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PURPOSE. To undertake the first ultrastructural characterization of human retinal pigment
epithelial (RPE) differentiation from fetal development to adolescence.

METHODS. Ten fetal eyes and three eyes aged six, nine, and 17 years were examined in the
temporal retina adjacent to the optic nerve head by transmission electron microscopy.
The area, number, and distribution of RPE organelles were quantified and interpreted
within the context of adjacent photoreceptors, Bruch’s membrane, and choriocapillaris
maturation.

RESULTS. Between eight to 12 weeks’ gestation (WG), pseudostratified columnar epithelia
with apical tight junctions differentiate to a simple cuboidal epithelium with random
distribution of melanosomes and mitochondria. Between 12 to 26 WG, cells enlarge
and show long apical microvilli and apicolateral junctional complexes. Coinciding
with eye opening at 26 WG, melanosomes migrate apically whereas mitochondria
distribute to perinuclear regions, with the first appearance of phagosomes, complex
granules, and basolateral extracellular space (BES) formation. Significantly, autophagy
and heterophagy, as evidenced by organelle recycling, and the gold standard of ultra-
structural evidence for autophagy of double-membrane autophagosomes and mitophago-
somes were evident from 32 WG, followed by basal infoldings of RPE cell membrane at
36 WG. Lipofuscin formation and deposition into the BES evident at six years increased
at 17 years.

CONCLUSIONS. We provide compelling ultrastructural evidence that heterophagy and
autophagy begins in the third trimester of human fetal development and that deposi-
tion of cellular byproducts into the extracellular space of RPE takes place via exocytosis.
Transplanted RPE cells must also demonstrate the capacity to subserve autophagic and
heterophagic functions for effective disease mitigation.

Keywords: age-related macular degeneration, Bruch’s membrane, photoreceptors, trans-
mission electron microscopy

Estimates suggest more than 200 million individuals
worldwide suffer from vision loss because of retinal

pigment epithelium (RPE)-related diseases,1 reflecting the
multiple functional roles subserved by the RPE in the main-
tenance of vision. Light transduction by photoreceptors is
dependent on the proper function and structure of proteins,
retinal structures, and membranes. Photoreceptors contain
high amounts of photosensitive molecules that are prone
to oxidative and photo damage.2 Thus a constant renewal
process is required to maintain the excitability of photore-
ceptors.3–5

This constant renewal of photoreceptor outer segment
(POS) is dependent on phagocytosis of shed photorecep-

tor membranes by the RPE. Every RPE cell is estimated
to be in close apposition with 23 photoreceptors at the
human fovea, averaged over nine decades.6 Heterophagy
is the specific process of cells recycling material endocy-
tosed from outside the RPE cell.7,8 In the RPE, shed POS
are digested via heterophagic processes,9 and important
molecules, such as retinal or docosahexaenoic acid, are rede-
livered to photoreceptors, which is supportive of a possible
autophagic process to support this molecular recycling.

The superficial zone of the optic cup develops into
the RPE by eight weeks’ gestation (WG).10 Immediately
upon being functional, the RPE subserve multiple key
roles, including formation of the outer blood retinal barrier,
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management of fluid transport, regulation of cytokine and
growth factor release, processing of reactive oxygen species,
recycling of phototransduction components, and regulation
of the subretinal space ionic balance.11–14

RPE are the most metabolically active cells in the human
body because of the continual demands of POS recycling,
combined with other digestive processes and active nutri-
ent/waste transport.15 Autophagy is the process of recycling
organelles and damaged proteins within the cell.8,16 The
useful metabolites produced by these processes are translo-
cated to the cytosol, whereas indigestible lysosomal residue
contributes to formation of lipofuscin granules, which are
eventually exocytosed.17

We provide a detailed characterization of human RPE
differentiation and the first semiquantitative ultrastructural
evidence of autophagy and heterophagy in human fetal RPE
in the context of photoreceptor, Bruch’s membrane (BrM),
and choriocapillaris (ChC) development. Our study showed
for the first time that a region exists between RPE cells,
present during development, which is the basolateral extra-
cellular space (BES) where cellular digestive byproducts are
deposited. The importance of our findings is emphasized by
a study showing that dysregulation of autophagy results in
abnormal primary cilia, being the underlying pathogenetic
mechanism for Leber’s congenital amaurosis, an inherited
retinal ciliopathy disease that often results in severe visual
impairment or blindness in early childhood.18

Taken together, the above demonstrates the high unmet
need for a treatment for this large population of visually
impaired throughout the world as a result of RPE malfunc-
tion. It is for this reason that significant resources have
been directed toward RPE cell replacement therapies via
the transplantation of induced human RPE cells from multi-
potent human stem cells.19–21 Our study has significant
implications for the field of transplantation of allogenic
or autologous induced human RPE cells (ihRPE), where
several clinical trials have been investigating the feasibility
of transplantation of these cells to mitigate eye diseases
involving the RPE22–24 and may explain the low success
of these cell replacement therapies in restoring significant
functional improvement of vision. The findings of this
study lead us to conclude that transplanted RPE cells must
also demonstrate the capacity to subserve autophagic and
heterophagic functions for effective disease mitigation.

MATERIAL AND METHODS

A total of 13 eyes aged from eight to 36 WG, and six, nine,
and 17 years were analyzed in this study. The morpholog-
ical observations were made by the two authors (SSD and
MEK) independently, and the findings were compared and
confirmed by both. All quantitative analyses were under-
taken by SSD.

Ten fetal specimens aged eight to 36 WG were prepared
by MEK and TCL, as previously reported.25–30 Three addi-
tional specimens aged six, nine, and 17 years were received
as donations for research purposes from the Lions Sydney
Eye Bank, New South Wales Tissue Banks, New South Wales
Organ and Donation Service at the Sydney Eye Hospi-
tal for research, after cornea removal for transplantation.
These three specimens were de-identified with cause of
death being congenital heart disease (six and nine years)
and car accident (17 years), with no history of ophthalmic
disease. Collection of specimens was covered by the Human
Ethics Committee from the University of Sydney protocols:

2006/9063, 2012/15189, 2014/15190 and coordinated with
the Lions Sydney Eye Bank, New South Wales Tissue Banks,
New South Wales Organ and Donation Service at the Sydney
Eye Hospital. The research plan adhered to the tenets of the
guidelines set forth in the Declaration of Helsinki.

