to this, the
RPE is thought to be the primary source of VEGF for choroidal neovascularization (Strauss,

2005).
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The regulation of these secretions by the RPE are similar to what is known about other
secretory tissues. For example, in the RPE, secretion of VEGF has been shown to be dependent
on voltage activated Ca?* channels (L-type), where activation of these channels through
membrane depolarization induces release of VEGF (Rosenthal et al., 2007). This is like what is
seen in pancreatic B-cells, where depolarization in response to closure of Kir6.2 results in
activation of L-type Ca%* channels and the release of insulin. The L-type channels in the RPE
differ from those seen in excitable cells because their activation is also regulated by tyrosine
kinase instead of exclusively by membrane voltage. These tyrosine kinases shift the voltage-
dependent activation of the channels to more negative membrane potentials, closer to the
resting potential of the RPE, activating the channels with less significant depolarization (Strauss,
2005). One of these tyrosine kinases, a cytosolic subtype of tyrosine kinase, pp60“sis activated
by the IP3/Ca?* second messenger system and stimulates tyrosine kinase activity, linking the

growth factor secretion with GPCRs like the oxytocin receptor (Mergler & Strauss, 2002).

The role in growth factor secretion was the original focus of my work on oxytocin. |
started by looking for a factor that could influence the pathogenesis of retinopathy of
prematurity (ROP), which is driven by VEGF. In this thesis, | explore the possibility for OXT to
influence the expression and secretion of VEGF and other angiogenic factors as well as the

impact of this OXT treatment on retinal endothelial cell growth.
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1.3 Function and regulation of Kir7.1

1.3.1 Kir 7.1 Overview

Inwardly rectifying K* channels are so named because they exhibit an alteration in
K* conductance as voltage is changed, with a larger inward conductance than outward

conductance, at a given voltage (Figure 1.5) (Nichols & Lopatin, 1997). This inward rectification

51 appears to violate the Nernst equation,
.\“
Voltage (mV) / which would predict an outward
-160 -120 -80 -40 40 S .
1 rectification, resulting in these channels
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G_; being dubbed “anomalous” rectifier K*
<
-109 & currents (Hagiwara & Takahashi, 1974;
S Hibino et al., 2010). This current does
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ability to break the laws of physics.

Figure 1.5: |-V Plot of Kir7.1 current density ) .

Instead, the inward rectification results
from blockage of the open pore by intracellular divalent cations like Mg?* and linear polyamines
like spermine (Kumar & Pattnaik, 2014). As a result of this pore block, Kir channels exhibit little
K* current at potentials positive to Ex but a large K* conductance at potentials negative to Ex
(Hagiwara & Takahashi, 1974; Hibino et al., 2010; Miyazaki et al., 1974; Sakmann & Trube,
1984). This results in cells with high expression of Kir having a membrane potential close to Ex

and a suppression of spontaneous electrical activity (Hibino et al., 2010). In cells that are

electrically excitable, like neurons and muscle, Kir conductance helps regulate action potential
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duration as a result hyperpolarization of the cell, as well as the independence of Kir channels to

voltage (Hagiwara & Takahashi, 1974; Hibino et al., 2010; Sakmann & Trube, 1984).

The first Kir currents were identified in 1949 and the first members of the Kir family
where cloned in 1993 (Dascal et al., 1993; Ho et al., 1993; Katz, 1949; Kubo et al., 1993). This
new family of potassium channels was shown to consist of two transmembrane domains per
subunit, differentiating them from the family of voltage gated K* (Kv) channels that consist of
six transmembrane domains. Despite this difference, Kir channels retained the H5-loop that
determined the K* selectivity in Kv channels. Since the original discovery of Kir channels there
have been seven subfamilies of Kir that, depending on their structure and location, have been

shown to play a significant role in regulating cellular excitability in both active and passive ways.

My focus, Kir7.1, is the most recently identified member of the Kir family of ion channels
and shares only 38% homology with its closest relative in the Kir family, Kir4.2 (Hibino et al.,
2010). Its expression is found in a diverse number of tissues, including the intestinal tract, the
kidney, the heart, the uterus and of most important consideration for this thesis, the eye,
where it is localized to the retinal pigment epithelium (RPE) (Kumar & Pattnaik, 2014; Nichols &

Lopatin, 1997).

Expressed on the apical membrane in the RPE, Kir7.1 is key to maintaining K*
homeostasis in the subretinal space and in supporting the transepithelial transport that is
dependent on ion transport, as described in the section 1.2. Kir7.1 is a weak inward rectifying
channel, which is differentiated from a strong inward rectifying by the presence of a larger
outward K* current at positive membrane potentials. This weak rectification is key to the

K* recycling role of Kir7.1, allowing K* ions to move out of the RPE and into the subretinal space.
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In this chapter we will look at Kir7.1 in detail, exploring its structure, function, regulation and

impact in the RPE and throughout the body.
1.3.2 Kir7.1 structure

Channels that belong to the inwardly rectifying K* family contains the same structural
hallmarks; two transmembrane domains (TM1 and TM2) that are connected by a pore forming
loop (H5) and a cytoplasmic amino and carboxyl terminal domain (Figure 1.6) (Hibino et al.,
2010). A single subunit is not capable of forming an ion channel, instead the functional channel
is composed of a tetrameric complex made up of 4 subunits (Yang et al., 1995). In this tetramer

the H5 loop forms a K* selectivity filter that is mediated by the T-X-G-Y(F)-G sequence,
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Figure 1.6: Topology of single Kir7.1 subunit. Two transmembrane domains (TM1 and TM2)
are joined by a pore forming H5 loop. The K* selectivity sequence, conserved among

K* channels, is shown in green. Cytoplasmic amino and carboxyl terminal domains flank this
region.
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conserved among K* channels. This filter underlies the characteristic inward current of these ion
channels, which arises not from a structural selectivity towards inward K* movement but a
blockage of outward K* current by intracellular cations. Kir channels are insensitive to
membrane voltage due to a lack of the s4 voltage sensor present in voltage-gated cation
channels. This means that, in the absence of a specific regulator, Kir channels are open at all
membrane potentials. While Kir channels have been shown to form heterotetramers, Kir7.1 is

thought to exclusively form a homotetramer (Kumar & Pattnaik, 2014).

Despite a common structure among Kir channels, Kir7.1 exhibits some unusual
characteristics. As mentioned before, Kir7.1 has a weak inward rectification, allowing K* ions to
move out of the cell more freely than other Kir channels. Like all Kir, channels Kir7.1 is sensitive
to inhibition by Ba?* and Cs* in the bath solution, however, it is much less sensitive to these
ions, with ICsg values approximately 10 times higher than other Kir channels (Krapivinsky et al.,
1998). The single channel conductance of Kir7.1 is also much smaller than observed in other
family members, with an estimated conductance of 50 fS (Krapivinsky et al., 1998). Finally,
while other Kir channels exhibit a sensitivity to extracellular K* ([K*]e), characterized by a
saturation of conductance with [K*]e higher than 150mM, Kir7.1 conductance appears to be
non-saturating except at low concentrations of K* (1-2mM) (Déring et al., 1998; Lopatin &

Nichols, 1996; Shimura et al., 2001).

While it was initially thought that Kir7.1 was almost independent of [K*]e, [K*]cin fact has
an inverse relationship with K* conductance through Kir7.1 at physiological membrane
potentials (Shimura et al., 2001). As a result of this relationship, a decrease in [K*]e leads to an

increase in K* conductance at potentials that are physiologically relevant. The basis for these
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differences is thought to be M125, present in the pore region, which differs from all other Kir
channels, which contain a conserved R at the equivalent amino acid (Figure 1.7). This is
supported by replacement of methionine 125 with arginine in Kir7.1 (M125R), which results in
an increase in single-channel conductance, an increase in Ba?* sensitivity and a return of the
[K*]e sensitivity observed in other channels (Doring et al., 1998; Krapivinsky et al., 1998). This
not only suggests that this residue is key to Kir function, but it influences pore blockage by Mg?*
and polyamines. Furthermore it suggests that electrostatic interactions between the

K* occupying this outer pore region and Mg?*, polyamines and [K*]e could underlie the inward
rectification and current saturation, and the change from Arg to Met is sufficient in Kir7.1 for

these interactions to be partially disrupted.
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Figure 1.7: Comparison of Kir pore regions. Arginine is conserved in all Kir channels except Kir7.1.
This conserved Arg is likely responsible for some of the unique characteristics of Kir7.1.

Reused from Krapivinsky G.,Medina I. ,Eng L., Krapivinsky L., Yang Y., Clapham D., (1998) A Novel Inward Rectifier K+
Channel with Unique Pore Properties, Neuron, 20 (5), 995-1005, 1998, with permission from Elsevier.
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1.3.3 Kir7.1 function in the RPE

In the RPE, Kir7.1 is found on the apical membrane. That is not true for all cells that
express Kir7.1, however. For example, in thyroid follicular cells and renal epithelia, Kir7.1 is
localized to the basolateral membrane (Hibino et al., 2010; Nakamura et al., 1999; Ookata et al.,
2000). This pattern of localization follows the Na*-K*-ATPase, supporting the role of Kir7.1 in

K* recycling, as it facilitates the return of K* brought in by the pump.

In the RPE recycling K* is key to maintaining visual function. Following illumination of the
retina, [K*] in the subretinal space decreases from 5mM to 2mM (Dornonville de la Cour, 1993).
This depleted K* results in a negative shift in the /-V relationship of Kir7.1, as well as an increase
in K* conductance (Doring et al., 1998; la Cour et al., 1986). As a result, subretinal [K*] can be
replenished by Kir7.1 due to its weak rectification allowing the efflux of K* ions. This negative
shift in the /-V relationship of Kir7.1 also leads to a hyperpolarization of the apical membrane of

the RPE, due to the major role the channel has in determining membrane potential.

The effect of a light-induced K* decrease on Kir7.1 has broader impacts on other ion
channels in the apical membrane and throughout the RPE. In response to decreased K*, the
Na*-K*-2Cl cotransporter activity is reduced, resulting in a decrease in Cl transport into the cell
across the apical membrane (Bialek et al., 1995; Bialek & Miller, 1994). This decrease in apical
Cl conductance in turn leads to a reduced basolateral CI- conductance and hyperpolarization of
the basolateral membrane. Additionally, as a response to the apical hyperpolarization, there is
a reduction in the activity of the voltage dependent Na*-HCOs™ cotransporter leading to a
decrease in intracellular pH of approximately 0.35 pH (Yuan et al., 2003). As was discussed in

Chapter 1.2.2, a decrease in intracellular pH can reduce the activity of the CI-/HCO3"
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cotransporter, increasing the transport of Cl- across the basolateral membrane and therefore

increasing the absorption of water from the subretinal space.

The light-induced response of the RPE can be observed via the electroretinogram (ERG)
as the c-wave (Strauss, 2005). As a result of the photoreceptor light response and subsequent
decrease in subretinal K* there is a hyperpolarization in the apical membrane of the RPE. The
apical and basal membranes are electrically coupled by the cytoplasm as well as a paracellular
shunt pathway, meaning that hyperpolarization of the apical membrane subsequently
hyperpolarizes the basal membrane (Quinn & Miller, 1992). This basal hyperpolarization is
smaller than what is observed on the apical membrane, resulting in an increase in the
transepithelial potential of the RPE (Vb-Va), which is observed as the c-wave in the ERG (Oakley,

1977).

The dependence of apical hyperpolarization on Kir7.1 is evident following suppression of
the channel, which results in an abolished c-wave (Shahi et al., 2017). The impact of Kir7.1 on
apical membrane potential could include the development of a “light peak” response by the
RPE. Following the c-wave there is a slow forming depolarization of the RPE that reflects
depolarization of the basal membrane as a result of ClI- conductance (Gallemore et al., 1988).
While altering apical [K*] alone can induce a c-wave, this light peak response requires
photoreceptor stimulation by light to occur (Samuels et al., 2010). As a result, researchers
suggested the existence of a yet unidentified “light peak substance” that is released from the
photoreceptors, inducing depolarization of the RPE. In chapter 2 | will demonstrate that OXT

can induce the depolarization of the RPE through the inhibition of Kir7.1, demonstrating that
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Kir7.1 could be a target of this “light peak substance” and the cause of its resulting

depolarization.

The importance of Kir7.1 to the RPE and to larger visual function is clear when you look
at the consequences of a dysfunctional channel. Hereditary diseases known as channelopathies
have been associated with Kir7.1 mutations. The most widely studied of these is Snowflake
Vitreoretinal Degeneration (SVD), which is an autosomal dominant disease that results in
degeneration of the vitreous humor, cataracts, retinal detachment, and the development of
crystalline deposits in the retina (Hibino et al., 2010). Patients with this disease have been
found to be heterozygous for an R162W mutation in the gene for Kir7.1 (KCNJ13), resulting in a
premature depolarization of the RPE cells leading to Ca?* overload and cell death (Hejtmancik et

al., 2008; Kumar & Pattnaik, 2014; Pattnaik et al., 2013).

In addition to SVD, a Kir7.1 mutation has also been implication in Lebers Congenital
Amaurosis (LCA), a diseased characterized by a dysfunctional retina and visual impairment that
begins early in life (Pattnaik et al., 2015). In one case, reported by our lab, a nonsense mutation
(W53X) which results in a nonfunctional channel has been implicated in the pathogenesis of the
disease (Pattnaik et al., 2015). The possibility that other mutants can induce the disease is also
being explored. Given the clear importance of this channel to RPE health its potential regulation
by OXT is of great interest. To understand this potential, it is important to more closely examine

the regulation of Kir7.1.
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1.3.4. Regulation of Kir7.1

Like all Kir channels, Kir7.1 lacks the voltage dependence observed in Kv channels. It also
lacks direct the modulation by ATP found in the K-ATP subfamily of Kir channels. That is not to
say, however, that it lacks functional regulators completely. In the kidney Kir7.1 has been
shown to be regulated by protein kinase A (PKA) and protein kinase C (PKC) (Zhang et al., 2008).
This regulation is dependent on two sites, S287 and S201, both present on the C-terminal
domain. Zhang et al. demonstrate that PKA-induces activation of the channel through S287 and

that PKC inhibits the channel through S201.

Additionally, Kir7.1, as well as other Kir channels have been demonstrated to be
influenced by both extracellular (pH)e and intracellular (pH)i. A (pH)o of below 6.0 induces a
strong inhibition of Kir7.1 current while the channel appears relatively insensitive to changes
between 6.5 and 9.0 (Kumar & Pattnaik, 2014; Yuan et al., 2003). The effect of (pH)iis more
complex, with K* conductance showing a biphasic response to alterations (Yuan et al., 2003).
Changes in (pH)i from 7.2 to 6.8 results in an activation in Kir7.1 while further reduction to 6.0
leads to inhibition following transient activation (Kumar & Pattnaik, 2014). Increasing (pH);
results in a rapid inhibition (Kumar & Pattnaik, 2014; Yuan et al., 2003). This change in
intracellular pH may play a significant role in the K* recycling observed in the RPE. As described
above, the light response induces a decrease in intracellular pH of ~ 0.35. This level of
acidification would likely increase Kir7.1 mediated K* conductance and increase the ability of

the RPE to respond to a reduced subretinal [K*] concentration.

Like other Kir channels, Kir7.1 is also activated by phosphatidylinositol (4,5)

bisphosphate (PIP;). While it exhibits a weaker binding affinity for PIP, than Kir2.1 or 4.1, it is



26

stronger than that observed in some Kir family member, especially the ATP dependent Kir6.2
(Rohdacs et al., 2003). As a result of this activation, Kir7.1 current is dependent on the
concentration of PIP, on the membrane and can be modulated by depletion of the
phospholipid. This has been demonstrated for Kir7.1 through direct alteration of intracellular
PIP, disruption of PIP, interactions with Kir7.1 using neomycin and indirectly through the
inhibition of lipid kinases responsible for synthesizing PIP, as well as the of G-protein Coupled
Receptor (GPCR) mediated activation of phospholipase C (PLC) (Hatcher-Solis et al., 2014;
Pattnaik & Hughes, 2009). In a channel that doesn’t exhibit sensitivity to voltage, PIP; provides
a mechanism for modulating channel function. It is this regulation by PIP, that caused me to
hypothesize a relationship between OXTR and Kir7.1. OXTR activation by OXT results in the
hydrolysis of PIP,, removing it from the membrane. | propose that this is the mechanism of the

inhibition observed in chapter 2.

Finally, a recent study by Ghamari-Langroudi et al. demonstrated regulation of Kir7.1 by
the G-protein coupled receptor MC4R in hypothalamic neurons (Ghamari-Langroudi et al.,
2015). MC4R activation by agonist a-MSH results coupling of the receptor to Gas, which in turn
stimulates the production of cAMP by adenylyl cyclase and the activation of PKA. The inhibition
of Kir7.1 was independent of this pathway, however, acting instead in a novel, G-protein
independent manner. While this kind of direct action between GPCRs and K* channels has been
demonstrated previously, it had not been shown in Kir7.1 and, as the authors of the study
suggest, it indicates the possibility of Kir7.1 regulation by other GPCRs (Ghamari-Langroudi et

al., 2015).
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1.3.5. Function of Kir7.1: Beyond the RPE

Like OXT, the role of Kir7.1 is not limited to its function in the RPE. Kir7.1 expression can
be found in neurons, the intestines, the heart and the uterus. Recent work on neurons in the
paraventricular nuclei that express MC4R have demonstrated that GPCR-mediated inhibition of
Kir7.1 is essential for depolarization to occur (Ghamari-Langroudi et al., 2015). In this study they
suggest that Kir7.1 may be playing a role in mediating eating behavior through these neurons
because a-MSH is implicated in inhibiting food intake and blocks Kir7.1 while AgRP has been
shown to stimulate food intake and is demonstrated to open Kir7.1 (Ghamari-Langroudi et al.,
2015). The a-MSH mediated effect in neurons is also relevant to the scope of my thesis, as a-
MSH, working with OXT itself, is known to stimulate dendritic release of OXT via MC4R, as is

discussed in more detail in section 1.4.2 (Sabatier et al., 2003).

In other recent work it was demonstrated that Kir7.1 is present in uterine myometrium,
and that it plays a role in the initiation of contractions during parturition (McCloskey et al.,
2014). Kir7.1 expression decreases as parturition approaches and this decrease in expression
and subsequent depolarization of the myometrium is necessary for the initiation of organized
contractions. Kir7.1 has also been found in thyroid follicular cells and intestinal epithelial cells
where it plays a similar K* recycling role, as described previously in the RPE. In these cells Kir7.1
is found in the basolateral membrane, where it colocalizes with Na*-K*-ATPase (Nakamura et
al., 1999). Given the number of systems affected by Kir7.1, the findings | present in this thesis

have implications far beyond the RPE.
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1.4 Oxytocin

1.4.1 Oxytocin Overview

Like all neurohypophysial hormones (hormones secreted from the posterior pituitary),
Oxytocin (OXT) is a nonapeptide hormone, the structure of which was first proposed in 1953,
making it the first peptide structure to ever be identified (Figure 1.8) (Du Vigneaud et al., 1953).

OH
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Figure 1.8: Structure of Oxytocin. identity of the amino acid at position 8

(Gimpl & Fahrenholz, 2001). Peptides in
the OXT family are characterized by a neutral amino acid at this position while peptides in the

vasopressin family have a basic amino acid (Gimpl & Fahrenholz, 2001).

Both OXT and vasopressin are very closely related and appear to have diverged early in
evolution, following duplication of an existing sequence and subsequent mutations (Leng et al.,
2005). Their family members have performed a wide variety of functions throughout
evolutionary history but in humans, OXT was initially identified for its role in the initiation of
parturition and lactation. Since its discovery, the role of OXT has continued to expand. It has
been implicated in the regulation of sexual and social behavior, skeletal muscle regeneration

and influence over metabolic activity in adipose tissue (Elabd et al., 2014; Gimpl & Fahrenholz,
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2001). Recent work in our lab has demonstrated the presence of OXT in the extracellular matrix
of the cone photoreceptors, along with the expression of its receptor in the RPE (Halbach et al.,
2015). The presence of its receptor in the RPE, as well as the close proximity of the peptide to
that receptor, suggests that OXT has the ability to affect the function of the RPE and therefore

the retina itself.

Primarily produced in the hypothalamus and secreted from the posterior pituitary,
oxytocin is a hormone that travels through the blood, transporting it to its peripheral targets.
This release into the blood does not appear to account for the neurological role played by OXT,
based on studies of peripherally administered OXT that found less than 1% of OXT administered
into the blood supply makes it to the cerebrospinal fluid (Mens et al., 1983). In addition to the
discovery of oxytocinergic neurons that project into the brainstem, spinal cord and other parts
of the hypothalamus, some have attempted to address this issue by suggesting that dendritic
release of neuropeptides into the brain allows peptides to be released and then diffuse to
targets throughout the brain (Leng et al., 2005; Ludwig & Leng, 2006). This mechanism is
supported by an increased half-life of peptides in the brain when compared to the blood, with
OXT’s half-life increasing from 2 minutes to 20 minutes (Mens et al., 1983). Peripheral
production of OXT, independent of the hypothalamus, including testicular interstitial cells, the
corpus luteum and the placenta has also been described (Ivell, 1986). Regardless of how OXT
reaches the cell in question, its action is mediated through the oxytocin receptor (OXTR), a G-

protein coupled receptor that will be discussed in more depth in section 1.5.
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1.4.2 Oxytocin Production and Secretion

The promoters for human OXT are stimulated by the estrogen receptors ERa and ER, as
well as the thyroid hormone receptor THRa and the retinoic acid receptors RARa and RARB,
suggesting many methods of potential regulation in different cell types (Richard & Zingg, 1990,

1991).

While OXT production has been described in peripheral tissues, the predominate
production is from the hypothalamus, where both oxytocin and vasopressin are synthesized in
the supraoptic and paraventricular nuclei of the hypothalamus by magnocellular neurons
(Brownstein et al., 1980; Gainer, 1998; Leng et al., 2005). While almost all of the supraoptic
neurons project into the posterior pituitary and contain either oxytocin or vasopressin, the
paraventricular nucleus contains neurons that are involved in neuroendocrine functions and
thus target other sites. These neurons include parvocellular oxytocin cells that project into the
brainstem, spinal cord and other parts of the hypothalamus, potentially distributing OXT to

these areas (Leng et al., 2005).

While OXT and vasopressin genes are both present on the same chromosomal locus,
their transcription occurs in opposite directions (Gimpl & Fahrenholz, 2001). They are both also
expressed with a “carrier protein”, neurophysin, contained within the same gene. In humans,
the OXT-neurophysin 1 gene is mapped to chromosome 20p13 (Rao et al., 1992). This gene
contains three exons, the first of which contains the transcript for the OXT prepropeptide as
well as a 5’ non-coding promoter region and a tripeptide processing signal (Gainer, 1998; Gimpl
& Fahrenholz, 2001). The first nine amino acids of neurophysin are also in the first exon, with

the central part being encoded by exon two and the COOH-terminal encoded on exon 3. The
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OXT prepropeptide encoded by this gene is packaged in neurosecretory vesicles and is cleaved
as it moves down the neuronal axons, which extend into the posterior pituitary (Brownstein et

al., 1980).

Oxytocin moves with neurophysin in a 1:1 complex and it appears to be necessary for
proper packaging and targeting of oxytocin to the axon terminal, prior to its secretion (Gimpl &
Fahrenholz, 2001). This interaction between neurophysin and OXT is heavily dependent on pH,
with strong binding occurring at the acidic pH (~5.5) of the neurosecretory granules (Gimpl &
Fahrenholz, 2001). As a result of this pH dependence, upon stimulation of the neuron and
secretion of the OXT:neurophysin complex, the two components dissociate in the plasma as a

result of its neutral pH (7.4).

Following the production of OXT it is stored in its OXT:neurophysin complex within
neurosecretory vesicles until a stimulus is received that induces its secretion. There have been a
wide range of stimuli that have been described to induce this secretion. Perhaps the most
important of these stimuli can be found in the release of milk during lactation, as animals who

are deficient in OXT are not able to feed their offspring (Young et al., 1996).

Stimulation of mechanoreceptors in the nipple by babies initiates the release of oxytocin
and in mice it has been shown that during nursing OXT release occurs in a pulsatile manner,
with most OXT release being synchronized across OXT containing neurons (Lincoln & Wakerley,
1974). This pulsatile nature of OXT release during lactation appears to be necessary for milk
release as the mammary gland rapidly desensitizes to continuous exposure to the peptide (Leng
et al., 2005). It is likely that this pulsatile nature of secretion occurs in all mammals, as a similar

intermittent milk let-down has been observed in humans (Leng et al., 2005; Ramsay et al.,
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2004). The release of OXT is driven by action potentials, and action potentials that occur in
frequent bursts, as observed during milk letdown, release more oxytocin than solitary action
potentials occurring infrequently (Leng & Brown, 1997). The increase in OXT release is a result
of high frequency bursts of action potentials effectively priming neurons for OXT release. As
each burst travels down the neuron they progressively depolarize the cell due to a progressive
increase in voltage-dependent Ca?* entry as well as a mobilization of intracellular Ca?* stores
(Leng & Brown, 1997; Leng et al., 2005). The increase in intracellular Ca%* facilitates OXT release
and the higher the level of Ca?* the more hormone is released (Fisher & Bourque, 2001). The
bursting effect also helps ensure the action potentials spread throughout the entirety of the
neuron, as a single magnocellular neuron branches extensively and may have as many as 2000
neurosecretory endings (Leng et al., 2005; Nordmann, 1977). Successive action potential bursts
progressively increase the extracellular [K*] surrounding the axons, depolarizing the cells and
increasing the chance that the action potentials successful propagate past branch points, where

they may otherwise fail (Leng et al., 1988).

In addition to lactation, OXT also plays an important role in the initiation of labor. This
role is driven by a positive feedback loop that is established between the contracting uterus
and the oxytocin containing neurons in the hypothalamus. The oxytocin needed to feed the
demand created by this positive feedback is built up in preparation for labor, with stores of
oxytocin expanding by around 50% (Leng et al., 2005; Russell et al., 2003). This expansion is not
driven by an increase in production but instead by reduced secretion. This reduction in the
secretion of OXT is mediated by an opioid, Dynorphin, which actively inhibits the release of OXT

through k-opioid receptors (Brown et al., 2000). Dynorphin is co-secreted with OXT and its
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effects are strongest in midpregnancy, with its effects declining as parturition approaches,

enabling OXT to be released.

Outside of its role in parturition and lactation, OXT has been implication in modulation
of behavior. As OXT has limited ability to reenter the brain as a result of the blood-brain barrier,
its actions are likely a result of release within the brain. As was mentioned previously, there are
parvocellular neurons that project into the CNS, however large amounts of oxytocin is released
from dendrites of magnocellular OXT neurons in both the supraoptic and paraventricular nuclei
(Sabatier et al., 2003). In addition to autocrine action, dendritically secreted OXT is thought to
diffuse and have “neurohormone-like” actions in other parts of the CNS (Ludwig & Leng, 2006).
This mechanism of action is supported by the presence of OXT receptors throughout the CNS,
despite the absence of oxytocin neuron projections nearby. Furthermore, it has been shown
that OXT release from the dendrites can be stimulated in a manner that decouples it from
systemic release (Sabatier et al., 2003). Instead OXT release is thought to be the result of
localized increases in intracellular [Ca%*] ([Ca?*]; that allows the release of substantial amounts
of OXT from the dendrites without the presence of action potentials that can stimulate
systemic release. An example of the role of Ca?*in the dendritic OXT release can be seen with
the peptide a-MSH, which is associated with many of the same behavioral effects as OXT,
including grooming, yawning and stimulation of sexual behavior (Sabatier et al., 2003). a-MSH
acts through melanocortin-4 receptors (MC4Rs) to trigger the transient increase in [Ca%*]i as a
result of mobilization of intracellular stores, resulting in the secretion of OXT (Sabatier et al.,
2003). The dendritic release of oxytocin also appears to be primed by some peptides, including

OXT itself. Priming involves increasing the availability of OXT containing vesicles and, as it can



34

be driven by OXT itself, it can be self-sustaining, resulting in a prolonged release of OXT in
response to an initial stimulation, allowing it to have long lasting behavioral effects (Leng et al.,

2005).

To summarize, much of OXTs behavioral effects are likely the result of stimulation of
magnocellular neurons by afferent signals that induce a transient increase in [Ca?*];, stimulating
the dendritic release of OXT, independent of systemic release. The OXT release is sustained by
autocrine action of OXT on the magnocellular neurons while it also diffuses throughout the

CNS, allowing it to influence behavior.

1.4.3 Oxytocin in the eye

Oxytocin was first detected in human and rat eye through the use of a specific
radioimmunoassay on HPLC fractions (Gauquelin et al., 1983). In this study Guaquelin et al. also
showed, in the rat retina, that OXT levels were modified by light and that detected levels were
smaller in the night than during the afternoon (Gauquelin et al., 1988). They initially
hypothesized that the origin of this retinal OXT was systemic, likely from the hypothalamus.
However, they later found that this day/night rhythm was observable in the retina and the
Harderian glands, which are present in the eye, while the pineal gland, which is present in the
brain, did not exhibit any rhythm, suggesting that the OXT might be produced within the eye

(Gauquelin et al., 1988).

More recently work in our lab has used immunohistochemistry to show the presence of
OXT in the extracellular matrix surrounding the outer segments of the cone photoreceptors,

localizing OXT to a specific region of the retina, directly adjacent to the RPE, where we have
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shown OXTR to be expressed (Halbach et al., 2015). Our results may be indicative of cone PR
expression of OXT, which could explain the increase in OXT during the day, when cones are
most active. However, we do not have any data to support the expression of OXT mRNA in the
cone photoreceptors or anywhere else in the retina, meaning that the source of OXT in the

retina remains unknown.
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1.5 Oxytocin Receptor

1.5.1 Oxytocin Receptor Overview

Oxytocin receptor is a G-protein coupled receptor that binds to OXT and stimulates the
activation of a heterotrimeric G-protein to initiate a cellular response. While initially thought to
be limited to expression in the uterus and mammary glands where it mediates smooth muscle
contraction to facilitate labor and lactation, respectively, the role for OXT and therefore its
receptor has expanded to include additional physiological and complex behavioral functions.
With this expansion in our understanding of the role played by OXT has come, by necessity, an
expansion in our study of OXTR and its signaling in new tissues from the heart to the eye. In this
section we will discuss the structure and mechanism of OXTR function as well as explore the

role it and OXT have been shown to play in reproduction and beyond.
1.5.2. Oxytocin receptor structure

The oxytocin receptor is a member of the rhodopsin-type GPCR family. It contains the
seven transmembrane a-helices that are highly conserved across the GPCR family along with an
extracellular NH,-terminal domain and an intracellular COOH-terminal domain (Figure 1.9). In
humans its NH,.terminal domain contains three possible N-glycosylation sites while in mouse
and rat there are only two (Gimpl & Fahrenholz, 2001). There appears to be different
glycosylation patterns in different tissues, resulting in different observed molecular masses,
however glycosylation does not appear to have any effect on the binding characteristics of the

receptor or its functional properties (Gimpl & Fahrenholz, 2001; Kimura et al., 1997).
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Independent of this glycosylation the expected molecular mass of OXTR is around 45 kDa,

based on its amino acid sequence.

The activation of OXTR, like other GPCRs, is thought to be through a conformational
change following ligand binding that results in a change in the orientation of transmembrane
domains 3 and 6, resulting in G protein binding sites being exposed (Gimpl & Fahrenholz, 2001).
The receptor activation appears to be dependent on an Asp residue in the second

transmembrane domain and a tripeptide (E/DRY) at the interface of this transmembrane
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Figure 1.9: Schematic structure of the human OT receptor with amino acid residues shown in
one-letter code. The residues are marked in the same manner as in Fig. 3, i.e., residues
conservative within the OT/vasopressin receptor subfamily are outlined in gray, and residues
conservative for the whole G protein-coupled receptor superfamily are outlined in black. The
putative N-glycosylation (“Y”) and palmitoylation (at C346/C347) sites are marked.

