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Abstract

A small population of retinal ganglion cells express the photopigment melanopsin and function as
autonomous photoreceptors. They encode global luminance levels critical for light-mediated non-
image forming visual processes including circadian rhythms and the pupillary light reflex. There
are five melanopsin ganglion cell subtypes (M1-M5). M1 and displaced M1 (M1d) cells have
dendrites that ramify within the outermost layer of the inner plexiform layer (IPL). It was recently
discovered that some melanopsin ganglion cells extend dendrites into the outer retina. Outer
Retinal Dendrites (ORDs) either ramify within the outer plexiform layer (OPL) or the inner
nuclear layer (INL), and while present in the mature retina, are most abundant postnatally.
Anatomical evidence for synaptic transmission between cone photoreceptor terminals and ORDs
suggests a novel photoreceptor to ganglion cell connection in the mammalian retina. While it is
known that the number of ORDs in the retina is developmentally regulated, little is known about
the morphology, the cells from which they originate, or their spatial distribution throughout the
retina. We analyzed the morphology of melanopsin-immunopositive ORDs in the OPL at different
developmental time points in the mouse retina and identified five types of ORD originating from
either M1 or M1d cells. However, a pattern emerges within these: ORDs from M1d cells are
generally longer and more highly branched than ORDs from conventional M1 cells. Additionally,
we found ORDs asymmetrically distributed to the dorsal retina. This morphological analysis
provides the first step in identifying a potential role for biplexiform melanopsin ganglion cell
ORDs.
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INTRODUCTION

In the mature mammalian retina, a small population of retinal ganglion cell output neurons
express the photopigment melanopsin and function as autonomous photoreceptors
(Provencio et al., 1998; Provencio et al., 2000; Berson et al., 2002; Hattar et al., 2002; Dacey
et al., 2005). There are at least five known subtypes of these melanopsin ganglion cells (M1-
MBb) that differ in characteristics including soma size, retinal stratification, dendritic field
size, level of melanopsin expression, and axonal projections (Hattar et al., 2002; Berson et
al., 2010; Ecker et al., 2010; Schmidt and Kofuji, 2011; Estevez et al., 2012). M1
melanopsin ganglion cells predominantly innervate non-image forming brain targets
including the superchiasmatic nucleus to mediate circadian photoentrainment, and the
olivary pretectal nucleus for regulation of the pupillary light reflex (Hattar et al., 2002;
Baver et al., 2008; Guler et al., 2008; Schmidt et al., 2011). M1 melanopsin ganglion cells
have somas located in both the ganglion cell layer (GCL) and displaced (M1d) to the inner
nuclear layer (INL). Both M1 and M1d cells have dendrites that stratify within the outermost
plexus of the OFF sublamina in the inner plexiform layer (IPL), where they make en passant
(in passing) contact with ON bipolar cell axons and synaptic contact with dopaminergic
amacrine cells (Vugler et al., 2007; Zhang et al., 2008; Hoshi et al., 2009; Berson et al.,
2010). However, during development, a subpopulation of melanopsin ganglion cells extend
dendrites into both the IPL and to either the outer plexiform layer (OPL) or the inner nuclear
layer (INL) (Renna et al., 2015). These dendrites have been termed Outer Retinal Dendrites
(ORDs) and ORDs in the OPL closely associate with cone axon terminals (Renna et al.,
2015). At postnatal day 4 (P4), ORDs are virtually nonexistent. As postnatal retinal
development progresses, the number of ORDs stratifying within the OPL and INL increases,
with the highest density occurring between P8 and P12. As the retina continues to mature,
ORD density decreases.

ORDs that extend into the OPL ramify in close apposition to cone photoreceptor terminals,
suggesting synaptic transmission between cone photoreceptors and melanopsin ganglion cell
ORDs. Postsynaptic glutamate density protein 95 (PSD95), a marker for excitatory synapses,
has been shown to be closely associated with ORDs in the OPL, suggesting that ORDs are
the postsynaptic partner to glutamate-releasing cone photoreceptors (Renna et al., 2015). A
cone to biplexiform ganglion cell circuit defies the conventional mammalian retinal
signaling pathway in which bipolar cells function as an intermediate between photoreceptors
and ganglion cells. This potentially novel circuit may have evolutionary significance, as
photoreceptor to ganglion cell connections are the predominate retinal circuit in
invertebrates such as the hagfish (Holmberg, 1970). In addition, ORDs have recently been
seen in macague retinal tissue (Liao et al., 2016), further suggesting that this potential
ganglion cell-photoreceptor circuit has been evolutionarily conserved.
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Anecdotal evidence suggests ORDs originate from M1 and M1d melanopsin ganglion cells
(Renna et al., 2015). Although melanopsin ganglion cells are distributed evenly across the
entire retina, M1 and M2 cells are predominantly located in the dorsal retina, while M4 and
M5 cells are predominantly located in the ventral retina (Hughes et al., 2013; Valiente-
Soriano et al., 2014). Interestingly, it has been postulated that there is a correlation between
the dorsal and ventral asymmetrical distribution of both melanopsin ganglion cells and cone
photoreceptor opsins. In the mouse retina, most cones co-express m-opsin (medium
wavelength opsin) and s-opsin (short wavelength opsin). M-opsin is expressed at low
concentrations in the ventral retina and high concentrations in the dorsal retina (Applebury
et al., 2000). In contrast, s-opsin is predominantly expressed in the ventral retina (Applebury
et al., 2000).

