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PURPOSE. To investigate light-induced modifications of the smooth endoplasmic reticulum
of the RPE in primates.

METHODS. Eyes of three terminally anesthetized Rhesus monkeys were exposed to 5000
lux for 10 minutes or kept in the dark. Transmission electron microscopy and electron
tomography were conducted on small fragments of retina sampled from different regions
of the retina.

RESULTS. RPE cells smooth endoplasmic reticulum shows a previously unknown arrange-
ment characterized by an interlaced compartmental pattern (ICP). Electron tomograms
and 3D-modelling demonstrated that the smooth endoplasmic reticulum with an ICP
(ICPSER) consisted of four parallel, independent and interwoven networks of tubules
arranged as interconnected coiled coils. Its architecture realized a compact labyrinthine
structure of tightly packed tubules stabilized by intertubular filamentous tethers. On
average, the ICPSER is present in about 14.6% of RPE cells. Although ICPSER was prefer-
entially found in cells located in the peripheral and in the para/perifoveal retina, ICPSER
cells significantly increased in number upon light exposure in the para/perifovea and in
the fovea.

CONCLUSIONS. An ICPSER is apparently a unique feature to primate RPE. Its rapid appear-
ance in the area centralis of the retina upon light exposure suggests a function related to
the foveate structure of primate retina or to the diurnal habits of animals that may require
additional protection from photo-oxidation or enhanced requests of visual pigments
regeneration.

Keywords: endoplasmic reticulum, retinal pigment epithelium, Rhesus monkey, light
damage, oxidative stress

Eyes are specialized sensory receptors that exploit light
to explore the surrounding environment; however, light

can be also detrimental to eyes. Indeed, excessive and/or
prolonged light exposure induces retinal damage. Intense
visible light in itself is a cause of retinal injury,1,2 and
light exposure in the spectral blue range has been linked
to AMD.3 Even the progression of some forms of RP is
influenced by light exposure.4 Indeed, there is growing
consensus that a common denominator in the pathogenic
pathway of all these disorders is an increased oxidative
stress as a major inducer of RPE cell damage.2,3,5–7 Exces-
sive light exposure affects the morphology and function
of several subcellular organelles, including mitochondria,

peroxisomes, and the endocytic/lysosomal and autophagic
pathways.8,9 For instance, light exposure evokes the forma-
tion of ring-shaped mitochondria.10,11 Peroxisomes, in
contrast, elongate and proliferate when exposed to UV
light,12 and light increases the number of autophagic events
in RPE cells.13–15

The smooth endoplasmic reticulum (SER) is an organelle
that serves several functions, including lipid synthe-
sis, detoxification, calcium storage, and carbohydrate
metabolism.16 It occupies a large part of the RPE cell
cytoplasm where it is shaped as an irregular network
of branched tubules.17,18 Less frequently, it can be found
arranged to form myeloid bodies.18–20 To date, however, very
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little is known on the effects of light on the SER structure
in the RPE because investigations have been restricted to
amphibians.18,21

Thus, to further study light-induced SER modifications,
we carried out an investigation on the SER in the RPE of the
nonhuman primate Macaca mulatta. Surprisingly, we found
that Macaca mulatta RPE cells are provided with a domain
of the SER apparently unique to these cells, showing an
interlaced compartmental pattern (ICP) consisting of four
interwoven tightly packed distinct tubular networks. More
importantly, SER with an ICP (ICPSER) seems to be a light-
dependent SER domain as it rapidly builds up upon light
exposure in the area centralis of the retina.

METHODS

Animals and Tissues

Animals were obtained from the in-house NHP naturalistic
breeding groups of the Biomedical Primate Research Centre
and were >F2 generation. Animals were housed socially in
dedicated animal facilities containing bedding that allowed
foraging and that were equipped with nonfood enrichment
items, such as resting places at different levels, swings,
Kong toys, and mirrors. Food enrichment items, such as
food puzzles and frozen fruits, were provided daily and
drinking water was available ad libitum via automatic water
dispensers. Animals were fed monkey chow (Ssniff, Soest,
Germany) daily in the morning, complemented with vegeta-
bles, fruits, or grain mixtures in the afternoon. The animals
used in this study were not euthanized to obtain their
eyes, but for welfare and ethical reasons. The judgement
for euthanasia and the possibility to perform this specific
study was made by the institute’s veterinarians, the colony
manager, and the Animal Welfare Body. All procedures in
this study were in accordance with the Dutch law on animals,
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and the European legislation concern-
ing the care and use of laboratory animals. The Biomedical
Primate Research Centre has been accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Animal
Care since 2012.