Figure and caption reused from Gimpl.G., & Fahrenholz, F. (2001). The oxytocin receptor system: structure, function,
and regulation. Physiol Rev, 81(2), 629-683, as allowed by copywrite
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sequence and the first intracellular loop (Bockaert & Pin, 1999; Gimpl & Fahrenholz, 2001). In
the human OXTR, the Asp residue is Asp-85 and alterations of this residue disrupt receptor
function, leading to an inactive receptor, while mutation of the R residue in the DRY motif to A
results in a constitutively active receptor (Fanelli et al., 1999). The discovery led to the
hypothesis that the Arg from the DRY motif is constrained in a hydrophilic pocket formed by
polar residues in the transmembrane domains 1, 2, and 7 and that protonation of the Asp in
this motif pushed the Arg out of the pocket, leading to rotation of the transmembrane helices
relative to each other and resulting in cytoplasmic exposure of buried domains that mediate G-

protein coupling (Fanelli et al., 1999; Gimpl & Fahrenholz, 2001; Neumann & Landgraf, 2008).

More recently, crystallographic studies done to better understand the structure of
rhodopsin, a light sensitive G-protein coupled receptor, suggest more minor changes in
structure upon activation, with a relaxation of the GPCR and increase in flexibility of its
cytoplasmic loops that allows an induced fit of the heterotrimeric G-protein (Salom et al.,
2006). This was supported by high-angle X-ray scattering performed on vertebrate visual
rhodopsin which showed consistent conformational changes within the crystal structure but
also suggested that rhodopsin was dimerized on the membrane and that interaction between
the rhodopsin molecules mediate structural changes in response to light (Imamoto et al., 2015).
OXTR has also been shown to be present in dimeric or oligomeric complexes on the cell surface
so a similar activation mechanism is possible in its case (Devost & Zingg, 2003; Neumann &
Landgraf, 2008; Terrillon et al., 2003). Despite this, while the dimeric structure appears to be
more responsive it has been clearly demonstrated that a monomeric GPCR is capable of

activating a G-protein (Whorton et al., 2007).
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OXT binding to the receptor is mediated by residues within the transmembrane
domains, as well as ones in the extracellular domains, and it is thought to bind in a narrow cleft
created by the ringlike “binding pocket” arrangement of the transmembrane domains (Gimpl| &
Fahrenholz, 2001). The binding site is conserved amongst the vasopressin, OXT and vasotocin
subtypes of this GPCR family following substitution of conserved Gln and Lys residues in these
structures with Ala that reduced receptor affinity for agonists (Barberis et al., 1998). It is likely
that all ligands closely related to OXT can bind to this central receptor pocket in OXTR. In the
case of vasopressin, cross reactivity is clearly observed, with OXT binding to OXTR with only a
10x greater affinity than observed with vasopressin (Kimura et al., 1994). In addition to
interacting with the extracellular loops that forms this binding pocket the agonist also forms
contacts with the extracellular NH;-terminus of the receptor. In contrast antagonists appear to
prefer contact sites located more deeply within the binding pocket (Neumann & Landgraf,

2008).

Two important modulators of OXTR function are cholesterol and divalent cations. The
presence of a high-cholesterol environment and divalent cations like Mg?* are necessary for the
receptor to exist in a high-affinity state (Kg= ~1nM) and it can reversible switch between that
state and a low affinity (Kg= ~100nM) one (Fahrenholz et al., 1995; Klein & Fahrenholz, 1994). It
is possible that there are multiple affinity states that lie in between but these states have
proven difficult to characterize (Neumann & Landgraf, 2008). The effect of cholesterol on OXTR
is not simply due to a change in the membrane fluidity, instead it is suggested to be mediated
by critical residues on extracellular domain 3 and 4 (Neumann & Landgraf, 2008). Cholesterol is

also shown to stabilize OXTR against thermal or proteolytic degradation, with OXTRs present in
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cholesterol-rich microdomains like caveolae being significantly more stable than their partners
in cholesterol-poor domains (Gimpl & Fahrenholz, 2000, 2002). It is possible that OXTR in this
high cholesterol environment has different signaling characteristics, as demonstrated by a
switch from proliferation induced by OXT to growth-inhibition following C-terminal fusion of
OXTR to caveolin, which forces the receptor into lipid-rafts (Guzzi et al., 2002; Neumann &

Landgraf, 2008).

1.5.3. Mechanism of OXTR signaling

OXTR signaling, like all GPCR signaling, is mediated through coupling of the receptor to
heterotrimeric G-protein, composed of an a-, B- and y-subunit. Upon ligand binding this G-
protein undergoes a conformational change that allows for GDP, bound to the a-subunit, to be
replaced with GTP. This G-protein activation can be blocked with compounds like GDP@S, used
in chapter 2, which bind to the Ga-subunit but cannot be exchanged for GTP, leaving the G-
protein inactive, even after receptor activation occurs. In the case of OXTR it is the G a /11 class
GTP binding proteins that, working together with GBy, stimulates the activity of the B-isoform
of phospholipase C (PLC). After activation, PLC hydrolyzes PIP; in the membrane into inositol
trisphosphate (IPs) and 1,2-diacylglycerol (DAG). IP3 travels to IP3 receptors on the endoplasmic

reticulum and stimulates the release of Ca%* from intracellular stores.

The rise in intracellular CaZ* stimulates several different cellular responses. In addition
to altering neuronal firing patterns and influencing neurotransmitter secretion, Ca%* can also
form a Ca%*-calmodulin complex and stimulate smooth muscle contraction and the synthesis of
nitric oxide. The role of extracellular Ca%* in the rise in intracellular Ca?* is somewhat

controversial, with some early studies suggesting that voltage-operated Ca?* channels (L-Type)
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played a role in the OXT mediated Ca?* while others demonstrated that inhibition of these
channels with nifedipine did not affect the [Ca?*]iresponse to OXT (Inoue et al., 1992;
Mironneau, 1976). A criticism of the study showing the effect of L-type Ca?* channel inhibition
was that the immortalized cells used no longer expressed the channels being studied. As a
result, the question of the role of extracellular Ca?* in the OXT response still needs to be

definitively determined and is explored further in chapter 2.
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Figure 1.10: Schematic of canonical OXTR signaling. OXTR activation leads to Gag/11
mediated activation of PLC, which hydrolyzes PIP; into IP3 and DAG. IP3 then induces the
release of Ca®* from the ER and DAG associates with PKC, leading to further
downstream signaling.

1.5.4. Oxytocin Receptor in the Uterus

OXTR in the uterus has been heavily studied and its role there is considered the
“classical” function of OXT. Its role in the initiation of labor and parturition also serves as a good
illustration of the diverse effects OXTR can mediate within a cell and throughout a tissue.

Although OXT is not required for normal labor, it serves as a potent uterotonic agent and is
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used clinically to induce labor (Nishimori et al., 1996). As labor approaches, the uterine
sensitivity to OXT increases dramatically because of a significant increase in the density of
OXTR. The increase in density reaches its peak early in labor, with elevated mRNA levels and an
increase in the number of myometrial oxytocin receptors (Gimpl & Fahrenholz, 2001). The
change occurs together with an increase in the ratio of estrogen to progesterone. Estrogen has
been demonstrated to increase OXTR expression while progesterone suppresses this effect.
Thus, the change in relative levels of estrogen and progesterone results in increased OXTR
expression (Adachi & Oku, 1995). The expression of OXTR is not limited to the myometrium,
however. It is also observed in the decidua, where the levels of OXTR increase by five times

during parturition (Gimpl & Fahrenholz, 2001).

The role of hypothalamic OXT during parturition is not clear. Circulating OXT does not
increase in labor until after full cervical dilation, from the time when the fetal head is visible to
the time when it is delivered (Leake et al., 1981). Instead of systemic OXT, it is thought that
locally produced peptide may be acting in a paracrine or autocrine manner within the uterus.
OXT is locally expressed in the amnion, chorion and decidua of the placenta during pregnancy,
supporting the possibility of this type of signaling (Chibbar et al., 1993). Furthermore, in the rat
this expression has been shown to increase by more than 150-fold during parturition, quickly
returning to normal following the cessation of labor (Lefebvre et al., 1992). This is 70-fold
greater than the level observed in the hypothalamus, which only sees an approximately 3 fold
increase during labor (Lefebvre et al., 1992). This increase is not reflected in the local levels of
OXT peptide however, possibly as a result of OXT metabolism by local oxytocinases (Mitchell &

Chibbar, 1995). This local production of OXT would explain the lack of a detectable change in
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circulating hormone and supports the hypothesis that OXT is acting in a local paracrine, instead

of endocrine, manner.

The role of OXT in parturition is dependent on the tissue in which the receptor is
expressed. In the myometrium OXT directly induces contractions through PLC mediated release
of intracellular calcium. Increases in the gap junction protein, connexin-43, in preparation for
labor, allow this Ca?* response to travel throughout the myometrium in synchronized, powerful
contractions. In the decidua however, OXTR plays a different and less clearly defined role. OXT
has been shown to stimulate the release of the prostaglandins PGF,a and PGE from the decidua
(Blanks & Thornton, 2003; Wilson et al., 1988). PGF.q is a key regulator of luteolysis and is
necessary for the decrease in progesterone that allows the induction of labor. This production
of PGF,4 has been shown, in bovine endothelial cells, to be a result of OXT mediated production
of cyclooxiginase-2 (COX-2) (Asselin et al., 1997). However, in mice oxytocin has a luteotrophic
effect that must be overcome by PGF,q. In mice that do not express cyclooxygenase-1 (COX-1)
there is a reduction in the level of PGF,4. As would be expected, these mice demonstrate a lack
of luteolysis and delayed labor that is recovered following surgical luteolysis. However, double
KO mice that lack COX-1 and OXT expression exhibit luteolysis and labor initiation on the
normal day, suggesting that OXT has luteotrophic effects that oppose the actions of

prostaglandins like PGF,q (Gross et al., 1998).
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1.6 Retinal Development and Retinopathy of Prematurity

1.6.1. Introduction

The Retina is an accessible, relatively simple, neural tissue that can be manipulated
without many of the lethal consequences that could be expected from study of other tissues in
the central nervous system. As a result, the development of the retina has been widely studied
and characterized. In the mature retina there are ten distinct layers and no less than nine

different cell types, each playing a specific role (Willermain et al., 2014).

Light stimulates the photopigments in the outer segments of the rod and cone
photoreceptors, which are located adjacent to the RPE. These photoreceptors form synapses
with horizontal cells and bipolar neurons. The bipolar neurons in turn synapse with ganglion
cells directly or indirectly, thorough amacrine neurons. These ganglion cells then project their
axons down the optic nerve and to the visual cortex of the brain (Wallace, 2011). Miiller cells, a

type of glial cell within the retina work to support this process of phototransduction.

All these cells can trace their lineage to multi-potent progenitor cells. These progenitor
cells exhibit a directionality in the order of cell production and differentiation, with the multi-
potentiality of the dividing progenitors declining as the retina matures and development
continues (Reese, 2011). This means that early progenitor cells are capable of producing all
types of retinal cells but that once the production of a particular cell type has begun within a
progenitor cell line, all subsequent clones of that cell will never include members of that cell
type (Wong & Rapaport, 2009). This effect appears to be driven by alterations in the retinal

microenvironment, as new cell types are produced in the retina the retinal microenvironment
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progressively changes, altering transcription factors expressed by the progenitors

(Agathocleous & Harris, 2009).

Another key component of retinal development is the growth of the vascular network
necessary to supply the inner retina with the oxygen and nutrients required to support vision.
As the retina matures, the vascular network within the eye undergoes a dramatic
reorganization. Initially supported by an arterial network in the vitreous called the hyaloid
network, the retina is later supported by retinal vasculature that spreads across the inner
surface of the retina (Fruttiger, 2007). As the retinal vasculature develops the hyaloid network
regresses. The growth of the retinal vasculature is key to development and dysregulation or
abnormal vessel growth can lead to severe visual complications. The formation of new blood
vessels in the adult retina, called neovascularization, is a causative factor in several diseases,
including retinopathy of prematurity (ROP), diabetic retinopathy and age related macular
degeneration. It is therefore important to understand how the vasculature of the retina is

developed so that we may understand how to prevent and treat diseases like these.

1.6.2 The coordinated development of the RPE and Retina

The development of the RPE is closely tied to the development of the photoreceptors
and the neural retina. The close relationship between the two is evident in the fact that the RPE
is capable of transdifferentiating into neural retina in many vertebrate species (Del Rio-Tsonis &
Tsonis, 2003). The origins of both tissues arise from the optic cup, a neural structure which
invaginates, with the cells on one side of the invagination eventually becoming the RPE and the
cells on the other side eventually becoming the neural retina (Strauss, 2005). The remaining

lumen that separates the two is then filled with the interphotoreceptor matrix (IPM), a material
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that begins to encourage the maturation of the RPE. This is accomplished in part due to the
presence of retinoic acid and the exchange of this retinoic acid between the RPE and the neural
retina, an exchange mediated by interphotoreceptor retinal binding protein (IRBP) (Gonzalez-
Fernandez, 2003). Synthesized in both the RPE and primordial photoreceptors, IRBP is produced
from the beginning of IPM formation, at the same time as RPE specific protein, RPE65 is formed
(Strauss, 2005). The onset of RPE maturation is marked by the onset of melanogenesis, when
the neuroectodermal cells differentiate into RPE and Bruch’s membrane begins to form (Jeffery,
1998; Strauss, 2005). During this period the RPE polarizes and forms short microvilli and
basolateral membrane infoldings and approximately 75% of the apical structures seen in the
mature RPE are present (Strauss, 2005). At this point the RPE is able to begin to interact with

the primordial photoreceptors, allowing them to differentiate.

The differentiation of these primordial photoreceptors is tightly coordinated with the
final maturation of the RPE. The primordial photoreceptors extend their outer segments
towards the RPE and the RPE, in turn, extends its apical microvilli towards the growing outer
segments and forms deep basolateral membrane infoldings (Strauss, 2005). These apical
microvilli develop into two distinct types. The first are long microvilli, which ensure maximal
apical surface area, and the second are short microvilli, which mediate outer segment
phagocytosis. In addition to these structural changes, the photoreceptors and RPE also exhibit
coordination in gene expression, with genes like RGR opsin and bestrophin being expressed in
the RPE at the same time that photoreceptor electrical activity begins (Bakall et al., 2003; Tao et

al., 1998).
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The impact of the RPE on photoreceptor and retinal development is partially mediated
through the secretion of growth factors. One of these factors is VEGF, through which the RPE
could influence vascular growth, both in the choriocapilaris that lie below Bruch’s membrane
and the retinal vasculature (Adamis et al., 1993). Additionally the RPE is responsible for the
secretion of pigment-epithelium-derived factor (PEDF), which has been shown to play a
neuroprotective role in the mature retina and helps support the normal development of
photoreceptors, in addition to helping to control ocular vascular growth through the inhibition

of angiogenesis (Dawson et al., 1999; Jablonski et al., 2000; King & Suzuma, 2000).

Further evidence of the coordination between the RPE and retina in development are
the local adaptions observed in the RPE to different functions of the retina. In the macula,
where photoreceptor density is higher than the periphery, the RPE cells are adapted to allow
for a higher turnover rate of shed photoreceptor outer segments, with higher expression of the
enzymes required for turnover (Hayasaka et al., 1981). The cells of the macula are also much
smaller and have a higher melanin content than those of the periphery (Strauss, 2005). The RPE
also forms different types of sheaths around photoreceptor outer segments depending on
whether the photoreceptors are rods or cones (Strauss, 2005). As a result, the apical structure
of RPE in the cone heavy macula are different than RPE cells found in the periphery of the
retina. This close relationship between the photoreceptors and the apical processes of the RPE
has implications for our understanding of the role of OXTR in the RPE. The presence of OXTR in
these apical processes is shown in chapter 4, suggesting that it could play a role in signaling

between the two layers.



48

1.6.3 Retinal vascular development

The process of vascular growth in the retina is thought to occur primarily through the
process of angiogenesis, through which proliferating endothelial cells from existing vessels
sprout new vessels, extending the vasculature (Risau, 1997). Some studies have also suggested
that the process of vasculogenesis, or the de novo formation of blood vessels, plays a role in the
establishment of early retinal vasculature. In the early 1970’s “spindle-shaped” cells were found
anterior to growing vessels that were suggested to be vascular precursor cells that migrate over
the retinal surface and establish the early retinal vasculature (Ashton, 1970). However more
recent work has suggested that these cells are instead astrocytes that grow ahead of
vasculature and that the vessel growth was a result of angiogenic sprouting (Gariano, 2010;
Gariano et al., 1996). The door is not completely shut on a role for vasculogenesis however, as
cells expressing both a marker for vascular precursors (CXCR4) and retinal endothelium (CD39)

were found in advance of forming retinal vasculature (McLeod et al., 2006).

The process of retinal blood vessel growth is guided by specialized endothelial tip cells
that have been identified at the edge of growing vasculature in the retina. These tip cells form
bundles of filopodia in the direction of vascular growth (Fruttiger, 2007). In addition to these tip
cells there are endothelial stalk cells, which are highly proliferative and have fewer filopodia.
These cells work to ensure the stability of new sprouts and form the new vascular lumen
(Blanco & Gerhardt, 2013). Filopodia bundle formation in the endothelial tip cells is controlled
by VEGF receptor-2 (VEGF2R) mediated signaling and pushes vascular growth towards areas
with high concentrations of VEGF (Gerhardt et al., 2003). VEGF expression is mediated by

hypoxia, with retinal astrocytes at the leading edge of the vasculature expressing and secreting
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higher levels of the growth factor in areas of low O; (Stone et al., 1995). As a result, a VEGF
gradient exists, guiding retinal vascular growth from normoxic areas to hypoxic areas. There are
likely other factors that play a role in guiding endothelial tip cell migration, although they have
not been clearly described. Receptors for axon guidance molecules have been demonstrated to
be involved in vascular growth in other tissues, however none of them have been associated
with retinal vascular growth (Fruttiger, 2007). Additionally, there are factors that act in support
of VEGF’s actions, including insulin-like growth factor 1 (IGF-1), which acts to enhance the

maximum level of VEGFR activation (Smith, 2004).

As the tip cells direct vascular growth in the retina, the region behind them grows into a
dense capillary plexus that sits in the inner surface of the retina. This capillary plexus begins
adjacent to the optic nerve and extends towards the periphery of the retina and as it does so it
is remodeled and starts to form a less uniform vascular tree, with distinguishable arteries and
veins (Fruttiger, 2007). Capillary free zones begin to form in the vicinity of arteries, as a result of
endothelial cell migration and selective apoptosis of endothelial cells driven by leukocytes
(Hughes & Chang-Ling, 2000; Ishida et al., 2003). This process is possibly driven by VEGF as well,
as capillary pruning has been shown to be defective in mice that express only the VEGF120
isoform of VEGF (Stalmans et al., 2002). A deeper plexus of the retinal vasculature develops out
of this original, primary plexus, penetrating the retina perpendicularly to the primary plexus
(Fruttiger, 2007). Vessels sprout and grow along Miiller cells into the retina and then spread
across the inner and outer boundary of the inner nuclear layer, parallel to the primary plexus
(Fruttiger, 2007). This process begins to occur as the primary plexus reaches its most peripheral

extent (Gariano, 2010; Provis, 2001).
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1.6.3.1 Comparison of Human and Murine vasculature

As with many areas of research, the mouse provides a powerful tool to study the blood
vessel growth in the retina. In the human, retinal vascular growth begins before mid-gestation
in humans and other primates and is almost complete by birth, making it difficult to study
(Gariano, 2010; Provis, 2001). Mice, however, don’t begin to develop their retinal vasculature
until birth and the entire process is completed within three weeks, making the mouse a much
more accessible and convenient model for studying this development (Figure 1.11)(Connolly et

al., 1988).

While vascular development can vary significantly between strains of mice, in the widely
used C57BI/6 strain we see growth of the primary plexus out from the optic nerve towards the
periphery during the first week after birth, with it reaching the edge of the retina by

approximately postnatal day 7-8 (p7-8) (Stahl et al., 2010). In humans this process occurs

P21

Figure 1.11: Vascular development in the mouse retina. Mouse retinal vasculature develops after birth
extending out from the optic nerve, reaching the periphery by day 7-8. By postnatal day 21 the vasculature
is fully mature, with multiple vessels connecting the different layers.

Figure adapted from Edwards M. et al., (2011). Lamal mutations lead to vitreoretinal blood vessel formation,
persistence of fetal vasculature, and epiretinal membrane formation in mice.BMC Dev Bio, 11(60), 1, as allowed by
copywrite
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beginning during the fourth month of gestation and the vessels reach the periphery by the 7t
or 8™ month (Anand-Apte & Hollyfield, 2010). The formation of the deep plexus in the mouse
begins at P7, with the deeper plexus on the outside of the inner nuclear layer reaching the
retinal periphery by P12 and the plexus on the inner portion of the inner nuclear layer forming
between P12 and P15 (Stahl et al., 2010). While this process occurs simultaneously throughout
the retina in mice, in humans it appears to occur in a directed manner, progressing from the

posterior to the anterior (Gariano, 2010).

1.6.4 Pathogenesis of ROP

Retinopathy of Prematurity (ROP) is the most common disorder of retinal vascular
growth and it is the leading cause of blindness in children. The pathogenesis of ROP is closely
tied to retinal oxygen levels and is driven primarily by alterations in the production of VEGF and
IGF-1, which mediates responsiveness to VEGF. As mentioned in the previous sections, the
vascularization of the human retina continues from 4 months of gestation to birth. Infants born
prematurely therefore have incompletely vascularized retinas, with peripheral avascular zones.

The more premature an infant the larger the area of this avascular zone.

Following birth, the normal blood vessel growth that would occur in utero is incomplete
and as the retina continues to mature and become more active the vasculature cannot supply
sufficient O, resulting in an increasingly hypoxic retinal environment. This process is described
as the first phase of ROP and is characterized by a decrease in VEGF and IGF-1 in response to
the abundance of O; (Smith, 2004). In the second phase, retinal neovascularization occurs,

driven by the hypoxia of the retina, and can lead to retinal detachment, scarring and eventually
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blindness (Cavallaro et al., 2014). The neovascularization of this phase results from significantly

increased VEGF as a result of retinal hypoxia.

Given the importance of VEGF in the vascularization of the retina it makes sense that it
plays a prominent role in pathogenesis of this vascular disease. Hypoxia drives the production
of VEGF by astrocytes and directs vascular growth to areas with limited O;. When ROP was first
described a connection was quickly made between the use of high levels of supplemental O;
and increased instances of the disease (Cambell, 1951). The use of supplemental O, leads to a
state of hyperoxia in the retina and results in reduced VEGF and IGF-1 production and a
cessation of normal vessel growth characterized in Phase | of ROP (Smith, 2004). Despite this
role for Oz in the pathogenesis of ROP it is clear that the causes are more complex, as
limitations on the amount of supplemental O, have been successful in reducing instances of
ROP by 52% but they have not eliminated the disease (Chen et al., 2010). In fact, as modern
medicine has made it possible for infants of extremely low gestational age to survive we are
seeing that these infants have an increased susceptibility to the development of ROP (Sahin et
al., 2014). This persistence of ROP suggests that other factors, related to prematurity itself are

also responsible for the pathogenesis of the disease.

In the clinic, ROP is described according to the international classification of ROP
(ICROP), which divides the retina into three concentric zones, moving outward from the
posterior to the anterior retina (Figure 1.12a)(Prematurity, 2005). Zone 1 is a circle with the
center as the optic disc, a raised disc on the retina where the optic nerve enters, and a radius of
twice the distance from the disc to the fovea (Shah et al., 2016). The second zone extends from

zone 1 to the ora serrata, the nasal junction between the retina and the ciliary body. The third
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zone contains the remaining portion of the retina. Within these zones the extent of ROP is
documented as the number of “clock hours” involved, with the nasal side of the right eye as 3
o’clock and the temporal side of the same eye as 9 o’clock (Shah et al., 2016). The inverse is
true for the left eye. The degree of vascular changes observed during ROP are classified into 5
different stages (Figure 1.12b) (Hellstrom et al., 2013; Shah et al., 2016). In stage 1, a
demarcation line can be observed between the vascular and avascular retina. In stage 2, this
demarcation line forms a three-dimensional ridge that rises above the plane of the retina. In
stage 3 ROP this ridge is observed to have fibrovascular growth out of the retina and into the
vitreous, posterior to the ridge. Stage 4 is characterized by partial detachment of the retina,
either not involving the fovea (Stage 4A) or involving the fovea (stage 4B). The final stage, stage
5, is characterized by total retinal detachment. Additionally, ROP can be classified as plus

disease, defined by venous dilation and arterial tortuosity seen in the posterior pole of the

A.

Zone 1

Macula

e @

Stage 5

Optic nerve

|

Figure 1.12: Zones and stages of retinopathy of prematurity. A) The three zones that
divide the retina are shown. The severity of ROP in a given shown are classified as stages,
shown in panel (B).

Figure adapted from Hellstr6m A. et al., 2013. Retinopathy of prematurity, The Lancet, 382(9902), 13 with
permission from Elsevier
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retina. An intermediate classification of pre-plus disease is given in cases where vascular
dilation and tortuosity is increased but less severe than plus. Finally, an uncommon and rapidly
progressing form of ROP, characterized by severe plus disease and flat intraretinal

neovascularization, is classified as aggressive posterior ROP.

1.6.5 Current Treatment for ROP

As the leading cause of childhood blindness in the world, the treatment of ROP is of
worldwide interest. This is exemplified in the World Health Organization’s “Vision 2020
Programme”, which gives treatment of the disease high priority (Gilbert & Foster, 2001).
Treatments for ROP are limited and imperfect. The most common and widely used therapies
today continue to be ablative therapies. This treatment, first established as the preferred
method of treatment in 1988, includes two techniques, cryotherapy and laser ablation (O'Keefe
& Kirwan, 2006). Cryotherapy, in which a tool is used to freeze peripheral avascular regions of
the retina, has fallen out of favor with the increased use of laser therapies, which generally
have better patient outcomes (Mutlu & Sarici, 2013; O'Keefe & Kirwan, 2006). Laser therapy
uses a laser to ablate the peripheral retina that lacks adequate vasculature, preventing the
hypoxia that drives the neovascularization of ROP. While these treatments have been
successful in reducing the instances and progression of ROP, patients still suffer from poor
vision, especially when the avascular region of the retina was large (Mutlu & Sarici, 2013).
Patients also exhibit retinal detachment in 12% of eyes that receive laser therapy, possibly as a
result of macrophages in the vitreous of the eye acting as a second source of VEGF that cannot
be removed with laser therapy (Naug et al., 2000). Other complications from this treatment can

include corneal edema, intraocular hemorrhage and cataract formation (Mutlu & Sarici, 2013).
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Regardless of these risks ablative therapy remains the “gold standard” for ROP treatment and
the only evidence-based treatment available. However, there are a number of promising future

treatments being explored.

One of these promising treatment is the use of anti-VEGF drugs. Taking a
pharmacological approach to reducing VEGF without the tissue destruction seen in ablative
therapies, these drugs hope to reduce the instances and progression of ROP without many of
the complications seen with laser and cryotherapy. One major concern with the use of these
drugs is the potential off target effects. For example, the humanized recombinant antibody
Bevacizumab, which binds to all isoforms of VEGF-A, has had promising results but could
potentially disrupt the other important vascular development occurring in the premature
infants that are given it (Kong et al., 2008; Mintz-Hittner, 2010; Mutlu & Sarici, 2013). Originally
an anticancer drug, intravenous Bevacizumab has been shown to cause systemic complications
at high doses but no such complications have been reported from intravitreal injections
(Taugourdeau-Raymond et al., 2012). It has not been approved for use in the eyes or in infants
yet, although off label use has been growing, and is even suggested as a treatment by the
American Academy of Pediatrics, American Academy of Ophthalmology, the American
Association for Pediatric Ophthalmology and Strabismus and the American Association of
Certified Orthoptists (Fierson et al., 2013). More selective inhibition of VEGF is also possible.
Pegaptanib sodium is an anti-VEGF drug that specifically inhibits the VEGF1¢5 isoform of VEGF,
potentially making it a safer alternative (Mutlu & Sarici, 2013). Some success has been shown
with this drug, however it is not as widely used as Bevacizumab despite being approved for use

in ocular neovascular disease in adults (Autrata et al., 2012; Mutlu & Sarici, 2013). These are
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not the only two drugs being explored for ROP but they represent the most widely studied

ones.

Treatment options being explored extend beyond targeting VEGF, specifically.
Propranolol, a B-adrenergic receptor antagonists, is being explored as a potential treatment
option. Systemic application of the drug has been shown to reduce the levels of retinal VEGF
and IGF-1 as well as retinal neovascularization in mice with oxygen-induced retinopathy (Ristori
et al., 2011). Others, however, have found it difficult to repeat these results using up to 30
times the standard human dose in mice, and a recent study on the safety of propranolol
treatment in premature infants with ROP was stopped due to increased mortality in the group
receiving treatment (Chen et al., 2012; Ristori et al., 2011). Gene therapies have also been
proposed as possible treatments, using viruses to deliver genes regulating angiogenesis or small
interfering RNA to block various pro angiogenic factors to the retina to prevent
neovascularization. The potential for this gene delivery has been shown in a rat model of ROP

but further study is needed (Chowers et al., 2001).

1.7 Conclusion

In this introduction | have highlighted the importance of the RPE in maintaining a
healthy retina and functioning vision, emphasizing the role played by Kir7.1. Additionally, | have
outlined the process and timeline of vascular growth in the developing retina and examined a
consequence of dysregulation of this growth in ROP. In this thesis | attempt to determine how
oxytocin and its receptor, which we have previously localized the photoreceptor outer

segments and the RPE respectively, might be involved in these processes. As | have stated, our



57

understanding of how oxytocin acts throughout our body is continuously expanding. | expect
my work will add some clarity to the role of oxytocin in the eye as well as reveal new potential

roles for it elsewhere.

1.8 Statement of Specific Aims

The discovery of OXT present around the cone photoreceptor outer segments and the
expression of OXTR by the RPE suggests the presence of oxytocinergic signaling in the retina.
Given the importance of the RPE to retinal function and maintenance, understanding the effect
of this signaling could have a significant effect on our understanding of retinal health and
disease. In this thesis | explore the impacts of this signaling, focusing on direct effects on the
RPE through the modulation of Kir7.1, as well as indirect regulation of retinal development
through the production and secretion of growth factors by the RPE. To study these effects |
have developed the following global hypothesis as well as three specific aims in an effort to

address this hypothesis.

Global Hypothesis: Oxytocin receptor signaling in the RPE directly impacts RPE physiology and

indirectly influences retinal vascular growth during the development of the retina.

AIM #1: Explore the effects of OXTR signaling on Kir7.1 in the RPE

Hypothesis: Kir7.1 function is inhibited by PIP, hydrolysis in response to OXT activation of the

OXTR in the RPE.

Approach: OXTR is G-protein Coupled Receptor (GPCR) whose main mechanism of

action involves the hydrolysis of phosphatidylinositol 4-5 bisphosphate (PIP2), a membrane
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associated phospholipid. PIP; is known to regulate inwardly rectifying K* channels. The
inhibition of Kir7.1 is therefore a likely consequence of OXTR activation. To test this, | used the
whole cell patch clamp technique on HEK-OXTR cells transfected with an eGFP fused Kir7.1
plasmid. | used the same technique to record from freshly isolated mouse RPE cells and
observed an inhibition of Kir7.1 current in both cell types, with depolarization in the RPE cells. |
will follow up on these findings by using pharmacological blockers and visual markers of PIP; to
confirm the mechanism of Kir7.1 inhibition and determine that it is a direct action of the OXTR

signaling pathway.

Impact: This aim will support a role for OXT in regulation of RPE function and will expand
our understanding of the processes that underlie the maintenance of vision. In addition, the
regulation of Kir7.1 by OXT could have implications in other tissues, including the uterine

myometrium.

