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PURPOSE. To examine age-related changes in the ultrastructure
of Bruch’s membrane with quick-freeze/deep-etch (QFDE) and
conventional thin-section transmission electron microscopy
(TEM).

METHODS. Four eyes from human donors aged 27, 41, 76, and
78 years were preserved within 4 hours of death. Full-thickness
tissue blocks from the macula were prepared for TEM or for
QFDE.

RESULTS. Ultrastructure seen by conventional TEM was revealed
in greater detail by QFDE. Cholesterol-containing particles
(mean diameter, 80 nm) formed a thin densely packed layer
external to the basal lamina of the retinal pigment epithelium
(RPE) only in older eyes. The mesh size of the RPE basal lamina
was smaller than the particles, and it appeared larger in older
eyes. QFDE also revealed less decorated collagen fibrils in older
eyes.

CONCLUSIONS. The data suggest that the predilection of a ex-
tremely thin sublayer of inner Bruch’s membrane for accumu-
lating lipid particles may eventually lead to a confluent lipid
wall capable of isolating the retina from its blood supply. If
these lipids originate in the retinal pigment epithelium, then
they are unlikely to have passed through the basal lamina in
this form. The age-related increase in lipid particles corre-
sponds with an age-related increase in hydraulic resistance
determined in excised Bruch’s membrane/choroid by others.
QFDE will be useful for future modeling studies of Bruch’s
membrane transport and to identify those moieties responsible
for deleterious age-related transport changes in Bruch’s
membrane. (Invest Ophthalmol Vis Sci. 2003;44:1753–1759)
DOI:10.1167/iovs.02-0496

Age-related maculopathy (ARM) is currently the leading
cause of new loss of vision among older adults and will

become a major public health concern as the population of the
industrialized world ages.1 The most prominent clinical and
histopathologic lesions of ARM involve Bruch’s membrane, a
thin specialized vascular intima between the retinal pigment

epithelium (RPE) and the choriocapillaris, the blood supply of
the photoreceptors. The only established risk factor for early
ARM is advanced age, which brings prominent changes to the
macular region of this membrane. These include a threefold
thickening, decreased collagen solubility and metalloprotein-
ase activity, and accumulation of debris, advanced glycation
end products, and extracellular lipids, including esterified and
unesterified cholesterol.2–15

Unlike age-related accumulation of cholesterol in other con-
nective tissues (cornea, sclera, and arterial intima),16–20 that
which occurs in Bruch’s membrane is apparently unique in its
potential impact on fluid and nutrient exchange. According to
the lipid-barrier hypothesis, this accumulation renders Bruch’s
membrane increasingly hydrophobic, impeding translocation
of hydrophilic substances to and from the choriocapil-
laris.7,21,22 Impaired movement of fluids, either derived from
RPE or from choroidal neovascularization, may contribute to
the formation of RPE detachments in patients with ARM.22 It
may also prevent adequate replenishment of photoreceptors
with plasma-derived retinoid derivatives, thus contributing to
age- and ARM-related photoreceptor dysfunction.23

The lipid-barrier hypothesis would be strengthened by a
morphologic demonstration of this barrier in human Bruch’s
membrane. Empirical studies24,25 suggest a two-phase decline
in the hydraulic conductivity of isolated Bruch’s membrane
with a marked decline between birth and 40 years of age and
a slower decline after that age. However, the structural basis
for this decline has not been established. The decline in hy-
draulic conductivity in younger eyes has been attributed to
increased collagen cross-linking,24 but no ultrastructural evi-
dence supporting this idea is yet available. Throughout adult-
hood, Bruch’s membrane accumulates solid particles contain-
ing esterified and unesterified cholesterol, roughly 100 nm in
diameter, that form a discrete sublayer external to the RPE
basal lamina in eyes of many persons older than 60 years.2