Four eyes were sampled from two adult 7- and 8-year-
old male Indian-origin Rhesus monkeys (Macaca mulatta)
R10019 and R10026. The animals were deeply anesthetized
with a mixture of ketamine (15 mg/kg) and medetomi-
dine (20 μg/kg) in their home cage and subsequently trans-
ferred to the surgery. Here, the animals received an addi-
tional intramuscular injection of buprenorphine (20 μg/kg).
During the first 30 minutes of anesthesia, eyes of both anes-
thetized animals were kept closed and covered with a dark
bandage. Subsequently, the eyes of animal R10026 were
opened and exposed to an illumination of 5000 lux for
10 minutes as previously reported.22–24 After a recovery time
of 30 minutes with the open eyes, the thoracic cavity was
opened and a cannula was inserted through the left ventricle
into the aorta. The descending aorta was clamped just above
the diaphragm. Using a syringe pump (Type S2; Medima,
Clarence, NY), animals were perfused through the aorta with
25.000 IU of heparin in cold saline. Using a syringe pump
(type S2; Medima), animals were perfused through the aorta
with 25,000 IU of heparin in cold saline until the out-coming
perfusate was clear. Then, the syringe pump was switched
to ice-cold 2% paraformaldehyde and 2% glutaraldehyde in
0.1 M phosphate buffer, pH 7.4, and perfusion with about

1.5 L of fixative continued for 20 minutes. While the perfu-
sion was running, the left eye of each animal was injected in
the limbal area with additional 0.5 mL of fixative. After that,
the eyes were removed, cut along the equator, and placed in
the same fixative for 10 days. A third animal R10103 (8-year-
old, male) was included later. All procedures before starting
the perfusion were similar to that of the first two animals,
but the left eye of this monkey was treated as the eyes of
animal R10019 and the right eye was treated as the eyes of
animal R10026. The processing of the eyes during and after
the perfusion was the same.

Transmission Electron Microscopy (TEM) and
Electron Tomography

Fragments were taken from different retinal regions of all
the eyes. The fovea, easily located temporal to the optic
disk as a thinner area of the retina with a diameter of about
2 mm, was used as the reference for all sampling. In greater
detail, small pieces were taken from the fovea itself (within
1 mm from its center), the para/perifoveal area (between 1.5
and 3.0 mm from the center of the fovea) and the periph-
eral retina (>5 mm from the center of the fovea). Fragments
were processed for TEM as previously reported.25

Ultrathin sections, cut along planes perpendicular or
parallel to the retinal surface, were mounted on copper
grids, stained and observed with a Philips 201 TEM. In other
cases, 100- to 120-nm-thick sections were cut along planes
parallel to the retinal surface, mounted on formvar-coated
grids, stained, and covered with 10-nm colloidal gold parti-
cles as fiducial markers. Sections were then observed with
a TEM Philips CM200 FEG supplied with a T-VIPS Tem-
Cam F224 HD 2kxkx driven by the EM MENU 4 and EM-
TOOLS software (T-VIPS, Millburn, NJ) for electron tomo-
grams. Once a structure of interest was located, two tilt
series of digital images were acquired at 27,500× with a
range of ±60° and tilt steps of 1° along two orthogonal
tilt axes. IMOD software for electron tomogram reconstruc-
tion and modelling was used to compute three-dimensional
density maps starting from the images series.26 Tomograms,
computed retrieving data from each perpendicular axis,
were combined according to the standard IMOD protocol.
Final tomograms, reconstructing a volume of 2048 × 2048 ×
160 voxels (1228.8 × 1228.8 × 96 nm3), were viewed with
the 3dmod 4.9 software (University of Colorado, Boulder,
CO). Models of ICPSER were created by manually drawing
membrane contours on consecutive 0.6-nm z-slices of the
tomograms. Surface models were obtained using the same
software.