AIM #2: Oxytocin and the development of the retinal vasculature in ROP

Hypothesis: The lack of exposure to a late gestational surge in OXT is responsible for abnormal

vascular growth in ROP.

Approach: Retinopathy of prematurity (ROP) is a disorder that is caused by abnormal
growth of blood vessels into the vitreous of the eye. The RPE forms the blood-retina barrier,
and it plays an important role in maintaining normal vascular growth (Dawson et al., 1999;
Nishijima et al., 2007; Sakamoto et al., 1995). OXT levels are tightly controlled during
pregnancy, with levels increasing significantly from 32-40 weeks while almost all infants born

with ROP have a gestational age of less than 31 weeks, which suggests that OXT may be
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involved in the pathogenesis of ROP. To determine the role of OXT in ROP | will establish the
effect of OXT on the transcription and secretion of specific angiogenic growth factors by the
RPE, utilizing molecular and biochemical techniques. Furthermore, to determine the angiogenic
effect of this production | will utilize migration and tube forming assays, developed to analyze

angiogenesis.

Impact: Identifying OXT as a culprit in the development of ROP would open the door for

a study into whether OXT treatment in premature infants could reduce the cases of ROP.

Aim #3: Describe the Ontogeny of the Oxytocin receptor in the RPE

Hypothesis: Oxytocin receptor is expressed by the RPE during the period of retinal vascular

growth.

Approach: | will identify and quantify OXTR transcript molecular expression during
retinal gestation in the mouse. Expression levels will be determined at five day intervals,
starting from birth. If OXTR is expressed at birth, prenatal mice eyes will be examined to
discover the exact time point of OXTR expression during pregnancy. The ultimate goal is to

correlate the expression of OXTR with RPE and retinal markers.

Impact: Describing the expression of OXTR in the mouse will provide insight to the
possible time point where OXT can have an impact on retinal development. In addition to the
developmental impact, this study will provide the groundwork for future use of the mouse

model in studies of OXT’s role in developmental eye diseases.
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Chapter 2: Oxytocin Receptor Signaling in the RPE

Oxytocin (OXT)-stimulated inhibition of Kir7.1 activity is modulated by PIP,-dependent Ca?*

response of the Oxytocin receptor in the Retinal Pigment Epithelium in vitro

Nathaniel York'%%78, Patrick Halbach®2378, Michelle A. Chiu%37, lan M. Bird**, De-Ann M.
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Originally Published in Cellular Signaling, Volume 37, September 2017, Pages 93-102 (York et al.,
2017) with added data to complete this thesis. Original manuscript, as published, is included at

the end of this document, in Appendix 2.
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ABSTRACT

Oxytocin (OXT) is a neuropeptide that activates the oxytocin receptor (OXTR), a
rhodopsin family G-protein coupled receptor. Our localization of OXTR to the retinal pigment
epithelium (RPE), in close proximity to OXT in the adjacent photoreceptor neurons, leads us to
propose that OXT plays an important role in RPE-retinal communication. An increase of RPE
[Ca?*]iin response to OXT stimulation implies that the RPE may utilize oxytocinergic signaling as
a mechanism by which it accomplishes some of its many roles. . In this study, | used an
established human RPE cell line, a HEK293 heterologous OXTR expression system, and
pharmacological inhibitors of Ca?* signaling to demonstrate that OXTR utilizes capacitative Ca?*
entry (CCE) mechanisms to sustain an increase in cytoplasmic Ca?*. These findings demonstrate
how multiple functional outcomes of OXT-OXTR signaling could be integrated via a single
pathway. In addition, the activated OXTR was able to inhibit the Kir7.1 channel, an important

mediator of subretinal waste transport and K* homeostasis.

Keywords: calcium imaging, cell signaling, hormone receptor, inositol 1,4,5-trisphosphate (IP3),
ion-channel, retina, oxytocin, RPE, oxytocin receptor
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2.1 Introduction

Oxytocin (OXT) is a cyclic nonapeptide produced in the paraventricular and supraoptic
nuclei of the hypothalamus (Gimpl & Fahrenholz, 2001). Although best known for its association
with parturition and lactation, OXT also has numerous central and peripheral effects, including,
but not limited to, the modulation of sexual and social behavior, influence over metabolic
activity in adipose tissues, and skeletal muscle maintenance (Elabd et al., 2014; Gimpl &

Fahrenholz, 2001).

The RPE is a monolayer of polarized cells that serve as a physical and protective blood-
retina barrier and act as a facilitator of phototransduction in the photoreceptors (Strauss,
2005). The RPE also mediates the bidirectional transport of nutrients between the choroid and
photoreceptors, maintains the ionic composition of the subretinal fluid, and facilitates
phagocytosis of photoreceptor outer segments that are shed on a daily basis. It is not fully
understood how the RPE and photoreceptors coordinate their function. What is known,
however, is that autocrine and paracrine signaling in the RPE involves G protein-coupled
receptors (GPCR), including the dopaminergic, adrenergic, Pay-purinergic, and serotoninergic
receptors (Barnard et al., 1994; Gallemore & Steinberg, 1990; Nash et al., 1999; Nash &

Osborne, 1997; Quinn et al., 2001; Versaux-Botteri et al., 1997).

We have shown that OXT is a potential mediator of retinal physiology given its presence
in the cone photoreceptor extracellular matrix (Halbach et al., 2015). Moreover, the oxytocin
receptor (OXTR) is expressed in the retinal pigment epithelium (RPE), where we have shown
that OXT can induce an increase in intracellular [Ca?*] ([Ca%*]i), leading to my hypothesis that

oxytocinergic signaling may serve as a means for communication between cone photoreceptors
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and the RPE (Halbach et al., 2015). OXTR is a GPCR and like the aforementioned receptors, it
activates a phospholipase C (PLC)-mediated signaling pathway, thereby stimulating PIP;

hydrolysis and resulting in a rise in [Ca®*], (Fahrenholz et al.).

Facing the photoreceptor outer segments on the apical membrane of the RPE cell is the
inwardly rectifying potassium (Kir7.1) channel (Strauss, 2005; Yang et al., 2003). As its name
suggests, Kir7.1 exhibits a large inward K* current at hyperpolarized membrane potentials.
However, at physiological membrane potentials, the channel facilitates the efflux of
intracellular K* (Hughes & Takahira, 1996; Shimura et al., 2001). This, combined with its co-
localization with Na*-K*-ATPase, makes Kir7.1 integral to the maintenance of the K* transport
needed for transepithelial fluid transport (Bialek & Miller, 1994; Griff et al., 1985; La Cour,
1992). Kir7.1 function is also directly mediated by PIP,, supporting the possible regulation of
Kir7.1 by OXTR through PLC-activated PIP; hydrolysis (Pattnaik & Hughes, 2009). Understanding
how Kir7.1 is regulated is clinically important, as disrupted Kir7.1 function is a known cause of
the retinal diseases of Snowflake Vitreoretinal Degeneration and Lebers Congenital Amaurosis —
Type 16 (LCA16) (Hejtmancik et al., 2008; Pattnaik et al., 2015; Sergouniotis et al., 2011). A
direct impact of Kir7.1 on retinal function and vision can be clearly seen following RNA
interference (RNA;) knockdown of Kir7.1 in mice, resulting in a characteristic and abnormal

electroretinogram (ERG) (Pattnaik et al., 2015).

In this study | sought to delineate the mechanism by which OXT elicits an increase in
[Ca?*]i and how this may affect Kir 7.1 function in the RPE by using cultured hfRPE cells. | also
studied a human embryonic kidney (HEK293) cell line with heterologous expression of human

OXTR to study the effects of OXTR on the Kir7.1 channel without the complex interactions
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inherent in the intact RPE cell. In this cell line | was able to demonstrate the necessity of G-
protein mediated signaling and PIP; hydrolysis for Kir7.1 inhibition by OXTR. Additionally, | used
adult mouse RPE cells to demonstrate the link between Kir7.1 channel function and OXT-OXTR

signaling.

2.2 Materials and Methods

Reagents

All chemical reagents were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO),
Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, MA), or Gibco (Grand Island, NY),

unless otherwise specified.

Solutions

HEPES Ringers (HR) extracellular bath solution was prepared using (mM) 135 NacCl, 5 KCl,
1.8 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, and adjusted to pH 7.4 with NaOH. K* inhibition
solutions require the same composition with 115mM NaCl and the addition of 20 mM BaCl; or
CsCly. Ca?*-free extracellular bath solution was prepared using (mM) 135 NaCl, 5 KCl, 1 MgCls,
10 glucose, 10 HEPES, 2 EGTA-KOH, and adjusted to pH 7.4 with NaOH. Final concentrations of
0.01,0.1, 1, 6, 10, or 100 pM OXT were prepared in either HR or Ca%*-free extracellular
solutions. Extracellular solution containing the Ca?* channel blocker nifedipine was prepared by
diluting to 10 uM final concentration in HR. A final concentration of 60 uM 2-APB (Tocris

Bioscience, Bristol, UK), an IP3R inhibitor, was prepared in HR.

Cell Culture
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Passage 1-3 cryopreserved Primary Clonetics™ Human RPE cells (hfRPE) (LONZA,

Walkersville, WA) were cultured using a previously published protocol (Halbach et al., 2015).

HEK293 cells were obtained from ATCC (Manassas, VA). To generate HEK-OXTR line, cells
were transfected with a pcDNA6/HisC plasmid-containing human OXTR via nucleofection (4-D
Nucleofector, LONZA) as per the manufacturer’s instructions. Cells were cultured in a 60 mm
culture dish in complete growth medium (DMEM + 10% Fetal Bovine Serum + 1% Pen-Strep).
Twenty-four h after transfection, culture media was supplemented with 10 pg/mL blasticidin
(Thermo Fisher Scientific) to select for cells expressing the OXTR-containing plasmid. Individual
surviving cell colonies were selected and grown in culture media containing blasticidin in 24-
well plates. OXTR expression was verified by indirect immunofluorescence and Ca?* imaging.

OXTR positive cells were cryo-preserved and subcultured for experimental usage.

hfRPE culture media was prepared using MEM alpha base medium, 1% N-2 supplement,
1% glutamine, 1% pen-strep, 1% MEM non-essential amino acids, taurine, hydrocortisone, and
3, 3, 5-triiodo-thryonine. HEK cell culture complete growth media was prepared using 10% FBS

and 1% PenStrep diluted in DMEM.

Ca’* imaging

hfRPE cells were grown on coverslips and incubated in 5 uM FURA-2 penta-
acetoxymethyl ester (AM) in hfRPE culture media + 0% FBS for 30 minutes in a dark
environment. Selective Oxytocin antagonist, desGly-NH-d(CH.)s[D-Tyr?, Thr4]OVT, (OTA) was
generously provided Dr, Maurice Manning (University of Toledo, OH). 100uM OTA was included

in FURA incubation solution as well as perfused solutions. HEK-OXTR cells grown on coverslips
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were incubated with 5 uM Fura-2 AM in serum-free DMEM under the same conditions.
Following incubation with FURA-2 AM, coverslips were rinsed x 3 in HR solution and transferred
to the recording chamber (Warner Instruments, Hamden, CT) on the microscope stage (Nikon
FN1, Nikon Instruments Inc., New York, NY). hfRPE cells were continuously perfused with HR or
Ca%*-free solution containing tested compounds (OXT, nifedipine, 2-APB, OTA) and were
exchanged using a gravity-feed 8-valve solution exchange system with a Valvelink Pinch Valve
(Automate Scientific, Berkeley, CA) controlled through Valvelink8.2 (Automate Scientific,
Berkeley, CA). HEK-OXTR cells were continuously perfused with HR, and HR solution containing

OXT or ATP was exchanged using the same system.

Images were acquired every 10 s using a 20X water immersion objective (NA = 0.5) and
Lambda LS lamp (Shutter Instruments, Novato, CA). The 300 ms shutter speed and 340 and 380
nm excitation wavelengths were controlled by the Lambda 10-2 controller (Sutter Instruments),
and emission was set to 518 nm. Image frames from the CoolSnap HQ Photonics camera
(Nikon) were digitized and stored for off-line analysis. Background and calibration images were
similarly acquired and used to obtain absolute changes in fluorescence values. All distinct,
visible cells in a visual field had regions of interest defined using NIS software thresholding
intensity feature to identify cells by intensity at 380nM excitation and the amplitude of the R

(340/380) was measured.

The calcium concentration was calculated using the equation: [Ca] = Kd*(R-Rmin)/(Rmax-
R)(Fmax38%/Fmin389), assuming the K4 to be 225 nM in the cytosolic environment (Grynkiewicz et

al., 1985). Calibration values were determined using 10 UM ionomycin to permeabilize cells to



Ca%*and expose them to [0] Ca?* solution or HR to obtain min and max values, respectively.

Values were determined separately for hRPE and HEK-OXTR cells.

Live-Cell Fluorescence Imaging

Plasmids encoding the PH domain of phospholipase Cd1 fused to GFP (PH-GFP kindly
provided by T. Balla, NIH) or GFP fused to C1 domains from protein kinase C (PKC-GFP kindly
provided by T. Meyer, Stanford) were used for live-cell fluorescence imaging (Oancea et al.,
1998; Varnai & Balla, 1998). After 24 hours of plasmid transfection into HEK-OXTR cells using
TransIT-LT1 (Mirus Bio, Madison, WI), cells were dissociated and plated onto laminin-coated

coverslips (12 mm #1; Thermo Fischer Scientific).
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Imaging was performed between 48 to 72 h post-transfection while cells were perfused

with HR alone and OXT dissolved in HR. Using 470 nm excitation and 525 nm emission, images

were acquired every 10 s. 10 uM OXT was used to stimulate cells. The images were analyzed

off-line using scans of either membrane or cytoplasmic ‘regions of interest’ (ROI).

Animal Handling and RPE isolation

Mouse RPE was isolated from 6-8 wk old C57BL6 mice (The Jackson Laboratory, Bar
Harbor, ME) used for research in accordance with the recommendations of the guide for the
care and use of laboratory animals by Association for Research in Vision and Ophthalmology
(ARVO) with housing and care reviewed and approved by the UW-Madison Animal Care
Committee. Mice were anesthetized and sacrificed by cervical dislocation. The eyes were

enucleated, immediately placed in chilled 0 Na, Ca-Mg free (ONa-CMF) solution (135mM

NMDG-CI, 5mM KCI 10mM HEPES, 10mM Glucose, 2mM EDTA-KOH and pH adjusted to 7.4) and



68

washed two times. An incision was made in the scleral buckle with the sharp needle. Vannas
scissors were used to cut along the scleral buckle to open the eye, and the anterior cornea, iris
and lens were discarded. With the use of surgical forceps, the thin layer of retina was removed.
The posterior eye cup with the intact retinal cells was then transferred to an enzymatic solution
(0.375 mg/ml Adenosine, 0.3mg/ml L-Cysteine, 0.25 mg/ml Glutathione, 0.05mg/ ml Taurine,
2.5 ul/ml papain and 5 pl/ml DNAse (0.8mg/ml-stock) dissolved in ONa-CMF solution for
digestion and incubated in 2ml tube at 37°C for 30 mins. The reaction was stopped using 0.01%
BSA solution and the eye cups were washed gently with warm HEPES ringer solution (135mM
NaCl, 5mM KCI, 10mM HEPES, 10mM Glucose, 1.8mM CacCl,, 2mM MgCl, and pH adjusted to

7.4).

Electrophysiology

For electrophysiology using HEK-OXTR cells, 1.8x10° cells were plated in a 35 mm dish
overnight. The following day, cells were transfected with an N-terminal GFP-labeled Kir7.1
plasmid using a standard TransIT LT-1 protocol at 37 °C for 24 h, after which the cells were
transferred to coverslips and placed in reduced-serum media at 37 °C overnight. Cells were

selected for recording by the presence of GFP fluorescence in the membrane.

For electrophysiology using murine RPE cells, cells were isolated from 8wk old C57BL/6
mice by enzymatic digestion of the eye cup. Following digestion, RPE cells were identified by
their morphology. Recordings were performed in either perforated or whole cell patch
configuration. During the recording, HR was used in the bath. Once current was stable, RPE cells
were perfused with 10uM OXT whereas HEK-OXTR cells were perfused with 0.1-10 uM OXT.

Potassium ion current in cells was blocked using 20 mM CsCl. to identify the proportion of total
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current for which Kir channel was responsible. The pipette solution contained 30 mM KCl, 83
mM K-gluconate, 5.5 mM EGTA-KOH, 0.5 mM CaCl,, 0.5 mM MgCl; and 10 mM HEPES. For
recordings with GDPBS (Sigma-Aldrich, St. Louis, MO), internal solution was supplemented with
5mM GDPBS immediately prior to recording, with new solution made every 1-2 hours to
prevent loss G-protein inhibition. All recordings were performed using an electrophysiology rig
built around a Nikon FN1 microscope and consisting of a fixed stage (Nikon, USA), PATCHSTAR
micropositioner (Scientifica, East Sussex, UK), low noise amplifier, D/A convertor, and pClamp-
10 software (all from Molecular Devices, Sunnyvale, CA). lused a micropipette with a 5-7 MQ tip
and recordings were made using a 2 sec ramp protocol from -150 mV to 50 mV to monitor

Kir7.1 current while holding cells at -60 mV in the inter-pulse interval.

For cells recorded in perforated patch configuration, 120 ug/mL amphotericin B and 100
ug/mL of pluronic F-127 (Sigma-Aldrich, St. Louis, MO) were added to the internal solution. To
create this solution 1.2 mg of amphotericin B was dissolved in 40 puL of DMSO and 1 mg of F-127
was dissolved in 20 uL of DMSO (Husch et al., 2011). Both solutions were mixed together and
the resulting 60 pL was added to 1mL of pipette solution. After a giga-ohm seal was achieved
cells were monitored continuously for an increase in capacitance and reduction in access
resistance (Ra), signifying a perforated patch. Perforated patch recordings were performed

using the same hardware and recording protocols as whole cell patch recordings.

Statistical analyses

Data from the Ca?* imaging and electrophysiology experiments were analyzed using the
Student’s t-test. All curve fitting, statistical tests, and plotting of data was performed with

Origin (OriginLab Corporation, MA). The dose-response was calculated with the equationy =
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Rmin + (Rmax- Rmin) / (1 + 10~ ((LogECso - X) * HillSlope)). Ca?* response decay and current

ROX ysing

inhibition during perforated patch were fit with the exponential equationy = yo + Ae
Origin. Confidence interval for the ratio of means was calculated using method described by

Cochran (1977, sect. 6.4, eq. 6.13) (Cochran, 1977). Data are expressed as mean = SEM.

Significance was determined to be present at P<0.05.
2.3 Results
Dose-response effects of OXT in activating hfRPE cell [Ca®*];

We have previously shown that OXT induces an increase in hfRPE [Ca?*];, so we used
[Ca?*]ias a variable to determine the dose-dependent response to OXT (Halbach et al., 2015).
hfRPE cells were stimulated by OXT concentrations ranging from 0.01 to 100 uM, and [Ca?*];
represented by R (340/380), was measured. OXT concentrations of 0.01, 1, and 100 uM showed
a progressive increase in [Ca®*]; (Figure 1A). 100 uM OXT induced an average increase in R
(340/380) of 0.2 (Figure 1A). Using R values normalized to Rpeak (0.63; R/Rpeak), @ dose-response
curve was generated (Figure 1B). The dose-response curve exhibited a sigmoidal shape with

ECs00.341 uM OXT and Hill coefficient 0.77 + 0.07.
Selective inhibition of hfRPE Ca®* response by selective OXTR antagonist

To demonstrate that the observed Ca?* response was specifically mediated by OXTR |
utilized the potent selective OXTR antagonist, desGly-NH,-d(CH>)s[D-Tyr?, Thr*]OVT (OTA).
Following pre incubation with 100 uM OTA | observed a reduction of response relative to HR
controls performed on the same day (Figure 2A-B). On average, while 10 uM OXT was able to

elicit a 4 £ 0.5 (n=39/2 coverslips) fold increase in intracellular calcium, pretreatment of cells
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with 100 uM OTA significantly reduced the Ca®* response to a 1.3 fold + 0.1 (n=55/3 coverslips)
fold increase (P<.001, Figure 2B). The OXT-induced initial increase of hfRPE [Ca®*]iis not

dependent on extracellular Ca%*

In addition to mobilizing stored intracellular Ca?* via IP3R, activation of OXTR is thought
to stimulate CaV channels, thereby causing an influx of extracellular Ca?* (Murtazina et al.,
2011; Sanborn et al., 2005; Wray, 2007). Thus, to determine whether extracellular Ca®*
contributed to the OXT-induced transient increase in hfRPE [Ca%*];, hfRPE cells were exposed to
OXT in HR, the CaV specific inhibitor nifedipine in HR and to Ca%*-free extracellular solution.
(Figure 3). | found that 10 uM OXT induced an increase of 1.3 + 0.2 uM [Ca?*]i in cells tested
using HR solution and 0.61 £ 0.13 uM in cells perfused with HR solution including nifedipine.
Ca?*-free solution was used to determine the gross effect of extracellular Ca?*, including CaV
channels. Stimulation of hfRPE cells in Ca?*-free extracellular solution with 10 pM OXT induced
a 0.69 + 0.11 nM increase in [CaZ*]; (Figure 3C). | compared the average [Ca%*]i response to OXT
in HR, Ca?* free medium and HR-nifedipine (Figure 3D), and fit a 1t order equation for the
average Ca®* time to decay from peak response. Elevated Ca?* returned to baseline, with time
constants (t) of 0.35 + 0.02 (r?* =.99), 0.34 + 0.03 (r? =.99), and 0.20 + 0.005 (r?=.99) min for Ca%*-

free, nifedipine, and Ringer’s solution, respectively (Figure 3E).

2-APB reduces the OXT-induced increase of hfRPE [Ca?*];

In non-retinal tissues, OXTR activation by OXT is known to cause the PLC-mediated
generation of IP3, IP3-IP3R binding and an increase in [Ca?*]; due to IPsR-mediated mobilization
of Ca?*from intracellular stores (Arrowsmith & Wray, 2014). To determine whether the OXT-

induced increase of hfRPE [Ca?*];is similarly initiated through the IPsR-mediated mobilization,
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we used the IP3R antagonist, 2-APB. In the presence of 60 uM 2-APB we found that the Ca®*
response to 10 uM OXT was virtually abolished in hfRPE cells (Figure 4). Figure 4B demonstrates
the significance of this inhibition by comparing the average [Ca?*]i response from an entire
visual field of hfRPE cells to 10 uM OXT, in the presence and absence of 60 uM 2-APB. The fold
increase in [Ca?*]i relative to pre-OXT baseline supports that there is a significant inhibition of
OXT effect by 2-APB (P<.0001) (Figure 4C). While 2-APB has also been shown to inhibit TRP
channels, the maintenance of a [Ca®*]i response in the presence of Ca%*-free solution suggests
that TRP channels are not required for the OXT-mediated response, supporting that our

observation that inhibition is through IP3R.

Development of HEK-OXTR cell line

To facilitate further study of OXTR signaling, we generated a stably-transfected HEK293-
OXTR cell-line. In three independent experiments, we measured intracellular [Ca?*]; during
stimulation with 10 uM OXT or 100 uM ATP, in a total of 947 cells. OXT increased [Ca%*]; 6.0 +
0.2 fold relative to baseline (P<0.001, Figure 5C). This was similar to the effect of ATP, which
increased [CaZ*]i by 5.6 + 0.1 fold relative to baseline (P<0.001, Figure 5C). HEK293 cells not
expressing OXTR were used as a negative control and displayed an increase in intracellular Ca%*
when stimulated with ATP, but not with OXT (Figure 5C). These observations are consistent

with our work identifying OXT-OXTR signaling in hfRPE cells (Halbach et al., 2015).

Visualization of OXT-induced GPCR signaling

To support our findings in hfRPE and provide visual evidence that OXTR activation by

OXT induced the PLC-mediated hydrolysis of PIP, to generate IP3, we used live-cell fluorescence
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imaging to visualize the production of IP; and DAG. GFP probes to the Plekstrin Homology
domain (PH-GFP) were used to detect membrane PIP,, and PKC-GFP was used to detect DAG, as
both signaling molecules are used by the GPCR-PLC activation pathway. When HEK-OXTR cells
were treated with OXT, PH-GFP fluorescence translocated from the membrane micro-
environment to the cytoplasm, an indication of PIP, hydrolysis by PLC to form IPs. Figure 6A is a
plot of cytoplasmic fluorescence intensity measured over time in a single PH-GFP expressing cell
exposed to 10 uM OXT. Immediately following OXT treatment, there was an increase in
cytoplasmic fluorescence (Figure 6A, upward deflection) followed by slow return to the baseline
level. On average, OXT treatment of cells resulted in a 1.2 + 0.2 fold reversible increase of

cytoplasmic fluorescence (Figure 6B, p < 0.001, n=35).

| performed a similar experiment using PKC-GFP transfected cells. As shown in Figure 6C,
one representative cell shows cytoplasmic GFP before (Figure 6C, left panel), and after (Figure
6C, right panel) OXT treatment. During the treatment with 10 uM OXT, GFP fluorescence was
noticed primarily in the membrane microenvironment and cell nucleus (Figure 6C center panel;
Video). Plotting of fluorescence intensity in the cytoplasm (Figure 6D) versus time indicated a
reversible decrease (Figure 6D, downward deflection) in fluorescence intensity upon treatment
of HEK-OXTR cells with OXT. Measurement of the average fluorescence intensity showed that
OXT treatment resulted in a decrease in the cytoplasmic fluorescence level to 0.80 + 0.02-fold
of that in non-treated cells (p < 0.0001, n=8) which recovered to 0.9 + 0.03-fold upon washing

of OXT (Figure 6E).

OXTR activation inhibits RPE Kir7.1 channel function
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Kir7.1 channels are present in the RPE apical membrane and are regulated by
membrane PIP; (Logothetis et al., 2007). Given the importance of Kir7.1 to RPE-Retina
interaction and our demonstration of its contribution to an OXTR signaling mechanism, | was
keen to test whether these two signaling pathways are connected (Pattnaik & Hughes, 2009).
As the RPE cell contains a complex microenvironment that could mask the interaction between
Kir7.1 and OXTR, | first used the HEK-OXTR stably transfected cell line model. An N-terminal
GFP-fused Kir7.1 protein was transiently expressed. Whole cell current was recorded in bath
solution, and during treatment with 100nM OXT and 20mM BaCl, or 20 mM CsCly. Figure 7A
shows the time course of a whole-cell recording from a single transfected HEK-OXTR cell. A
large inward current at -160mV, characteristic of Kir7.1, was subsequently reduced following
OXT treatment (green bar), and almost completely blocked by Cs?* (blue bar). Depolarization of
the membrane was also observed (red trace) following OXT treatment in this single cell. Figure
7B is an IV plot in which | observed an average whole-cell (n=9) current of -22.0 + 2.6 pA/pF
(black trace) which was reduced to -6.6 0.6 pA upon treatment with OXT (Figure 7B, red trace)
measured at -160 mV. This 68 + 3% decrease in total current correspondstoa 72 +3 %
decrease in K* current and was statistically significant (Figure 7F, P<0.001). Despite what was
observed in Figure 7A, on average there was no significant alteration of membrane potential.
Chinese hamster ovary cells stably expressing the muscarinic (M1) receptor GPCR were used as
a positive control. These cells displayed a similar reduction in inward Kir7.1 current amplitude
when exposed to the M1-receptor agonist carbachol (66% decrease; P<0.001 results not

shown), suggesting that the inhibition is GPCR-dependent.
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To validate the physiologic relevance of our results showing inhibition of Kir 7.1 by OXT
in a heterologous expression system, whole-cell patch clamp recordings were performed on
RPE cells freshly dissociated from mouse eye cups. An example of the morphology of selected
cells can be seen in Figure 7C. In 7 cells | observed an average membrane potential of -58.7
1.9 mV. As illustrated in Figure 7D, a plot of whole-cell current amplitude at -160mV shows the
reduction of inward current in response to 10 uM OXT (Figure 7D, black bar). In the same figure
depolarization of the cell can also be observed in response to OXT and Cs?* treatment. A plot of
the current-voltage curve shows the average whole cell current in HR before and after 10 uM
OXT treatment (Figure 7E, n=7). The three treatment conditions show equal current at a voltage
consistent with Ex (~-88 mV), further demonstrating that the observed effect is through
modulation of K* channels. This plot demonstrated a 22 + 2% decrease in whole cell current
following OXT treatment, corresponding to a 62 + 5% decrease in K* current (p<.005) and an

average depolarization by 11.4 + 3.3 mV (p<.005).

In Figure 7F, | compare the proportion of the K* current following OXT treatment to the
K* current before treatment in mouse RPE (n=3), and HEK-OXTR (n=9) cells. The overexpression
of OXTR and Kir7.1 compared to that in the mouse RPE cells is likely the reason for the greater

decrease in current observed in HEK-OXTR cells.
Inhibition of Kir7.1 by OXT is reliant on PIPz hydrolysis and independent of [Ca?*];

To determine whether the observed inhibition of Kir7.1 was a result of PIP; hydrolysis |
took multiple approaches. First, HEK-OXTR cells with transient Kir7.1 eGFP expression were
recorded from in the perforated patch configuration while the temperature of the bath solution

was maintained at 37°C. Recording in perforated patch configuration ensures that the
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intracellular environment was not disrupted by the internal solution of the pipette during
whole cell recordings and maintaining a temperature of 37°C mimics physiological conditions in
an attempt to create the optimal conditions for PIP; regeneration. These conditions allow us to
accurately define the kinetics of the inhibition to determine whether it is consistent with what
would be expected by PIP; hydrolysis. Following OXT treatment of these cells | observed a rapid
inhibition of Kir7.1 current that did not exhibit any recovery over the entire period of recording
(Figure 9). On average (n=6) | observed a reduction of inward current, recorded at -160mV,
from -757.4 £ 148.9 pA to -255.2 + 76.7 pA. | also observed an average depolarization from -
62mV to -34mV. | fit a 15t order equation for the average time to decay of inward current and

observed a time constant (t) for the inhibition of 18.4 + 2.3 (r?=.99) (Figure 9 B).

While the rapid inhibition is consistent with PIP2 hydrolysis, the lack of recovery is not
what would be expected from PIP;, which should yield a gradual increase in current as the
membrane population of the phospholipid are replenished. To identify whether the mechanism
of inhibition is independent of PIP, hydrolysis entirely | performed whole cell configuration
recordings on our transfected HEK-OXTR cells and utilized a non-hydrolyzable GTP analogue,
GDPBS, in the internal solution to block G-protein activation and therefore the PLC mediated
signaling cascade (Figure 10). In the presence of this GTP analogue | observed that the OXT
mediated Kir7.1 inhibition was completely abolished with no significant alteration in |-V current
profile (n=6). The absence of OXT mediated inhibition in the presence of GDPJS suggests that

the effect of OXT on Kir7.1 relies on G-protein activation and the subsequent hydrolysis of PIP.
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2.4 Discussion

Oxytocin is present in the cone photoreceptor extracellular matrix and OXTR is
expressed in the adjacent RPE cells, leading me to suggest that oxytocinergic signaling may be
of physiologic significance in the retina (Halbach et al., 2015). In the present study, we show
that OXT increases hfRPE [Ca?*]; through a GPCR-mediated mechanism whereby the OXT
binding to OXTR causes downstream activation of PLC and PIP, hydrolysis. In addition, | have
shown that heterologously expressed Kir7.1 channels in HEK-OXTR cells, as well as endogenous
mouse RPE cell Kir7.1 channels are subject to OXTR inhibition. | propose a model by which OXT-
OXTR signaling between photoreceptor and RPE cells may also occur in vivo, as summarized in

Figure 8.

