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Abstract

The assembly of photoreceptor outer segments into stacked discs is a complicated process, the
precise regulation of which remains a mystery. It is known that the integrity of the outer segment
is heavily dependent upon surrounding cell types including the retinal pigment epithelium and
Muiller cells; however the role played by Miller cells within this photoreceptor-specific process
has not been fully explored. Using an RPE-deprived but otherwise intact Xenopus laevis eye
rudiment preparation, we reveal that Miiller cell involvement in outer segment assembly is
dependent upon the stimulus provided to the retina. Pigment epithelium-derived factor is able to
support proper membrane folding after inhibition of Miller cell metabolism by alpha-aminoadipic
acid, while isopropyl beta-D-thiogalactoside, a permissive glycan, requires intact Muller cell
function. These results demonstrate that both intrinsic and extrinsic redundant mechanisms exist
to support the ability of photoreceptors to properly assemble their outer segments. Our study
further suggests that the receptor for pigment epithelium-derived factor resides in photoreceptors
themselves while that for permissive glycans is likely localized to Muller cells, which in turn
communicate with photoreceptors to promote proper membrane assembly.
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INTRODUCTION

Photoreceptors are highly polarized and ultrastructurally unique retinal neurons. At one
pole of the neuron is the chemical synapse; while at the other is the outer segment, the

most highly specialized region of the photoreceptor cell. Functional and anatomical integrity

of the photoreceptor outer segments is essential for proper detection of light and optimal
vision. Furthermore, integrity of outer segments is heavily dependent on the contributions
of other surrounding cells. To this end, the importance of an intact and fully functional
retinal pigment epithelium (RPE) on photoreceptor development and survival has been
known for many years. Each photo-receptor outer segment is continuously being renewed
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at its proximal end, while the distal tips are shed and phagocytized by the RPE (Young,
1967). Outer segment development is impaired in the absence of the RPE, indicating

that interactions between these two cell types are of fundamental importance for the
differentiation of photoreceptors (Hollyfield and Witkovsky, 1974). Moreover, photoreceptor
outer segments rapidly degenerate after separation from the RPE and the degree of recovery
is inversely proportional to the length of time of the detachment (Anderson et al., 1986;
Erickson et al., 1983; Guérin et al., 1989; Guérin et al., 1993; Lewis et al., 1991).

Like the RPE, Muller cells are important role players in photoreceptor development

and survival. Mller cells are coupled embryologically, physically, and metabolically to
photoreceptors (Reichenbach et al., 1993). It has also been proposed that Miller cells
provide trophic support to photo-receptors to promote their survival (Cao et al., 1997;
Newman and Reichenbach, 1996; Reichenbach et al., 1993). Increasing evidence also
documents that glial cells may regulate synapto-genesis (Ullian et al., 2001; Ullian et

al., 2004) and neuronal processing (Newman, 2004) through bidirectional communication
(Araque and Perea, 2004). During development, Miller cells, photoreceptors and a subset of
inner retinal neurons descend from a single retinal progenitor cell and arrange themselves
in a columnar fashion (Turner and Cepko, 1987; Reichenbach et al., 1993) in which Muller
cells surround photoreceptors from the synaptic terminals to the inner segments (Robinson
and Dreher, 1990) where the two cells are joined via the adherens junctions that comprise
the outer limiting membrane (reviewed in Jablonski and Ervin, 2000 and Tepass, 2002).

In addition, Mller cells express voltage-gated ion channels, neurotransmitter receptors and
various uptake carrier systems, which enable them to modulate the activity of retinal neurons
(Reichenbach et al., 1997; Lin and Bergles, 2004). The coupling between Muller cells

and photo-receptors is further demonstrated by our studies which document that targeted
disruption of Miiller cell metabolism with a-aminoadipic acid (i.e. a-AAA) results in
disorganization of nascent photoreceptor outer segments despite normal levels of opsin
expression (Jablonski and lannaccone, 2000). These data suggest that Maller cells interact
with photoreceptors through mechanisms that may regulate, at least in part, the assembly of
photoreceptor outer segment membranes.

