1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Arch Ophthalmol. 2011 November ; 129(11): 1466-1474. doi:10.1001/archophthalmol.2011.309.

Aceruloplasminemia: Retinal Histopathology and Iron-mediated
Melanosome Degradation

Natalie Wolkow, B.S.1, Ying Song, M.D.1, Ting-Di Wu, Ph.D.2:3, Jiang Qian, M.D., Ph.D.4,
Jean-Luc Guerquin-Kern, Ph.D.2:3, and Joshua L. Dunaief, M.D., Ph.D.1*

1F.M. Kirby Center for Molecular Ophthalmology, Scheie Eye Institute, Perelman School of
Medicine at the University of Pennsylvania, Philadelphia, PA

2Institut Curie, Laboratoire de Microscopie lonique, 91405-Orsay, France
SINSERM, U759, 91405-Orsay, France
4Dept. Pathology and Lab Med/APS, Albany Med College/Center, Albany, NY 12208

Abstract

Objective—To present, for the first time, the retinal histopathology of aceruloplasminemia, an
autosomal recessive disease caused by mutation of the ferroxidase ceruloplasmin resulting in
tissue iron overload.

Methods—Morphology of the human aceruloplasminemia retina was studied with light and
electron microscopy. Retinal iron accumulation was assessed with Perls’ Prussian blue staining,
immunohistochemistry and secondary ion mass spectrometry.

Results—L.ight and electron microscopic analysis revealed several ocular pathologic findings
that resembled age-related macular degeneration, including retinal pigment epithelium
depigmentation, atrophy and hypertrophy, nodular and diffuse drusen, lipofuscin and
melanolipofuscin granules. Complement deposition was detected in drusen. The retinal pigment
epithelial cells and neural retina had increased levels of iron. Two major types of retinal pigment
epithelial cells were observed: melanosome-rich and melanosome-poor. Melanosome-rich cells
had increased levels of iron and melanolipofuscin. The melanolipofuscin granules were observed
in large aggregates where some of the melanosomes were degrading. Melanosome-poor cells
lacked melanosomes, melanolipofuscin and lipofuscin, but contained electron dense aggregates
high in iron, phosphorus and sulfur.

Conclusion—The findings in the aceruloplasminemia retina resemble some of those found in
age-related macular degeneration. Also, they suggest that retinal pigment epithelium melanosomes
can be degraded via iron-mediated reactive oxygen species production.
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Clinical Relevance—Mechanisms underlying the pathology found in aceruloplasminemia may
also be important in age-related macular degeneration.
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INTRODUCTION

Aceruloplasminemia (aCP) is a very rare autosomal recessive disease (1) caused by
mutation of the ceruloplasmin gene (2). Aceruloplasminemia is characterized by a triad of
diabetes, retinal degeneration and neurodegeneration that usually manifests between the ages
30-55 (3-5). The disease is caused by iron accumulation in the pancreas, liver, brain and
retina, due to a decrease in iron export (4-6).

Ceruloplasmin (Cp) is a ferroxidase protein that is either secreted from cells or GPI-linked
to the outer surface of cell membranes (7). Cp interacts with ferroportin (Fpn), the cellular
iron exporter, to export ferrous (Fe2*) iron from cells (8). As a ferroxidase, Cp converts
ferrous (FeZ*) to ferric (Fe3*) iron, allowing ferric iron to bind to transferrin in the plasma
(8). Lack of Cp, even in the presence of Fpn, markedly impairs iron export from cells (9).
Thus, ferroxidases are necessary components for iron export.

In AMD retinas, iron and transferrin levels are elevated, suggesting that iron toxicity may
contribute to age-related macular degeneration (AMD) pathogenesis (10, 11). Further, in
mice, combined knockout of Cp and its homologue, Hephaestin, causes retinal and brain
iron accumulation and degeneration (12, 13). The retinal degeneration resembles AMD (13).

Pathologic studies of many aCP tissues have been published (3-5); however, no study has
examined the retinal histopathology. The only published reports focusing on the retina have
been clinical case reports. These have shown pigmentary abnormalities in the peripheral
retina (14, 15). In 2005, we published a clinical report of an individual with aCP (15). In the
current study we examine the retinal histopathology of the same individual at age 60.