The dose-response curve of [CaZ*]iinduced by OXT in hfRPE exhibited a sigmoidal profile
similar to previously reported dose-response curves for OXT, indicating that OXT-OXTR signaling
may be of physiologic relevance (Evans et al., 1997; Sinclair et al., 2010). In the present study,
hfRPE had a reported ECsp of approximately 341 nM OXT. Previously reported Kqvalues for
OXTR range from 0.96 to 215 nM OXT (Crankshaw et al., 1978; Fahrenholz et al., 1995; Gimpl et
al., 1997; Pliska et al., 1986; Quehenberger et al., 1992). Within this range, however, there exist
distinct high- and low-affinity subgroups of OXTR. As demonstrated by Gimpl and colleagues
(1995), the affinity state of OXTR is cholesterol-dependent, such that addition of exogenous
cholesterol can promote a shift of about 20% of the low affinity OXTR to an approximately 200-
fold higher affinity state (Kq = 0.96 nM) (Gimpl et al., 1995). Our finding of an ECsp of 341 nM
OXT in hfRPE suggests that OXTR was in a low affinity state under our experimental conditions.

Variable OXTR Kq4 values have been shown with alterations in culture media cholesterol, serum,
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and Mg?* concentrations (Copland et al., 1999; Gimpl et al., 2000; Pliska & Kohlhauf Albertin,
1991; Soloff & Fields, 1989). The hfRPE cells were cultured in non-FBS containing media and
thus did not contain adequate exogenous cholesterol to promote the high affinity variant of the
OXTR. It is also true that RPE cells are highly polarized cells with a distinct plasma-membrane
composition when compared to other epithelial cells, and thus they may demonstrate

sensitivity to OXT that could be unique (Strauss, 2005).

Although OXT likely increases hfRPE [Ca?*]; by binding and activating the OXTR, OXT also
has some affinity, albeit low, for the vasopressin V1ia receptor, which when activated can also
stimulate an increase in [Ca%*]i (Friedman et al., 1991; Sermasi & Coote, 1994). In addition to
being highly homologous and closely related to OXTR, vasopressin Viais known to be present
and functional in the RPE. We have shown previously that the OXT-induced increase in hfRPE
[Ca?*]; was reduced by 87% in the presence of 500 nM of the OXTR-specific antagonist, L-
371,257, providing strong evidence that the OXT-induced increase in hfRPE [Ca®*]; was
mediated through the OXTR, even when a supraphysiologic dose (6uM) was used (Halbach et
al., 2015). The other specific OXTR antagonist, OTA, in this paper also significantly reduced the
Ca?* response to OXT (10 uM), further supporting the activation of OXTR in the RPE. Based on
these finding, | used 10uM OXT to ensure maximal activation of cells during perfusion

experiments.

Studies in the myometrium and OXTR-COSM6 cells have demonstrated activation of a
GRy-mediated pathway as a consequence of GPCR activation, resulting in increased ERK1/2
phosphorylation (Gimpl & Fahrenholz, 2001; Mitchell, 2001; Zhong et al., 2003). This suggests

that OXT may be stimulating the increase in [Ca?*]; through mechanisms other than the Gag-
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mediated activation of PLC. Our data, however, support the Gag-mediated mechanism of
oxytocinergic signaling in the RPE (Figure 8). We propose that binding of OXT from the retina
leads to OXTR-mediated hydrolysis of the RPE membrane PIP; by PLC and generates two
cellular responses: 1) the inhibition of Kir7.1 channels in the RPE apical membrane, and 2) IP3
binding to the IP3R that causes release of Ca?* from intracellular stores. The effect is abolished
in the presence of 2-APB, in agreement with published work on OXTR signaling in myenteric
neurons (Che et al., 2012). 2-APB has also been described as a TRPC inhibitor, however, the
sustained Ca?* response in Ca?*-free solution | have demonstrated shows that the 2-APB
mediated inhibition demonstrated found in our system is through the IPsR (Lievremont et al.,

2005).

The association of OXTR activation with extracellular Ca%*influx through CaV is
somewhat controversial in uterine function, the best characterized model of OXT signaling to-
date. In my RPE work, the rapid initial OXT-induced increase in [Ca%*]ioccurs consistently in the
presence of nifedipine, as well as Ca?*-free solution, demonstrating nifedipine insensitivity in
agreement with work published by Inoue and colleagues (Arrowsmith & Wray, 2014; Inoue et
al., 1992). However, | observed a reduction in the amplitude of the Ca?* response from HR to
nifedipine and Ca?*-free solution, which corresponds to an increase in time constant (Figure 3D-
E). This suggests that extracellular calcium is involved in part in the OXT-mediated response
after the initial IPs.mediated Ca?* release. | suggest that this response is likely mediated by
voltage-activated Ca?* channels, given the lack of distinction between the responses observed

in Ca2*-free solution and nifedipine.
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Utilizing HEK-OXTR cells exposed to OXT, we were able to demonstrate by live cell
fluorescence imaging that PLC hydrolysis of PIP; is a source of IP3 and DAG using PH-GFP and
PKC-GFP, supporting our observations and hypothesis about its role in the RPE. Using this
heterologous system | also investigated whether a loss of PIP, affects direct gating of RPE Kir7.1
channels (Pattnaik & Hughes, 2009). In development of our Kir7.1 eGFP, we generated both N-
terminal and C-terminal fused constructs. The N-terminal fused construct exhibited measurable
current whereas the C-terminal fused construct did not, suggesting that the C-terminal GFP, but
not the N-terminal GFP, interfered with Kir7.1 channel function (Pattnaik et al., 2015). The
activation of OXTR with OXT therefore inhibits Kir7.1 channel in both HEK-OXTR cells and the
mouse RPE and the N-terminal GFP does not interfere with the cellular signaling events

explored in this study.

All Kir channels demonstrate PIP binding to the same general cytoplasmic location;
however, the affinity of Kir channels for PIP; and other PIP groups is determined by differences
in the amino acid sequence mediating interaction with the lipid tail group (D'Avanzo et al.,
2013; Rohacs et al., 1999). Relative to other Kir channels, Kir 7.1 has a weak affinity for PIP;
which results in a more pronounced inhibition by PIP; hydrolysis compared to other Kir
channels (Du et al., 2004; Pattnaik & Hughes, 2009). | observed an OXT-mediated decrease in
the Kir7.1 channel current by 15.5 pA/pF or 68+3% in HEK-OXTR cells (Figure 7B) and a smaller
but still significant decrease in whole cell current in mouse RPE cells. After removing non-K*
current by subtracting the Cs?*-insensitive component, the percent inhibition between the two
cell types was identical, with the remaining difference likely due to overexpression of Kir7.1 in

the HEK-OXTR cells (Figure 7E). Furthermore, mouse RPE was significantly depolarized in
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response to OXT treatment. The RPE membrane potential regulates the ion and waste transport
functions of the RPE, making oxytocin a potential regulator of outer retina function. In view of
the discovery by Ghamari-Langroudi and colleagues (2015) that Kir7.1 can be inhibited by a
GPCR independently of G-protein coupling, our future studies will determine if this also occurs
in OXT-mediated OXTR activation in the RPE (Ghamari-Langroudi et al., 2015). Given the recent
discovery of a role for Kir7.1 in the initiation of uterine contractions by McCloskey and
colleagues (2014), | propose that the signaling mechanism discovered in our study is also

involved in parturition (McCloskey et al., 2014).

It has recently been demonstrated that Kir7.1 can be inhibited by GPCRs through a G-
protein independent mechanism in MC4R neurons (Ghamari-Langroudi et al., 2015). Given this
revelation, and a lack of recovery from inhibition observed after OXT treatment, | set out to
determine whether a similar mechanism could be at play in our recordings. Perforated patch
recordings were done at 37°C to both ensure that intracellular mechanisms were not disrupted
by the whole cell recording and that temperatures were optimal to support recovery of PIP;. In
spite of these efforts, the lack of current recovery persisted, suggesting that an alternate
mechanism of inhibition may be at play. | also utilized a non-hydrolyzable analogue for GTP,
GDPBS, to block G-protein activation and prevent the PLC mediated hydrolysis of PIP; in
response to OXTR activation by OXT. In the presence of GDPBS | observed a complete loss of
OXT mediated current inhibition. This demonstrates that, unlike the direct inhibition of Kir7.1
by MC4R, the OXT mediated inhibition is reliant on G-protein coupled signaling and the
hydrolysis of PIP,. The response is not dependent on [Ca%*]i because, while Ca?* can impact

Kir7.1 current, [Ca?*]iis clamped by EGTA during whole cell recordings so the inhibition |
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observe is not a result of IP; mediated Ca?* release. Our data therefore demonstrates the
necessity of PLC mediated PIP; hydrolysis on Kir7.1 inhibition, however it does not explain the
lack of recovery in current that | observe. One possible explanation lies with the internalization
of OXTR. OXTR exhibits internalization following exposure to OXT in a clathrin-dependent
manner and sequence analysis of Kir7.1 protein reveals the presence of the C-terminal
sequence (YSHI [244-247 aa]) that resembles sequence motifs that favor clathrin coated
vesicles (Kumar & Pattnaik, 2014; Smith et al., 2006). The possibility therefore exists that the
clathrin mediated internalization of OXTR also results in the internalization of Kir7.1 and the
long-term loss of current. While this hypothesis needs to be tested, it would not be the first
example of a Kir internalization through clathrin-dependent mechanisms, as Kirl.1 (ROMK) is
retrieved from the cell surface in the same manner as a result of an NPXY motif on its C-
terminal domain (Zeng et al., 2002). Furthermore, Kir internalization has also been
demonstrated to occur in a caveolin-dependent manner, mediated by the activation of PKC,
suggesting that there are multiple potential pathways for OXTR to induce channel
internalization (Jiao et al., 2008). Regardless of the mechanism of prolonged inhibition of Kir7.1
by OXT, the implications for the RPE-retina interface are interesting. Prolonged depolarization
of the RPE could imply a role of OXT in regulating long term processes, like phagocytosis. The

effect of OXT on the RPE through Kir7.1 clearly requires further study.

In summary, | have provided evidence of the following: 1) the OXT-induced [Ca?*];
response is not dependent on extracellular Ca?*, 2) the OXT-induced [Ca®*]iresponse is not
blocked by the CaV blocker nifedipine, and 3) the IP3R inhibitor 2-APB inhibits the OXT-

mediated [Ca®']i increase. Using a model in which OXTR is stably expressed in HEK-OXTR cells, |
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have demonstrated an OXT-induced [Ca?*]; increase, associated with PIP> hydrolysis through
PH-GFP and PKC-GFP can be visualized in response to OXT. | have also shown that Kir7.1 is
inhibited by OXT in both heterologous HEK-OXTR cells and in physiological RPE cells isolated
from the mouse eye, resulting in depolarization of the RPE membrane potential and that this
inhibition is G-protein dependent and prolonged. Control of membrane potential through Kir7.1
regulates the ion and waste transport functions of the RPE, and supports our hypothesis that

oxytocin can influence outer retina function.
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Figure 1: OXT activation of OXTR in hfRPE cells. (A) Representative traces of individual hfRPE
cells during 0.01, 1, or 100 uM OXT bath solution showing a change in R (340/380). (B) OXT-
activated increase in intracellular Ca2+-response curve normalized (R/Rpeak) to the average
peak R (340/380), 0.18 + 0.01, acquired at 100 uM OXT as a function of OXT concentration.

Scatter plots represent the average of five experiments (n=150 cells for each dose, 0.01, 0.1, 1,



10, and 100 uMOXT) and are reported as mean * SEM. The curve shown is the best fit of the
data using the Hill equation. Values obtained for EC50 and Hill coefficient were 341 nM and

0.77+ 0.07, respectively.
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Figure 2: OXT mediated calcium response is specifically through OXTR. (A) Average response
from all cells in a visual field on a coverslip incubated with OTA or HR only. (B) Average fold
increase in calcium in HR (n=39 ROI / 2 coverslips) or after OTA incubation (n=55 ROl / 3

coverslips) (P<0.005).
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Figure 3: Effect of [CaZ*]ec on hfRPE Ca?* response to OXT (A) Average time course of hfRPE
[Ca?*]iin response to OXT treatment during incubation with HR solution (n=79 ROI / 2
coverslips). (B) Average time course of [CaZ*]; in response to OXT treatment during incubation
with nifedipine (n=158 ROI / 3 coverslips). (C) Average time course of [Ca?*]i in response to OXT
treatment during incubation with 0 Ca?* solution (n=174 ROI / 4 coverslips). (D) Recordings in all
three conditions aligned by their pre-treatment baseline to allow comparison of rise time and
amplitude. (E) Rate of decay of each treatment, normalized to HR peak with exponential fit

included in color. (F) Time constant for decay rate in the presence of these three treatments.
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Figure 4: hfRPE OXT response is inhibited by the IP3R antagonist, 2-APB. (A) Example of Ca?*
response to OXT in HR solution compared to OXT response in 2-APB treated cells. Color
spectrum with max and min R (340/390) used to calculate [Ca®*]i provided. (B) An average trace
taken from an entire (20X) visual field of hfRPE cells showing the change in [CaZ*]i when
stimulated with 10 uM OXT in HR (pink) and 10 uM OXT in 60uM 2-APB (black). (C) Fold
increase in [Ca?*]; after 10 uM OXT treatment in HR (black) or 60uM 2-APB (red), relative to
baseline taken by averaging five points prior to treatment. This plot demonstrates a significant

inhibition (P<.0001) in the Ca?* response in hfRPE cells following treatment with 2-APB.
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Figure 5: The [CaZ*]iresponse upon OXT stimulation of HEK293-OXTR cells. (A) Representative
images demonstrating [Ca®*]i response to OXT and ATP. Color spectrum with max and min R
(340/390) used to calculate [Ca%*]i provided. (B) An average time course, from one coverslip, of
change in [Ca?*]; when stimulated with 10 uM OXT or 100 uM ATP. Horizontal bars indicate
duration of agonist application. (C) Average fold increase in [Ca%*]i in response to OXT or ATP
taken from three independent experiments (n=947) HEK293 cells without OXTR expression are

used as a negative control for OXT mediated [Ca®*]iresponse (n=139).
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Figure 6: OXT activation of OXTR results in PIP2 hydrolysis in HEK-OXTR cells. (A)
Representative GFP fluorescence time course within the cytoplasmic region of interest (ROI)
shows that OXTR receptor activation in the presence of 6 uM OXT (horizontal bar) induced a
translocation of the PIP2 indicator PH-GFP from the plasma membrane to the cytosol that was
completely reversed upon removal of OXT. (B) The average of normalized fluorescence intensity
change within the cytoplasmic domain as shown in the cell in 5A by OXT treatment. (C) The
images of PKC-GFP (indicator of DAG) expressing cell shown were recorded at time O (left panel
before), 5 (middle panel during) and 10 (right panel after) min during the treatment of OXT. (D)
Time course of fluorescence intensity within the cytoplasmic ROI of cell in C showing a decrease
in GFP fluorescence during treatment with OXT (horizontal bar). (E) Average plot of normalized
fluorescence intensity values within the cytoplasmic domain from three experiments and
reported as mean = SEM.
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Figure 7: OXT activation of OXTR inhibits Kir7.1 channel. (A) Representative GFP fluorescence
time course within the cytoplasmic region of interest (ROI) shows that OXTR receptor activation
in the presence of 6 uM OXT (horizontal bar) induced a translocation of the PIP2 indicator PH-
GFP from the plasma membrane to the cytosol that was completely reversed upon removal of
OXT. (B) The average of normalized fluorescence intensity change within the cytoplasmic
domain as shown in the cell in 5A by OXT treatment. (C) The images of PKC-GFP (indicator of
DAG) expressing cell shown were recorded at time 0 (left panel before), 5 (middle panel during)
and 10 (right panel after) min during the treatment of OXT. (D) Time course of fluorescence
intensity within the cytoplasmic ROI of cell in C showing a decrease in GFP fluorescence during
treatment with OXT (horizontal bar). (E) Average plot of normalized fluorescence intensity
values within the cytoplasmic domain from three experiments and reported as mean + SEM.
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Figure 8: Summary of our findings regarding OXT-OXTR initiated cellular signaling events in
the RPE. Binding of OXT ligand, either from cone photoreceptors or choroidal vasculature, to
OXTR receptor in the RPE causes cytoplasmic membrane leaflet PIP2 to hydrolyze to IP3 and
DAG. PIP2 hydrolysis inhibits RPE Kir7.1 channel to depolarize the membrane potential while
IP3 binding to its receptor leads to the increase in cytoplasmic Ca2 +. These transient
intracellular signaling responses neither involve Ca2 + channels nor does extracellular Ca2 +

influence them in any substantive way
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Figure 9: Kir7.1 inhibition is blocked by internal addition of GDPS. (A) Average plot of current
observed during RAMP protocol prior to 10 uM OXT treatment (black) and after treatment

(red). There was no significant alteration in current in the presence of GDPBS (P>0.05; n=6). (B)
Representative time-course of current during OXT treatment in the presence of GDPfS. Current

observed during RAMP protocol at -160mV (black) and -65 mV (red) is represented. OXT

treatment duration is shown in blue.
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Figure 10: Perforated patch recordings of OXTR inhibition of Kir7.1 in HEK-OXTR cells. (A) I-V
plot of average current during voltage RAMP from 40 mV to -160 mV. Current observed prior to
OXT treatment (black) exhibits inward rectification characteristic of Kir channels and has a
resting membrane potential of -62mV. Following treatment with 10 uM OXT current was
significantly inhibited (red) (P<0.05; n=6) and there was an average depolarization to a resting
membrane potential of -35 mV. (B) The time course of current inhibition in response to OXT,
determined by plotting the average current values during inhibition and fitting an exponential
curve. The time constant of this inhibition (tau) was 18.4. (C) Representative time-course of
OXT inhibition of Kir7.1. Current observed during RAMP protocol at -160mV (black) and -84 mV
(red) is represented. Duration of OXT treatment is represented with blue bar. Inhibition
persisted throughout recording, exhibiting no signs of recovery, although there was fluctuation
in current at -160mV. (D) STEP recordings from the same cell represented in C. 10mV steps,

taken from 40 to -160mV, are shown prior to 10 uM OXT treatment (HR) and after OXT
treatment (OXT).
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Figure 12. Control HEK cells do not respond to OXT treatment. (A) HEK cells without expressing
OXTR, when treated with OXT (middle panel), showed no increase in intracellular Ca2 +. These
cells responded normally to application of ATP (lower panel). (B) Average response of HEK cells

to OXT and ATP during 15 min of experiment. Data is presented as mean + SEM.
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Abstract: Retinopathy of prematurity (ROP) is a disorder that is caused by abnormal growth of
blood vessels in the retina. Understanding the pathogenesis of this disease is key to
understanding how to treat it. OXT has previously been shown to influence blood vessel
proliferation and its receptor has been found to be in the RPE, which forms the blood-retina
barrier and plays an important role in maintaining normal vascular growth (Dawson et al., 1999;
Nishijima et al., 2007; Sakamoto et al., 1995). OXT levels are tightly controlled during
pregnancy, with levels increasing significantly from 32-40 weeks while almost all infants born
with ROP have a gestational age of less than 31 weeks, which suggests that OXT has the
potential to be involved in the pathogenesis of ROP. In this study | have explored this
possibility, utilizing human fetal RPE, as well as murine RPE, to determine the effect of OXT
stimulation on the expression of genes associated with angiogenesis. Additionally, | explored
the impact of OXT on the secretion of VEGF by the RPE and utilized functional assays of
angiogenesis to determine the angiogenic potential of conditioned media from RPE treated
with OXT. | have determined that OXT does not alter expression of the primary genes
associated with the pathogenesis of ROP but that it does have a small influence on the
secretion of VEGF. Functional assays of angiogenic capacity suggest, however, that OXT does

not have the ability to drive angiogenesis through its action on the RPE alone.

Key Words: Retinopathy of Prematurity, VEGF, Angiogenesis, Oxytocin, RPE, Oxytocin Receptor,

Retina
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3.1 Introduction

Retinopathy of prematurity is the leading cause of pediatric blindness in the world, with
its severity increasing with decreasing gestational age. In what can be described as the 15t
epidemic of ROP, a rise in instances was associated with the administration of high O, on
premature infants. Following the institution of regulations limiting the percent O; that could be
administered, the frequency of ROP declined. However, in the last 30 years we have seen an
increase in cases, which correlates with an increased survival rate of low birth-weight infants
(Shah et al., 2016). Given the multifaceted origin of the disease, this “2"%” epidemic of ROP
suggests the possibility of an important mediator of angiogenesis that these infants of lower
gestational age are not yet exposed to. While the pathogenesis of and history of ROP are
discussed in more detail in chapter 1, here | explore whether OXT could play the role of this

mediator.

The timeline of OXTs production correlates with this “2"” epidemic of ROP, as fetal
hypothalamic production of the peptide is significantly increased following 30 weeks of
gestation; therefore depriving infants born prior to that time point of exposure to the peptide
(Schubert et al., 1981). OXT mediation of angiogenesis is not completely novel, it has been
shown to mediate human uterine vascular endothelial cell proliferation and migration
(Cattaneo et al., 2008). In support of this hypothesis, early preliminary data from our lab
suggested that OXT treatment of human fetal RPE induced an increase in expression of VEGF
(Halbach, 2013). Additionally, | have demonstrated that OXT not only induces a rise in
intracellular Ca?* through the hydrolysis of PIP, in the RPE but it can also inhibit Kir7.1. Both

effects have the potential to modulate the secretion of critical growth factors, including VEGF,
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as a result of the L-type Ca?* channels that can regulate growth factor release (Rosenthal et al.,
2007). These channels are sensitive to membrane depolarization as well as IP3/Ca?* signaling
due to their regulation by pp60¢', a tyrosine kinase activated by this signaling that can
stimulate these Ca?* channels, increasing current and inducing growth factor release (Strauss et
al., 1997). As a result, | hypothesize that OXT can influence the release of low levels of VEGF and
other angiogenic factors from the RPE, providing a protective effect against ROP by protecting

against the O, mediated inhibition of angiogenesis.

In this study, | utilized human fetal RPE (hfRPE) and isolated mouse RPE to determine
whether OXT can influence angiogenesis in vitro. To demonstrate this influence, | have looked
at the effect of OXT expression of 88 genes associated with angiogenesis as well as the
secretion of VEGF, the major growth factor responsible for ROP. Additionally, | utilized two
assays of angiogenesis, the migration and tube formation assays, to determine whether
conditioned media from OXT treated RPE have a significant impact on vascular homeostasis, in
vitro. In total, | found that OXT does not likely influence angiogenesis through the RPE. While |
did not observe an alteration in the expression of major genes associated with ROP, | did
observe some alterations in angiogenic genes. Additionally, | observed an increase in the
secretion of VEGF to the apical compartment of our transwells. However, | did not observe any
significant change in capillary morphogenesis or endothelial cell migration. These data
therefore suggest that OXT has the potential to influence angiogenesis, through VEGF secretion
or alteration of other angiogenic genes, but that it does not appear to be able to alter retinal

endothelial cell growth through its action in the RPE.
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3.2 Methods

Reagents

All chemical reagents were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO),
Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, MA), or Gibco (Grand Island, NY),

unless otherwise specified.

Cell Culture

Passage 1-3 cryopreserved Primary Clonetics™ Human RPE cells (hfRPE) (LONZA,
Walkersville, WA) were cultured using a previously published protocol. (Halbach et al., 2015)
hRPE culture was prepared in 3:1 mix of DMEM to F12, supplemented with 2% B27 without
retinoic acid (Gibco, Grand Island, NY) and 1 % Pen/Strep. Cells were removed from liquid
nitrogen and plated directly on transwells at a concentration of 100,000 cells/well. They were
maintained in cell culture media containing 10% FBS for two days, after which the
concentration was decreased to 2% FBS. After the cells reached confluence FBS was removed

from the media and the cells were maintained in media alone.

mRNA isolation for gPCR

Due to the small number of cells on a transwell, all mMRNA isolation was performed using
the RNeasy micro kit (Qiagen, Germantown, MD). The protocol for that kit was as follows. The
cells were lysed in their transwells using 75 pL of buffer RLT with 1% B-mercaptoethanol and
the lysed cells were collected and vortexed for 1 minute and homogenized with a syringe and
needle. 1 volume of 70% ethanol was then added and mixed by pipetting. The sample was then

transferred to a MiniElute spin column, which had been stored at 4° C. All centrifugation steps
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were done at 8000g for 15s unless otherwise noted. The column was centrifuged, the flow
through was discarded and the column was washed with 350 pL of Buffer RWI, after which it
was centrifuged again. DNase digestion was then performed to remove genomic DNA by adding
70 plL of a DNase 1 stock to 70 uL of Buffer RDD, mixing and incubating the mixture on the spin
column for 15 minutes at room temperature. The column was then washed with 350 pL of
Buffer RW1, followed by centrifugation and exchange of the collection tube for a fresh one. 500
uL of Buffer RPE was then added. The column was centrifuged again and the flow through
discarded. 80% ethanol was then added to the column and spun for 2 minutes at 8000 g. The
column was then placed in a new collection tube and dried by centrifuging at full speed for 5
minutes. Finally, the column was placed in a 1.5 mL collection tube and 14 plL of RNase-free
water was added directly to the center. The sample was spun down for 1 minute at full speed
to elute the RNA. RNA quality and concentration was determined using a NanoDrop One/One®

(Thermo Fisher Scientific, Waltham, MA).

Human Angiogesis RT? Profiler PCR Array

The protocol used for cDNA synthesis and for the Human Angiogenesis RT? Profiler PCR
Array was found in the RT? Profiler PCR Array Handbook. First cDNA synthesis was performed
on RNA that met the quality demands of the kit, namely an Axs0:Az2s0 ratio that was between 1.8
and 2.0 and a concentration measured from Aeo of >40 pg/mL. Once quality had been assured
0.5 ug of RNA was used for synthesis of cDNA. This synthesis was performed using the RT? First
Strand Kit (Qiagen, Germantown, MD). This is a two-step kit, with the first step involving
creation of a genomic DNA elimination mix containing 500 ng of RNA, 2 uL of Buffer GE and

RNase-free water to a total volume of 10 pL and incubating that mix for 5 minutes at 42° C. A
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reverse transcription mix was then prepared containing, for 1 reaction, 4 pL 5X Buffer BC3, 1uL
Control P2, 2uL RE3 Reverse Transcriptase Mix and 3uL of RNase-free water. The genomic DNA
elimination mix was then added to this reverse transcription mix, mixed and incubated at 42° C
for exactly 15 minutes. The reaction was then stopped by incubating at 95° C for 5 minutes.
Finally, this mix was diluted with 91 pL of RNase-free water and either used immediately or

frozen at -20° C.

Real-Time PCR was performed using the 96 well PCR array (PAHS-024Z) from Qiagen. Prior
to opening the plate, the PCR mix was made containing 1350 pL 2x RT2 SYBR Green Mastermix,
102 pL of the cDNA made in the previous step and 1248 plL of RNase-free water. The plate was
then removed from -20° C and gently opened, after which 25 pL of the PCR mix was added to
every well, with care taken to ensure equal volume distribution across the plate. The plate was
then sealed with an optical adhesive film and centrifuged at 1000g for 1 minute. After
centrifugation, it was ensured that no bubbles were present. After which, the plate was placed
in the real-time cycler and the quantitation was performed. For this experiment, the Step One
Plus thermocycler (Thermo Fisher Scientific, Waltham, MA) was used and the cycling conditions
were as follows: 1 cycle of 95° C for 10 minutes and 40 cycles of 95° C for 15 seconds followed
by 60° C for one minute. Fluorescence data collection was performed during the 1 minute at 60°
C. Following these conditions, a melting curve analysis was performed to determine PCR
specificity. Data was collected using StepOne software (Thermo Fisher Scientific, Waltham, MA)
and exported to Excel. It was analyzed using the SABioscinces PCR Array Data Analysis Web-

based software (Qiagen, Germantown, MD).

Mouse RPE isolation
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Mouse RPE was isolated using the following protocol, shared with us from the Lakkaraju
Lab. The mouse was euthanized and the eyes enucleated and placed in a 15mL centrifuge tube
containing 1 mL/eye basic media (DMEM + 1X NEAA + 1X Pen/strep). The eyes were washed by
inverting the tube 4X and then the basic media was completely removed. The eyes were then
incubated in 1 mL/2 eyes in dispase solution. This solution consists of 2% (w/v) Dispase (Gibco,
Grand Island, NY) solution made in basic media and sterilized with 0.22 um filter. The eyes were
incubated for 60 minutes at 37° C, with inversion every 15 minutes. The dispase solution was
then removed and the eyes were washed two times with 1 mL/2 eyes basic media containing
20 mM HEPES (GMH). 1 mL/2 eyes GMH was then added and the eyes were transferred to a
100mm? Petri dish where they were dissected under a dissection scope. The anterior portion,
including the cornea, lens and iris were removed and the eyecups were transferred to a second
petri dish containing 1 mL/2 eyes GMH. Here the retina was gently removed, with care taken to
try to keep the RPE attached to Bruch’s membrane. Despite this care in most animals, much of
the RPE peeled off with the retina. As much RPE as possible was then removed from the eye
cup and retina, using forceps, and was collected win a 15 mL centrifuge tube containing 12 mL
of basic media with 10 % FBS (GM). After collection from all eyes these RPE were centrifuged at
1000 rpm for 3 minutes at room temperature. The media was aspirated gently, and the cells
were carefully washed two times with 1 mL of GM. This step had to be performed very gently to
avoid disrupting the cell pellet. The cells were then resuspended in 1 mL of GM and centrifuged
at 1500 rpm for 5 minutes at room temperature. Finally, the cells were re-suspended in GM at a
density of 2 eyes/6.5 mm transwell and added to each transwell. Transwells were coated with

collagen prior to plating at a concentration of 10 pg/cm? using Pure Col Type 1 Bovine collagen
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(Advanced BioMatrix, San Diego, CA). This was done by mixing collagen with 70% ethanol at a
concentration of 0.07 ug/mL and adding 50 pL of the mix to each transwell. This mix was
allowed to dry overnight, after which it was washed with PBS and kept until used at 4° C.
Following addition of the cells to the coated transwell they were kept at 37° C and 5% CO; for
48 hours before media was changed. Cells were treated with OXT 72 hours after plating and

mRNA was isolated the following day.

ELISA

Protocol adopted from Human VEGF DuoSet ELISA Development System (R&D). Capture
antibody was diluted to a working concentration indicated on the certificate of analysis
provided with the antibody. All steps were performed at room temperature. PBS was made
which consisted of 137mM NacCl, 2.7 mM KCI, 8.1 mM Na;HPOs and 1.5 mM KH;PQO4. PBS was
brought to pH 7.2-7.4 and filtered. 100 pL of diluted capture antibody was added to each
experimental well of a 96-well plate, which was then sealed and incubated overnight. Each well
was then aspirated and washed three times with 0.05% Tween 20 in PBS. Plates were then be
blocked with 1% BSA in PBS for at least 1 hr. 100 pL of collected media was added to wells,
covered with adhesive strip and incubated for 2 hours. Previous wash step was then repeated.
100 uL of working concentration detection antibody was then added and incubated for 2 hours.
Wash step was again repeated. 100 pL of a working dilution of streptavidin-HRP was added to
each well followed by 20-minute incubation in dark. The wash step was performed again
followed by addition of 100 pL of a 1:1 mix of H,02 and Tetramethylbenzidine to each well and

incubated for 20 minutes in dark. Finally, 50 pL of 2N H,0> stop solution was added. Optical
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density was measured using a Synergy HT microplate reader (Biot-TEK) set to 450nm and was

corrected for optical imperfections by subtracting optical density readings at 540nm.

Tube formation Assays

Capillary morphogenesis was determined using a tube formation assay. Two methods
were used to perform this assay, necessitated by the difference in available volume between
the apical and basal media. For basal media, 24 well tissue culture plates were coated with 100
uL of cold Matrigel (10mg/mL, BD Biosciences), with care taken to ensure even coating of the
well bottom. The plate was then placed at 37° C for at least 30 minutes to allow it to harden.
Retinal endothelial cells (REC) were cultured and prepared by the Sheibani lab as described by
them previously (Lavine et al., 2013). REC were taken from the incubator and removed from the
plate with trypsin-EDTA and resuspended in DMEM containing 10% FBS. Cells were counted and
then separated into different treatment conditions. Cells were then centrifuged at 12,000 RPM
for 5 minutes and resuspended in the conditioned media (CM). CM was media that had been
exposed to RPE cultures overnight, either with or without OXT. Media that had not been
exposed to RPE cells was also used as a positive control. Cells were plated in the Matrigel
coated plates at a density of 6.25 x 10* cells/well. Cells were incubated overnight and
photographed the following morning with a Nikon microscope in a digital format. 5 separate
regions of each well were imaged and the average number of branch points (nodes) and

branches (tubes) were counted.