Despite anecdotal evidence suggesting ORDs originate from M1 and M1d cells, this has not
yet been confirmed, nor has there been a comprehensive morphological analysis of ORDs.
Here we provide a more complete description of ORDs in the OPL at different
developmental stages of the mammalian retina and investigate the distribution of melanopsin
ganglion cell ORDs across the entire retina in relation to s-opsin expression.

MATERIALS AND METHODS

Animals

Antibodies

All experiments were conducted according to NIH guidelines under protocols approved by
the Institutional Animal Care and Use Committees of the University of Akron. Wild-type
male and female C57BL/6N mice were used for all experiments and were housed in cages in
the University of Akron vivarium. Mice were used at ages P8, P12, and P30 (adult). 24 mice
(48 retinas) were used in total for this study. All animals were maintained on a 12-hour light:
dark cycle.

The primary antibodies (Table 1) used in this study have been characterized in the
mammalian retina, and our staining patterns match those documented in other studies.

The polyclonal anti-melanopsin antibody (Advanced Targeting Systems, Cat# AB-38
[UF006], RRID: AB_2314781) was raised in rabbit against 15 N-terminal amino acids
(MDSPSGPRVLSSLTQC) of the mouse melanopsin protein. The specificity of this antibody
for the mouse melanopsin protein has been demonstrated by Panda et al. (2002), in which
the antibody reveals no reactivity in melanopsin knockout mice. Additionally, Berson et al.
(2010) showed lack of reactivity when this antibody was preabsorbed with its immunogen.
The melanopsin staining pattern in our study matches that of studies done by Berson et al.
(2010).

The polyclonal anti-vesicular glutamate transporter 1 (VGLUT1) antibody (Millipore, Cat#
AB5905, RRID: AB_2301751) was raised in guinea pig against a synthetic peptide from the
rat VGLUT1 protein (GATHSTVQPPRPPPPVRDY) and selectively labels the terminals of
photoreceptors and bipolar cells (Johnson et al., 2003). The antibody specificity is
demonstrated by colocalization with a well-characterized VGLUT1 antibody from RH

J Comp Neurol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sondereker et al.

Page 4

Edwards (Bellocchio et al., 1998). The VGLUT1 staining pattern shown here is the same as
the staining pattern in the mouse retina of previous studies (Bellocchio et al., 1998; Sherry et
al., 2003; Phillips et al., 2010).

The polyclonal anti-s-opsin antibody (Santa Cruz Biotechnologies, Cat# sc14363, RRID:
AB_2158332) was raised in goat against 20 N-terminal amino acids
(EFYLFKNISSVGPWDGPQYH) of the human OPN1SW protein. The specificity of this
antibody was demonstrated by lack of reactivity when preabsorbed with its immunogen
(Schleich et al., 2010). This s-opsin antibody has previously been characterized in retinal
studies and has been shown to reliably label s-opsin cone outer segments (Haverkamp et al.,
2001; Schiviz et al., 2008).

Immunohistochemistry

In order to determine morphology of ORDs in the OPL, triple label immunohistochemistry
staining of retinal wholemounts from C57BL/6N mice at postnatal days 8, 12, and 30 (adult)
was conducted similarly to Renna et al. (2015). The eyes were dissected in 0.1M phosphate-
buffered saline (PBS) immediately after euthanasia and the retinas were mounted on
nitrocellulose membrane ganglion cell side up. Retinas were then fixed in phosphate-
buffered paraformaldehyde (4%) for 45 minutes. After a wash (3 x 15 minutes in PBS), the
retinas were placed in blocking solution (1.7% Triton-X and 5.2% donkey normal serum in
PBS) at 4° C overnight. The retinas were then incubated and shaken on a rotator for 6 days
at 4° C in blocking solution with a mixture of primary antibodies: rabbit anti-melanopsin
(Advanced Targeting Systems, Cat# AB-38 [UF006], RRID: AB_2314781 at 1:10,000) and
guinea pig anti-VGLUT1 (Millipore, Cat# AB5905, RRID: AB_2301751 at 1:1000) to
assess proximity of melanopsin-immunopositive dendrites to cone pedicles. For determining
asymmetric distribution of ORDs, the primary antibodies used were goat anti-s-opsin (Santa
Cruz Biotechnology, Cat# sc14363, RRID: AB_2158332 at 1:500) and rabbit anti-
melanopsin (Advanced Targeting Systems, Cat# AB-38 [UF006], RRID: AB_2314781 at
1:10,000). After the incubation period, the retinas were washed (6 x 10 minutes in PBS),
incubated, and shaken on a rotator overnight at 4° C in blocking solution with a mixture of
secondary antibodies: donkey anti-rabbit Alexa 594 (Life Technologies, Cat# A21207) at
1:200 for melanopsin and goat anti-guinea pig Alexa 488 (Life Technologies, Cat# A11073)
at 1:200 for VGLUT1. Retinas used for determining asymmetric distribution of ORDs were
incubated and shaken on a rotator overnight at 4° C in blocking solution with the secondary
antibodies donkey anti-goat Alexa Fluor 594 (Life Technologies, Cat# A11058) to visualize
the s-opsin gradient and donkey anti-rabbit Alexa Fluor 488 (Life Technologies, Cat#
A21206) for melanopsin. Before the retinas were washed a final time (6 x 10 minutes in
PBS), either DRAQ5 (Thermofisher Scientific, Cat# 62252) at 1:200 or DAPI (Invitrogen,
Cat# D1306, RRID: AB_2629482) at 1:200 was added to the blocking solution and
incubated for 30 minutes. The retinas were then mounted on a glass slide with ProLong
Gold anti-fade reagent with DAPI (ThermoFisher Scientific, Cat# P36931) or Aquamount
and covered with a 1.5 um thick coverslip.

