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ABSTRACT

MU-OPIOID SYSTEM IN THE MAMMALIAN RETINA

Until recently, the most solid evidence suggesting a role for endogenous opioids in
mammalian visual processing has been the existence of p-opioid receptors (MORSs) in the retina.
Nonetheless, in most reports the location of these receptors has been limited to retinal regions
rather than specific cell-types. Reports on expression of endogenous opioids in the adult
mammalian retina were missing, and even in juveniles have been sparse. Additionally, our
knowledge of the possible physiological functions of opioid signaling in the retina is based on
only a handful of studies using exogenous opioids. For example, the recent resurgence in retinal
opioid research has focused on the somewhat controversial role of 6-opioid receptors in
neuroprotection. The purpose of this work was to identify if the endogenous opioid peptide
preferred by MORs, B-endorphin, is present in the mammalian retina, and to determine its
possible influence on the light-evoked signaling of retinal neurons that express MORs. We have
identified through use of transgenic mice, in situ hybridization and immunohistochemistry (IHC)
that the cholinergic “Starburst” amacrine cells express f-endorphin. Using IHC we’ve shown
that multiple neuronal cell types in the mouse retina possess MORs, including dopaminergic
amacrine cells and intrinsically photosensitive retinal ganglion cells (ipRGCs). ipRGCs play a
central role in mammalian non-image forming vision. Neuromodulatory processes that are
capable of altering ipRGCs activity are likely to have profound consequences on light-mediated
behavior and/or disease. Using IHC, we found that M1-M3 types of ipRGCs are MOR+ in both
mouse and rat. Using electrophysiological techniques we found that DAMGO, a MOR selective

agonist, dramatically reduces both duration and rate of light-evoked firing from rat and mouse
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ipRGCs. Our study is the first to demonstrate opioid modulation of light-evoked activity of
neurons in mammalian retina. These findings demonstrate a new role for endogenous opioids in
the mammalian retina and provide a novel site of action—MORs on ipRGCs—through which

exogenous, systemically applied, opioids could exert an effect on light-mediated behaviors.
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1. Introduction

For over a thousand years, extracts from the opium poppy have been used to relieve pain and
induce feelings of euphoria (Corbett et al., 2006). Although opioids have been extensively used
and studied, their production and function throughout the body are still not fully understood.
Recent discoveries highlight diverse and complex endogenous and exogenous opioid functions
throughout the body effecting not only pain modulation and emotional response, but also having
profound effects on development, immune function, feeding behavior, respiratory and
cardiovascular regulation, and tissue-protection (for review: Sauriyal et al., 2011 and Feng et al.,
2012). Adding to this complexity, the physiological changes associated with opioid withdrawal
following chronic therapeutic use or abuse (Morgan & Christie, 2011). With the understanding
that endogenous opioids play key roles in many regulatory processes and exogenous opioids
have multiple adverse and off-target effects, there is a need for further identification and
characterization of specific opioid systems and a necessity for site directed opioid modulation
and treatment. Recent advances in biomedical research, especially in using transgenic mouse
models, have facilitated such scientific pursuits. The current work sought to identify and
characterize the opioid system in the mammalian retina with emphasis on the mu-opioid system.

This section reviews: (1) endogenous opioids; (2) opioid receptors; (3) the fundamental
structure of the mammalian retina, pointing out specific aspects relevant for this study; and (4)

opioids in the mammalian retina.

1.1. Endogenous opioids

The endogenous opioids are derived from three independent genes encoding three
prohormone peptides with a shared N-terminal tetrapeptide sequence Tyr-Gly-Gly-Phe

(Reviewed in Sauriyal et al., 2011). The propeptide proenkephalin contains two pentapeptide
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proteins, leu-enkephalin and met-enkephalin, as well as the heptapeptide met-enkephalin-7 and
the octapeptide met-enkephalin-8 (reviewed in Khalap et al., 2005). Prodynorphin yields
dynorphin A and B, and a- and f-neoendorphin (reviewed in Schwarzer, 2009). The propeptide
proopiomelanocortin (POMC) is unique as it gives rise to non-opioid peptides, including
adrenocorticotropic hormone (ACTH), a-, B- and y-melanocyte stimulating hormone (a—MSH,
B—MSH and y~MSH, respectively) and the corticotropin-like intermediate lobe peptide (CLIP)
(Millington, 2007). Importantly, POMC also yields the opioid peptide B-endorphin (Akil et al.,

1981). Each of the three opioid peptide families preferentially binds to a specific opioid receptor.

1.2. Opioids receptors

Three types of opioid receptors have been identified and are referred to as p-, 6- and -
opioid receptors (MOR, DOR and KOR, respectively). These receptors are distributed
throughout the central and peripheral nervous system, as well as in paracrine and endocrine
tissues, accounting in part for the diverse and complex opioid effects (Reviewed in Williams et
al., 2001). Although there is no absolute peptide/receptor pair specificity, f-endorphin has the
highest affinity for the MOR, the enkephalins bind preferentially to the DOR, and the dynorphin
family to the KOR (Kieffer, 1995). These opioid receptors belong to the family of G-protein-
coupled receptors and have 50-70% gene homology across the three types (Reviewed in Sauriyal
et al., 2011).

Signal transduction

The opioid receptor signaling pathway has been well characterized and is initiated by the

binding of a ligand to the receptor. This ligand/receptor interaction causes an intracellular

conformational change that facilitates coupling of G-proteins, primarily Gi,, to the opioid



receptor (Williams et al., 2001). Once coupled to the receptor, the trimeric G-protein complex
dissociates and the G,- and Gg,-subunits proceed to inhibit adenylyl cyclases and/or directly
modulate ion channels (reviewed in Busch-Dienstfertig & Stein, 2010).

Once dissociated from the complex, the G4-subunits inhibit adenylyl cyclases causing a
decrease in cyclic adenosine 3’,5’-monophosphate (cAMP). As a second messenger, cAMP can
regulate many effectors leading to modulation of ion channels, Ca** signaling, regulation of gene
transcription and cellular metabolism (Sassone-Corsi, 2013). The decrease of cAMP through
opioid receptor activation has been shown to function in the modulation of hyperpolarization-
activated inwardly-rectifying current (I) (Ingram & Williams, 1994; Svoboda & Lupica, 1998)
and inhibition of cAMP-dependant protein kinase-A (PKA) dependant pathways, including
neurotransmitter release (Chieng & Williams, 1998; Shoji et al., 1999; Pierce et al., 2002). The
G-protein Gg,-subunits have been shown to facilitate the inhibitory effect on voltage gated Ca**
channels (Herlitze et al., 1996), and activation of potassium conductances including the G-
protein-activated inwardly rectifying K* (GIRK) channels (Jan & Jan, 1997). Together, the sum
of the modulatory effects as a result of opioid receptor activation is primarily and overwhelming

inhibitory.
1.3. Retina

Vision is a complex sensory process that permits the detection of size, color, distance,
motion, and orientation within the observed environment—a process that begins in the retina
(Gaillard & Sauve, 2007). The retina is a highly organized laminar tissue largely made up of five
main classes of neurons: classical-photoreceptors (rods and cones), horizontal cells, bipolar cells,

amacrine cells, and ganglion cells (Fig. 1.1; Sung & Chuang, 2010; Wissle, 2004).



The retina also contains glial cells and the retinal

pigmented epithelial (RPE) cells. The RPE functions as
R ONL
a photon sink absorbing stray photons and plays an T
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important role in the recovery of bleached X Iol‘llall_ (ED
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(Lamba et al., 2008). = 3
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Figure 1.1. Diagram of retinal anatomy

and circuitry. Light passes through the
The outer retina consists of the outer nuclear layer retina and reaches the classical
photoreceptors, rods (R) and cones (C), in
the outer nuclear layer (ONL). Rods and
cones synapse within the outer plexiform
layer (OPL) with bipolar cells (B) whose
where the somas of rods and cones are located—and the el bodies are found in the inner nuclear

layer (INL). Bipolar cells synapse with

outer plexiform layer (OPL) (Fig. 1.1 Rod retinal ganglion cells (RGC) within the
inner plexiform layer (IPL). Modulation of
this signal occurs in the outer and inner
retina by inhibitory interneurons
(horizontal cells (H) and amacrine cells
low light vision, whereas cone vision predominates (A/dA)). The retinal ganglion cells
(RGCs), most often found in the ganglion
cell layer (GCL), send the signal along
their axons (forming the optic nerve) to
diverse brain regions for further

(ONL)—also known as the photoreceptor layer as this is

photoreceptors are responsible for scotopic, or dark /

under photopic, or well-lit conditions. Although the

importance of the outer retina cannot be overstated in processing. S1-S5: sublaminae 1-5.
Modified with permission from Fox &
regards to normal visual function, the specifics of this Guido, 2011 (see Appendix I).

study will focus on the inner retina.

Inner retina

The inner retina includes the inner nuclear layer (INL), the inner plexiform layer (IPL) and
the ganglion cell layer (GCL) (Fig. 1.1). The INL is the most heterogeneous nuclear layer in the
retina containing horizontal, bipolar, amacrine, Miiller and displaced retinal ganglion cell somas,
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with amacrines making up almost 40% of all the INL cell bodies (Jeon et al., 1998). Within the
IPL, processes from the inner retina’s two nuclear layers converge to form synapses within
distinct laminae. The IPL has been classically divided into ON and OFF sublaminae
corresponding with the location of bipolar cell axonal synapses (Fig.1 dashed line; also, see
“bipolar cell” below). It has been further subdivided into five layers of equal thickness and
designated sublamina 1-5 (Fig. 1.1; Marc, 1986; Kolb, 1997). The inner most retinal layer, the
GCL, is comprised of retinal ganglion cells (RGCs) and displaced amacrine cells (Jeon et al.,

1998; Kong et al., 2005).

Bipolar cells

Bipolar cells (BCs) are second-order retinal neurons which gather synaptic input from
photoreceptors in the OPL and pass it on to ganglion cells in the IPL. As with all cells in the
retina, BCs have been classified initially based on their morphology and subsequently based on
their physiology. The mammalian retina contain at least 10 morphologically distinct types of
BCs (Wissle, 2004), subdivided into two main functional BC types (ON-type and OFF-type).
This designation is based on the polarity of their response to light; illumination of the receptive-
field center results in depolarization of ON-type BCs and hyperpolarization of OFF BCs

(Werblin & Dowling, 1969).

Amacrine cells

Amacrine cells (ACs) are the most diverse class of cells in the mammalian retina with ~30
identified morphologically distinct types (Masland, 2012). Because of soma size, location and
dendritic stratification within the sublaminae of the IPL, distinct roles for AC types have been
inferred—with physiological characterizations confirming such functional differences (Masland,
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2001). These interneurons are generally considered inhibitory and are subdivided into

glycinergic or y-aminobutyric acidergic (GABAergic) ACs (Vaney, 1989; Marc et al., 1998). All
glycinergic AC somas are found in the INL while GABAergic AC somas are evenly divided
between the INL and GCL (orthotopic and displaced (dACs) ACs, respectively). GABAergic
ACs have been shown to coexpress many neuroactive substances, including peptides

(Haverkamp & Wissle, 2000). As a group, ACs play a vital role in modulating bipolar cell

output as well as other AC and ganglion cell activity (Dowling & Boycott, 1966; Masland, 2001).
Two well characterized AC types important to this study are the cholinergic and dopaminergic

ACs.

Cholinergic “Starburst” amacrine cells

Cholinergic ACs, also called “starburst” ACs (SACs) for their characteristic dendritic
arborization, are the principle cholinergic neurons of the retina and one of the most numerous
AC types (Masland, 2005). In addition to releasing acetylcholine (ACh) SACs also release
GABA and may express non-classical neurotransmitters including adenosine (O’Malley &
Masland, 1989; Haverkamp and Wissle, 2000; Masland, 2005). SACs have two populations that
loosely mirror each other, one in the INL and one displaced in the GCL, which form a semi-
regular mosaic across the entire retina (Whitney et al., 2008). Both populations send dendrites
into the IPL forming narrowly stratified bands (Famiglietti, 1983). SACs in the INL project to
the border of sublaminae 1 and 2 and contribute to OFF-pathways, whereas the displaced SACs
in the GCL project to the border of sublaminae 3 and 4 and contribute to ON-pathways (for
example, see Fig.2.5; Tauchi & Masland, 1984; Haverkamp & Wissle, 2000).

SACs have been shown to perform at least two distinct functions: during development they

facilitate retinal waves that are essential for activity-dependent neural development, and in the
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mature retina they provide key inhibition of directionally selective RGCs essential for motion
detection (Masland, 2005). Retinal waves are bursts of excitatory activity that, during
development, are propagated through RGCs across the retina (Ford & Feller, 2012) and critical
in strengthening and fine tuning synaptic development (Zheng et al., 2005). In the mature retina,
the most studied function of SACs is their contribution to coding for direction of moving objects
in the visual field (reviewed in Taylor & Smith, 2012). SACs can code for direction of
movement of a stimulus in their dendrites (Euler et al., 2002) and provide input to directionally
selective retinal ganglion cells (dsRGCs), which fire action potentials in response to movement
of an object in the preferred direction. The role of SACs in the neural computation of dsSRGC
signals is fundamental as selective elimination of SACs completely abolishes directional

selective coding of dsRGC (Yoshida et al., 2001).

Dopaminergic amacrine cells

In the mammalian retina, dopaminergic amacrine cells (DACs) are found in the INL with
their processes forming an overlapping meshwork within sublamina 1 of the IPL (Fig. 1.1; for
example, see Fig.3.3). Along with being the only source of retinal dopamine, DACs are
GABAergic and work through classic synapses to modulate inner retinal activity (Wulle &
Wagner, 1990; Contini & Raviola, 2003). However, as almost all identified retinal cell types
express dopamine receptors, DACs influence the vast majority of cells through paracrine
secretion of dopamine (Witkovsky, 2004). Although the complexity of dopamine’s role in the
retina is not fully understood, dopamine is known to tune the retinal circuitry from scotopic rod
driven vision to photopic cone mediated vision as night transitions to day (Witkovsky, 2004;
Newkirk et al., 2013). Therefore, DAC signaling underlies one of the most important adaptation

processes in the retinal.



Retinal ganglion cells

Retinal ganglion cells (RGCs) are the output elements of the retina, their axons form the
optic nerve, by which visual information is conveyed to the brain. Most of the RGCs are located
in the GCL, although about half of the cells in the mouse GCL are displaced amacrine cells (Jeon
et al., 1998, Kong et al., 2005). Additionally, there are some displaced RGCs found in the INL
though these accounts for only a small percentage of total RGCs (Bauh & Dann, 1988; Doi et al.,
1995). Since Cajal’s historical study of retinal cell morphology (1892), morphological
classification of ganglion cells in multiple species have been attempted (for example: Polyak,
1941; Boycott and Wassle, 1974), including the mouse retina (Doi et al., 1995; Sun et al., 2002;
Badea & Nathans, 2004; Kong et al., 2005; Coombs et al., 2006; Volgyi et al., 2009). These
studies, however, brought somewhat varying results. Recently, groups have used molecular
markers to try and characterize RGCs, and use of transgenic animals have aided in identifying
specific RGC types and their functions. Of interest to this study, are the recently identified

intrinsically photosensitive RGC.

Intrinsically photosensitive retinal ganglion cells

The mammalian retina possesses three types of photoreceptors. The classical rods and cones
as discussed above, and a third newly identified type, termed the intrinsically photosensitive
retinal ganglion cells (ipRGCs) (Berson et al., 2002). ipRGCs, using the photopigment
melanopsin, can capture light information independent of rods or cones (Hattar et al., 2002;
Panda et al., 2002). These RGCs, which account for ~2-3% of all RGCs, provide light cues for
the synchronization of circadian rhythms and play important roles in other non-image forming

visual processes including the pupillary light reflex (reviewed in Sand et al., 2012). Recent
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Figure 1.2. Morphology of M1-M5 ipRGCs types. Differences in soma size and dendritic arborizations are

noted between cell types. dM1: displaced M1 ipRGC. Modified with permission from Fox & Guido, 2011 (see
Appendix I).
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discoveries expand on the evolving role of ipRGCs, identifying tight interconnections within
retinal circuitry and targets within discrete brain regions responsible for both image and non-
image forming visual pathways (Baver et al., 2008; Ecker et al., 2010). Early studies of ipRGCs
focused on one morphologically distinct cell type now called “M1” (Berson et al., 2002; Hattar
et al., 2002). As the role for ipRGCs expanded, so did the number of identified cell types which
now includes M1-MS5 (Fig. 1.2; Sand et al., 2012). M1-M3 ipRGC types mediate mainly non-
image forming visual systems and are specifically relevant to the current study.

The M1 cell type account for almost half of all ipRGCs (Fox & Guido, 2011). This cell type
was first identified because of its high levels of melanopsin and subsequent robust intrinsic light
response (Berson et al., 2002; Hattar et al., 2002). M1 type ipRGCs have only been shown to

mediate non-image forming visual processes (Fox & Guido, 2011). M1 cells have ~13um



diameter somas with sparsely branching dendrites

retina OPN
IGL e
stratifying in sublamina 1 of the IPL forming a VLGN\\,;
photoreceptive net across the retina (Fig.2; Berson 1: ' SCN{

h%
M

et al., 2010; Fox & Guido, 2011). These cells are

Figure 1.3. Diagram of major central
projections of M1 ipRGCs. Suprachiasmatic

the only confirmed ipRGC type that have nucleus (SCN), ventral lateral geniculate
nucleus (VLGN), intergeniculate leaflet (IGL),

representative displaced somas, though the olivary pretectal nucleus (OPN). Modified with
permission from Fox & Guido, 2011 (see
Appendix I).

existence of displaced M2s has been suggested
(Fig. 1.2; Karnas et al., 2013). The M1 cells have been further characterized by their expression
pattern of the of the POU domain regulatory transcription factor Brn3b (Jain et al., 2012). M1
cells that are Brn3b positive project to the shell of the olivary pretectal nucleus (OPN) and are
responsible for the ipRGC component of the pupillary light reflex, whereas Brn3b negative M1
cells project to the suprachiasmatic nucleus (SCN) of the hypothalamus and mediate
photoentrainment of the circadian rhythm (Fig. 1.3; Chen et al., 2011). These cells have also
been shown to target the intergeniculate leaflet (IGL) and ventral lateral geniculate nucleus
(VLGN), both relevant to photoentrainment (Harrington, 1997), the ventrolateral preoptic area
(VLPO) which plays a role in sleep regulation, and the superior colliculus (SC) responsible for
visual targeting (Fig. 1.3; Hattar et al., 2000).