To measure the effect of apical media on tube formation, p-angiogenesis 15 well slides
(Ibidi, Madison, WI) were used. 10 uL of cold Matrigel (10mg/mL, BD Biosciences) was pipetted

into each well of the slide and placed at 37° C for 30 minutes to an hour to solidify. While the
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Matrigel was incubating, RECs were trypsinized and counted as described above. The cells were
then centrifuged at 90g for 10 minutes and the supernatant was removed. Cells were then
resuspended in serum free REC media at a concentration of 10x10° cells/mL. For each well of
the p-angiogenesis slide, 10 pL of these cells was then taken and mixed with 40 pl of
conditioned media from the apical compartment of the transwell, to get a final concentration of
2x10° cells/mL. This 50 pL volume of cells was added to the p-angiogenesis slide after the
Matrigel had solidified. The cells were left at 31°C overnight to allow for tube formation to
occur and images were taken the following morning. Images were taken and saved at 2x
magnification using an EVOS-XL microscope (Life Technologies, Grand Island, NY, USA), with
two images taken of each well, one showing the top half of the well and the other showing the
bottom half. Tube numbers were counted for each half and averaged to get the tube number

for that well.

Transwell Migration Assay

The effect of conditioned media on REC migration was determined using the transwell
migration assay. Costar transwell inserts (8-um pore size, 6.5-mm membrane, Lowell, MA) were
coated with fibronectin (2 pg/mL) on the bottom side at 4° C overnight. The inserts were then
washed with PBS and then blocked using PBS with 1% BSA for 1 hour at room temperature.
Retinal endothelial cells were trypsinized and counted, then centrifuged at 90g for 10 minutes.
The cells were resuspended in conditioned media and 1 x 10° cells in 0.1 mL of conditioned
media were added to each insert. The inserts were then placed in a 24 well plate containing 0.5
mL of conditioned media and incubated for 4 hours at 37° C. After incubation, cells were fixed

with 2% paraformaldtehyde for 10 minutes at room temperature and stained with hematoxylin
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and eosin. Membranes were mounted on a slide with the cells facing the slide and 10 separate
fields were imaged for each sample. The average number of cells that migrated through the

membrane was then determined.

3.3 Results

Varying concentrations of OXT do not influence major angiogenic genes in hRPE

To identify whether OXT might be influencing angiogenesis through alteration of gene
transcription, | utilized the human angiogenesis RT? Profiler PCR array from Qiagen. The full
panel results are listed in table 1. Genes identified to have a 2-fold change in regulation were
qualified as either up or down regulated and can be seen in Figure 1. The genes that we
primarily associate with the pathogenesis of ROP, VEGF and IGF-1, did not meet this threshold
for up or down regulation. Both VEGF A and VEGF B saw no significant alteration in expression,
with a 1.04 fold (P=0.7) and 1.08 (P=0.5) fold change observed, respectively. However, VEGF C
was significantly altered by 1.97 fold (P=0.03). Like VEGF A and B, IGF-1 was not significantly
altered, with a 0.85 (P=0.5) fold change in expression. One protein of interest which is
significantly altered is Hepatocyte growth factor (HGF), which is a paracrine signaling molecule
that has been shown to be involved in organ development, adult organ regeneration and
wound healing (Nakamura, 1991). However, the Ct values for HGF were large (>30) so the effect
of OXT may be exaggerated. Relevant to our hypothesis about the role of OXT in mediating
ROP, these data suggest that there is an alteration in the expression of the VEGF-C isoform, but
that this is effect is not large. However, the isoform primarily associated with angiogenesis,

VEGF A, is not significantly altered.
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VEGF and IGF-1 are not effected by OXT in mouse RPE

To determine whether the response | observed from the fetal cells would be different in
adult RPE | isolated mouse RPE from adult mice and cultured them on transwells for 4 days,
after which they were treated with 10 uM OXT. Following OXT treatment qPCR was performed
to assay for expression of VEGF and IGF-1, two of the main regulators of retinal angiogenesis
and key factors in the pathogenesis of ROP. The observed Ct for our gene of interest was
compared to the Ct for 18s rRNA from the same sample, giving us a ACt, or relative expression
for each sample (Figure 2A). The average difference between the ACt of our treated samples
(n=4) to that of our untreated (n=3) samples revealed a AACt of 0.049 + 0.37 for VEGF and a
AACt of -0.67 + 1.32 for IGF-1. These values correspond to a fold change of 0.97 (+1.3/-0.75) for
VEGF in response to OXT and a fold change of 1.6 (+3.96/-0.64) for the IGF-1 in response to OXT
(Figure 2B). These data demonstrate that in RPE from adult mice | see a trend towards
increased expression of VEGF and IGF-1, however, as | observed in the human fetal RPE, this

was not significant.

Apical VEGF secretion is significantly altered by OXT

In addition to influencing the expression of angiogenic genes, | also sought to address
the potential for OXT to mediate the release of VEGF. To determine the effect of OXT on this
release, | utilized a human VEGF assay (DuoSet Elisa, R&D systems). | determined the
concentration of VEGF found in media collected from fetal RPE transwells following overnight
(16 hr) incubation with either no (0 uM) OXT, 0.1 uM OXT or 10 uM OXT. The measured
concentration of VEGF was determined both for the apical and basal compartment of the

transwells and compared to the level of VEGF detected from the same transwell following 16-
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hour incubation in media without any OXT, done one day before OXT treatment (baseline). The
results are expressed as a ratio of the VEGF levels measured during the treatment day relative
to the VEGF levels measured during the baseline treatment. Despite a lack of significant
changes in the expression of VEGF identified in our RT> Human angiogenesis assay, this ELISA
identified a significant increase in the levels of VEGF secreted into apical media in response to
the 10 UM OXT treatment. It induced an average secretion of 1.35 + 0.07 (P=0.03) fold change
relative to VEGF in the baseline measurement for each well (Figure 3A). A slightly smaller
increase was observed in response to 0.1 uM OXT (1.16 0.1 fold) and the untreated wells
exhibited a ratio of 0.87 £ 0.04 fold, relative to the previous day’s baseline. The observed ratios
for OXT treatment were significantly greater than the untreated control (P=0.03 for 10 uM OXT;
P=0.04 for 0.1 uM OXT). There was no significant change in the level of basal VEGF, with a 1.00
+ 0.05 fold change for untreated wells, 1.048 + 0.1 fold change for 0.1 uM OXT treated wells

and a 1.13 + 0.03 fold change for 10 uM OXT treated wells (Figure 3B).

Conditioned media does not influence angiogenesis in retinal endothelial cells

To determine whether conditioned media could impact angiogenesis | assayed for
capillary morphogenesis in retinal endothelial cells (REC) following incubation with conditioned
media. Basal and apical media were assayed separately to allow me to identify any differential
effect as a result of polarized secretion. Changes in cell migration were also studied using basal
media but the limited volume in the apical compartment prevented me from performing that
assay for apical media. Following treatment of retinal endothelial cells with basal media
collected from RPE cells incubated with OXT, | observed no significant effect on either migration

or capillary morphogenesis (Figure 4 A-C). Two measures of capillary morphogenesis, tube
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formation and node formation, were assayed following incubation of retinal endothelial cells
with conditioned media from RPE cells incubated with 10 uM OXT (labeled treated) and no OXT
(labeled untreated) as well as media that had not been exposed to RPE cells at all (labeled
Media ONLY). Following overnight incubation, | observed an average tube number of 57.3 + 7.8
in response to unconditioned media, 61.0 £ 3.7 in response to untreated conditioned media
and 58.3 £ 4.6 in response to OXT treated conditioned media. The difference between these
three conditions was not significant (P>.05). The results for node number were similar, with an
average node number of 33.5 + 5.1 for unconditioned media, 40.5 * 3.0 for untreated
conditioned media and 38.0 + 2.4 for OXT treated conditioned media. In our migration assay |
observed the chemotaxic potential of our conditioned media by counting the number of retinal
endothelial cells that migrate across a transwell, towards the conditioned media. In this study |
used both 0.1 uM OXT and 10 uM OXT to determine if migration was dose dependent. |
observed that an average of 28.6 + 1.8 cells migrated in the presence of unconditioned media,
42 + 3.0 cells migrated in the presence of untreated conditioned media, 42.9 + 2.9 cells
migrated with 0.1 uM OXT treated conditioned media and 41 * 1.3 cells migrated with 10 uM
OXT conditioned media. Interestingly these results show a significant increase in migration with
of RPE conditioned media relative to unconditioned media (P<.05). However, the addition of

OXT did not have any significant impact on migration (P>.05).

Similar results were observed from the capillary morphogenesis assay when apical
media was used (Figure 5). Due to the smaller media volume in the apical compartment the
assay was designed differently than with basal media, using p-angiogenesis slides instead of a

24 well plate. As a result, tube number was much lower. Additionally, cell concentration was



111

low, but increasing the number of cells resulted in the formation of large masses of cells and no
observable tube formation. At the concentration used, tube numbers were counted, and |
observed an average tube number of 2.85 + 0.33 in response to untreated media, 3.17 + 1.76 in
response to 0.1 uM treated media and 3.17 + 0.60 in response to 10 uM OXT. The difference
between the three conditioned was not significant (P> 0.05), confirming what | saw in the basal
media and demonstrating again that OXT does not significantly impact angiogenesis of RECs in

vitro.

3.4 Discussion

We have previously demonstrated that OXT is present in the cone extracellular matrix
and that OXTR is expressed in the adjacent RPE cells. Additionally, we have shown that in the
RPE OXTR signals through a PLC mediated signaling cascade stimulating the hydrolysis of PIP; as
well as the inhibition of the inwardly rectifying K* channel Kir7.1. The role that OXT plays in the
RPE-retina interface has not been discovered. In this study, | have hypothesized that OXT was
playing a role in regulating growth factor expression, secretion, or both in a manner that could
influence retinal angiogenesis during development of the eye. This hypothesis was based on the
increase in fetal OXT production after approximately 30 weeks of gestation, corresponding with
the late development of the intraretinal vasculature as well as preliminary data from our lab
demonstrating that OXT might induce an increase in VEGF expression (Halbach, 2013). To
determine whether this was the case, | cultured hfRPE cells on transwells to allow for them to
form a polarized monolayer, which has been shown to be important for growth factor secretion
(Sonoda et al., 2009). | found that OXT treatment of these hfRPE cells does not result in a

significant alteration in the expression of VEGF but that it does induce significant changes in
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some other angiogenic factors. Despite the lack of altered VEGF expression, | was able to
observe an increase in the secretion of VEGF, specifically to the apical compartment of our
studied transwells, which suggests the possible polarized secretion of VEGF towards the retina
in response to OXT stimulation. The increase in secretion, however, did not have any significant
effect in two functional assays of angiogenesis, the tube formation and migration assays. As a
result, | have determined that OXT has the potential to influence vasculature growth, however

this influence is likely not a major factor in the pathogenesis of ROP.

In my study of OXTs role mediating gene expression | compare the transcript levels off
88 different genes, identified as important regulators of human angiogenesis, in hfRPE cells
treated with OXT concentrations (10 uM) to RPE cells that were not treated. Following 16 hours
of incubation | observed a greater than two-fold change in 14 genes (Figure 1). Of principle
concern though for our hypothesis that OXT might be implicated in the pathogenesis of ROP
through alteration in the transcription of the genes VEGF and IGF-1 and | did not see a greater
than 2-fold change in any VEGF isoform or in IGF-1. These data suggest then that OXT is not
likely to impact ROP pathogenesis through transcriptional regulation of angiogenic genes.
However, one possible weakness of this study lies in the inherent immaturity of the hfRPE.
Despite being cultured to a monolayer (TER > 800 Q) and developing pigmentation, the RPE
cells used are of fetal origin and the possibility that their immaturity or a lack of exposure to the
retinal environment results in an altered response to OXTR exists. To address this concern, |
also looked at the level of VEGF and IGF-1 production expression in mouse RPE. These cells,
isolated from the mouse eye and cultured on transwells for no more than 4 days before OXT

treatment, were treated under the same conditions as the hfRPE and transcript levels were
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assayed. Like our observations in the hfRPE | observed no significant alteration in either IGF-1
or VEGF, relative to 18s rRNA. Using both of these cell types, from two different species, these
data clearly demonstrate that, while OXT does induce a change in the expression of a number

of angiogenic factors, it does not have an impact on genes associated with ROP.

It remained possible though that, while OXTR does not alter the expression of these
angiogenic genes it does induce their secretion. Like in many secretory cells the secretion of
growth factors from the RPE is in part controlled by L-Type Ca?* channels on the cells
membrane. IP3/Ca?* signaling has been shown to modulate growth factor secretion through
pp60°’S, a receptor tyrosine kinase that alters the voltage sensitivity of L-Type Ca?* channels
(Strauss et al., 1997). Additionally, Kir7.1 inhibition results in membrane depolarization, which
can increase channel activation. Together these represent two possible mechanisms through
which OXTR could be inducing the secretion of growth factors. In this study, | focused on the
secretion of VEGF, as it is the major regulator of angiogenesis in the retina and the key
angiogenic factor involved in the pathogenesis of ROP. Following ELISA assay on media
collected from hfRPE cells, cultured on transwells and treated with OXT, | found a trend
towards increased concentrations of VEGF in the apical compartment with increasing
concentrations of OXT, relative to what was observed in the same well prior to treatment. This
increase in apical VEGF was significant when 10 uM OXT was used. This demonstrates that OXT
can induce the secretion of VEGF, even if it is not altering its expression in a significant way.
Furthermore, the fact that a rise in apical VEGF is observed while no such change was seen in
the basal medium suggests that there may be polarized secretion from the RPE that favors

release of VEGF towards the retina. However, differences in volume in the apical compartment



114

(200 pL) and basal compartment (600 pL) may result in the basal secretion being obfuscated. To

determine if polarized secretion is definitively occurring, a detailed study is needed.

The alteration in VEGF secretion from hfRPE provides some support to the hypothesis
that OXT could be playing a role in mediating angiogenesis in the retina. Furthermore, | did
identify significant changes in some important angiogeneic genes (Figure 1) and it is therefore
possible that these alterations support this role as well. As such | turned my sights towards
identifying whether OXT could functionally impact angiogenesis using retinal endothelial cells.
To look at the angiogenic potential of OXT treated RPE in its entirety, | collected media from
hfRPE cells, conditioned with OXT, and studied its effect on both tube formation and migration
of retinal endothelial cells. | looked at the impact of apical and basal media on tube formation
separately, to try and identify whether polarized secretion might influence the retina and
choroid differently. Demonstrated in Figure 4 A and B, | observed no significant alteration in
tube number or node number during the tube formation assay in response to basal media from
cells exposed to OXT relative to those left untreated. In fact, | observed no influence of RPE
exposure on tube formation at all, with media alone resulting in a statistical equivalent number
of both measures. | had similar results in response to apical media, with no difference in the
number of tubes found in media treated with OXT than media that was untreated (Figure 5).
Additionally, no effect was found on cell migration, with no change in the number of cells
migrating as a result of OXT exposure in basal media. Interestingly, in this case | did observe a
significant increase in migration in media that had been exposed to RPE, suggesting that the

RPE itself, independent of OXT, can impact retinal endothelial cell migration but not their
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proliferation. These data provide functional proof that OXT does not influence retinal

angiogenesis through its action in the RPE.

In conclusion, the data presented in this study suggest that the role of OXT in the RPE is
not to regulate retinal vasculature through the production of VEGF or IGF-1. | have
demonstrated the following: 1) OXT does not influence the expression of major genes involved
in ROP in both human fetal and adult mouse RPE but OXT can alter expression of other
important angiogenic genes 2) OXT does induce an increase in secretion of VEGF from hfRPE
cells and this secretion may favor the apical compartment, 3) conditioned media from OXT
treated RPE cells does not influence angiogenesis in retinal endothelial cells. Taken as a whole,
these data suggest that OXT does not play a role in regulating retinal angiogenesis through
production of VEGF. However, OXT does have an impact on the expression of some angiogenic
genes and it may influence the secretion of VEGF, suggesting that OXT has the potential to
influence angiogenesis, even if it does not do so in the retina, findings that are important to

future studies on OXT throughout the body.
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3.5 Tables and Figures
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Plate layout of each gene assayed with fold change expression listed below.

Table 1
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Figure 1: Fold Change in Gene Expression in response to OXT treatment. The Y-Axis shows the
log10 of normalized expression of OXT treatment (group 1) while X-Axis shows the Log10 of
normalized expression of untreated controls. The genes identified as being upregulated or

downregulated greater than two-fold are listed in table 2.
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Gene | FoldRegulation

ANG (Angiogenin) 7.21
GAPDH 3.02
PTGS1 (prostaglandin —endoperide synthase) 2.92
SERPINE1 (Serpine -1 —phosphate receptor) 2.56
IFNA1 (Interferon, alpha 1) 2.51
PLAU (Plasminogen activator urokinase) 2.49

HGF (Hepatocyte growth factor) -14.66
ANPEP (Alanyl (membrane) aminopeptidase) -10.21
IFNG (Interferon gamma) -4.26
TEK (TEK tyrosine kinase, endothelial) -3.59
ENG (Endoglin) -2.48
TNF (Tumor Necrosis Factor) -2.42
TIE1 (Tyrosine Kinase with Ig-like and EGF-like domains 1  -2.20
NOS3 (Nitric oxide synthase 3 (endothelial cell) -2.14

Table 2: Fold Change in Gene Expression in response to OXT treatment. Genes with altered
expression (greater than 2-fold change) are listed here. The upper table lists genes with

increased expression while the lower table shows genes with decreased expression.
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Figure 2: Effect of OXT on VEGF and IGF-1 expression in adult mouse RPE. (A) Box plot for ACt
(VEGF/IGF1 Ct — 18s rRNA Ct) of VEGF and IGF-1 expression observed with 0 uM OXT and 10 uM
OXT treatment. There was no significant change in the expression of either gene in response to
the OXT in the samples assayed. (B) A representation of the fold change in VEGF and IGF-1 in
response to OXT, relative to their untreated counterparts. There was no significant change in

the expression of either gene.
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Figure 3: Polarized effect of OXT on secretion of VEGF by hfRPE. (A) Representative image of
transwell used for ELISA and gene expression. (B) Box plot of apical levels of VEGF in response
to OXT treatment (0-10 uM) expressed as a ratio of observed VEGF after 16hr treatment to
observed VEGF in the same well during incubation with untreated media for 16 hours the day
prior. 10 uM OXT induced a significant increase in VEGF relative to the untreated sample
(P<0.05;n=8 for each condition). (C) Box plot of basal levels of VEGF during OXT treatment (0-10
uM) expressed in the same manner. No significant effect of OXT treatment was observed

relative to the untreated sample (n=8 for each condition).
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Figure 4: Impact of OXT on vascular homeostasis. (A) A representative image of retinal
endothelial cells grown in conditioned media of RPE cells treated with 10 uM OXT or with No
OXT. (B) Results of Tube formation assay represented. Tube number represents the number of
projections formed between retinal endothelial cells while node # refers to the number of
nodules from which these projections extend. There was no significant difference in the
number of either when comparing untreated and treated RPE. (C) Results from migration
assay, expressed as the number of cells that migrated across a transwell. While the exposure of

media to the RPE induced an increase in migration this effect was not influenced by OXT at all.
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Figure 5: Tube formation is not altered by media from OXT treated cells. (A) Representative
images of cells not treated with OXT (top) and untreated (bottom). (B) Box plot of tube average
tube number following treatment of REC’s with conditioned media containing 0 uM OXT (n=4),

0.1 uM OXT (n=3) and 10 uM OXT (n=4). No significant difference was seen across treatments.



123

Chapter 4: Ontogeny of OXTR in the RPE and broader expression in
the mouse retina

Nathaniel York®3¢, Allison Lutz3, De-Ann Pillers®3#, Bikash Pattnaik35

From the 'Endocrinology-Reproductive Physiology Program, the 2Division of Neonatology&
Newborn Nursery, the 3Departments of Pediatrics, “Medical Genetics, >Ophthalmology &Visual
Sciences, and ®the McPherson Eye Research Institute, the University of Wisconsin-Madison, WI

53715



124

Abstract:

The role of oxytocin in the retina is not well understood. We have previously
demonstrated the presence of both OXT and OXTR in the primate retina and have
demonstrated that it is functionally active. Understanding the timeline of OXTR expression
could provide a guide to understanding how OXT may be impacting the retinas development. In
this study | have attempted to determine the ontogeny of OXTR within retina of the mouse,
focusing on the timeline covering retinal maturation and vascular development. On average |
found no significant change in the expression of OXTR during this time-period. This was likely
the result of a large variation in the level of expression in the RPE that was independent of age
or gender. | also found that, unlike what has been previously observed in primate retinas, the
mouse expresses OXTR throughout the retina. These data have implications not only for our
understanding of the mouse as a model of human retinal function and development, but for the
broader understanding of the role the endocrine system might play in supporting and

regulating vision.
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4.1 Introduction

We have previously demonstrated that OXTR is present and functional in the RPE
(Halbach et al., 2015). We have shown that in the RPE OXT specifically activates OXTR, leading
to a G-protein mediated signaling activation in which PLC hydrolyses PIP; into IP3 and DAG,
resulting in a Ca?* response that is dependent on the release of intracellular Ca%*. Additionally, |
have demonstrated that activation of OXTR by OXT can induce the inhibition of Kir7.1, and that
this inhibition is reliant on G-protein coupling, unlike the direct inhibition observed by Ghamari-
Langroudi, M., et al. (Ghamari-Langroudi et al., 2015). | have also explored whether OXT can
influence angiogenesis in the retina and found that there was no evidence of such a
relationship. These data do not eliminate the potential for OXT to influence retinal
development however. The effect of OXT on other growth factors, like PEDF, have not been
thoroughly studied and could be important in regulating retinal development. As a result, while
we know that OXT can functionally impact the RPE, we still do not know what the implications
of this effect are in vivo or when this signaling might occur. Given the complex role the RPE
plays in retinal development and function, determining the ontogeny of OXTR expression is key
to understanding when OXT could begin to have an impact on the retina and provide a guide in
determining the role of oxytocinergic signaling in vivo. To perform this study | have utilized the
mouse, which is commonly used to study development of the retina especially in the context of

retinal vasculature development and disease such as retinopathy of prematurity.

The photoreceptors and the RPE develop in a coordinated fashion. Both are derived
from the optic neuroepithelium which itself originates from a patch of cells, named the “eye

field” that is present on the anterior neuroectoderm (Fuhrmann et al., 2014). The optic
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neuroepithelium then forms the optic vesicle with the anterior portion normally forming the
organized neural retina and the posterior forming the RPE. By 18 weeks of gestation in humans
the RPE can be seen as a well-defined layer. At the same time the photoreceptors are
developing, appearing as a well-defined layer by 21 weeks and forming outer segments at 28
weeks (Gupta et al., 2016). Human retinal vasculature development begins later than the RPE,
starting at approximately 16 weeks of gestation. The retina is supplied at first by hyaloid
vasculature, originating from the optic nerve, which must regress as the eye continues to
develop (Stahl et al., 2010). The hyaloid regression occurs during the development of the
intraretinal vascular, with the nasal retina being fully developed by 36 weeks and the temporal
vessels being fully developed by 40 weeks, a process discussed in more detail in chapter 1.6.

The human eye is therefore fully developed and vascularized by term.

In the mouse, the eye is not fully developed at birth, giving it the potential to provide
valuable information on eye development in a more accessible way, since the development
occurs outside of the uterus. The development of the RPE continues in the mouse beyond birth,
with cell numbers rising until 15 days after birth (Bodenstein & Sidman, 1987). At the same
time, the retinal vasculature is developing as well and serves as a good measure of the maturity
of the eye. C57BI/6 mice at birth have immature retinal vasculature and persistent hyaloid
vessels, which regress as the intraretinal vasculature develops outward from the optic nerve
towards the retinal edges, reaching them at approximately p8 and forming the superficial
vascular plexus (Stahl et al., 2010). At approximately p7 the other two vascular layers, the deep

and intermediate plexuses begin to form and all three are fully mature by 21 days after birth.
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Using vasculature as a marker of development for the purpose of this study | consider a 21-day

old mouse eyes as of equivalent maturity to those of a human at birth.

| have used C57BI/6 mouse eyes, collected at days ranging from postnatal day 0 (P0O) to
adulthood to determine the ontogeny of the OXTR in the RPE. While initial results suggested
there was a lack of OXTR expression prior to P15, more precise measurements using qPCR have
shown that OXTR expression is highly variable in the mouse RPE but that the average
expression remains unchanged in the postnatal eye. Additionally, | found that OXTR expression
is not limited to the RPE in the mouse retina, instead | observed expression throughout the
retina. This expression was more consistent than the expression observed in the RPE and much
different than what | have observed in the primate. These new data suggest not only that the
mouse is not likely to be a good model for oxytocinergic signaling in the RPE but that OXT’s role
may extend beyond the RPE in the animal. Considering this new information, | shifted my focus
back to the rhesus monkey. In rhesus retina, | have confirmed our previously reported results
showing OXTR expression in the RPE. Here | have expanded on that work, clearly demonstrating
the expression of OXTR in the apical processes of the RPE, co-localizing with Kir7.1 and

surrounding the photoreceptor outer segments.

In conclusion, while | have, on average, demonstrated a persistent expression of OXTR in
the postnatal mouse RPE this expression varies dramatically between individual animals.
Furthermore, | have shown that the expression of OXTR is found throughout the mouse retina,
not just the RPE. This differs from the primate retina, where | show robust expression of OXTR

along with Kir7.1 channels in the apical processes of the RPE.

4.2 Methods
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RPE cell isolation using simultaneous RPE isolation and RNA stabilization (SRIRS)

To attempt to isolate mRNA from RPE cells specifically we utilized the SRIRS method,
described by Wang et al (Xin-Zhao Wang et al., 2012). Mice were euthanized using either
decapitation or CO,, depending on the age of the mouse. The mouse eyes were then
enucleated and kept in HR solution on ice during transfer to the lab. The eye was then placed in
PBS in a 100 mm dish and the anterior segment and retina were removed. For samples where
retina was collected retinae were placed in 200 pL RNAprotect (Qiagen, Germantown, MD). The
eye cup of both eyes was then placed in 200 uL of RNAprotect and incubated for approximately
10 minutes at room temperature. The eye cups were then briefly vortexed to detach the RPE
and the eye cup was removed from the solution. The RPE suspension was then centrifuged at
690 x g for 5 minutes to pellet the RPE cells. The RNA protect was removed and total RNA was
extracted using the RNeasy Micro Kit (Qiagen, Germantown, MD) according the manufactures

instructions for isolation of mMRNA from <500 cells.

Single retinal and RPE cell collection

Retinal and RPE cells were isolated according to a protocol described previously by our
lab (Shahi et al., 2017). Dispersed single RPE cells and retinal cells were placed on 12 mm #1
round coverslips and left to settle on the Nikon FN1 stage. About 2-5 cells (1 cell at a time)
were picked using the recording pipette by applying negative pressure, and then expelled into a
PCR tube containing RNAl/ater® (AMBION, Austin, TX) by applying positive pressure. A single

freeze-thaw cycle was used to disrupt the cell membrane to isolate the total RNA.

MmRNA isolation
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See Chapter 3 for full mMRNA isolation procedure. One alteration to general procedure
was made. RPE cells were homogenized using a disposable pestle grinder and centrifuged for 2
minutes at 16,000x g following homogenization. The resulting supernatant was then transferred
to a new tube and one volume of 70% ethanol was added, followed by resumption of the

general procedure.

cDNA synthesis and quantitative PCR

cDNA synthesis was performed using the SuperScript Ill First-Strand Synthesis System
(Thermo Fisher Scientific, Waltham, MA). For each sample 100 ng of total RNA was used. This
volume of RNA was added to 1 pL of random hexamers (50 ng/uL), 1 uL of dNTP mix and the
total volume was brought to 10 pL with DEPC-treated water. This mix was then incubated for 5
minutes at 65°C and placed on ice for at least 1 minute. During this incubation a cDNA synthesis
master mix was prepared containing, per reaction, 2 puL of 10X RT buffer, 4 uL 25mM MgCl,, 2
puL 0.1 M DTT, 1 pL RNaseOUT (40U/ pL) and 1 pL SuperScript 1l RT (200 U/uL) enzyme. This
mixture was added to the RNA/primer mixture, mixed and collected through brief
centrifugation. RT PCR was then performed through incubation for 10-minutes at 25°C followed
by a 50-minute incubation at 50°C and then terminated with an incubation at 85°C for 5
minutes. The samples were then placed on ice and 1 pL of RNase H was added, followed by a

20-minute incubation at 37°C. The samples were then immediately used or stored at -20°C.

gPCR was performed using 3 technical replicates. For each replicate a volume of 1 pL of
cDNA was used, along with 450 nM of the respective forward and reverse primers, 5 uL Power
SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA) and water was used to

bring the mix to a final volume of 10 uL per well. Primers used are listed in table 1. The Step
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One Plus thermocycler (Thermo Fisher Scientific, Waltham, MA) was used and the cycling
conditions were as follows: 1 cycle of 95° C for 10 minutes and 40 cycles of 95° C for 15 seconds
followed by 60° C for one minute. Fluorescence data collection was performed during the 1
minute at 60° C. Following these conditions, a melting curve analysis was performed to
determine PCR specificity. Data was collected using StepOne software (Thermo Fisher Scientific,

Waltham, MA) and exported to Excel.

Tissue Fixation

Prior to performing IHC, mouse and rhesus tissue was fixed and frozen for sectioning.
Fixation was performed with 4% paraformaldehyde (PFA) and tissue was prepared for freezing
with incubation in progressively higher concentration sucrose solutions. For mouse eyes the
entire eye was fixed. Following enucleation extraocular tissue was removed from the eye and
the eye was washed in PBS. A small incision was made near the edge of the cornea using a 31-
gauge needle. The eye was then placed in 4% paraformaldehyde solution for 15 minutes to fix.
Following fixation, the eye was washed once in PBS and then placed in 5 % sucrose solution at
4°C for 30 minutes. The eye was then transferred to a 10 % sucrose solution, where it was
incubated for approximately 2 hours at 4°C, until the eye sunk. The eye was then placed in 30%
sucrose solution where it was incubated overnight at 4°C. The next morning the tissue had
again sunk to the bottom of the container and was prepared for freezing. This was done in a
metal block, with holes drilled into, approximately the size of a large pen. Aluminum foil was
wrapped around a pen and placed within a hole to ensure easy removal of the tissue. T he eye
was placed within this foil mold. A 1:1 mixture of Tissue-Tek OCT (VWR, Radnor, PA) and PBS

was then added to the eye and the tissue was placed at -80°C to freeze. The tissue was then
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sent to the Translational Research Initiatives in Pathology (TRIP) Lab on the UW Madison
campus, where sectioning was performed. Sections were cut into 15 uM sections. For rhesus
eyes the anterior segment of the eye was removed prior to fixation. The posterior segment was
fixed using the same method described above and the tissue was exposed to progressively
increasing concentrations of sucrose, imbedded in OCT and frozen, just as with the mouse eye.

Sectioning was also performed in the same manner.

