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Introduction

Solar ultraviolet radiation can elicit hyperpigmentation of the 
skin, which is caused by increased production of melanin pig-
ment produced by melanocytes, specialized cells located in 
the basal layer of the epidermis. Melanocytes produce specific 
organelles, termed melanosomes, in which melanin pigment 
is ultimately synthesized and deposited. In the skin and hair, 
melanosomes are transferred from melanocytes to neighbor-
ing keratinocytes to form melanin caps above their nuclei.1 
Those melanosomes play a role not only in protection against 
solar ultraviolet-induced nuclear DNA damage as an internal 
sunscreen but also in the production of visible color and cos-
metic appearance that is a psychological concern to men and 
women.
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The mechanism of melanosome transfer from melanocytes to keratinocytes has not been fully clarified. We now show 
a route of melanosome transfer using co-cultures of normal human melanocytes and keratinocytes. Substantial levels 
of melanosome transfer were elicited in co-cultures of melanocytes and keratinocytes separated by a microporous 
membrane filter. The melanocyte dendrites penetrated into the keratinocyte layer through the filter and many pigment 
globules were observed in keratinocytes. Electron microscopic observations revealed that melanosomes incorporated 
in keratinocytes were packed in clusters enclosed by a double membrane. Numerous pigment globules budded off from 
melanocyte dendrites and were released into the culture medium. Those pigment globules were filled with multiple 
melanosomes and a few mitochondria but no nuclei. When those globules were added to the culture medium of 
keratinocytes, they were incorporated and showed double membrane-enclosed melano-phagolysosomes consistent 
with the structures obtained from the co-culture system. In contrast, when individual naked melanosomes isolated from 
melanocytes were added to keratinocytes, they were also phagocytosed by keratinocytes but were enclosed by a single 
membrane in a manner distinct from the co-culture system. These results suggest a novel mechanism of melanosome 
transfer, wherein melanosomes are packed in membrane globules that bud off from melanocyte dendrites, where they 
are released into the extracellular space and then phagocytosed by keratinocytes.

A thorough understanding of melanosome transfer is crucial 
for designing treatments for hyper- and hypopigmentary disor-
ders of the skin, such as melasma, age spots and vitiligo. Three 
possible mechanisms of melanosome transfer have been pro-
posed, (i) direct inoculation of melanosomes into keratinocytes 
via keratinocyte-melanocyte membrane fusions through nanotu-
bular filopodia, (ii) individual melanosome release from melano-
cytes and uptake by keratinocytes via phagocytosis, and/or (iii) 
partial cytophagocytosis of melanocyte dendrite tips contain-
ing melanosomes by adjacent keratinocytes.2-7 The finding that 
protease-activated receptor-2 (PAR-2), a seven-transmembrane 
G-protein-coupled receptor expressed by keratinocytes,8 regulates 
melanosome transfer via keratinocyte phagocytosis9-12 reinforces 
the notion that the release of melanosomes from melanocytes, at 
least in part, is involved in the machinery of melanosome transfer. 
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However, the exact mechanism of the transfer process of mela-
nosomes from melanocytes to keratinocytes has not been fully 
clarified.

In order to clarify the transfer mechanism, a variety of mela-
nocyte-keratinocyte co-culture models have been developed.13-16 
Further, evaluation assays for melanosomes transferred to kerati-
nocytes in co-cultures have used many approaches, for example, 
fluorescently or radioactively labeled melanosomes detected by 
microscopy or by flow cytometric separation and quantification. 
However, those techniques are often insufficient with respect to 
the reproducibility and reliability of the assay systems.17 In this 
study, we developed a new melanocyte-keratinocyte co-culture 
system using a microporous membrane filter that allows fre-
quent and reproducible melanosome transfer and can isolate 

keratinocytes reliably. Using that method, a new mechanism 
for the transfer of melanosomes was identified where pigment 
globules containing multiple melanosomes are released into 
the extracellular space by melanocytes and are then ingested by 
keratinocytes.