METHODS
TISSUE PREPARATION

Eyes were obtained from a 60 year old aCP male donor after a 7 hour postmortem interval in
accordance with the Declaration of Helsinki. At the time of the previous study (15), the
donor had iron deficiency anemia, longstanding diabetes, cardiomyopathy, liver iron
accumulation, dementia and a macular degeneration characterized by drusen and areas of
RPE depigmentation (15). Subsequent to the published report, he had many hypoglycemic
episodes, developed renal failure, was hospitalized, developed aspiration pneumonia,
became septic and died. For the current studies, samples from the anterior segment, retina/
choroid/sclera and optic nerve of his right eye were used. As normal control, an eye from a
60 year old male donor, with a 7 hour postmortem interval, and no history of retinal disease
was obtained from the Lions Eye Bank. An AMD control eye was obtained from the CAPT
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Eye Donor Program in collaboration with FFB from an 86-year old female with a history of
AMD; the post-mortem interval for this eye was 20 hours. All eyes were fixed in formalin,
embedded in paraffin and sectioned at 7-um thickness.

PERIODIC ACID SCHIFF’S STAINING

Paraffin sections from the ocular regions indicated above were stained using the Periodic
Acid Schiff’s Stain Kit from Polysciences (Warrington, PA) as suggested by the
manufacturer. Images were acquired on a Nikon Eclipse TE300 (Japan) using Image-Pro
Plus 6.1. Histopathology was analyzed as described (16).

PERLS’ STAINING FOR IRON

Paraffin sections were bleached with 0.25% KMnQO4 and 0.5% oxalic acid, then stained with
5% K4Fe(CN)g and 5%HCI for 30 minutes.

IMMUNOHISTOCHEMISTRY

Paraffin sections were stained using the Vectastain ABC Alkaline Phosphatase for Rabbit
and Mouse IgG and Vector BCIP-NBT Kkits (Vector Laboratories, Burlingame, CA). Primary
antibodies for L-ferritin (F-17, gift of P. Arosio and P. Santambrogio, Italy), C5b-9
(#M0777, DAKO) and vitronectin (#MAB1945, Millipore) were used at 1:100 dilutions.

ELECTRON MICROSCOPY

The temporal macula was post-fixed with osmium tetroxide, dehydrated, and embedded in
EPON. Thin sections were stained and examined with a JEOL1010 TEM. Images were
acquired with AMT Image Capture software and were rotated and cropped with Adobe
Photoshop.

QUANTIFICATION OF MELANOSOMES, LYSOSOMES AND COMPLEX GRANULES

Images of 16 consecutive melanosome-poor and 16 melanosome-rich RPE cells were taken
at x10,000 magnification on a previously un-examined section. RPE granules were
quantified as previously described (17).

SECONDARY ION MASS SPECTROMETRY

Secondary ion mass spectrometry (SIMS) is used to analyze the spatial distribution of
elements in a sample at a resolution of up to 50nm (18). Samples for SIMS analysis were
prepared as for TEM, but with some modifications. Samples were not post-fixed in osmium
tetroxide, and sections were not stained with uranyl acetate or lead citrate. Thin (40nm) and
thick (150nm) sections were cut, and were imaged with a JEOL1010 TEM, then analyzed
with a NanoSIMS-50 ion microprobe (CAMECA, Gennevilliers, France) operating in
scanning mode.

RESULTS

To determine if the aCP eye had any unique pathologic changes, it was examined at the
gross, light microscopic (LM) and the electron microscopic (EM) levels. At the gross level,
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the phakic right eye had no abnormalities other than macular degeneration consistent with
the previous clinical report (15).

At the LM level, the cornea, iris, ciliary body and optic nerve had normal morphology (data
not shown). Both peripheral and macular neural retina were normal (Fig 1A and B), but the
RPE and Bruch’s membrane contained many pathologic changes on all sections examined,
similar to pathology previously described in AMD (16). Nodular drusen (16, 19-21) were
present in both the periphery and macula (Fig 1C), although they were much more frequent
in the periphery. The periphery also had many diffuse drusen (16, 19, 20) (Fig 1D), while
the macula had none. The macula had sub-retinal drusenoid deposits (22, 23) (Fig 1E); the
periphery did not. Both macula and periphery had RPE cells with inclusions (16) (21) (Fig
1F), and RPE cells that had extruded from the normal RPE layer (16, 24) (Fig 1G). The
macula had several areas of RPE hypertrophy (16) (Fig 1H) and atrophy (16) (Fig 11); the
periphery did not. Both macula and periphery had areas of depigmented RPE cells that
lacked the brown color of their neighbors, and instead stained purple (Fig 1J and K); control
normal and AMD RPE cells lacked this color variation (Fig 1L and M).

