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Organelle Development
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Hermansky^Pudlak syndrome is an autosomal recessive
disease characterized by pigment dilution and pro-
longed bleeding time. At least 15 mutant mouse strains
have been classi¢ed as models of Hermansky^Pudlak
syndrome. Some of the genes are implicated in intracel-
lular vesicle tra⁄cking: budding, targeting, and secre-
tion. Many of the Hermansky^Pudlak syndrome genes
remain uncharacterized and their functions are un-
known. Clues to the functions of these genes can be
found by analyzing the physiologic and cellular pheno-
types. Here we have examined the morphology of the
melanosomes in the skin of 10 of the mutant mouse
Hermansky^Pudlak syndrome strains by transmission
electron microscopy.We demonstrate that the morphol-
ogies re£ect inhibition of organelle maturation or trans-

fer. The Hermansky^Pudlak syndrome strains are
classi¢ed into morphologic groups characterized by
the step at which melanosome biogenesis or transfer to
keratinocytes is inhibited, with the cappuccino strain
observed to be blocked at the earliest step and gunmetal
blocked at the latest step.We show that all Hermansky^
Pudlak syndrome mutant strains except gunmetal have
an increase in unpigmented or hypopigmented imma-
ture melanosomal forms, leading to the hypopigmen-
ted coat colors seen in these strains. In contrast, the
hypopigmentation seen in the gunmetal strain is due
to the retention of melanosomes in melanocytes, and
ine⁄cient transfer into keratinocytes. Key words: mela-
nocytes/organelle biogenesis/pigmentation J Invest Dermatol
119: 1156 ^1164, 2002

T
he Hermansky^Pudlak syndrome (HPS) is observed
in humans and mice and is caused by mutations
in genes that regulate the biogenesis of lysosomes
and lysosome-related organelles such as melanosomes
and platelet-dense granules (Dell’Angelica et al, 2000),

which suggests that these seemingly disparate organelles share a
common pathway of biogenesis or maturation. The resulting de-
fects in these organelles cause prolonged bleeding and oculocuta-
neous albinism in a¡ected individuals (Huizing et al, 2000). HPS
exhibits genetic heterogeneity: in humans, four genes have been
cloned, and each when defective in isolation gives rise to a clinical
syndrome classi¢ed as HPS. In mice, at least 15 HPS genes have
been noted (Swank et al, 1998).

Whereas the functions of many of the HPS gene products re-
main unknown, it is likely that most of them will function in
vesicle/organelle biogenesis and membrane tra⁄cking along the
pathway of melanosome formation. The functions of ¢ve genes
(Ap3b1, Ap3d, Pldn, Rabgtta, Rab27a) have been implicated in ve-
sicle/organelle formation and tra⁄cking. Ap3b1 and Ap3d encode

subunits of the adaptor complex AP3 (Kantheti et al, 1998;
Dell’Angelica et al, 1999; Feng et al, 1999), which binds to endo-
somes and the trans-Golgi network. A neuronal-speci¢c isoform
of AP3 is required for synaptic vesicle formation from endosomes
(Faundez et al, 1998). Pldn (palladin) protein binds syntaxin 13
(Huang et al, 1999), a member of the family of soluble N-ethylma-
leimide-sensitive factor attachment protein receptors (SNARES),
which mediate fusion of intracellular membranes. Rabgtta encodes
a subunit of a Rab geranylgeranyl transferase (Detter et al, 2000),
and is required for e⁄cient polarization of cytolytic T cell gran-
ules (which are also specialized lysosome-like organelles) to the
immunologic synapse (Stinchcombe et al, 2001). Rab27a encodes
a member of the family of GTPases that controls intracellular
vesicular transport (Novick and Zerial, 1997; Chavrier and Goud,
1999) and is required for melanosome transport from the cell
body to the dendritic processes (Wilson et al, 2000; Bahadoran
et al, 2001; Hume et al, 2001). In mice with defective HPS1,
HPS3, HPS4, Pldn, or mu genes, melanosomes in eye tissue have
been observed to be abnormal (Ito et al, 1982; Gardner et al, 1997;
Suzuki et al, 2001, 2002; Zhang et al, 2002a).