Results

Melanosomes are transferred to keratinocytes via melanocyte-
dendrites that penetrate a microporous membrane filter. In 
order to observe melanosome transfer into keratinocytes under 
conditions independent of melanocyte contamination, a micro-
porous membrane filter was utilized. Melanocytes and kerati-
nocytes were separated by a 1 mm-microporous membrane filter 

Figure 1. The microporous membrane filter-separated melanocyte and/or keratinocyte culture system. (A) Light microscopic image (bright field) of 
the bottom of a culture dish after growth of normal human melanocytes for 6 days. During the culture, there was a 1 mm-pore microporous mem-
brane filter between the melanocytes and the bottom of the culture dish. After the membrane filter was removed, Fontana-Masson staining was 
performed. Many globules and a few segments (arrows) of melanocyte dendrites were dispersed. Scale bars in (A–D): 50 mm. (B) Light microscopic  
image (bright field) of the bottom of the culture dish after growth of normal human keratinocytes for 6 days. Fontana-Masson staining was performed 
to detect melanin but no staining was observed. (C) Light microscopic image (bright field) of the bottom of a culture dish after growth of normal 
human melanocytes and keratinocytes for 6 days. During the culture period, there was a 1 mm-pore microporous membrane filter between melano-
cytes and keratinocytes. Fontana-Masson staining was performed to detect melanin and single or clusters of pigment granules was/were observed 
closely associated with nuclei. (D) Light microscopic image (bright field) of the keratinocyte layer in the presence of 2 mg/mL STI, a known inhibitor of 
melanosome transfer, for 6 days. Fontana-Masson staining was performed and a decrease of melanosome transfer was observed. (E) Representative 
electron microscopic image of a normal human keratinocyte in C; the ingested melanosomes were packed and located in the perinuclear area (ar-
rows). Scale bar: 2 mm. N: nuclei, NB: nuclear bodies. (F) Higher magnification image of the boxed region in E showing various stages of melanosomes 
or premelanosomes surrounded by a double membrane (arrows). Scale bar: 0.5 mm. M: representative melanosomes, N: nuclei. (G) Another electron 
microscopic image of ingested melanosomes in the co-culture system that shows an apparent double membrane (arrows) surrounding melanosomes. 
Scale bar: 0.5 mm. M: representative melanosomes.
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through which only the dendrites of mela-
nocytes can penetrate. After normal human 
melanocytes were seeded on the inner side of 
a Millicell® put in collagen I-coated culture 
dishes and incubated for 6 days, many mela-
nocyte segments but no melanocytes were 
observed in the culture dishes. Those seg-
ments of melanocytes were mainly composed 
of globular structures and also some long 
and thin filaments (Fig. 1A). To establish 
the recipient cells, normal human keratino-
cytes were grown under the Millicell® for 6 
days and we confirmed that no pigmentation 
was observed by Fontana-Masson staining  
(Fig. 1B). When normal human melanocytes 
and keratinocytes were co-cultured under 
conditions where those two kinds of cells can contact each other 
only through the 1 mm pores in the microporous membrane fil-
ter, a high frequency of melanosome uptake by keratinocytes was 
observed after removal of the Millicell®. Only individual or a few 
pigment globules were observed that were closely associated with 

keratinocyte nuclei (Fig. 1C). When soybean trypsin inhibitor 
(STI), a known inhibitor of PAR-2 that is involved in phagocy-
tosis by keratinocytes,9 was added to the culture medium during 
the culture period, the number of melanosomes transferred into 
keratinocytes was decreased (Fig. 1D), as previously reported.18 

Figure 2. Pigment globules containing mul-
tiple melanosomes released into the culture 
medium by normal human melanocytes. (A) 
Light microscopic image (phase contrast) of 
normal human melanocytes immediately after 
the culture medium was changed. Scale bars 
in (A–L): 50 mm. (B) Light microscopic image 
(phase contrast) of normal human melanocytes 
24 hours after the culture medium was changed; 
note that numerous globules are present in 
the culture medium. (C) Bright field image of B; 
various degrees of pigmentation are observed 
in the globules. (D–F) Representative light 
microscopic images (bright field) of dendrites of 
normal human melanocytes. Pigment globules 
can be seen in the extended tip of a melanocyte 
dendrite (arrows). (G–I) Light microscopic im-
ages (G and I: bright field, H: fluorescence) of the 
culture medium of B after nuclear staining with 
DAPI (G and H) or incubated for 24 hours after 
re-seeding (I); many melanocytes (arrows in G 
and H indicate nuclei from the same positions, 
arrows in I indicate melanocyte cell bodies) and 
globules of various sizes are seen in the culture 
medium. (J–L) Light microscopic images (J and 
L: bright field, K: fluorescence) of the culture me-
dium of B after filtration through an 8 mm-pore 
membrane filter; globules smaller than 8 mm 
diameter are seen but no melanocyte nuclei or 
melanocyte cell bodies are observed after DAPI 
staining (J and K) or after 24 hours of incubation 
(L). (M) Representative electron microscopic 
image of the purified pigment globules in (J–L); 
almost all globules contain multiple mela-
nosomes and premelanosomes and a small 
number of mitochondria (arrows). Scale bar: 2 
mm. (N) Higher magnification image of M; a large 
number of melanosomes and a small number 
of mitochondria (arrows) are surrounded by a 
single membrane. Scale bar: 1 mm.
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Electron microscopic observations of keratinocytes co-
cultured with microporous membrane filter-separated 
melanocytes for 6 days revealed that the incorporated 
melanosomes were frequently packed in globules which 
were located in the perinuclear area (Fig. 1E). Higher 
magnifications of globules containing multiple mela-
nosomes showed that they were enclosed by a double 
membrane, that is, a structure categorized as a melano-
phagolysosome (Fig. 1F and G), as previously observed 
in a manner similar to the melanophore-derived mela-
nosomes incorporated into frog fibroblasts that were also 
enclosed by a double membrane.19