J Comp Neurol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sondereker et al. Page 5

Image acquisition and quantification

Melanopsin-immunopositive dendrites in wholemount retinas were imaged using an
Olympus FVV1000 confocal laser-scanning microscope at 40x-oil or 60x-oil magnification
and the images were acquired using Olympus F\V1000 software. The z-stacks of confocal
images were collected at 0.45 to 1.0 um intervals and the images were analyzed using
ImageJ software, version 1.49. Contrast and brightness of images were adjusted using
ImageJ and Adobe Photoshop CS6. Additionally, noise was removed with the Despeckle
function of ImageJ. Single optical sections were generated from a series of confocal images
masked to correct for the imperfect flatness of the retina with Adobe Photoshop CS6.

The retinal stratification of melanopsin-positive dendrites was determined by comparing
their location with the presence or absence of retinal cell bodies labeled with DRAQ5 or
DAPI. VGLUT1, which labels cone photoreceptor terminals, was used as a secondary
marker of OPL stratification. All quantification involving length and branch points of ORDs
in this manuscript was done on ORDs that stratify in the OPL. Total dendritic length of
melanopsin-immunopositive dendrites in the OPL was measured using Simple Neurite
Tracer, an ImageJ plugin. The length of dendrite measured was only dendrite in the OPL, not
the length that traverses the INL. If an ORD bifurcated once it reached the OPL, the
measured length of the ORD included all branches of that dendrite. If the case occurred in
which two ORDs originated separately from the soma (M1d) or separately from dendrites in
the OFF sublamina of the IPL (M1 or M1d), these lengths were not added together but
instead counted as separate ORDs. The number of branch points was counted for each ORD
and soma size was measured as the longest distance across the cell body. To further
characterize the morphology of cells with ORDs, construction of 2-D morphology tracing
was completed for a selected set of cells (as seen in Figure 2) in Adobe Photoshop CS6,
using the confocal z-stacks as a template. The pencil tool was used to trace the processes of
melanopsin-immunopositive cells.

Determining the subtypes of cells that have ORDs

To definitively determine the subtype of melanopsin ganglion cells that have ORDs in the
OPL, we analyzed melanopsin-immunopositive dendrites in wholemount retinal confocal z-
stacks. The high resolution of the images, as well as the nuclear counterstain allowed for
better identification of ORDs and tracking the dendrites from the OPL to the soma than
previous methods by Renna et al. (2015). ORDs in the OPL were identified as melanopsin-
immunopositive dendrites that travel up to stratify within the OPL. These dendrites were
traced through the retina to the soma of origin, either in the ganglion cell layer for
conventional melanopsin ganglion cells or in the INL for displaced melanopsin ganglion
cells. To be certain which soma the ORDs originated from, we visually traced 89 ORDs in
the OPL from the soma to the OPL in high resolution confocal z-stack images of individual
ORDs in the OPL. The soma size and IPL aborization assisted in identifying the subtype of
melanopsin ganglion cells that exhibit ORDs. This method provides a more complete and
comprehensive analysis of which subtypes of melanopsin ganglion cells extend ORDs into
the OPL.
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In addition to confocal z-stacks of individual ORDs, we also used an epifluorescence Zeiss
Axioplan 2 microscope to record the cell of origin for every ORD (in both the INL and
OPL) in wholemount retinas (n=4 retinas at P8, P12, and P30) stained for s-opsin and
melanopsin. This was done by systematically locating a melanopsin-positive ORD and
visually tracing it back to its soma of origin. Both the location of the ORD and the location
of the soma it originated from was manually recorded on a retinal map.

Identifying retinal distribution of ORDs

Before enucleation, a ventral burn was made on the cornea. Once the eye was removed, a
ventral cut was made based on the location of the burn in order to mark the ventral location
of the retina. After wholemount retinas were stained (n=7 at P8, n=11 at P12, n=8 at P30)
melanopsin-positive ORDs in both the INL and OPL were identified using a Zeiss Axioplan
2 or Olympus BX51 epifluorescence light microscope and their location was manually
recorded on a retinal map. The s-opsin protein is known to be expressed at a higher
concentration in the ventral portion of the mouse retina (Applebury et al., 2000), so the s-
opsin gradient and the ventral cut were used to identify the ventral location of the retina. To
calculate the highest concentration of s-opsin, a program was written with C# to identify the
brightest region of s-opsin staining. The s-opsin distribution was considered to be highest in
the area of the retina where the pixel intensity values were the highest. A vector was drawn
through the center of the ventral retina, through the optic nerve, and through the dorsal retina
to delineate the nasal retina from the temporal retina. A perpendicular line was drawn across
the retina to distinguish the dorsal retina from the ventral retina. ORDs were either classified
as being dorsally or ventrally located based on their location in reference to the s-opsin
gradient. The area of the wholemount retinas was calculated using ImageJ, and the areas
were used to extrapolate the mm?2 ORD counts from Renna et al. (2015) (n=4; 10.8 mm? at
P8, 11.9 mm? at P12, and 12.4 mm? at P30).