Morphometry and Statistical Analysis

Cells containing ICPSER were counted on ultrathin sections
cut along planes parallel to RPE basement membrane so that
the entire horizontal extension of the basal cytoplasm of
each cell could be visualized. Cells were considered eligible
for the count only when sectioned along their basal cyto-
plasm (Supplementary Fig. S1). One hundred RPE cells were
checked for their ICPSER content on all specimens (fovea,
para/perifovea, and peripheral retina) deriving from all the
sampled eyes (3 closed eyes and 3 open eyes).

We explored the effect of eccentricity and light exposure
on the number of ICPSER cells by fitting a Bayesian Pois-
son regression model to this dataset. We assumed that the
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number of ICPSER cells (per 100 cells) at the experimental
condition i, Hi, had a Poisson distribution with parameter μi,
which depended on the experimental conditions as follows:

log μi = intercept + xT
i β, (1)

where xi = (x1.. x5, 1)T comprises binary variables, or covari-
ates, which represent all different combinations of eccentric-
ity values with light exposure {dark fovea, dark perimacular,
dark peripheral, light fovea, light perimacular, light periph-
eral}. The components of x i take values xj = 1 if j = i or xj =
0 if j �= i for j = {1..5}; the value of x6 , which is an arbitrarily
chosen reference condition is fixed to 1 for all xi; β = ( β1..
β5, 0)T includes the model parameters which quantify the
effect of experimental conditions.

To estimate the model parameters, we conducted
Bayesian inference by Markov Chain Monte Carlo meth-
ods. The likelihood function for ICPSER cell counts at each
condition and corresponding covariates is given P(Hi|xiβ)
= Poisson(μi), where P(.|.) denotes a conditional probabil-
ity mass function. We used noninformative uniform prior
distributions for the parameters β1.. β5 and intercept in
Equation 1.

Fitting diagnosis plots and posterior distributions for the
parameters are provided in Supplementary Fig. S2 and Table
S1. We used the posterior distributions to assess the signif-
icance of the effect of light exposure and retina region on
ICPSER cell counts. Differences were considered significant
when P{ Predi > Predj | H } > 0.95, which denotes the poste-
rior probability of the difference between predicted counts
in experimental conditions i y j with H being the dataset of
ICPSER cell counts used to fit the model.

Parameter inference and statistical analysis were
performed with SAS 9.4 software (SAS Institute Inc.,
Cary, NC).

RESULTS

General Arrangement of the SER in the RPE

As previously reported,17,18 a large part of RPE cytoplasm
was occupied by SER shaped as an irregular network of
branched tubules. However, an ICPSER with a diameter
of greater than 0.5 μm (between 0.5 and 1.5 μm) could
be observed in 14.6% of RPE cells (263 ICPSER-containing
cells/1800 cells). Interestingly, ICPSERs had a remarkably fix
position within cells, being always located in the cytoplas-
mic corner encompassed by the basal and lateral domains
of the plasma membrane (Figs. 1A–B).

ICPSER in RPE Cells Shows a Periodic Structure

Before assessing whether they were somehow light-related
structures, we explored the ICPSER structure on electron
tomography. Once located an area containing an ICPSER,
we acquired tomograms. Membrane profiles in a 0.6 nm-
thick axial slice (Fig. 1C) outlined tubules with a diameter
of 40 to 80 nm (60 nm on average). When tubules were very
close to one another their opposing membranes run parallel
at the constant distance of 8.5 nm.

Tracing membrane contours throughout the whole set of
z-slices of the tomogram showed that ICPSER was made up
by four major independent compartments of tubules that
we colored in purple, green, red, and yellow (Fig. 1D).
Three-dimensional modeling through the entire tomogram

demonstrated that the compartments were arranged as an
intricate weaving of tubules which, however, seemed to
follow a highly ordered pattern (Figs. 1E–F). In particular,
tubules in Figures 1E–F were arranged in four rows, each
one containing elements belonging to each of the four major
compartments. Rows 1 and 2 in Figure 1E were formed by
a regular alternation of C-shaped tubules, apparently cut
along their longitudinal axis, and by transversely cut tubules.
Row 1 was made by the regular and periodic sequence from
above downward of purple, red, green, and yellow compart-
ments. Although with an inverted order (yellow, green, red,
and purple from above downward), row 2 was similarly
arranged. Rows 3 and 4 were apparently less organized
because the slightly oblique cutting plane intercepted differ-
ent regions of the ICPSER. However, even rows 3 and 4
showed the same arrangement on the reverse side of the
model (Supplementary Movie S1)