Melanocytes release membrane-bound globules con-
taining multiple melanosomes from their dendrite tips. 
During the mono-culture of normal human melanocytes, 
many pigment globules that were smaller than melano-
cytes were observed in the culture medium. The num-
ber of pigment globules dramatically increased 24 hours 
after the culture medium was changed (Fig. 2A–C). 
Those globules were often seen to be generated by bud-
ding off from the extended tips of melanocyte dendrites  
(Fig. 2D–F). When the culture medium was centrifuged 
and the pellets were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) to detect nuclei, many floating mela-
nocytes with DAPI fluorescence were observed (Fig. 2G 
and H). In fact, when the pellets were resuspended and 
re-seeded in medium 254 containing HMGS, pigment 
globules of various sizes and many melanocytes appeared 
after 24 hours of incubation (Fig. 2I). On the other hand, 
when the pellets were resuspended and filtered through 
an 8 mm-pore membrane to remove floating melano-
cytes and the relatively large globules, no fluorescence was 
observed after the nuclear DAPI stain (Fig. 2J and K). 
Further, when the filtered pellets were re-seeded, only 
globules smaller than 8 mm diameter but no melanocyte 
cell bodies were observed after 24 hours of incubation, i.e. 
bright field microscopy of the filtered globules revealed 
various degrees of pigmentation (Fig. 2L). Interestingly, 
electron microscopy revealed that almost all the filtered 
globules contained large numbers of melanosomes in 
circles of various diameters (Fig. 2M). At higher magnifi-
cation, not only large numbers of melanosomes and vari-
ous stages of premelanosomes but also a small number of 
mitochondria were observed and they were enclosed by a 
single membrane with no nuclei (Fig. 2N).

Pigment globules containing multiple melanosomes 
are phagocytosed by keratinocytes. In order to inves-
tigate whether the membrane-coated pigment globules 
released into the culture medium are involved in the 
transport of melanosomes, pigment globules filtered 
through an 8 mm-pore membrane filter were added to 
the culture medium of normal human keratinocytes. 
After incubation of the filtered pigment globules with 
keratinocytes for 24 or 48 hours, the pigmentation of the 
keratinocyte pellets increased in a time-dependent man-
ner (Fig. 3A). Fontana-Masson staining of keratinocytes 