Eukaryotic cells are distinguished by the presence of mem-
brane-bound organelles. The study of organelle biogenesis has
been greatly advanced by the study of organisms such as Sacchar-
omyces cerevisiae and Drosophila melanogaster that exhibit mutations
in genes that regulate organelle development (Dell’Angelica et al,
2000). Morphologic studies of yeast cells bearing mutations in
genes that govern the biogenesis of the yeast vacuole (an orga-
nelle analogous to the mammalian lysosome) have helped to
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identify and classify more than 40 genes that were involved
(Banta et al, 1988; Raymond et al, 1992;Wada et al, 1992). Although
the human HPS1, HPS3, and HPS4 genes have no sequence
homologs in yeast, the HPS2/Ap3b1 gene has a yeast homolog
and some of the as yet uncharacterized mouse genes may have
yeast homologs as well. HPS mutations result in mammalian dis-
eases due to defects in organelle biogenesis. We have undertaken
the current morphologic study in order to characterize and classi-
fy HPS mouse strains as a step towards understanding HPS gene
product function.

The melanosome is an organelle uniquely suited for morpho-
logic examination in tissue samples by transmission electron mi-
croscopy (TEM) due to its electron-dense pigmentation. Other
organelles consistently a¡ected in HPS are not readily amenable
to examination by TEM. Platelet-dense granules in HPS lose
their electron density (Witkop et al, 1987) and lysosomes are only
easily identi¢ed after internalization of electron-dense material or
by antibody labeling, and thus are more di⁄cult to identify in
tissue samples.

The melanosome has four distinct stages of maturation (Nordlund
et al, 1998), stages I^IV. Type I melanosomes have intralumenal vesi-
cles (Raposo et al, 2001) and resemble multivesicular bodies, struc-
tures found along the endosomal pathway. Type II is characterized
by an elongated, elliptical shape, with intralumenal ¢ne ¢brils giv-
ing a striated appearance; type III exhibits pigment deposition along
the ¢brils, and type IV has dense pigmentation ¢lling the organelle
and obscuring the ¢brillar structure (Seiji et al, 1963). In normal mel-
anosome development, the type I melanosome is distinguished by
its accumulation of the Pmel17/gp100 protein (silver locus product)
(Kushimoto et al, 2001; Raposo et al, 2001; Raposo and Marks,
2002), which is cleaved and localized to the intralumenal vesicles
(Berson et al, 2001). Two enzymes involved in pigment synthesis,
Tyrp1/ tyrosinase-related protein (TRP)-1 and dopachrome tauto-
merase/TRP-2, may also be in the type I melanosome, but appear
to be inactivated in this compartment by proteolytic cleavage (Kush-
imoto et al, 2001). Pmel17/gp100 functions in the formation of the
melanosomal striations and elongated shape to give rise to the type
II melanosome (Berson et al, 2001). Subsequently, pigment synthesis
and deposition along the striations lead to the appearance of type III
and IV forms.Whereas HPS-a¡ected individuals exhibit pigment di-
lution, pigment is not absent, as a functional tyrosinase enzyme, ne-
cessary and su⁄cient for pigment formation, is present.

We examined melanosomes in the skin of HPS mice, classi¢ed
the mice by the stage of organelle maturity and demonstrated
that the defective genes result in blocks in melanosome develop-
ment or transfer to keratinocytes.

MATERIALS AND METHODS

Mice Dorsal back skin samples from 4 wk old mice were harvested. The
mutant mice and their corresponding control strain, C57BL/6, C3H/HeJ,
or C57BL/10J were analyzed. All of the mutants arose spontaneously, most
on the C57BL/6 background; others were bred into the C57BL/6 genotype

(Novak et al, 1980, 1984; Gibb et al, 1981; Zhang et al, 2002b). The cappuccino
strain arose on the C3H/HeJ background (Gwynn et al, 2000). The cocoa
mouse arose on the C57BL/10J background (Novak et al, 1988). The three
control strains had very similar melanosome morphology (data not
shown), so C57BL/6 was used as a representative control. The HPS mice
examined and the corresponding human diseases and genes are listed in
Table I. All animal procedures were approved by Institutional Animal
Care Use Committee.