Statistical analysis

RESULTS

Statistical analysis was conducted to determine difference in length of ORDs in the OPL
between M1 and M1d cells at all developmental time points using one-way ANOVA and
Bonferroni multiple comparisons test. Number of branch points of ORDs in the OPL was
compared between M1 and M1d cells using one-way ANOVA and student’s t-test. For
comparing the number or ORDs present across development, one-way ANOVA and Tukey-
Kramer multiple comparisons test were used. Statistical analysis comparing the origins of
ORDs and number of ORD positive cells was done with one-way ANOVA and Bonferroni
multiple comparisons test. To assess the asymmetric distribution of ORDs at each
developmental age, one-way ANOVA and Bonferroni multiple comparisons test were used
to compare the number of ORDs located in the ventral retina to the number of ORDs located
in the dorsal retina.

ORDs in the OPL are in close apposition to cone photoreceptor terminals

As previously noted by Renna et al. (2015), the number of ORDs reaching the OPL changes
throughout development. This led us to search for morphological differences of ORDs in the
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OPL at different stages of development (Fig. 1al-b4). As seen in Figure 1, ORDs stratify
within the OPL (Fig. 1c1-c4) and are closely opposed to cone pedicles at all stages of
development, including the adult (Fig. 1d1-d4). Additionally, some ORDs extend through
the INL, stratify within the OPL near cone photoreceptors, and then begin a descent back to
the OFF sublamina of the IPL (data not shown). Although the majority of ORDs stratify in
close apposition to cone photoreceptors, a small fraction of ORDs run along the inner
portion of the OPL, but do not ascend high enough into the OPL to contact the cone
photoreceptors. However, this stratification pattern seems to be an exception to the rule.

ORDs originate exclusively from biplexiform M1 and M1d melanopsin ganglion cells

Anecdotal evidence suggested that ORDs originate from M1 cells, both conventional and
displaced, and also possibly M3 cells (Renna et al., 2015). We traced 89 different ORDs in
confocal z-stacks to the cell of origin at various postnatal developmental time points and
found ORDs originating from only M1 and M1d melanopsin ganglion cells (Fig. 2al-a5;
n=>5 retinas at P8, n=7 retinas at P12, and n=5 retinas at P30). We have termed these cells
biplexiform melanopsin ganglion cells because they stratify in the two plexiform layers: the
IPL (Fig. 2b1—c5) and the OPL (Fig. 2d1-e5). The cells in our study were identified as M1
and M1d subtypes based on their stratification in only the S1 plexus of the OFF sublamina
of the IPL (Fig. 2b1-c5) because this stratification pattern is a delineating morphological
characteristic of both M1 and M1d melanopsin ganglion cells, setting them apart from the
other subtypes. Overall, the morphology of these two subtypes of melanopsin ganglion cells
that have ORDs is consistent with the morphology of M1 and M1d cells (Fig. 2).

Five types of ORDs in the OPL

We found five general types of ORDs in the OPL based on the subtype of melanopsin
ganglion cell they originate from and the outer retinal dendrite morphology. ORDs from M1
cells branch off from dendrites in the S1 layer of the IPL, traverse the INL, and then run
horizontally along the OPL. ORDs from M1 cells can be either unbranched (Fig. 2al) or
branched (Fig. 2a2). In contrast, ORDs from M1d cells usually originate from the soma and
extend through the INL to stratify upon reaching the OPL. However, ORDs from M1d cells
can also originate from dendrites in the S1 plexus of the IPL. ORDs from M1d cells can be
either unbranched (Fig. 2a3), branched (Fig. 2a4), or have ORDs in both the OPL and the
INL (Fig. 2a5).

M1 and M1d ORDs in the OPL are morphologically distinct

A distinct pattern of dendrite morphology emerges upon comparing ORDs based on the
melanopsin ganglion cell subtype from which they originate. We examined both the length
and the number of branch points at postnatal days 8, 12, and 30 (adult) of ORDs in the OPL
from M1 and M1d cells, and found them to be morphologically distinct at most
developmental time points (Fig. 3a, 3b). ORDs in the OPL originating from M1d cells are
longer (Table 2; Fig. 3a; length of ORDs in the OPL from M1 cells at P8 [n=8]: 42.27 £ 7.03
pm; at P12 [n=19]: 69.54 + 9.97 um; at P30 [n=9]: 84.81 + 13.74 um; length of ORDs in the
OPL from M1d cells at P8 [n=12]: 119.98 £ 29.49 um; at P12 [n=15]: 194.11 + 36.89 um; at
P30 [n=21]: 202.69 + 43.17 um) and have more branch points (Table 3; Fig. 3b; branch
points of ORDs in the OPL from M1 cells at P8 [n=8]: 0.25 + 0.16; at P12 [n=19]: 0.74
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+ 0.24; at P30 [n=9]: no branch points; branch points of ORDs in the OPL from M1d cells at
P8 [n=12]: 1.5 + 0.51; at P12 [n=15]: 1.33 £+ 0.32; at P30 [n=21]: 0.81 + 0.29) than those
that originate from M1 cells at all stages of development. This appears to be largely due to
the unbranched nature of ORDs in the OPL from M1 cells, as they usually run along the
OPL without bifurcating, resulting in a shorter total dendrite length within the OPL. Indeed,
the longest ORDs (typically >200 um) are those that have two or more branch points (Fig.
3c).