Figure 3. Pigment globules containing multiple melanosomes derived from nor-
mal human melanocytes retain the capacity to transfer melanosomes to normal 
human keratinocytes. (A) Cell pellets of normal human keratinocytes incubated 
with the filtered pigment globules for 0, 24 or 48 hours; the pigmentation in 
the pellets after 24 and 48 hours of incubation is due to the pigment globules 
incorporated into the keratinocytes. (B) Light microscopic image (bright field) of 
normal human keratinocytes after incubation with the filtered pigment globules 
for 48 hours; Fontana-Masson staining revealed single or clustered pigment 
globules closely associated with nuclei. Scale bar: 50 mm. (C) Representative 
electron microscopic image of a normal human keratinocyte in (B); melanosomes 
and premelanosomes are packed and located in the perinuclear area. Scale bar: 
2 mm. N: nuclei, NB: nuclear bodies, KF: keratin fibers. (D) Higher magnification 
image of the boxed region in C showing that the ingested melanosomes and 
premelanosomes are surrounded by a double membrane (arrows). Scale bar: 
0.5 mm. M: representative melanosomes, N: nuclei. (E) Light microscopic image 
(bright field) of normal human keratinocytes after incubation with the globules 
or segments generated from melanocyte dendrites that had penetrated through 
the 1 mm membrane filter for 48 hours; Fontana-Masson staining revealed single 
or clustered pigment globules closely associated with nuclei. Scale bar: 50 mm. 
(F) Representative electron microscopic image of a normal human keratinocyte 
in E at higher magnification; melanosomes and premelanosomes are enclosed by 
a double membrane (arrows). Scale bar: 0.5 mm. M: representative melanosomes.
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incubated with the filtered pigment glob-
ules for 48 hours revealed that they were 
located in the perinuclear area similar to 
the microporous membrane filter-sepa-
rated melanocyte-keratinocyte co-cul-
tures (Fig. 3B). Electron microscopy of 
keratinocytes incubated with the filtered 
pigment globules for 48 hours showed 
that pigment globules containing mul-
tiple melanosomes and premelanosomes 
were incorporated and were localized in 
the perinuclear area (Fig. 3C). Higher 
magnifications of the incorporated pig-
ment globules in keratinocytes revealed 
that the aggregated melanosomes and 
various stages of premelanosomes were 
enclosed by a double membrane consis-
tent with the case observed in melano-
cyte-keratinocyte co-cultures (Fig. 3D). 
Furthermore, when keratinocytes were 
treated with pigment globules that had 
penetrated through the 1 mm membrane 
filter as shown in Figure 1A, it was also 
revealed that the incorporated melano-
somes in clusters were located in the peri-
nuclear area (Fig. 3E) and were enclosed 
by a double membrane (Fig. 3F), in a 
manner consistent with that of the co-
culture system.

The addition of individual naked 
melanosomes also generates melano-
phagolysosomes but in a manner dis-
tinct from the melanocyte-keratinocyte 
co-cultures. In order to investigate the 
manner of uptake of individual naked 
melanosomes compared to pigment glob-
ules containing multiple melanosomes, 
naked melanosomes isolated from normal human melanocytes 
were added to cultures of normal human keratinocytes. Many 
melanosomes and various stages of premelanosomes but few 
other organelles were observed in the purified individual naked 
melanosomes (Fig. 4A). When those individual naked melano-
somes were added to cultures of normal human keratinocytes 
and were incubated for 48 hours, the pellets of incubated kera-
tinocytes were pigmented (Fig. 4B, right) compared to kerati-
nocyte pellets in which the pigment globules had been removed 
immediately after addition (Fig. 4B, left). Light microscopy of 
keratinocytes incubated with individual naked melanosomes for  
48 hours showed that many pigment granules were dispersed 
around the nuclei as observed in the supranuclear melanin caps 
found in the epidermis and in cultured reconstructed epidermis 
containing melanocytes,20,21 although, the distribution patterns 
of incorporated melanosomes was quite different from those 
obtained from the co-cultures and the pigment globule-treated 
keratinocytes (Fig. 4C). Electron microscopy of keratinocytes 
incubated with individual naked melanosomes for 48 hours 

showed that melanosomes and premelanosomes were present 
in clusters and were enclosed by an amorphous membrane (Fig. 
4D). Higher magnifications revealed that the ingested melano-
somes and various stages of premelanosomes were surrounded by 
a distorted single membrane (Fig. 4E).

Discussion

A high frequency of melanosome transfer occurs in our novel 
melanocyte-keratinocyte co-culture system that utilizes a micro-
porous membrane filter. Since melanocytes are able to penetrate 
their dendrites through the 1 mm-pore membrane filter, this 
method enables the convenient detection of melanosomes trans-
ferred to keratinocytes without contamination by the co-cultured 
melanocytes. In order to separate keratinocytes from melano-
cyte-keratinocyte co-cultures, cell sorter systems have often 
been used, however, those methods are complicated to handle 
and are unable to get reliable and reproducible data.17 Our newly 
developed method allows convenient and stable observation of 