Morphology, size, and number of specific subcellular
organelles; melanosomes in different stages of matura-
tion, mitochondria, phagosomes, complex granules, lipofus-
cin granules, nuclei, mitophagosome, autophagosome, and
autolysosomes were quantified by iTEM software (Olympus
Soft Imaging Solutions GmbH, Germany). The TEM and soft-
ware are calibrated biannually to meet ISO 15189 and ISO
29301 as part of their NATA accreditation, thus ensuring the
accuracy of the analysis. Specifically, pixel size at magni-
fication ranges from ×500 to ×100,000 is set during the
initial installation of the digital camera system. These remain
constant throughout the life of the CCD in the camera. The
TEM itself is calibrated twice per year and is within 0.5%
of the manufacturer’s specifications for the instrument. Cali-
brations are performed at all changes of filaments and when
alignments are performed. Calibration is undertaken using
a metrologically traceable standard (MAG*I*CAL).

Because the horizontal diameter of the eye cup increases
from approximately 10 mm at 24 WG to 17 mm at 36 WG,
similar to the optic nerve head (ONH) broadening, and
increasing cell density and dimensions of the antecedent
macular region,31 our region of analyses and collection of
samples were undertaken from the area adjacent to the
ONH.

After enucleation of the eyes, the anterior segment and
vitreous were removed, and the eyecups were immersed
fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4), with extra injections of the fixative into the vitreous
at 4°C for 24 hours (primary fixation). The eyes were post-
fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer (pH
7.4) at room temperature for four hours. Several of the fetal
specimens were fixed and stored in 4% paraformaldehyde in
0.1M phosphate buffer pH 7.6, before additional fixation in
2% glutaraldehyde and osmium tetroxide as above. Conse-
quently, image quality was marginally compromised due to
extraction of the cytoplasmic content and cristae of the mito-
chondria. The eyecup was then subjected to a circular and
four radial incisions. A circular sampling of 1 mm full thick-
ness was taken from the ONH at 9 o’clock with a disposable
1 mm biopsy punch (BP-10F, Kai Medical, Japan). A second
sampling was taken from 9 mm further in the temporal side
of 26 to 28 WG specimens to compare regional differentia-
tion of RPE in the ONH and mid-peripheral retina. The sclera
was peeled off, and preparation of the specimens for trans-
mission electron microscopy was performed as previously
reported.30 In addition, to evaluate the ChC maturation, five
independent locations were assessed per capillary, and 25
capillaries (each ∼100 μm2) observed in total, at six years in
both the ONH and mid periphery. A minimum of 50 fields
of views (which equates to five images per cell for a total
of 10 cells per age) were captured and analyzed. Further-
more, to permit capture of optimal images in support of key
findings, an additional 40 fields of views (which equates to
five images per cell for a total of eight cells per age) were
captured at eight, 10, 24, 26, and 36 WG and six years, corre-
sponding to the youngest specimens studied, onset of eye
opening, first evidence of autophagy observed, oldest fetal
specimen studied, and the age at which lipofuscin was first
observed, respectively. RPE cells at each age were evaluated
at low magnification, and their organelles were measured in
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high magnified views. Additional post-capture optimization
of the contrast and gray range of the images were under-
taken using Adobe Photoshop Lightroom Classic - 13.0.2
release, build [202311290958-8ff975ea] software. Finally, the
mean ± S.E.M. of all measurements for each different age
was analyzed by one-way ANOVA with post-hoc tests, and
P < 0.05 was considered statistically significant.

RESULTS

Initial RPE Development in First Trimester
Between Eight to 12 WG

At eight WG, organelles are randomly distributed in the cyto-
plasm (Figs. 1A, 1B). The apical surface of RPE cells lacks

FIGURE 1. Initial RPE development in first trimester between eight to 12 WG. All data for this study represent observations made on one
human specimen per age group. A minimum of 5 fields of view at three levels separated by 50 μm intervals were captured and analyzed for
all specimens at each age and location. (A) Pseudostratified columnar RPE and primitive ChC evident at eight WG. (B) RPE with different
levels of nuclei (N) containing evenly dispersed chromatin, and primitive endothelial linings (EnL) with red blood cell (asterisk) evident.
Arrow is pointing to incipient RPE cell membrane. (C) High-magnified view showing primitive apical tight junctions (TJ, circle), partial
attachment of lateral borders, and randomly distributed melanosomes (M) and mitochondria (m). (D) Primitive inner neuroblastic layer
(iNL) loosely attached to RPE through outer limiting membrane (OLM) at 10 WG. (E) Circle showing development of apicolateral junctional
complexes (JC), incipient RPE cell membrane (arrow), and ChC. (F) High-magnified view showing a possible apoptotic nucleus (red asterisk)
with chromatin margination, surrounded by a group of melanosomes and randomly localized mitochondria. (G) Montaged view showing
differentiation from pseudostratified epithelia to simple cuboidal layer at 12 WG. (H) RPE cell membrane (vertical arrowhead), incipient
patchy elastic layer (horizontal arrow), primitive inner and outer collagenous layers (red asterisks) are evident. (I) High-magnified view
showing apicolateral JC (circle). (J) Pseudostratified columnar epithelia in association with iNL through OLM at eight WG differentiates to
cuboidal epithelium at 12 WG. This summary diagram is based on tracings of actual cells or cell clusters at each developmental stage and
were developed to represent a summation of huge numbers of fields of views to show changes in RPE morphology at the whole cell/cell
cluster level. Images have been drawn to scale and represent a higher magnification view of cell detail than would have been possible by
photographing the TEM thin sections stained with toluidine blue.
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microvilli, and there is no evidence of RPE basal lamina
(Fig. 1B). The lumen of ChC vessels is often not patent, with
only one layer of choroidal vasculature, and no evidence
of basal lamina. Adjacent RPE cells are joined by junctional
complexes (Fig. 1C).