Immunohistochemistry

Frozen tissue sections were thawed to 25°C, rehydrated using PBS (Life Technologies,
Grand Island, NY, USA), and blocked in PBS containing 10% goat serum, 5% BSA, and 0.3%
Triton X-100 for 30 minutes at 25°C. The tissue was incubated with anti-OXTR primary antibody
(1:100) diluted in incubation solution (1:3 blocking solution to PBS) overnight at 4°Cin a
humidified chamber. The sections were washed three times in PBS and incubated for 1 hour at
25°C with secondary antibody Alexa-Fluor 594 (1:100, goat anti-rabbit; Invitrogen), and 4’,6-
diamidino-2-phenylindole (DAPI) (1:1000; Molecular Probes, Inc., Eugene, OR, USA) diluted in
incubation solution. Secondary antibody controls were tested for all experiments. The sections
were washed three times in PBS and then incubated for 4 hours at room temperature with anti-
Kir7.1 antibody (Alomone Labs, Jerusalem, Israel) diluted in incubation solution. The sections
were then washed three times in PBS and mounted using Fluoromount (Sigma-Aldrich Corp.).
Images were acquired using a Nikon C2 confocal system (Nikon, Melville, NY, USA) with a Nikon
TiE microscope. A 20X objective was used with a numerical aperture of 0.75. Images were

analyzed with NIS-Elements Advanced Research software (Nikon).

Statistical Analysis
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gPCR data was analyzed using the comparative ACt method to determine relative
expression. Ct for each technical replicate were averaged and the average Ct for the internal
control was subtracted from this value, giving a ACt, which denotes expression relative to this
internal control. ACt was then exponentially transformed into a relative expression (Relative
expression = 2°2%), For comparisons against adult mice AACt was calculated as ACtp(x)— ACtadutt.

AACt was then exponentially transformed in to fold change, relative to adult (Fold change =

Z»AACt) .

4.3 Results

4.3.1 OXTR can be found at all gestational time points in the whole eye

To determine whether mouse eye expression of OXTR differed throughout retinal
development, the levels of expression were assayed in mice from postnatal day 0 (p0), p5, p10,
p15 and adult. Following euthanasia, mouse eyes were enucleated, snap frozen in liquid
nitrogen and then mMRNA was isolated from the entire globe. cDNA was made and PCR was then
performed to determine whether OXTR was present. We observed a consistent level of OXTR
expression relative to B-Actin at all tested time points suggesting that whole eye OXTR
expression remains relatively stable during the time associated with retinal maturation and
vascular growth in the mouse eye (Figure 1a). However, when we isolated the RPE using the
SCRIRS method we observed a reduction in expression in early gestational age, with no OXT
detectible prior to day 10 (Figure 1b). To better measure expression of the receptor with more
sensitivity and determine if these results could be confirmed, we set out to measure OXTR

expression in the RPE using qPCR.
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4.3.2 gPCR demonstrates that OXTR expression is not significantly altered during the period of

vascular development

To determine whether the level of expression observed in the whole eye in the days
following birth is consistent with that observed in the RPE, we isolated mRNA from the RPE
specifically and quantified the expression of OXTR using gPCR. Utilizing the SCRIRS method
described by Wang et al. we isolated RPE cells and extracted total RNA (Xin-Zhao Wang et al.,
2012). cDNA was synthesized from isolated mRNA and gqPCR was performed using the primers
in table 1. Within each sample relative expression (ACt) was determined through comparison to
Ct for 18s rRNA (Figure 2A). Average ACt of each group was subtracted from that of adult mice
(AACt) and then average fold change was calculated (2"22¢) (Figure 2B). The mRNA isolated
from RPE showed a less than significant (p>0.05) reduction in OXTR expression in younger mice,
with fold change of 0.20 (+1.41/-.028) in PO, 0.046 (+0.089/-0.024) in P5, 0.24 (+2.52/-0.023) in
P10, 0.043 (+0.42/-0.0056) in P15 and a 0.17 (+1.69/-0.017) in P20 mice, relative to adult mice.
The sample sizes at each time point were as follows, PO (n=4), P5 (n=5), P 10 (n=6), P15 (n=11),
P20 (n=22), Adult (n=6). Within each time point we observed a large variation in the level of
OXTR expression, which is illustrated in Figure 2A. To determine whether the observed variation
was a result of sex differences we compared OXTR expression between male and female mice
across all groups (Figure 3). We found that there was on average slightly higher expression in
female mice but this was not statistically significant and the variability in expression persisted in
both sexes (p>0.05). The relative expression, calculated as 22, was 7.45x10°° (+8.47x10°%/-
6.9x10®) in male mice (n=13), while the female mice (n=13) had an average relative expression

of 4.36x107 (+3.79 x10°® /-4.35x107).
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To identify the cause of variation in OXTR expression observed in these data | compared
the Ct counts for OXTR to those observed for the RPE specific gene RPE65. While our isolation
should yield mRNA predominately from the RPE | suspected that some variation may have been
the result of retinal mMRNA in our samples. This comparison would allow me to determine
whether OXTR variation was a result of variation in the level of mRNA from the RPE. | observed
a decrease in relative expression of OXTR to RPE65 with increasing gestational age, a decrease
that was significant when comparing PO and P5 to adult mice (p<0.05) (Figure 4). This decrease
was a result of increased expression of RPE65 as mice aged (Figure 5), suggesting either that
OXTR expression is massively increased, relative to RPE65, in younger mice or that majority of

OXTR expression was not coming from the RPE at all in mice.

4.3.4 OXTR expression is observed in the mouse retina at low levels.

To determine whether there was some expression of OXTR in the retina, | then
guantified the expression of OXTR from P20 mouse retinas collected during RPE isolation. In
these samples | found consistent OXTR transcript presence (Figure 6). | compared the
expression of OXTR to RpL13A and found a relative expression of 1.5x103 (+2.8x103/-7.5x10%)
(n=8). The OXTR expression was not significantly different than the level of expression observed
in the RPE, which was 2.0x103 (+0.031/-1.3x10") (n=11), relative to RpL13A. These relative
expression levels suggest that there is expression of OXTR in the mouse retina and that it is
equal to that observed in the RPE. The variation in expression in the RPE persists in these
samples but did not appear in the retina (Figure 6A). Given the potential cross contamination of
retina and RPE during my isolation process | looked specifically at RPE and retinal cell

expression by enzymatic dissociation of the respective tissue followed by identification and
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selection of individual cells under a microscope. In these grouped cells | was able to identify
OXTR expression in both RPE and retina, clearly showing that OXTR is expressed in both tissues.
| found expression, relative to RpL13A, of 1.57 in the retinal group and a relative expression of

0.031 in the RPE group indicating far lower expression in the RPE than the retina.

4.3.3 Immunohistochemical analysis of OXTR expression in mouse and rhesus retina

In immunohistochemical analysis of human and rhesus retina | have previously shown
that OXTR expression is limited to the RPE, with no discernable expression within the neural
retina. These data from the mouse however suggest that OXTR expression extends beyond the
RPE. To determine the extent of this expression in the mouse and compare it to that in the
primate | performed IHC on mouse and rhesus retina. My results demonstrate a difference in
OXTR expression across these species. In the rhesus | observed OXTR expression primarily in the
apical projections of the RPE demonstrated by its co-localization with Kir7.1 (green), which is
also apically located (Figure 7). Closer analysis of the RPE confirms this co-localization, using NIS
elements AR software to track regions of correlated fluorescent intensity (Figure 8).
Additionally, | looked at the localization of OXTR relative to that of the cone photoreceptor
outer segments, stained with PNA (green), where OXT has previously been found (Figure 9)
(Halbach et al., 2015). | found that OXTR surrounds these outer segments, clearly showing the
potential for oxytocinergic signaling. These results were confirmed with negative controls

demonstrating that the staining observed was specific to OXTR (Figure 11).

When IHC was performed on mouse retina the localization of OXTR was much different,
with OXTR antibody staining the entire retina (Figure 10). | observed strong OXTR staining in the

retina and an apparent lack of OXTR staining in the apical process, again indicated by Kir7.1
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(green). These results were also confirmed using negative controls (Figure 12). My qPCR data
suggests that there is limited expression in the RPE of some mice while OXTR expression in the
retina is largely consistent and these data support that. This result confirms my gPCR data,
showing that the mouse exhibits expression of OXTR across the retina with much less

consistence in the expression within the RPE.

4.4 Discussion

Prior to my work, the role of oxytocin in the retina has been largely unstudied. | have
previously demonstrated that it is present in the human and rhesus RPE and that it is functional
and can act through the modulation of the inwardly rectifying K* channel, Kir7.1. Here | expand
beyond the primate and look at OXTR expression in the mouse retina. The mouse is a powerful
tool for vision research and understanding and characterizing the expression of OXTR in the
mouse retina is necessary to support future studies of the role oxytocin might play in the
development and maintenance of the retina. | have demonstrated that the expression of
oxytocin receptor is consistent, on average, in the mouse retina during its postnatal
development. Within the RPE | observed a large variation in receptor expression that was not
dependent on sex. Furthermore, | found, unlike what we have previously reported in primates,
that the expression of OXTR is not limited to the RPE in mice but instead is expressed
throughout the retina. These results are interesting as they suggest a possible difference in the

role of OXTR in mice than in primates.

To determine the ontogeny of OXTR I initially looked at its expression in the whole eye. |
observed a consistent level of expression from birth to postnatal day 15 using gel

electrophoresis, comparing the OXTR band intensity to that of the B-Actin control (Figure 1).
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However, | wanted to look more specifically at expression in the RPE in a quantifiable way.
Therefore, | isolated the RPE and assayed the mRNA for OXTR expression, again using gel

electrophoresis. | found a lack of expression in mice younger than 10 days old.

To get a more accurate idea of the levels of transcript present | utilized quantitative PCR
and analyzed the observed expression relative to 18s rRNA, a structural component of
cytoplasmic ribosomes. This analysis revealed a confusing and complicated picture of OXTR
expression in the RPE and the retina. Looking at average expression, relative to 18s rRNA, our
results were like those observed in the whole eye. | saw no significant change in the level of
expression with age, although there was a general trend towards increased expression in older
mice. However, these data are complicated by a large variation in the level of OXTR expression
between mice of the same age. While my initial instinct was that this variation was a result of
sex | did not observe any difference between male and female mice when they were directly

compared (Figure 3).

The RPE isolation method used allows me to separate the RPE but it does not ensure a
total lack of mMRNA from other sources. To determine whether the variation observed was the
result of different variation in the level of RPE mRNA relative to other mRNA, | compared the
expression of OXTR to that of the RPE specific gene, RPE65. With this comparison | found a
dramatic decrease in the level of OXTR expression as the mouse matured. This decrease in
relative expression was the result of significantly reduced RPE65 expression in younger mice.
This lower expression is consistent with previous literature which describes a proliferation of
the RPE that continues at approximately 1,500 cells/day from birth to p15 (Bodenstein &

Sidman, 1987). One possibility that might explain the consistent expression of OXTR,
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independent of the level of RPE 65, is that a baseline level of OXTR is required in the retina for
normal function. If this baseline level was required OXTR must be over expressed in individual
RPE cells at an early age when the RPE is less abundant and that expression would be reduced
to maintain basal levels in the mature eye when more RPE is present. Alternatively, the stable
expression of OXTR despite changing RPE65 expression could suggest the presence of another

source of OXTR from elsewhere in the retina.

To determine if there was an alternate source of OXTR in the mouse | compared
expression in the RPE to that of isolated mouse retina. Using a different internal control,
RpL13A, | found on average that the level of OXTR expression in the retina was the same as
what we observed in the RPE. Interestingly, the variation | observed within the RPE was not
present in the retina. This result was inconsistent with what | expected based on
immunohistochemistry done on human and rhesus retina previously and suggest that the
mouse may have a different pattern of OXTR expression than the primate (Halbach et al., 2015).
To confirm these results and compare the OXTR expression in the mouse to the rhesus |
analyzed OXTR protein localization within cryosections of mouse and rhesus retinas. In addition
to OXTR, | stained these sections with antibodies against Kir7.1 to mark the RPE and help
establish localization of the receptor within the polarized cells. The results confirmed my gPCR
and our previous IHC data, showing robust staining throughout the mouse retina while the
rhesus showed OXTR primarily in the RPE. In the mouse | observed a distinct lack of co-
localization with Kir7.1 while in the rhesus | observed a strong co-localization with Kir7.1,
demonstrated clearly in Figure 8. The lack of co-localization in the mice appears to be the result

of a lack of expression in the RPE overall, at least compared to what | see in the retina. These



139

data are not inconsistent with what | have observed in our gPCR where | saw mice with wide
ranging levels of OXTR expression. The IHC does, however, suggest that the source of that
variation is not from regional differences in expression but instead results from a lack of
expression throughout the RPE of certain mice but not others. There are some differences
between mice and primate retinas including a predominance of rods in mice compared to
primates who have a retina with a cone heavy fovea. Perhaps this difference could hint at a
cause in differential expression of OXTR, however the reason for this lack of expression needs

to be further explored.

We have previously demonstrated that OXT is present in the subretinal space,
specifically, in the extracellular matrix of the cone photoreceptor outer segments. In this study |
have now localized OXTR to the apical projections of the RPE, which project towards these
outer segments. This fact is further demonstrated in Figure 9, where | show the projection of
cone PQOS, labeled with PNA, into the OXTR expression apical processes. The presence of OXTR
in close on the apical membrane in close proximity to the POS suggests that OXT from the
retina can influence the RPE, indicating a potential role for the hormone in regulating the
interactions between the RPE and retina. Furthermore, given the data discussed in chapter 2,
the co-localization of OXTR to Kir7.1 in the primate suggests that this role could be through the
G-protein mediated inhibition of Kir7.1. One possible role for OXTR could be in the regulation of
POS phagocytosis by the RPE. In macrophages depolarization has been shown to play an
important step in the initiation of phagocytosis (Link et al., 2010). Perhaps the prolonged
depolarization we have observed in OXTR mediated inhibition of Kir7.1 is playing a similar role

in the RPE, which exhibits continued phagocytosis over a period of 4 hours. Additionally, both
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OXTR and Kir7.1 have both been shown to exhibit clathrin mediated endocytosis and their co-
localization in the apical processes supports the potential for them to exist in the same
submembrane lipid rafts where they could be endocytosed together or PKC could mediate the
internalization of Kir7.1, as has been observed in other Kir channels (Jiao et al., 2008; Kumar &
Pattnaik, 2014; Smith et al., 2006). This is the extent of the supporting evidence, however and
much more work is certainly needed to definitively determine the role for OXTR in the retina,

including higher resolution, sub membrane localization of the proteins.

In conclusion, this study has characterized the expression of OXTR in the mouse as well
as the rhesus, demonstrating the following points; 1) OXTR expression in the whole eye is
unchanged throughout development, 2) The same is true in the retina, with no significant
alteration in the expression of OXTR from birth to adulthood, despite reduced RPE population
at younger ages, 3) There is a large amount of variation in the expression of OXTR within the
RPE that is not sex or age dependent, 4) In the mouse OXTR expression is not limited to the RPE
and can be found throughout the retina, 5) In the rhesus retina OXTR protein is present in the
apical processes of the RPE, surrounding the POS and co-localizing with the inwardly rectifying
potassium channel Kir7.1. These data suggest a multifaceted role for OXTR in the eye across
species with the potential to act both in the RPE and the retina. While mouse RPE has been
previously shown to respond to OXT stimulation the functionality of the receptor in retinal cells
needs to be further studied. My IHC also reveals species differences in the pattern of expression
between mice and rhesus. In the primate my findings support a role for the interaction
between Kir7.1 and OXTR on the apical membrane of the RPE in regulating RPE-retinal

interaction.
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4.5 Tables and Figures

Table 1: Primer sequences used in Chapter 4

Primer Forward Reverse
OXTR (qPCR) TTGTACCGGTCATCGTGCTG CTTCAGGTACCGAGCAGAGC
RPE65 (qPCR) ATGTCACAGGCAGGATTCCC ATGTGACATGGCCCTCCTTG
18s rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Rpl13A TCTCAAGGTTGTTCGGCTGAA GCCAGACGCCCCAGGTA
OXTR (PCR) CTGGACGCCTTTCTTCTTC CGAGGATGGTTGAGAACAG
RPE65 (PCR) CGGACTTGGGTTGAATCACT GCTCACCACCACACTCAGAA

Table 2: Antibodies used for IHC in Chapter 4

Antibody Description Source Product Number
Anti-OXTR Rabbit Polyclonal Novus Biologicals NBP1-02410
Anti-Kir7.1 Rabbit Polyclonal Alomone Labs APC-124-AG

(extracellular)-ATTO-
488
Lectin PNA, Alexa Flour From Arachis ThermoFisher L21409
488 Conjugate hypogaea
Alexa Fluor 594 goat Goat Polyclonal ThermoFisher A-11012
anti-rabbit IgG (H+L)
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Figure 1: Expression of OXTR was found in the whole eye but not in the RPE prior to 10 days
postnatal age using traditional PCR. (A) Expression of OXTR bands in whole eye is present from
birth on. (B) Percent of animals with observed expression of OXTR. Sample size listed above as

(OXTR-positive / total). (C) Representative bands showing OXTR and RPE-65 bands as observed.
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Figure 2: gPCR of OXTR expression relative to 18s rRNA during retinal vascular development
in mice. (A) Scatterplot of ACt values for each mouse studied. The sample sizes were as follows,
PO (n=4), P5 (n=5), P 10 (n=6), P15 (n=11), P20 (n=22), Adult (n=6). ACt values were determined
by subtracting Ct for 18srRNA from Ct for OXTR within each tested sample. Within each studied
time point there was a large amount of variability in the observed ACt. (B) Comparison of OXTR
expression, relative to the adult across all timepoints. There was no significant change in
expression observed between the time points although on average the adult expression was

higher than any other time point.
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Figure 3: Comparison of OXTR expression between male and female mice. (A) Scatterplot of
ACt values for each mouse studied. ACt values were determined by subtracting Ct for 18srRNA
from Ct for OXTR within each tested sample. A large degree of variability was found in the ACt
within each sex, similar to what was observed when grouping mice by age. (B) Box plot of
average relative expression of OXTR observed. Male and female mice were compared and no

significant difference was found between the two.
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of ACt values for each mouse studied. ACt values were determined by subtracting Ct for RPE65
from Ct for OXTR within each tested sample. (B) Box plot of average relative expression of OXTR
observed, relative to RPE65. Due to the large difference in expression across age, the y axis

contains 2 breaks, with altered scales, to ensure all samples are visible.
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Figure 5: Expression of RPE 65, compared to 18s rRNA, in mouse retina. (A) Scatterplot of ACt
values for each mouse studied. ACt values were determined by subtracting Ct for 18s rRNA
from Ct for RPE65 within each tested sample. (B) Box plot of relative expression of RPE65,

showing dramatic decrease in expression with reduced gestational age.
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Figure 7: OXTR expression in the rhesus retina co-localizes with Kir7.1 in the RPE. (A) Single
channel image showing OXTR staining in rhesus retina. (B) Single channel image showing Kir7.1
staining. (C) Single channel image showing DAPI staining. (D) Merged image of rhesus retina
from A-C combined. E. Intensity profile of fluorescent intensity along arrow shown in Panel D.
OXTR and Kir7.1 co-localization can be observed in the RPE, in both the outer segments and cell

body.
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Figure 8: Enlarged image of RPE from rhesus retina showing co-localization of Kir7.1 and
OXTR. (A) Maximum intensity projection, taken from a z-stack of rhesus retina, with slices view
along the x and y axis. Yellow color indicates co-localization between OXTR and Kir7.1. (B)
Region of co-localization was detected and highlighted in red using NIS elements AR software.
(C) Fluorescent intensity was plotted and the region of highest intensity for both wavelengths
was selected and the corresponding region was highlighted in Panel B. Pearson’s correlation
was calculated for the entire image to be 0.74.
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Combined

Figure 9: OXTR in the apical processes surrounds cone POS. OXTR, labeled in red, is shown in
the outer segments of the RPE, which surround the cone photoreceptor outer segments,
tagged with Peanut agglutinin (PNA) shown in green. OXT has been found in these outer
segments, and this close spatial relationship further supports oxytocinergic signaling in the
primate RPE.
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Figure 10: OXTR is expressed throughout the mouse retina. (A) Merged image of IHC staining
of adult mouse retina. OXTR (Red), Kir7.1 (green), DAPI (blue) are shown. (B) OXTR staining is

shown. (C) Nuclear staining (DAPI) is shown. (D) Kir7.1 staining is shown.
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Combined

Figure 11: Negative control for staining in rhesus. IHC procedure was followed without Anti-
OXTR or anti-Kir7.1 antibodies, demonstrating that staining observed was specific to the

proteins assayed.
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Combined

Figure 12: Negative control for staining in mouse. IHC procedure was followed without Anti-
OXTR or anti-Kir7.1 antibodies, demonstrating that staining observed was specific to the

proteins assayed.
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Chapter 5: Final Discussion
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5.1 Summary of Key Findings

Oxytocin has a diverse and ever-expanding list of roles throughout the body. In this
study | have added to this list, characterizing the expression and function of oxytocin and its
receptor in the RPE. The localization of OXTR to the RPE in primates has already been
demonstrated by our lab and we have previously shown that OXT can induce a Ca®* response in
hfRPE cells (Halbach et al., 2015). | have expanded on these findings in chapter 2 by
characterizing the signaling pathway at work in the RPE and detailing the regulation of the
important ion channel Kir7.1. While the mechanism of OXTR signaling in other tissues has been
described previously | have taken a pharmacological approach to describing this signaling for
the first time in the RPE. | have shown that OXT binds to OXTR in the RPE and induces the G-
protein mediated activation of PLC. PLC then hydrolyzes PIP; into IP3 and DAG and IP3 goes on
to induce release of Ca?* from the endoplasmic reticulum. In the process of this characterization
| have addressed some of the outstanding debate over the mechanism of OXTR signaling.
Principle amongst these is the role played by extracellular [Ca%*] ([Ca®*]e) after OXT stimulation
of OXTR. My data are in agreement with those who have suggested that the rise in OXT
mediated [Ca®*] is nifedipine insensitive, however the reduced amplitude of the Ca?* response
both during nifedipine and 0 Ca?* treatment demonstrate that an influx of [Ca?*]e does occur,
even if the response to OXT does not rely on it (Arrowsmith & Wray, 2014; Inoue et al., 1992). |
have also addressed the potential for OXT to induce a response in the RPE through other
mechanisms than its interaction with OXTR, for example through cross reactivity with the

vasopressin receptor (Kimura et al., 1994). | was able to abolish the OXT mediated [CaZ*];
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response in the presence of an OXTR specific antagonist, showing that the RPE cells response to

OXT is specifically mediated by OXTR.

Having established the mechanism of OXTR signaling in the RPE | shifted my focus to
addressing the first aim of this thesis, exploring the impact this signaling has on RPE physiology.
The regulation of Kir channels by PIP, has been extensively shown and it was this regulation
that brought my focus to Kir7.1 (Hatcher-Solis et al., 2014; Pattnaik & Hughes, 2009; Rohacs et
al., 2003). In chapter 2 | have demonstrated that OXT can inhibit Kir7.1, both in HEK-OXTR cells
expressing Kir7.1 eGFP as well as in freshly isolated mouse RPE. This result was consistent with
what we would expect, given the hydrolysis of PIP; by PLC, however the kinetics of the
inhibition revealed a more complicated picture. Previous work has demonstrated that PIP;
depletion following inhibition of phosphoinositide 3-kinase (PI3K) is immediately reversible
once P13K inhibition is removed and membrane PIP; can be replenished (Pattnaik & Hughes,
2009). My results show a time course of current inhibition that is consistent with PIP; depletion,
however | do not observe any recovery of current inhibition following washing of the cells with

OXT free HR solution.

To eliminate the potential for this result to be due to disruption of the intracellular
environment during whole cell recordings, possibly altering PIP, regeneration, | recorded from
Kir7.1 expressing HEK-OXTR cells using the perforated patch clamp configuration. Again |
observed a persistent inhibition of Kir7.1 following OXT treatment. The lack of recovery |
observed brought into question whether the inhibition was in fact due to PIP2 hydrolysis at all
or if | was observing a potential G-protein independent inhibition similar to the inhibition of

Kir7.1 described in MC4R neurons (Ghamari-Langroudi et al., 2015). To address this possibility |
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used the same pharmacological inhibitor of G-protein function, GDPBS, which was utilized in
the study on MC4R cells. In whole cell patch clamp recordings, with GDPS in the internal
solution, | found that the OXT mediated inhibition was completely abolished, demonstrating
that unlike the inhibition observed in MC4R neurons the OXT induced inhibition was dependent
on G-protein coupling. These results suggest a mechanism that begins with a G-protein
mediated inhibition of Kir7.1, likely by the hydrolysis of PIP,, but which persists through despite

the replenishment of membrane PIP;.

| can hypothesize about the cause of this prolonged inhibition but further study will
have to be done to clearly delineate its causes. One possibility that should be explored is that
OXTR activation is resulting in the internalization of Kir7.1. The internalization of OXTR has been
described before and is suggested to occur in a clathrin dependent manner (Conti et al., 2009;
Smith et al., 2006). While this type of internalization has not been described yet for Kir7.1, the
protein structure contains a consensus motif (YSHI [244-247 aa]) that has been shown in other
proteins to favor association with clathrin coated vesicles (Kumar & Pattnaik, 2014). Perhaps
then when OXTR is activated and internalized Kir7.1 is internalized as well through the same
mechanism. Additionally, work on K-ATP channels has shown that those channels can be
internalized in a caveolin dependent manner as the result of PKC activation (Jiao et al., 2008).
Not only has OXTR also been described to localize to caveolin domains but OXTR activation
leads to the activation of PKC, hinting at a second possible mechanism for the internalization
and subsequent prolonged inhibition of Kir7.1 (Guzzi et al., 2002). In chapter 4 | have been able
to demonstrate the co-localization of both Kir7.1 and OXTR to the apical projections of the

rhesus RPE which provides some support for this hypothesis although further sub-membrane
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localization will need to be established. This would explain the results we are observing as you
would expect to see fast inhibition of Kir7.1 through PIP; hydrolysis followed by the
internalization of the channel preventing the recovery of current when PIP; is regenerated by

PI3K. Hopefully, this and other explanations can be explored in the future.

Having demonstrated this potential mechanism for OXTR to modulate the function of
the RPE through alteration of ion homeostasis and membrane potential | turned my focus to
the potential downstream implications of OXTR activation, looking at the impact of
oxytocinergic signaling on the transcription and secretion of vascular growth factors. The
reason for this focus centers on a desire to find a cause for the persistence of ROP in infants
described in more detail in chapter 1.6. As we currently understand the pathogenesis of ROP is
driven by initial hyperoxia in the retina on birth in premature infants despite the regulation of
oxygen delivery. As modern medicine allows younger and younger infants to survive we are
seeing an increase in the incidences of ROP suggesting that factors arising from prematurity
itself play a role in the development of the disease (Sahin et al., 2014). Oxytocin has not only
been shown to induce blood vessel growth but its production also increases towards the end of
gestation indicating that premature infants will likely lack OXT (Cattaneo et al., 2008; Schubert
et al., 1981). Given these two facts | hypothesized that the lack of OXT in premature infants
could be a causal factor in the development of ROP. Having previously demonstrated the
apparent exclusive expression of OXTR in the RPE within the posterior retina of the rhesus and
human we set out to determine whether OXT could induce a change in RPE production of
angiogenic factors, primarily those associated with ROP. In chapter 3 | first looked at the effect

of OXT treatment of human fetal RPE cells on the expression of 88 different genes that have
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been associated with angiogenesis, including VEGF and IGF-1. While | found some changes in
the assayed genes, detailed in chapter 3, no genes previously implicated in ROP pathogenesis
were significantly altered. To address the potential immaturity of the fetal cells used, | isolated
and cultured mouse RPE and determined whether these mature cells had any alteration in the
expression of VEGF or IGF-1 following treatment with OXT. My results from these mouse cells
agreed with what | found with my human cells, indicating that OXT does not alter the

transcription of our genes of interest.

| then shifted my focus from changes in expression to actual changes in secretion.
Focusing on VEGF | utilized an ELISA assay to determine the level of VEGF in cell culture media
following 16 hours of exposure to RPE cells, either in the presence or absence of OXT. | looked
at the concentration of VEGF in the apical and basal media separately and found that there was
a small increase in apical VEGF concentration with increasing concentrations of OXT and this
increase was significant when comparing 10 uM OXT to untreated cells. The increase in VEGF
was not observed in the basal medium suggesting that OXT may be inducing a polarized
secretion of VEGF, preferring growth factor release towards the subretinal space and the retina.
VEGF secretion by the RPE has previously been shown to be in the basal direction so this
inversion of that secretion is a novel finding. The polarized secretion of VEGF would support a
role for OXT in mediating retinal vasculature specifically without interfering with the role played
by the RPE in choroidal development and maintenance (Marneros et al., 2005). To determine
whether the change in VEGF | observed could actually modulate angiogenesis | utilized two
functional angiogenesis assays, the capillary morphogenesis assay and the endothelial cell

migration assay. In both assays | used retinal endothelial cells (REC). Despite the statistically
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significant increase in VEGF concentration in the apical media with 10 uM OXT, | observed no
alteration in capillary morphogenesis when comparing REC’s incubated in the conditioned
media from OXT treated cells to those that did not receive OXT treatment. This lack of effect
was further demonstrated when | looked at REC migration, again showing no change in the
level of migration when comparing conditioned media from OXT treated cells to those that had
not received OXT. These results demonstrate that while there is a small but significant increase
in VEGF released by the RPE in response to OXT treatment the increased VEGF concentration in
the cell culture media is not sufficient to induce an angiogenic response by endothelial cells

that make up retinal vasculature.

In total the data presented in chapter 3 suggests that oxytocinergic signaling in the RPE
is not likely a major driver of retinal vascular growth and it is unlikely that it plays a major role
in the pathogenesis of ROP. | have not, however, addressed the potential for OXT to affect
vessel growth through stimulation of retinal cells expressing the receptor. Prior to the work
presented in this thesis | had not identified OXTR expression beyond the retina. However, in
chapter 4, | have shown that OXTR transcript is present in the mouse retina and that mouse
retinal tissue contains abundant OXTR protein. The fact that | see a change in the secretion of
VEGF by the RPE could also apply to cells of the retina and provides a way for OXT to mediate
VEGF in much closer proximity to the retinal vasculature. To further explore the role of OXT in
the retina it will be imperative to first characterize the cell types that are specifically expressing
the receptor. Once this is done the role of OXT in regulating retinal vascular growth or other

retinal functions can be further explored.
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In addition to demonstrating the expression of OXTR in the mouse retina | have also
explored the ontogeny of OXTR expression by the RPE in chapter 4. Given our hypothesized role
for OXT in the development of retinal vasculature knowing the timeline of OXTR expression
during development was imperative to understanding when OXT action could be present. To
determine this ontogeny I utilized the mouse as the majority of its retinal vascular development
occurs postnatally and along a well-defined timeline. | collected mouse RPE from mice aged
from postnatal day 0 (p0) to p20, at five-day intervals, as well as from adult mice. Following
mMRNA isolation from the RPE of these mice | performed gPCR to quantify OXTR expression and
found an interesting and complicated picture. | found no significant change in the relative
expression of OXTR across all age groups when that expression was compared to 18s rRNA.
However, when | compared the expression of OXTR to the RPE specific gene, RPE65, | found a
dramatic reduction in OXTR expression with increased age. These data suggest that OXTR
expression overall remains constant but that its expression relative to the RPE population is
much higher during early development than in the mature retina. As the RPE continues to
proliferate during the period | was studying it is possible that what | observed is a mechanism
through which the RPE works to keep total expression of OXTR in the RPE consistent,
independent of the number of cells present. As the retina matures and the RPE cells divide the
individual cell expression of OXTR would decrease to ensure the total population of OXTR
remains the same. Another possibility is that | observed a consistent level of OXTR expression
despite changes in the RPE population because my mRNA is not exclusively from the RPE and
instead contains mRNA from the retina as well. The level of expression | observed in the retina

was consistent with the average level of expression | detected in the RPE which would support
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this conclusion. This might explain the some of the variation across mice of the same age. It is
clear that the mouse RPE does exhibit some expression though, independent of the retina, as |
have demonstrated that Kir7.1 in mouse RPE cells responds to OXT treatment and in isolated

mouse RPE cells | showed that OXTR can be detected.