Figure 4. Uptake of individual naked melanosomes isolated from normal human melanocytes 
by normal human keratinocytes. (A) Electron microscopic image of isolated naked melanosomes. 
Scale bar: 1 mm. (B) Cell pellets of normal human keratinocytes incubated with isolated naked me-
lanosomes for 0 or 48 hours. The pigmentation in the pellet after 48 hours of incubation is elicited 
by the naked melanosomes incorporated by normal human keratinocytes. (C) Light microscopic 
image (bright field) of normal human keratinocytes after incubation with isolated naked melano-
somes for 48 hours; Fontana-Masson staining revealed that the dispersed pigment granules had 
accumulated in the perinuclear area. Scale bar: 50 mm. (D) Representative electron microscopic 
image of a normal human keratinocyte in (C); the melanosomes and premelanosomes are present 
in clusters and are enclosed by an amorphous structure membrane. Scale bar: 2 mm. N: nuclei. (E) 
Higher magnification image of the boxed region in (D) showing that the ingested melanosomes 
and premelanosomes are surrounded by a distorted single membrane (arrows). Scale bar: 0.5 mm. 
M: representative melanosomes, N: nuclei.
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melanosomes ingested by keratinocytes using light and electron 
microscopy under conditions where the pigmentation observed is 
certainly derived from incorporated melanosomes and not from 
contaminating melanocytes. In addition, the treatment with STI, 
a known inhibitor of melanosome transfer,18 caused an apparent 
decrease of melanosome transfer, suggesting that the newly devel-
oped melanocyte-keratinocyte co-culture system actually reflects 
melanosome transfer as is observed physiologically.

One of the interesting findings in this study was that pigment 
globules containing multiple melanosomes are released into the 
extracellular space by melanocytes. To date, the evaluation of 
the possible first step of melanosome transfer, that is, the release 
of melanosomes from melanocytes, has been measured by the 
chemical analysis of melanin released into the culture medium.15 
In addition, the appearance of membrane vesicles that contain 
small numbers of melanosomes from human melanoma cells has 
previously been observed when melanin synthesis was stimu-
lated by 1-oleoyl-2-acetylglycerol.22 However, to our knowledge, 
there have been no reports of pigment globules containing large 
numbers of melanosomes being released into the culture medium 
from melanocyte dendrites, although the existence of floating 
globules in the culture medium might have been noticed previ-
ously during the culture of normal human melanocytes. Since 
the floating globules in the culture medium of normal human 
melanocytes contain many floating melanocytes, it might have 

been difficult to investigate the substance or nature of the float-
ing globules other than melanocytes. In this study, filtration by 
capillary action through the 8 mm-microporous membrane fil-
ter allowed the removal of melanocytes from the mixed float-
ing globules as determined by the lack of staining with DAPI 
to detect nuclei and thus pigment globules containing multiple 
melanosomes were found to be released spontaneously into the 
culture medium.

When the existence and structure of lipid membranes sur-
rounding the clusters of incorporated melanosomes in kera-
tinocytes are taken into consideration, one can speculate how 
melanosomes are transferred to keratinocytes. Among the 
traditional proposed mechanisms of melanosome transfer, 
melanosomes were expected to be transferred to keratinocytes 
via direct inoculation through nanotubular filopodia in cases 
where there were no surrounding lipid membranes around the 
incorporated melanosomes, shown schematically in Figure 5A, 
or via exocytosis and membrane fusion-associated endocytosis 
of individual melanosomes, shown in Figure 5B. On the other 
hand, the presence of lipid membranes surrounding the incor-
porated melanosomes supports the notion that melanosomes 
are released into the extracellular space and then are phagocy-
tosed by keratinocytes. In cases where the surrounding mem-
brane is single, melanosomes are expected to be exocytosed 
into the extracellular space individually from melanocytes and 

Figure 5. Scheme depicting traditional concepts and the new proposed melanosome transfer pathway. (A) Traditional concept showing direct 
inoculation of melanosomes into keratinocytes through nanotubular filopodia. (B) Traditional concept showing individual melanosome exocytosed 
from melanocytes and taken up by keratinocytes via membrane fusion-associated endocytosis (e) or phagocytosis (p). (C) Traditional concept show-
ing cytophagocytosis of melanocyte dendrite tips by adjacent keratinocytes. (D) New concept showing numerous melanosomes packed in globules 
enclosed by the plasma membrane of the melanocyte, released into the extracellular space (into the culture medium) and finally being phagocytosed 
by normal human keratinocytes and then turned to melano-phagolysosomes enclosed by a double membrane. Color indications: melanocyte plasma 
membrane is blue, keratinocyte plasma membrane is red, and melanosomal membrane is green.