By 10 WG, the cells remain as pseudostratified columnar
RPE (taller). A primitive inner neuroblastic layer is loosely
attached to adjacent RPE cells, and an early outer limiting
membrane is present (Fig. 1D). The RPE have an identifiable
basal lamina (Fig. 1E) and melanosomes (several stages) are
present. Organelles remain randomly distributed. Smaller
nuclei with clumped marginated chromatin characteristic
of apoptosis are present (Fig. 1F), supportive of numerous
earlier reports of the overproduction of cells during normal
mammalian development, which is subsequently reduced by
selective pruning via apoptosis.32

The RPE transitions from a pseudostratified-columnar
epithelia at eight WG to a simple cuboidal shape by 12 WG,
where the RPE cell shape shortens, becoming more cuboidal,
and the nuclei are now located at the same level (Fig. 1G).
The apicolateral junctional complexes, RPE cell membrane,
patchy elastic layer, and primitive inner and outer collage-
nous layers are evident at this age (Figs. 1H, 1I). At 12 WG,
the RPE are simple cuboidal with a reduced area (Fig. 1J).

Significant RPE Interaction With POS and ChC in
the Second Trimester Between 16 to 24 WG

At 16 WG, the primitive inner segment of photoreceptors,
outer limiting membrane, and inner neuroblastic layer are
present (Figs. 2A, 2B). The RPE cell becomes significantly
shorter and wider, with apical long microvilli and apico-
lateral junctional complexes (Fig. 2C). At 20 WG, both the
RPE and ChC basal lamina are present (Figs. 2D, 2E). At
this age, the choroidal vessels have pericytes and fenestrae
(Figs. 2D–F). Outer and inner nucleus layers and amacrine
and horizontal cells indicate retinal specialization at
24 WG, with increased mitochondria also present in the
inner segment of photoreceptors (Fig. 2G). The RPE
show increased mitochondria and melanosomes randomly
distributed in the cytoplasm (Fig. 2H).

Organelle Relocation at 26 WG, Coincident With
Eye Opening

The upper and lower eyelids are fused at 10 WG. Although
there is a variation regarding the events and timing of eyelid
separation, it is generally agreed that separation begins
around 20 WG33 and is completed by 26 WG.34,35 In this
study, coincident with eye opening at 26 WG, melanosomes
and mitochondria migrate to the apical and perinuclear
regions of RPE cells (Figs. 3A, 3B). The quantitative aspects
of RPE organelles seen here (Fig. 3C) are consistent with
a recent comprehensive quantitative study of human RPE.36

Organelle distribution between the upper and lower regions
of the RPE cells at this age shows that 65% ± 3% of
melanosomes are localized apically in the ONH, whereas
46% ± 5% are apically distributed in the mid periphery
(Fig. 3D), as previously reported.36,37

Characterization of BES at 26 WG

The BES was first observed between basal cell membranes of
adjacent RPE cells from 26 WG in the region adjacent to the

ONH and in the mid periphery. The BES is characterized as
a triangular space delineated by the two cell membranes of
adjacent RPE cells and RPE basal lamina (Figs. 4A, 4B). The
BES was filled with clear flocculant proteinaceous materials,
which are similarly observed in aged specimens (unpub-
lished observation), leading us to suggest that this novel
characterization of the BES in normal human RPE differ-
entiation has high functional relevance to the pathogenetic
processes of pigment epithelial detachment and dry age-
related macular degeneration (AMD).

Phagocytosis Is Evident Coincident With Eye
Opening at 26 WG

The first evidence of phagosomes and complex granules
at 26 WG slightly increases by 36 WG (not significant).
The average area of melanosomes significantly decreases
between six to 17 years, whereas the area of complex gran-
ules significantly increases at the same time (Table 1). The
area of phagosomes per cell increases significantly as a func-
tion of age after birth (6–17 years) (Table 1). The average
area of mitochondria increases between eight to 24 WG
(not significant), followed by significant increases coincident
with eye opening at 26 WG, followed by another increase
between six to 17 years, which is significantly different from
that seen at 26 WG (Table 1).

Autophagy Is Evident From 32 WG

At 32 WG, RPE cells have fully mature apicolateral junc-
tional complexes sealing the surface and strengthening
the integrity of the RPE layer (Fig. 5A). This is the
first age where we observed the definitive ultrastruc-
tural evidence of autophagosomes and mitophagosomes as
double membrane-bound structures (Figs. 5B, 5C). These
structures are present in the perinuclear and basal portion
of the RPE and are responsible for recycling of damaged
organelles (Figs. 5D, 5E).38,39 Mitophagosomes (Figs. 5B, 5C)
and mitolysosomes (Fig. 5E), with cristae and vesicles
enclosed in an intact membrane are clearly distinguished
from oval-shaped mitochondria with visible cristae (Fig. 5E).
RPE cells demonstrate functional maturation including
organelles associated with heterophagic and autophagic
processes, apicolateral junctional complexes, and BES at 36
WG (Figs. 5F, 5G). At this age, RPE basal cell membrane
infoldings are present (Fig. 5E). Mitochondrial accumula-
tion in basal and lateral regions of RPE cells adjacent to
the BES is observed (Fig. 5F). The POS discs’ phagocytosis
and phagosome are evident adjacent to the apicolateral junc-
tional complexes (Fig. 5H). Between six to 17 years, there
are no significant changes in areas of autophagy, mitophagic
organelles, and mitochondria (Table 1).