To decipher in greater detail the ICPSER structure, we
isolated and observed single compartments from various
perspectives. By their comparison, it was evident that the
four compartments were similarly built, although differ-
ently placed within the ICPSER (Fig. 2). Each compart-
ment, composed by a meshwork of trijunctional very short
tubules, outlined irregularly polygonal profiles on an x–y
plane projection that were arranged in parallel but staggered
rows. Polygonal profiles showed a center to center period-
icity of 250 nm (Figs. 2A–B). In contrast, the rotation of the
model by 90° on the x-axis changed dramatically the aspect
of the specimen that showed a sequence of quadrangular
profiles measuring approximately 60 × 100 nm (Figs. 2E–F,
Supplementary Movie S2).

The four compartments followed a parallel course.
They were arranged as couples (red–yellow and purple–
green) that were parallel and aligned along the y-axis
(Figs. 3A–B), couples (red–purple and yellow–green) also
parallel but staggered (Fig. 3E) and couples (red/green
and yellow/purple) parallel and aligned along the x-axis
(Fig. 3F).

At the ICPSER periphery, tubular compartments contin-
ued with the regular anastomosing SER (Fig. 3). Still at
its periphery, ICPSER showed the outline of a fifth minor
compartment that could be seen (Figs. 1D–F) as single
tubules (from 1 to 3 depending on the sample) traversing
the model and coursing parallel to one of the major compart-
ments (Supplementary Fig. S3).

ICPSER Is Formed by Coiled Coils of Tubular α

Helices Joined Together by Connecting Tubules

The couples of parallel and aligned compartments along
the y-axis outlined α helices wrapped around each other
to form coiled coils of tubules (Figs. 3A–B, Supplementary
Movie S3). Within the ICPSER, coiled coils belonging to the
same couple of compartments lied one beside the other
with a periodicity of 180 to 190 nm. When coiled coils or
single α helices were cut perpendicularly, a tiny eyelet some-
time became visible in their center, marking the axis around
which α helices wound (Figs. 3C–D, 3G–H, 4A–D). Appar-
ently, coiled coils were also aligned one over the other with
a periodicity of about 200 nm. However, if coiled coils were
opportunely placed along the x–y planes by a partial rotation
of the model they did not result perfectly aligned vertically
because those belonging to different planes were slightly
shifted laterally (Fig. 4D). Coiled coils were not indepen-
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FIGURE 1. ICPSER in retinal pigmented epithelial cells of Rhesus Monkey. (A) Two adjacent retinal pigmented epithelial cells (RPE) are
provided with ICPSER (arrows) at the corner of the lateral (arrowheads) and basal cell membranes.Monkey R10026. BM = Bruch’s membrane.
Magnification bar, 350 nm. (B) ICPSER (arrows) at higher magnification. The ICPSER shows a periodic array due to the checkerboard pattern
of larger tubular structures surrounded by two concentric membranes and very small tubules (arrowheads) outlined by a single membrane.
Larger and smaller tubules are apparently joined by straight filament-like elements. Monkey R10026. Magnification bar, 120 nm. (C) Electron
tomography of an ICPSER unveils its complex nature. Thin axial slices (0.6 nm thick) show that membrane profiles follow a regular pattern
realized by the alternation of larger C-shaped and smaller rounded tubules. This is particularly evident on the left where the section has
a more favorable orientation. The distance between adjacent C-shaped tubules or between a C-shaped tubule and a rounded tubule is
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remarkably constant (8.5 nm). Monkey R10019. Magnification bar, 120 nm. (D) To generate a 3D-model of the ICPSER, membrane profiles
have been retraced with different colors according to their continuity through the entire series of axial slices. Four major compartments,
red, green, yellow and purple, can be identified. A fifth minor compartment (blue) can also be seen. Monkey R10019. Magnification bar,
120 nm. (E) A 3D rendering of the ICPSER. The model has been rotated on the z-axis to align compartments along the x- and y-axes. Four
vertical rows (highlighted with numbered squared brackets) of different elements aligned along the y-axis can be appreciated as well as
the alternation of C-shaped and rounded tubules (particularly as far as rows #1 and #2 are concerned). Periodicity in the model includes
the regular sequence of the four major compartments that, however, follow inverted orders when comparing adjacent rows. A fifth minor
compartment in blue (arrow) can also be seen as a single tubule traversing the ICPSER. Monkey R10019. Magnification bar, 120 nm. (F) A
3D rendering of the ICPSER. The model is the same shown in E though rotated by 40° on the x-axis. Magnification bar, 120 nm.