18	 Cellular Logistics	 Volume 1 Issue 1

then to be phagocytosed by keratinocytes, which 
results in the single enclosure by keratinocyte-
derived plasma membranes (Fig. 5B). Further, in 
cases where the membrane enclosure is double-
layered, it is expected that the melanocyte den-
drites containing melanosomes are pinched off 
and partially cytophagocytosed by keratinocytes  
(Fig. 5C). In this study, melanosomes transferred 
in the co-culture system had a double membrane-
enclosure surrounding them, suggesting that 
the ingested melanosomes were cytophagocy-
tosed by keratinocytes together with the plasma 
membrane of melanocyte dendrites. However, 
numerous pigment globules containing multiple 
melanosomes, which had been spontaneously 
released into the culture medium, were found. In 
addition, incubation of pigment globules (isolated 
from the culture medium by filtration through 
an 8 mm-pore membrane filter or the deposited 
debris/segments generated from melanocyte den-
drites passed through a 1 mm-pore membrane 
filter) with cultured normal human keratinocytes 
revealed that melanosomes incorporated into 
keratinocytes had the same double membrane-
enclosure observed in the co-culture system. Furthermore, exog-
enously added individual naked melanosomes were taken up by 
normal human keratinocytes with a single membrane-enclosure 
(as depicted in Fig. 5B) in a manner distinct from the co-culture 
system. Taking these findings into consideration, it seems likely 
that a novel mechanism of melanosome transfer exists, that is, 
melanosomes in clusters enclosed by plasma membranes derived 
from melanocytes are released into the extracellular space and 
then are phagocytosed by keratinocytes, although partial cyto-
phagocytosis of melanocyte dendrites by keratinocytes can not 
be ruled out. In the present study, no individual melanosomes 
without membrane enclosures were observed in keratinocytes in 
the melanocyte-keratinocyte co-cultures. Therefore, we specu-
late that the direct inoculation of melanosomes into keratino-
cytes may not occur nor does the transfer of melanosomes in 
the pigment globules into keratinocytes via membrane fusion-
associated endocytosis, at least in this melanocyte-keratinocyte 
co-culture system. However, whether a single transfer mecha-
nism or multiple mechanisms are involved in the melanosome 
transfer pathway remains to be determined.

In conclusion, our results suggest a new mechanism of mela-
nosome transfer wherein melanosomes are packed in globular 
bodies while budding off from melanocyte dendrites, are released 
into the extracellular space, and then are phagocytosed by kerati-
nocytes. Although existing cell culture models may not perfectly 
represent in vivo processes, the novel membrane filter-separated 
co-culture system we developed will help to elucidate the mecha-
nism of melanosome-containing globule generation from mela-
nocytes and their incorporation by keratinocytes. It may also be 
useful to explore the destiny of incorporated melanosomes, for 
example, melanosome degradation spontaneously observed in the 
skin and hair.11,23

Materials and Methods

Microporous membrane filter-separated co-cultures of mela-
nocytes and keratinocytes. Normal human epidermal keratino-
cytes (derived from darkly pigmented newborn foreskins, passage 
3) (Cascade Biologics) were cultured in medium 154 (Cascade 
Biologics, 0.2 mM Ca2+) supplemented with a commercial cock-
tail of growth factors (HKGS, consisting of 0.2 ng/mL human 
recombinant epidermal growth factor, 0.18 mg/mL hydrocor-
tisone, 5 mg/mL insulin, 5 mg/mL transferrin, and 0.2% (v/v) 
bovine pituitary extract) and an antibiotic/antimycotic solu-
tion (Sigma-Aldrich Company, A5955) at 37°C in a humidified 
atmosphere with 5% CO2. Keratinocytes were seeded in col-
lagen I-coated 35-mm tissue culture dishes (Becton Dickinson 
Labware, 35-4456) at 5 × 105 cells/2 mL/well. After 24 hours, 
the culture medium was changed to 2 mL fresh medium 154 con-
taining HKGS and hanging cell culture inserts, 6-well Millicell®, 
1 mm PET (Millipore Corporation, PIRP30R48) were placed on 
the keratinocytes (the bottom of the Millicell® was attached to 
the keratinocytes). Normal human melanocytes (derived from 
darkly pigmented newborn foreskins, passage up to 6) (Cascade 
Biologics) were then seeded into the Millicell® at 5 × 105 cells/ 
2 mL/well in medium 254 (Cascade Biologics) supplemented 
with a commercial cocktail of growth factors (HMGS-2, consist-
ing of 10 nM endothelin-1, 3 ng/mL human recombinant basic 
fibroblast growth factor, 3 mg/mL heparin, 500 nM hydrocorti-
sone, 5 mg/mL insulin, 5 mg/mL transferrin, 0.2 % (v/v) bovine 
pituitary extract, and 0.5 % (v/v) fetal bovine serum) and an anti-
biotic/antimycotic solution. In order to place each Millicell® on 
the keratinocytes softly and to maintain sterility, the top cover 
of a 60-mm tissue culture dish (Becton Dickinson Labware, 
35-3002) was put on each Millicell® (Fig. 6A). After three days, 
the culture medium was replaced with 4 mL (2.5 mL inside and  