Lipofuscin Formation and Exocytosis to the BES
Is Evident at Six Years

Lipofuscin granules were observed at six years (Figs. 6A–C).
These round to oval, single-membrane–bound granules have
been reported in older eyes40 and are present in the mid
and basal portions of RPE cytoplasm from six years and
exocytosed into the BES (Fig. 6C). The average area of these
indigestible byproducts slightly increased at nine years and
significantly increased at 17 years (Table 1).
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FIGURE 2. RPE interact with POS and choriocapillaris in second trimester between 16 to 24 WG. One specimen per age was examined
throughout this study where five fields of view at three levels separated by 50 μm were examined per specimen. Cellular enlargement,
apicolateral specialization, and incipient formation of underlying BrM are evident. (A) The nuclei (N) of primitive cells of the inner neurob-
lastic layer (iNL), outer limiting membrane (OLM), and underlying primitive POS are evident at 16 WG. (B) Developing iNL contains nuclei of
outer nucleus layer (ONL), large number of mitochondria (m), and tight junctions between adjacent cells (circle). (C) Apical development of
RPE with microvilli (horizontal arrow) and junctional complexes (JC) (circles) evident. (D) Melanosomes randomly located in the cytoplasm,
patchy elastic layer (red asterisk), and endothelial cells evident at 20 WG. Representative regions in boxes are shown in E and F. (E) RPE
cell membrane (blue arrow), RPE and choroidal basal lamina (red arrowheads), inner and outer collagenous fibers (red asterisks), elastic
layer (blue asterisk), and fenestration toward RPE (red arrow) evident. Basal infoldings are not present at this early age. (F) Elastic layer
(asterisk) and pericyte (P) are shown. (G) Montaged view showing development of iNL including ONL, outer plexiform layer, amacrine and
horizontal cells (circles) in proximal and distal areas of the inner nucleus layer (INL) at 24 WG. Accumulation of mitochondria (asterisk)
evident beyond the OLM in primitive inner segment of photoreceptors. (H) Primitive POS, JC (circle), and localization of organelles evident.
(I) Schema showing no significant change in cell width from 16 to 24 WG.
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FIGURE 3. Organelle relocation at 26 WG, coincident with eye opening. Circles show junctional complexes (JC) between adjacent RPE cells.
Apical-basal redistribution of RPE organelles occurs sooner in the region adjacent to the ONH than in the peripheral region (PR). (A) Shows
human RPE at 26 WG in the region adjacent to the ONH. Apical microvilli (blue arrow) and phagosome (Ph) are evident. Melanosomes
(M, bracket) migrate to the apical region, and mitochondria (m) are localized in the perinuclear region (red arrow). Elastic layer (EL), RPE
basal lamina (RBL), choroidal basal lamina (CBL), and BES are evident. (B) In contrast, apical microvilli (blue arrow), melanosomes, and
mitochondria are located randomly in RPE cells from the periphery of a 26 WG specimen indicative of a disc to peripheral topography of
RPE maturation. Group of large spherical melanosomes (bracket) are in the basolateral region. (C) Semiquantitative ultrastructural analysis
demonstrates the average area of phagosomes, complex granules, and mitochondria in the region adjacent to the ONH is significantly greater
than in the PR at 26 WG (P < 0.05). Accompanied with these changes, melanosomes occupy a larger area in the peripheral region compared
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to the region adjacent to the ONH. (D) More than 65% ± 3% of melanosomes localized apically in the region adjacent to the ONH, whereas
46% ± 5% are apically distributed in the mid periphery region. Melanosome distribution in RPE cells at 26 WG is expressed as mean ± SEM,
per RPE cell.

FIGURE 4. Characterization of BES at 26 WG, coincident with eye
opening. (A) Circles show BES between adjacent RPE cells with
different levels of nuclei (N). Melanosomes (M) migrate to the apical
region. (B) The high magnified view shows the BES as a triangular
space along the lateral border of RPE cells (arrows) delineated by
the two cell membranes of adjacent RPE cells and RPE basal lamina
of BrM. Mitochondria (m) are localized in the perinuclear region.

RPE and ChC Maturation Follow Central to
Peripheral Topography of Maturation

We demonstrate that the mitochondria and complex gran-
ules areas per cell in the ONH are significantly greater than
in the mid periphery, coincident with eye opening at 26

to 28 WG (Fig. 3C, Table 1). Similarly, the average area
per RPE cell is substantially greater in a region adjacent
to the ONH when compared to the mid periphery at 26-
28 WG (Table 2). RPE cells were found to be taller in the
region adjacent to the ONH when compared to the mid
periphery at 26-28 WG (Table 2). When approaching the
peripheral RPE from the ONH, cells appear to be shorter
with less development at the same timepoint, as evidenced
by reduced phagocytosis (Table 1). The ChC vessels were
poorly developed with vascular precursor endothelial cells
as the only vascular elements evident at 8 WG. Consistent
with our earlier report,28 a rapid maturation of the choroidal
vasculature occurs, as evidenced by formation of fully devel-
oped fenestrated choroidal capillaries with a basal lamina
and pericytes at 20 WG. The number of fenestrae of capil-
laries were counted, and the thickness of endothelial basal
lamina was measured toward RPE and scleral sides. The
thickness of endothelial cell basal lamina was observed to
be greater toward RPE when compared to the scleral side in
both the ONH and mid periphery, and significantly greater
in the mid periphery when compared to the ONH (Fig. 7A).
The number of fenestrae were more frequent on the RPE
side when compared to scleral side in both the ONH and
mid periphery but with higher frequency in the ONH when
compared to the mid periphery (Fig. 7B) (P < 0.05).

Nuclear Area Decreases Before 36 WG, Whereas
RPE Cell Area Continues to Increase

The nucleus area relative to total cytoplasmic area (N/C
ratio) increases significantly between eight to 10 WG, then
significantly decreases by 26 WG, coincident with eye open-
ing, and plateauing thereafter (Fig. 8A, Table 2). RPE tran-
sition from pseudostratified columnar (eight WG) to simple
cuboidal (12 WG) and then to simple squamous (wider than
their height relative to the basal lamina) (16 WG). There
is a significant increase in the cell height at 26 WG, with
cells returning to a simple columnar shape (Fig. 8B). The
cell morphology progressively transitions back to a simple
cuboidal shape at 32 WG and then simple squamous by 36
WG (P < 0.05). There are no further significant changes in
shape or dimension between six to 17 years (Table 2).

Development of BrM in the Second Trimester
Toward 20 WG

The BrM consists of apolipoproteins (A–E), members of
the complement system (factor H, complement 3, lectin,
complement component 8-9), trace elements, lipofuscin, and
autophagic byproducts, and the majority of BrM is derived
from choroidal stroma.41 A primitive BrM consisting of a
patchy elastic layer with inner and outer collagenous fibers is
present from 12 WG (Fig. 1H). At this age, the RPE and ChC
lay down collagenous fibers onto the elastic layer of BrM,
forming the primitive inner and outer collagenous layers.
BrM further develops as RPE, and choroidal endothelial cells
form the outermost layers known as basal lamina at 20 WG
(Figs. 2D, 2E). The thickness of BrM increases significantly
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TABLE 1. Raw Data of Ultrastructural Measurement of RPE Cells in Human Eye Samples

Age M (μm2) Ph (μm2) CG (μm2) m (μm2) aPh/aLy (μm2) mPh (μm2) Lf (μm2)