The significant variation in RPE cell expression is consistently observed at all ages and |
did not observe any correlation between the level of expression and the sex of the mice that
the RPE were isolated from. All mice studied were sacrificed at approximately the same time of
day (12PM), eliminating the possibility of circadian changes in OXTR expression. It is also
possible that there are distinct sub-populations of RPE that express OXTR at different levels,
perhaps because of the populations of photoreceptors they serve. However, | did not observe
any differential expression in the IHC performed on mouse retinas, where | found little to no
actual OXTR protein present in the RPE. The source of this variability then remains
undiscovered. Given the difference in OXTR expression within the mouse retina when
compared to the primate retina where we find little OXTR in the retina and robust staining of
OXTR in the RPE it is likely that this variation is a present only in the mouse and not the primate.
Perhaps in the mouse the function of OXTR is fulfilled by retinal cells making expression by the

RPE less important while in the primate the role falls more directly on the RPE.

In conclusion then, in this thesis | have looked at OXTR expression in the RPE,
characterized its signaling and looked at two potential implications of that signaling on retinal
development and function. | have shown that OXTR acts through the G-protein mediated
activation of PLC and the subsequent hydrolysis of PIP,. Through this G-protein mediated

signaling, OXT can induce the inhibition of the inwardly rectifying channel Kir7.1 resulting in an
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immediate and prolonged depolarization of the RPE cell. This inhibitory effect was observed in a
heterologous system as well as in mouse cells despite an apparent reduced expression of OXTR
in these cells relative to the primate. | have also demonstrated that OXTR can induce an
increase in the secretion of VEGF from human RPE cells but that this secretion is not the result
of alterations in gene expression. Furthermore, this increased secretion does not appear to be
adequate to induce angiogenesis in RECs. In addition to these findings | have demonstrated a
persistent gross level of average OXTR expression in the mouse RPE and retina independent of
the number of RPE cells, as determined by RPE65 expression. In individual mice the OXTR
expression of the RPE varies greatly, a phenomenon not observed in the retina. Finally, the
expression observed in the mouse appears to differ from that of the primate, with the mouse
showing robust expression of OXTR in the retina with variation in the expression in the RPE
while the primate shows limited to no expression of OXTR in the retina with robust staining of
the RPE. | was also able to localize this RPE expression in the primate to the apical processes
where it co-localizes with Kir7.1 and surrounds the cone photoreceptors. The implications of

these findings will be discussed in the next section.

5.2 Implications of Key findings

The goal of this project was to explore the expression of OXTR and the impacts of
oxytocinergic signaling in the RPE. The key findings | have made in pursuit of this goal have
numerous implications both within the eye and beyond. | have determined that OXTR can
inhibit Kir7.1 and that this inhibition results in a prolonged depolarization of the cells

membrane. This has clear implications for retinal physiology as Kir7.1 is an important regulator
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of several RPE functions including the transport of fluid from the subretinal space and
maintenance of subretinal ion homeostasis. Kir7.1 function is integral to maintaining RPE health
as evidenced by development of retinal dysfunction and disease in patients with non-functional
Kir7.1 mutations (Pattnaik et al., 2015; Shahi et al., 2017). Given this important role for Kir7.1
the regulation we demonstrate here is the first example of oxytocin having a functional impact
on retinal cells. Furthermore, | demonstrated that the mechanism of inhibition is G-protein
dependent. This might be expected given the broader literature on PIP; regulation of Kir
channels, however recent work has shown that in the case of Kir7.1 GPCR inhibition can occur
in a G-protein independent manner (Ghamari-Langroudi et al., 2015). The data presented here
demonstrates that this mechanism of inhibition is not shared across all GPCRs but is specific to

the MC4R.

In the RPE Kir7.1 inhibition by OXT has implications for our understanding of the
function of oxytocinergic signaling in the RPE. The prolonged inhibition that | observed hints at
a possible functional role for OXT as well as a possible mechanism for this inhibition, both of
which will help guide future work. The fact that the inhibition | see is prolonged suggests that
the role played by OXT may be in the induction of an extended phenomenon. Given the
previously observed localization of OXTR to cone photoreceptor outer segments it is possible
that this inhibition of Kir7.1 and prolonged depolarization plays a role in the maintenance of
phagocytosis. The process of phagocytosis occurs over a period of hours, followed by a
refractory period in which no phagocytosis can occur. Membrane depolarization has been
found to play a role in the initiation of phagocytosis in other cell types so it is possible the same

is true for the RPE (Link et al., 2010). As for the mechanistic implications of this discovery, the
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inhibition of Kir7.1 is consistent with the kinetics of inhibition by PIP, hydrolysis, however | did
not observe any recovery. This suggests that Kir7.1 might be lost from the membrane following
inhibition, either internalized with OXTR or through an alternative pathway. Both of these
findings require further exploration and impact our understanding of RPE physiology and the

broader regulation of Kir channels.

The implications of Kir7.1 inhibition by OXT are not limited to the eye but extend to
anywhere that both Kir7.1 and OXTR are co-expressed. Perhaps the most intriguing of these
places is the uterus, where Kir7.1 and OXTR have both been shown to play a role in the
initiation of parturition (McCloskey et al., 2014). In this study it was shown that reduced
expression of Kir7.1 occurs prior to the onset of parturition and that this results in an increase
in the contractility of uterine myometrium. They further demonstrate that this increase in
contractility is a result of membrane depolarization and that prolonged and powerful
contractions can be induced through application of the specific Kir7.1 inhibitor, VU-590
(McCloskey et al., 2014). Additionally, they were able to demonstrate a synergistic effect of OXT
and Kir7.1 inhibition on uterine contractility. OXT has a well described role in the initiation of
parturition and OXTR expression increases dramatically as parturition approaches. | therefore
propose that the OXTR mediated inhibition of Kir7.1 plays a role in increasing uterine

contractility and inducing prolonged contractions during parturition.

The work in this thesis also impacts the field by supporting earlier literature and
demonstrating a lack of OXT effect on retinal angiogenesis through the RPE. OXT initially
appeared to be a promising potential factor in mediating early retinal development. The

presence of such a factor is hinted at by the increase in instances of retinopathy of prematurity
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(ROP) as infants of ever decreasing gestational age can survive with modern medicine. The
potential for OXT to fill this role is discussed in the previous section as well as chapter 1. My
data, however, demonstrates that OXT does not likely play a role in regulation of retinal
vasculature, at least not through oxytocinergic signaling in the RPE. This supports previous
literature which describes the choroidal vasculature as the target of RPE mediated angiogenesis
while the effect of the RPE on the retina is primarily an anti-angiogenic protective role through
the secretion of PEDF (Dawson et al., 1999; Marneros et al., 2005). The alterations | did observe
in the expression of various angiogenic genes though, including a significant increase in
angiogenin expression and a decrease in hepatocyte growth factor, have implications for any
future work looking at the role of angiogenesis throughout the body. OXTR is expressed in
many tissues and cell types and the information obtained from this study will help guide others

as they study the potential role of OXT in those tissues.

The implications of my work on the ontogeny of OXTR in the RPE are more local,
bringing our focus back to the retina and the RPE. In this study | have revealed that there is a
difference in the pattern of OXTR expression between the mouse and the primate. The
difference between the two suggests that the role played by OXT in the eye might be different
between species and demonstrates that the mouse may not be an accurate model for the
effects of oxytocinergic signaling on vision in the primate. Despite this difference in expression
we know that OXTR is expressed in the RPE of mice, both through PCR and my studies showing
that OXT can induce the inhibition of Kir7.1 in freshly isolated mouse RPE. However, | have
shown that this expression is variable, with some populations of RPE showing little to no

expression while others exhibit robust expression. Perhaps this variability is a result of
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differential expression in RPE because of the populations of photoreceptors they associate
with. | have only been able to observe OXT expression in cone photoreceptor outer segments
so perhaps only populations of RPE associated with cones are expressing the OXTR receptor.
We know that RPE cells form photoreceptor type specific apical sheaths, supporting the
possibility variable gene expression between different RPE cell populations (Strauss, 2005). This
is only one possibility though and | did not observe a difference in expression across the frozen
mouse retina sections we used for IHC so there may be some alternative explanation and this

variability needs to be further explored.

5.3 Limitations of this study

As with any scientific work, the scope of this study is limited and, in many cases, creates
more questions than it answers. To acknowledge these questions and address other limitations

of the study | will discuss them here.

This thesis focuses primarily on characterizing OXTR signaling and expression within the
RPE. However, | do not address or explore the source of retinal OXT. The source of the peptide
is the key component in the development of any theory on the role of OXT in the retina. |
cannot determine whether OXT is used by the photoreceptors to initiate phagocytosis without
knowing whether OXT is produced by the photoreceptors at all, nor can | understand the role
played by OXT in retinal development without knowing whether retinal OXT is coming from the
hypothalamus or if it is produced locally. It is a distinct possibility that while OXT is not
produced in the fetal hypothalamus until relatively late in pregnancy it could very well be

expressed earlier in the developing fetal eye (Schubert et al., 1981). For any true understanding
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of the role played by OXT in the eye, we must first understand the source of OXT in that eye.
Prior to this work | had only demonstrated that OXTR was expressed in the primate RPE and
that OXT could induce a [Ca?*], response from hfRPE cells. This study represents only a second
step into our understanding of OXT in the retina and a significant amount of future work is

needed to expand on this knowledge.

There are other limitations of the work presented here as well, tied both to available
resources and practical considerations when undergoing scientific experimentation. My studies
on the mechanism of OXTR signaling as well as the work characterizing the effect of OXT on
angiogenesis both utilize hfRPE cells. These cells represent one major limitation of this study
because they are not mature RPE cells developed in the retinal environment. The development
of the RPE is heavily reliant on the retina and as such these cells may not exhibit all
characteristics of human RPE cells in vivo. We tried to maximize the similarities with in vivo
counterparts by culturing the cells on transwells in a monolayer and ensuring pigmentation but
nevertheless it cannot be guaranteed they are truly representative of in vivo RPE. To further
validate our results | looked at the effect of OXT on gene expression in ex vivo mouse RPE.
However, as | demonstrate in chapter 4, the mouse and human RPE and retina show different
expression of OXTR and as such the mouse are not likely to be representative of the human. In
addition to the use of hfRPE cells | also performed many of our electrophysiology studies in a
heterologous system, with HEK-293 cells expressing OXTR and Kir7.1 eGFP. These studies were
again validated in ex vivo mouse RPE but the previously mentioned concerns remain with that
model. HEK cells are commonly used for electrophysiology because they lack significant

endogenous current and there is no reason to doubt the applicability of our observations in
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these cells to other cell types expressing both Kir7.1 and OXTR but nevertheless it should be

mentioned.

Another limitation of this thesis lies in the isolation of RPE to analyze OXTR expression.
While | took steps to try to separate the RPE from the retina the possibility of contamination of
MRNA from one tissue with the other exists simply by the nature of their proximity. | address
this, in part, by looking at gene expression of groups of RPE and retinal cells dissociated and
then isolated with a glass capillary under a microscope. | found similar characteristics to the
gene expression in these populations as | found in the whole RPE and retina, with equivalent
average OXTR expression but a much higher level of variability in the RPE, however this
comparative analysis cannot definitively rule out the potential for cross contamination in the
whole RPE and retina samples. Another issue with the method of isolation used is that | have no
control over the populations of RPE being collected. The RPE is separated from the eye cup
through mechanical disruption and as such | have no idea of the origin of the RPE that detached
or the photoreceptors to which that RPE was associated. This may be a reason for the variability
| observe in RPE expression and a closer look at single cell expression between different

populations of RPE should be done in the future.

5.4 Future Studies

In the content of this chapter | have mentioned several future directions | can see to
address questions brought up by the data presented in this thesis. As | have stated, this work

has answered only a few questions and given rise to many others. In this section | will outline
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the future directions that might be taken to answer some of these questions with unlimited

time and resources.

Identify Source of Retinal Oxytocin

As | mentioned in section 6.3 one of the leading barriers to expanding our
understanding of the role played by OXT in the retina is the fact that we don’t know what the
source of retinal OXT is. This is a clear future direction that should be pursued. | have generated
preliminary evidence that shows that OXT mRNA can be found in the whole eye but | have not
successfully localized that expression to any one tissue or cell type. | attempted to address this
guestion through the development of a fluorescent in-situ hybridization (FISH) probe for OXT
which would allow us to visualize the presence of OXT mRNA within the retina. However,
despite some early promising results | was not able to generate a successful probe. In the
future this direction should be continued. Once the source of OXT is identified the temporal
expression and secretion pattern of the gene should be determined. Oxytocin in the eye has
been shown to follow a diurnal pattern with higher OXT levels during the day (Gauquelin et al.,
1983). Our discovery of OXT around the outer segments of the cone photoreceptors could
explain this daytime increase as this would be the time when cone PR are most active.
Alternatively, hypothalamic OXT has been shown to follow a circadian pattern of secretion and
an increased release in response to light, meaning systemic OXT could also explain the
variability in retinal OXT throughout the day (Devarajan et al., 2005). This ambiguity means that

successful pursuit of this direction is necessary, as identifying the true source of OXT can not
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only provide context to the work we have already done but it will go a long way to determining

the role of OXT in the retina.

Determine mechanism of prolonged Kir7.1 inhibition

Another important future direction that should be pursued is exploring the cause of the
prolonged inhibition that | observe for Kir7.1. As | have discussed, one possible reason for this
inhibition could be the internalization of the channel. OXTR is internalized after activation in a
clathrin dependent manner and Kir7.1 has been suggested to associate with clathrin, so
perhaps they are internalized together (Kumar & Pattnaik, 2014; Smith et al., 2006). The non-
clathrin mediated internalization of Kir channels has also been described previously where PKC
has been shown to mediate the caveolin dependent internalization of K-ATP channels (Jiao et
al., 2008). Given this information | think that the potential internalization of Kir7.1 should be
explored. To determine whether internalization occurs live cell imaging could be performed on
HEK-OXTR cells expressing Kir7.1 e-GFP. Following treatment any translocation of Kir7.1 from
the membrane to the cytoplasm should be visible. Additionally, following OXT treatment
membrane proteins could be extracted and separated from cytosolic proteins and quantified
using western blot to identify whether there is any change in their ratio. These two tests should
be able to demonstrate whether internalization is occurring and, depending on the results, the
mechanism of that internalization could be further explored or alternative explanations could
be discussed. In addition to looking at the internalization of Kir7.1 it would also be beneficial to
look at the localization of the channel relative to OXTR. The interaction between the receptor
and the K* channel suggest that they are close together and | have demonstrated their apical

localization in chapter 4. However, describing their sub membrane localization would be helpful
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not only in characterizing their interaction but in identifying the mechanism of inhibition. For
example, localization of Kir7.1 to caveolae could point to PKC mediated endocytosis as shown

with K-ATP channels (Jiao et al., 2008).

Characterizing OXTR expression within Mouse Retina

One of the key findings presented in this work is the presence of OXTR expression in the
mouse retina, a phenomenon that | have not observed previously in primate retinas. From my
IHC sections the expression appears to be relatively homogenous, however a closer look at the
cell specific expression needs to be done. It is necessary to know specifically which cells are
expressing the receptor so that we can direct our focus in studying what the role of the
receptor might be within the retina. Dissociation of the retina as | performed in chapter 4,
followed by isolation of single cells, could be repeated and single cell-PCR should be performed.
To accomplish this the single cell is frozen at -80°C to lyse the cell membrane and release
MRNA. Then cDNA synthesis is performed on the single cell followed by multiplex PCR to
amplify the gene of interest. This process requires two steps of PCR, with two sets of gene
specific primers, one set that corresponds to a sequence that lies within the product of the
other. The first set of primers (external primers) are used in the initial round of PCR and the
product from that reaction is taken and PCR is run again, this time using the second set of
primers, allowing for further amplification without loss of specificity. | have successfully used
this technique in the past, shown in appendix 1, and it will give targeted information on the cell

specific expression of OXTR (Phillips et al., 2018; Shahi et al., 2017).

Explore alternative models of retinal OXT signaling in vivo
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As | have shown the mouse is not an ideal model for the OXTR signaling as it occurs in
humans. For that reason it is important to identify another species which not only serves as a
more accurate model but can be reliable and easily housed in a cost-effective manner. One
possible candidate is the ground squirrel. While larger then mice, these animals are small and
relatively inexpensive when compared to nonhuman primates. Additionally they could
potentially be a powerful model as their retinas are extremely cone heavy, with 7.5 million
cones to only 1.2 million rods (Kryger et al., 1998). Given our localization of OXT to the cone
photoreceptor outer segments these animals provide a unique opportunity to explore the
potential retinal production of OXT and to determine whether that production is photoreceptor
specific. In addition to this we would also need to determine whether OXTR is expressed in the
retina and whether this expression follows the pattern observed in primates. If that is the case

these animals may serve as a good model for future studies.
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Appendix 1: Characterization of iPS derived photoreceptors
Work published as part of the following collaboration:

A Novel Approach to Single Cell RNA-Sequence Analysis Facilitates In Silico Gene Reporting of
Human Pluripotent Stem Cell-Derived Retinal Cell Types

M. Joseph Phillips, Peng Jiang, Sara Howden, Patrick Barney, Jee Min, Nathaniel W. York, Li-
Fang Chu, Elizabeth E. Capowski, Abigail Cash, Shivani Jain, Katherine Barlow, Tasnia
Tabassum, Ron Stewart, Bikash R. Pattnaik, James A. Thomson, David M. Gamm.

Published in Stem Cells, Volume 36(2), November 2017, Pages 313-324 (Phillips et al., 2018)
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Introduction

During my time in the Pattnaik lab | had the opportunity to collaborate with other
researchers on campus. This work was the product of one such collaboration in which | worked
with Dr. Joseph Phillips and Dr. David Gamm to identify whether human induced pluripotent
stem cells (hPSC) derived photoreceptors that they had developed exhibited the
electrophysiological properties associated with rods and cones. This served as part of a broader
project focused on evaluating the composition of hPSC derived optic vesicles (hPSC-OV) during
their differentiation. While RPE cells derived from these cultures can be identifies and cultured
with relative ease the neural retina is much more complex. Using single cell RNA-seq, Phillips et
al. set out to identify the diversity and authenticity of cell types during hPSC-OV differentiation.
To support this study they developed an hPSC reporter line that expressed the tdTomato gene
under the control of the CRX promoter. This promoter is active in PR’s from early retinogenesis
through maturity allowing identification of photoreceptors during all stages of development
(Collin et al., 2016). My contribution to this work was to assay the functional maturity of
differentiated photoreceptors from early and late stage hPSC-OV cultures. Utilizing whole cell
patch clamp electrophysiology | recorded whole cell current from single CRX positive cells. |
retrieved cytoplasm from a subset of cells and identified rod vs cone identity using RT-PCR. |
determined that PRs from the earlier time points were predominately cones whereas cells from
the later time point where predominately rods. These observations are consistent with previous

mouse studies and suggests that these hPSC-OV derived PR are authentic (Pattnaik et al., 2000).

This work, while not directly applicable to the aims of my thesis, will have an impact on

future studies of retinal development and PR-RPE interactions and therefore oxytocinergic
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signaling within the retina. Developing and characterizing a working hPSC-OV culture will allow
us for future in vitro studies on the development and function of the neural retina and RPE in a
much more accessible way then is currently possible. Showing that the progeny of these OV’s

are authentic helps to legitimize this culture as a model for this future work.

Methods
Complete methods used can be found in the full paper (Phillips et al., 2018). Here | have

listed the methods | used for my contribution to the study.

Electrophysiology —Tdtomato fluorescence positive cells were recorded in the standard
whole-cell patch-clamp mode using an upright FN1 microscope (Nikon, Melleville, NY). Hepes
buffered Ringer’s solution was used to perfuse the recording chamber (135mM NaCl, 5 mM KCl,
1.8mM CacClz, 1ImM MgCl,, 10mM HEPES and 10mM glucose with pH adjusted to 7.4 using
NaOH). The patch pipettes used measured 3-7 MQ, when filled with a solution (83 K-gluconate,
30 KCL, 0.5 CaCly, 4 MgCly, 5.5 EGTA-KOH, 10 HEPES, 4 K»-ATP in mM with pH adjusted to 7.2
using KOH at 22°C). Current responses were measured by applying a 2 sec voltage ramp
protocol (from -150 to 50 mV while holding the cells at -60 mV during the inter-pulse interval).
Data were acquired using p-Clamp10 (Axopatch 200B and Digidata 1440 from Molecular

Devices, CA) and analyzed off-line using Clampfit-10, and Microsoft Excel or Origin-9.

Single-Cell RNA Isolation and RT-PCR- Following electrophysiological recording the
patch pipette was used to collect and deposit the cell in a PCR tube, where it was stored at -
80°C. The same day, amplification of mMRNA was performed by reverse transcription using the

SuperScript Ill First-Strand Synthesis System (Life technologies). The collected cell was
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incubated for 5 minutes at 65°C in a 10 pL solution containing 5uM oligo(dT)20 and 1ImM dNTP
mix. After a minimum of 1 minute at 4°C, 10uL of cDNA synthesis mixture containing 2X RT
buffer, 10mM MgCl,, .02 M DTT, 40 U RNaseOUT and 200 U SuperScript lll was added. Reverse
transcription was performed using the ProFlex PCR system (Life technologies) at 50°C for 50
minutes, followed by termination 85°C for 5 minutes and chilling at 4°C. 1 uL of RNase H was
added and the mixture was incubated at 37°C for 20 min, after which cDNA was stored at -20°C

or used immediately for PCR.

PCR on single-cell cDNA- To probe for expression of THRB or NRL by recorded cells a 2
step nested PCR was utilized. In the first step each PCR reaction used 1X MyTaw HS Mix
(Bioline, Taunton, MA, USA), 200nM external forward primer, 200nM external reverse primer,
between 2 and 15 pL of RT-PCR Product, brought to a total volume of 50 uL with RNase-free
water. PCR began with one cycle at 95 °C for 1 min, followed by denaturing, annealing and
extension for 35 cycles at 95°C for 15 s, 51°C for 15s and 72°C for 10s, respectively. The second
step used 1X MyTaw HS Mix (Bioline, Taunton, MA, USA), 200nM internal forward primer,
200nM internal reverse primer, 2-3 uL of the product from step one, brought to a total volume
of 50 uL with RNase-free water. The same cycling conditions were used for this step, with the
exception of the annealing temperature, which was changed to 52°C. The second step PCR
product was resolved in a 3% agarose gel (Bioline, Taunton, MA, USA) and documented using

the FOTO Dual Trans-illuminator (FOTODYNE, Hartland, WI, USA)
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Results

To determine whether a physiological distinction was present between photoreceptors
expressing rod and cone markers whole cell electrophysiological current was recorded from
each population. Cells were identified by their expression of tdTomato (Figure 1b) and
cytoplasm was collected following recording for so that cells could later be identified by single
cell PCR. Expression of neural retina leucine zipper protein (NRL) or thyroid hormone receptor
B2 (THRB), key transcription factors in the differentiation of rods and cones respectively, were
used to determine the identity of recorded cells (Figure 1c). In later cultures | observed NRL
positive cells with a current profile consistent with previous literature. From this time point |
found THRB cells but they did not exhibit current consistent with what would be expected of
cones (Figure 1a). However, cones are known to mature prior to rods so we repeated
recordings using an earlier culture. In these cells THRB positive cells did exhibit characteristic

cone current (Figure 1a).

Discussion

Electrophysiology demonstrated a significant difference in the current profiles of CRX
positive cells identified as rods or cones by the presence of genetic markers for each. In the
differentiated population NRL positive cells appear to have a current profile that is
characteristic of rod photoreceptors, supporting the hypothesis that these iPS derived cells are
physiologically mature rods. As cones develop earlier than rods | looked at cells from an earlier
culture and found THRB positive cells that express current characteristic of cones. This evidence
not only demonstrates that CRX positive cells generated from this iPS culture are in fact

functional rods and cones it also shows that they follow the same differentiation timeline with
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cones maturing earlier than rods. It also suggests that mature photoreceptors degenerate over

RL NRL(-) THRB THRB(-)

time in this culture model.

6007

— Cones
— Rods

| (PA)

400

40

Figure Al.1: Electrophysiology of hPSC derived photoreceptors A. Average current-voltage plot
is shown from cone marker positive (n=5) and rod marker positive (n=5). B. Photoreceptor
identified by tdTomato flouresense and morphology, including neuronal projections,
superimposed as bright field and fluorescence image. C. Agarose gel electrophoresis of Single
cell PCR results shows NRL positive cell in Lane 2 and THRB positive cell in Lane 4 with
respective negative control adjacent.
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Appendix ll: Original Manuscript, Oxytocin (OXT)-stimulated inhibition
of Kir7.1 activity is modulated by PIP,-dependent Ca?* response of the
Oxytocin receptor in the Retinal Pigment Epithelium in vitro, as
published
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ABSTRACT

Oxytocin (OXT) is a neuropeptide that activates the oxytocin receptor (OXTR), a rhodopsin family G-protein
coupled receptor. Our localization of OXTR to the retinal pigment epithelium (RPE), in close proximity to OXT in
the adjacent photoreceptor neurons, leads us to propose that OXT plays an important role in RPE-retinal com-
munication. An increase of RPE [Ca® *]; in response to OXT stimulation implies that the RPE may utilize oxy-
tocinergic signaling as a mechanism by which it accomplishes some of its many roles. In this study, we used an
established human RPE cell line, a HEK293 heterologous OXTR expression system, and pharmacological in-
hibitors of Ca®* signaling to demonstrate that OXTR utilizes capacitative Ca®>* entry (CCE) mechanisms to
sustain an increase in cytoplasmic Ca® *. These findings demonstrate how multiple functional outcomes of OXT-
OXTR signaling could be integrated via a single pathway. In addition, the activated OXTR was able to inhibit the

Kir7.1 channel, an important mediator of sub retinal waste transport and K* homeostasis.

1. Introduction

Oxytocin (OXT) is a cyclic nonapeptide produced in the para-
ventricular and supraoptic nuclei of the hypothalamus [1]. Although
best known for its association with parturition and lactation, OXT also
has numerous central and peripheral effects, including, but not limited
to, the modulation of sexual and social behavior, influence over meta-
bolic activity in adipose tissues, and skeletal muscle maintenance [1,2].

The RPE is a monolayer of polarized cells that serve as a physical
and protective blood-retina barrier and act as a facilitator of photo-
transduction in the photoreceptors [3]. The RPE also mediates the bi-
directional transport of nutrients between the choroid and photo-
receptors, maintains the ionic composition of the subretinal fluid, and
facilitates phagocytosis of photoreceptor outer segments that are shed
on a daily basis. It is not fully understood how the RPE and

photoreceptors coordinate their function. What is known, however, is
that autocrine and paracrine signaling in the RPE involves G protein-
coupled receptors (GPCR), including the dopaminergic, adrenergic, Poy-
purinergic, and serotoninergic receptors [4-9].

We have shown that OXT is a potential mediator of retinal phy-
siology given its presence in the cone photoreceptor extracellular ma-
trix [10]. Moreover, the oxytocin receptor (OXTR) is expressed in the
retinal pigment epithelium (RPE) where we have shown that OXT can
induce an increase in [Ca® *];, leading to our hypothesis that oxytoci-
nergic signaling may serve as a means for communication between cone
photoreceptors and the RPE [10]. OXTR is a GPCR and like the afore-
mentioned receptors, it activates a phospholipase C (PLC)-mediated
signaling pathway, thereby stimulating PIP, hydrolysis and resulting in
arise in [Ca%*]; [11].

Facing the photoreceptor outer segments on the apical membrane of
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the RPE cell is the inwardly rectifying potassium (Kir7.1) channel
[3,12]. As its name suggests, Kir7.1 exhibits a large inward K* current
at hyperpolarized membrane potentials. However, at physiological
membrane potentials, the channel facilitates the efflux of intracellular
K™ [13,14]. This, combined with its co-localization with Na*-K*-A-
TPase, makes Kir7.1 integral to the maintenance of the K* transport
needed for transepithelial fluid transport [15-17]. Kir7.1 function is
also directly mediated by PIP,, supporting the possible regulation of
Kir7.1 by OXTR through PLC-activated PIP, hydrolysis [18]. Under-
standing how Kir7.1 is regulated is clinically important, as disrupted
Kir7.1 function is a known cause of the retinal diseases of Snowflake
Vitreoretinal Degeneration and Lebers Congenital Amaurosis — Type 16
(LCA16) [19,20]. A direct impact of Kir7.1 on retinal function and vi-
sion can be clearly seen following RNA interference (RNA;) knockdown
of Kir7.1 in mice, resulting in a characteristic and abnormal electro-
retinogram (ERG) [21].

In the present study we sought to delineate the mechanism by which
OXT elicits an increase in [Ca?*]; and how this may affect Kir 7.1
function in the RPE by using cultured hfRPE cells. We also studied a
human embryonic kidney (HEK293) cell line with heterologous ex-
pression of human OXTR to study the effects of OXTR on the Kir7.1
channel without the complex interactions inherent in the intact RPE
cell. Lastly, we used adult mouse RPE cells to demonstrate the link
between Kir7.1 channel function and OXT-OXTR signaling.

2. Materials and methods
2.1. Reagents

All chemical reagents were purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO), Thermo Fisher Scientific (Thermo Fisher
Scientific, Waltham, MA), or Gibco (Grand Island, NY), unless other-
wise specified.

2.2. Solutions

HEPES Ringers (HR) extracellular bath solution was prepared using
(mM) 135 Nacl, 5 KCl, 1.8 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, and
adjusted to pH 7.4 with NaOH. K™ inhibition solutions require the same
composition with 115 mM NaCl and the addition of 20 mM BaCl, or
CsCl,. Ca® *-free extracellular bath solution was prepared using (mM)
135 NaCl, 5 KCl, 1 MgCl,, 10 glucose, 10 HEPES, 2 EGTA-KOH, and
adjusted to pH 7.4 with NaOH. Final concentrations of 0.01, 0.1, 1, 6,
10, or 100 M OXT were prepared in either HR or Ca®*-free extra-
cellular solutions. Extracellular solution containing the Ca®>* channel
blocker nifedipine was prepared by diluting to 10 uM final concentra-
tion in HR. A final concentration of 60 uM 2-APB (Tocris Bioscience,
Bristol, UK), an IP3R inhibitor, was prepared in HR.

2.3. Cell culture

Passages 1-3 cryopreserved Primary Clonetics™ Human RPE cells
(hfRPE) (LONZA, Walkersville, WA) were cultured using a previously
published protocol [10].

HEK293 cells were obtained from ATCC (Manassas, VA). To generate
HEK-OXTR line, cells were transfected with a pcDNA6/HisC plasmid-
containing human OXTR via nucleofection (4-D Nucleofector, LONZA) as
per the manufacturer's instructions. Cells were cultured in a 60 mm
culture dish in complete growth medium (DMEM + 10% Fetal Bovine
Serum + 1% Pen-Strep). Twenty-four hours after transfection, culture
media was supplemented with 10 pg/mL blasticidin (Thermo Fisher
Scientific) to select for cells expressing the OXTR-containing plasmid.
Individual surviving cell colonies were selected and grown in culture
media containing blasticidin in 24-well plates. OXTR expression was
verified by indirect immunofluorescence and Ca®* imaging. OXTR po-
sitive cells were cryo-preserved and subcultured for experimental usage.
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hfRPE culture media was prepared using MEM alpha base medium,
1% N-2 supplement, 1% glutamine, 1% pen-strep, 1% MEM non-es-
sential amino acids, taurine, hydrocortisone, and 3, 3’, 5-triiodo-
thryonine. HEK cell culture complete growth media was prepared using
10% FBS and 1% PenStrep diluted in DMEM.