FIGURE 2. A 3D-rendering of ICPSER single compartments. (A–B) Two compartments (purple and yellow) have been isolated from the
intricate weaving of tubules of the ICPSER shown in Figures 1E–F. The common plan for their construction is evident as they are made by
the anastomoses of trijunctional tubules outlining parallel and staggered rows (arrows) of polygonal profiles. Magnification bar, 120 nm.
(C–D) The same compartments shown in A and B and rotated by 40° on the x-axis allow to better appreciate the regular polygonal arrays
outlined by the tubules. Magnification bar, 120 nm. (E–F) Rotation of the compartments shown in A and B by 90° on the x-axis changes the
shape of the profiles outlined by the tubules that become quadrangular. Magnification bar, 120 nm.
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FIGURE 3. A 3D-rendering of couples of compartments isolated from the model shown in Figure 1. (A) ICPSER isolated yellow and red
compartments. Tubules of both compartments develop α helices that wrap around each other to form coiled coils (cc) oriented along
the y-axis. Coiled coils are joined by lateral connecting tubules (lct), which are placed along the x-axis. A regular alternation of red and
yellow lateral connecting tubules can be observed along both the y-axis and the x-axis. Magnification bar, 120 nm. (B) Green and purple
compartments are arranged similarly to the compartments shown in A. They too develop α helices that form coiled coils (cc) joined by lateral
connecting tubules (lct). Coiled coils and lateral connecting tubules orientation is also alike the yellow and red compartments. Magnification
bar, 120 nm. (C) The model shown in A has been rotated by 90°. The familiar profile already observed in Figures 2E–F can be observed
even here as the yellow and red compartments are perfectly aligned. By this perspective, coiled coils are seen from one of their extremities
(some of them have been highlighted with white circles). Vertical connecting tubules (vct) can be observed arising from coiled coils to
join other coiled coils located at deeper and more superficial levels. Lateral connecting tubules (lct) can also be seen. Magnification bar,
120 nm. (D) The model shown in B has been rotated by 90°. The same profiles observed in C can be also seen here as the purple and
green compartments are similarly aligned. The features described in C for the yellow/red compartments can be also observed here for the
green/purple compartments. White circles = coiled coils; vct = vertical connecting tubules; lct = lateral connecting tubules. Magnification
bar, 120 nm. (E) ICPSER isolated red and purple compartments. The couple of compartments, still arranged in parallel, are staggered. Tubules
of both compartments develop α helices (αh), which are parallel and oriented along the y-axis. Lateral connecting tubules (lct) join the α

helices of the same compartment. However, lateral connecting tubules and segments of the y-axis–oriented α helices also generate stretches
of x-axis–oriented α helices which intertwine to form short coiled coils (framed areas). The couple of yellow and green compartments
behaves in the same way (not shown). Magnification bar, 120 nm. (F) ICPSER isolated red and green compartments. They are arranged in
parallel and aligned along the x-axis. Lateral connecting tubules and α helices (αh) can be also seen, although parallel α helices of these
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compartments do not wrap around each other and do not form coiled coils. The couple of yellow and purple compartments behaves in
the same way (not shown). Magnification bar, 120 nm. (G) The model shown in E has been rotated by 90°. As the two compartments are
not aligned along the y-axis, they fill the entire profile of the ICPSER. Nevertheless, vertical connecting tubules (vct) of both compartments
can still be appreciated as well as the extremities of α helices (white circles) that can be identified at the cross-road of vertical and lateral
connecting tubules. Magnification bar, 120 nm. (H) The model shown in F has been rotated by 90°. The same notes that have been made
for the red/purple compartments applies for the red/green ones as well. Magnification bar, 120 nm.

