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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 [CaZ*]; in 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, we used an established human RPE cell line, a
HEK?293 heterologous OXTR expression system, and pharmacological inhibitors of Ca2* 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
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was able to inhibit the Kir7.1 channel, an important mediator of sub retinal waste transport and K*
homeostasis.
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retina; oxytocin; RPE; oxytocin receptor

Introduction

Oxytocin (OXT) is a cyclic nonapeptide produced in the paraventricular and supraoptic
nuclei of the hypothalamus.? 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.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 phototransduction in the photoreceptors.3 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, Poy-purinergic, and
serotoninergic receptors.-9

We have shown that OXT is a potential mediator of retinal physiology given its presence in
the cone photoreceptor extracellular matrix.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 [Ca2*];, leading to our hypothesis that oxytocinergic signaling may
serve as a means for communication between cone photoreceptors and the RPE.10 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
[Ca2+]i.12

Facing the photoreceptor outer segments on the apical membrane of the RPE cell is the
inwardly rectifying potassium (Kir7.1) channel.313 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*.14.15 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.16-18 Kir7.1
function is also directly mediated by PIP,, supporting the possible regulation of Kir7.1 by
OXTR through PLC-activated PIP, hydrolysis.1® 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).20-22 A direct impact of Kir7.1 on retinal function and vision can be clearly seen
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following RNA interference (RNA;) knockdown of Kir7.1 in mice, resulting in a
characteristic and abnormal electroretinogram (ERG).22

In the present study we sought to delineate the mechanism by which OXT elicits an increase
in [Ca2*]; 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
expression 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.

Materials and Methods

Reagents

Solutions

Cell Culture

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.

HEPES Ringers (HR) extracellular bath solution was prepared using (mM) 135 NaCl, 5
KCI, 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 BacCl, or CsCl,. Ca2*-free extracellular bath solution was prepared using (mM) 135
NaCl, 5 KCI, 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 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 pM final concentration in HR. A final
concentration of 60 uM 2-APB (Tocris Bioscience, Bristol, UK), an IP3R inhibitor, was
prepared in HR.

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

HEK?293 cells were obtained from ATCC (Manassas, VA). To generate HEK-OXTR ling,
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 @ 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 Ca2* 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,
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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 pM 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-Tyr2, Thr¥]OVT, (OTA) was
generously provided by Dr. Maurice Manning (University of Toledo, OH). 100 uM OTA was
included in FURA incubation solution as well as perfusion solution. HEK-OXTR cells
grown on coverslips were incubated with 5 pM 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 Ca2*-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-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]=Kd * (R — Runin)/ (Rmax — R)(F220 /330, assuming the Kg to be 225 nM in the

max
cytosolic environment.23 Calibration values were determined using 10uM ionomycin to
permeabilize cells to Ca?* and exposing them to [0] Ca2* 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.24-25
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 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 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 pl/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 CaCl,, 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. 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 10uM OXT whereas HEK-OXTR cells were perfused with 100-
500 nM OXT. Potassium ion current in cells was blocked using 20 mM CsCl5, to identify the
proportion of total current for which Kir channel was responsible. The pipette solution
contained 30 mM KCI, 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 sec ramp protocol from
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-150 mV to 50 mV to monitor Kir7.1 current while holding cells at =60 mV in the inter-
pulse interval.

Statistical analyses

Results

Data from the Ca2* imaging and electrophysiology experiments were analyzed using the
Student’s #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 y
= Rmin +* (Rmax—Rmin)/(1 + 10" ((LogECs5q — x) * HillSlope)). Ca response decay was fit
with the exponential equation yg = y + A€ using Origin. Confidence interval for the ratio
of means was calculated using method described by Cochran (1977, sect. 6.4, eq. 6.13).26
Data are expressed as mean £ SEM. Significance was determined to be present at P<0.05.