We have previously demonstrated that photoreceptor outer segment assembly in RPE-
deprived isolated Xernopus laevistadpole retinas can be modulated by the addition of
specific molecules. We have shown that exogenously added purified pigment epithelium-
derived factor (PEDF) supports normal levels of opsin expression and is a potent promoter
of proper assembly of nascent photoreceptor outer segment membranes in RPE-deprived,
but otherwise intact retinas from Xenopus laevis tadpoles (Jablonski et al., 2000). Similarly,
lactose, galactose, isopropyl beta-D-thiogalactoside (i.e. IPTG, a non-metabolizable form
of galactose), and structurally-related glycans also support photoreceptor outer segment
assembly in RPE-deprived Xenopus retinas (Stiemke and Hollyfield, 1994; Stiemke and
Hollyfield, 1995; Jablonski et al., 1999; Jablonski and Ervin, 2000) through a mechanism
that appears to be receptor-mediated (Wang et al., 2003).

While several of the events that lead to formation and organization of outer segments have
been elucidated, the precise mechanisms that regulate photoreceptor outer segment assembly
and the contributions of neighboring cell types remains incompletely characterized.
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Likewise, the mechanism(s) via which PEDF and the aforementioned permissive glycans
support photoreceptor outer segment assembly remain to be elucidated. In the present paper,
we demonstrate that photo-receptor outer segment assembly is differentially dependent upon
Muiller cell involvement and suggest that PEDF exerts its effect directly on photoreceptors,
while the putative receptor for permissive glycans is localized to Miiller cells.

OBJECTIVE

The purpose of the present study was to evaluate the response of photoreceptors to external
stimuli that have been shown to support proper outer segment folding (i.e. PEDF and
IPTG) in intact RPE-deprived Xenopus laevis tadpole eyes when Miiller cell function has
been compromised and test the hypothesis that Mller cells contribute to the ability of
photo-receptors to properly fold and assemble their outer segment membranes.

METHODS

The experimental culture preparation used in these studies has been previously described
(Stiemke and Hollyfield, 1994). In brief, human chorionic gonadotropin (Sigma Chemical
Co., St Louis, MO) was used to induce adult Xenopus laevisto breed. The external staging
system of Nieuwkoop and Faber (Nieuwkoop and Faber, 1956) was used to determine retinal
maturity. Xenopus laevis embryos and isolated eye rudiments were maintained under cyclic
lighting conditions (12h light: 12h dark).

In all experiments, eye rudiments were removed from embryos at stage 33/34, when the
eyes consist of a structure that is still devoid of the sclero-choroidal complex and the

RPE represents the outermost layer. At this stage, photoreceptor outer segments are just
beginning to be elaborated (Stiemke et al., 1994). The RPE was left intact in RPE-supported
control eye rudiments, while it was gently peeled away from the neuro-retina in RPE-
deprived eye rudiments. Purified bovine PEDF (generously provided by Joyce Tombran-
Tink, University of Missouri, Kansas City), IPTG (Sigma Chemical Co., St Louis, MO), and
alpha-aminoadipic acid (a-AAA) (Sigma Chemical Co., St Louis, MO) were prepared as
previously described (Jablonski et al., 2000; Jablonski and lannaccone, 2000; Jablonski et
al., 2001b; Wang et al., 2003).

To begin teasing out the contribution of Miller cells toward the support of photoreceptor
outer segment organization, we cultured RPE-deprived eye rudiments in the presence of
either PEDF or IPTG, and compared the level of organization attained by photoreceptor
outer segments under these conditions with that reached when co-culturing RPE-deprived
eye rudiments also in the presence of a-AAA, an inhibitor of Muller cell metabolism.
Concentrations of supplements were 50 ng/ml purified bovine PEDF or 5 x 107> M

IPTG. In previous studies, these concentrations were shown to be those yielding the most
effective Rport to photoreceptor outer segment assembly (Jablonski et al., 2000; Jablonski
et al., 2001b; Wang et al., 2003). In the parallel Mdiller cell inhibition experiments, 1

x 10> M a-AAA was added to culture, i.e. at the concentration that we previously
determined that photoreceptor outer segment assembly was most effectively disrupted,
yet opsin expression by photoreceptors remained unaffected (Jablonski and lannaccone,
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2000). Control experiments included intact Xenopus laevis eye rudiments cultured with
(i.e. positive control) and without (i.e. negative control) an adherent RPE in otherwise
non-Rplemented standard Niu Twitty medium (Stiemke et al., 1994).