FIGURE 4. A 3D-rendering of couples of compartments (A–F). (A) The model shown in Figure 3B was rotated by 90° on the x-axis, partially
clipped and enlarged. By this perspective, coiled coils are seen from one of their extremity. Magnification is high enough to glimpse a small
eyelet at the center of one coiled coil (white circle) which corresponds to the axis around which the α helices wrap around each other.
Magnification bar, 120 nm. (B–C) The compartments shown in A have been isolated. The eyelets (white circles) marking the central axis
of the α helices are numerous. Vertical and lateral connecting tubules can be appreciated departing from the α helices. Magnification bar,
120 nm. (D) The model shown in A was tilted by 10° so that coiled coils, cut transversely (white circles), are now aligned along x planes.
In this way, vertical connecting tubules are not perpendicular to coiled coils and lateral connecting tubules but they form an 80° angle.
Magnification bar, 120 nm. (E) A single coiled coil has been isolated clipping the model shown in Figure 3A. The two α helices of the yellow
and red compartments can be seen twisting around each other. Vertical connecting tubules (vct) and lateral connecting tubules (lct) are also
visible arising at regular distance from the α helices. Magnification bar, 120 nm. (F) A single coiled coil formed by the green and purple
compartments has been isolated clipping the model shown in Figure 3B. The same notes made for E also apply here. Magnification bar
120 nm. Intertubular filamentous framework (G–I). Delicate filamentous strands tether tubular compartment one to the other. Several
examples are shown in encompassed between the black arrowheads. In some cases strands (encompassed by double black arrowheads)
seems to be longer because they tether more distant tubules (H–I). Monkey 10026. Magnification bars, 60 nm.
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dent one from the other; they were joined by lateral and
vertical connecting tubules (Figs. 3, 4A–F). Lateral connect-
ing tubules arose at regular intervals (about 120–130 nm
center to center) from coiled coils originating rigorously in
an alternate fashion from the two α helices (Figs. 3A–B).
Coiled coils were also joined by vertical connecting tubules
with a center to center periodicity of about 120 to 130
nm. However, similar to the lateral ones, vertical connecting
tubules belonged alternately to one or the other compart-
ment. Connecting tubules directed downward and upward
were roughly aligned one over the other, but belonged to
different compartments, as to say they arose from different
α helices (Figs. 4E–F). Because of the slight lateral shifting
of the coiled coils located on different x–y planes, verti-
cal connecting tubules formed an 80° angle with the lateral
connecting tubules (Fig. 4D).

The thin cytoplasmic lamina intervening between tubules
was frequently traversed by delicate strands that tethered
together tubules belonging to different compartments. They
could be found either joining the opposing extremities
of two longitudinally cut C-shaped tubules or bridging
transversely cut tubules with adjacent C-shaped tubules
(Figs. 4G–I).

ICPSER Frequency as a Function of Retinal
Eccentricity and Light Exposure

To correlate ICPSER with RPE functions, we counted the
number of cells containing the organelle in different areas
of the retina (fovea, para/perifovea, and periphery) and
in different conditions of light exposure (light vs dark-
ness). We used a Bayesian Poisson regression model to
investigate whether the observed cell counts in our exper-
iments (Fig. 5A) could suggest that the region of the
retina or the light exposure affected the number of cells
containing ICPSER. Using Markov Chain Monte Carlo Meth-
ods, we could identify unambiguously the value of the
model parameters and observed a good agreement between
observed and fitted counts (Fig. 5B). Fitting diagnosis
plots and posterior distributions for the model parame-
ters are provided in Supplementary information (Supple-
mentary Fig. S2 and Table S1). We next used the poste-
rior distribution of lineal combinations of model predic-
tions to investigate whether differences in cell counts
between areas or upon light exposure were significant
(Fig. 5C). Our Bayesian inference approach indicated that
the experimental conditions affected the number of ICPSER-
containing cells, which were significantly more numerous
in the peripheral and para/perifoveal regions than in the
fovea (Figs. 5C–D). We also quantified the effect of light
exposure within each region and observed that in the fovea
and in the para/perifoveal area the number of cells with
ICPSER increased significantly in retinas exposed to light
(Figs. 5C–D).