Measurement of coat color The dorsal back coat pigmentation (P) was
measured using a Mexameter MX 18 (Courage & Khazaka, Cologne,
Germany), which gives a calculated value of melanin content based on
the absorption of light emitted at 568 nm and 880 nm. Background was
subtracted by subtracting Ptyr, the coat color measurement for the white
albino mouse C57BL/6J-Tyrc^2J (TyrG291 T), which is lacking tyrosinase
activity and has no pigment production. A comparison with the coat
pigment of the control strain (Pcon) was done:

Percent pigment ¼ ðP � PtyrÞ=ðPcon � PtyrÞ�100

Electron microscopy Tissue was ¢xed in modi¢ed Karnovsky’s ¢xative
(2% paraformaldehyde/2% glutaraldehyde/0.1 M cacodylate bu¡er, pH 7.3/
0.06% CaCl2) for 24 h, washed twice in 0.1 M cacodylate bu¡er, post¢xed
in reduced osmium (1.5% potassium ferrocyanide/2% osmium tetroxide)
for 2 h, rinsed in H2O, dehydrated with increasing ethanol concentrations,
and embedded in Epon resin. Grids were stained in 10% uranyl acetate/
50% methanol. Cross-sections of melanosomes were measured at
� 50,000 magni¢cation for major axis and minor axis, in order to assess
relative size and shape. Images of a calibration grid were taken to control
for any variability in magni¢cation. Melanocytes were identi¢ed by their
organization in hair follicles, as well as their lack of keratin ¢laments and
desmosomes (both are present in keratinocytes). Each melanosome was
measured and classi¢ed by morphology, i.e.: (i) multiple intralumenal
vesicles present, no pigment or striations seen; (ii) striated matrix present,
round cross-section; (iii) striated matrix, elliptical cross-section; (iv) fully
pigmented, round cross-section; and (v) fully pigmented, elliptical cross-
section. Noted also were any melanosomal features unique to any
particular strain. For each strain at least 100 melanosomes were examined
in each of at least two di¡erent animals. Statistical analysis of ¢ve control
mice revealed no interanimal variance.

Statistical analysis Statistics were calculated with Prism3 (GraphPad,
San Diego, CA). The data were tested for normal distribution and in the
case of more than two groups an ANOVA with post-hoc pairwise comparison
was calculated (Bonferroni or Dunn’s test, respectively).

RESULTS

HPS mouse strains have varying coat colors In HPS
patients, it has been observed that the pigment dilution can have
wide variation, and at times can be quite subtle (Huizing et al,
2000). The assessment of gene e¡ects in patients can be
complicated by variations in genetic backgrounds. This factor
can be eliminated by studying inbred mice, when mutant strains
share a common genetic background, as is the case for most of
the HPS murine strains. The HPS mouse strains were also
observed to have a range of pigment dilution. The strains can be

Table I. Mouse models of the Hermansky-Pudlak Syndrome

Mouse Strain Human disease Gene product Function

pale ear HPS1 HPS1 ?
pearl HPS2 AP3 �3A submit Protein sorting to lysosomes and

lysosome-like organelles
cocoa HPS3 HPS3 ?
light ear HPS4 HPS4 ?
pallid ? pallidin Binds to syntaxin 13 SNARE
gunmetal ? Rab geranylgeranyl

transferase a subunit
Rab prenylation

ruby eye ? ? ?
ruby eye-2 ? ? ?
reduced pigmentation ? ? ?
cappuccino ? ? ?

MELANOSOMES IN HERMANSKY^PUDLAK SYNDROME 1157VOL. 119, NO. 5 NOVEMBER 2002



separated into two groups by coat color. The ¢rst group varies
from dark to light shades of gray. This group consists of
gunmetal, pearl, pale ear, light ear, cocoa, reduced pigmentation,
ruby eye, and ruby eye-2. As noted previously (Swank et al, 1998),
the pale ear and light ear strains were identical in coat color and
in having hypopigmented ears and tails. It is somewhat di⁄cult
to discern cocoa from reduced pigmentation, and ruby eye and
ruby eye-2 are indistinguishable from one another by coat and
eye color. The second group, consisting of pallid and
cappuccino, is very hypopigmented, with hues in the o¡-white
or cream-colored category.

It is possible that the coat color in these strains is an e¡ective
marker for the severity of the defect in the biogenesis of the
melanosome, and of similarly a¡ected organelles such as the
platelet-dense granule and the lysosome. In order to quantitate
the pigment dilution in these HPS strains, the coat color was
measured (Fig 1). The relative ranking of the strains by
Mexameter readings correlates well with the color ranking
discerned by eye.