Less is understood about the other ipRGC cell types. Some studies actually group ipRGCs as
either M1 or non-M1 cells further blurring the differences between M2-M5 (for example: Jain et
al., 2012). Still, some key attributes can be ascribed to M2 and M3 subtypes.

The M2 cells are almost as numerous as M1s but have significantly lower levels of
melanopsin resulting in a weaker light response (Schmidt & Kofuji, 2009). These ipRGCs have a

slightly larger soma (~15um diameter) and their dendrites stratify in sublamina 5 of the IPL (Fig.
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1.2; Berson et al., 2010). M2 ipRGCs have been shown to send some projections to the SCN
alongside M1 cells but appear to play a minimal role in photoentrainment of the circadian
rhythm (Chen et al., 2011). They also project to the core of the OPN and the SC (Ecker et al.,
2010).

M3 type ipRGCs are few in number and their retinal distribution is sparse. These cells are
the only bistratified ipRGCs that have been identified, with their dendritic arbors stratifying in
both sublaminae 1 and 5 (Fig. 1.2; Fox & Guido, 2011). M3 ipRGCs have similarities with M2
cells including soma size (~17um), melanopsin expression and light responsiveness (Schmidt &
Kofuji, 2011). Additionally, although M3 cells project into the OFF sublamina, it seems that they

are driven synaptically, almost exclusively through ON-pathways (Schmidt & Kofuji, 2011).

1.4. Opioids in the mammalian retina

Until recently most research on retinal opioid peptides and their receptors has been done
using fish and avian retinas (Djamgoz et al., 1981; Seltner et al., 1997; Fischer et al., 1998) and
the majority of this work has focused on enkephalins (Slaughter et al., 1985; Su et al., 1986;
Watt et al., 1988). In mammals, some early work using stereospecific binding of opioid analogs
and autoradiographic labeling of tritiated-opioids suggested the presence of opioid receptors in
the retina (Medzihradsky, 1976; Wamsley et al., 1981; Borbe et al., 1982). Over the past few
years, however, there has been increased interest in retinal opioid systems. Recent work,
although contradictory, has pointed to the possible neuroprotective role of opioids in the
mammalian retina with focus being on the DOR system (Ma et al., 2005: Riazi-Esfahani et al.,
2008; Peng et al., 2009; Husain et al., 2012; Abdul et al., 2013). These studies have confirmed
the presence of opioid receptors and the expression of enkephalins in the mouse and rat retinas

(for example: Husain et al., 2009). However, no study has shown the expression of 3-endorphin
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(see chapter 2) in the mammalian retina and the localization of opioid receptors has at best been
identified in specific regions rather than distinct cell types. With this knowledge, we sought to
further identify and characterize the opioid system in the mammalian retina, with emphasis on

the mu-opioid system.

1.5. Hypothesis and aims of this study

Our overall hypothesis is that the opioid system, specifically the p-opioid receptor (MOR)
and its endogenous opioid peptide, B-endorphin, is present in the mammalian retina and it plays a
role in the regulation of light-driven retinal functions. The specific aims of this work are
threefold: (1) Identification of B-endorphin expression in the mouse retina; (2) Identification of
p-opioid receptor possessing cell types in mouse retina; and (3) evaluation of a possible
physiological effect of p-opioid receptor activation in the mammalian retina. The next two
chapters will address aims 1 & 2 directly, and preliminary results for aim 3 will be discussed in

the concluding chapter.
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2. p-endorphin expression in the mouse retina

The first aim of this work was the identification of B-endorphin expression in the mouse
retina. Standard immunohistochemical and histological techniques were utilized in the
characterization of B-endorphin immunopositive cells in transgenic and wild-type mouse retinas.
This chapter includes the complete published manuscript for this aim, f-endorphin expression in
the mouse retina (Shannon K. Gallagher, Paul Witkovsky, Michel J. Roux, Malcolm J. Low,
Veronica Otero-Corchon, Shane T. Hentges, Jozsef Vigh, Journal of Comparative Neurology,
2010). My contributions to this publication included performing and optimizing the vast majority
of all immunohistochemistry (IHC) preparations using mouse retinal tissue, imaging and
quantification of all retinal IHC preps and writing the much of the manuscript. Table and figure
numbers have been modified to reflect that they are specific to this chapter, e.g. figure 1 is now
figure 2.1. This article is reproduced with permission, and only minimal modifications were
made to meet formatting requirements. No other modifications were made, as per the licensing

agreement (copyright clearance found in Appendix I).

2.1. Summary

Evidence showing expression of endogenous opioids in the mammalian retina is sparse. In
the present study we examined a transgenic mouse line expressing an obligate dimerized form of
Discosoma Red Fluorescent Protein (DsRed) under the control of the pro-opiomelanocortin
promoter and distal upstream regulatory elements to assess whether pro-opiomelanocortin
peptide (POMC), and its opioid cleavage product, B-endorphin, are expressed in the mouse
retina. Using double label immunohistochemistry, we found that DsRed fluorescence was
restricted to a subset of GAD-67-positive cholinergic amacrine cells of both orthotopic and

displaced subtypes. About 50% of cholinergic amacrine cells colocalized DsRed and a large
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fraction of DsRed-expressing amacrine cells was positive for f-endorphin immunostaining,
whereas f-endorphin immunoreactive neurons were absent in retinas of POMC null mice. Our
findings contribute to a growing body of evidence demonstrating that opioid peptides are an

integral component of vertebrate retinas, including those of mammals.

2.2. Introduction

In vertebrate retinas, neural processing of light signals is mediated primarily by the amino
acid transmitters glutamate, GABA and glycine, with additional contributions from amines such
as acetylcholine and amines such as dopamine and 5-hydroxytryptamine (reviewed in Ehinger,
1982). This short list, however, does not include a number of additional chemical messengers
that influence retinal signal processing, for the retina also contains about 50 identified
neuroactive peptides (reviewed in Brecha, 2003). In this study we focus on the retinal
distribution of an opioid peptide, B-endorphin and its precursor protein pro-opiomelanocortin
(POMO).

The great diversity of the retinal peptide population has made it difficult to formulate a
general framework for the roles peptides play in retinal operation, but some generalizations can
be made about peptide organization and function. Many of the identified retinal peptides have
been shown to coexist with an amino acid or amine co-transmitter (Casini and Brecha, 1992;
Cuenca and Kolb, 1998; Vaney et al., 1989; Hannibal et al., 2000), consistent with observations
in other parts of the central nervous system (CNS) reporting co-release of classical
neurotransmitters and peptides from the same neuron (Hokfelt et al., 2000). Moreover, almost all
the retinal peptides are found in inner retinal neurons, particularly in subtypes of amacrine cell

(Brecha, 2003).
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Endogenous opioid peptides possess a shared N-terminal tetrapeptide sequence Tyr-Gly-Gly-
Phe and are divided into three families, originating from three large precursor proteins.
Proenkephalin gives rise to two pentapeptide proteins, leu-enkephalin and met-enkephalin, the
heptapeptide met-enkephalin-7 and the octapeptide met-enkephalin-8. Prodynorphin is cleaved to
generate dynorphin A/B and o—neoendorphin (reviewed in Khalap et al., 2005). The alternative
cleavage products of proopiomelanocortin include the opioid B-endorphin, the melanocortins
adrenocorticotropic hormone (ACTH), a-, - and y—melanocyte stimulating hormone (a—MSH,
B—MSH and y-MSH, respectively) and the corticotropin-like intermediate lobe peptide (CLIP)
(Millington, 2007). Each opioid peptide family preferentially binds to specific peptide receptors,
known as mu-, delta- and kappa opioid receptors (L-OR, 3-OR and k-OR, respectively).
Although there is no absolute peptide/receptor pair specificity, B-endorphin binds preferentially
to the u-OR, the enkephalins show highest affinity for the 8-OR, and the dynorphin family for
the k-OR (Kieffer, 1995).

Most research on retinal opioid peptides has been done on fish and avian retinas (Djamgoz et
al., 1981; Seltner et al., 1997; Fischer et al., 1998) and the majority of this work has focused on
enkephalins, which are found in amacrine cells that colocalize GABA or glycine (Watt et al.,
1988) and also the peptides somatostatin and neurotensin (Yang et al., 1997). With regard to
mammalian retinas, Altschuler et al., (1982) provided immunocytochemical evidence for the
presence of enkephalin in inner retinal neurons of the guinea pig retina, but functional studies of
enkephalin actions in mammalian retinas are lacking.

Only sparse data exist for the presence or function of endorphin-like peptides and their
receptors in mammalian retinas. Medzihradsky (1976) found that rat retinal homogenates

showed stereospecific binding of etorphine, a synthetic, non-selective analog of morphine.
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Binding studies with the non-selective opioid receptor ligand [3H]diprenorphine showed
saturable specific binding in the rabbit retina (Slaughter et al., 1985). However, further analysis
of binding site subtypes was precluded by the low density of binding sites. Wamsley et al.,
(1981), using [3H]dihydromorphine, found autoradiographic labeling over the inner plexiform
and ganglion cell layers (IPL and GCL, respectively) in rat and monkey retinas. Since
dihydromorphine shows a ten times higher affinity for u-OR compared to 6-ORs, high affinity
binding of dihydromorphine suggests the presence of LL-ORs in these retinas. Similarly,
[*H]naloxone binding indicated that p-ORs are present in bovine retinal homogenates: specific
[*H]naloxone binding was most completely inhibited by the p-OR specific compound,
levorphanol (ICsp=1 nM)(Borbe et al., 1982).

Given the weak data base for opioid peptides and receptors in mammalian retinas, we
decided to take advantage of a transgenic mouse model in which Discosoma red fluorescent
protein (DsRed) is expressed under the transcriptional control of the mouse POMC gene
promoter and neuronal regulatory elements (Hentges et al., 2009). In this transgenic mouse we
found that POMC-DsRed expression was confined to cholinergic amacrine cells. Additionally,
we demonstrated by immunocytochemistry that the opioid POMC cleavage product 3-endorphin
was located within cholinergic amacrine cells, whereas immunoreactivity for the alternative
melanocortin cleavage products, ACTH and «—MSH, was not detected in inner retina. We
provide quantitative data on the fractions of the cholinergic amacrine cell population which
express f-endorphin. In a brief report, Brecha et al., (1995), utilizing an antibody against the -
OR, found immunoreactivity in ganglion cell bodies and dendrites of the rat retina. Our data, in

conjunction with the report of Brecha et al., (1995) suggest a close spatial apposition of B-
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endorphin release and binding sites in inner retina, thus providing an initial anatomical

framework for further study of opioid peptide function in mammalian retinas.

2.3. Materials and methods

Animals

Wild type C57BL/6J mice were obtained from Jackson Laboratories, Bar Harbor ME. The
POMC-DsRed transgenic mouse line (Hentges et al., 2009), was used to assess POMC promoter-
driven expression of the red fluorescent protein DsRed. Tissue from POMC knockout mice
(Smart et al., 2006) was used as a negative control for specificity of the B-endorphin antiserum.
Mice were kept on a 12-hour light:12-hour dark cycle with lights on at 6:00 AM, fed standard
chow and water ad libitum. Adult male and female mice were used for experimentation. Animals
were handled in compliance with the Colorado State University Institutional Animal Care and
Use Committee and all procedures met United States Public Health Service Guidelines.
Production of transgenic mice

Mice expressing the tdimer2(12) engineered form of DsRed (Campbell, et al., 2002) under
the control of pro-opiomelanocortin gene (Pomc) regulatory elements were produced by
standard techniques and validated as described elsewhere (Hentges et al., 2009). In brief, the
transgene contained 11.8 kb of mouse Pomc genomic sequences extending from nucleotide
positions -13.3 kb to +3.2 kb, numbered relative to the transcriptional start site, that includes two
distal neuronal regulatory enhancers (deSouza, et al., 2005), the proximal promoter, exon 1 and
intron 1. The 5’ flanking sequences were modified by an internal deletion of 4.7 kb ranging from
positions -6.8 kb to -2.1 kb that were shown previously to be unnecessary for neuronal
expression of transgenes (deSouza, et al., 2005). Tdimer2(12) coding sequences followed by

SV40T antigen transcriptional stop and polyadenylation signals were ligated to the Pomc
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sequences at a Smal restriction site engineered into the 5> UTR of exon 2 at nucleotide position
+3.2 kb. The transgene DNA was purified from its pBlueScript (Stratgene) plasmid vector
backbone after restriction endonuclease digestion at unique polylinker sites on both sides of the
cloned insert and used for nuclear microinjection into fertilized one-cell mouse embryos. In some
experiments, POMC-DsRed transgenic mice were further crossed with a glutamic acid
decarboxylase (GAD)-67 enhanced green fluorescent protein (EGFP) transgenic mouse line
(Tamamaki et al., 2003). The GAD67-EGFP transgene faithfully labels gamma amino butyric
acid (GABA )ergic neurons. In these mice, EGFP colocalizes with GAD67, GABA and
neuropeptides that are expressed in CNS GABAergic neurons (neuron-nuclear specific protein,
calretinin, parvalbumin and somatostatin; Tamamaki et al., 2003). Furthermore, in the retinas of
the GAD67-EGFP strain, most (99%) of the EGFP+ cells co-localize GABA (May et al., 2008).
Genotyping of the compound transgenic mice with double-labeled POMC- and GAD67-
expressing cells (Hentges et al., 2009) was performed using polymerase chain reaction (PCR)
and primer sets specific for the EGFP and DsRed transgenes. Generation and breeding of
neuronal-specific POMC-KO mice were described in detail elsewhere (Smart et al., 2006). In
brief, transgenic mice were generated with a modified genomic construct predicted to express
POMC in pituitary cells, but not in neurons. A 9.7-kb EcoRI-EcoR] mouse genomic DNA
fragment containing the 3 Pomc exons and proximal promoter elements was subcloned into
pBluescript SK (Stratagene) and used to construct the pituitary-specific POMC rescue transgene
pHalEx2* (Tg), which contains a unique oligonucleotide sequence inserted into the 5> UTR of
exon 2 to provide a probe for specific detection of mRNA transcribed from the transgene, but not
from endogenous Pomc alleles. The novel strain of transgenic mice was generated by nuclear

microinjection of linearized pHalEx2* Tg DNA into B6D2 F2 hybrid 1-cell embryos. The
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pHalEx2* Tg allele was backcrossed from a single identified founder to inbred C57BL/6J mice
(Jackson Laboratory) for 2 consecutive generations and subsequently crossed onto the Pome™
genetic background by an additional 2 generations of double-heterozygous matings. Genotyping
was performed by PCR.

Immunohistochemistry

Mice were killed between 10:00 and 14:00 hours by exposure to CO, followed by cervical
dislocation, or were deeply anesthetized with isoflurane and decapitated before both eyes were
enucleated. A small incision was made at the ora serrata, and the whole eye was fixed at room
temperature in freshly prepared 4% paraformaldehyde in 0.1M phosphate buffered saline (PBS;
pH 7.35) for 15 min. The cornea and lens were removed and the eyecups left in the same
fixative solution for an additional 5 min.

Both whole-mounted retinas and cryostat sectioned retinas were used for
immunohistochemistry. For whole-mounts, isolated retinas were washed 3 x 15 minin 0.1 M
PBS at room temperature, then incubated in blocking solution (0.3% Triton X-100 v/v, 0.1%
sodium azide w/v and 1% bovine serum albumin w/v in PBS) for 1-2 hours at room temperature
or overnight at 4°C. Retinas were incubated overnight in primary antibodies diluted in blocking
solution (Table 2.1) at room temperature on a shaker table. Retinas were then washed (3 x 15
min) in PBS and incubated, either at room temperature for 2 hours or overnight at 4°C, in the
appropriate secondary antibodies. After a final 3 x 15 min wash in PBS, retinas were mounted on
glass slides in Vectashield (Vector Laboratories, Burlingame, CA).

For cryostat sections, fixed eye cups were cryoprotected in 30% sucrose overnight,
embedded in OCT (Ted Pella Inc.) and cut into 20um thick vertical sections. Sections were

mounted on glass slides and stored frozen until immunostained using the above protocol. For

19



immunostaining of peptides, either a fluorescent secondary or 3,3'-Diaminobenzidine (DAB)
amplification was employed. For DAB amplification, sections were washed in PBS, then
incubated in 1% hydrogen peroxide in PBS for 30-60 minutes. Slides were then washed in PBS,
incubated in ABC complex (Vectastain ABC kit, Vector Laboratories) for 2 hours at room
temperature, and subsequently in DAB solution (Peroxidase substrate kit DAB, Vector
Laboratories) until optimal staining was obtained (5-10 minutes). Slides were washed in Tris-
buffered saline (TBS; pH 7.4) and mounted in TBS or Vectashield.
Antibody Specificity

ACTH. Highly purified, iodination-grade ACTH from rat pituitary glands was used as the
immunogen for the production of an anti-ACTH antiserum in rabbit. Rat ACTH has 93%
sequence homology with mouse (NCBI Blast). The purified antibody was provided by Dr. A. F.
Parlow (parlow @humc.edu) of the National Hormone & Peptide Program (NHPP), who found
that it did not cross react with any other pituitary hormones. In mouse CNS (Hentges et al.,
2009) it was found that anti-ACTH immunoreactivity (ir) was abolished by preadsorption to
ACTH 1-39 and was absent in POMC null mice.

o—MSH. The polyclonal o-MSH antiserum was raised in sheep against an immunogen
consisting of a-MSH conjugated to bovine thyroglobulin. The specificity of the «-MSH
antibody was demonstrated in rat hypothalamus by Elias et al., (1998) who showed that

preadsorption of the antibody with its immunogen resulted in loss of specific staining.
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Table 2.1. Primary Antibodies Applied in the Current Study.