The number of ORDs peaks at P12

To reevaluate the ORD density estimates made by Renna et al. (2015), we counted the total
number of ORDs in wholemount retinas (Fig. 4a). At P8, there are 73.28 + 4.74 ORDs,
(n=7), and the number of ORDs increases as development progresses with 97.91 + 8.05
ORDs (n=11) at P12. A large number of ORDs at P8 and P12 extend into the INL or the
OPL but do not stratify in either layer, and these were included in our wholemount counts.
The majority of these short, unbranched dendrites that terminate in the INL mostly originate
from M1 melanopsin ganglion cells (data not shown). At P30, most of the dendrites
classified as this type of ORDs are no longer present, which is consistent with the fact that
there are only 35.13 + 4.58 ORDs per retina at this age (n=8). Therefore, our data suggest
that the number of ORDs peaks during development, around P12.

ORDs originate from a subset of M1 and M1d melanopsin ganglion cells

Only a subpopulation of M1 and M1d cells are biplexiform; that is, not every M1 or M1d
cell has ORDs stratifying within the OPL or INL. To investigate the proportion of M1 and
M1d cells that have ORDs throughout development we counted the total number of ORDs in
wholemount retinas and classified them as originating from either an M1 or an M1d
melanopsin ganglion cell (Table 4; Fig. 4b). At P8, 10.4% (24.75 * 4.42 cells; n=4) of M1
cells are ORD-positive, while at P12 there are the highest number of ORD-positive M1 cells
with 15.3% (46 £ 5.78 cells; n=4). Predictably, P30 retinas have the fewest number with
only 4.7% of ORD-positive M1 cells (12 + 3.42; n=4; Fig. 4b). The number of M1d ORD-
positive cells follows a similar trend with 34.6% ORD-positive M1d cells at P8 (19.75

+ 1.59 cells; n=4), 28.3% ORD-positive M1d cells (19.25 + 2.29 cells; n=4) at P12, and a
reduction to 20.9% (14 + 2.97 cells; n=4) of ORD-positive M1d cells at P30 (Fig. 4b). These
cell counts follow a logical trend when considering how many ORDs are present in the
retinas at each age. There are a larger number of ORD-positive cells during development,
consistent with a larger number of ORDs during development. Most cells only have one
ORD that reaches the OPL, but occasionally we found two or three ORDs originating from
the same cell.

We then wanted to determine the composition of the population of ORDs based on whether
they originate from M1 melanopsin ganglion cells or M1d melanopsin ganglion cells (Fig.
4c). Our data indicate that early in development (P8 and P12) the majority of ORDs in the
population are from conventional M1 cells (61.57 + 7.67% at P8 [n=4] and 68.16 + 5.35% at
P12 [n=4]). However, at P30 the ORD composition is the opposite, with the majority of
ORD:s in the population from M1d cells (63.69 + 1.87%; n=4).
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ORDs are asymmetrically distributed to the dorsal retina

M1 and M1d melanopsin ganglion cells are asymmetrically distributed to the dorsal retina
(Hughes et al., 2013). Additionally, s-cone opsins are expressed in high concentrations in the
ventral retina and low concentrations in the dorsal retina (Applebury et al., 2000; Szel et al.,
2000). We therefore hypothesized that ORDs in the OPL and INL from M1 and M1d
melanopsin ganglion cells would be asymmetrically distributed to the dorsal retina, where s-
opsin expression is low. When ORDs are mapped onto a retina stained with s-opsin, the
ORD distribution is heavy in the dorsal retina, opposite the s-opsin gradient (Fig. 5a—c). In
the dorsal retina, there were 51.86 + 4.27 ORDs at P8 (n=7), 72.90 + 6.24 ORDs at P12
(n=11), and 27.75 £ 5.06 ORDs at P30 (n=8). In the ventral retina, there were 21.42 + 3.47
ORDs at P8 (n=7), 25 £ 2.56 ORDs at P12 (n=11), and 7.25 £+ 1.66 ORDs at P30 (n=8).
Thus, at all developmental time-points, there were significantly more ORDs present in the
dorsal retina than in the ventral retina (Fig. 5d). In contrast, ORDs are evenly distributed
across the nasal and temporal retina (Fig. 5¢). Additionally, the proportion of ORDs in the
dorsal retina compared to the proportion of ORDs in the ventral retina remains constant
across development (Fig. 5f). From our data, it appears ORDs are asymmetrically distributed
to the dorsal retina, where m-opsin cones are in highest concentration.

DISCUSSION

A subset of M1 and M1d melanopsin ganglion cells are biplexiform with dendrites
ramifying both in the IPL and either in the INL or the OPL. We have found five types of
ORDs in the OPL categorized by their morphology and the melanopsin ganglion cell
subtype from which they originate (Fig. 6). ORDs from M1 cells are either branched or
unbranched, and originate from the dendrites in the S1 plexus. ORDs from M1d cells are
branched or unbranched, and originate either from the dendrites in the S1 plexus or directly
from the soma. The final type of ORD occurs only on M1d cells, in which multiple ORDs
come from the same M1d cell, with some ORDs stratifying in the INL and others stratifying
in the OPL. While these general types of morphologies exist, a pattern emerges when
comparing M1 ORDs with M1d ORDs. Across development, ORDs originating from M1d
melanopsin ganglion cells are longer and more highly branched than ORDs from M1 cells.