Murine HPS strains can be grouped by melanosomal
morphology Melanosomes in follicular melanocytes were
identi¢ed and examined by TEM (Fig 2). In the parental
C57BL/6 strain (Fig 2C), a mixture of both ellipsoidal and
spherical type IV fully pigmented melanosomes predominate.
Striated type II and III forms are also readily seen. Very few to
no spherical multivesicular bodies are seen.

A strikingly immature melanosomal phenotype was observed
in the cappuccino and pallid strains (Fig 2; cno, pa), the two
strains that had the most hypopigmented coat colors. In
cappuccino the melanosomes were noticeably smaller than those
seen in the parental strain, and were markedly abnormal. Very
few type IV melanosomes were observed, either elliptical or
spherical. Pigmentation appeared granular and irregularly
deposited, compared with the ¢ne pigment deposited evenly
along the striations seen in the parental strain. All structures
containing pigment were spherical, and often, the pigment was
a small core within a larger limiting membrane. Few striated
structures were observed, and multivesicular bodies were evident
and abundant. In pallid, an increase in multivesicular forms was
also observed, and whereas relatively more striated forms were

seen in comparison with cappuccino, these forms were generally
misshapen and had irregular pigmentation.

A second group of mouse strains (cocoa, ruby, ruby eye-2,
reduced pigmentation) appeared to have an intermediate
maturation phenotype. These strains showed little to no
evidence of ellipsoidal type IV melanosomes (Fig 2; coa, ru, ru-2,
rp). Almost all fully pigmented forms were spherical. In addition,
in some of these strains, an increase in the relative number of
striated forms was evident, although these were not normally
shaped type II and III melanosomes. In reduced pigmentation,
the striated forms were elongated, but most were irregularly
shaped and only approximated ellipsoidal shapes. In cocoa, ruby
eye-2, and pallid, the striated forms were predominantly round
in cross-section, suggesting that they remained spherical. Also,
spherical multivesicular bodies were observed, in contrast to the
relative paucity of such forms in the parental strain.

The pale ear, light ear, pearl, and gunmetal strains exhibited
near normal phenotype by TEM. The melanosomes appeared
quite similar to those in the parental strain, in that type IV fully
pigmented melanosomes were the predominant form (Fig 2;
ep, le, pe, gm). Type II and III forms were seen to a lesser extent
than type IV melanosomes. Pearl, however, was distinguished
from gunmetal, pale ear, light ear, and C57BL/6 by an apparent
increase in melanosomal membrane blebbing, suggesting abnormal
vesicular tra⁄cking involving these melanosomes.

Melanosome biogenesis in the cappuccino and pallid strains
is blocked at an early stage In each of the mouse strains, the
major axis of type IV melanosomes were measured as an
indication of mature melanosome size (Fig 3a). The few, poorly
formed type IV melanosomes from the cappuccino mouse were
found to be signi¢cantly smaller than those measured in the
parental strain. Most of the other strains exhibited mature
melanosomes that were slightly smaller than the parental
melanosome size.

The major axis of each of the immature melanosomal forms
was also measured to quantitate the sizes of these forms (Fig
3b), and to determine if there was an increase in size when
melanosomes underwent maturation. In the parental cells, there
is a clear progression in size from type II/III melanosomes to
type IV. A less marked progression in size from precursor to

Figure1. Coat color variation in HPS strains. Pigmentation was measured using a Mexameter. Tyr-c, tyrosinase activity-negative mouse strain C57BL/
6J-Tyrc^2J (TyrG291T) whose melanosomes are devoid of pigment. Error bars represent SD.
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mature melanosome was seen in most of the other strains. The
increase in size was completely abolished in both the cappuccino
and pallid strains, suggesting that melanosomal development was
arrested at an early stage in these strains. Two additional strains,
gunmetal and cocoa, also did not undergo a signi¢cant increase
in size from type II/III to type IV forms.