Figure 6. Photos of the originally established materials and methods. (A) Material for 
the microporous (1 mm-pore) membrane filter separating the melanocyte-keratinocyte 
co-culture system. The microporous membrane filter is placed between the culture dish 
(lower) and a top cover (upper). The material was finally placed on the 10 mm dish in 
order to hold and handle easily. (B) Method of filtering the culture medium of normal 
human melanocytes. A microporous (8 mm-pore) membrane filter was put on the dish 
and the culture medium was poured into the inner side of the microporous membrane 
filter. The liquid containing the pigment globules (diameter less than 8 mm) that pen-
etrated the filter to remove melanocytes was collected slowly by capillary action.
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1.5 mL outside of the Millicell®) of an equal volume of medium 
154 and medium 254 containing the relevant growth factors 
(HKGS and HMGS-2) and an antibiotic/antimycotic solu-
tion. In culture dishes treated with STI, the culture medium 
was replaced with the same medium containing 2 mg/mL STI 
4 hours after the seeding of normal human melanocytes. After 
an additional three days, each Millicell® was removed slowly and 
Fontana-Masson staining was performed for some dishes, i.e., 
the keratinocytes were washed twice with Ca2+ and Mg2+ free 
Dulbecco’s phosphate-buffered saline (D-PBS), and they were 
then fixed with cold methanol for 10 min at 4°C, washed twice 
with distilled water, incubated with the Fontana ammoniacal sil-
ver solution (Muto Pure Chemicals) for 1 hour at 37°C in a ther-
mostatic oven, and finally washed twice with distilled water.24 
Melanosome-incorporated keratinocytes were examined using 
light microscopy and/or electron microscopy. In order to observe 
melanocyte-derived segments that had penetrated through the  
1 mm-pores of the microporous membrane filters, normal human 
melanocytes were seeded in the same manner as the co-culture 
system described above, except with no added keratinocytes, and 
they were incubated for 6 days with a medium change at three 
days. After removal of the Millicell®, the bottom of each colla-
gen I-coated 35-mm tissue culture dish was stained with Fontana 
ammoniacal silver solution and observed by light microscopy as 
previously detailed.24

Isolation of pigment globules from the melanocyte culture 
medium. Normal human melanocytes were incubated in medium 
254 supplemented with a commercial cocktail of growth factors 
(HMGS, consisting of 10 ng/mL phorbol 12-myristate 13-acetate 
(PMA), 3 ng/mL human recombinant basic fibroblast growth fac-
tor, 3 mg/mL heparin, 500 nM hydrocortisone, 5 mg/mL insulin, 
5 mg/mL transferrin, 0.2 % (v/v) bovine pituitary extract, and 
0.5 % (v/v) fetal bovine serum) and an antibiotic/antimycotic 
solution. After two or three days in culture, the culture medium 
was collected. The collected culture medium from three of the 
10 mm tissue culture dishes was centrifuged at 2 × 103 g for 10 
min at room temperature (RT) to precipitate floating globules 
and melanocytes. After the supernatant was decanted, the pel-
let was suspended in 1 mL of medium 254 supplemented with 
HMGS-2 to remove PMA before the membrane-coated globules 
were added to keratinocytes, because PMA has the potency to 
differentiate keratinocytes.25 The suspension was then further 
centrifuged at 2 × 104 g for 5 min at R.T. and the supernatant 
was decanted. The pellet was sequentially suspended by pipetting 
20 times in HMGS-2-containing medium 254 in order to dis-
sect out floating globules and melanocytes. The suspension was 
then poured into a hanging cell culture insert, 6-well Millicell®, 
8 mm PET (Millipore Corporation, PIEP30R48) touching the 
bottom of a 60-mm tissue culture dish and the culture medium 
penetrated the filter to remove floating melanocytes was collected 
slowly by capillary action (Fig. 6B). The collected medium was 
finally centrifuged at 2 × 104 g for 5 min at RT and the pellet was 
used as the isolated globules fraction. The pellets were stored at 
-20°C until used to treat the normal human keratinocytes, under 
the condition that a small amount of culture medium remained 
on each pellet to prevent desiccation. In order to evaluate whether 

