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The vitiligo mouse C57BL/6] Ler-vit/vit is a new, mu-
rine model for vitiligo in humans. It was studied with
respect to morphology and fine structure of melano-
cytes in hair and eyes before and during depigmenta-
tion. The coat of vitiligo mice lightens progressively
with age because of an increase in the ratio of white to
pigmented hairs with each molt. The bulbs of white
hairs are devoid of pigment, and they lack melano-
cytes. In other respects the epithelium is morphologi-
cally normal as determined by light and electron mi-
croscopy. The bulbs of pigmented hairs are
histologically normal. By electron microscopy, how-
ever, some of the melanocytes are shown to have un-
dergone degenerative changes. In addition, disruption
of the basement membrane underlying the melano-
cytes and herniation of melanocytes into dermal papil-
‘lae were observed at various stages of hair growth. Pap-
illary melanophages are prominent in pigmented as
well as in white hair bulbs. Newborn vitiligo mice have
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no uveal pigment. Pigment appears in the iris and
ciliary body by Day 4 and in the choroid by Week 3. On
Day 4, along with pigmentation, conspicuous spherical
amelanotic cells appear over the anterior border of the
iris. These cells become numerous in the ensning weeks
and gradually acquire large melanophagosomes. They
occur also in the stroma of the iris and the ciliary body,
associated with necrotic melanocytes. The spherical
cells are identical to the clump cells of Koganei and are
far more numerous in vitiligo mice than in controls.
Macroscopically, no progressive decrease in iridial pig-
ment is apparent for the life of the vitiligo mouse. In
the choroid, an amelanotic patch surrounds the optic
nerve. In the pigmented areas, melanocytes show com-
partmentalization of melanosomes and degeneration.
The retinal pigment epithelium generally appeared
continuous. In older animals some epithelial cells con-
tained large fat bodies or were devoid of melanin. (Am
J Pathol 1987, 127:380-388)

A MURINE MODEL for vitiligo, an acquired cuta-
neous depigmentary disorder, ' has recently been es-
tablished and given the provisional genetic designa-
tion C57BL/6) Ler-vit/vit.> Vitiligo in human
patients is due to progressive patchy loss of cutaneous
melanocytes, usually seen first in adolescence or early
adulthood but occasionally also in children. In the
vitiligo mouse, the acquired depigmentation in a pro-
gressive replacement of pigmented hairs by white
hairs during successive molts or after hair plucking.?
Dopa-reactive melanocytes disappear from both the
hair follicles and ear epidermis by 6 months of age.*
Reciprocal skin transplants between C57BL/6J and
vitiligo mice and transplants onto nude mice suggest a
programmed pigment cell death.? Also, necrosis of
some keratinocytes and nonmelanocytic dendritic
cells was observed in the epidermis of the ear.*

We report here histologic and ultrastructural stud-
ies on anagen hair bulbs during early stages of coat
depigmentation. In addition, we have investigated the
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status of ocular pigment in young and adult vitiligo
mice, because ocular pigment abnormalities may
occur in human vitiligo patients® and always occur in
the Smyth vitiligo chicken.® Our observations indi-
cate that the vitiligo mouse mimics important patho-
logic events in human vitiligo patients’” and the
Smyth chicken.®

Materials and Methods

Animals

Vitiligo (CS57BL/6J Ler-vit/vit) and control
(C57BL/6J) mice were propagated and maintained in
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animal care facilities at the Yale University School of
Medicine.

Skin

The procedures described in this section were per-
formed on vitiligo and C57BL/6J control mice at the
ages of 7 weeks (n=7), 11 weeks (n=2), and 18
weeks (n = 7). Hairs were plucked from a pigmented
or depigmenting dorsal area, approximately a half
inch in diameter. A central 2-sq mm patch of skin was
removed surgically from lightly anesthetized mice 2
days, 4 days, and 2 weeks after plucking. The speci-
mens were fixed and processed as described below.

At 3 weeks after plucking, regenerating hairs adja-
cent to the biopsy sites and now in the telogen stage,
were plucked and taped to microscope slides. These
hairs were counted and categorized as pigmented or
amelanotic with the aid of a transmission photomi-
croscope at a magnification of 400X.