Determining how esterified cholesterol-containing particles
interact with each other and extracellular matrix components
to form a hydrophobic barrier and reconciling the different
time courses of changes in the hydraulic conductivity and lipid
content of Bruch’s membrane would be facilitated by a method
that preserves ultrastructure of lipids and extracellular matrix.
The ultrastructure of Bruch’s membrane has been examined
extensively by conventional thin-section transmission electron
microscopy (TEM), but the dehydration and embedding steps
of tissue processing optimally preserve neither the small lipid
particles nor the ultrastructure of the extracellular matrix.26,27

Bruch’s membrane has also been examined using the osmium-
tannic acid-paraphenylenediamine method to preserve lipid
particles, but this method does not improve visualization of
extracellular matrix components.2

Therefore, we examined macular Bruch’s membrane of
normal human eyes by quick-freeze/deep-etch (QFDE) micros-
copy, a method that provides a quasi–three-dimensional view
of connective tissue ultrastructure and lipid particles in exquis-
ite detail.
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METHODS

We used both thin-section TEM and QFDE to examine RPE and Bruch’s
membrane from eyes of normal human donors. Four eyes of donors
aged 27, 41, 76, and 78 years were preserved within 4 hours of death.
Anterior segments were removed from the eyes, and posterior seg-
ments were fixed by immersion for at least 24 hours at 4°C in 0.1 M
phosphate buffer (pH 7.4) with 2.5% glutaraldehyde and 1% parafor-
maldehyde.

Maculas, including retina, choroid, and sclera, were dissected into
2 � 2-mm2 blocks and stored in 0.1 M phosphate buffer. One block
adjacent to the fovea from each eye was prepared for light microscopic
and conventional thin-section TEM examination. These tissue blocks
were postfixed for 1 hour at 25°C in 1% osmium and 0.125% potassium
ferricyanide, dehydrated through ethanol and propylene oxide, and
embedded in resin (PolyBed 812; Polysciences, Warrington, PA).
Blocks were then sectioned at 1 �m in the vertical or oblique planes
and stained with 1% toluidine blue and sodium borohydrate. The 1-�m
sections were evaluated for disease. Thin sections from each tissue
block were cut and poststained with uranyl acetate and lead citrate for
thin-section TEM examination.

The other macular tissue blocks were processed for QFDE. For
each specimen, the retina was lifted from the underlying RPE. The
specimen was placed on an aluminum tab and slam frozen (Gentleman
Jim Slam Freezing Apparatus28,29) RPE side down, onto a copper block
cooled to liquid nitrogen temperature (�195°C). The frozen specimen
was then stored in liquid nitrogen until further use.

After transfer into a freeze-fracture apparatus (model CFE-40; Cress-
ington Scientific Instruments, Watford, UK), the specimen was frac-
tured obliquely through RPE cells, etched for 25 minutes at �95°C,
and rotary shadowed with a platinum-carbon mixture at a 20° angle
and then strengthened with carbon evaporated from a 90° angle
overhead. In accordance with the method of Ou et al.,30 the replicated
specimen was coated with collodion in 2% amyl acetate and placed in
household bleach for digestion overnight. The bleach-cleaned replica
was picked up on either nickel or copper mesh hexagonal grids and
washed in amyl acetate to remove the collodion.

Thin sections and replicas were viewed on two transmission elec-
tron microscopes (model 1200 EX II and JEM-100 CX TEMSCAN mi-
croscopes, respectively; JEOL, Tokyo, Japan). An oblique fracture
plane passing nearly parallel to the retina, as shown in Figure 1, gave
the best view of Bruch’s membrane ultrastructure.