Dose-response effects of OXT in activating hfRPE cell [CaZ2*];

We have previously shown that OXT induces an increase in hfRPE [Ca?*];, so we used
[Ca?*]; as a variable to determine the dose-dependent response to OXT.10 hfRPE cells were
stimulated by OXT concentrations ranging from 0.01 to 100 uM, and [Ca2*]; represented by
R (340/380), was measured. OXT concentrations of 0.01, 1, and 100 pM showed a
progressive increase in [Ca2*]; (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/Rpeak), @ dose-
response curve was generated (Fig. 1B). The dose-response curve exhibited a sigmoidal
shape with ECgq 0.341 uM OXT and Hill coefficient 0.77 £ 0.07.

Selective inhibition of hfRPE Ca?* response by selective OXTR antagonist

To demonstrate that the observed Ca2* response was specifically mediated by OXTR we
utilized the potent selective OXTR antagonist, desGly-NH,-d(CH,) [D-Tyr2®, ThrJOVT
(OTA). Following pre incubation with 100 uM OTA we observed a severe reduction of
response relative to HR controls performed on the same day (Fig. 2A/B). On average, while
10 UM OXT was able to elicita 4 + 0.5 (n = 39/2 coverslips) fold increase in intracellular
calcium, pretreatment of cells with 100 uM OTA significantly reduced the Ca2* response to
merely 1.3 £ 0.1 (n = 55/3 coverslips) fold increase (P < 0.001, Fig. 2B).

The OXT-induced initial increase of hfRPE [Ca2*]; is not dependent on extracellular Ca2*

In addition to mobilizing stored intracellular Ca?* via IP3R, activation of OXTR is thought
to stimulate CaV channels, thereby causing an influx of extracellular Ca2*.27-29 Thus, to
determine whether extracellular Ca?* contributed to the OXT-induced transient increase in
hfRPE [Ca2*];, hfRPE cells were exposed to OXT in HR, the CaV specific inhibitor
nifedipine in HR and to Ca%*-free extracellular solution. (Fig 3). We found that 10 pM OXT
induced an increase of 1.3 + 0.2 uM [CaZ*]; 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 Ca2*, including CaV channels. Stimulation of
hfRPE cells in Ca2*—free extracellular solution with 10 uM OXT induced a 685 + 106 nM
increase in [Ca2™]; (Fig. 3C). We compared the average [Ca?*] response to OXT in HR,
Ca?*-free medium and HR-nifedipine (Fig. 3D), and fit a 15t order equation for the average
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Ca?* time to decay from peak response. Elevated Ca2* returned to baseline, with time
constants (t) of 0.35 + 0.02 (/2 =.99), 0.34 + 0.03 (/2 =.99), and 0.20 + 0.005 (/2=.99) min
for Ca2*-free, nifedipine, and Ringer’s solution, respectively (Fig. 3E).

2-APB reduces the OXT-induced increase of hfRPE [Ca2*];

In non-retinal tissues, OXTR activation by OXT is known to cause the PLC-mediated
generation of IP3, IP3-1P3R binding and an increase in [Ca2*]; due to IP3R-mediated
mobilization of Ca2*from intracellular stores.39 To determine whether the OXT-induced
increase of hfRPE [Ca2*]; is similarly initiated through the IP3R-mediated mobilization, we
used the 1P3R antagonist, 2-APB. In the presence of 60 uM 2-APB we found that the Ca2*
response to 10 uM OXT was virtually abolished in hfRPE cells (Fig. 4). Fig. 4B
demonstrates the significance of this inhibition by comparing the average [CaZ*]; response to
10 uM OXT response from an entire visual field of hfRPE cells, captured with a 20X
objective, in a coverslip exposed to 60 UM 2-APB versus one exposed to OXT alone. The
fold increase in [CaZ*]; relative to pre-OXT baseline supports that there is a significant
inhibition of OXT effect by 2-APB (P<.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.

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 M OXT or 100 pM ATP, in a total of 947 cells. OXT increased [Ca2*];
6.0 £ 0.2 fold relative to baseline (P < 0.001, Fig. 5C). This was similar to the effect of ATP,
which increased [Ca2*]; 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 (Figure 5C). These
observations are consistent with our work identifying OXT-OXTR signaling in hfRPE
cells.10

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 IP3 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 IP3. Figure 6A is a plot of cytoplasmic fluorescence intensity 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
treatment, there was an increase in cytoplasmic fluorescence (Fig. 6A, upward deflection;
Fig. 6B left panel middle; Videol) followed by slow return to the baseline level (Fig. 6B left
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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. 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 pM OXT, GFP fluorescence was noticed primarily in the membrane
microenvironment and cell nucleus (Fig. 6D left panel middle image; Video2). 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 £ .03 fold upon washing of OXT (Fig. 6D, right
panel).