Eyes

Mice were euthanized with ether. Immediately
both eyes were removed surgically, given an injection
of fixative, and then immersed in fixative, described
below. After washing, the eyes were cut circumferen-
tially and separated into a posterior portion (eye cup),
which included all parts behind the ciliary body, and
an anterior portion. The tissue was processed further
as described in the next paragraph. During the buffer
wash, the eye cup was backlit and the area of the
central amelanotic patch was evaluated subjectively
or photographed. Eyes were obtained from mice at
the ages of 1 day (n = 4), 4 days (n = 4), 7 days (n =
3), 3 weeks (n = 3), 4 weeks (n = 5), 8 weeks (n = 4),
12 weeks (n = 3), 16 weeks (n = 4), 30 weeks (n = 3),
6 months (n = 3), 9 months (n = 3), and 12 months
(n=23).

Fixation and Processing

Tissues were fixed in half-strength Karnovsky’s
mixed aldehyde fixative® for 4 hours at room temper-
ature, and then immersed for 1 hour in 1% osmium
tetroxide containing 1.5% potassium ferrocyanide.'?
They were dehydrated in ethanol and embedded in
Epon 812.!! For light microscopy, the tissue blocks
were serially sectioned at 1 u thickness and stained
with a mixture of methylene blue and Azure II. For
electron microscopy, ultrathin sections were cut with
adiamond knife, stained with uranyl acetate and lead
citrate, and viewed with a Zeiss 9S-2 transmission
electron microscope.
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Results
Hair Bulbs

All abnormalities described below were found in
mice of all ages examined, in anagen hair bulbs 2 days,
4 days, and 2 weeks after plucking. Serial, 1-u-thick
vertical sections of skin, providing longitudinal views
of hair bulbs, were scrutinized by light microscopy for
the presence of melanin and melanocytes in individ-
ual hair bulbs. The ratio of hair bulbs containing or
lacking pigment roughly corresponded to the ratio of
pigmented and white telogen hairs harvested later
from sites immediately adjacent to the biopsied sites.
Pigmented hair bulbs in vitiligo mice were histologi-
cally similar to those in C57BL/6J control mice (Fig-
ure la and b). However, the melanocytes of vitiligo
mice had irregular, crooked dendrites (Figure 1b).
The bulbs of white hairs were histologically normal
but devoid of melanin and melanocytes (Figure 1c).

Differences in ultrastructure between the pig-
mented hair bulbs of vitiligo mice and those C57BL/
6] control mice were observed with respect to mela-
nocytes and epithelial integrity. In the controls,
melanocytes resided on a continuous epithelial base-
ment membrane, and numerous melanosomes were
seen in neighboring keratinocytes (Figure 2a). In viti-
ligo mice, two types of pigmented hair bulbs were
distinguished. One appeared to contain morphologi-
cally normal melanocytes exclusively, whereas the
other contained a mixture of normal and abnormal
melanocytes (Figure 2b and 2c). The ratio of normal
to abnormal melanocytes in the latter varied drasti-
cally among the hair bulbs of a given sample and
among the different ages of animals (7, 11, and 18
weeks). Criteria for abnormality included an exten-
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Figure 1—Histology of regenerating hairs from an 11-week-old C57BL/6J
mouse showing normal pigmentation (a) and from an 18-week-old vitiligo
mouse showing pigmentation (b) and amelanosis (c). Inset—Higher magpnifi-
cation of the melanocyte with a dendrite extending irregularly in a ventral
direction. (Methylene blue and Azure Il, X118, inset, X170)
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sive, often whorled endoplasmic reticulum (Figure
2b) and/or vesicles containing granular material (Fig-
ure 2b, inset). In some cases the granular material
appeared also extracellularly and, rarely, in vacuoles
within keratinocytes. Necrotic cells with condensed
cytoplasm were observed frequently (Figure 2c) and
were presumed to be melanocytes because they were
found on the basement membrane and contained free
premelanosomes.