At the EM level, drusen and basal linear deposits resembled deposits previously described in
AMD (16, 25-27) (Figure 2A-E). Also, similar to AMD, aCP drusen had evidence of
complement activation (28-31) (Figure 3A-C).

To determine if iron had accumulated in any cells, Perls’ stain was performed. Strong label
was seen in the RPE of both the periphery and macula (Fig 4C-J) but the periphery did not
have as many Perls’ positive cells. Hypertrophic RPE cells were always Perls’ positive (Fig
4J). The neural retina, choroid, optic nerve, ciliary body, iris, trabecular meshwork and
cornea were Perls’ negative (data not shown). Interestingly, many RPE cells that
subsequently had strong Perls’ label could never be fully bleached, but retained a golden
color, presumably from the high iron accumulation (Fig 4G-J).

To determine if the neural retina and Perls’ negative RPE cells had increased iron levels
compared to controls, immunohistochemistry for L-ferritin, the iron storage protein, was
performed. The neural retina (Fig 5F) and both peripheral and macular RPE cells had strong
L-ferritin stain, more than normal control (Fig 5G-N). In normal and aCP RPE, the macula
had more L-ferritin stain than the periphery (Fig 5G-N). Although the aCP macula had
strong L-ferritin label, the golden cells with large iron deposits did not stain strongly with L-
ferritin, suggesting that iron in them may not stored as ferritin (Fig 5L and N).

To determine if increased iron levels affected the normal RPE cytoarchitecture, cells were
examined with EM. The aCP RPE mitochondria had abnormal electron dense inclusions
(Fig 6C and F). Normal RPE lacked these inclusions (Fig 6A and D), while AMD RPE had
occasional inclusions (Fig 6B and E). Such inclusions have not been previously described in
RPE mitochondria (27, 24). SIMS analysis detected no increase in iron in the inclusions
above the background tissue level, suggesting that the inclusions are areas of damaged lipids
or proteins and not areas of significant iron deposits (data not shown).

EM of unstained sections revealed two major kinds of RPE cells, melanosome-poor cells
that had many electron dense particles (Fig 7A, arrows), and melanosome-rich cells that
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lacked the electron dense particles (Fig 7A, arrowheads). Such particles were never seen in
AMD and normal controls (data not shown) and have not been previously reported (17, 27,
32). Stained sections revealed melanosome-rich, melanosome-poor, and a few intermediate
cells, suggesting a possible progression from the melanosome-rich to poor phenotype over
time (Fig 7 B-D).

In addition to melanosomes, the melanosome-rich cells contained lipofuscin and complex
granules, all structures seen in AMD and with ageing (Fig 7E) (17, 32). For 16 melanosome-
rich RPE cells, the average number + SD of melanosomes, lipofuscin and complex granules
per cellular cross-section was 20£7.8, 35+12 and 11+6.1, respectively.

In the melanosome-rich cells, a progression from normal melanosomes to large aggregates
of melanosomes in lipofuscinoid material was observed (Fig 7F-L). The melanosomes in
these aggregates could be intact (Fig 7J) or in different states of degradation (Fig 7K, L).
Intermediate cells contained aggregates of degrading melanosomes, but many more of them.
In most cases, intact melanosomes could no longer be distinguished (Fig 7M). Aggregates
with degrading melanosomes were not observed in normal or AMD controls (data not
shown).

Melanosome-poor RPE, lacked melanosomes, lipofuscin and complex granules. For 16
melanosome-poor RPE cells the average number = SD of melanosomes, lipofuscin and
complex granules per cell profile was 1.8+2.8, 1.0+1.5 and 0.8+1.4, respectively.
Melanosomes and complex granules were never seen outside the RPE in the pre-RPE or
sub-RPE spaces, suggesting that melanosomes had not been extruded, but had been
degraded. Melanosome-poor RPE had many electron-dense, irregularly shaped membrane-
bound granules that resembled siderosomes (33, 34) (Fig 7N-P). Such granules were never
seen in normal or AMD RPE (data not shown), and have not been previously described in
RPE (17, 27, 32).