Antibody Antiserum | Immunogen Source Catalog #/ | Dilution
Lot #
Adrenocorticotropic Rabbit Anti- | Rat pituitary ACTH | National Hormone & | AFP- 1:10000
hormone (ACTH) ACTH Peptide Program, 156102789
Torrance, CA
Alpha-Melanocyte Rabbit Anti- | a-MSH conjugated | Millipore, Billerica, AB5087/ 1:10000
Stimulating Hormone a-MSH with bovine MA LV1447004
(a-MSH) thymoglobulin
Beta Endorphin Rabbit Anti- | Synthetic, complete | National Hormone & | AFP- 1:5000-
B-Endorphin | human B-endorphin | Peptide Program, 791579Rb 1:20000
Torrance, CA
Calbindin Rabbit Anti- Recombinant Millipore, Billerica, AB1778 / 1:2500
calbindin, calbindin MA LV1463639
Polyclonal
Calretinin Rabbit Anti- Recombinant rat Millipore, Billerica, AB5054 / 1:5000
calretinin, calretinin MA LV1532272
Polyclonal
Choline Goat Anti- Human placental Millipore, Billerica, AB144P / 1:200
Acetyltransferase ChAT, enzyme MA LV1541569
(ChAT) Polyclonal
Glutamate Mouse Anti- | GAD enzyme, Developmental GAD-6 1:1000
Decarboxylase -6 GADG65 64kDa subunit, rat Studies Hybridoma
(GADG65) brain Bank, University of
Iowa, Iowa City, IA
Glycine Transporter Goat Anti- Synthetic peptide, Millipore, Billerica, AB1770/ 1:5000-
T1 (GLYT1) Gly-Tl, rat GLYTI C- MA LV1392052 1:10000
Polyclonal terminus

B-endorphin. The -endorphin antiserum was produced in rabbit by Dr. A. F. Parlow using

the synthetic peptide YGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE, corresponding to

complete human B-endorphin. Human B-endorphin has 94% sequence homology to mouse. The
specificity of this antiserum was confirmed in the present study using POMC null mice, in which

anti-B-endorphin immunoreactivity was absent in hypothalamus and retina, but present in those

tissues of wild type mice.

Calbindin. The polyclonal anti-calbindin antibody was raised in rabbit against recombinant
mouse calbindin-28k. Western blot analysis of human cerebellar homogenate with this antibody

showed a single band of ~28 kDa in size (Matilla et al., 2001) similar to manufacturer’s Western

blot analysis of mouse brain lysate. In the developing mouse retina, de Melo and colleagues

(2003) used this antibody to immunolabel specifically retinal horizontal cells, consistent with the

observation that calbindin-28k is a horizontal cell specific marker in rod-dominant retinas
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(Hamano et al., 1990). Haverkamp and Wissle (2000) used an antibody raised against
recombinant rat calbindin-28k (Rabbit anti-calbindin, Swant, Bellinzona, Switzerland) to show
that besides horizontal cells, some amacrine and ganglion cells, as well as three prominent layers
in the IPL, showed calbindin immunoreactivity in the mouse retina. This immunohistochemical
staining pattern has been observed in the inner retina in both mouse and rat studies using various
other anti-calbindin antibodies (Moon et al., 2005 and Kielczewski et al., 2005, respectively) and
it is in perfect agreement with our results (Figure 2.3).

Calretinin. Recombinant rat calretinin was used for the production of an anti-calretinin
polyclonal antiserum in rabbit. The rat calretinin has 99% amino acid sequence homology to
mouse calretinin (NCBI Blast). In immunoblots of rat tissues it recognizes both calcium-bound
and calcium-unbound forms of calretinin (manufacturer’s specifications). The molecular mass of
calretinin is 29 kDa, and Choi et al., (2009) showed that, in Western blots of dog olfactory bulb
tissue, this antibody recognized a corresponding single band. An immunohistochemical study by
de Melo et al (2005) used this antibody as a marker for amacrine cells in the developing mouse
retina. Gébriel and Witkovsky (1998) showed a similar labeling pattern in the adult rat retina,
with calretinin+ amacrine cells located in both the INL and GCL, and three distinct bands in the
IPL. This calretinin immunolabeling is in agreement with what Haverkamp and Wissle (2000)
reported in the adult mouse retina, and with our results (Figure 2.3).

Choline Acetyltransferase (ChAT). The antigen-affinity purified polyclonal anti-ChAT
antibody was generated in goat, using human placental ChAT enzyme. Human ChAT has 86%
sequence homology to mouse ChAT (NCBI Blast). Its specificity was established in Western

blots of rat brain and skeletal muscle, in which the antibody recognized a single band of 68-72
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kD (Brunelli et al., 2005). In retina, this antibody selectively stains a subtype of amacrine cell
that also internalize radioactive acetylcholine (Masland and Mills, 1979; Voigt, 1986).

Glutamic Acid Decarboxylase (GAD)6S. Affinity purified GAD65 from adult rat brain was
used to raise an anti-GAD6 monoclonal antibody in mouse. Rat GAD65 has 98% amino acid
sequence homology to mouse GAD65 (NCBI Blast). In Western blot analysis of rat brain this
antibody recognized a single band at 59 kD (Chang and Gottlieb, 1988). The corresponding
band was absent in Western blots of mouse brain tissue taken from a GAD65 null mouse
(Yamamoto et al., 2003).

Glycine Transporter 1 (GLYT-1). A polyclonal anti-GLYT-1 antiserum was raised in goat
using a synthetic peptide (Table 2.1), corresponding to amino acids 614-633 at the carboxy-
terminus of cloned rat GLYT-1. This peptide sequence is 95 % homologous to that of mouse. In
our hands, preadsorption of the antibody with its immunogenic peptide completely abolished
immunolabeling in the mouse retina.

For double immunolabeling experiments, preparations were tested with both sequential and
concurrent immunohistochemical protocols, with no differences in staining patterns noted.
Omission of the primary antibody/antibodies resulted in no immunoreactivity.

To verify that the DsRed transgene product was expressed in authentic POMC neurons and
as a control for labeling in the retina, immunolabeling studies were performed in brain slices.
Mice were deeply anesthetized and perfused transcardially with 4% paraformaldehyde in PBS.
After perfusion, brains were post-fixed in 4% paraformaldehyde for 24 h at 4 °C before
sectioning. Brain slices (50 wm thick) including the hypothalamic arcuate nucleus were prepared
on a vibratome. Non-specific binding was reduced by incubating the sections in PBS containing

0.3% triton-x and 3% normal goat serum for 30 min at room temperature. Sections were
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incubated in primary antibody overnight at 4°C. Antibody sources and concentrations are listed
in Table 2.1. Sections were rinsed 3x15 min in PBS then exposed to a fluorescent secondary
antibody for 2 hr at room temperature. The tissue was then rinsed and mounted on glass slides
for imaging.

In situ hybridization

Eyes were fixed by immersion in PBS containing 4% paraformaldehyde for 1 hour at room
temperature, then embedded in Shandon Cryomatrix (Anatomical Pathology International,
Runcorn, UK) and frozen on dry ice. Cryosections (12 pm) were collected on RNAse treated
Super-Frost Plus Slides (Fisher Scientific, Illkirch, France). Slides were then washed for 5
minutes in PBS, acetylated and dehydrated in graded ethanol solutions (70, 90 and 100%). The
antisense and sense probes were synthesized and digoxigenin-labeled from the template T9962
obtained from Genepaint (http://www.genepaint.org), using SP6 and T7 polymerase, respectively
(Promega, Madison, WI, USA), and Dig-UTP (Roche Diagnostics, Basel, Switzerland). The
antisense probe targets position 3-967 from the POMC sequence, with the addition of a 105-base
long poly A.

After a first step of proteinase K digestion (0.01 pg/ml in 50mM Tris, SmM EDTA, 0.05%
Tween-20, pH 8.0) in PBS, sections were prehybridized for 30 minutes in Hyb-mix solution
(Ambion, Austin, TX, USA), hybridized for 5 hours 30 min at 64°C in Hyb-mix containing
300ng/ml riboprobes, and labeled with an anti-digoxigenin antibody coupled to peroxidase
(Roche Diagnostics, Basel, Switzerland).

Confocal laser microscopy
Fluorescent images were taken with a Zeiss LSM 510 confocal microscope (Carl Ziess,

Oberkochen, Germany) or with a Nikon PM 800 confocal microscope equipped with a digital
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camera controlled by the Spot software program (Diagnostic Instruments, Sterling Heights, MI).
On both microscopes, to avoid crosstalk between laser channels, digital images were acquired
separately from each laser channel and then merged. Digital files were further processed with
deconvolution software (AutoQuant Imaging, Watervliet, NY). For whole- mounted retinas,
confocal Z-stack images (200 pm x 200 pum, in a 5x5 matrix) were taken at 40x from the vitreal
surface to the OPL in 3-4 pum steps. For vertically cryosectioned retinas, single images or Z-
stack images were taken at 40x or 63x in 2-3 um increments. For all acquisitions, sequential
scans at the different wavelengths were performed. Brightness and contrast of images were
adjusted in Photoshop CS3 (Adobe 10.1). All such adjustments were made uniformly to the
entire digital image.
Quantification and data analysis

Images were compiled and analyzed using Zeiss LSM Images Examiner software (Carl Zeiss,
Oberkochen, Germany). Cell counts for each whole-mounted retina were obtained through
compilation of Z-stack 40x images from both inner nuclear layer (INL) and ganglion cell layer
(GCL) over 1 mm? areas in both central and peripheral retinal areas. Cell counts for cryostat
sectioned retinas or whole-mounts were performed manually. Statistical analysis was done using
paired-Student’s t-test (Microsoft Excel, 2003); P-values < 0.05 were considered significant. All
graphs were generated with Sigma Plot (Sigma plot 2001, Systat Software Inc.). Cumulative
quantitative data are presented as averages + SEM.

We performed a nearest-neighbor analysis (Wissle and Riemann, 1978) of DsRed+ cells on a
representative retina obtained from a POMC-DsRed transgenic mouse as follows: Confocal

images of five, 200 um x 200 wm areas (quadrates) were randomly selected from both the

peripheral and the central retina. Nearest-neighbor distances were measured with 0.1 pm
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resolution manually for all DsRed+ cells from center to center of the somas in these quadrates by
using Zeiss LSM Images Examiner software (Carl Zeiss, Oberkochen, Germany) in both the INL
and GCL. The measurements in the five quadrates at similar eccentricity (i.e. central (C) or
peripheral (P)) and within same cellular layers were plotted on histograms using 5 um binning of
the distances. Accordingly, 4 separate histograms (C-INL, C-GCL, P-INL and P-GCL) were
generated. Numbers of measurements / bin were normalized to the total number of measurements

(n) within the area. The normalized histograms were fitted by a normal Gaussian function:

p(r) = k exp[-1/2((r-w)/c)’]

where L is the mean, © is the standard deviation of the measurements and k is a normalizing
factor (Wissle and Riemann, 1978). The correlation between the histograms and the Gaussian fit

(R*: coefficient of determination) was calculated by Sigmaplot.
2.4. Results

Distribution of POMC-DsRed+ cells in the retina

A transgenic mouse line was used to assess POMC promoter-driven red fluorophore (DsRed)
expression in the retina (Hentges et al., 2009). In a low magnification image of a whole-
mounted POMC-DsRed mouse retina (Fig. 2.1A) numerous DsRed-expressing (DsRed+) somas
were seen throughout the tissue. Vertical sections (Fig. 2.1B) revealed DsRed+ somas located
either at the border of INL and IPL, or within the GCL. Two distinct DsRed+ bands were seen
in the middle third portion of the IPL (Fig. 2.1B). No DsRed fluorescence was detected in the

outer retina. All DsRed+ somas had a similar round shape and size (diameter 8.5+1.0 pm; n=104
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Fiure 2.1. DsRe ﬂuoophre expressio in the retina of POMC transgenic mice in confocal images
of whole-mounted (A) and vertically cryosectioned retinas (B). A: Low-power image of a POMC-
DsRed retinal whole-mount focused on the INL, showing fluorescent cell bodies of similar shape, size
and distribution; scale bar: 200pm. B: Vertical cryostat section through the POMC-DsRed retina
showing bright fluorescent cell bodies of similar shape and size distributed in both the INL and the

GCL, with their processes forming two distinct bands within the IPL; scale bar: 20um.

taken from 12 retinas). At low magnification, DsRed fluorescence intensity in labeled somas
appeared to be even across cells, indicating a similar expression level of the fluorophore,
although no quantification was attempted on this point. The apparent differences in the
brightness of DsRed fluorescence among immunostained somas (Fig. 2.1A) resulted from slight
differences in the plane of optical sectioning through the imaged cells.

To obtain the retinal density of DsRed+ somas/mmz, cell counts were carried out on whole-
mounted retinas (n=9 from different animals from 4 different litters), in 5 by 5 adjacent quadrates,
200 wm x 200 wm each, at both the center (near the optic nerve) and at the retinal periphery,
focusing at both the INL/IPL border and the GCL. Data obtained from a single representative
retina are illustrated in Figure 2.2A. Note the variability in the number of DsRed+ cells across

quadrates: in the plotted example, cell counts in the INL varied between 29 and 66 in central
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retina, and between 28 and 63 in peripheral retina (averaging 47£1.9 and 42+1.7, respectively).
Similarly, in the GCL, cell counts ranged from 17-37/quadrate in central retina and 21-39 in
peripheral retina (averaging 27+1.0 and 28+1.6, respectively). In addition, we found variation in
the average DsRed+ cell numbers/quadrate across animals: in the INL, ranging from 28 to 56 in
central INL and 30-59 in peripheral INL (giving an overall average of 46£0.8 and 42+0.9,
respectively). In the GCL the comparable variation across animals ranged from 23 to 48 in
central retina and 17-43 in peripheral retina (averaging 32+0.7 and 30%0.7, respectively). Mean
cell density/mm2 values were obtained by summing cell numbers in 25 quadrates, for both the
INL and the GCL in their respective locations and averaging those values across animals (n=9).
The analysis of cell density data are summarized in Figure 2.2B. We found that the density of
(1182+64/mm” vs. 803+86/mm?, p<0.00001) and periphery (1039£87/mm? vs. 756+77/mm?,
p<0.000009, paired Student’s t-test). Within their respective cellular layers, a slightly higher
density of DsRed+ somas was found at the central INL and GCL than in the periphery, but the
differences were statistically significant only in the INL (INL, p<0.02; GCL: p<0.09, paired
Student’s t-test).

Nearest-neighbor analysis (Wassle and Riemann, 1978) was performed to quantify the tiling
regularity of the DsRed+ somas in the retina (for details see Methods). Histograms generated
from the nearest-neighbor distance data at each area (INL and GCL at both the center and
periphery) were fit well by Gaussian functions (R* ranged from 0.89 to 0.98; Fig. 2.2), indicating
that distances followed a normal distribution. The average distance between the nearest DsRed+
cells in the INL was 21.0£7.0 um (n=290) at the center and 24.2t7.5 wm (n= 207) at the

periphery. The comparable average distances in the GCL were 21.6%11.0 um at the center and

24.917.5 um at the periphery (n=195 and n=182, respectively). The regularity of DsRed+ soma
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Figure 2.2. A: POMC-DsRed+ soma distribution in a single representative retina. Cell body counts were
performed in the inner nuclear and ganglion cell layers (INL and GCL, respectively) over a I mm” area compiled
from 5x5, adjacent, 200 um x 200 wm confocal Z-stack images at both the center (C) and at the periphery (P) of
the retina. The 3D surface plot shows that despite small differences in the soma counts/quadrate, POMC-DsRed
somas were rather evenly distributed in each nuclear layer. However, there are more DsRed+ somas in every
INL quadrate than in the corresponding GCL area. The number of total DsRed+ cells/mm” plotted in this
example: C-INL:1198; C-GCL:677; P-INL:1068; P-GCL:715. Inset shows how the number of cells counted in
the 200 pm x 200 um quadrates corresponds to colors used for the surface plot. B: Cumulative data (n=9)
showing POMC-DsRed soma distribution, comparing cell counts within nuclear layers in the periphery (P) and
center (C) and between inner nuclear and ganglion cell layers of the mouse retina (i.e. P-INL, P-GCL, C-INL
and C-GCL, respectively); error bars represent SEM; *: p<0.00001; **:p<0.000009, paired Student’s t-test. C:
Histograms of the nearest-neighbor distances at (P) and (C) in both inner nuclear and ganglion cell layers of the
mouse retina (i.e. P-INL, P-GCL, C-INL and C-GCL, respectively). Bin size: 5 pm. Absolute numbers of
observations/ bin were normalized to the total number of measurements (n). Normalized histograms were fitted
with Gaussian distribution functions (solid lines). R*: coefficient of determination; : average of nearest-

neighbor distances; o: standard deviation.
distribution given by the mean distance (W) divided by the standard deviation (¢) (Wissle and
Riemann, 1978) revealed higher regularity in the INL (R=3.0 at the center and R=3.2 at the
periphery) than in the GCL (R=1.9 at the center and R=2.6 at the periphery).