On occasion, a melanocyte appeared to have
disrupted the basement membrane and to have her-
niated into the dermal papilla (Figure 3a). The por-
tion of the melanocyte that extended into the papilla
did not necessarily have an identifiable plasma mem-
brane (Figure 3a). These cells contained small preme-
lanosomes and vesicles filled with granular material.
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Figure 2—Fine structure of regenerating hair from an 11-week old C57BL/
6J mouse, showing normal epidermal melanocytes (M) resting on the dermal
papilla (D) (a, and a 7-week-old vitiligo mouse, showing morphologically
normal melanocyte (M), melanocytes (m) with extensive endoplasmic reticu-
lum (arrows), and disruption of the basement membrane (arrowhead) (b)
(Inset—Higher magnification of melanocyte, in lower left corner of b, show-
ing vesicles with intracellular granular material [asterisks] and discontinuity of
the basement membrane [arrowhead]), and a 7-week-old vitiligo mouse,
showing a necrotic melanocyte (n) with condensed cytoplasm and extensive
endoplasmic reticulum plus a morphologically normal melanocyte (M).
Both melanocytes are resting on the dermal papilla (D) (c). K, keratinocyte.
(Uranyl acetate and lead citrate, X2100; inset, X6100)

Evidence suggestive of the dropping of melanocytes
into the dermal papillae was the restriction of base-
ment membrane disruption to areas beneath melano-
cytes (Figure 3b) and the presence of papillary melan-
ophages. Disruptions of basement membrane were
observed beneath morphologically normal and ab-
normal melanocytes.

The membrane-bounded compartments in papil-
lary melanophages (Figure 3a, inset) contained as few
as 2 and as many as 22 melanin granules per ultrathin
cross-sectional view. Papillary melanophages oc-
curred in pigmented as well as in amelanotic hair
bulbs of vitiligo mice. In control mice, such cells were
rare, and the compartments were never seen to hold
more than 5 granules per cross-sectional view.

The bulbs of white hairs lacked melanocytes. The
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Figure 3—Abnormalities in anagen hair from vitiligo mice.

pigment-free keratinocytes were morphologically
normal, and the basement membranes were uninter-
rupted.

Eyes

The choroids of newborn vitiligo mice were amel-
anotic, in contrast to the pigmented choroids of new-
born C57BL/6J mice. Pigment became apparent his-
tologically by 3 weeks, but its distribution was not
uniform. A central amelanotic patch, irregular in
shape and surrounding the optic nerve, was present in
all animals examined (n = 36) (Figure 4a). Eyes from
mice ranging in age from 3 weeks to 1 year were exam-
ined with backlighting, and the amelanotic patches
were compared. The size of the patches varied by no
more than 10% regardless of the age of the mouse or
the extent of hair depigmentation. Histologically, the
patches were generally devoid of melanin.

As in the pigmented pelage,® melanization of the
pigmented choroidal areas in both young and adult
vitiligo mice was markedly reduced in comparison
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a—Regenerating hair from a 7-week-old vitiligo mouse showing a melanocyte (m 7) hemiating
into the dermal papilla and being attacked by presumptive mononuclear phagocytes p 7 and p 2. The basement membrane abruptly ends (arrows) on both sides
of the hemiating melanocyte. There is a melanocyte in the lower left comer (m 2) whose basement membrane is fragmented (between arrowheads). b—
Higher magnification of melanocyte m 2 from Figure 3a and its basement membrane abnormality (arrowheads). Open arrow points to a premelano-
some. Inset—Cell in the dermal papilla of an 18-week-old vitiligo mouse showing compartmentalization of melanosomes (arrowhead). (Urany! acetate and
lead citrate; a, X2400; inset, X14,000; b, X9700)

with that of similar areas in C57BL/6J mice (Figure
4b and c). Occasional pigmented clumps (Figure 4c)
were indicative of adendritic melanocytes. There was
ultrastructural evidence of compartmentalization of
melanosomes (Figure 4d) and degeneration of mela-
nocytes (Figure 4e). In some choroidal melanocytes
the selectively compartmentalized melanosomes ap-
peared partially digested, indicative of lysosomal
activity (Figure 4d, arrowheads). The compart-
ments resembled the acid phosphatase-positive mel-
anophagosomes (or compound melanosomes) char-
acteristic of the preamelanotic stage in the Smyth
chicken model for vitiligo.!2