M1 and M1d cells are asymmetrically distributed to the dorsal retina (Hughes et al., 2013).
Since ORDs originate exclusively from M1 and M1d cells, it is not surprising that we found
them to be asymmetrically distributed to the dorsal retina as well. Early in development
there is an initial increase in ORDs and as the retina matures the number of ORDs decreases.
This increase in the number of ORDs is largely restricted to the dorsal retina. Specifically,
the number of ORDs in the dorsal retina increases significantly from P8 to P12, while the
number of ORDs in the ventral retina does not, indicating that the increase in total ORDs
that occurs from P8 to P12 is due to an increase in dorsal ORDs. However, from P12 to P30,
there is a significant decrease in dorsal ORDs as well as ventral ORDs, suggesting that the
decrease in total ORDs that occurs from P12 to P30 is due to a decrease in ORDs from both
the ventral and dorsal retina. This apparent difference in the development and subsequent
pruning of ORDs suggests that ORDs in the dorsal retina are increasing during development,
possibly reaching up to the dorsal OPL in search of a presynaptic partner, and then as the
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retina matures, are pruned in both the dorsal and ventral retina at the same rate. Indeed, the
morphological differences between M1 and M1d ORDs in the OPL of the mature retina,
coupled with the morphological changes that occur within each subtype throughout
development suggest ORDs are interacting with their environment as the retina matures.

Using small regions of interest, Renna et al. (2015) found 25.2 + 5.5 ORDs per mm? at P8,
21.4 + 4.7 ORDs per mm? at P12, and 5.6 + 2.3 ORDs per mm? at P30, with no statistically
significant difference between P8 and P12. Extrapolating out these numbers across the entire
retina, they estimated approximately 272.3 ORDs per retina at P8, 255.1 ORDs at P12 and
75.2 ORDs at P30. Rather than estimating, we counted every ORD in each wholemount
retina and found 73.3 ORDs at P8. The number or ORDs peaked at P12 (97.9 ORDSs) and
then decreased significantly by P30 as only 35.1 ORDs remained. It is possible that our
numbers differ from those of Renna et al. (2015) because of the asymmetric distribution of
ORDs in the retina. If their estimations were based on ORDs in an area of the retina that was
more dense (such as the dorsal retina) or less dense (such as the ventral retina), the estimates
would be skewed. Regardless, there are a larger number of ORDs early in development and a
significant decrease in ORDs in the adult retina.

The total number of ORD-positive cells changes over development, with the most ORD-
positive M1 cells at P12 and the most ORD-positive M1d cells at P8. This is consistent with
our counts of total number of ORDs across development: As the number of ORD-positive
cells decreases, so does the number of ORDs in the retina. The composition of ORDs in
regards to the cell type they originate from also changes as development progresses. Though
the total number of ORDs decreases throughout development, the proportion of ORDs
arising from M1d cells increases as the retina matures, suggesting that the decrease in ORDs
is largely due to a loss of ORDs arising from M1 cells. This change in composition of ORDs
is not due to an increase in ORD-positive M1d cells, as it was stated above that there is a
significant decrease in the number of ORD-positive M1d cells from P8 to P30. Rather, the
shift in ORD composition is due to the significant decrease in ORD-positive M1 cells from
P12 to P30, creating a situation in which the majority of ORDs that remain are from ORD-
positive M1d cells. Thus, we can infer that the decrease in the number of ORDs to be largely
due to elimination of the ORDs from M1 cells.

It appears that two specific types of ORDs may be reduced in number in the mature retina.
We have anecdotally noted that there is a high number of ORDs at P8 and P12 that originate
from M1 cells and extend straight up from dendrites in the S1 plexus and terminate in either
the INL or OPL, without stratifying in either layer. Because these dendrites seem to
originate from M1 cells and are almost completely gone by P30, it is plausible that the
significant decrease in both ORD-positive M1 cells and ORDs from M1 cells is at least in
part due to the loss of these ORDs as development progresses. Whether these ORDs retract
or are pruned is not certain, but it appears their disappearance may be, as least in part,
responsible for the change in ORD composition at P30. Additionally, a small percentage of
ORDs in the OPL originating from conventional M1 ganglion cells branch early in postnatal
development, but these branched ORDs appear to be lost in the mature retina. M1 ORDs in
the OPL have a longer vertical distance to travel compared to M1d ORDs in the OPL.
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Perhaps their arrival in the OPL does not coincide with the developmental cues required for
ORDs to extend, branch and mature within the OPL.

While it is clear that ORDs are abundant early in development and less so in the mature
retina, the functional role these dendrites play in the visual system remains unknown. The
asymmetric distribution of ORDs to the dorsal retina, the area of the mouse retina with the
highest density of m-opsin expression (Applebury et al., 2000; Szel et al., 2000), suggests
some interaction with photoreceptors expressing this photopigment. Perhaps ORDs are
postsynaptic to m-opsin expressing cones, as Renna et al. (2015) found postsynaptic density
marker 95 labeling on ORDs in the OPL. This would defy conventional mammalian retinal
circuitry where bipolar cells function as an intermediate between photoreceptors and
ganglion cells, and would be the first example of an outer retinal photoreceptor directly
coupled to a ganglion cell. Because ORDs in the OPL are present in highest number during
development and ramify in close apposition to cone photoreceptor terminals, ORDs may
have a role in the development and distribution of cone opsins in the mouse retina.