To assess the position of the DsRed+ bands in the IPL, vertical sections of DsRed+ mouse
retinas were immunostained for two calcium binding proteins, calretinin and calbindin.
Calretinin and calbindin are expressed in a congruent trilaminar pattern in the IPL of the mouse
retina (Haverkamp and Wissle, 2000). We found that the inner DsRed+ band overlapped with
the inner calretinin (Fig. 2.3A-C) and calbindin (Fig. 2.3D-F) strata between sublaminae 3 and 4,
whereas the outer DsRed+ band in the IPL co-localized with the outermost strata of both

calretinin and calbindin. Accordingly, the outer DsRed+ band is situated between sublaminae 1

and 2 (Ghosh et al., 2004).
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Figure 2.3. Calcium-binding proteins in POMC-DsRed+ cels in confocal images of vertical cryostat sections.
A, D: POMC-DsRed (magenta) retina showing soma distribution in both the INL and GCL with two bands in the
IPL. B: Confocal image illustrating the same region as in A, showing numerous calretinin+ (green) somas in the
INL and GCL and three distinct bands within the IPL. C: A merged image of A and B showing colocalization of
POMC-DsRed+ and calretinin+ somas, as well as colocalization of POMC-DsRed+ bands with the inner and
outer calretinin+ IPL bands. E: Confocal image of the same region as in D, showing calbindin+ (green) somas
in two distinct regions of the INL with somas also in the GCL and in three distinct bands in the IPL. The
calbindin+ (putative horizontal cell) somas (asterisks) at the outer border of the INL and their projections seen in
the OPL were more brightly stained than were somas and processes located in the inner retina (arrows). F: A
merged image of D and E showing colocalization of POMC-DsRed+ somas and bands with calbindin+ somas
and inner and outer IPL bands. Note, all POMC-DsRed+ somas and bands colocalize with calretinin and

calbindin. Scale bar: 20um.
The morphology of POMC-DsRed+ cells with somas in the INL suggested DsRed was

expressed by amacrine cells. However, in the mouse retina, about half of the cells in the GCL are
ganglion cells, and the other half are displaced amacrine cells (Jeon et al., 1998; Kong et al.,
2005), therefore the DsRed+ somas located in the GCL could be either amacrine or ganglion

cells, or both. To examine further the identity of DsRed+ retinal neurons in both INL and GCL,
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we looked for colocalization of the DsRed signal with well characterized neurochemical markers
for amacrine cells.
POMC-DsRed+ cells in the retina are a subset of GABAergic amacrine cells

The mammalian retina has about 30 morphological subtypes of amacrine cell (MacNeil and
Masland, 1998); half of them are glycinergic, the other half are GABAergic (Vaney, 1989).
GABA and glycine have not been detected in the same amacrine cells in mammals (Marc et al.,
1998; Haverkamp and Wissle, 2000).

In immunohistochemical studies, the glycine transporter 1 (GLYT-1) is preferred to glycine
as a marker for glycinergic amacrine cells over glycine, since some cone bipolar cells also
contain glycine, whereas only glycinergic amacrine cells express GLYT-1 (Vaney et al., 1998;
Pow, 1998, Zafra et al., 1995; Haverkamp and Wissle, 2000).

GLYT-1 immunolabeling was performed on vertical cryostat sections of POMC-DsRed
mouse retinas. As shown in Figure 2.4A-C, DsRed+ cells did not colocalize with GLYT-1
indicating that DsRed+ cells in the mouse retina were not glycinergic amacrine cells.

In GABAergic neurons, including GABAergic amacrine cells, GABA is synthesized mainly
via decarboxylation of glutamic acid by two isoforms of glutamic acid decarboxylases (GADs),
distinguished according to their molecular masses, 65 and 67 kDa (GAD65 and GAD67,
respectively). GABAergic amacrine cells in the mammalian retina can express either or both
GAD isoforms (Vardi and Auerbach, 1995; Costa and Hokoc, 2003). We found that GADG65

immunostaining was confined to neuronal somas that lacked DsRed fluorescence (Fig. 2.4D-F).
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Figure 2.4. Inhibitory amacrine cell marker detection in POMC-DsRed cells in confocal images of vertical
cryostat sections. A, D: POMC-DsRed (magenta) retina showing soma distribution in both the INL and GCL
with two bands in the IPL. B: Image representative of the same region as A, showing GLYT-1 immunolabeling
(green) for numerous cell bodies in the INL with projections throughout the IPL. Note the absence of GLYT-1-ir
somas in the GCL. C: A merged image of A and B, showing no colocalization of POMC-DsRed+ cell bodies
with GLYT-1 immunolabeling. Additionally, although GLYT-1+ projections are broadly distributed within the
IPL, they do not colocalize with the two DsRed+ bands. E: Image displaying the same region as in D, showing
faint GAD65+ somas (green) in the INL and GCL with widespread projections throughout most of the IPL.

Note the two distinct bands characterized by an absence of GAD65+ projections in the IPL. F: A merged image
of D and E showing no colocalization of GAD65-ir cell bodies or their projections with the two POMC-DsRed+
bands, which distribute within horizontal spaces in the IPL devoid of GAD65-ir. G: DsRed+ somas (magenta)
and projections of a POMC-DsRed / GAD67-EGFP double transgenic mouse. H: Image illustrating the same
region as in G, showing GAD67-EGFP+ somas in both the INL and the GCL and two bands within the IPL from
their projections. I: A merged image of G and H showing strong colocalization of POMC-DsRed+ cell bodies
in both the INL and GCL with GAD67-EGFP+ somas. Furthermore, colocalization of these markers in two IPL

bands is also seen. Scale bars: 20pm.
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Furthermore, GAD65 immunolabeling was clearly absent from the DsRed+ IPL strata, whereas
other layers of the IPL were strongly labeled, indicating that GADG6S5 is transported to amacrine
cell processes.

To assess the expression of GAD67 in POMC-DsRed+ amacrine cells, we crossed the
POMC-DsRed line with a GAD67- EGFP knock-in mouse line that marks GAD67 positive
GABAergic neurons in the nervous system (Tamamaki et al., 2003) including the retina (May et
al., 2008). In retinas of progeny carrying both GAD67-EGFP and POMC-DsRed constructs, cell
counts were performed in whole-mounted retinas (n=2) in 1 mm? areas divided into 200 um x
200 wm quadrates, at the center and periphery in both INL and GCL. A total of 10029 DsRed+
cells was counted (Table 2.2), of which 9982 (99.5%) colocalized EGFP, i.e., virtually every
POMC-DsRed+ cell was EGFP+. Examination of retinal cross sections, moreover, revealed that

the two DsRed+ bands in the IPL colocalized EGFP+ in GAD67-EGFP mice (Fig. 2.4G-H).

Table 2.2. DsRed+ soma counts in 2 retinas of progeny carrying both GAD67-EGFP and POMC-DsRed
constructs.

DsRed only DsRed + / GAD67+ DsRed + / GAD67+

(/mm?) (/mm?) (%)
Retinal _ Periphery_INL 2 1253 99.8
Retina2_ Periphery_INL 15 1455 98.9
Retinal _ Periphery_GCL 0 1091 100
Retina2_ Periphery_GCL 15 1041 98.5
Retinal_ Center_INL 4 1392 99.7
Retina2_ Center_INL 1 1406 99.9
Retinal _ Center_ GCL 7 1214 994
Retina2_ Center_ GCL 3 1130 99.7

Retinal POMC-DsRed+ neurons are a subset of cholinergic amacrine cells
Cholinergic amacrine cells form two functional subpopulations in the mammalian retina:

OFF types with somas located at the INL/IPL border whose processes arborize in a thin layer
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Figure 2.5. POMC-DsRed transgene colocalizes with the cholinergic amacrine cell marker ChAT in confocal

images of retinal whole-mounts (A-C) and vertical cryostat section (D-E). A: High-power image of a whole-
mounted POMC-DsRed (magenta) retina focused on the INL. B: Image illustrating the same region as A,
showing numerous ChAT+ soma. C: A merged image of A and B, showing strong colocalization of POMC-
DsRed+ cell bodies with ChAT (green). Note that not all ChAT+ somas are POMC-DsRed+. D: Vertical
cryostat section through POMC DsRed (magenta) retina showing the distribution of labeled somas in both the
INL and GCL and two bands of labeled processes in the IPL. E: Image of the same region as D, showing
ChAT-ir cell bodies (green) evenly distributed within the INL and GCL and two distinct ChAT-ir bands in the
IPL. F: A merged image of D and E demonstrating strong colocalization of POMC-DsRed+ somas and ChAT+
somas within the INL and GCL with further colocalization within two distinct bands of labeled processes in the

IPL. Scale bars: 20um.

between sublaminae 1 and 2 of the IPL, and ON types with somas displaced to the GCL and
whose processes arborize between IPL sublaminae 3 and 4 (Haverkamp and Wissle, 2000). The
overall distribution of cholinergic amacrine cell somas and their processes was therefore very
similar to that of POMC-DsRed+ amacrine cells. Furthermore, cholinergic amacrines colocalize
calbindin and calretinin (Ghosh et al., 2004) as we found for POMC-DsRed+ retinal neurons.

Therefore, we tested directly whether POMC-DsRed, and the cholinergic amacrine cell marker,
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choline-acetyltransferase (ChAT)-ir colocalized. We observed that POMC DsRed+ somas
colocalized ChAT in both GCL and INL (Fig. 2.5A-C). Consistent with the somatic
colocalization, we found strong colabeling of both POMC-DsRed+ strata with ChAT in the IPL.
(Fig. 2.5D-F). Counts were performed on 5 whole-mounted retinas from 5 different POMC
DsRed+ mice (see Methods). The data summarized in Table 2.3 revealed that essentially all

POMC-DsRed+ cells were cholinergic in the POMC-DsRed retinas (16439 out of 16457 counted

in total), but only approximately 50% of all ChAT+ cells expressed DsRed signal.

Table 2.3. Summary of DsRed+ soma counts in 5 retinas from 5 animals carrying POMC-DsRed constructs,

immunolabeled for ChAT
DsRed+ DsRed+ / ChAT+ ChAT+ DsRed+/ | ChAT+/
total ChAT+ only total ChAT+ DsRed+
(/mm?) (/mm?) (/mm?) (/mm?) (%) (%)
Periphery_INL | 918 £73 917 +£73 887 +£97 | 1804 =89 51+4 100 £ 0.04
Periphery_GCL | 640 + 68 640+ 68 | 835+ 106 | 1475+ 85 46+ 5 100
Center_INL 1097 77 | 1077+77 | 977 21 | 2050+ 72 53+£2 100 £ 0.1
Center_GCL 655 £ 53 654 + 53 931 £45 | 1586 +£49 44 +£3 100 £ 0.04

POMC gene products expressed in DsRed+ hypothalamic neurons and in the pituitary.

Although transgenic mice may reliably express a detectable level of fluorophore under

neuronal promoter control, this result has to be further evaluated because of the complex

regulation of such transgene expression. Multiple reports show great variation in promoter-

driven fluorescent marker expression across brain areas (von Engelhardt et al., 2007; Caputi et

al., 2009). In extreme cases, not only are the expression levels different, but the fluorophore can

be expressed in cell populations in which the promoter does not normally drive expression in

wild type mice (ectopic expression). As a case in point, a ChAT-EGFP transgenic mouse line

expresses EGFP in retinal amacrine cells having a different morphology than the cholinergic

cells that would be expected to be labeled by the transgene (Haverkamp et al., 2009), although a
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good correspondence between EGFP and ChAT

expression was found elsewhere in the brain of the

same transgenic animals (von Engelhardt et al., 2007).

Furthermore, the transgene containing the same
Pomc regulatory elements as those used in the
present report and an EGFP fluorophore reporter
resulted in nearly perfect eutopic expression of EGFP
in POMC neurons of the hypothalamus, but also
ectopic expression in immature granule cell neurons
of the dentate gyrus in the hippocampus (Overstreet
et al., 2004).

Thus, neuronal expression of the DsRed
fluorophore, although under the control of the POMC
promoter, does not automatically indicate the
expression of the large precursor polyprotein POMC

or any of its specific cleavage products (ACTH, B-

Figure 2.6. POMC-DsRed+ neurons in the

arcuate nucleus and the pituitary show 3-
endorphin immunoreactivity. A: B-endorphin
immunoreactivity (green) was limited to
neuronal fibers and showed only weak
immunoreactivity in cell bodies of DsRed+
hypothalamic neurons (magenta). B:
Inhibiting axonal transport by colchicine
increased B-endorphin immunoreactivity in
the soma of DsRed+ POMC neurons. In the
pituitary, DsRed+ cell (magenta) are
immunolabeled for B-endorphin (C) and
ACTH (D) (both green) without colchicine

treatment. Scale bars: 20pum.

endorphin, or a-MSH). To determine whether POMC gene products were expressed in the

mouse retina, we performed immunohistochemical studies to examine possible colabeling of

POMC-DsRed+ amacrine cells with antibodies directed against ACTH, B-endorphin, or a-MSH.

As a positive control, identical immunostaining was carried out first on pituitaries and brain

sections containing the arcuate nucleus of the hypothalamus from POMC-DsRed mice, since the

expression of POMC products has been well documented in these regions (Bicknell, 2008).
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POMC DsRed neurons showed specific ir for ACTH with nearly 100% overlap between

DsRed and ACTH-ir in the hypothalamus, independent of the sex of mice used for the studies

(Hentges et al., 2009). B-endorphin and a-MSH antibodies also revealed immunoreactive

products in DsRed+ hypothalamic neurons, but, for both antibodies, immunostaining was more

prominent in fibers than in cell bodies (Fig. 2.6A). Inhibiting axonal transport by intraventricular

(i.c.v.) injection of colchicine (Sigma; 10 pg in 1 pl) 18 hrs before tissue collection, greatly

increased B-endorphin staining intensity in the somas of DsRed+ POMC neurons, confirming

that the POMC-DsRed transgene labeled authentic POMC neurons (Fig. 2.6B). In the pituitary,

both the B-endorphin and the ACTH antibodies labeled somas, some of which were DsRed+ (Fig.

2.6C, D, respectively). Importantly, all of the DsRed+ anterior lobe cells were corticotrophs

because they were colabeled with one or the other POMC peptide antiserum.

DsRed+ retinal amacrine cells express 3-endorphin.

Whole-mounted DsRed-expressing retinas were treated with antibodies against ACTH, -

endorphin, or a-MSH as described above for the hypothalamic studies. Unlike the hypothalamus

and pituitary, in retinal whole-mounts only the B-endorphin antibody labeled POMC-DsRed+

. . . 2 .
amacrine cells. Cell counts were performed in two retinas over 1 mm”~, at the center in one of

them and at the periphery in the other. The data are presented in Table 2.4. Most, but not all -

Table 2.4. Summary of DsRed+ soma counts in 2 retinas from 2 animals carrying POMC-DsRed construct,

immunolabeled for B-endorphin.

DsRed+ | DsRed+/ | Pend+ Bend+ Bend+/ | DsRed+/
total Bend+ only total DsRed+ Bend+
(mm? | (/mm® | (/mm? | (/mm? (%) (%)
Retinal _Periphery INL 1279 79 14 93 6.1 84.9
Retinal_Periphery_GCL 937 35 16 51 3.7 68.6
Retina2_Center_INL 1221 33 12 55 2.9 73.3
Retina2_Center_ GCL 596 1 1 2 0.1 50
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endorphin+ somas colocalized DsRed, whereas the percentage of POMC-DsRed expressing cells
that colocalized B-endorphin varied between 0.1 and 6.1 %, depending on retinal area: the
highest degree of colocalization was observed in the INL at the periphery and the least was in the
GCL at the center (Fig. 2.7A-C). Colchicine treatment either i.c.v. or directly into the posterior
chamber of the eye (10 pg in 1 pl) 18 hr before tissue collection did not increase the number of

B-endorphin+ somas in whole-mounted POMC-DsRed retinas (n=4, not illustrated).

Figure 2.7. In the retina of POMC-DsRed transgenic mice, a subset of DsRed+ amacrine cells colocalizes [3-

endorphin. A: High-power image of a whole-mounted POMC-DsRed (magenta) retina focused on the INL. B:
Image displaying the same region as A, showing distinct B-endorphin+ cell bodies (green) of similar size and
shape. C: A merged image of A and B, showing colocalization of -endorphin and DsRed expression in somas
(white arrows). D: Vertical cryostat section through POMC-DsRed (magenta) retina showing the distribution of
labeled somas in both the INL and GCL with two bands in the IPL. E: DAB amplification of cryostat sectioned
retinas for visualization of -endorphin, illustrating the same region as D. Note B-endorphin-ir within somas in
both the INL and GCL. F: A merged image of D and E, showing perfect colocalization of B-endorphin+ cell
bodies with POMC-DsRed signal (black arrows). Note that not all DsRed+ cells show B-endorphin-ir. Scale
bars: 20pum.
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Immunostaining for B-endorphin also was performed on vertical cryostat sections of POMC-
DsRed retinas using DAB amplification. As can be seen in Figure 2.7D-F, -endorphin+ somas
were located within the INL and GCL. Furthermore, most f-endorphin+ cells colocalized with
POMC-DsRed+ cells within these cellular layers. Importantly, B-endorphin staining with DAB
intensification in vertical retinal sections revealed more -endorphin+ cells, and a higher
colocalization percentage between POMC-DsRed and B-endorphin: approximately 44% of
DsRed+ somas were labeled for B-endorphin compared to the whole-mount data obtained with
B-endorphin immunolabeling (6% at most). It is noteworthy that even with the DAB we did not
detect B-endorphin-ir in all DsRed+ cells. DAB amplification did not reveal ACTH or o-MSH

immunopositive retinal cells under similar conditions (not illustrated).