The percentage of immature melanosomal forms is
increased in HPS mouse strains As it appeared that the
pallid and cappuccino strains were blocked at an early stage of
melanosome development, it seemed likely that the remaining
strains could also be blocked or inhibited at a morphologically
distinct step in biogenesis, so a quantitative assessment of
melanosomal maturity was done. One indication of degree of
maturity could be shape, with immature spherical forms
progressing to more mature elliptical forms. Therefore, the shape

distribution of the type IV melanosomes was assessed (Fig 4a). In
C57BL/6 cells, there was a slight predominance of spherical vs
elliptical forms (52% vs 48%). A similar distribution was seen in
the light ear and pearl strains. Several strains (cocoa, reduced
pigmentation, ruby eye, ruby eye-2, pallid, cappuccino) had
a marked shift of distribution towards a predominance of
spherical forms, suggesting that these strains had an increase in
the percentage of immature forms. Two strains (pale ear and
gunmetal) that we had identi¢ed as ‘‘near normal’’ on the basis of
pigment content and overall morphology, had a shift in
distribution towards more elliptical forms. The secretion of these
elliptical type IV forms might be a rate-limiting step in these
strains, or a rate-limiting step at an earlier point of biogenesis
might cause an increase in elliptical type II/III forms.

To distinguish between these two possibilities, the relative
numbers of the di¡erent melanosomal forms were quantitated.

Figure 2. HPS mouse strains exhibit di¡erent degrees of aberrant melanosomal morphology. C, C57BL/6; cno, cappuccino; pa, pallid; coa, cocoa;
ru, ruby eye; ru-2, ruby eye-2; rp, reduced pigmentation; ep, pale ear; le, light ear; pe, pearl; gm, gunmetal. The cappuccino strain is unique in having very
small, abnormally pigmented structures. The ¢elds were chosen to show representative forms of all melanosomal types for each strain, so do not necessarily
demonstrate predominance of any speci¢c melanosomal type. Asterisks, mitochondria. White arrowheads, multivesicular bodies; arrows, striated forms; black
arrowhead, blebbing of the limiting membrane in pearl melanosomes. Scale bar¼ 0.5 mm.
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C57BL/6 was found to have the majority of melanosomes in the
type IV form, with a minority in the type II/III form (Fig 4b). In
the HPS strains, an increased proportion of multivesicular
structures was strikingly apparent, with a concomitant decrease
in type IV forms. This ¢nding was most marked in the
cappuccino strain. The percentage of unpigmented multi-
vesicular forms present in each strain was inversely proportional
to the degree of pigmentation (Fig 5). Whereas there was a
marked increase in immature forms in the pale ear strain, the
increase in multivesicular forms seen in gunmetal was
negligible, suggesting that the pigment dilution in this strain
may be due to another cause, such as an ine⁄cient transport
and/or secretion of melanosomes.

Melanosomes accumulate intracellularly in the gunmetal
strain In order to assess whether gunmetal had a defect in
melanosome transport or secretion, the melanocytes were
examined at a lower magni¢cation in the gunmetal and control
strains, and an increase in the number of intracellular
melanosomes in the gunmetal melanocytes was noted (Fig 6).
The number of melanosomes per unit area was quantitated and
the density in gunmetal melanocytes was found to exhibit a
2.4 -fold increase over the density of melanosomes observed in
control melanocytes. Thus a signi¢cant accumulation of
melanosomes was observed in gunmetal cells compared with
that in control cells, and together with the data in Fig 4(a,b),
suggests that this is most likely due to a decrease in

Figure 3. Comparison of HPS melanosome size. (a) Measurement of type IV melanosome major axes. Note the small size of melanosomes in cappuc-
cino. (b) Measurements of major axes of all observed melanosomal types. (Data for type IV forms is taken from a.) Melanosomes in cappuccino and pallid
do not undergo a size maturation. An ANOVA with post hoc pairwise comparisons (type I vs IV and II/III vs IV) were calculated for all strains (except C57BL/6,
for which a pairwise t test was done as no type I melanosomes were noted). In the case of a signi¢cant ANOVA the following p-values were calculated in the
post-hoc test: npo0.01; nnpo0.001; nnnpo0.0001; n.s., not signi¢cant. Error bars represent SD.
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melanosomal transport or secretion (see Discussion). In contrast,
the number of melanosomes per unit area in pale ear
melanocytes was somewhat decreased compared with control
cells, suggesting that no block in melanosome transport exists in
this strain.

DISCUSSION

This study is a direct demonstration that HPS can be character-
ized by blocks in organelle development or transport. We ob-
served that in many of the strains there was an increase in the
percentage of immature forms relative to mature forms, suggest-
ing that a rate-limiting step or block was introduced into the
pathway of melanosome biogenesis.