Degeneration of choroidal melanocytes in the viti-
ligo mouse was characterized by disruptions of the
plasma membrane and rarefaction of the cytoplasm
(Figure 4e¢). In extreme cases, individual melano-
somes, compartmentalized melanosomes, and mito-
chondria appeared in the extracellular matrix (Figure
4e).

Lymphocytic infiltrates were never observed, nei-
ther in the pigmented nor in the amelanotic areas.
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Figure 4—Initial choroidal abnormalities in the vitiligo mouse.
a 6-month-old vitiligo mouse with central amelanotic patch (V).

—Pigmented area of choroid from a 16-week-old vitiligo mouse showing reduced pigmentation and clumping of melanocytes (arrowheads).
d and e—Choroidal melanocytes from a 16-week-old vitiligo mouse, showing compartmentalization of melanosomes

methylene blue and Azure II, X160)

Y

a—Excised eye cups from a 6-month-old C57BL/6J mouse with normal pigmentation (N) and
b—Choroid (C) from a 16-week-old C57BL/6J mouse showing normal pigmentation. ¢
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(b and c,

into membrane-bounded vesicles (arrowheads) (d) and melanocytic degeneration (arrows) (e). (d and e, uranyl acetate and lead citrate, X8000)

Large spherical pigmented cells, presumed to be mac-
rophages and described in more detail below, ap-
peared between the retinal pigment epithelium and
the photoreceptor cells by 30 weeks of age. These cells
occurred predominantly near the optic nerve but
were also found in the more peripheral areas of the
posterior eye cup. The retinal pigment epithelium
generally appeared continuous in all animals exam-
ined. However, in older vitiligo mice (ie, 9-12
months) retinal pigment epithelial cells occasionally
contained large fat bodies, or they were devoid of
melanin granules.

Stromal pigment was absent also from the iris and
ciliary body of newborn vitiligo mice, while present in
CS57BL/6J controls. Pigment became apparent mi-
croscopically by the fourth day. Once melanization of
the anterior uveal tract was established, it was re-
tained for at least up to 1 year of age, as judged by
macroscopic observation of enucleated eyes. Histo-
logically, the intensity of melanization of the anterior
border layer of cells and stroma of the iris, but not of
the posterior pigmented iridial epithelium, was mark-
edly reduced in comparison with the same areas in
C57BL/6J controls.

Accompanying the delayed onset of pigmentation
in the anterior uveal tract at 4 days of age was the
appearance of amelanotic spherical cells on the sur-
face of the anterior border layer of the iris (Figure 5a).

These cells looked metabolically active because of an
extensive Golgi apparatus and numerous surface
folds indicative of ruffling (Figure 5b). Occasionally
they contained melanosomes of all stages of matura-
tion within lysosome-like compartments (Figure 5c).
By 4 weeks of age, such spherical cells were heavily
pigmented and present not only along the anterior
border layer but also in the stroma of the iris, in close
association with the pigmented epithelium, and at the
anterior-chamber angle (Figure 6a).

During the time of depigmentation of the pelage,
the pigmented spherical cells of the eyes became more
numerous in the iris (Figure 6a) and were prominent
also in the stroma of the ciliary body. Occasionally
they were closely associated with the ciliary epithe-
lium (Figure 6b). By electron microscopy, the pig-
mented spherical cells were seen to contain densely
packed melanin granules, some of which were com-
partmentalized into membrane-bounded vesicles
containing up to a dozen granules per ultrathin cross-
section (Figure 6¢). The cells had extensive surface
folds. In the iris, such melanophages were seen adja-
cent to stromal melanocytes, which could have nor-
mal morphologic features or could contain small
compartments of melanosomes and appear to be de-
generating (Figure 6d).