Figure 2.8. In situ hybridization reveals POMC mRNA in the GCL and INL of wild-type mouse retinas (A). .
Note the dark reaction product obtained with the antisense probe, indicative of POMC mRNA expression in
somas located in the GCL and in INL (arrows). (B): The sense probe failed to label any structure in the retina.
OS: photoreceptor outer segment layer; IS: photoreceptor inner segment layer; ONL: outer nuclear layer; OPL:
outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bars:

80um.
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POMC mRNA expression in wild-type mouse retina

To investigate whether Pomc promoter-driven DsRed expression in cholinergic amacrine
cells was a byproduct of transgenic manipulation, we investigated POMC mRNA expression in
wild type mouse retina with in situ hybridization. POMC mRNA was reliably detectable in
somas located at the inner border of the INL as well as in somas located in the GCL. A faint
signal was occasionally visible in the outer part of INL, towards the OPL (Fig. 2.8 A). We did not
find POMC mRNA signal in the IPL. The control sense probe did not give any signal (Fig. 2.8B).

These results demonstrate that Pomc is expressed in the mouse retina. Moreover, the POMC
mRNA signal location strongly supports the supposition that a fraction of cholinergic amacrine
cell somas express POMC mRNA in the wild type mouse, indicating that the red signal in the
cholinergic amacrine cell of the POMC-DsRed mice was not ectopic. However, further studies

are needed to completely rule out the possibility that some level of expression is ectopic.
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Figure 2.9. ChAT+ amacrine cells express f-endorphin in the wild-type mouse retina. A: A slightly tangential
section of wild-type mouse retina showing ChAT+ (green) soma distribution in the INL and GCL together with
two bands of immunolabeled processes in the IPL. B: DAB amplification of cryostat sectioned retinas for
visualization of B-endorphin, illustrating the same region as A. C: A merged image of A and B, showing

uniform colocalization of B-endorphin+ cell bodies with ChAT+ cells, black arrows. Note that not all ChAT+

cells are B-endorphin+. Scale bar: 20pum.
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Cholinergic amacrine cells express p-endorphin in wild-type, but not in the POMC knock
out mouse retina

To assess whether cholinergic amacrine cells indeed express -endorphin we performed
double immunostaining for B-endorphin and ChAT on vertical cryostat sections of wild-type
mouse retinas. As can be seen in Figure 2.9A-C, DAB-intensified f-endorphin staining occurs in
wild-type retinas. Out of 132 B-endorphin cells 108 (82%) were also ChAT+. On the other hand,
in the same retinal sections a total of 1274 ChAT+ amacrine cells was counted, therefore
approximately 9 % of ChAT+ cells co-expressed B-endorphin in the wild-type mouse retina.
In contrast, in the retinas of POMC-KO mice, no B-endorphin colabeling of ChAT+ retinal
neurons in vertical cryostat sections was observed (compare Fig. 2.10 A-C to D-F, wild-type vs.
POMC-KO, respectively). The number of B-endorphin+ fibers and somas is relatively high in the
hypothalamus of both POMC-DsRed transgenic (Fig. 2.6B-C) and wild-type mice (Fig. 2.10G).
No neuronal staining was observed for B-endorphin in the arcuate nucleus of POMC-KO mice
(Fig. 2.10H), consistent with a lack of B-endorphin labeling in the retina of POMC-KO mice (Fig.
2.10E-F). These findings confirm the specificity of the B-endorphin antibody used in the present

studies.

2.5. Discussion

The present data demonstrate that expression of the POMC-DsRed transgene is almost
exclusively confined to a well defined class of retinal cells, the GAD67-positive, cholinergic

amacrine cells. Furthermore, a sizeable fraction of the POMC-DsRed amacrine cells is
immunoreactive for the opioid product, -endorphin, but not for ACTH or a—MSH. Wild-type

mouse retina also expresses POMC mRNA as demonstrated by in situ hybridization. The
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Figure 2.10. B-endorphin antibody labeling is specific to POMC neurons in both retina and hypothalamus. A:
POMC-DsRed (magenta) retina showing DsRed+ soma distribution in both the INL and GCL with two DsRed
bands in the IPL. B: Same region as in A, showing -endorphin+ somas within GCL. C: A merged image of A
and B, showing colocalization of POMC-DsRed+ cell bodies with B-endorphin+ somas. D: Vertical cryostat
section through POMC-KO retina immunolabeled for ChAT (magenta), showing ChAT+ cell bodies, with two
bands in the IPL. E: Image illustrating the same area as D, stained with anti-bodies against -endorphin (green),
showing no specific labeling of somas or projections. F: A merged image of D and E, showing only ChAT+ cell
bodies and projections. G: B-endorphin immunolabeling (magenta) in the arcuate nucleus of hypothalamus in

wild type mouse. H: f-endorphin immunolabeling (magenta) in the arcuate nucleus of the hypothalamus in

POMC KO (Pomc-/-Tg) mouse. Scale bars: 20pm.
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location of POMC mRNA expressing somas was similar to that of cholinergic amacrine cells,
validating the immunohistochemical data. Finally, double-label immunohistochemistry revealed
that B-endorphin is present in cholinergic amacrine cells in wild-type mouse retinas. A small
fraction of neurons expressing 3-endorphin-immunoreactivity was not cholinergic, but we have
no further information about these cells beyond their location in inner retina.

Together, the data demonstrate that B-endorphin is expressed in a subset of ChAT+ amacrine
cells in the mouse retina. Whether -endorphin expression marks a functionally distinct subclass
of cholinergic amacrine cells across the retina has to be further investigated. The absence of
ACTH and a—MSH immunoreactivity in retinal neurons could be secondary to selective
processing of POMC at the carboxyl end within these cells. Alternatively, the non-opioid POMC
peptides may somehow be selectively degraded or released so they do not achieve detectable
levels in the neuronal soma.

Reliability of transgenic mouse lines

Transgenic mouse lines with reporter genes expressed in retinal cells have become an
increasingly important tool for extending our knowledge of retinal structure and function. The
basic approach is straightforward: couple a fluorophore, such as EGFP, or DsRed in the present
case, to a cell-type specific promoter sequence to achieve reliable, high levels of marker
expression in the targeted neuron population. Numerous examples show, however, that the
expression pattern of the marker may not match completely the distribution of the targeted cells.
Sometimes the transgenic fluorescent signal: (1) cannot be detected in the entire neuron
populations as expected based on the natural expression pattern of the promoter (Oliva et al.,
2000); (2) extends beyond the targeted population (Raymond et al., 2008) or (3) localizes to a set

of cells completely distinct from the intended targets (Sarthy et al., 2007). These scenarios may
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even combine when a given transgenic marker expression is compared across different areas of
the central nervous system. One example is the ChAT-EGFP mouse line (von Engelhardt at al,
2007) in which transgenic EGFP expression and immunohistochemical ChAT signal showed
perfect correspondence in cranial nerve nuclei or in spinal cord motoneurons, but only 35% of
ChAT+ striatal, and 42% ChAT+ cortical neurons expressed EGFP. Furthermore, in the retina of
this ChAT-EGFP mouse line, although EGFP was expressed by a single amacrine cell population,
it was distinct from the population found to be ChAT+ by immunostaining (Haverkamp et al.,
2009).

These concerns notwithstanding, retinal transgene expression usually remains constant for a
given mouse line. Therefore studying and characterizing labeled neurons constitutes a viable
tool that can be used to extend our knowledge of retinal circuitry and function (Raymond et al.,
2008; Haverkamp et al., 2009). In the POMC-DsRed mouse line DsRed signal was consistently
expressed in about 50% of ChAT+ amacrines across animals and we found a good
correspondence between expression of the transgenic signal (DsRed) and an endogenous product
(B—endorphin) in the retina. Thus the transgenic approach helped us to identify neurons
expressing POMC and in turn, its cleavage product, even though the transgenic POMC-DsRed
signal expression exceeded the number of amacrine cells stained for B-endorphin.

The cell counts of DsRed+ neurons underlying the nearest-neighbor analysis established that
POMC-expressing amacrine cells are found evenly dispersed in both central and peripheral retina
in both orthotopic and displaced layers. However, the regularity of DsRed+ neuron distribution
(R) among the population of cholinergic amacrines was higher in the INL than in the GCL (~3 vs.
~2, respectively). Spatial pattern analysis performed on the entire population of cholinergic

amacrines in the mouse retina (Whitney et al., 2008) revealed a similar difference between the
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regularity indexes calculated from nearest-neighbor distances in the INL and GCL although at
higher overall regularity (4-5 vs. 3, respectively). Based on their detailed analysis Whitney and
colleagues (2008) concluded that even the less regularly packed GCL mosaic of cholinergic cells
is non-random, representing a degraded version of a more regular, self-spacing mosaic. Based on
our nearest-neighbor analysis, POMC-DsRed+ neurons also form a (degraded) regular mosaic as
a regularly distributed subpopulation of cholinergic amacrine cells. However, this tentative
conclusion needs further testing, since the nearest- neighbor analysis alone is not always enough
to discriminate regular spatial mosaics from random distributions (Whitney et al., 2008; Eglen et
al., 2003)

The discrepancy in the relative numbers of DsRed+ and B-endorphin+ cells may indicate an
asynchronous rhythm in B-endorphin synthesis across the total population of cells. In that regard,
in the frog retina, B-endorphin expression follows a seasonal rhythm (Jackson et al., 1980). In
mammalian retinas, moreover, many genes have been shown to wax and wane on a diurnal or
circadian cycle (Storch et al., 2007). Whether B-endorphin production in the mammalian retina is
rhythmic remains to be tested.

Opioids may influence retinal function via opioid receptors in the mammalian retina

Opioid binding sites were shown first in rat (Howells et al., 1980), and subsequently in rabbit
retina homogenates (Slaughter et al., 1985). In monkey and rat retinas, opioid binding sites are
distributed over the IPL and GCL (Wamsley et al., 1981). This is consistent with u-OR
immunoreactivity in the IPL of rat retina, which is associated with bistratified ganglion cells,
whose processes ramify in sublaminae 2/3 and 4 (Brecha et al., 1995). A recent report also
demonstrated ¥ and 6—~OR immunofluorescence in the IPL and GCL in rat retina (Husain et al.,

2009).
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Very little is known about the physiological effects of opioids in the retina. Early studies
indicate that enkephalins are released from amacrine cells upon depolarization in a calcium-
dependent manner (Su et al., 1983) and inhibit GABA release in the chicken retina (Watt et al.,
1984), suggesting that GABAergic amacrine cells posses opioid receptors. Similarly, in goldfish
retina exogenous enkephalin enhanced ON ganglion cells spiking plausibly via a disinhibition
exerted on GABAergic amacrine cells (Djamgoz et al., 1981). These findings are in accord with
the nature of signal transduction pathways linked to the G-protein-coupled W, K, or & opioid
receptors (ORs): all three classes have been shown to inhibit adenylate cyclase and voltage-gated
calcium channels, or increase inwardly rectifying potassium currents, depending on the studied
cell type (see Kieffer, 1995 for review). Although the actual opioid-evoked effects on
(GABAergic) amacrine cells are not known, any of the possible opioid actions listed above
ultimately leads to inhibition of neuronal activity. Supporting this notion, an ERG study
performed in frog and turtle, showed that enkephalin agonists produced inhibitory effects
(Vitanova et al., 1990).

On the contrary, in isolated rabbit retinas light-evoked acetylcholine release was enhanced by
the p-OR selective agonist [D-Ala?, MePhe®, Gly-ol’]-enkephalin (DAMGO), independent of
GABA- or glycine-mediated inhibition (Neal et al., 1994). The same study showed that kainate-
induced acetylcholine release is also enhanced by DAMGO. Taken together, a direct, excitatory
opioid effect on cholinergic amacrine cells via u-OR was proposed (Neal et al., 1994).
Nevertheless, to explain the DAMGO effect the putative opioid receptors in the rabbit retina
should be located presynaptically on cholinergic amacrine cell processes known to arborize
around these strata instead of bistratified ganglion cell dendrites as originally reported in the rat

(Brecha et al., 1995). Further study is required to determine whether p-OR agonist DAMGO
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indeed influences cholinergic amacrine cells directly to enhance acetylcholine release (Neal et al.,
1994).

Starburst amacrine cells receive excitatory inputs from bipolar cells, and provide
directionally coded inputs to directionally selective ganglion cells (Zhou and Lee, 2008).
Whether or not opioids influence the retinal computation for motion detection has not yet been
investigated. Opioid receptors have also been implicated in ischemia-induced retinal
degeneration. However, at this point the role of opioid signaling in this regard is somewhat
controversial: in one report intraperitoneal application of the non-specific opioid receptor
antagonist, naloxone, prevented ischemic retinal degeneration (Lam et al., 1994) whereas in the
other, the general opioid receptor agonist, morphine, was found to be beneficial for the survival
of ischemia-challenged inner retinal neurons (Husain et al., 2009). Hypoxic preconditioning also
led to up-regulation of 3-OR in rat retinas (Peng et al., 2009).

In summary we have shown that a large fraction of cholinergic amacrine cells, which have a
fundamental role in processing information about motion within the mammalian retina (Zhou
and Lee, 2008), express B-endorphin. The relevant receptor for B-endorphin, the u—OR, is
reported to be located on ganglion cell dendrites within the IPL (Brecha et al., 1995) which
places them in close spatial apposition to the sites of B-endorphin release. Although functional
data are lacking, these anatomical findings suggest a role for 3-endorphin in ganglion cell signal

processing, analogous to what has been reported for other retinal peptides (Zalutsky and Miller,

1990a,b).
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3. p-opioid receptor immunolabeling in the mammalian retina

The second aim of this work was the identification of cell types possessing p-opioid receptor
in mouse retina. Standard immunohistochemical techniques and known molecular markers for
retinal cell-types were used. This chapter includes a complete published manuscript,
Dopaminergic amacrine cells express opioid receptors in the mouse retina (Shannon K.
Gallagher , Julia N. Anglen, Justin M. Mower, Jozsef Vigh, Visual Neuroscience,2012), as well
as unpublished data relevant to this aim. My contributions to this publication included
experimental design, performing and optimizing all immunohistochemistry (IHC) preparations,
imaging of all IHC preps, quantification, analysis and interpretation of all data, along with
writing and editing of the manuscript. The manuscript will discuss d-opioid receptors as well, but
that information is secondary to the scope of this work. This article is reproduced with
permission, and only minimal modifications were made to meet formatting requirements. No
other modifications were made, as per the licensing agreement (copyright clearance found in

Appendix I).

3.1. Summary

The presence of opioid receptors has been confirmed by a variety of techniques in vertebrate
retinas including those of mammals; however, in most reports the location of these receptors has
been limited to retinal regions rather than specific cell-types. Concurrently, our knowledge of the
physiological functions of opioid signaling in the retina is based on only a handful of studies. To
date, the best documented opioid effect is the modulation of retinal dopamine release, which has
been shown in a variety of vertebrate species. Nonetheless, it is not known if opioids can affect
dopaminergic amacrine cells (DACs) directly, via opioid receptors expressed by DACs. This

study, using immunohistochemical methods, sought to determine whether (1) u- and d-opioid
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receptors (MORs and DORs, respectively) are present in the mouse retina, and if present, (2) are
they expressed by DACs. We found that MOR and DOR immunolabeling was associated with
multiple cell-types in the inner retina, suggesting that opioids might influence visual information
processing at multiple sites within the mammalian retinal circuitry. Specifically, colabeling
studies with the DAC molecular marker anti-tyrosine hydroxylase antibody showed that both
MOR and DOR immunolabeling localize to DACs. These findings predict that opioids can affect
DAC:s in the mouse retina directly, via MOR and DOR signaling, and might modulate dopamine

release as reported in other mammalian and non-mammalian retinas.
3.2. Introduction

Endogenous opioids play an important role in processing sensory information such as pain
(Akil et al., 1984; Pan et al., 2008), but only sporadic data suggest that endogenous opioids are
present in the mammalian retina: enkephalin was detected in inner retinal neurons of guinea pigs
(Altschuler et al., 1982) and in rat retinal extract (Peng et al., 2009), and we recently
demonstrated the expression of B-endorphin in cholinergic amacrine cells in mouse (Gallagher et
al., 2010). The three classes of opioid receptors do not show exclusive endogenous substrate
specificity, however, B-endorphin binds preferentially to p-opioid receptors (MORs),
enkephalins to 6-opioid receptors (DORs) and dynorphins to k-opioid receptors (KORs) (Kieffer,
1995). Out of these three receptor classes, binding studies with [’H]dihydromorphine indicated
autoradiographic labeling in the inner plexiform and ganglion cell layers (IPL and GCL,
respectively), suggesting the presence of MORs and/or DORs in rat and monkey retinas

(Wamsley et al., 1981). In rat retina, Peng et al., (2009) showed the presence of both MORs and
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DORs through RT-PCR and Western blot analysis, and MORs were also detected by
immunohistochemistry on processes of bistratified ganglion cells (Brecha et al., 1995).

In the mammalian retina opioids regulate cell proliferation during development (Isayama &
Zagon, 1991), influence cell survival following hypoxic or ischemic challenge (Husain et al.,
2009; Peng et al., 2009; Riazi-Esfahani et al., 2009) and regulate dopamine release via DOR and
MOR activation (Dubocovich & Weiner, 1983). As dopamine—released from dopaminergic
amacrine cells (DACs)—exerts action in a paracrine fashion on most retinal cell-types to
promote adaptation to bright light conditions (Witkovsky, 2004), opioid regulation of dopamine
release could have profound physiological consequences in the retinal circuitry.

The aim of this study was to investigate the presence and the location of opioid receptors in
the mouse retina with immunohistochemical methods. Here we show that MOR and DOR
immunolabeling is associated with ganglion- and GABAergic amacrine cells, including DACs.
We propose that in the mouse retina B-endorphin, released from cholinergic amacrine cells
(Gallagher et al., 2010), acts on MORs (and perhaps DORSs) relatively close to its release site in
the inner retina, and might affect visual processing by amacrine, and ganglion cells, much like
substance P (Brecha et al., 1989; Zalutsky & Miller, 1990). Specifically, the results of this study
predict that in the mouse retina endogenous opioids can exert their effect via direct action on

MORs and DORs expressed by DACs and might modulate dopamine release.