2.4. Ca®* imaging

hfRPE cells were grown on coverslips and incubated in 5 pM FURA-
2 penta-acetoxymethyl ester (AM) in hfRPE culture media + 0% FBS for
30 min in a dark environment. Selective Oxytocin antagonist, desGly-
NH,-d(CH,)s[D-Tyr? Thr*]OVT, (OTA) was generously provided by Dr.
Maurice Manning (University of Toledo, OH). 100 uM OTA was in-
cluded in FURA incubation solution as well as perfusion solution. HEK-
OXTR cells grown on coverslips were incubated with 5 uM Fura-2 AM in
serum-free DMEM under the same conditions. Following incubation
with FURA-2 AM, coverslips were rinsed x 3 in HR solution and
transferred to the recording chamber (Warner Instruments, Hamden,
CT) on the microscope stage (Nikon FN1, Nikon Instruments Inc., New
York, NY). hfRPE cells were continuously perfused with HR or Ca®™-
free solution containing tested compounds (OXT, nifedipine, 2-APB,
OTA) and were exchanged using a gravity-feed 8-valve solution ex-
change system with a ValveLink Pinch Valve (Automate Scientific,
Berkeley, CA) controlled through ValveLink8.2 (Automate Scientific,
Berkeley, CA). HEK-OXTR cells were continuously perfused with HR,
and HR solution containing OXT or ATP was exchanged using the same
system.

Images were acquired every 10s using a 20 X water immersion
objective (NA = 0.5) and Lambda LS lamp (Shutter Instruments,
Novato, CA). The 300 ms shutter speed and 340 and 380 nm excitation
wavelengths were controlled by the Lambda 10-2 controller (Sutter
Instruments), and emission was set to 518 nm. Image frames from the
CoolSnap HQ Photonics camera (Nikon) were digitized and stored for
off-line analysis. Background and calibration images were similarly
acquired and used to obtain absolute changes in fluorescence values. All
distinct, visible cells in a visual field had regions of interest defined
using NIS-elements software thresholding intensity feature to identify
cells by intensity at 380 nM excitation and the amplitude of the R (340/
380) was measured.

The calcium concentration was calculated using the equation: [Ca]
= Kq# (R = Rmin)/(Rmax = R)Fmax">*/Frmin "), assuming the K4 to be
225nM in the cytosolic environment [22]. Calibration values were
determined using 10 uM ionomycin to permeabilize cells to Ca*>* and
exposing them to [0] Ca? ™ solution or HR to obtain min and max va-
lues, respectively. Values were determined separately for hRPE and
HEK-OXTR cells.

2.5. Live-cell fluorescence imaging

Plasmids encoding the PH domain of phospholipase Cdl fused to
GFP (PH-GFP kindly provided by T. Balla, NIH) or GFP fused to C1
domains from protein kinase C (PKC-GFP kindly provided by T. Meyer,
Stanford) were used for live-cell fluorescence imaging [23,24]. After
24 h of plasmid transfection into HEK-OXTR cells using TransIT-LT1
(Mirus Bio, Madison, WI), cells were dissociated and plated onto la-
minin-coated coverslips (12 mm #1; Thermo Fischer Scientific).

Imaging was performed between 48 and 72h post-transfection
while cells were perfused with HR alone and OXT dissolved in HR.
Using 470 nm excitation and 525 nm emission, images were acquired
every 10s. 10 uM OXT was used to stimulate cells. The images were
analyzed off-line using scans of either membrane or cytoplasmic ‘re-
gions of interest’ (ROI).

2.6. Animal handling and RPE isolation

Mouse RPE was isolated from 6 to 8 wk old C57BL6 mice (The
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Fig. 1. OXT activation of OXTR in hfRPE cells. (A) Representative traces of individual
hfRPE cells during 0.01, 1, or 100 uM OXT bath solution showing a change in R (340/
380). (B) OXT-activated increase in intracellular Ca2+-response curve normalized (R/
Rpeal) to the average peak R (340/380), 0.18 + 0.01, acquired at 100 uM OXT as a
function of OXT concentration. Scatter plots represent the average of five experiments
(n = 150 cells for each dose, 0.01, 0.1, 1, 10, and 100 pMOXT) and are reported as
mean *= SEM. The curve shown is the best fit of the data using the Hill equation. Values
obtained for ECs and Hill coefficient were 341 nM and 0.77 = 0.07, respectively.

Jackson Laboratory, Bar Harbor, ME) used for research in accordance
with the recommendations of the guide for the care and use of laboratory
animals by Association for Research in Vision and Ophthalmology
(ARVO) with housing and care reviewed and approved by the UW-
Madison Animal Care Committee. Mice were anesthetized and sacrificed
by cervical dislocation. The eyes were enucleated, immediately placed in
chilled 0 Na, Ca-Mg free (ONa-CMF) solution (135 mM NMDG-CI, 5 mM
KCl 10 mM HEPES, 10 mM Glucose, 2 mM EDTA-KOH and pH adjusted
to 7.4) and washed two times. An incision was made in the scleral buckle
with a sharp needle. Vannas scissors were used to cut along the scleral
buckle to open the eye, and the anterior cornea, iris and lens were dis-
carded. With the use of surgical forceps, the thin layer of retina was
removed. The posterior eye cup with the intact retinal cells was then
transferred to an enzymatic solution (0.375 mg/mL Adenosine, 0.3 mg/
mL 1-Cysteine, 0.25 mg/mL Glutathione, 0.05 mg/mL Taurine, 2.5 pul/mL
papain and 5 pL/mL DNAse (0.8 mg/mL-stock) dissolved in ONa-CMF
solution for digestion and incubated in 2 mL tube at 37 °C for 30 mins.
The reaction was stopped using 0.01% BSA solution and the eye cups
were washed gently with warm HEPES ringer solution (135 mM NaCl,
5 mM KCl, 10 mM HEPES, 10 mM Glucose, 1.8 mM CaCl,, 2 mM MgCl,
and pH adjusted to 7.4).

2.7. Electrophysiology

For electrophysiology using HEK-OXTR cells, 1.8 x 10° cells were
plated in a 35mm dish overnight. The following day, cells were
transfected with an N-terminal GFP-labeled Kir7.1 plasmid using a
standard TransIT LT-1 protocol at 37 °C for 24 h, after which the cells
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were transferred to coverslips and placed in reduced-serum media at
37 °C overnight. Cells were selected for recording by the presence of
GFP fluorescence in the membrane.

For electrophysiology using murine RPE cells, cells were isolated
from 8wk old C57BL/6 mice by enzymatic digestion of the eye cup.
Following digestion, RPE cells were identified by their morphology. All
recordings were performed in whole-cell patch-clamp configuration.
During the recording, HR was used in the bath. Once current was stable,
RPE cells were perfused with 10 uM OXT whereas HEK-OXTR cells were
perfused with 100-500 nM OXT. Potassium ion current in cells was
blocked using 20 mM CsCl, to identify the proportion of total current
for which Kir channel was responsible. The pipette solution contained
30 mM KCl, 83 mM K-gluconate, 5.5 mM EGTA-KOH, 0.5 mM CaCl,,
0.5 mM MgCl, and 10 mM HEPES. All recordings were performed using
an electrophysiology rig built around a Nikon FN1 microscope and
consisting of a fixed stage (Nikon, USA), PATCHSTAR micropositioner
(Scientifica, East Sussex, UK), low noise amplifier, D/A convertor, and
pClamp-10 software (all from Molecular Devices, Sunnyvale, CA). We
used a micropipette with a 5-7 MQ tip and recordings were made using
a 2 s ramp protocol from — 150 mV to 50 mV to monitor Kir7.1 current
while holding cells at — 60 mV in the inter-pulse interval.

2.8. Statistical analyses

Data from the Ca®>* imaging and electrophysiology experiments
were analyzed using the Student's t-test. All curve fitting, statistical
tests, and plotting of data was performed with Origin (OriginLab
Corporation, MA). The dose-response was calculated with the equation
V¥ = Rumin + (Rmax — Rmin) 7/ (1 + 10°((LogECso — x) * HillSlope)).
Ca®' response decay was fit with the exponential equation
¥ = yo + AeR%% using Origin. Confidence interval for the ratio of means
was calculated using method described by Cochran (1977, Section 6.4,
Eq. 6.13) [25]. Data are expressed as mean = SEM. Significance was
determined to be present at P < 0.05.

3. Results
3.1. Dose-response effects of OXT in activating hfRPE cell [Ca® " ];

We have previously shown that OXT induces an increase in hfRPE
[Ca%*];, so we used [Ca®™]; as a variable to determine the dose-de-
pendent response to OXT [10]. hfRPE cells were stimulated by OXT
concentrations ranging from 0.01 to 100 pM, and [Ca? *]; represented
by R (340/380), was measured. OXT concentrations of 0.01, 1, and
100 uM showed a progressive increase in [Ca® ], (Fig. 1A). 100 pM
OXT induced an average increase in R (340/380) of 0.2 (Fig. 1A). Using
R values normalized to Rpeak (0.63; R/Rpeal), @ dose-response curve was
generated (Fig. 1B). The dose-response curve exhibited a sigmoidal
shape with ECsy 0.341 pM OXT and Hill coefficient 0.77 + 0.07.

3.2. Selective inhibition of hfRPE Ca®* response by selective OXTR
antagonist

To demonstrate that the observed Ca?™* response was specifically
mediated by OXTR we utilized the potent selective OXTR antagonist,
desGly-NHz-d(CHz)s[D-Tyrz,Thr4]OVT (OTA). Following pre incuba-
tion with 100 uM OTA we observed a severe reduction of response re-
lative to HR controls performed on the same day (Fig. 2A/B). On
average, while 10 yM OXT was able to elicit a 4 += 0.5 (n = 39/2
coverslips) fold increase in intracellular calcium, pretreatment of cells
with 100 uM OTA significantly reduced the Ca®>* response to merely
1.3 = 0.1 (n = 55/3 coverslips) fold increase (P < 0.001, Fig. 2B).
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3.3. The OXT-induced initial increase of hfRPE [Ca® * ]; is not dependent on
extracellular Ca®*

In addition to mobilizing stored intracellular Ca®>* via IP5R, activa-
tion of OXTR is thought to stimulate CaV channels, thereby causing an
influx of extracellular Ca%™* [26-28]. Thus, to determine whether ex-
tracellular Ca®>* contributed to the OXT-induced transient increase in
hfRPE [Ca? *];, hfRPE cells were exposed to OXT in HR, the CaV specific
inhibitor nifedipine in HR and to Ca®*-free extracellular solution.
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Fig. 2. OXT mediated calcium response is
specifically through OXTR activation. (A)
Average Ca®>* mobilization in response to
10 uM OTA from all hfRPE cells in a visual
field on a coverslip incubated with OTA
(black trace) or HR (red trace) only. (B)
Average fold increase in calcium in HR
(Red bar, n =39 ROI/2 coverslips) or
after OTA incubation (Black bar, n = 55
ROI/3 coverslips) (P < 0.005).

HR OTA

(Fig. 3). We found that 10 uM OXT induced an increase of 1.3 + 0.2 uM
[Ca%*]; in cells tested using HR solution and 611 = 130 nM in cells
perfused with HR solution including nifedipine. Ca®*-free solution was
used to determine the gross effect of extracellular Ca®*, including CaV
channels. Stimulation of hfRPE cells in Ca®*-free extracellular solution
with 10 uyM OXT induced a 685 * 106 nM increase in [Ca? *1; (Fig. 3Q).
We compared the average [Ca®*]; response to OXT in HR, Ca®* free
medium and HR-nifedipine (Fig. 3D), and fit a 1st order equation for the
average Ca® " time to decay from peak response. Elevated Ca>* returned
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Fig. 3. A) Average time course of hfRPE [Ca®*]; in response to OXT treatment during incubation with HR solution (n = 79 ROI/2 coverslips). B) Average time course of [Ca®"]; in
response to OXT treatment during incubation with nifedipine (n = 158 ROI/3 coverslips). C) Average time course of [Ca® *]; in response to OXT treatment during incubation with 0 Ca® *
solution (n = 174 ROI/4 coverslips). D) Recordings in all three conditions aligned by their pre-treatment baseline to allow comparison of rise time and amplitude. E) Rate of decay of each
treatment, normalized to HR peak with exponential fit included in color. F) Time constant for decay rate in the presence of these three treatments.
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Fig. 4. hfRPE OXT response is inhibited by the IPsR antagonist, 2-APB. A) Example of Ca?* response to OXT in HR solution compared to OXT response in 2-APB treated cells. Color
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when stimulated with 10 uM OXT in HR (pink) and 10 uM OXT in 60 uM 2-APB (black). (C) Fold increase in [Ca® *]; after 10 uM OXT treatment in HR (black) or 60 uM 2-APB (red),
relative to baseline taken by averaging five points prior to treatment. This plot demonstrates a significant inhibition (P < 0.0001) in the Ca®* response in hfRPE cells following
treatment with 2-APB. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to baseline, with time constants (t) of 0.35 * 0.02 (r [2] = 0.99),
0.34 = 0.03 (r [2] = 0.99), and 0.20 = 0.005 (r [2] = 0.99) min for
Ca®™*-free, nifedipine, and Ringer's solution, respectively (Fig. 3E).

3.4. 2-APB reduces the OXT-induced increase of hfRPE [Ca®*];

In non-retinal tissues, OXTR activation by OXT is known to cause
the PLC-mediated generation of IP3, IP3-IP3R binding and an increase in
[Ca%*]; due to IP;R-mediated mobilization of Ca?* from intracellular
stores [29]. To determine whether the OXT-induced increase of hfRPE
[Ca®™*]; is similarly initiated through the IP;R-mediated mobilization,
we used the IP3R antagonist, 2-APB. In the presence of 60 UM 2-APB we
found that the Ca®* response to 10 uM OXT was virtually abolished in
hfRPE cells (Fig. 4). Fig. 4B demonstrates the significance of this in-
hibition by comparing the average [Ca®"]; response to 10 uM OXT
response from an entire visual field of hfRPE cells, captured with a 20 x
objective, in a coverslip exposed to 60 uM 2-APB versus one exposed to
OXT alone. The fold increase in [Ca? ™ ]; relative to pre-OXT baseline
supports that there is a significant inhibition of OXT effect by 2-APB
(P < 0.0001) (Fig. 4C). While 2-APB has also been shown to inhibit
TRP channels, the maintenance of a [Ca® *]; response in the presence of
Ca-free solution suggests that TRP channels are not required for the
OXT-mediated response, supporting that our observation that inhibition
is through IP3R.

3.5. Development of HEK-OXTR cell line

To facilitate further study of OXTR signaling, we generated a stably-
transfected HEK293-OXTR cell-line. In three independent experiments,
we measured intracellular [Ca% *]; during stimulation with 10 uM OXT

97

or 100 uM ATP, in a total of 947 cells. OXT increased [Ca% ],
6.0 + 0.2 fold relative to baseline (P < 0.001, Fig. 5C). This was si-
milar to the effect of ATP, which increased [Ca®*]; by 5.6 = 0.1 fold
relative to baseline (P < 0.001, Fig. 5C). HEK293 cells not expressing
OXTR were used as a negative control and displayed an increase in
intracellular Ca>* when stimulated with ATP, but not with OXT
(Fig. 5C). These observations are consistent with our work identifying
OXT-OXTR signaling in hfRPE cells [10].

3.6. Visualization of OXT-induced GPCR signaling

To support our findings in hfRPE and provide visual evidence that
OXTR activation by OXT induced the PLC-mediated hydrolysis of PIP,
to generate IP3, we used live-cell fluorescence imaging to visualize the
production of IP; and DAG. GFP probes to the Plekstrin Homology
domain (PH-GFP) were used to detect membrane PIP,, and PKC-GFP
was used to detect DAG, as both signaling molecules are used by the
GPCR-PLC activation pathway. When HEK-OXTR cells were treated
with OXT, PH-GFP fluorescence translocated from the membrane
micro-environment to the cytoplasm, an indication of PIP, hydrolysis
by PLC to form IP;. Fig. 6A is a plot of cytoplasmic fluorescence in-
tensity measured over time in a single PH-GFP expressing cell exposed
to 10 uM OXT. In Fig. 6B left panel upper picture, PH-GFP localized to
cytoplasmic membrane of two cells. Immediately following OXT treat-
ment, there was an increase in cytoplasmic fluorescence (Fig. 6A, up-
ward deflection; Fig. 6B left panel middle; Video 1) followed by slow
return to the baseline level (Fig. 6B left panel lower). On average, OXT
treatment of cells resulted in a 1.2 *+ 0.2 fold reversible increase of
cytoplasmic fluorescence (Fig. 6B right panel, p < 0.001, n = 35).

We performed a similar experiment using PKC-GFP transfected cells.
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expression are used as a negative control for OXT mediated [Ca®*];

Plotting of fluorescence intensity in the cytoplasm (Fig. 6C) versus time
indicated a reversible decrease (Fig. 6C, downward deflection) in
fluorescence intensity upon treatment of HEK-OXTR cells with OXT. As
shown in Fig. 6D left panel, one representative cell shows cytoplasmic
GFP before (upper image), and after (lower image) OXT treatment.
During the treatment with 10 uM OXT, GFP fluorescence was noticed
primarily in the membrane microenvironment and cell nucleus (Fig. 6D
left panel middle image; Video 2). Measurement of the average fluor-
escence intensity showed that OXT treatment resulted in a decrease in
the cytoplasmic fluorescence level to 0.80 + 0.02 fold of that in non-
treated cells (p < 0.0001, n = 8) which recovered to 0.9 = 0.03 fold
upon washing of OXT (Fig. 6D, right panel).

3.7. OXTR activation inhibits RPE Kir7.1 channel function

Kir7.1 channels are present in the RPE apical membrane and are
regulated by membrane PIP, [30]. Given the importance of Kir7.1 to
RPE-Retina interaction and our demonstration of its contribution to an
OXTR signaling mechanism, we were keen to test whether these two
signaling pathways are connected [31]. As the RPE cell contains a
complex microenvironment that could mask the interaction between
Kir7.1 and OXTR, we first used the HEK-OXTR stably transfected cell line
model. An N-terminal GFP-fused Kir7.1 protein was transiently ex-
pressed. Whole cell current was recorded in bath solution, and during
treatment with 100 nM OXT and 20 mM BaCl, or 20 mM CsCl,. Fig. 7A
shows the time course of a whole-cell recording from a single transfected
HEK-OXTR cell. A large inward current at — 160 mV, characteristic of
Kir7.1, was observed, was subsequently reduced following OXT treat-
ment (green bar), and almost completely blocked by Cs2* (blue bar).
Depolarization of the membrane was also observed (red trace) following
OXT treatment in this single cell. Fig. 7B is an IV plot in which we ob-
served an average whole-cell (n = 9) current of —22.0 + 2.6 pA/pF
(black trace) which was reduced to —6.6 *= 0.6 pA upon treatment

response (n = 139).
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with OXT (Fig. 7B, red trace) measured at — 160 mV. This 68 *+ 3%
decrease in total current corresponds to a 72 * 3% decrease in K*
current and was statistically significant (Fig. 7F, P < 0.001). Despite
what was observed in Fig. 7A, on average there was no significant al-
teration of membrane potential. Chinese hamster ovary cells stably ex-
pressing the muscarinic (M1) receptor GPCR were used as a positive
control. These cells displayed a similar reduction in inward Kir7.1 cur-
rent amplitude when exposed to the M1-receptor agonist carbachol (66%
decrease; P < 0.001 results not shown), suggesting that the inhibition is
GPCR-dependent.

To validate the physiologic relevance of our results showing in-
hibition of Kir 7.1 by OXT in a heterologous expression system, whole-
cell patch clamp recordings were performed on RPE cells freshly dis-
sociated from mouse eye cups. An example of the morphology of se-
lected cells can be seen in Fig. 7C. In 7 cells we observed an average
membrane potential of —58.7 = 1.9 mV. As illustrated in Fig. 7D, a
plot of whole-cell current amplitude at -160 mV shows the reduction of
inward current in response to 10 uM OXT (Fig. 7D, black bar). In the
same figure, depolarization of the cell can also be observed in response
to OXT and Cs*>* treatment. A plot of the current-voltage curve shows
the average whole cell current in HR before and after 10 pM OXT
treatment (Fig. 7E, n = 7). The three treatment conditions show equal
current at a voltage consistent with E; (~— 88 mV), further demon-
strating that the observed effect is through modulation of K* channels.
This plot demonstrated a 22 * 2% decrease in whole cell current
following OXT treatment, corresponding to a 62 + 5% decrease in K™
current (p < 0.005) and an average depolarization by 11.4 += 3.3 mV
(p < 0.005).

In Fig. 7F, we compare the proportion of the K™ current following
OXT treatment to the K* current before treatment in mouse RPE
(n = 3), and HEK-OXTR (n = 9) cells. The overexpression of OXTR and
Kir7.1 compared to that in the mouse RPE cells is likely the reason for
the greater decrease in current observed in HEK-OXTR cells.
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Fig. 6. OXT activation of OXTR results in PIP2 hydrolysis in HEK-OXTR cells. A) Representative GFP fluorescence time course within the cytoplasmic region shows OXTR receptor
activation by 6 uM OXT (horizontal line) induced a translocation of the PIP2 indicator PH-GFP from the plasma membrane to the cytosol that completely reversed upon removal of OXT.
B) On the left PH-GFP transfected cells shown before (top), during (middle) and after (bottom) OXT treatment with ROI indicated as red circle. The average of normalized fluorescence
intensity change within the cytoplasmic domain is shown on the right from four experiments. C) Representative GFP fluorescence time course within the cytoplasmic ROI shows OXTR
receptor activation by 6 uM OXT (horizontal line) induced a translocation of the PKC-GFP (indicator of DAG) from the cytosol to the plasma membrane that completely reversed upon
removal of OXT. D) On the left images of PKC-GFP expressing cell shown before (top), during (middle) and after (bottom) OXT treatment with ROI indicated as red circle. On the right
average plot of normalized fluorescence intensity values within the cytoplasmic domain from three experiments and reported as mean *= SEM. Scale bar in B and D is 10 ym and *
indicates P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Discussion serum, and Mg2+ concentrations [39-42]. The hfRPE cells were cul-
tured in non-FBS containing media and thus did not contain adequate

Oxytocin is present in the cone photoreceptor extracellular matrix exogenous cholesterol to promote the high affinity variant of the OXTR.
and OXTR is expressed in the adjacent RPE cells, leading us to suggest It is also true that RPE cells are highly polarized cells with a distinct
that oxytocinergic signaling may be of physiologic significance in the plasma-membrane composition when compared to other epithelial

retina [10]. In the present study, we show that OXT increases hfRPE cells, and thus they may demonstrate sensitivity to OXT that could be
[Ca®*]; through a GPCR-mediated mechanism whereby the OXT unique [3].

binding to OXTR causes downstream activation of PLC and PIP, hy- Although OXT likely increases hfRPE [Ca® *]; by binding and acti-
drolysis. In addition, we have shown that heterologously expressed vating the OXTR, OXT also has some affinity, albeit low, for the vaso-
Kir7.1 channels in HEK-OXTR cells, as well as endogenous mouse RPE pressin Vy, receptor, which when activated, can also stimulate an in-

cell Kir7.1 channels are subject to OXTR inhibition. We propose a crease in [Ca®*]; [43,44]. In addition to being highly homologous and
model by which OXT-OXTR signaling between photoreceptor and RPE closely related to OXTR, vasopressin V;, is known to be present and
cells may also occur in vivo, as summarized in Fig. 8. functional in the RPE. We have shown previously that the OXT-induced

The dose-response curve of [Ca®*]; induced by OXT in hfRPE ex- increase in hfRPE [Ca®*]; was reduced by 87% in the presence of
hibited a sigmoidal profile similar to previously reported dose-response 500 nM of the OXTR-specific antagonist, L-371,257, providing strong
curves for OXT, indicating that OXT-OXTR signaling may be of phy- evidence that the OXT-induced increase in hfRPE [Ca® *]; was mediated
siologic relevance [32,33]. In the present study, hfRPE had a reported through the OXTR, even when a supraphysiologic dose (6 ptM) was used
ECso of approximately 341 nM OXT. Previously reported K4 values for [10]. The other specific OXTR antagonist, OTA, in this paper also sig-
OXTR range from 0.96 to 215 nM OXT [12,34-37]. Within this range, nificantly (> 85%) reduced the Ca?+ response to OXT (10 uM), further

however, there exist distinct high- and low-affinity subgroups of OXTR. supporting the explicit activation of OXTR in the RPE. Based on these
As demonstrated by Gimpl and colleagues (1995), the affinity state of finding, we used 10 uM OXT to ensure maximal activation of cells
OXTR is cholesterol-dependent, such that addition of exogenous cho- during perfusion experiments.

lesterol can promote a shift of about 20% of the low affinity OXTR to an Studies in the myometrium and OXTR-COSM6 cells have demon-

approximately 200-fold higher affinity state (K4 = 0.96 nM) [38]. Our strated activation of a GBy-mediated pathway as a consequence of
finding of an ECsq of 341 nM OXT in hfRPE suggests that OXTR was in a GPCR activation, resulting in increased ERK1/2 phosphorylation
low affinity state under our experimental conditions. Variable OXTR K4 [1,45,46]. This suggests that OXT may be stimulating the increase in
values have been shown with alterations in culture media cholesterol, [Ca® ™), through mechanisms other than the Ga-mediated activation of
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Fig. 7. OXT activation of OXTR inhibits Kir7.1 channel. A) Representative HEK-OXTR whole-cell current time course measured at cell potentials — 68 mV (Ev) and — 160 mV during
application of a ramp voltage protocol from — 160 to — 40 mV every 10 s while holding the cell at — 10 mV. In addition, the membrane potential of the cell (Vm) is plotted over the time
course of the experiment. The duration of OXT (red) and Kir7.1 blocker Cs%* (blue) application is indicated. B) Average plot of I-V whole cell current at baseline (Black; n = 9), and after
application of OXT (Red; n = 9), Cs*>* (Blue; n = 9). C) Image of dissociated mouse RPE cell with polarized morphology representative of cells selected for recording. D) Representative
mouse RPE whole-cell current time course measured at cell potentials — 62 (Ev), and — 160 mV during application of the same ramp protocol as in A. The membrane potential of the cell
is plotted over the time course of the experiment. Duration of application of OXT (red) and Cs2 + (blue) is indicated. The duration of OXT (red) and Kir7.1 blocker Cs? * (blue) application

is indicated. E) Average plot of I-V whole cell current before (Black; n = 7), and after application of OXT (Red; n = 7) or Gs*>* (Blue; n = 3). F) Comparison of ratio of Cs**

sensitive

current during OXT treatment relative to current in HR in murine RPE and HEK-OXTR cells. Data is from at least three independent experiments and represented as mean + SEM. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Summary of our findings regarding OXT-OXTR initiated cellular signaling events
in the RPE. Binding of OXT ligand, either from cone photoreceptors or choroidal vascu-
lature, to OXTR receptor in the RPE causes cytoplasmic membrane leaflet PIP2 to hy-
drolyze to IP3 and DAG. PIP2 hydrolysis inhibits RPE Kir7.1 channel to depolarize the
membrane potential while IP3 binding to its receptor leads to the increase in cytoplasmic
Ca®*. These transient intracellular signaling responses neither involve Ca * channels nor

does extracellular Ca®* influence them in any substantive way.

PLC. Our data, however, support the Gag,-mediated mechanism of
oxytocinergic signaling in the RPE (Fig. 8). We propose that binding of
OXT from the retina leads to OXTR-mediated hydrolysis of the RPE
membrane PIP, by PLC and generates two cellular responses: 1) the

inhibition of Kir7.1 channels in the RPE apical membrane, and 2) IP3
binding to the IPsR that causes release of Ca®>* from intracellular
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stores. The effect is abolished in the presence of 2-APB, in agreement
with published work on OXTR signaling in myenteric neurons [47]. 2-
APB has also been described as a TRPC inhibitor, however, the sus-
tained Ca®™* response in Ca® *-free solution we have described shows
that the 2-APB mediated inhibition demonstrated found in our system is
through the IP3R [48].

The association of OXTR activation with extracellular Ca* ™" influx
through CaV is somewhat controversial in uterine function, the best
characterized model of OXT signaling to-date. In our RPE work, the
rapid initial OXT-induced increase in [Ca%™];

2+

; occurs consistently in the
presence of nifedipine, as well as Ca® " -free solution, demonstrating
nifedipine insensitivity in agreement with work published by Inoue and
colleagues [49,50]. However, we observed a reduction in the amplitude
of the Ca®* response from HR to nifedipine and Ca®*-free solution,
which corresponds to an increase in time constant (Fig. 3D-E). This
suggests that extracellular calcium is involved in part in the OXT-
mediated response after the initial IP;-mediated Ca®* release. We
suggest that this response is likely mediated by voltage-activated Ca®*
channels, given the lack of distinction between the responses observed
in Ca® *-free solution and nifedipine.

Utilizing HEK-OXTR cells exposed to OXT, we were able to de-
monstrate by live cell fluorescence imaging that PLC hydrolysis of PIP,
is a source of IP; and DAG using PH-GFP and PKC-GFP, supporting our
observations and hypothesis about its role in the RPE. Using this het-
erologous system we also investigated whether a loss of PIP, affects
direct gating of RPE Kir7.1 channels [31]. In development of our Kir7.1
eGFP, we generated both N-terminal and C-terminal fused constructs.
The N-terminal fused construct exhibited measurable current whereas
the C-terminal fused construct did not, suggesting that the C-terminal
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GFP, but not the N-terminal GFP, interfered with Kir7.1 channel func-
tion [21]. The activation of OXTR with OXT therefore inhibits Kir7.1
channel in both HEK-OXTR cells and the mouse RPE and the N-terminal
GFP does not interfere with the cellular signaling events explored in this
study.

All Kir channels demonstrate PIP binding to the same general cy-
toplasmic location; however, the affinity of Kir channels for PIP, and
other PIP groups is determined by differences in the amino acid se-
quence mediating interaction with the lipid tail group [51,52]. Relative
to other Kir channels, Kir 7.1 has a weak affinity for PIP, which results
in a more pronounced inhibition by PIP, hydrolysis compared to other
Kir channels [18,53]. We observed an OXT-mediated decrease in the
Kir7.1 channel current by 15.5 pA/pF or 68 = 3% in HEK-OXTR cells
(Fig. 7B) and a smaller but still significant decrease in whole cell cur-
rent in mouse RPE cells. After removing non-K* current by subtracting
the Cs®*-insensitive component, the percent inhibition between the
two cell types was identical, with the remaining difference likely due to
overexpression of Kir7.1 in the HEK-OXTR cells (Fig. 7E). Furthermore,
mouse RPE was significantly depolarized in response to OXT treatment.
The RPE membrane potential regulates the ion and waste transport
functions of the RPE, making oxytocin a potential regulator of outer
retina function. In view of the discovery by Ghamari-Langroudi and
colleagues (2015) that Kir7.1 can be inhibited by a GPCR independently
of G-protein coupling, our future studies will determine if this also
occurs in OXT-mediated OXTR activation in the RPE [54]. Given the
recent discovery of a role for Kir7.1 in the initiation of uterine con-
tractions by McCloskey and colleagues (2014), we propose that the
signaling mechanism discovered in our study is also involved in par-
turition [55].

In summary, we have provided evidence of the following:1) OXT
specifically activated OXTR in RPE cells, 2) OXT-induced [Ca%™]; re-
sponse is not dependent on extracellular Ca®>*, 2) the OXT-induced
[Ca® *]; response is not blocked by the CaV blocker nifedipine, and 3)
the IP3R inhibitor 2-APB inhibits the OXT-mediated [Ca® *]; increase.
Using a model in which OXTR is stably expressed in HEK-OXTR cells,
we have demonstrated an OXT-induced [Ca®*]; increase, associated
with PIP; hydrolysis through PH-GFP and PKC-GFP can be visualized in
response to OXT. We have also shown that Kir7.1 is inhibited by OXT in
both heterologous HEK-OXTR cells and in physiological RPE cells iso-
lated from the mouse eye, resulting in depolarization of the RPE
membrane potential. Tight regulation of membrane potential via Kir7.1
regulates the ion and waste transport functions of the RPE, and supports
our hypothesis that oxytocin is a potential regulator of outer retina
function.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cellsig.2017.06.005.
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