Morphometric measurements were performed on QFDE images
that were scanned into a TIFF format with a flatbed image scanner
(model SilverScan II; LaCie US, Hillsboro, OR). Image analysis was

performed using NIH Image (available by ftp from zippy.nimh.nih.
gov/or from http://rsb.info.nih.gov/nih-image; developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD). Particle diame-
ters were determined as the geometric mean of the major and minor
axis of the lipid particle. The number of lipid-rich particles in the basal
lamina per micrograph was graded for 16 micrographs by one ob-
server, as follows: 0, none; �, low; ��, moderate; and ���, high.
Micrographs were not masked, because the micrographs of older eyes
were easily distinguished from those of young eyes.

RESULTS

Before preparation for conventional thin-section TEM and
QFDE, the globes were inspected internally with epi- and
retroillumination, and the maculas were determined to lack
grossly visible drusen or pigmentary change. However, it was
found on histopathologic evaluation that the two older eyes
had small patches of basal laminar deposit located between the
RPE and its basal lamina, a typical finding for eyes of this age.10

The eye of the 76-year-old donor also had numerous small
protuberances on the inner surface of Bruch’s membrane that
were too small to be considered drusen.

Oblique sections of Bruch’s membrane, as viewed by TEM,
are shown for a 27-year-old eye (Fig. 2A), a 41-year-old eye (Fig.
3A), a 76-year-old eye (Fig. 3C), and a 78-year-old eye (Fig. 2C).
In the younger eyes, the basal infoldings of the RPE, the RPE
basal lamina and the inner collagenous layer (ICL) are apparent
(Figs. 2A, 3A). Collagen fibrils and an unidentified banded
material were apparent within the ICL. The ends of collagen
fibrils could be seen closely apposed to, perhaps embedded in,
the RPE basal lamina (Fig. 3A). Consistent with previous TEM
descriptions, the most prominent differences between the
older (Figs. 2C, 3C) and younger (Figs. 2A, 3A) eyes were
disorganization or disappearance of the RPE basal infoldings,
increased electron density of the ICL, a paucity of collagen
fibrils immediately adjacent to the RPE basal lamina, and the
presence of numerous round electron-lucent profiles. These
profiles were distributed along fibrils in the ICL and in a band
between the ICL and the RPE basal lamina in the older donors
(Figs. 2C, 3C). This band, two to four particles thick in cross-
sections of many older eyes,2 looks wide in Figures 2C and 3C,
because of the oblique plane of section. These profiles were
previously identified as cholesterol-containing particles, be-
cause they are solid when viewed with lipid-preserving ultra-
structural techniques, they are extractable with lipid solvents,
and they become more numerous with age along with histo-
chemically detectable and directly assayed esterified and unes-
terified cholesterol.2

Oblique fractures of Bruch’s membrane viewed in QFDE
preparations of a 27-year-old eye (Fig. 2B), a 41-year-old eye
(Fig. 3B), a 76-year-old eye (Fig. 3D), and a 78-year-old eye (Fig.
2D) revealed the same ultrastructural features, but in much
greater detail. The RPE basal lamina appeared as a dense mesh-
work, and the ICL contained a loose network of 45-nm diam-
eter fibrils. Of note were spherical and elliptical particles
80.8 � 20.7 nm (mean � SD) in diameter that were minimally
etched by the QFDE process and found in abundance only in
the older eyes (Figs. 2D, 3D). In all the micrographs of the
older eyes, low density (�) of these particles was found in the
basal lamina itself and high density (���) was found in the
region between the basal lamina and the ICL. Because these
particles were solid, of similar dimensions, and present in the
same locations and in the same age group as those seen in
thin-section TEM, we identified them as EC-containing parti-
cles.