The cappuccino and pallid strains exhibited an inhibition of
melanosomal development at the earliest step, with cappuccino
being the most severely a¡ected. The accumulation of multivesi-
cular structures in these strains is additional evidence that these
structures are early precursors in melanosome biogenesis, possibly
type I melanosomes (Raposo et al, 2001); this further con¢rms the
close relationship between melanosomes and lysosomes (Orlow,
1995), which also have multivesicular bodies as precursors. As the
predominant melanosome form in cappuccino has multivesicular
morphology, and few striated and elongated shapes are observed,
it appears that the Pmel17/gp100 protein may not be functioning
normally in this strain. This may be due to a lack of cleavage of
Pmel17/gp100, as it has been suggested that cleavage is required for
striation formation (Raposo and Marks, 2002), or due to aberrant
tra⁄cking of the protein so that Pmel17/gp100 is not reaching the
precursor melanosome.

Figure 4. Melanosomes are shifted to immature forms in most HPS strains. (a) Type IV melanosomes classi¢ed by shape.White bars, percent of type
IV melanosomes that are spherical. Gray bars, percent of type IV melanosomes that are elliptical. (b) Melanosomes classi¢ed by morphologic stage.White bars,
percent of multivesicular bodies. Light gray bars, percent of melanosomes that are type II/III. Dark gray bars, percent of melanosomes that are type IV.
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The fact that pigment was observed in the immature forms in
cappuccino indicates that at least a subset of the enzymes contri-
buting to pigment production can be delivered to these compart-
ments, as suggested previously (Kushimoto et al, 2001). This is
consistent with studies demonstrating that when the tyrosinase
gene is transfected into ¢broblasts, tyrosinase protein is targeted
to lysosomes, with pigment production (Bouchard et al, 1989;
Winder et al, 1993). Thus the absence of a fully de¢ned melanoso-
mal compartment does not preclude delivery of pigment forming

enzymes or pigment synthesis. It has been reported, however, that
in normal type I melanosomes, proteolytic inactivation of pig-
ment producing enzymes inhibits pigment from being produced
in this compartment (Kushimoto et al, 2001), whereas in the cap-
puccino strain, the enzymes appear active, leading to pigment
production. This suggests that the intralumenal pH in cappuccino
precursor melanosomes may be abnormal, as an acidic environ-
ment may be necessary for proteolytic activity (Kushimoto et al,
2001; Raposo and Marks, 2002). It should be noted that the pre-
sence of pigment does not indicate that the protein tra⁄cking of
tyrosinase, Tyrp1/TRP-1, and dopachrome tautomerase/TRP-2
(enzymes involved in pigment synthesis) is normal. For example,
in cells of patients with HPS2 (who have a defective AP3 sub-
unit), it was shown that tyrosinase was mis-sorted but Tyrp1/
TRP-1 was not (Huizing et al, 2001).

In one group of HPS strains, the two functions of the Pmel17/
gp100 protein appear to have been dissociated, in that the intra-
melanosomal striations are clearly seen, but the melanosome ap-
pears blocked from progressing on to the elongated shape. Cocoa,
ruby eye, ruby eye-2, and reduced pigmentation form a group in
which there is an increase in the percentage of both multivesicu-
lar and type II/III forms, and a relative lack of elliptical type IV
forms (Fig 4); most fully pigmented melanosomes in these strains
are spherical. Additional factors that are necessary for elongation
but not striation may not be targeted properly to the melano-
some in these strains. For example, it is suggested that other pro-
teins such as MART-1 may facilitate the functions of Pmel17/
gp100 (De Maziere et al, 2002; Raposo and Marks, 2002). Alter-
natively, the Pmel17/gp100 protein undergoes a number of post-
translational modi¢cations such as glycosylation, cleavage, and
interchain disul¢de bond formation (Berson et al, 2001), and it is
possible that Pmel17/gp100 processing is aberrant in these mu-
tants, which may di¡erentially a¡ect the functions of the protein.
The lack of elliptical forms in this group indicates that elliptical
melanosomes derive from spherical precursors.