At the same time that ORDs are extending into the OPL (P4-P12), waves of activity sweep
across the inner retina and drive melanopsin ganglion cells to depolarize (Renna et al.,
2011). Melanopsin is the first functional photopigment in development (Fahrenkrug et al.,
2004; Sekaran et al., 2005; Schmidt et al., 2008), and light-mediated melanopsin ganglion
cell signaling modulates conventional ganglion cells spiking during retinal wave activity
(Renna et al., 2011; Kirkby and Feller, 2013). This suggests melanopsin ganglion cells can
feed signals back into the inner retina. In the absence of light, melanopsin ganglion cells are
depolarized by retinal wave activity and are critical for visual system development. When
200 M1 ganglion cells are deleted, both image forming and non-image forming systems fail
to mature properly (Chew et al., 2017). ORDs may provide a medium for either retinal wave
activity in the inner retina, or light-mediated melanopsin ganglion cell signaling from the
inner retina to reach the outer retina, making ORDs a candidate for outer retinal
development to be influenced by the inner retina. Additionally, melanopsin
phototransduction has been linked to light-mediated changes in choroidal thickness (Sikka et
al., 2014; Berkowitz et al., 2016). Though ORDs are less abundant in the mature retina,
interactions between melanopsin ganglion cell ORDs and the vasculature remain
uninvestigated.

We have found two morphologically distinct groups of melanopsin ganglion cell ORDs in
the OPL are asymmetrically distributed to the dorsal retina. While this is a novel
phenomenon in the mammalian retina, a ganglion cell to photoreceptor synapse is the rule
rather than the exception in the invertebrate retina (Holmberg, 1970). Furthermore, ORDs in
the OPL have recently been found in macaque tissue (Liao et al., 2016), suggesting the
function of this potential circuit is important enough to persist evolutionarily. Even though
the function remains to be elucidated, these morphological details are the first steps in
resolving the function of these melanopsin ganglion cell outer retinal dendrites.
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Figure 1. ORDs stratify in the OPL and lie closely opposed to cone photoreceptor terminalsat all
developmental ages and in the adult

A single optical section (0.45 um) generated from a series of confocal images masked to
correct for the imperfect flatness of the retina. Immuno-positive photoreceptor terminals
(VGLUT1) are labeled in green and melanopsin ORDs stratifying in the OPL are labeled in
magenta. White areas (indicated with arrows) suggest regions of overlap between
melanopsin staining and VGLUT1 staining. al-d1) A branched ORD from a M1 melanopsin
ganglion cell at P8. a2—-d2) A branched ORD from a displaced M1 melanopsin ganglion cell
at P12. a3-d3) An unbranched ORD from a M1 melanopsin ganglion cell at P30 (adult). a4—
d4) A branched ORD from a displaced melanopsin ganglion cell at P30 (adult). Scale bar:
50 um; Magnified scale bar: 25 um.
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Figure 2. ORDsin the OPL originate from a subset of biplexiform M1 and M 1d melanopsin
ganglion cells and exhibit five general dendritic morphologies

al-a5) Whole cell reconstructions of biplexiform melanopsin ganglion cells with each type
of ORD morphology at P12. Images are depth-coded so that black represents dendrites or
somas in the GCL and IPL, blue represents dendrites or somas in the INL, and green
represents dendrites that stratify in the OPL. Both M1 and M1d cells are known to have
dendrites that stratify in the S1 plexus, so arrows indicate dendrites that can be seen in both
the whole cell tracings and the confocal images of the S1 plexus to the right. From top to
bottom: M1 with an unbranched ORD, M1 with a branched ORD, M1d with an unbranched
ORD, M1d with a branched ORD, and M1d with an ORD in the OPL as well as an ORD in
the INL. b1-b5) Confocal optical sections (0.50 um) of the melanopsin-immunopositive S1
plexus (magenta). Arrows indicate dendrites in the S1 plexus that can also be seen in the
respective whole cell tracings in the first column. c1-c5) Confocal optical sections (0.50 pm)
of the melanopsin-immunopositive S1 plexus (magenta). Dendrites that are present in both
the whole cell tracing and the S1 plexus have been highlighted for clarity. Arrows indicate
dendrites in the S1 plexus that can also be seen in their respective whole cell tracings in the
first column. d1-d5) A single optical section (0.50 pm) generated from a series of confocal
images masked to correct for the imperfect flatness of the retina. Immunopositive

J Comp Neurol. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sondereker et al.

Page 17

melanopsin ORDs stratifying in the OPL (magenta). e1—e5) 3D projections of confocal z-
stacks (magenta=melanopsin, green=VGLUT1) to show the 21 biplexiform nature of a
subset of M1 and M1d melanopsin ganglion cells. al-d5 scale bars: 50 um; e1-e5 scale bar:
25 ym.
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Figure 3. Mdanopsin ganglion cell ORDsin the OPL form two morphologically distinct groups
a) ORDs in the OPL that originate from M1 cells are significantly shorter than those that

originate from M1d cells at P12 and P30 (n=5 retinas at each developmental age; p<0.05). b)
ORDs in the OPL that originate from M1 cells have fewer branch points than those that
originate from M1d cells (n=5 retinas at each developmental age; p<0.05). From these
results, it appears that the greater length of M1d ORDs within the OPL is due to greater
number of branch points. c) A scatter plot of ORD length in the OPL at different
developmental time points. ORDs in the OPL from M1 cells have less dendrite in the OPL
than those of M1d cells. ORDs that are longer (approximately >200 um) have more than two
branch points. Thus, the greater total length of M1 ORDs in the OPL seems to be due to a
greater number of branch points. Error bars=SEM.
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Figure 4. A subset of M1 and M 1d melanopsin ganglion cellshave ORDsin the INL and OPL
during development and in the adult mouseretina