The assembly of the nascent photoreceptor outer segments under these four experimental
conditions was then graded in a masked fashion using our previously described grading
algorithm and six-step scale (Jablonski et al., 2001a). The key criterion of this grading scale
is the amount of stacked and organized photoreceptor outer segment membrane that was
associated with each evaluated photoreceptor cell. In brief, each step in grade represented a
linear progression by an approximate 25% interval, ranging from 100% organization (grade
4) as seen in retinas with an adherent RPE to complete absence of organization (grade

0) despite the presence of whorls of membranous outer segment material attributable to

the underlying photoreceptor cell. The grading also included a sixth level (grade—1) to
account for the complete absence of the photoreceptor outer segment. Using this grading
system, eight contiguous photoreceptors from six individual retinas, for a total of 48
individual photoreceptors per experimental condition, were evaluated. Grading data were
then statistically analyzed by one-way analysis of variance (ANOVA) using SAS statistical
software (SAS Institute Inc., Cary, NC). Post-hoc analyses were performed using least
squares means. Because six comparisons were made, a Bonferroni's adjustment was applied
and a p value of 0.0083 (i.e. 0.05/6) was considered statistically significant. Data are
presented as mean + standard error (S.E.).

RESULTS

Grading of the structure and organization of photoreceptor outer segments revealed
significant differences in the organization of outer segments under the various culture
protocols utilized in these studies. By one-way ANOVA, the overall F-test for differences
among the six groups was highly significant (F = 26.79; p value < 0.0001). In retinas that
completed morphogenesis with an adherent RPE, the vast majority of photoreceptor outer
segments were highly structured, properly folded and contained discs of equal diameter (Fig.
1A). Based on our grading scale, this corresponded to a grade of 3.60 + 0.08 (Fig. 1G),
with a grade of 4 representing the highest level (100%) of organization. In the absence of
the RPE, the average grade of photoreceptor outer segment organization decreased to 0.98
+0.27 (Fig. 1B,G), which indicated that on average, less than 25% of the outer segment
material was organized into stacked flattened membranous saccules.

The addition of 50 ng/ml purified PEDF to the medium Rported proper outer segment
organization compared to RPE-deprived retinas (p < 0.0001, Fig. 1C,G). The average
organizational grade attained by PEDF-Rported RPE-deprived retinas was 2.69 + 0.17,
which indicates that between 50-75% of the outer segment membranes were highly
structured. The addition of 1 x 10 M a-AAA did not significantly diminish the ability of
PEDF to Rport photoreceptor outer segment assembly. Under these conditions, the average
organizational grade attained by photoreceptor outer segment despite RPE deprivation was
2.44 + 0.23, which was still significantly greater than that of RPE-deprived negative control
conditions (p < 0.0001, Fig. 1D,G), yet it was not different from retinas maintained in PEDF
alone (p = 0.354).

Neuron Glia Biol. Author manuscript; available in PMC 2006 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WANG et al.

Page 5

The response of IPTG-Rported retinas to the addition of 1 x 10° M a-AAA was very
different from that observed in PEDF-exposed retinas. In retinas Rported with 5 x 10

M IPTG, the average organizational grade of outer segments was 2.25 + 0.23, consistent
with approximately 50 to 60% level of outer segment organization. This was significantly
greater than RPE-deprived retinas (p < 0.0001, Fig. 1E,G). When a-AAA was added to
IPTG-Rported retinas, though, the average organizational grade dropped to 1.23 + 0.24 (Fig.
1F,G). Outer segments elaborated under this experimental condition were significantly less
organized than those exposed to IPTG only (p < 0.0001), and they were no better organized
than in the RPE-deprived negative control conditions (p = 0.247).