To determine the subcellular location of iron in the RPE, unstained sections were examined
with EM and SIMS. Complex granules from melanosome-rich aCP RPE had thin, grainy
electron dense borders (Fig 8A, arrowheads), while similar granules from normal and AMD
RPE lacked these borders (data not shown). Melanosome-rich aCP RPE also had vesicles
with granular electron-dense material (Fig 8A, arrow), while normal and AMD cells did not
(data not shown). SIMS analysis demonstrated that the grainy borders on the outer edges of
the complex and lipofuscin granules were iron, and as was the material in the vesicles (Fig
8A arrow, 8D, E). Melanosomes contained some iron and high sulfur levels (Fig 8C-F).

The melanosome-poor cells had only siderosomes (Fig 8G) that contained very high
amounts of iron, phosphorus and sulfur (Fig 8G, J, K). Compared to melanosome-rich cells,
this iron content was much higher (Fig 8M, N).

DISCUSSION

We have presented for the first time the retinal histopathology of aceruloplasminemia, and
evidence for iron-mediated melanosome degradation. The aCP eye had many similarities to
AMD, but also notable differences. Since this subject died at age 60, it is possible that some
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of the AMD-like changes were the result of aging or AMD; however, pathology was
clinically evident from age 47, suggesting that most of our findings are the result of aCP
(15).

As in AMD, RPE depigmentation, atrophy, hypertrophy, inclusions and extrusion were
observed (Figure 1) (16). The morphology of these was similar to what is seen in AMD;
however, the extent of depigmentation was greater than in AMD. Depigmented cells are
found mostly in the AMD macula, while in aCP they were present in both the macula and
periphery (16).

The aCP eye had drusen, basal linear deposits and deposits in the subretinal space (Figure 1
and 2) (22, 27). Although the deposit morphology was similar to AMD at both LM and EM
levels (16, 25, 26), the distribution differed from what is typical of AMD. The aCP eye had
many drusen in the periphery and fewer in the macula, while the opposite is true in AMD
(20, 16, 35). The aCP eye also had a greater number of sub-retinal drusenoid deposits in the
macula than is typical of AMD (22).

In AMD, drusen contain activated complement. C5b-9 (MAC), the terminal component of
the complement cascade, is present in most AMD nodular and diffuse drusen in a mottled
pattern (29, 36). ACP drusen were positive for C5b-9 and had the expected mottled pattern;
however, not all drusen labeled (data not shown). ACP diffuse drusen had more frequent
C5b-9 staining than did nodular drusen, while in AMD staining is similar in both types (36).

Vitronectin, a plasma protein that inhibits the formation of the MAC, is present in high
levels in all AMD drusen (28, 30), and is also seen in occasional RPE cells (30). Similar to
AMD, vitronectin strongly labeled all aCP drusen and occasional RPE cells (Figure 3). Sub-
retinal drusenoid deposits were negative for both C5b-9 and vitronectin (Figure 3).

AMD eyes have increased RPE iron levels compared to normal controls, as detected with
enhanced Perls’ stain (10). As in AMD, aCP RPE had increased iron levels; however, the
levels were so high that they could be detected with un-enhanced Perls’ stain in all sections
(Figure 4). Some aCP RPE, especially in the macula, had so much iron that it was visible as
a golden color that could not be bleached (Figure 4). The aCP macula had more iron than the
periphery (Figure 4); the same was true of the normal retina (Figure 5), suggesting that RPE
cells of the macula and periphery handle iron in different ways (37), or that RPE in different
regions may be exposed to different iron levels. Whether there are similar regional
differences in AMD has not been shown (10).

Because the aCP neural retina and some RPE cells did not stain with Perls’, we used L-
ferritin immunostaining as a more sensitive test for elevated iron levels. Since Cp is
normally expressed by several retinal cells types, including Muller cells and retinal
astrocytes, increased iron levels in the aCP neural retina were expected (38—40). Indeed, L-
ferritin levels in the aCP retina were elevated (Figure 5). Additionally, aCP RPE from both
the periphery and macula had greater L-ferritin levels than normal RPE (Figure 5).
Interestingly, the golden, iron-laded RPE cells did not stain strongly for L-ferritin. Rather,
neighboring cells that lacked the golden deposits had high levels of L-ferritin (Figure 5),
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suggesting that iron in the aCP RPE cells may be present in two forms, ferritin and
hemaosiderin.