3.3. Materials and methods

Animals
Adult male and female wild-type C57 and C57BL/6J mice, GAD67-EGFP transgenic mice

(Tamamaki et al., 2003) and Sprague-Dawley dams were used for experimentation. Animals
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were handled in compliance with the Colorado State University Institutional Animal Care and
Use Committee and all procedures met United States Public Health Service Guidelines. All
efforts were made to minimize the number of animals used and any possible discomfort. Mice
were obtained from Jackson Laboratories, Bar Harbor, ME, and rats from Harlan Laboratories,
Indianapolis, IN. Animals were kept on a 12 hr light:12 hr dark cycle with lights on at 6:00 AM,
fed standard chow and water ad libitum.
Immunohistochemistry

Immunohistochemical procedures on retina-, brain-, and dorsal root ganglia (DRG)-sections
were conducted as previously described for retinal sections (Gallagher et al., 2010), except an
antigen retrieval step (15 min in boiling 10 mM sodium citrate) followed by 0.5% sodium
borohydride treatment for 45 min was included. Brain slices were prepared from anesthetized
(1.p. 0.1 = 0.15 ml of 50 mg/ml Beuthanasia-D (Schering-Plough Animal Health)) mice
transcardially perfused with 0.1 M phosphate buffer (PB) and 4% paraformaldehyde (PFA) in PB.
After perfusion brain was removed, post-fixed for 1-2 hrs, cryoprotected and sectioned (50pm).
Rats were anesthetized with isoflurane and euthanized via decapitation. DRGs were removed,
fixed in 4% PFA, cryoprotected and sectioned (20pm).
Antibodies

Antibody raised against Brn-3a. This goat anti-Brn-3a antibody (C-20) was generated against
a synthetic peptide corresponding to the N-terminus region of human Brn-3a (Santa Cruz
Biotechnology: sc-31984). Western blot analysis of rat retina lysate yielded a 48 KD band
(Nadal-Nicolés et al., 2009). In the mouse retina, this antibody has been used to exclusively label

retinal ganglion cells (Galindo-Romero et al., 2011).

52



Antibodies raised against 0-opioid receptors (DORs). The first rabbit anti-DOR antibody was
generated against a synthetic peptide corresponding to amino acids 2-18
(ELVPSARAELQSSPLVN) of the N-terminus of mouse DOR (Alomone Labs: AOR-014 / AN-
01). Western blot analysis of rat cortex lysate showed bands representing receptor monomers
(37-43 kD) and dimmers / oligomers (>75 kD) which were absent in experiments preincubated
with control peptide (manufacturer’s specifications). This antibody was used in mouse DRG,
showing immunolabeling of both large and small neurons which was abolished via preadsorption
with control peptide and absent in DOR knock-out mice (Wang et al., 2010).

The second polyclonal rabbit anti-DOR antibody (Millipore: AB1560 / LV1480422) used in
this study was raised against the N-terminus of mouse DOR (LVPSARAELQSSPLV). Western
blot analysis of adult rat brain homogenate identified bands representing receptor monomers,
dimmers, and possible oligomers, which were blocked with preadsorption in control peptide
(Persson et al., 2005). In rat, this antibody has been shown to label DOR+ and large, medium,
and small neurons in DRG (Kabli & Cahill, 2007). In our hands, this anti-DOR antibody showed
similar and appropriate labeling in cryostat sectioned rat DRG (data not shown).

Antibodies raised against u-opioid receptors (MORs). The first rabbit anti-MOR antibody
used in this study was generated against a peptide corresponding to amino acids 22-38
(CSPAPGSWLNLSHVDGN) of the extracellular N-terminus of rat MOR (100% homology with
that of mouse) (Alomone Labs: AOR-011 / AN-01). Western blot analysis of rat hippocampus
lysate showed a band of 55-60 kD (manufacturer’s specifications).

The second rabbit anti-MOR antibody (Epitomics: 3675-1 / H101201) was raised against a
synthetic peptide corresponding to amino acids 386-398 (LENLEAETAPLP) of the intracellular

C-terminus of mouse MOR. Western blot analysis of mouse brain homogenates resulted in a
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broad band labeling of ~70-80 kDa in wild-type but not in knockout mouse preparations (Lupp et
al., 2011). In our hands, this antibody showed similar immunolabeling in mouse hippocampus
(data not shown) as seen in rat (Lupp et al., 2011).

Antibody raised against Tyrosine Hydroxylase (TH). The mouse anti-TH monoclonal
antibody (Millipore: MAB318 / LV1556893) was generated against TH purified from PC12 cells,
and its characterization in mouse retina has been previously described (Gallagher et al., 2010).
Data from images

Confocal laser microscopy. Fluorescent images were taken with a Zeiss LSM 510 confocal
microscope (Carl Ziess, Oberkochen, Germany). For all acquisitions, sequential scans at the
different wavelengths were performed. Z-stack images through the full thickness of
immunolabeled tissues were taken at 40x, 2-5 pm increments. Brightness and contrast of images
were adjusted uniformly in Photoshop CS3 (Adobe 10.1). Images were compiled and analyzed
using Zeiss LSM Image Examiner software (Carl Zeiss, Oberkochen, Germany).

Quantification and data analysis. Compiled single-plane (‘“Z-stack’) images were used for
subjective, visual assessment of immunolabeling colocalization. Quantitative analysis of opioid
receptor colocalization with TH immunolabeling was performed on single-plane confocal images
through the center of TH+ cell bodies or processes (see dashed lines in Fig. 3.2C) using Image J
software (NIH, Bethesda, MD, USA). The JACoP plug-in was used to calculate the Pearson’s
coefficient+SEM (Bolte & Cardelieres, 2006) using the Costes’ approach. Pearson’s coefficient
(PC) provides an analysis of pixel intensity and location in a dual-channel image with values
ranging from -1 to 1 (-1: negative correlation; 0: no correlation; 1: complete correlation)
(Gonzalez & Wintz, 1987). The Costes’ approach sets an automatic threshold level for both

channels to eliminate inconsistent or irreproducible results. Furthermore, it provides a statistical
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probability for disrupting the level colocalization (PC) found on a given two channel image by
randomizing the pixels independently 1000 times. In practice, P>95% indicates that a

colocalization pattern is non-random (Costes et al., 2004; Bolte & Cardelieres, 2000).

3.4. Results

p-opioid receptors in the mouse retina

Figure 3.1. Immunohistochemical localization of
MORs in mouse retinal and hippocampal tissues. A:
40x confocal single-plane image of vertical
cryosectioned mouse retina showing
immunolabeling with anti-MOR antibody directed
against the N-terminus of MOR (Alomone). MOR+
puncta are observed in the inner retina with
discernible cells labeled in the INL and GCL
(arrows). B: 40x image similar to A showing control
peptide preadsorption for MOR antibody. C: 10x
confocal image of mouse brain slice focusing on the
hippocampus. MOR antibody showing appropriate
immunolabeling (green), colabeled with the nuclear
marker ToPro3 (red). D: 40x focused confocal image
of the CA3 region of mouse hippocampus
immunolabeled for MORs (green), colabeled with
ToPro3 (red). E: 40x image similar D showing
preadsorption of MOR antibody with control
peptide, colabeled with ToPro3 (red). ONL: outer
nuclear layer; OPL: outer plexiform layer; INL:
inner nuclear layer; IPL: inner plexiform layer; GCL:
ganglion cell layer; DG: dentate gyrus. Scale bars:
A, B, D, and E: 20pm, C: 100um.

To assess the immunohistochemical labeling of p-opioid receptors (MORSs) in the mouse
retina, an antibody recognizing the N-terminus of MOR (Alomone) was tested on vertical
cryostat sections. This antibody at 1:500 dilution produced punctate labeling in the inner retina
which was associated with somatic profiles in both the inner nuclear layer (INL) and ganglion
cell layer (GCL), but no immunolabeling was noted in the outer retina (arrows, Fig. 3.1A).

MOR immunolabeling was completely abolished by preincubation of the antibody with its
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control peptide (1:10, antibody: control peptide—per manufacture’s guidelines) (Fig. 3.1B).
Control experiments were performed on mouse brain coronal sections. MOR immunolabeling of
hippocampal neurons corresponded nicely with previous reports in mouse (Kwon et al., 2008)
(Fig. 3.1C,D). Similar to the retina, preadsorption of the MOR antibody with its immunogenic
peptide blocked the immunolabeling of hippocampal neurons (Fig. 3.1E).

The GCL is comprised of ganglion cells
(GCs) and displaced amacrine cells (Jeon et al.,
1998; Kong et al., 2005), whereas the INL is
the most heterogeneous nuclear layer in the

mouse retina containing horizontal, bipolar,

amacrine and Miiller cell somas, with —
Figure 3.2. Some ganglion cells and GAB Aergic
amacrine cells are MOR+. A: 40x single-plane
merged image of vertically sectioned GAD67-EGFP
mouse retina immunolabeled for MOR (red;
of all the INL somata (Jeon et al., 1998). Due Alomone). GAD67-EGFP somas are seen in the INL
(bright green) and GCL (dim green) with processes
to the diverse size, morphology and location of ~ in the IPL. Punctate MOR+ labeling of a displaced
GABAergic amacrine cell is shown in the GCL
. . . (arrow). Some putative MOR+ somas in the GCL are
the MOR+ somas (Fig. 3.1A), it was likely that GAD67-EGFPI;1egative (arrowheads). In the INL
some GAD67-EGFP cells colabel MOR+ puncta that
there are multiple types of MOR bearing cells could indicate colocalization (asterisks). B: 40x
merged confocal image of cryosectioned wild-type
in the inner retina. In a GAD67-EGFP knock-in mouse retina co-immunolabeled for MOR (red) and
Brn-3a (green). Some Brn-3a+ retinal ganglion cells
(arrow), but not all (arrowhead), are MOR+. INL:
mouse line, the presence of EGFP reliably inner nuclear layer; IPL: inner plexiform layer; GCL:

ganglion cell layer. Scale bars: 20um.

amacrines making up a large fraction (~39%)

marks GAD67 positive GABAergic neurons in

the central nervous system (Tamamaki et al., 2003) including various GABAergic amacrine cells
the retina (May et al., 2008). We found that MOR immunolabeling occasionally colocalized with
the GAD67-EGFP signal in both the INL and GCL (Fig. 3.2A, asterisk and arrow, respectively).

The presence of MOR+/ GAD67-EGFP- cells in the GCL (Fig. 3.2A, arrowheads) indicated that
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displaced amacrines lacking GAD67-EGFP and/or GCs express MORs as well. To further test
this notion, colabeling studies were performed using a known GC marker, Brn-3a (1:200
dilution), which label many but not all GCs in the mouse retina (Xiang et al., 1995). We found
several Brn-3a labeled cell bodies in the GCL colocalize with MOR immunolabeling (Fig. 3.2B,

arrow), but not all Brn-3a cells were colabeled with MOR (Fig. 3.2B, arrowhead).

i ( ‘ Figure 3.3. Dopaminergic amacrines in the INL are
I |
I |

MOR+. A: 40x single-plane image of vertically sectioned
mouse retina showing MOR+ (red) puncta in the INL
(arrow) using the N-terminus directed MOR antibody
(Alomone). B: Image displaying the same retinal region
as A, immunolabeled for TH (green) showing a single
TH+ cell (arrow) in the INL with TH+ projections in the
IPL at the border with the INL. C: A merged image of A
and B, displaying colocalization of the MOR+ and TH+
cell (arrow). D: 40x confocal image, vertical section of
mouse retina showing immunolabeled somata (red) in the
INL (arrow) with the anti-MOR antibody directed against
the C-terminus of the receptor (Epitomics). E: Image
illustrating the same region as in D, showing a TH+
(green) soma in the INL (arrow). F: A merged image of
D and E, indicating colocalization of MOR and TH
immunolabeling. INL: inner nuclear layer; IPL: inner
plexiform layer; GCL: ganglion cell layer. Dashed lines
(C) demarcate example focused images used for
colocalization analysis (see Methods). Scale bars: 20um.

To evaluate whether DACs are also MOR+, a colabeling study was performed with the DAC
marker anti-tyrosine hydroxylase (TH) antibody (Witkovsky et al., 2005). A representative
image (Fig. 3.3A-C) shows colocalization of MOR and TH immunolabeling in the INL (arrow).
Visual evaluation of 124 TH+ DAC somas in retinal sections from nine different mice showed
that 117 (> 94%) were also MOR+.

A more objective test to assess whether MOR and TH immunolabeling precisely overlap is to
calculate Pearson’s coefficient (PC) using Costes’ approach (see Methods). Analysis of five

MOR / TH immunolabeled somata (see Fig. 3.3C dashed line for example of focused somatic
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colocalization analysis) from three animals gave an average PC of 0.603 = 0.015; P = 100%.
This PC indicates colocalization between TH and MOR and the P-value proves that it is non-
random. Similar analysis of three TH+ DAC somas that were deemed as MOR- by visual
assessment was also performed. The results of this analysis (PC=0.4 £ 0.094; P =100%) suggest
that our (subjective) visual assessment was too conservative and underestimated the
colocalization percentage; based on these results in the mouse retina essentially every (TH+)
DAC soma was labeled with the MOR antibody directed against the N-terminus.

Processes from DACs form a distinct horizontal band at the border of the INL and IPL
(Witkovsky et al., 2005). Both visual assessment and quantitative analysis of colocalization were
performed on five images focused on TH+ processes (see Fig. 3.3C IPL dashed line for example)
yielding little to no colocalization with MOR immunolabeling (PC=0.062 + 0.006).

Studies with a second anti-MOR antibody directed against the C-terminus of MOR (1:10
dilution) showed similar immunolabeling in the inner retina as was seen with the N-terminus-
directed MOR antibody (compare Fig. 3.3D with 3.1A and 3.3A). Additionally, this second
MOR antibody provided consensus colabeling with TH (arrow, Fig. 3.3D-F). We found > 93%
of TH+ somas were MOR+ by visual assessment (28/30, four mice), whereas no colocalization
was noted in the IPL. Detailed statistical evaluation of colocalization was performed on five
images focused on TH+ cell bodies from three animals resulted in a PC of 0.754 + 0.025, with a
P-value of 100%, indicating a non-random colocalization between TH and MOR
immunolabeling provided by the C-terminus antibody.
d-opioid receptors in the mouse retina

The physiological data in rabbit retina showed that DADLE reduces dopamine release

(Dubocovich & Weiner, 1983). DADLE, a synthetic enkephalin, is considered to be a d-opioid
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receptor (DOR)-selective agonist (Kosterlitz et
al., 1980). Therefore, cryostat sectioned mouse
retinal tissue was labeled with an antibody
directed against the N-terminus of DOR
(Alomone). This antibody (1:500 dilution)
provided punctate immunolabeling in the inner
retina, with the strongest signal seen in the INL
(arrows, Fig. 3.4A). Preadsorption of the
antibody with its control peptide (1:10,
antibody: control peptide—per manufacture’s
guidelines) completely blocked labeling (Fig.
3.4B). Immunohistochemical studies of DOR
distribution have been performed extensively in
the rat dorsal root ganglia (DRG). In our hands
this anti-DOR antibody also labeled neurons
within the rat DRG (Fig. 3.4C) consistent with

published data (Kabli & Cabhill, 2007), which

Figure 3.4. Localization of DOR immunolabeling in
mouse retinal and rat dorsal root ganglion tissues. A:
40x confocal image of cryosectioned mouse retina
immunolabeled with an anti-DOR antibody
(Alomone). Note the puncta in the inner retina with
putative somatic labeling in the INL (arrows). B: 40x
image similar to A showing control peptide
preadsorption for DOR (Alomone) antibody. C: 40x
confocal image of rat DRG with DOR+ somas
(green). Colabled with the nuclear marker ToPro3
(red). D: 40x image similar C showing preadsorption
of DOR antibody with control peptide, colabeled
with ToPro3 (red). ONL: outer nuclear layer; OPL:
outer plexiform layer; INL: inner nuclear layer; IPL:
inner plexiform layer; GCL: ganglion cell layer.
Scale bars: 20um.

was completely abolished by preadsorption with its control peptide (Fig. 3.4D). Taken together,

the DOR immunolabeling provided by the anti-DOR antibody from Alomone appeared to be

specific both in the DRG and in the retina.

Colabeling studies with anti-TH antibody indicated that one of the DOR+ retinal cell types is

the DAC (Fig. 3.5A-C, arrow). Out of 36 TH+ DAC somata analyzed from retinal sections of

three mice, 35 (> 97%) were judged to be DOR+ by visual assessment.
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Figure 3.5. Multiple inner retinal cell-types including
dopaminergic amacrines are DOR+. A: 40x single-plane
confocal image, vertical section of mouse retina showing
DOR+ (red; Alomone) somata (arrow). B: Image
displaying the same region as A, immunolabeled for TH
(green). C: A merged image of A and B, showing a DOR+
and TH+ amacrine cell in the INL (arrow). D: 40x single-
plane merged confocal image of vertically sectioned wild-
type mouse retina co-immunolabeled for DOR (red;
Millipore) and Brn-3a (green). Some Brn-3a+ retinal
ganglion cells are MOR+ (arrow). Arrowhead indicating a
putative DOR+ soma in the INL. E: A 40x single-plane
merged confocal image of cryosectioned GAD67-EGFP
mouse retina co-immunolabeled for DOR (red; Millipore)
and TH (blue). GAD67-EGFP somas are seen in the INL
(bright green) and GCL (dim green) with processes in the
IPL. A GABAergic (EGFP+) displaced amacrine cell in
the GCL is DOR+ (arrow). Some putative DOR+ somas in
the GCL are GAD67-EGFP negative (arrowhead). In the
INL, a TH+ soma (blue) is DOR+ (asterisks). F: Focused
view of dopaminergic amacrine cell from E showing that
the TH+ soma is EGFP- and DOR+. INL: inner nuclear
layer; IPL: inner plexiform layer; GCL: ganglion cell
layer. Scale bars: C, D, and F: 20um, E: 10um.