CONCLUSIONS

. In RPE-deprived Xenopus laevis eye rudiments, photo-receptor outer segment
membranes are synthesized, yet they are not properly assembled.

. Both PEDF and IPTG Rport the proper folding of nascent photoreceptor outer
segments in lieu of the RPE.

. a-AAA does not significantly diminish the ability of PEDF to promote
photoreceptor outer segment assembly.

. In contrast, a-AAA prevents the ability of IPTG to promote proper
photoreceptor outer segment folding.

DISCUSSION

We have previously demonstrated that both the neurotrophic agent, PEDF (Jablonski et

al., 2000), and permissive glycans including lactose, galactose and IPTG (Jablonski and
Ervin, 2000; Stiemke and Hollyfield, 1994; Stiemke and Hollyfield, 1995; Wang et al.,

2003) Rport photoreceptor outer segment assembly in isolated RPE-deprived Xenopus laevis
eye rudiments. We have also previously demonstrated that Muller cells are likely directly
involved in the process of photoreceptor outer segment assembly (Jablonski and lannaccone,
2000). The results of the present study lend further evidence in favor of Miller cells

playing an important role in this process, but show also that such a role differs substantially
depending on the neurotrophic factor that is used to promote photoreceptor outer segment
assembly.

Our present study confirms our previous finding (Jablonski et al., 2000) that PEDF Rports
photoreceptor outer segment assembly in lieu of an adherent RPE layer and are, more in
general, consistent with the evidence that PEDF is not only a very promising antiangiogenic
factor (Mori et al., 2002) but also a potent neurotrophic agent (Cayouette et al., 1999;

Cao et al., 1999; Imai et al., 2004). Our data further demonstrate that the Rportive effect
remains virtually unaltered by the presence of Miiller cell specific inhibitor, a-AAA, in

the culture media. These results suggest that the organizational effect of PEDF on outer
segment membranes is direct upon photo-receptors themselves and is not mediated by
Muiller cells. This finding is consistent with previous studies conducted by Aymerich et al.
who demonstrated that the distribution of PEDF binding sites were most abundant in the
inner segments of photoreceptor cells (Aymerich et al., 2001). They suggested that the PEDF
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binding sites likely represented cell-surface receptors that were available to interact with

the extracellular ligand (Aymerich et al., 2001). Our results agree with the protective and
morphogenetic effect of PEDF on photoreceptors and indicate that PEDF likely acts directly
on photoreceptor cells, possibly through the aforementioned cell-specific putative receptor,
and not through a Miiller cell-mediated mechanism.

Previously we demonstrated that in addition to its neuro-Rportive properties, PEDF also had
a powerful morpho-genetic effect upon Miller cells and that it was able to prevent many

of the dysmorphic and biosynthetic alterations in the glial cell population that were induced
by removal of the RPE (Jablonski et al., 2001b). These data lead us to hypothesize that the
glioprotective effects of PEDF may further Rport the proper folding of photoreceptor outer
segments (Jablonski et al., 2001b), given the positive influence that Miiller cells have upon
outer segment assembly (Jablonski and lannaccone, 2000). To our surprise, PEDF was able
to exert its neuro-Rportive effects in the absence of a Muller cell contribution. This data
could be interpreted in several ways including that PEDF does interact with Muller cells yet
that this interaction may not be essential toward photoreceptor outer segment organization.
Another interpretation may be that in the presence of PEDF photoreceptors also provide
Rport for Mdller cells in the RPE-deprived state via bidirectional communication as
proposed by Araque and Perea (Araque and Perea, 2004) and therefore in our previous
study, PEDF may have Rported Miller cells indirectly through its interactions with
photoreceptors. The precise mechanism underlying our previous findings, however, is yet
to be revealed.