a) The number of ORDs in the OPL and the INL changes throughout development. The
number of ORDs increases from P8 to P12 (p<0.05) and then decreases from P12 to P30
(p<0.001). b) The percentage of M1 and M1d cells in the retina that have ORDs in the OPL
and/or INL during development and in the adult. Unsurprisingly, the highest number of
ORD-positive M1 and M1d cells is during development. The number of ORD-positive M1
cells decreases significantly from P12 to P30 (p<0.05), and the number of ORD-positive
M1d cells decreases significantly from P8 to P30 (p<0.05). ¢) The percentage of ORDs in
the OPL and INL that originate from M1 cells compared to those that originate from M1d
cells. At P8 and P12, the majority of ORDs originate from M1 melanopsin ganglion cells
(p<0.05 and p<0.001, respectively). However, at P30, the majority of ORDs originate from
M1d melanopsin ganglion cells (p<0.01). Error bars=SEM.
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Figure 5. ORDs areasymmetrically distributed to the dorsal retina at all developmental

timepoints

a—c) Wholemount retinas with s-opsin immunohistochemistry (blue), M1 ORD locations
(white circles), and M1d ORD locations (pink circles). From left to right: P8 retina (a), P12
retina (b), P30 (c) retina. Scale bar: 1mm. d) ORDs are asymmetrically distributed to the
dorsal retina as early as P8 (P8 retinas n=7; P12 retinas n=11; P30 retinas n=8; P8 dorsal vs.
ventral: p<0.05; P12 dorsal vs. ventral: p<0.001; P30 dorsal vs. ventral: p<0.05). The
amount of dorsal ORDs increases from P8 to P12 (p<0.05), P8 to P30 (p<0.01) and
decreases from P12 to P30 (p<0.001). The amount of ventral ORDs does not change
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significantly across development (p>0.05) except for a slight decrease between P12 and P30
(p<0.05).e) ORDs are evenly distributed across the nasal and temporal retina at all
developmental time points (p>0.05). F) The proportion of ORDs in the dorsal retina when
compared to the proportion of ventral ORDs does not change across development (p>0.05).
Error bars=SEM.
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Figure 6.
A retinal schematic of each type of ORD in the OPL as found in the mouse retina. ORDs

from M1 cells originate from dendrites within the OFF sublamina of the IPL, extending
through the INL to run briefly along the OPL. ORDs from M1d cells originate either at the
soma or at dendrites in the S1 plexus to extend straight up through the INL and stratify
extensively within the OPL. ORDs in the OPL from both subtypes lie in close proximity to
cone photoreceptor terminals. From left to right: M1 with unbranched ORD, M1 with
branched ORD, M1d with unbranched ORD, M1d with branched ORD, M1d with ORDs in
both the INL and OPL.
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Name

Structure of Immunogen

Manufacturer

Concentration

Rabbit-anti-Melanopsin

15 most N-terminal amino acids of mouse
melanopsin extracellular domain
(MDSPSGPRVLSSLTQC)

Advanced Targeting Systems San Diego,
CA
Cat#: AB-38 (UF006)
RRID: AB_2314781
Host: Rabbit
Polyclonal

1:10,000

Guinea pig anti-VGLUT1

Synthetic peptide from rat VGLUT1 protein
(GATHSTVQPPRPPPPVRDY)

EMD Millipore Billerica, MA
Cat#: AB5905
RRID: AB_2301751
Host: Guinea pig
Polyclonal

1:1000

DAPI

AT regions of dsDNA

Thermofisher Scientific Waltham, MA
Cat#: D1306
RRID: AB_2629482

1:200

DRAQ5

DNA,; nuclear stain

Thermofisher Scientific Waltham, MA
Cat#: 62252

1:200

Goat anti-S-opsin

N- terminus of human OPN1SW protein
(EFYLFKNISSVGPWDGPQYH)

Santa Cruz Biotechnology Dallas, TX
Cat#: sc14363
RRID: AB_2158332
Host: Goat
Polyclonal

1:500
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Table 2

ORDs in the OPL from M1d cells are longer than ORDs from M1 cells

Age M1 M1d

P8 42.27 £ 7.03 um 119.98 + 29.49 um
P12 | 69.54+9.97 ym | 194.11 + 36.89 pm
P30 | 84.81+13.74um | 202.69 £ 43.17 pm
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ORDs in the OPL from M1d cells have more branch points than ORDs from M1 cells

Table 3

Age M1 M1d

P8 | 025+0.16 | 1.5+0.51
P12 | 0.74+0.24 | 1.33+£0.32
P30 0 0.81+0.29
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Cell counts and number of ORD-positive cells in the retina throughout development

Table 4

Age | M1Célls | ORD*M1cells | M1dcells | ORD* M1d cells
P8 212 39 57 15
264 25 65 20
241 16 55 24
270 19 53 20
P12 298 44 78 25
299 29 57 20
352 61 74 14
256 50 66 18
P30 283 13 70 22
263 9 71 10
254 21 73 15
190 5 51 9
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Abbreviations used in figure legends

ORDs
M1
Mid
(6]
ONL
OPL
INL
IPL
GCL
P8
P12
P30

outer retinal dendrites

M1 subtype of melanopsin ganglion cells
displaced M1 subtype of melanopsin ganglion cells
outer segment

outer nuclear layer

outer plexiform layer

inner nuclear layer

inner plexiform layer

ganglion cell layer

postnatal day 8

postnatal day 12

postnatal day 30
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