DISCUSSION

We have found that nonhuman primateMacacamulatta RPE
cells show a previously unknown domain of the SER charac-
terized by an ICP. This domain apparently reminds of previ-
ously reported arrangements of organized SER (OSER) with
cubic simmetry.27–29 Indeed, whereas OSER generates struc-
tures where membranes of adjacent tubules course paral-
lel,27 membranes in ICPSER separate after a short tract; all

compartments have a parallel course, but they are also inter-
woven. In addition, whereas OSER has few or any tripar-
tite tubular junctions typical of anastomosing SER,27 ICPSER
is just the result of the regular assembling of trijunctional
tubules. More important, ICPSER differs from OSER in the
higher complexity arranged in a hierarchy of three levels of
organization. The first level consists of the regular meshwork
of trijunctional tubules with a repeated branching pattern
which defines each compartment. The second level is due
to the coexistence of four parallel and independent mesh-
works of tubules (i.e., the four compartments). The third
level of organization can be recognized by the relationships
occurring among the four interwoven compartments whose
α helices form tubular coiled coils. This complex arrange-
ment of tightly packed tubules requires mechanisms of stabi-
lization that likely take advantage of the intertubular tethers
that we observed. Although the true nature of these teth-
ers is unknown, similar filaments have been detected previ-
ously in areas of close relationships between organelles,30

and within the Golgi apparatus, where they also function
as a compartment recognition system.31 Indeed, a system of
compartment recognition is expected to be in place even
in ICPSER to couple α helices of fellow compartments into
coiled coils throughout the entire extension of the ICPSER.

ICPSER is present in about one RPE cell out of seven.
Owing to its size and frequency, it is puzzling that ICPSER
has never been spotted before. It is possible that ICPSER
may be a species-specific feature and studies on RPE cells in
vivo are certainly much less numerous in primates than in
rodents. This consideration suggests that ICPSER may repre-
sent a special adaptation of RPE cells in primate foveate eyes
and/or in diurnal animals.

Interestingly, ICPSER-containing cells increase in number
in the area centralis upon light exposure, particularly in
the para/perifovea where the difference with the number
of ICPSER-bearing cells from dark-adapted retinas reaches
statistical significance. Light exerts on RPE cells several
effects, some of them detrimental when the level of expo-
sure is too high. Light-induced dose-dependent alterations
of mitochondria,10,11 formation of membranous whorls,32

disturbance of autophagy,13–15,32 and finally necrosis,32 all
have been shown as consequences of intense illumination.
High levels of light exposure even affect the RPE-dependent
blood–retinal barrier. This outcome, which seems to be
VEGF mediated, precedes and probably induces photore-
ceptor death.24,33 Photooxidation is certainly a key driver
of light-induced RPE damage, mainly acting on pigments,
which are major photosensitizers. For instance, in lipofuscin-
loaded RPE cells, by a photooxidative-induced mechanism,
blue light induces lysosomal enzyme leakage in the cyto-
plasm, activation of the inflammasome/caspase-1 cascade,
and secretion of IL1β and IL18, which promote innate
immune activation.34 Photooxidation of A2-E, a specific
component of lipofuscin, decreases RPE autofluorescence,
which, in turn, precedes RPE death when light exposure is
intense enough.35,36

Because of the number of mitochondria, higher in cones
than in rods, the high oxygen tension and the intense
levels of focused light,37,38 primate cone-enriched fovea
and its immediate surroundings (para/perifovea) are regions
where the production of reactive oxygen species upon light
exposure likely increases far more than in the periph-
eral retina. In the last years it has become increasingly
evident that oxidative stress may also affect ER function and
morphology. Oxidative stress can induce ER stress which,
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FIGURE 5. Modelling the effect of eccentricity and light exposure on ICPSER cell number. (A) ICPSER cell counts on retina regions of
(3) monkeys’ eyes. (B) Scatterplot of observations in section A and predictions of a Bayesian Poisson regression model. The relative error
was calculated as the average of the absolute relative differences. (C) The posterior distribution of the model predictions was used to
assess the significance of the effect of light exposure and retina region on ICPSER cell counts. Differences were considered significant when
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P{ Predi > Predj | H } > 0.95, which denotes the posterior probability of the difference between predicted counts in experimental conditions
i y j with H being the dataset of ICPSER cell counts used to fit the model; (D) Bayesian inference indicated that ICPSER cells are significantly
more abundant in the peripheral and para/perifoveal retina than in fovea and that their number in the fovea and para/perifoveal region
increases significantly after light exposure.