Several strains did not have a true block in melanosome devel-
opment but rather the gene mutations in these strains (pearl, light
ear, pale ear) seemed to introduce a rate-limiting step so that im-
mature forms accumulated to a certain degree, but fully mature
forms were also observed in abundance. The pearl strain was in-
teresting in having membrane blebbing on fully pigmented ellip-
soidal type IV forms; near these membranes were numerous
vesicular structures (Fig 2, pe). The gene product is a subunit of
the AP3 molecule, which is shown to function in vesicular traf-
¢cking at the trans-Golgi network and endosomal membranes.
The e¡ect of the mutation on melanosome maturation is modest,
with an increase in type II/III forms, but many type IV forms are
also seen (Fig 4b), suggesting that a rate-limiting step is intro-
duced between the transition from type II/III to type IV. It is pos-
sible that AP3 plays a part in delivering or sorting components to
or from the type II/III or IV melanosome, and the pearl mutation
impairs this tra⁄cking, leading to a slowed transition from type
II/III forms to type IV forms.

The gunmetal strain was unique among the strains examined
here in accumulating increased numbers of relatively normal ap-
pearing intracellular melanosomes. This result is similar to that
seen in cultured ashen melanocytes, which have a defective
Rab27a (Wilson et al, 2000); melanosomes remain in the cell
body and cannot be transported e⁄ciently to the dendritic exten-
sions (Bahadoran et al, 2001; Hume et al, 2001). Our results are also
consistent with studies demonstrating that cytotoxic T cell gran-
ules in gunmetal are ine⁄ciently targeted to the immunologic
synapse (Stinchcombe et al, 2001). Together, these results suggest
that melanosomes in gunmetal are accumulating due to either in-
e⁄cient transport or secretion, and is unlikely due to increased
synthesis of melanosomes. Recently, it was observed that cultured
immortalized gunmetal melanocytes appeared to have fewer mel-
anosomes than seen in control melanocytes (Zhang et al, 2002b).
It is likely that this di¡erence with our observations reported here
is attributable to di¡erences in melanocytes in vivo vs cultured
cells, which have been selected by an immortalization process.

Figure 5. Degree of pigmentation varies inversely with degree of
melanosomal maturity. Percent pigment dilution was calculated as de-
tailed in Materials and Methods. Data for multivesicular bodies taken from
Fig 4(b).

Figure 6. Melanosomes accumulate in gunmetal melanocytes. (a)
C57BL/6, scale bar¼1.5 mm; (b) gunmetal; (c) number of melanosomes/unit
area. Error bars represent SD.
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The mutation in gunmetal not only a¡ects melanosomal trans-
port, but also melanosomal size and maturation: the gunmetal
melanosomes were smaller than those in control cells, and did
not undergo a size increase from type II/III to type IV melano-
somes. This is possibly due to the defective gene product in gun-
metal a¡ecting the prenylation of other rab proteins, in addition
to Rab27a.

Two strains, pale ear and light ear, have melanosomes that are
similar in appearance to one another and to wild-type melano-
somes as well. This correlates with the observation that the body
coat colors of both pale ear and light ear adult mice are dark and
indistinguishable from one another (Swank et al, 1998), and that
the pale ear gene product is not detectable in extracts from light
ear cells, suggesting that the pale ear and light ear gene products
function together in a complex (Suzuki et al, 2002). Similarly,
ruby eye and ruby eye-2 are phenotypically indistinguishable,
and the strains have very similar pro¢les of melanosome matur-
ity. It does appear, however, that ruby eye can be distinguished
from ruby eye-2 on the basis of average melanosome size.

Our ¢ndings of smaller melanosomes in the cocoa, pallid, and
cappuccino strains are in agreement with previous studies that ex-
amined cultured melanocytes (Suzuki et al, 2001), skin tissue (Ito
et al, 1982), and ocular tissue (Gwynn et al, 2000), respectively. An-
other study (Gardner et al, 1997) reported that pale ear cultured
melanocytes contained melanosomes that were larger in size than
seen in control melanocytes. This discrepancy with our observa-
tions can be explained by several factors. First, there may be dif-
ferences due to examination of cultured cells vs melanocytes in
tissue. Second, this study reports a statistical analysis of a large
number of melanosomes, whereas the previous study selectively
measured the largest melanosomes. It was also noted (Gardner
et al, 1997; Suzuki et al, 2002) that pale ear and light ear had en-
larged melanosomes in choroid melanocytes. This ¢nding of lar-
ger melanosomes could be due to tissue-speci¢c di¡erences
between melanocytes in the skin vs in the eye; melanocytes in
the skin are secretory cells, whereas those in the eye are not
known to secrete melanosomes. Alternatively the observational
nature of the previous studies could account for the reported size
di¡erences; for example, the study of pallid (Ito et al, 1982) noted
predominantly immature melanosomes in melanocytes, but occa-
sional melanocytes with megamelanosomes.