More lipid particles appear embedded in the basal lamina in
the thin-section TEM images (Figs. 2C, 3C) than in the QFDE

FIGURE 1. Light micrograph of a human retina. The line shows the
approximate plane of fracture for QFDE and oblique sections for
thin-section TEM. In actual samples the retina was removed from the
RPE before ultrarapid freezing. Specimens were sectioned at 1 �m and
stained with 2% toluidine blue in 2% sodium borate. R, retina; RPE,
retinal pigment epithelium; Br, Bruch’s membrane; ChC, choriocapil-
laris; C, choroid. Bar, 20 �m.
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images (Figs. 2D, 3D). The apparent discrepancy between the
two imaging modalities can be reconciled by considering Fig-
ure 2A, in which RPE basal infoldings also appear to be em-
bedded in the basal lamina. This underscores that sections
imaged by thin-section TEM are sufficiently thick to permit the
superimposition of two very thin sublayers. Therefore it is
likely that Figures 2C and 3C represent superimposition of the
RPE basal lamina and the adjacent layer of Bruch’s membrane
rather than numerous particles embedded in basal lamina.

The main difference between the two older eyes examined
was the number of these lipid particles. At the interface be-
tween the basal lamina and the ICL of the 76-year-old donor eye
was a wall of tightly packed lipid particles appreciable by both
thin-section TEM (Fig. 3C) and QFDE (Fig. 3D). This wall was

FIGURE 3. Oblique standard thin-section TEM (A, C) and QFDE (B, D)
micrographs of the RPE–Bruch’s membrane interface from a young
(41-year-old: A, B) and an older (76-year-old: C, D) eye. Labels as in
Figure 2. Although the ICL was relatively open in the younger eye a
tightly packed layer of lipid-rich particles (black arrows) was evident
on the choriocapillaris side of the RPE basal lamina in the older eye.
The electron-lucent particles in thin-section TEM images roughly cor-
respond to solid particles in QFDE images. Scale bars, 300 nm.

FIGURE 2. Oblique standard thin-section TEM (A, C) and QFDE (B, D)
micrographs of the RPE/Bruch’s membrane interface from a young
(27-year-old: A, B) and an older (78-year-old: C, D) eye. Basal lamina
(BL) is between the ICL and the basal infolding membrane (BIM) of the
RPE cells. In the younger eye, banded material was present in the basal
lamina (white arrow). In the older eye, lipid rich particles (black
arrows) were present at the choriocapillaris (external) side of the RPE
basal lamina. The electron-lucent particles in thin-section TEM micro-
graphs roughly correspond to solid particles in QFDE images. Scale
bars, 300 nm.
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not apparent in the 78-year-old eye (Figs. 2C, 2D). Figure 4
demonstrates the high density of these embedded lipid rich
particles showing a region where the fracture plane jumped
from the basal lamina down to the ICL (the bottom of the
groove) and then back up to the basal lamina.

In addition to extending results from a previous study using
sections viewed by conventional thin-section and lipid-preserv-
ing TEM,2 QFDE also revealed new details about the morphol-
ogy of both the lipid-rich particles and the extracellular matrix
containing them. An exterior shell was apparent on many
lipid-rich particles (Fig. 5). Regarding the extracellular matrix,
QFDE revealed a dense weave (interfibril spacing �15 nm) in
the RPE basal lamina of the younger eyes and a perhaps some-
what less dense weave in the older eyes (Figs. 6, 7). A further
age-related difference involved the surface of collagen fibrils.
These fibrils displayed an extensive fine-scale decoration31 in
the younger eyes (Fig. 8A) that was reduced or absent in the
older eyes (Fig. 8B). Collagen was identified by its characteris-
tic banding pattern. Elastin-like material identification was
based on correspondence with standard thin-section TEM im-
ages of the same regions.

DISCUSSION

Our results demonstrate that the QFDE method provides high-
resolution images of age-related changes in the Bruch’s mem-
brane ultrastructure. Many of the changes revealed by QFDE
are directly corroborated by standard thin-section TEM images
of the same maculas and by numerous thin-section TEM images
published in the literature.2,11–13,32 QFDE minimizes the loss of
the extracellular matrix and lipids that often accompanies
dehydration through graded alcohol,26,27 providing a clearer
view of these structures than traditional methods of prepara-
tion for TEM. Because only four eyes were examined in this
study, results found only in the QFDE images should be inter-
preted cautiously. Nevertheless, the QFDE images demonstrate
the potential power of this method for detailed analysis of

FIGURE 4. A wall of lipid-rich particles embedded in the matrix just
below the RPE basal lamina (BL) in a 76-year-old eye. In the center of
the micrograph, 50 nm collagen fibrils (arrows) of the ICL of Bruch’s
are visible. Scale bar, 300 nm.