in turn, may activate proapoptotic signaling molecules.39

It is worthwhile to underline that short wave-length
electromagnetic radiations, like UVA light, increases the
expression of ER chaperones like calretinin, GRP78, and
protein disulfide isomerase, which promotes apoptosis
activating the PERK–eIF2α–ATF4–CHOP ER-mediated path-
way.40 Ultimately, oxidative/ER stress may promote apop-
totic loss of RPE cells as it occurs in AMD.41 Interestingly,
the area centralis of the retina, where oxidative stress is
likely more pronounced, is the very same area that shows a
significant light-dependent increase in ICPSER-bearing cells
suggesting that the appearance of ICPSER could be the
manifestation of antioxidant responses or just a transient
epiphenomenon of ongoing oxidative/ER stress. Surpris-
ingly, the para/perifovea shows more ICPSER-containing
cells compared with the fovea where light-induced oxida-
tive stress should be more pronounced. This apparent para-
dox, however, can be the result of the concomitant pres-
ence of other antioxidant defenses. For instance, macular
pigments like zeaxanthine and lutein, that locally decrease
photo-oxidation by absorbing short wave-length blue light,
are mostly concentrated in the fovea,42 just where ICPSER-
bearing cells are less numerous. Even melanin, whose free
radicals have protective effects scavenging reactive oxygen
species in RPE,43 is more concentrated in the fovea.44

In other contexts, changes in ER morphology have been
previously correlated with ongoing oxidative stress.45,46 The
development of complex patterns of ER membrane fold-
ings, as many cubic membranes and ICPSER essentially are,
has been suggested previously as an antioxidant response
that could shelter RNAs from oxidants.45 Although ICPSER
is not a form of OSER, it shows some resemblance to cubic
membrane arrangements as far as high membrane curvature
is concerned and it might share some of the mechanisms
required for its generation. Direct oxidation of lipids, for
instance, induce the formation of cubic membranes,47 and
might also contribute to ICPSER appearance.

In addition to exerting a protection to oxidative stress,48

RPE fulfils other functions including recycling of visual
pigments.49 RPE SER is actually involved in recycling visual
pigments as it harbors on its membrane several enzymes,
including 11-cis-retinol dehydrogenase, lecithin:retinol acyl-
transferase and RPE65, which participate in the regener-
ation of all-trans-retinal into its 11-cis-retinal isomer.50–52

Pigment regeneration can be achieved by two different path-
ways. The first one, the canonical pathway, involves RPE
cells and serves both cones and rods; the second one,
the cone-specific pathway, engages Müller cells and, as the
name points out, fulfils only cone demands.49,53 This finding
suggests that the RPE workload for pigment recycling can be
different depending on the number and type of photorecep-
tors that characterize specific retinal areas. In this respect,
the fovea is a region highly enriched in cones, whereas the
great majority of photoreceptors in the para/perifovea are
rods.54 Such a diverse distribution of photoreceptors, and a
likely greater involvement of RPE in visual pigment recycling
in rod-enriched areas, could account for the higher number
of ICPSER-bearing cells observed in the para/perifovea
compared with the fovea.

In summary, this investigation has unveiled that Macaca
mulatta RPE cells are characterized by a very complex SER
domain, which is dynamically induced by light. The study
has some intrinsic limitations; it was carried out on a limited
number of animals belonging only to one species. It would,
therefore, be presumptuous to make a generalization of
these findings for other species. However, because in many
ways human and Rhesus monkey’s retinas are very simi-
lar, including the capacity to develop spontaneous AMD,38

comparable findings might be possible even for humans.
Specific studies will be needed to address this issue, as well
as to define ICPSER functions.
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