8 WG 9.66 ± 1.56 0 0 0.28 ± 0.07 0 0 0
10 WG 10.36 ± 0.68 0 0 0.34 ± 0.34 0 0 0
12 WG 14.06 ± 3.87 0 0 0.20 ± 0.10 0 0 0
16 WG 13.30 ± 3.34 0 0 0.37 ± 0.37 0 0 0
20 WG 15.22 ± 1.50 0 0 0.36 ± 0.19 0 0 0
24 WG 24.25 ± 2.07 0 0 0.29 ± 0.21 0 0 0
26 WG (adjacent to the ONH) 24.73 ± 0.93 0.97* ± 0.12 8.62* ± 1.59 2.60* ± 0.75 0 0 0
26 WG (Periphery) 30.92 ± 1.70 0.50 ± 0.05 2.35 ± 1.18 0.62 ± 0.15 0 0 0
28 WG (adjacent to the ONH) 26.60* ± 0.90 1.10* ± 0.26 8.34* ± 0.60 1.81* ± 0.87 0 0 0
28 WG (Periphery) 20.09 ± 3.12 0.20 ± 0.10 5.19 ± 0.75 0.56 ± 0.27 0 0 0
32 WG 26.12 ± 1.69 1.18 ± 0.56 9.34 ± 1.65 2.68 ± 0.08 0.27 ± 0.05 0.23 ± 0.06 0
36 WG 27.00 ± 2.15 1.22 ± 0.04 9.28 ± 2.02 3.36 ± 0.66 0.25 ± 0.04 0.25 ± 0.04 0
6 Y 10.40* ± 1.49 3.03* ± 0.52 20.99* ± 0.89 4.20* ± 0.51 0.27 ± 0.04 0.26 ± 0.02 3.41 ± 0.63
9 Y 10.31 ± 0.64 3.62 ± 0.89 25.61 ± 2.67 4.21 ± 0.53 0.36 ± 0.05 0.25 ± 0.01 3.65 ± 0.30
17 Y 11.37 ± 1.66 3.18 ± 0.49 23.18 ± 1.19 4.96 ± 0.39 0.41 ± 0.07 0.24 ± 0.02 8.20* ± 0.59

aPh, autophagosomes; aLy, autolysosomes; CG, complex granules; Lf, lipofuscin; m, mitochondria; M, melanosomes; mPh, mitophago-
somes; Ph, phagosomes.

A composite figure plate showing graphical representations of each of the organelles quantified as a function of age in a logarithmic
x axis. A semiquantitative analysis performed by using iTEM software. The mean ± SEM of repeated measures in 5 fields of views on one
specimen for each age were analyzed by using a one-way ANOVA with post-hoc tests for analysis, and P < 0.05 was considered significant.
The number and area (μm2) of M, Ph, CG, m, aPh, aLy, and mPh measured in low-magnification (<8000) and high-magnification images
(20,000–60,000). The area of ultrastructural changes coincident with eye opening at 26 WG. Except melanosomes at 26 WG, the average
area occupied by RPE organelles in the region adjacent to the ONH was significantly greater than in the peripheral region at 26–28 WG.
The increasing trend of melanosome area significantly reverses after birth, whereas the area of phagosomes and complex granules, which
are characterized from 26 WG, increases significantly after birth. The area of mitochondria increases significantly at 26 WG and continues
thereafter. The area of Lf at six years slightly increases at nine years and significantly increase at 17 years. All parameters were quantified in
both the regions adjacent to the ONH and mid-peripheral retina at 26 WG and 28 WG to determine whether, like other measures of retinal
development, there was a clear disc to periphery topographical maturation of human RPE.

* P < 0.05.
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FIGURE 5. Autophagy and mitophagy evident from 32 WG. (A) RPE and BrM evident at 32 WG. Red blood cells and endothelial cells (EnC)
are visible in the ChC. Representative regions in boxes are shown in B and C. (B) High-magnified montage showing mitophagosome (mPh)
and autophagosome (aPh). A well-characterized BrM is evident at this age because all its layers are discernible; RPE basal lamina (1), inner
collagenous (2), elastic (3) outer collagenous (4) and choroidal basal lamina (5). (C) Circle shows apicolateral junctional complexes (JC).
Melanosomes (M) and mitophagosome evident in the RPE cytoplasm adjacent to the basolateral border of RPE cells. Triangle shows the BES
between adjacent RPE cells. (D) The JC (circle) and BES (triangles) delineate the apicolateral and basolateral borders of adjacent RPE cells
at 36 WG. Representative region in box is shown in E. (E) Basal infoldings of RPE cell membrane (asterisk), mitochondria (bracket), and
mitolysosomes (mLy) are evident. (F) Low-magnified view showing outer segment discs (asterisk) surrounded by apical microvilli (curve),
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JC (circle), mitochondria (bracket), and adjacent BES (triangle). Representative region in box is shown in G. (G) Various structures showing
autophagosomes (circle), autolysosome (aLy), late (top-right) and early (bottom-left) mitophagosomes. (H) Photoreceptor outer segment
discs recognized for phagocytosis and phagosome (Ph) evident adjacent to the apicolateral JC.

FIGURE 6. Lipofuscin formation and exocytosis to the BES evident at six years. (A) The apicolateral junctional complexes (oval) and the BES
(triangle) and underlying BrM are evident at six years. Boxes are represented in B and C. (B) Montaged view showing apical melanosomes
(M), mitochondria (m), and mitophagosomes (mPh) in the basolateral region. (C) Autophagosome (aPh), autolysosome (aLy), and mitophago-
somes (mPh) (bracket) are evident. Lipofuscin (Lf) exocytosed into the BES. (D, E) The representative images delignated the number of
fenestrae (red solid triangles) in the choriocapillaris towards the RPE adjacent to the optic nerve head (D) and peripheral region (E). Red
blood cells (RBC, stars), endothelial cells (EnC) extension surrounding the lumen, and pericyte (P) are evident. (F) Junctional complexes
(circle), melanosomes, and mitochondria (bracket) adjacent to the basolateral border of RPE, and BES containing autophagic byproducts
(asterisk) are evident at nine years. Mitochondria and mitophagosomes localized in the basolateral region adjacent to BES (triangle). (G) The
phagolysosome (PhLy), Golgi apparatus (GA), lysosome (Ly), and autophagic byproduct deposition into the BES are evident. Mitochondria
and mitophagosomes localized in the basolateral region adjacent to BES. (H) Lipofuscin granule evident adjacent to the BES (triangle) at 17
years. Box is shown in I. (I) Phagosome (Ph), mitochondria, and mitophagosome are characterized in high magnification view. (J) Schematic
in which the left panel (26 WG) shows a cell with distinct apical melanosomes and perinuclear mitochondria development with the evidence
of phagosome and complex granules formation at 26 WG. There is no evidence of drusen formation at this age. The right panel (17 years)
shows a fully functional RPE cell. Mitochondria distribute adjacent to basal infoldings and in the vicinity of the BES, the site of byproducts
deposition.
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TABLE 2. Measurement of RPE Dimensions in Human Eye Samples