FIGURE 5. QFDE image of lipids in a
region adjacent to RPE basal lamina
of 78-year-old eye showing ultrastruc-
tural detail of lipid–extracellular ma-
trix interaction. The lipid rich parti-
cles (�80 nm in diameter) appear
intimately involved with matrix mol-
ecules. Scale bar, 100 nm.
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ultrastructural changes in Bruch’s membrane due to aging and
disease.

Our most prominent finding is the markedly improved vi-
sualization of cholesterol-containing particles accumulated in a
discrete sublayer external to the RPE basal lamina, a region we
call the lipid wall. Previous work has shown an age-related
increase of esterified cholesterol by filipin histochemistry and
the presence of solid lipid particles by a lipid-preserving ultra-
structural method in this region.2 Notably, the present study
showed the packing of lipid particles to be so dense that only

a small fraction of the volume of this layer appeared to be
available for transport. Marshall et al.22 determined that the
hydraulic resistance (the inverse of the hydraulic conductivity)
of Bruch’s membrane was closely correlated to lipid accumu-
lation. Our data support the possibility that the age-related
increase of the hydraulic resistance of Bruch’ s membrane22 is
closely related to formation of the lipid wall. A detailed trans-
port analysis has yet to be conducted, but transport of water
and hydrophilic moieties across Bruch’s membrane would be
expected to be considerably compromised by the barrier
shown in Figures 3C, 3D, and 4.

In this investigation, QFDE revealed previously unappreci-
ated details of lipid particle substructure, showing both exte-
rior and interior components (Fig. 5). Lipid particles with
external shells were also seen in QFDE studies of cholesterol
accumulation in the aortic intima of rabbit after a bolus injec-

FIGURE 7. QFDE oblique sections through basal lamina (BL) of the
RPE from a (A) 27-year-old and (B) a 78-year-old eye. In the older eye,
there appeared to be more open space in the basal lamina and basal-
lamina–like filaments extended to and surround lipid rich particles
embedded in the matrix. Scale bar, 300 nm.

FIGURE 6. Standard thin-section TEM cross-sections through a (A)
27-year-old and (B) 78-year-old human RPE basal lamina (BL). Note the
compactness and dense staining of young RPE basal lamina. In the
older eye, the basal lamina appeared diffuse with indistinct borders.
BIM, basal infolding membrane of RPE cells. Scale bar, 300 nm.
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tion of lipoproteins.33,34 However, those particles were rich in
unesterified cholesterol and contained little esterified choles-
terol,35–38 which is abundant in Bruch’s membrane lipid par-
ticles. In our study, the shell on the particle’s exterior may
represent a small component of unesterified cholesterol solu-
bilized in phospholipid.26,39 Alternatively, this morphology
could signify surface and core components typical of lipopro-
tein particles.40,41 The significance of lipid particle morphol-
ogy revealed by QFDE will become clearer when these parti-
cles are isolated and characterized.

The source of the cholesterol-containing particles found in
Bruch’s membrane is unknown. A high proportion of esterified
cholesterol in relation to total cholesterol is consistent with
direct infusion of plasma low-density lipoproteins (LDLs) into
Bruch’s membrane, a process that occurs in other connective
tissues.2 However, preliminary analysis indicates that the dis-
tribution of cholesteryl esters in Bruch’s membrane does not
resemble that of plasma LDL.42 Further, human RPE has poten-
tial for biosynthesis of apolipoprotein B (apoB), the principal
protein of very-low-density lipoprotein (and its metabolic prod-
uct, LDL) and intestinal chylomicrons, and apoB immunoreac-
tivity can be found in normal Bruch’s membrane.43 These data
raise the possibility that the RPE assembles large apoB-contain-
ing lipoproteins for basal release into Bruch’s membrane. De-
finitive identification of the source of esterified cholesterol in
Bruch’s membrane clearly requires further study.