Our present results also confirm that IPTG Rports photo-receptor outer segment assembly.
However, in contrast to our results with PEDF, the addition of the Miller cell inhibitor,
a-AAA, markedly prevented the ability of the permissive glycan to promote proper

folding of nascent outer segment membranes. These findings are strongly suggestive of

the possibility that the organizational stimulus of permissive glycans is not received directly
by photoreceptors, but rather indirectly through Muiller cells. Previously, we demonstrated
that targeted disruption of Muller cell metabolism induces photoreceptor dysmorphogenesis,
which provided direct evidence that Muller cells influence significantly the assembly of
photoreceptor outer segment membranes (Jablonski and lannaccone, 2000), and that the
organizational effect of permissive glycans upon photoreceptor outer segments displays the
characteristics of a receptor-mediated phenomenon (Wang et al., 2003).

Together with these earlier findings, the results of the present study strongly suggest

that the putative receptor for the permissive glycans localizes in all likelihood to Mdiller
cells. Moreover, while a significant body of evidence indicates that factors Rplied by the
RPE are critical for the development and survival of photoreceptors, data in the scientific
literature demonstrated that photoreceptors themselves do not always directly respond to the
stimulus. For example, when retinas are presented in vivo with a stimulus of brain-derived
neurotrophic factor, ciliary neurotrophic factor, fibroblast growth factor or a2-adrenergic
agonists, it is the Miller cells that respond by upregulating c-fos, c-jun and/or the mitogen-
activated protein (MAP) kinase pathways, even though these neuroprotective agents Rport
photoreceptor survival (Peng et al., 1998; Wahlin et al., 2000; Cao et al., 1998). Although
the precise mechanisms governing these phenomena have not yet been fully elucidated,
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these observations indicate that Muller cells are able to Rport photoreceptor health and
integrity, and are likely to play an important role in this endeavor under both physiologic and
pathologic conditions.

In conclusion, our findings demonstrate that the regulation of photoreceptor outer segment
assembly can be modulated by various external stimuli. Moreover, we provide additional
evidence that Muller cells can play an important role in promoting the proper folding

of nascent outer segment membranes. The critical factor that determines whether photo-
receptors or other retinal cells such as the Miiller cell are directly or indirectly involved
is very likely the cellular location of the receptor for the stimulus. Given this, it appears
that there are redundant mechanisms, both intrinsic and extrinsic, that collectively Rport
photoreceptors and promote the ability to assemble outer segment membranes into the
thermodynamically unfavorable conformation that is required to stabilize the structure
and maintain viability of the cell. In the case of PEDF the receptor is likely localized

to photoreceptors, while for permissive glycans the receptor is very likely to be found

on Mauller cells that in turn stimulate photoreceptors via pathways that are yet to be
revealed. In future studies, it will be also of interest to determine if these seemingly
independent mechanisms could be simultaneously stimulated to result in a synergistic
additional beneficial effect towards outer segment membrane assembly.
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Fig. 1.

Ilustrative examples of photoreceptor outer segment organization under the
experimental conditions utilized in this study. (A) Control outer retina in which
photoreceptors elaborated outer segments with a juxtaposed retinal pigment epithelium
(RPE) layer. (B) Negative control RPE-deprived retina in which outer segments were
synthesized in non-Rplemented Niu-Twitty medium. (C) RPE-deprived retina in which outer
segment membranes were elaborated in medium Rplemented with 50 ng/ml purified bovine
pigment epithelial-derived factor (PEDF). (D) RPE-deprived retina that was maintained

in medium Rplemented with both 50 ng/ml purified bovine PEDF and 10> M alpha-

amino adipic acid (a-AAA). (E) RPE-deprived retina that was exposed to 5 x 10> M
isopropy! beta-D-thiogalactoside (IPTG), a permissive glycan. (F) RPE-deprived retina

that was exposed to both 5 x 10> M IPTG and a-AAA. (G) Graphic illustration of
photoreceptor outer segment grading from the various experimental conditions. RPE=retinal
pigment epithelium; OS=photoreceptor outer segments; IS=photoreceptor inner segments;
ONL=outer nuclear layer. Magnification bar=10 um.
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