Age Height (μm) Width (μm) Cell Area (μm2) Cytoplasm (μm2) Nucleus (μm2) N/C Ratio (%)

8 WG 17.31± 0.08 4.46 ± 0.05 77.17 ± 1.22 62.83 ± 1.79 14.34 ± 2.70 23 ± 5
10 WG 20.76 ± 0.40 4.02 ± 0.60 83.70 ± 3.07 55.36 ± 6.11 28.34 ± 3.52 54* ± 7
12 WG 9.53* ± 0.30 6.33 ± 0.30 60.12 ± 1.68 44.36 ± 7.16 23.35 ± 5.68 53 ± 8
16 WG 7.48 ± 0.40 12.13* ± 1.35 89.70 ± 5.46 60.63 ± 6.34 29.07 ± 2.44 49 ± 7
20 WG 7.07 ± 0.24 13.17 ± 0.79 93.04 ± 6.06 65.55 ± 7.32 27.46 ± 3.86 44 ± 9
24 WG 7.35 ± 0.34 15.86 ± 0.13 116.51 ± 3.00 84.25 ± 8.38 32.26 ± 6.78 41 ± 8
26 WG (adjacent to the ONH) 16.14* ± 0.55 9.65 ± 0.39 155.34* ± 2.48 123.16 ± 5.47 32.18 ± 3.86 26* ± 4
26 WG (Periphery) 14.07 ± 0.75 10.00 ± 0.54 140.37 ± 6.98 124.41 ± 12.52 20.96 ± 2.77 17 ± 2
28 WG (adjacent to the ONH) 12.10 ± 0.73 9.39 ± 0.16 113.48* ± 5.79 95.96 ± 5.70 17.52 ± 0.10 18 ± 1
28 WG (Periphery) 11.14 ± 1.28 8.98 ± 0.71 98.35 ± 5.98 77.60 ± 6.27 16.77 ± 2.28 22 ± 1
32 WG 11.54 ± 1.10 11.32 ± 0.46 130.85 ± 8.27 109.83 ± 7.85 21.03 ± 0.43 19 ± 1
36 WG 10.25 ± 0.50 13.43* ± 0.15 137.51 ± 5.21 114.30 ± 5.09 23.21 ± 0.40 20 ± 1
6 years 9.63 ± 0.18 14.95 ± 0.70 144.34 ± 9.05 119.75 ± 7.90 24.59 ± 2.69 21 ± 2
9 years 10.59 ± 0.12 14.82 ± 0.18 156.84 ± 1.13 132.25 ± 1.15 24.60 ± 0.11 19 ± 1
17 years 10.41 ± 0.21 15.26 ± 0.21 158.91 ± 4.31 134.40 ± 5.00 23.50 ± 2.13 18 ± 2

A semi-quantitative analysis was performed by using iTEM software. The mean ± SEM of all measurements for each different age were
analyzed by using a one-way ANOVA with post-hoc tests for analysis, and P < 0.05 was considered significant. The height, width (μm),
cytoplasm, nucleus, and cell area (μm2) were measured. RPE cell dimensions at eight WG increased at 10 WG and significantly decreased
at 12 WG. Coincident with eye opening at 26 WG, RPE cells become significantly taller. The average cell area is substantially greater in the
region adjacent to the ONH when compared to the peripheral region at 26 to 28 WG. RPE cells become wider at 36 WG (P < 0.05), with
no further significant change in dimensions thereafter. The nucleus area relative to total cytoplasmic area (N/C ratio) increased significantly
between eight to 10 WG but decreased by 26 WG and plateaued thereafter.

* P < 0.05.

from 36 WG to six years, with no change up to 17 years
(Fig. 9).

DISCUSSION

Formation of tight junctions in the apicolateral region (10
WG) and development of junctional complexes along the
lateral border of adjacent RPE (12 WG) are necessary for

the RPE to transition to a simple cuboidal epithelium. Each
adjoining RPE cell contributes to the formation of an assem-
bly of closed connexin hemichannels developing into large
intracellular channels of gap junctions.

Development of apicolateral junctional complexes is criti-
cal in stabilizing the RPE layer as the eye grows. In this study,
initial junctional complexes from 10 WG are fully developed
by 16 WG. Efimova and Svitkina42 proposed that the actin
cytoskeleton at junctions and desmosomes act as a dynamic

!!

!

BA

FIGURE 7. ChC maturation follows central to peripheral topography of development. A semi-quantitative analysis was performed by using
iTEM software. The mean ± SEM of all measurements for each five different areas of 25 capillaries at six years in high-magnification images
(20,000–60,000) were analyzed by using a one-way ANOVA with post-hoc tests for analysis, and P < 0.05 was considered significant. (A)
Thickness of the endothelial cell basal lamina was observed to be greater toward RPE when compared to the scleral side in both region
adjacent to the ONH and peripheral region and significantly more in the peripheral region when compared to the region adjacent to the
ONH. (B) The number of fenestrae in the ChC are significantly greater toward the RPE cells when compared to the scleral side in both region
adjacent to the ONH and periphery and significantly more in the region adjacent to the ONH when compared to the peripheral region. Data
are expressed as mean ± SEM, per RPE cell.
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FIGURE 8. Nuclear to cytoplasm ratio changes during pigment epithelial development. (A) The column chart represents the increase in
nucleus area relative to total cytoplasmic area (N/C) ratio between 10 to 20 WG, followed by a significant decrease by 28 WG, and plateau
after birth. (B) RPE height exceeds width significantly (8–12 WG) coinciding with a significant increase in the N/C ratio (P < 0.05). From 16
WG, cell width exceeds height to the later stages of development, with the exception at 26 WG (coinciding with eye opening) and 32 WG
(both width and height are approximately equal). This morphological change is coincident with the significant decrease in N/C ratio to a
lower level than seen at 8 WG, suggesting increased emphasis on the number and distribution of various organelles during the later period
of development. The nuclear to cytoplasm ratio is expressed as mean ± SEM at each age where 10 cells were measured at each age.