The varying degrees to which melanosomal forms were shifted
to immature, less pigmented forms (Fig 4b) suggests a mechan-
ism for the varying degrees of hypopigmentation seen in the
HPS coat colors. As shown in Fig 5, an increase in the percentage
of unpigmented multivesicular forms correlates with coat color
dilution. Coat color is determined by the transfer of melano-
somes into keratinocytes and subsequent incorporation into the
hair shaft. Very little is known about the regulation of melano-
some transfer, but we observed that immature melanosomal
forms are transferred to keratinocytes (M.W. unpublished obser-
vations), indicating that secretion and uptake of melanosomes by
keratinocytes is not limited to type IV forms. Thus, it is possible
that hypopigmentation of the hair in most of these strains is
caused by a dilution e¡ect due to an increased percentage of
relatively hypopigmented or unpigmented melanosomes being
transferred; however, the hypopigmentation seen in gunmetal
mice appears mainly due to retention of melanosomes in the
melanocyte. Additionally, hypopigmentation may result from
abnormal pigment synthesis, due to altered tra⁄cking of selected
enzymes or other components involved in pigment synthesis.
It has been shown that transfection of HPS1 anti-sense cDNA
into human melanoma cells caused mislocalization of tyrosinase
and Tyrp1/TRP-1, and decreased melanin content (Sarangarajan
et al, 2001). Also, when tyrosinase is routed to a compartment,
such as the lysosome, which does not contain the full comple-
ment of proteins found in normal melanosomes, the pigment
synthesized is pheomelanin, not eumelanin (Winder et al,
1993). It is not known if the biochemical composition of pigment
in these HPS strains corresponds to that found in the control
strains.

In summary, we have examined melanosomes in HPS murine
strains and classi¢ed the strains into categories that re£ect the de-
gree of melanosomal maturation. Figure 7 depicts a proposed
model that places the HPS protein products along the pathway
of melanosomal biogenesis. Study of the murine melanosomes is
useful in several ways. First, this quantitative in vivo assessment of
the e¡ects of HPS genes on a subcellular organelle shows clearly
that these genes are involved in organelle maturation. Second,
comparison of melanosome morphology from suspected HPS
patients with melanosomes from murine strains could facilitate
diagnosis of HPS. Currently, it is thought that many HPS pa-
tients are unrecognized and are diagnosed as having an unclassi-
¢ed bleeding disorder. To diagnose patients with HPS, bleeding
time is measured, an ophthalmologic examination is done, and
TEM analysis of platelets is performed. This last test is only avail-
able in one lab in the United States (Witkop et al, 1987), whereas
TEM of a skin biopsy to examine melanosomes could be done
using a few specialized university-based pathology laboratories
with an interest in this area. Third, it is very likely that the HPS
murine genes will be sequenced before the human genes, as the
murine strains and corresponding chromosomal regions are al-
ready identi¢ed. By comparing patient melanosome morphology
with murine HPS melanosome morphology, it may be possible

Figure 7. The morphologies of melanosomes in HPS strains re£ect
blocks in organelle biogenesis.The cappuccino (cno) mutation results in
a proximal block (step 1) such that very few striated type II/III forms or
fully pigmented forms are observed. The sizes of the organelles remain
the size of precursor organelles, suggesting that pigment is being deposited
in these early forms. The pallid (pa) mutation inhibits maturation at the
same step as the cappuccino block. A more distal block (step 2) is predicted
for the cocoa (coa), ruby eye (ru), ruby eye-2 (ru-2) and reduced pigmenta-
tion (rp) strains, as striated spherical forms are seen, but few ellipsoidal
forms are noted. Accumulation of melanosomes in gunmetal (gm) melano-
cytes suggests that melanosomes are retained and ine⁄ciently secreted (step
4). Introduction of a rate-limiting step, but not a true block in biogenesis, is
predicted for pale ear and light ear (step 1), and pearl (step 3). Blebbing of
melanosome limiting membrane in the pearl strain suggests that increased
and/or slowed vesicular activity is occurring. TGN, trans-Golgi network.
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to classify human patients, to narrow down which chromosomal
regions the defective genes are likely to reside, and to facilitate
identi¢cation of the human HPS genes.
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