OXTR activation inhibits RPE Kir7.1 channel function

Kir7.1 channels are present in the RPE apical membrane and are regulated by membrane
P1P,.31 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.32 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
expressed. Whole cell current was recorded in bath solution, and during treatment with
100nM OXT and 20mM BaCl, or 20 mM CsCl,. 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 observed, 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 we 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
(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
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.

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 we 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 10uM OXT (Fig.
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7D, black bar). In the same figure, depolarization of the cell can also be observed in
response to OXT and Cs2* treatment. A plot of the current-voltage curve shows the average
whole cell current in HR before and after 10 uM OXT treatment (Fig. 7E, n = 7). The three
treatment conditions show equal current at a voltage consistent with Ey (~—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 < 0.005) and an average
depolarization by 11.4 + 3.3mV (p < 0.005).

In Figure 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.

Discussion

Oxytocin is present in the cone photoreceptor extracellular matrix and OXTR is expressed in
the adjacent RPE cells, leading us to suggest that oxytocinergic signaling may be of
physiologic significance in the retina.10 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, we 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. We propose a model by
which OXT-OXTR signaling between photoreceptor and RPE cells may also occur /n vivo,
as summarized in Fig. 8.

The dose-response curve of [Ca2*]; induced 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.33:34 In the present study, hfRPE had a reported
ECsq of approximately 341 nM OXT. Previously reported K values for OXTR range from
0.96 to 215 nM OXT.12:35-38 \wjithin 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).3° Our finding of an ECsg of 341 nM OXT in hfRPE suggests
that OXTR was in a low affinity state under our experimental conditions. Variable OXTR K4
values have been shown with alterations in culture media cholesterol, serum, and Mg2*
concentrations.*0-43 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.3

Although OXT likely increases hfRPE [Ca2*]i by binding and activating the OXTR, OXT
also has some affinity, albeit low, for the vasopressin V1, receptor, which when activated,
can also stimulate an increase in [Ca2*]i.#44% i In addition to being highly homologous and
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closely related to OXTR, vasopressin V1, is known to be present and functional in the RPE.
We have shown previously that the OXT-induced increase in hfRPE [Ca2*]; 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 [Ca2*]; was mediated through the
OXTR, even when a supraphysiologic dose (6uM) was used.19 The other specific OXTR
antagonist, OTA, in this paper also significantly (> 85 %) reduced the CaZ* response to OXT
(10 uM), further supporting the explicit activation of OXTR in the RPE. Based on these
finding, we used 10uM OXT to ensure maximal activation of cells during perfusion
experiments.

Studies in the myometrium and OXTR-COSMS6 cells have demonstrated activation of a
GRy-mediated pathway as a consequence of GPCR activation, resulting in increased
ERK1/2 phosphorylation.14849 This suggests that OXT may be stimulating the increase in
[CaZ*]; through mechanisms other than the Gag-mediated activation of PLC. Our data,
however, support the Ga.,-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 IP3R that causes
release of Ca2* from intracellular stores. The effect is abolished in the presence of 2-APB, in
agreement with published work on OXTR signaling in myenteric neurons.®® 2-APB has also
been described as a TRPC inhibitor, however, the sustained Ca2* response in Ca?*-free
solution we have described shows that the 2-APB mediated inhibition demonstrated found in
our system is through the 1P3R51