Detailed colocalization analysis of five TH / DOR labeled cells from three animals resulted
in a PC of 0.699 + 0.052 and a P-value of 100%. These values indicate a strong and non-random
somatic colocalization of DOR and TH immunolabeling in mouse retina.

Analysis of DOR and TH immunolabeling colocalization was also performed for TH+
processes. By visual assessment no colocalization was detected within the IPL. Computer based
analysis of five images focused on TH+ processes in the IPL from three mice gave a PC of -
0.058 £ 0.018. Although negative, the near-zero PC implied non-colocalization of TH and DOR
immunolabeling in the mouse IPL—suggesting that DOR labeling was limited to DAC somas.
Similar results were obtained by using a second anti-DOR antibody from Millipore. This DOR
antibody (1:500-1:600 dilution) labeled robustly within the inner retina, including somatic
labeling within the INL (Fig. 3.5D, arrowhead) and Brn-3a+ GC somas in the GCL (Fig. 3.5D,

arrow). Colabeling studies with DOR and TH antibodies in retinal sections made from GAD67-

60



EGFP mice showed corresponding colocalization of DOR and TH (Fig. 3.5E-F). Note, that the
GADG67-EGFP signal does not colocalize with TH, consistent with the notion that DACs might
use GADG6S5 to generate GABA (May et al., 2008; Witkovsky et al., 2008). Out of 62 TH+ cell
bodies from six mice > 93% (58/62) were also deemed DOR+ by visual assessment. Detailed
statistical evaluation of colocalization was performed on five images focused on TH+ cell bodies
from five animals and resulted in a PC of 0.767 + 0.032 and a P-value of 100%, confirming that
the labeling pattern produced by second anti-DOR antibody also colocalized with that of anti-TH
antibody, in a non-random manner. Although not investigated further in the current study, it is
important to note the presence of DOR+, GAD67-EGFP+ displaced ACs (Fig. 3.5E, arrow) in

the mouse retina.

3.5. Discussion

In the current study we demonstrate MOR immunolabeling in the mouse retina, for the first
time showing strong somatic labeling in the INL and GCL (Fig. 3.1A). Although systematic
classification of all MOR+ somas was not attempted in this study, the data indicate that in the
mouse retina a subpopulation of Brn-3a+ GCs (Fig. 3.2B), GAD67+ GABAergic ACs (Fig.
3.2A), and dopaminergic amacrine cells (DACs) express MORs (Fig. 3.3). Similarly, DOR
immunolabeling in the mouse retina implicated multiple DOR+ inner retinal cell-types (Fig.
3.4A), including Brn-3a+ GCs (Fig. 3.5D) and GAD67-expressing GABAergic amacrines (Fig.
3.5E). Importantly, our data confirm that DACs are DOR+ (Fig. 3.5A-C, E-F).

TH+ dopaminergic processes showed neither MOR nor DOR immounolabeling. This
labeling pattern is not unprecedented: natriuretic peptide receptor labeling was also associated

primarily with the somatic region of DACs (Abdelalim & Tooyama, 2010). Nonetheless, it is not

61



known whether the somatic punctate labeling is associated with functional neuropeptide
receptors in the plasma membrane or with newly synthesized receptor protein in the cytoplasm.

The majority of opioid receptor activity is mediated through the Go/Gi -coupled superfamily
of receptors, and the cellular effects include: (1) activation of inwardly rectifying potassium
current; (2) inhibition of voltage-gated calcium current; and (3) inhibition of adenylate cyclase,
depending on the actual cell-type (Kieffer, 1995). Consequently, opioid receptor activation is
generally believed to be inhibitory at cellular level—often expressed as a reduction of transmitter
release from neurons possessing opioid receptors, such as reduction of dopamine release in the
striatum (Loh et al., 1976).

Morgan & Boelen (1996) proposed an intercellular feedback loop in the avian retina formed
by the endogenous opioid system and DACs that mediates dark-light switch. Considering that
besides birds (Su & Watt, 1987), retinal dopamine release is reduced by opioids in multiple
species (turtle: Kolbinger & Weiler, 1993; rabbit: Dubocovich & Weiner, 1983), this model
might be more generally applicable to vertebrate retinas. Here, MOR and DOR immunolabeling
was found to be associated with (TH+) DACs in the mouse retina, which predicts that opioids
modulate the function of DACs directly, via MORs and DORs located on DACs and might
influence dopamine release as in other species.

Whether these opioid receptors are coexpressed in any other retinal cell-type besides DACs
requires further study. However, in other parts of the mammalian nervous system, in cell-types
that coexpress MOR and DOR, MOR/DOR heteromerization have been shown to modulate
signaling (Gomes et al., 2004; Rozenfeld & Devi, 2011). Besides DACs, we found that MOR
and DOR immunolabeling was associated with a heterogeneous cell population in the inner

retina including GABAergic displaced amacrine and ganglion cells. These findings suggest that
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opioids might affect retinal function at multiple sites of action, thus our work adds to a

framework on which future histological and physiological characterizations can occur.

3.6. Related findings

Two additional IHC studies were performed to further identify MOR possessing cell-types
in the mammalian retina. The first study used yet another anti-MOR antibody to evaluate MOR
immunolabeling in the mouse retina. The second study focused on further characterizing MOR+
RGCs using both mouse and rat retinas.

Study 1

Confirmation and further characterization of the above findings were performed using
similar methods. Additional primary antibodies were used in this study.

Antibody raised against Brn-3a. The mouse anti-Brn-3a (Millipore: MAB10585/NG166218,
1:50) antibody was generated against human retina Brn-3a amino acids 186-224
(LLGGSAHPHMHSLGHLSHPAAAAAMNMPSGLPHPGLYV) identified from the human retina
cDNA library (Nathans et al., 1986). Human POU-domain factor Brn-3a has 98% sequence
homology to mouse Brn-3a (Xiang et al., 1995). Western blot analysis using this antibody
against Brn-3a, -3b, or -3¢ containing fusion proteins revealed a single band associated with Brn-
3a, with no reactivity to the other Brn-3 derived polypeptides (Xiang et al., 1995). This anti-
Brn-3a antibody has been shown to label a large subset of mouse retinal ganglion cells (Xiang, et
al., 1995), corresponding to in situ hybridization analysis in the developing mouse retina
showing high levels of expression limited to the GCL (Gerrero et al., 1993). Additionally, a
transgenic mouse line with targeted deletion of the Brn-3a gene was absent of any anti-Brn-3a

immunoreactivity in the retina using this antibody for analysis (Xiang et al., 1996).
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Antibody raised against u-opioid receptors (MOR) (C-terminus). The antigen-affinity
purified anti-MOR antibody was raised in rabbit against a synthetic peptide corresponding to
amino acids 387-398 (LENLEAETAPLP) of the intracellular C-terminus of rat MOR (Sternini et
al., 1996). Using human embryonic kidney 293 cell expression systems, this antibody showed
immunolabeling of MOR cDNA transfected cells with no labeling of KOR or DOR transfected
cells (Sternini et al., 1996). Preabsorption of this anti-MOR antibody with its immunogenic
peptide eliminated MOR labeling in the mouse myenteric plexus (Sternini et al., 1996).
Antibody specificity was further confirmed in mouse DRG showing appropriate immunolabeling
in wild-type and a loss of immunolabeling in mor null mice (Scherrer et al., 2009).

Results

The anti-MOR antibody directed against the C-terminus sequence (generously provided by
CJ. Evans, UCLA) was previously characterized in expression systems (Sternini et al., 1996) and
in the mouse CNS (Scherrer et al., 2009). This
antibody provided similar labeling of MORs in the
inner retina (Fig. 3.6) as compared with the Alomone
N-terminus specific anti-MOR antibody (Fig. 3.1A)
and the other C-terminus anti-MOR antibody
(Epitomics; Fig. 3.3D). MOR immunopositive somas

were localized to the INL and GCL (Fig. 3.6).

Using this new anti-MOR antibody, MOR Figure 3.6. Localization of MOR
immunolabeling in mouse retina. 40x
immunolabeling of TH+ DACs and Brn3a+ RGCs confocal image of cryosectioned mouse

retina immunolabeled with C-terminus

) . specific anti-MOR antibody (C.J. Evans).
was confirmed (not shown). Quantification of Brn3a+  Note the puncta in the inner retina with

putative somatic labeling in the INL and
/ MOR+ RGCs showed that approximately 42% GCL (arrows). Scale bar: 20pm.
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(68/162, counted in two retinas, obtained from two different mice) of MOR+ somas appeared to
colabel with Brn3a in the GCL. Only a subset of Brn3a+ RGCs was found to be MOR+ (68/516,
~13%) suggesting that few RGC types possess MORs.

Nonetheless, Brn3a+ cells do not account for all RGCs (Quina et al., 2005). A small subset
(38/549 cells) of Brn3a- / MOR+ somas in the GCL appeared to also be RGCs. These cells had
an average soma size of 13.9+1.5 um, which excludes them from being displaced amacrine cells
(Miiller et al., 2007). To further clarify these RGC findings, a second study was performed.
Study 2

Ganglion cells are the final output neurons of the retina and any modulation of their activity
could have profound effects (see Chapter 1). Although there is no universally accepted
classification of RGCs, it is clear that there are multiple identified types of RGCs projecting to
diverse regions of the brain for image-forming and non-image forming visual processing (for
example: Badea & Nathans, 2004; Ecker et al., 2010). The above findings suggest that multiple
RGC types could possess MORs. To address this, an IHC study was performed using wild-type
and transgenic mouse and wild-type rat retinas.

Materials and methods were used as described above. Additional animals and primary
antibodies were used in this study.

Animals. Experiments were performed using adult male and female Sprague Dawley rats
(Harlan Laboratories, Indianapolis, IN) and mice (generated by the GENSAT project, tissue
generously provided by DM. Berson, Brown University). The melanopsin reporter mouse strain
BAC Opn4::EGFP was used to identify M1-M3 ipRGC types, as previously characterized

(Schmidt et al., 2008).

65



Antibody raised against Brn-3(b). The goat anti-Brn-3(b) antibody was generated against
amino acids 397-410 (QRQKQKRMKY SAG]I) corresponding to the C-terminus of human Brn3b
(Xiang et al., 1993). The human POU-domain factor Brn-3b has 95% sequence homology to
mouse Brn-3b (Xi et al., 1989). This anti-Brn-3(b) antibody has been shown to label a specific
subset of mouse retinal ganglion cells with little to no overlap seen in colabeling studies using
antibodies against either Brn3a or Brn3c (Jain et al., 2012). Furthermore, in our hands the anti-
Brn3a antibody (Millipore) and this anti-Brn3(b) antibody showed no colabeling of RGCs in the

mouse retina (not shown).

& A - ‘.
- -
_ _
Figure 3.7. Some Brn3b+ retinal ganglion cells are MOR+. A: 40x single-plane confocal image of vertically
sectioned mouse retina immunolabeled for MOR (red; Alomone). B: Image displaying the same retinal region as
A, immunolabeled for Brn3b (green) showing a single Brn3b+ cell (arrow) in the GCL. This labeling appears to
be restricted to the cells nucleus. Note: the punctate labeling in the IPL appears to be an artifact of this antibody;
this image corresponds with previously published figures using this antibody (Jain et al, 2011). C: A merged
image of A and B, displaying MOR+ somatic labeling around the Brn3b+ nucleus of the cell (arrow). D: A

projected image compiled from 3 single-plane confocal images showing that the MOR+ labeling surrounds the
Brn3b+ labeling (arrow). Scale bars: 20pm.

Antibodies raised against Melanopsin. Melanopsin is a photopigment that mediates the
intrinsic light response of intrinsically photosensitive retinal ganglion cells (ipRGCs) in the
mammalian retina, whaich are known to mediate a wide variety of light driven behaviors (Berson
et al., 2002; reviewed in Sand et al., 2012). The first anti-melanopsin antibody is an affinity

purified polyclonal antibody generated in goat against a peptide corresponding to the C-terminus
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of rat melanopsin (Santa Cruz Biotechnology: sc-26962, 1:50). This antibody selectively labels a
single band on Western blot analysis of (manufacturer’s specifications). This antibody has been
used in rat to selectively label M1-M3 types of ipRGCs (Graham et al., 2008; Van Hook et al.,
2012).

The second anti-melanopsin affinity purified antibody was generated in rabbit against a
thyroglobulins-conjugated synthetic peptide corresponding with the extracellular N-terminus of
rat melanopsin (KMNSPSESRVPSSLTQDPSF, lysine added for cross-linking purposes;
generously provided by AT. Hartwick, OSU). In our hands this antibody faithfully colabels with

the other anti-melanopsin antibody (Santa Cruz Biotechnology: sc-26962).

Figure 3.8. In the rat intrinsically photosensitive retinal ganglion cells (ipRGCs) are MOR+. A: 40x single-plane
confocal image of cryosectioned rat retina immunolabeled for MOR (red; Alomone), showing punctate labeling
within the IPL (arrows). B: Image displaying the same retinal region as A, immunolabeled for melanopsin
(green) showing dendritic labeling traversing the IPL with a portion stratifying in sublamina 1(arrows). C: A
merged image of A and B, displaying colabeling of melanopsin and MOR in the IPL (arrows). Scale bars: 20pm.

Results

As discussed above, a subset of Brn3a+ RGCs possess MORs. Another member of the Brn3
family of transcription factors, Brn3b, has been shown to label a smaller proportion of RGCs in
the mouse retina (Xiang et al., 1995). To assess whether the identified Brn3a- / MOR+ cells in
the GCL are Brn3b+ RGCs, we performed a colabeling IHC experiment using MOR and Brn3b

directed antibodies. As can be seen in figure 3.7(A-C), MOR+ puncta appear to colabel a Brn3b+
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RGC. Although quantification of Brn3b+/ MOR+ RGCs was not undertaken, these results
confirm that at least two distinct types of RGCs are MOR immunopositive, one using the
transcription factor Brn3a and the other using Brn3b. These data, however, do not exclude the
possibility of a third type of RGC that is neither Brn3a nor Brn3b immunopositive.

Interestingly, a number of recent studies seeking to identify and characterize the subtypes of
intrinsically photosensitive retinal ganglion cells (ipRGCs) have shown that many of them are
Brn3b immunopositive (Chen et al., 2011; Jain et al., 2012; Karnas et al., 2013). To evaluate if
MORs are found on ipRGCs, we performed colabeling IHC studies with MOR and melanopsin
directed antibodies. Because of antibody host cross-reactivity concerns and species limited
immunolabeling, the initial IHC preparations were performed using retinal tissue from adult
Sprague Dawley rats. It’s noteworthy that a pilot IHC study for MOR immunolabeling in the rat
retina showed inner retinal punctate labeling of the INL, IPL and GCL, and confirmed that rat
TH+ DACs are also MOR+ (not shown). Interestingly, in the rat retina, MOR immunolabeling is
strongest in the IPL although somatic labeling in the INL and GCL can be seen. Colabeling
studies in adult rat retinas showed that melanopsin+ ipRGCs possess MORs on their dendrites
(Fig. 3.8A-C). In fact, all melanopsin-positive ganglion cells (M1, displaced M1, M2/M3) had

some MOR colabeling on their dendrites (19/19 cells from 2 animals).
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Figure 3.9. In the mouse intrinsically photosensitive retinal ganglion cells (ipRGCs) are MOR+. A: 40x single-
plane image of vertically sectioned Opn4-EGFP mouse retina showing MOR+ (red) somatic labeling in the INL
and GCL (arrows). B: Image displaying the same retinal region as A, showing EGFP+ ipRGCs (arrows). Note
the displaced ipRGC in the INL. C: A merged image of A and B, displaying colabeling of MOR and EGFP in
ipRGCs (arrow). Scale bars: 20um.

To see if ipRGCs in the mouse retina also colabeled with MOR we took advantage of a
transgenic mouse line that expressed the fluorescent protein EGFP in melanopsin expressing
(Opn4) ipRGCs. As can be seen in figure 3.9(A-C) MOR immunolabeling does colocalize with
EGFP+ ipRGCs. This MOR labeling pattern in the mouse retina is similar to what we have
previously shown (Gallagher et al., 2012).

The transcription factor Brn3b is preferentially expressed in M2/M3 and in a subset if M1
ipRGC types (Jain et al., 2012; Karnas et al., 2013). It has been shown that Brn3b+ M1s are
responsible for the ipRGC component of the pupillary light reflex, while the Brn3b- cell-type
mediates photoentrainment of the circadian rhythm (see Chapter 1; Chen et al., 2011). To
confirm our initial supposition that Brn3b+ / MOR+ cells represent, at least in part, ipRGCs, IHC
was performed using retinas from the Opn4-EGFP mouse, immunolabeling for MOR and Brn3b.
Our results, though not comprehensive, are in agreement with other studies showing Brn3b+
ipRGCs (Jain et al., 2012; Karnas et al., 2013). These cells are also MOR+ (Fig. 3.10A-D).
Brn3b- / MOR+ ipRGCs (EGFP+) were also noted (not shown). These findings suggest that both

sub-types of M1 as well as M2/M3 ipRGCs are MOR+ in the mouse retina.
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Figure 3.10. Brn3b+ intrinsically photosensitive retinal ganglion cells (ipRGCs) are MOR+. A: 40x single-plane
image of vertically sectioned Opn4-EGFP mouse retina showing MOR+ (red) punctate labeling in the inner
retina and somatic labeling in the GCL (arrow). B: Image displaying the same retinal region as A, showing a
Brn3b+ (blue) soma in the GCL (arrow). Note: the punctate labeling similar to figure 3.7 and corresponding with
previously published figures using this antibody (Jain et al, 2011). C: Same region as A and B, showing an
EGFP+ ipRGC in the GCL (arrow). D: A merged image of A, B and C, displaying colabeling of MOR, Brn3b
and EGFP in ipRGCs (arrow). Scale bars: 20pum.