As cells accumulate iron they first store it in ferritin. Once the ferritin system becomes
overwhelmed, iron is stored as hemosiderin in siderosomes (33, 41). Hemosiderin is a large,
irregularly-shaped, insoluble, crystalline aggregate of iron and other minerals; the iron
comes from the cores of degraded ferritin molecules (33, 42). Immuno-EM studies have
demonstrated that ferritin label in siderosomes is weak because it is degraded since ferritin is
degraded (43). In the aCP eye, the irregularly-shaped granules resembled siderosomes (Fig 7
and 8) (34, 44, 45). This explains why the iron-laden golden RPE had lower than expected
levels of ferritin. The difference in RPE macular and peripheral subcellular iron distribution
may help explain the discrepancy in drusen distribution in aCP and AMD eyes. Iron
distribution in AMD maculas is more similar to the aCP periphery than the aCP macula.
Thus, the aCP periphery may better represent iron loading in AMD.

ACP RPE cells had mitochondrial pathology (Figure 6). The majority of aCP mitochondria
had at least one large focus of electron dense material that was not iron, but likely damaged
lipid and protein. The AMD eye, which had a longer post-mortem interval than the aCP eye,
had only occasional mitochondrial accumulations, and they were much smaller than those in
aCP. The presence mitochondrial damage in aCP supports previous biochemical studies on
aCP brains, which demonstrated mitochondrial dysfunction of respiratory chain complexes |
and 1V (46-48).

Melanosomes, lipofuscin and complex granules of aCP RPE also differed from AMD and
normal (Figure 7, 8) (32). A typical macular RPE cell from a normal 60 year old eye has 17—
20 lipofuscin, 11-13 melanin, and 9-14 complex granules per cell profile (17). The aCP
RPE macula contained two types of cells, melanosome-rich and melanosome-poor, both
with abnormal numbers of granules. Melanosome-rich RPE had greater than expected
numbers of lipofuscin granules and melanosomes per cell profile, 35 and 20, respectively,
but normal numbers of complex granules. The melanosome-poor cells, on the other hand,
had significantly lower numbers of each granule type, approximately one of each per cell
profile, suggesting that the melanosomes may have been degraded.

Melanosome degradation in RPE is controversial (49), mainly because there has been
limited in vivo evidence (49-51). Melanosome degradation has been described in fetal
bovine RPE cells as the tapetum lucidum becomes amelanotic (50, 51). The melanosomes in
the tapetal RPE form aggregates of degrading melanosomes (50), similar to the aggregates
of degrading melanosomes that we observed in the aCP RPE (Figure 7). The mechanism of
melanosome degradation in the tapetal RPE is not clear. The authors of the study and other
contemporaneous studies (32, 52, 53) suggest that the presence of lysosomal enzymes in
melanosomes implies melanosome degradation by lysosomes. However, it is now known
that melanosomes are lysosome-related organelles that normally contain lysosomal enzymes
and cannot be easily degraded (49, 54, 55).

Melanosomes can, however, be photodegraded (56, 57) and degraded with hydrogen
peroxide (49, 58). Moreover, in vitro experiments have shown that the rate of synthetic
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melanin degradation is dramatically increased when iron or copper is added to the reaction
(58). Abundant iron in the melanosomes, lipofuscin and complex granules of aCP RPE (Fig
7, 8) suggests that melanosomes may disappear from RPE because of iron-mediated
degradation. Melanosomes in melanosome-rich RPE contain very high levels of sulfur
(Figure 8), while melanosome-poor RPE cells have high sulfur levels in the siderosomes,
suggesting that components of degraded melanosomes are present in the hemosiderin. Thus,
the aCP RPE cells may be an in vivo example of what has been observed in vitro.

In conclusion, our studies have shown that RPE cells are greatly affected by the loss of Cp;
they accumulate iron, and develop an AMD-like pathology with many unique features.
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Figure 1. Photomicrographs of paraffin-embedded sections of peripheral and macular retina
stained with PAS/hematoxylin