the purified globules contained melanocytes, fluorescence stain-
ing of nuclei by DAPI was performed. The filtered or non-filtered 
pellets were fixed with 4% formaldehyde neutral buffer solu-
tion (Sigma-Aldrich Company, 11-0705-7) for 10 min at RT, 
washed with D-PBS, incubated with 0.05 mg/mL DAPI solution 
(Dojindo Laboratories, 340-07971) in D-PBS for 5 min, washed 
with D-PBS and then observed by fluorescence microscopy  
(l

ex
 = 390 nm, l

em
 = 511 nm).

Treatment of normal human keratinocytes with pig-
ment globules. Pellets containing the isolated pigment glob-
ules were suspended in 100 mL of medium 254 supplemented 
with HMGS-2 using a pipette 20 times. In order to identify the 
uniformity between pigment globules isolated from the culture 
medium and those isolated from the melanocyte dendrites that 
had penetrated through the 1 mm membrane filter, those glob-
ules under the 1 mm membrane filter were also collected and 
resuspended. The entire suspension of each pellet was added to 
the culture medium of collagen I-coated six-well plates (Becton 
Dickinson Labware, 35-4400) in which keratinocytes had been 
seeded at 5 × 105 cells/2 mL/well 24 hours earlier. After 48 hours 
of incubation, keratinocytes adhering to the plates were gently 
washed three times with D-PBS to remove non-ingested pigment 
globules. Some dishes were used for Fontana-Masson staining. 
To the other dishes, 1 mL trypsin-EDTA solution (Sigma-Aldrich 
Company, 25300) was added to each well for 10 min at 37°C and 
the detached cells were harvested. After centrifugation at 2 × 104 g 
for 5 min, each cell pellet was washed with D-PBS. After further 
centrifugation, the cells were used for electron microscopic obser-
vations or to evaluate pigmentation.

Preparation and treatment of the individual naked melano-
some-rich fraction. Cultured normal human melanocytes were 
kept frozen at 2 × 106 cells per Eppendorf tube (1.5 mL). After 
thawing the frozen cells, 1 mL cold lysis buffer, consisting of  
0.1 M Tris-HCl (Invitrogen, 15567-027), pH 7.5, 1% Igepal 
CA-630 (Sigma-Aldrich, I3021) and 0.01% SDS, was added to 
the cells and was stored at 4°C for 20 min with mixing every  
10 min. After centrifugation (1 × 103 g for 5 min at 4°C), the 
supernatants were transferred to new Eppendorf tubes (1.5 mL) 
and centrifuged again in the same manner. The supernatants 
were then further centrifuged (2 × 104 g for 5 min at 4°C) and the 
precipitates were washed twice with D-PBS and brief and gentle 
mixing in order to avoid dispersion and were centrifuged again  
(2 × 104 g for 5 min at 4°C). The pellets were then used imme-
diately as the individual melanosome-rich fraction. For the treat-
ment of normal human keratinocytes with isolated individual 
naked melanosomes, 110 mL D-PBS was added to each melano-
some pellet (obtained from 2 × 106 melanocytes) and was mixed 
by pipetting fifty times in order to disperse the individual naked 
melanosomes. When the melanosomal suspension was homoge-
neous, 100 mL was added to each well of six-well plates in which 
keratinocytes had been seeded at 5 × 105 cells/2 mL/well 24 hr 
earlier.24

Electron microscopic observations. Cells were harvested with 
trypsin-EDTA, washed with D-PBS, and fixed with 2% glutar-
aldehyde in D-PBS at 4°C for at least two hours. After washing 
twice with D-PBS for 15 min each, the cells were post-fixed with 
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2% osmium tetroxide for 1.5 hours. After fixation, they were 
dehydrated in a graded series of ethanol and propylene oxide, 
and embedded in epoxy resin (EPON812) for 48 hours at 60°C. 
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Ultrathin sections were cut and then stained with uranyl acetate 
and lead citrate and were examined with an electron microscope 
(JEM-1200EX, JEOL, Japan) at 80 kV.