FIGURE 9. Thickness increasing of BrM through aging. The thickness of BrM was not assessed before 32 WG because it was incomplete. The
thickness of BrM increases from 36 WG to six years, with no obvious change up to 17 years. There is a substantial increase in the thickness
of BrM from six years, and this increases further as a function of age. Although there was clearly a trend of increasing BrM thickness because
of the small sample size, no statistical analyses were undertaken. The thickness of Bruch’s membrane is expressed as mean ± SEM, at each
age where 10 cells were measured at each age.

push/pull system, wherein pulling forces stabilize intracel-
lular adhesion complexes. Being a postmitotic cell, the RPE
is unable to multiply through mitosis to cater for the expan-
sion of the eye globe during development; therefore it relies

solely on an increase in cell width as shown in this study
where RPE cells become significantly wider between 12 to
24 WG. Consistent with the developmental phenomenon of
cellular overproduction followed by selective “pruning” or
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FIGURE 10. (A) The schema details the 16 key ultrastructural morphological stages in the maturation of human retinal pigment epithelial
cells from early fetus to adolescence. The inner neuroblastic layer (iNL), outer neuroblastic layer (oNL), RPE, BrM, and ChC development
are evident. (1) The iNL is loosely attached to the pseudostratified columnar RPE through the outer limiting membrane (OLM). (2) RPE cell
membrane and primitive vessels with a layer of endothelial cells in ChC is evident at eight WG. (3) Formation of junctional complexes (JC)
evident from 10WG. (4) Apoptotic nucleus evident from 10WG. (5) Simple cuboidal RPE and development of apicolateral JC evident at 12 WG.
(6) Inner, outer collagenous fibers and elastic layer of BrM evident from 12 WG. (7) RPE maturation evident by interaction of apical microvilli
with primitive photoreceptors in the oNL and a mature apicolateral JC at 16 WG. (8) Formation of RPE, and endothelial cell basal lamina and
pericyte evident at 20 WG. (9) Development of iNL including OLM, outer nucleus layer (ONL), outer plexiform layer (OPL), and inner nucleus
layer (INL) evident at 24 WG. (10) Accumulation of mitochondria in primitive photoreceptor inner segments (IS) and random distribution of
RPE organelles are evident at 24 WG. (11) Coincident with eye opening, distinct apical and perinuclear redistribution of melanosomes and
mitochondria, phagocytosis, and BES are evident at 26 WG. (12) The oNL consisting of the presumptive POS with differentiated iNL (including
amacrine, horizontal, and Mu¨ller cells) is evident by 26 WG. (13) Autophagy, mitophagy, and well-characterized BrM evident at 32 WG. (14)
Basal infoldings of RPE cell membrane are evident at 36 WG. (15) Lipofuscin and mitochondrial basolateral re-distribution evident at six
years. Adjacent RPE cells are sealed and attached together through apicolateral JC including tight junctions, adherens junctions, desmosome,
and gap junctions along the lateral borders. (16) Exocytosis of heterophagic and autophagic byproducts into the BES evident at 17 Y. (B)
The schema represents the contribution of heterophagy, autophagy and mitophagy in ensuring a viable and functional RPE-photoreceptor
outer segment complex as evidenced by extensive ultrastructural observations throughout human fetal and early adolescent development.
As the RPE develops it forms apical and basal infoldings. The apical microvilli accommodate rod and cone OS whereas the basal infoldings
optimize cell surface area for exchange of metabolites with the choroidal circulation. Tight junctions, gap junctions, and desmosomes are
formed to increase physical strength between the cells. Because of the dynamics of this structure, we see formation of the BES (blue). The
photoreceptors are renewed daily by shedding their OS that are phagocytosed (heterophagosome) and digested through a process known as
heterophagy. When single-membrane phagosomes fuse with single-membrane lysosomes, they form double-membrane heterophagosomes
followed by single-membrane heterolysosomes where the process of digestion occurs. This process results in both digested materials able
to be recycled by the RPE and undigested materials eventually forming single-membrane lipofuscin and deposition into the BES and drusen
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located below the RPE and in the inner collagenous layer thereafter. Double-membrane autophagosomes/mitophagosomes are also formed
by fusion of misfolded proteins and damaged organelles including dysfunctional mitochondria with lysosomes where the digestive process
occurs through a process known as autophagy/mitophagy by formation of single-membrane autolysosomes/mitolysosomes. This also results
in both recyclable materials and undigested components forming lipofuscin and eventually drusen. These metabolic demands on the RPE,
in the basal region of the cell, encourage mitochondria to locate to this proximity. The recycling process occurs within the cytosol of the
RPE cells. This schema represents the temporal region adjacent to the ONH in adolescence.

cell death by the apoptotic process of excess cells,32 the earli-
est evidence of RPE apoptosis was observed at 10 WG. We
showed that RPE cell diameter doubled between 12 and 16
WG. New cells are added by mitosis during early embryonic
life43; however, RPE cells enlarge to fill in gaps created by
apoptosis.

RPE cells produce type IV collagen, heparin sulphate,
and laminin on their basal surfaces, which are incorporated
into BrM formation.44,45 The BrM has two major functions:
acting as the substratum of the RPE while also functioning as
the outer blood retinal barrier.41 Although previous studies
mentioned that four out of five layers of BrM can be distin-
guished as being continuous at 11 WG and only the elastic
layer is not fully developed until 15 WG,41,46,47 our findings
show the primordial inner and outer collagenous and elas-
tic layers are observed earlier (12 WG), followed by RPE and
endothelial cell basal lamina development evident from 20
WG. This suggests that development of BrM follows a bidi-
rectional pattern of formation where both the RPE and the
choriocapillaris lay down basal lamina, which then forms
BrM as the eye matures.

The human RPE serves numerous functions, including
prevention of photo-oxidative toxicity through phagocyto-
sis and digestion of POS.9 Light first enters the eye at
26 WG, initiating POS phagocytosis with the first appear-
ance of phagosomes. At 26 WG, because of an increase in
light exposure with eye opening, the RPE protective mech-
anisms come into play. Melanosomes have a photoprotec-
tive role in the eye.44,48,49 We showed that melanosomes
migrate to the apical regions of the RPE to absorb light
as it enters the RPE cells mitigating the deleterious effects
of light scatter. Melanosomes are also capable of protect-
ing RPE from damage caused by oxidative stress and
light toxicity as they facilitate autophagy.50 We observed
that more than 60% migrate to the apical region, as well
as accumulation of additional mitochondria in the inner
segment of photoreceptors from 24 WG. This potentially
provides evidence of an increase in ATP energy depen-
dence on phototransduction.51 This increase in phototrans-
duction would create a further need for POS disc shedding,
evidenced in this study by the presence of phagocytosis from
26 WG.