(A) Macula. (B) Periphery. (C) Nodular druse (arrow) from periphery. (D) Diffuse druse
(arrow) from periphery. (E) Subretinal drusenoid deposit (arrow) from macula. (F) RPE
inclusion (arrow) from periphery. (G) Extruded RPE cell (arrow) from macula. (H)
Hypertrophic RPE cell (arrow) from macula. (1) RPE thinning/atrophy (arrows) in macula.
(J) Areas of pigmented (arrowhead) and depigmented (arrow) RPE cells. (K) Image in J
enlarged. (L) RPE from normal control eye. (M) RPE from AMD control eye.
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Figure 2. Electron micrographs of a druse and a basal linear deposit
(A) A Druse flanked by two deposits. RPE basal lamina is demarcated by arrowheads. These

deposits contain membranous components and a crystallized area (open arrow). Both
melanosome-rich and poor RPE cells sit on top of the deposits; cell boundaries are marked
by small black arrows. (B and C) Enlarged images of the deposits in A. (D) Enlarged image
of E; basal linear deposit containing homogenously granular material; RPE basal lamina
(arrowheads). (E) Basal linear deposit. RPE and choroidal basal laminas are marked by
arrowheads.
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Figure 3. Photomicrographs of drusen immunostained for C5b-9 and vitronectin

(A) No primary antibody. Druse (arrow). (B) anti-C5b-9 (MAC) staining two drusen
(arrows). (C) anti-vitronectin staining two drusen (arrows). (D) anti-vitronectin staining RPE
(arrowheads) but not staining a sub-retinal drusenoid deposit (open arrow).
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Figure 4. Photomicrographs of macular and peripheral retina sections stained with Perls’
Prussian blue stain for iron
(A, C, E, G, I) Bleached sections that were not stained with Perls’ stain. (B, D, F, H, J)

Bleached sections that were stained with Perls’ stain for iron (blue). (A, B) Normal retina.
(C-F) aCP peripheral retina. (G—J) aCP macular retina.
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Figure 5. Photomicrographs of normal and aCP retinas immunostained for L-ferritin

(A, B) No primary antibody. (C, D) IgG control. (E, F) L-ferritin. (G-N) sections were
bleached prior to L-ferritin stain to remove melanin. (G, H) No primary antibody, peripheral
retina. (I, J) L-ferritin, peripheral retina. (K, L) No primary antibody, macula. (M, N) L-
ferritin, macula.
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Figure 6. Electron micrographs of RPE mitochondria
(A-C) 30,000x magnification. (D—F) 60,000x magnification. (A, D) Normal RPE. (B, E)

AMD RPE. (C, F) aCP RPE. Electron dense inclusions (arrows). Mitochondria (M with
arrow).
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Figure 7. Electron micrographs showing RPE granules and melanosome degradation
(A) Melanosome-rich (arrowhead) and poor (arrow) RPE cells on unstained EM sections.

(B) Melanosome-rich cell, stained EM. (C) Intermediated cell, stained EM. (D)
Melanosome-poor cell, stained EM. (E) Melanosomes (M), lipofuscin (L) and complex
granules (C) in melanosome-rich RPE cell. (F) Normal melanosomes in melanosome-rich
RPE cell. (G) Melanosome fusing with lipofuscin or lysosomal granule in melanosome-rich
RPE cell. (H) Complex granule fusing with additional lipofuscin granule. (I) Two complex
granules fusing in a melanosome-rich cell. (J)Aggregate of melanosomes and lipofuscinoid
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material in a melanosome-rich cell. (K,L) Aggregate of melanosomes and lipofuscinoid
material, with degrading melanosomes in a melanosome-rich cell. (M)Aggregates of
degraded melanosomes and lipofuscinoid material in an intermediate RPE cell. (N) Irregular
electron dense granules in a melanosome-poor RPE cell; some granules are aggregated,
others are dispersed. (O, P) Irregular electron dense granules in a melanosome-poor RPE
cell; limiting membranes (arrowheads).
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Figure 8. SIMS analysis on melanosome-rich and melanosome-poor RPE cells
(A-F) Melanosome-rich cell. (A)EM of unstained section. Vesicle with electron-dense

granular material (arrow). Electron-dense granular rim on a complex granule (arrowheads).
(B—F) NanoSIMS analysis of the same section. (B) Carbon-nitrogen. (C) Phosphorus. (D)
Iron-oxygen map (red) overlaid onto the EM image. (E) Iron-oxygen. (F) Sulfur. (G-L)
Melanosome-poor cell. (G)EM of unstained section. (H-L) NanoSIMS analysis of the same
section. (H) Carbon-nitrogen. (I) Phosphorus. (J) Iron-oxygen map (red) overlaid onto the
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EM image. (K) Iron-oxygen. (L) Sulfur. (M-N) Iron-oxygen gradient map comparing iron
levels in melanosome-rich (M) and melanosome-poor (N) cells.
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