Nevertheless, the details of where these lipid rich particles
are found in relation to the RPE and its basal lamina, as shown
in our study, are important for evaluating possible mechanisms
by which cholesterol arrives in Bruch’s membrane. The size of
the lipid-containing particles (roughly 80–100 nm) is much
greater than the typical interfibrillar spacing in the basal lamina
(Figs. 2B, 2D, 3B, 3D, 7), and few particles were detected
within the basal lamina. Assuming the basal lamina to be
continuous and to be incapable of deforming sufficiently to
allow the passage of these large particles, this suggests that if
these particles originate in the RPE, they are unlikely to have
passed through the basal lamina in this form. One possibility is
that very small lipid particles pass through the basal lamina and
coalesce to form the large particles that constitute the lipid
wall. Another possibility is that the particles deform as they
squeeze through the basal lamina of the RPE. Chylomicrons,
lipoprotein particles more than 75 nm in diameter formed by
intestinal enterocytes, are known to pass through a basal lam-
ina en route to lymphatic channels.44 A third possibility is that
these particles are derived from the choriocapillaris and do not

pass through the RPE basal lamina, although, as mentioned,
recent biochemical analysis has cast doubt on the hypothesis
that these particles are exclusively blood derived.42,43

Although quantitative data are needed from more eyes to
confirm our observations, our findings allow us to evaluate the
potential contribution of age-related differences in extracellu-
lar matrix components to the observed age-related changes in
hydraulic conductivity of Bruch’s membrane. Previous exami-
nation of the age-related decrease in hydraulic conductivity of
Bruch’s membrane has emphasized fibrillar collagen in the ICL
of Bruch’s membrane.22 However, preliminary hydrodynamic
analyses indicate that the collagen fibrils of this layer would
present negligible hydrodynamic flow resistance.45 In the
present study, we saw that labeling of individual fibers in this
region was decreased in the older eyes (Fig. 8), a finding that
is not consistent with an age-related decrease in hydraulic
conductivity. Our QFDE images (Figs. 2B, 2D, 3B, 2D, 4, 6)
indicate that the weave of the RPE basal lamina and staining of
collagen fibrils in this region should be considered contribu-
tors to resistance as well, because the interfibrillar spaces are
much smaller than those seen in the ICL. However, the RPE
basal lamina does not appear any more tightly woven in older
adults, and it is possibly even less tight than it is in the eyes of
the younger adults we examined (Figs. 6, 7). Thus, this finding
is also inconsistent with an age-related decrease in hydraulic
conductivity.

It is logical to hypothesize that transport of water and
hydrophilic moieties across Bruch’s membrane in the older
eyes examined in this study would be compromised by the
lipid wall. The relationship of lipid accumulation in Bruch’s
membrane to the formation of basal linear deposits and drusen
and the progression to neovascularization remains to be deter-
mined. However, the degeneration and death of RPE and pho-
toreceptors in the overlying retina are aspects of ARM patho-
biology that could be consequences of the development of the
physical barrier described in this study.23 The precise physico-
chemical circumstances that allow lipid nucleation and aggre-
gation confined to this narrow layer in the extracellular matrix
must be investigated to elucidate how a lipid barrier could
contribute to the pathogenesis of late ARM. A detailed engi-
neering analysis of tissue transport properties based on high
quality morphologic information afforded by QFDE has re-
cently been achieved for human cornea.27 Our current results
indicate that a similar approach to understanding transport
across Bruch’s membrane is now warranted.
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