The association of OXTR activation with extracellular Ca2* 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 [Ca2*]; occurs consistently in the
presence of nifedipine, as well as Ca2*-free solution, demonstrating nifedipine insensitivity
in agreement with work published by Inoue and colleagues.>2°3 However, we observed a
reduction in the amplitude of the Ca2* response from HR to nifedipine and Ca2*-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 Ca2* 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 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 we also investigated whether a loss of PIP, affects direct
gating of RPE Kir7.1 channels.32 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.?2 The
activation of OXTR with OXT therefore inhibits Kir7.1 channel in both HEK-OXTR cells
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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.54:55
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.1%:56 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 current in
mouse RPE cells. After removing non-K* current by subtracting the Cs2*-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.5’ Given the recent discovery of a role for
Kir7.1 in the initiation of uterine contractions by McCloskey and colleagues (2014), we
propose that the signaling mechanism discovered in our study is also involved in
parturition.>8

In summary, we have provided evidence of the following:1) OXT specifically activated
OXTR in RPE cells, 2) OXT-induced [Ca2*]; response is not dependent on extracellular
Ca?*, 2) the OXT-induced [Ca2*]; response is not blocked by the CaV blocker nifedipine,
and 3) the IP3R inhibitor 2-APB inhibits the OXT-mediated [Ca2*]; increase. Using a model
in which OXTR is stably expressed in HEK-OXTR cells, we have demonstrated an OXT-
induced [Ca2*]; 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 isolated 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 Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

This novel study is particularly interesting and relevant because:

1.

OXT-OXTR signaling is complex and although it is universally accepted that
OXT-OXTR utilizes GPCR mechanism, there is debate and it is perhaps a
tissue dependent signaling mechanism.

Cell signaling between cone photoreceptor and RPE is not well studied due to
the abundance of rod photoreceptor in laboratory mammals.

Both OXT and OXTR undergo up- and down regulation so could have
positive or negative impact on cone-RPE communication and retina function.

Visual demonstration of OXT-OXTR activated phosphoinositide hydrolysis
induced by PLC activation has not been established using single-cell
microscopy.

Downstream effect of OXT-OXTR signaling is limited to InsP3 or Ca2+ or
activation of protein kinases.

Regulation of ion-channels like Kir7.1 by GPCR is an emerging field of
research.

Here we take pharmacological, live-cell fluorescence imaging, and whole-cell
electrophysiology approaches to answer these questions. Ultimately, we demonstrate how
OXT-OXTR could potentially regulate function of membrane ion-channels.
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Fig. 1.

O)g(T 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 CaZ*-response curve normalized (R/Rpeak) to the average
peak R (340/380), 0.18 £ 0.01, acquired at 100 pM 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 ECsq and Hill
coefficient were 341 nM and 0.77+ 0.07, respectively.
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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 (n = 39 ROI/2 coverslips) or after OTA incubation (n = 55 ROI/3 coverslips)
(P < 0.005).
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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 [Ca2*]; in response
to OXT treatment during incubation with nifedipine (n = 158 ROI/3 coverslips). C) Average
time course of [Ca2*]; in response to OXT treatment during incubation with 0 Ca2* 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.

hf??PE OXT response is inhibited by the IP3R antagonist, 2-APB. A) Example of Ca2*
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 [Ca2*]; provided. (B) An average
trace taken from an entire (20X) visual field of hfRPE cells showing the change in [Ca2™];
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 Ca2* response in hfRPE cells
following treatment with 2-APB.
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The [Ca?*]; response upon OXT stimulation of HEK293-OXTR cells. A) Representative
images demonstrating [CaZ*]; response to OXT and ATP. Color spectrum with max and min
> R (340/390) used to calculate [Ca?*]; provided. B) An average time course, from one
=1 coverslip, of change in [Ca%*]; when stimulated with 10 pM OXT or 100 uM ATP,
a Horizontal bars indicate duration of agonist application. C) Average fold increase in [Ca2™];
= 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?*];
& response (n=139).
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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 pM 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 ROl 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 yum and * indicates P < 0.001.
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Fig. 7.

O;J(T activation of OXTR inhibits Kir7.1 channel. A) Representative HEK-OXTR whole-cell
current time course measured at cell potentials -68mV (Ev) and =160 mV during
application of a ramp voltage protocol from —160 to —40 mV every 10 second 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 Cs2* (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), Cs2* (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
Cs2*(blue) application is indicated. E) Average plot of 1-V whole cell current before (Black;
n=7), and after application of OXT (Red; n=7) or Cs2* (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.
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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 CaZ* influence them in any substantive way.
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