Summary

The second aim of this work was to identify p-opioid receptor immunopositive cell types in
the mouse retina. MORs were identified on GABAergic amacrine cells, including DACs, and in
multiple types of RGCs. In addition to the mouse data, we confirmed MOR immunolabeling of
rat RGCs. In both animals we were able to show that M1-M3 ipRGC types are MOR+. Because
ipRGCs have a direct role in light mediated reflexes and behaviors (see Chapter 1), the

physiological relevance of MOR mediated modulation of ipRGCs could be profound.
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4. Conclusion

There has been a recent resurgence in retinal opioid research, however much of it has
focused on 6-opioid receptors possible neuroprotective role during hypoxic or ischemic insult
(reviewed in Husain et al., 2012). Little has been shown relating to the p-opioid system,
although early receptor binding and autoradiography studies suggested its presence in the
mammalian retina. Therefore, the purpose of this work was to identify and characterize the p-
opioid system in the mammalian retina. To that end, our overall hypothesis was that the opioid
system, specifically the p-opioid receptor (MOR) and its endogenous opioid peptide, -
endorphin, is present in the mammalian retina and it plays a role in the regulation of light-driven
retinal functions. The specific aims of this work were threefold: (1) Identification of B-endorphin
expression in the mouse retina; (2) Identification of p-opioid receptor possessing cell types in
mouse retina; and (3) evaluation of a possible physiological effect of p-opioid receptor activation
in the mammalian retina.

We have identified through use of transgenic mice, in situ hybridization and
immunohistochemistry (IHC) that the cholinergic “Starburst” amacrine cells (SACs) express 3-
endorphin. Using IHC we’ve shown that multiple neuronal cell types in the mouse retina possess
MORs, including dopaminergic amacrine cells (DACs) and ipRGCs. In this final chapter,
preliminary results showing opioid modulation of ipRGCs light responses will be evaluate.
Through the discussion of individual aspects of our findings, there will be an attempt to put this
work into the context of overall retinal function. Additionally, the possible manipulation of this

system by exogenous opioids will be discussed.
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4.1. Opioid modulation of ipRGCs light responses

The discovery of melanopsin-containing intrinsically photosensitive retinal ganglion cells
(ipRGCs) has fundamentally altered our understanding of how light regulates mammalian
physiology and behavior. Recent discoveries have expanded on the evolving role of ipRGC:s,
with distinct subtypes being identified and diverse targets within brain regions responsible for
image-forming and non-image-forming vision being found (Baver et al, 2008; Schmidt & Kofuji,
2009; Berson et al, 2010; Ecker et al, 2010; Estevez et al, 2012). Our finding that ipRGCs are
MOR immunopositive suggests a possible role for opioid modulation of ipRGCs light response.
Given that these cells can respond to light separate from synaptic inputs from the classic
rod/cone pathways, ipRGCs seemed ideal for evaluating the effect of MOR activation on light
induced spiking.

Although MOR immunolabeling of ipRGCs is a novel finding (see Chapter 3), it does not
provide definitive proof of a direct physiological effect on ipRGCs function. To evaluate the
effect of MOR activity on the light response of ipRGCs, we performed multielectrode array
(MEA) recordings of ipRGCs light-induced spiking activity using P6-11 rat retinas (see
Appendix II for materials and methods). Animals at this developmental stage have been shown
to lack outer retinal inputs to RGCs (Sernagor et al., 2001), and ipRGCs have been shown to be
light responsive after birth (Hannibal & Fahrenkrug., 2004). Thus, any light responsiveness from
P6-11 retinas is mediated by the intrinsic response of ipRGCs (Sekaran et al., 2005; Tu et al.,

2005; Perez-Leighton et al., 2011).
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Flat-mount retinas secured in an

MEA chamber were dark adapted for Ames (control) Wﬂ "mmul"“ll‘“'mmm”m“l”
a minimum of one hour prior to
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Figure 4.1. Light response of an ipRGC inhibited by MOR

exposure to a 20 second light
selective agonist DAMGO, single cell data. Light (470nm,

4x10" photons cm™ s™', blue bar) evoked ipRGC spikes recorded

evaluate the effect of MOR activity
from a single MEA channel from a P11 rat retina. Each vertical

on the light response of ipRGC:s,

DAMGO, a MOR selective agonist, line represents an extracellularly recorded action potential,
shown on an extended time scale at the beginning of each
was bath applied ~5 minutes prior to condition. Scale bars: black=2ms, blue=20s.

light stimulus. As can be seen in figure 4.1, DAMGO (3uM) greatly decreased the light response
of a representative ipRGC as compared with the recording under control (Ames) conditions. This
reduction was reversed by the non-selective opioid antagonist, naloxone, confirming an opioid-
mediated modulation of ipRGCs light response (Fig. 4.1).

Preliminary MEA preparations showed that the MOR mediated effect on ipRGCs light
response was found across all identifiable ipRGCs (147 cells). The intensity of light stimulus
used (4 x 10" photons x cm? x s, 470+5 nm) was strong enough to stimulate not only M1s, but
also the relatively less sensitive M2/M3 ipRGCs (Perez-Leighton et al, 2011), suggesting that
M1-M3 ipRGC types are modulated by MOR activation. This would be consistent with our
immunohistochemical data. Because it appears all ipRGCs recorded during our MEA
experiments were attenuated by DAMGO application, we sought to evaluate the total effect of
DAMGO on ipRGCs light response at different concentrations.

DAMGO reduced the total light response of ipRGCs in a dose dependant manner (Fig. 4.2).

Naloxone application reversed the attenuated ipRGCs, and in this experiment increased the light
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response beyond control levels (Fig. 4.2). However, this naloxone mediated increase of ipRGCs

light response was not consistent throughout our preliminary MEA experiments.
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Figure 4.2. Graph representing a single MEA expersi::iiowmg the total light response of ipRGCs under
different concentrations of DAMGO. Blue line = 20 second light stimulus.

Our finding in Chapter 3 that dopaminergic amacrine cells are immunopositive for both
MORs and DORs made it important to evaluate whether DORs play a role in ipRGCs
modulation. Using the DOR-EGFP mouse reporter line, others have shown that melanopsin+
ipRGCs are not EGFP+ (Roux MJ, et al. IOVS 2011;454:ARVO E-Abstract 4557). We
performed an MEA experiment using a retina from a P11 rat, to evaluate if DOR activity affects
ipRGCs light response. Neither the DOR selective agonist, DPDPE (100nM), nor the DOR
selective antagonist, naltrindole (30nM) had an effect on ipRGCs light response (not shown). In
this preparation, DAMGO (1uM) was still able to attenuate the ipRGCs light response.

Our preliminary MEA data demonstrated a MOR-mediated decrease in ipRGCs light-
induced spiking activity. This attenuation of light response appeared to be dose dependant.

Naloxone was able to recover the light response of ipRGCs back to control levels. Although

naloxone is a non-selective opioid antagonist, our data showing that application of DOR
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selective agonist or antagonist had no effect on ipRGCs light response suggested naloxone is
antagonizing a MOR-mediated decrease in ipRGCs light response. In two experiments naloxone
increased the light-induced spiking activity (see Fig. 4.2). This could imply endogenous opioids
are present and modulating baseline ipRGCs light response. Future experiments need to clarify
these data.

The role of endogenous opioids in retinal function is still unknown. Additional experiments
are necessary to characterize the MOR-mediated modulation of ipRGCs. However, this
preliminary study suggests an important role of the MOR system in non-image-forming vision.
A manuscript on this aim is in preparation for publication, and will address further the MOR-

mediated modulation of ipRGCs.

4.2. Dark-light switch

Dopaminergic amacrine cells

Our finding that DACs possess MORs supports data from multiple species claiming opioids
modulate dopamine release (bird: Su & Watt, 1987; turtle: Kolbinger & Weiler, 1993; rabbit:
Dubocovich & Weiner, 1983). In fact, it has been postulated that the opioid system in the avian
retina works antagonistically with the retinal dopaminergic system to control, in part, the switch
between light and dark adapted vision (Morgan & Boelen, 1996)—similar, or in addition to, the
melatonin / dopamine reciprocal antagonism found in the mammalian retina (Wiechmann &
Sherry, 2013). This model suggests a dark driven increase (or light driven decrease) of retinal
opioid production and release. In support of this, a preliminary ELISA study on dark vs. light
treated mouse retinas observed B-endorphin in the dark adapted animals while no detectible
levels were found under light conditions (experiment kindly performed by ST. Hentges,

Colorado State University). Further studies on dark vs. light adapted retinas will clarify this
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finding. In situ hybridization for POMC could help evaluate expression levels under different
light conditions as well.

As referenced above, melatonin has been shown to play a role in adaptation to dark
conditions, in contrast to the light adaptive properties of dopamine in the retina (Huang et al.,
2013). It has been shown in the rat pineal gland that opioids stimulate the release of melatonin
(Esposti et al., 1988; Fraschini et al., 1989). Whereas, more recent work has demonstrated
melatonin’s analgesic actions are through its effects on increased release of f-endorphin (Shavali
et al., 2005). Although their interaction is not well defined, it is clear that in the mammalian
central nervous system there appear to be a reciprocal role for opioids and melatonin.

Melatonin synthesis in photoreceptors is under antagonistic control of dopamine (Tosini et
al., 2012). Could activation of MORs in DACs lead to the upregulation and release of
melatonin—facilitating the retinas adaptation to dark? Or perhaps the fact that MORs are found
only in the inner retina implies some sort of segregation of dark adaptive processes (outer retina:
melatonin / dopamine; inner retina: -endorphin / dopamine)? However, melatonin receptors
have been identified throughout the retina (Huang et al., 2013), which could point to the p-opioid
system being a redundant pathway for inner retinal dark adaptation, unless melatonin modulation
targets retinal neurons different from those expressing opioid receptors. These and many other
related questions remain to be answered. However, fitting our findings to the existing literature,
we propose that the p-opioid system in the mammalian retina serves in some capacity as a
mechanism for dark adaptation—in opposition with dopamine, and in synergy with melatonin.

Intrinsically photosensitive retinal ganglion cells

We found MORs on M1-M3 ipRGC types in rat retinas and showed the modulatory effect of

DAMGO on ipRGCs light responses. M1-M3 ipRGCs play critical roles in non-image-forming
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visual processes (Hattar et al., 2006). Besides their role in the pupillary light reflex, the majority
of M1-M3 ipRGCs functions are related to the circadian rhythm and sleep / wake cycle (Hattar et
al., 2006)—two processes that require information about ambient levels of light (irradiance).
Irradiance detection, though signaled through ipRGCs, includes input from rods and cones (Lall
et al., 2010). Rods have been shown to play an important role in scotopic (dark/low light) and
mesopic (mid-levels of light) contributions to ipRGCs irradiance signaling (Lall et al., 2010).
This strengthening of the light signal is thought to facilitate detection over gradual changes in
irradiance, such as dusk/dawn transitions (Lucas et al., 2012). This rod input, however, could
provide aberrant light signals throughout scotopic conditions, leading to a disruption of
photoentrainment of the circadian rhythm and sleep/wake cycle.

Given our preliminary finding that retinal B-endorphin level appears higher in the dark, the
resulting activation of MORs on ipRGCs in dark would greatly inhibit any signal from M1-M3
ipRGCs. We propose that this inhibition helps prevent inappropriate phase shifts of the circadian
rhythm and sleep/wake cycle. Additionally, we postulate that endogenous opioid modulation of

ipRGCs light response could help define the edges of day/night transitions (dusk/dawn).

5.3. Exogenous opioids

Two converging lines of evidence suggests that systemically applied opioids can cross the
tight retina-blood barrier (Hosoya et al., 2011) and might act on MORs expressed by ipRGCs in
the retina: (1) After heroin exposure heroin metabolite opiates (including morphine and 6-
monoacetylmorphine) accumulate and persist in the vitreous humor of the eye in higher
concentrations and longer than in the blood, thus vitreous humor is used in the post-mortem
toxicological characterization of suspected heroin deaths (Wyman and Bultman, 2004); (2)

Intravitreal injection is the most direct and effective way of ocular drug administration in treating
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retinal diseases (Hosoya et al., 2011). Note, that within the retina, ipRGCs are located in the
cellular layer closest to the vitreous. Our work has identified a novel retinal p-opioid system,
which we suggest can be influenced by exogenous opioids. Two possible examples are briefly
discussed below.

Migraine headaches and photophobia

The World Health Organization estimates that over 10% of adults worldwide suffer from
migraine headaches (www.who.int/mediacentre/factsheets/fs277/en/). In the United States,
greater than 16% of adults suffer from migraines, accounting for over 1% of all emergency
department visits (Smitherman et al., 2013). Studies to understand light-mediated exacerbation of
migraine headaches found that ipRGCs play a central role in evoking these symptoms (Noseda et
al., 2010; Noseda & Burstein, 2011). Interestingly, opioids in combination with other drugs have
demonstrated efficacy in the treatment of acute migraine symptoms including photophobia
(Blumenfeld et al., 2012). We suggest that exogenous opioids directly inhibiting ipRGCs could,
in part, account for the therapeutic effect of opioid treatment of migraineurs.

Sleep disorders and circadian disruption

According to the 2010 National Survey on Drug Use and Health (NSDUH), approximately
9% of Americans ages 12 or older had used illicit drug in the month prior to the survey
(www.samhsa.gov/data/NSDUH/2k10ResultsRev/NSDUHresultsRev2010.htm). The amount of
opioid use and abuse in the United States has been characterized by some as reaching epidemic
levels (Manchikanti et al., 2013). Animal models of chronic opioid abuse, as well as withdrawal,
show behavioral changes associated with disruption of circadian rhythms (Mistlberger & Holmes,
1999; Meijer et al., 2000; Vansteensel et al., 2005; Glaser et al., 2012). Human studies have also

shown a loss or change in rhythmicity associated with opioid abuse and withdrawal (reviewed in
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Hasler et al., 2012). It has further been suggested that sleep disorders and disruption of circadian
rhythm are risk factors for relapse (Hasler et al., 2012).

Activation of MORs can cause receptor desensitization and/or internalization. This effect is
highly ligand dependent, a concept referred to as ligand bias (Kelly, 2013). Although we were
unable to account for possible desensitization of MORs in our MEA data, it is our hope that
future single cell recording experiments could evaluate desensitization of MORs on ipRGCs
and/or DACs by different ligands. Importantly, if desensitization did occur, our DAMGO data
would underestimate the MOR mediated modulation of ipRGCs light responses.

We postulate that disruption of the endogenous p-opioid system in the mammalian retina by
exogenous opioid use or abuse causes a direct effect on retinal signals responsible for setting the
sleep/wake cycle and entraining the circadian rhythm. Acute opioid use could modulate ipRGCs
output through inhibition during normal light conditions. Chronic opioid use could lead to
desensitization of MORs causing increased ipRGCs activity in dark conditions. Although
speculative, these changes in ipRGCs activity could explain some of the human and animal
studies linking opioid use or abuse to abnormal sleep/wake cycle and circadian dysfunction.

In identifying a novel p-opioid system within the mammalian retina and providing a
mechanism by which exogenous opioids influence behavior directly through this system, we
present a new target for directed therapies in the management of light-mediated disorders. This
work further provides new evidence towards understanding the affects of opioid abuse on
circadian dysfunction, which could facilitate a shift in treatment paradigms for those recovering

from opioid addiction.
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Appendix II:
Multielectrode array materials and methods:

Postnatal day 6-11 (P6-P11) rats were anesthetized with isoflurane and euthanized via
decapitation. Eyes were enucleated and their anterior chambers removed. Retinas were isolated
from eye cups in dissecting solution consisting of bicarbonate buffered Ames’ medium (A1372-
25; US Biological, Swampscott, MA) with 0.1mM EGTA added and bubbled with 95% O, 5%
COa,. A flat portion of the central retina devoid the optic nerve head was transferred to a MEA-
1060 multielectrode array (Multi Channel Systems Reutlingen, Germany) recording chamber
(60OMEA200/30iR-ITO; ALA Scientific Instruments Inc. Farmingdale, NY). The retina was
oriented, with the ganglion-cell layer (GCL) down, over the recording electrodes and secured in
place with nylon mesh and wire weight.

For all recordings retinas were super-fused with Ames’ medium equilibrated with 95% O,
5% CO, at 37 °C. To evaluate the effect of p-opioid receptor (MOR) activity on ipRGCs light
responses, single doses (1nM-10puM) of [D-Ala®, MePhe®, Gly-ol’]-enkephalin (DAMGO, MOR
specific agonist) were bath applied with the synaptic blockers.

Full-field light stimuli were generated using a blue (470+5 nm) LED (00-469-ND, Digi-key,
USA). The intensity of light pulses were controlled by the command voltage of a 50 mHz
Function generator (Berkley Nucleonics, CA) with mV precision, calibrated to 4 x 10% photons
x cm™ x s by an Optical Meter (model 1918-C). Retinas were dark adapted for at least one hour
prior to light stimulation and light responses were recorded from 20 second flashes every 20
minutes. Spiking activity was amplified, band-pass filtered between 500 Hz and 1.5 kHz and
digitized at 25 kHz using MCRack software (Multi Channel Systems). Extracellular spikes were

isolated from raw data using a -4.5 standard deviation of noise threshold filter (MCRack
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software, MCS). Cluster analysis of the spike data was performed using Offline Sorter software
(Plexon Inc., Dallas, TX) in two consecutive steps (T distribution Error of Mean followed by K
mean sorting) and inspected manually to ensure proper separation of extracellular spike wave
forms. Data were further processed using Neuroexplorer software (Plexon Inc., Dallas, TX)
temporal relationship between spikes and light stimuli.

Analysis of data was performed using Microsoft Excel (2007). Only channels showing
greater than twice the number of spikes during the first 10 seconds of light stimulation then
during the 10 seconds prior to that in dark were used for further analysis. These channels were
binned to 1 second, normalized to maximum spike frequency, then were pooled and averaged per

bin to yield a light response for a given retina.
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