We provide evidence of phagosomes and complex gran-
ules at 26 WG, indicative of the initiation of phagocyto-
sis. A remarkable finding of this study is that the initi-
ation of phagocytosis of POS coincides with the initial
period of eye opening at 26 WG, when the visually evoked
potential, indicative of a functional visual pathway and
photoreceptor activity, is also first detectable.52 These crit-
ical findings and greater number of phagosomes near the
ONH compared with mid periphery suggest that develop-
ment of RPE functions initiate from the ONH. Phagocyto-
sis is energy dependent53–55 and increases the metabolic
demands of RPE cells, creating a hypoxic environment
and driving the increase in overall mitochondrial area
centrally when compared to the periphery. The higher
frequency of fenestrae and thinner basal lamina in the ONH

compared to the periphery facilitates exchange of nutrients
and elimination of byproducts, as supported by previous
investigations.56 This agrees with previous animal studies
that showed RPE develops from the ONH to the periph-
ery.35,57,58

Taken together, these findings lead us to conclude that
the development of the human eye is functionally synchro-
nized, enabling the initiation of retinal circuitry sustained by
all supportive cellular elements, including the retinal25 and
choroidal vasculature,25 glia,26 and the RPE.

Because cytoplasmic remodeling through cell division
does not occur in postmitotic cells,59 the RPE depend
on autophagy to eliminate protein aggregates, end of
life organelles including mitochondrial alterations. This
supports our hypothesis that increased RPE functions occur-
ring after eye opening are associated with activation of
autophagy from 32 WG.

The redistribution of mitochondria observed in this study
is consistent with a recent study (Tabak 2023) that high-
lighted the ability of glioblastoma cancers to “steal” mito-
chondria from neighboring cells using active transport
mechanisms involving actin filaments and energy (ATP).
This is counter to the long-held belief that mitochondria
generally “stayed put.” Although our study only demon-
strated the relocation of mitochondria within the same cell
and not mitochondrial theft from a neighboring cell, it is
still consistent with the concept that throughout RPE devel-
opment, mitochondria have been observed to concentrate
in different regions of the cell. Mitochondrial relocation
potentially explains a greater need for energy consump-
tion required to exocytose lipofuscin and other byprod-
ucts. The BES between adjacent RPE cells, which is iden-
tified from 26 WG, demonstrates a site for lipofuscin and
byproduct deposition. It is generally accepted that the actin
contraction path to move mitochondria is reliant on growth-
associated protein 43, and this same mechanism may also
be the pathway of subcellular organization underlying the
mitochondrial relocalization to cytoplasmic regions of the
RPE,7,60 in an effort to meet the escalating energy demands
of the complex heterophagic, autophagic, and mitophagic
processes observed in differentiating cells.61,62

Our study provided compelling evidence that
heterophagy and autophagy are both evident during the
second trimester of human fetal development, where lipo-
fuscin and autophagic byproducts form and are deposited
in the BES. This study provided the first ultrastructural
evidence of lipofuscin and autophagic byproduct formation
and deposition in the BES as early as six years. Findings
from our study demonstrate that the area of autophago-
somes and autolysosomes increased with age during human
fetal development through to adolescence, supportive of the
conclusion that autophagy and heterophagy constitute core
functions subserved by human RPE cells and that the ability
of transplanted RPE to subserve these functions are essential
for restoration of vision. It can become dysfunctional in the
RPE when autophagosomes fuse with impaired lysosomes,
adding to the accumulation of intracellular lipofuscin61
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leading to RPE dysfunction and increased risk of AMD63–65

as lipofuscin and byproducts are deposited in the BES.

CONCLUSIONS

This study undertook a semiquantitative ultrastructural char-
acterization of development of the human RPE together
with POS, BrM, and ChC maturation from eight WG
to early adolescence. We showed that the processes
required to sustain good vision throughout life are initi-
ated with eye opening and the first exposure of the RPE
to light stimulation. They include distinct migration of
melanosomes apically and mitochondrial migration basally.
Both heterophagy and autophagy are initiated to deal with
byproducts of normal RPE functions. We observed BES
formation and basal infolding of RPE cell membrane increas-
ing the exchange area to facilitate absorption of nutrients
and excretion of byproducts. We also observed the depo-
sition of undigestible byproducts in the form of lipofuscin
as young as six years of age. These developmental cellular
processes are shown schematically in Figures 10A and 10B.

Numerous animal and human trials of RPE transplan-
tation have been undertaken with the aim of restoring
RPE and retinal functions but have met with limited func-
tional success.19–24,66,67 Allogenic or autologous ihRPE have
been shown to demonstrate polarized specification and form
apicolateral tight junctions and are capable of phagocy-
tosis.23 However, they failed to demonstrate the complex
processes required to subserve heterophagy, autophagy, and
exocytosis of byproducts. Because these additional functions
are essential in restoring vision, our study provides a possi-
ble rationale for failure of these transplanted cells in restor-
ing long-term vision.19–21,23,66,67

In summary, we suggest that for transplanted ihRPE
cells to mitigate disease, they need to display the specific
junctional complexes between adjacent RPE cells; display
marked differentiation of organelles; demonstrate the polar-
ity of normal human RPE cells, and, most importantly, have
the capacity to subserve heterophagy and autophagy. The
foundational importance of the transplanted ihRPE cells to
be capable of autophagy is supported by the study show-
ing that dysregulation of autophagy results in abnormal
primary cilia, being the underlying pathogenetic mechanism
for Leber’s congenital amaurosis, an inherited retinal ciliopa-
thy disease that often results in severe visual impairment
or blindness in early childhood.18 Transplantation of any
type of RPE cells lacking these key functional properties, as
demonstrated here for human fetal RPE development, could
be responsible for failure to effectively restore vision. The
Nature Medicine editorial “Of Men, Not Mice”68 highlights
how poorly mice reflect human disease and the importance
to undertake normative studies using human tissues when
gaining insights that form the basis for translation for future
human therapies.
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