The pigmented epithelial cells of the posterior face
of the iris were ultrastructurally normal.
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Figure 5—Initial abnormalities in the anterior uveal tract of the vitiligo
mouse. Amelanotic spherical cells at the anterior border layer of the iris from
a 1-week-old vitiligo mouse, seen with light microscopy (arrowhead) (a) and
with electron microscopy (b and ¢) showing a pleomorphic nucleus, an exten-
sive Golgi apparatus (arrowheads), cell surface folds (b and c), and lyso-
somelike compartments containing early- and late-stage melanosomes (c).
(a, methylene blue and Azure I, X200; b and ¢, uranyl acetate and lead
citrate, X6400)
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Discussion

Various mechanisms have been postulated as possi-
ble causes for the loss of pigment cells in vitiligo.!
Circumstantial evidence can be cited for an autoim-
mune, chemical, autotoxic, or neurologic basis. In the
majority of patients, however, the loss of pigment
cells is not associated with lymphocytic infiltrates or
evidence for a chemical or neurologic mechanism. A
relatively recent development is the finding of mela-
nocyte-binding immunoglobulins in the sera of pa-
tients and animals with vitiligo.'3-'* The hypothesis of
autodestruction of melanocytes is based on the
known cytotoxicity of melanin precursors.!¢!® Der-
mal melanophages are a common finding in vitiligo.
They represent the end point of melanocyte destruc-
tion.

An extensively studied, avian model for vitiligo is
the Smyth chicken.? It has provided evidence of an
inherent melanocyte dysfunction suggestive of auto-
destruction of pigment cells and subsequent involve-
ment of the immune system. Feather melanocytes
and neural-crest—-derived cultured melanocytes pro-
duce morphologically abnormal melanosomes and
have an increase in activity and intracellular distribu-
tion of tyrosinase prior to autophagocytosis of melan-
osomes.'? Histologically, the malfunctioning melano-
cytes are first hypertrophic and later clumped.® We
have concluded that an increase in toxic melanin pre-
cursors, resulting from hypermelanization, induces
autophagocytosis of melanosomes and melanocyte
death.'? Melanocytes cultured from neural tubes of
Smyth chicks,'? or from the skin of patients with viti-
ligo,?° do not proliferate as rapidly in culture as those
from the respective controls.

In our study of the vitiligo mouse, we have exam-
ined melanocytes in the epithelium of regenerating
hair bulbs and have demonstrated necrosis and her-
niation through the basement membrane into the
dermal papilla. Associated with this aberration was
extracellular granular material, which had previously
been demonstrated in the epidermis of human pa-
tients,” in Smyth chicken feathers,’ and ear epidermis
of the vitiligo mouse.* The morphologic evidence of
melanocytic dysfunction in hair bulbs complements
recent skin transplantation experiments that were
suggestive of a programmed melanocyte death in the
vitiligo mouse. Reciprocal skin transplants between
C57BL/6J and vitiligo mice, and transplants onto
nude mice, in all cases retained or developed the
donor’s pigmentation.3

It is important to consider that the onset and pro-
gression of amelanosis in the vitiligo mouse occur
between hair cycles. The switch from a pigmented
hair with some abnormal melanocytes to an amela-
notic hair without any melanocytes is apparent im-
mediately at the outset of the hair’s regeneration and
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Figure 6—Later abnormalities in the anterior uveal tract of the vitiligo mouse. a—TIris from a 30-week-old vitiligo mouse showing large, spherical pigmented
cells along the anterior border layer and within the stroma, and associated with the pigmented epithelium (arrowhead). b—Ciliary body from a 30-week-old
mouse showing pigmented spherical cells concentrated within the stroma (S) and occasionally near the ciliary epithelium (arrowhead). c—Melanophage
within the stroma of a ciliary body from a 16-week-old mouse showing numerous small membrane-bounded compartments of melanosomes (arrow-
heads). d—Iris from a 16-year-old mouse showing two melanophages, one at the anterior border layer of the iris (p 7) and one in the stroma (p 2); two
stromal melanocytes with compartmentalized melanosomes (m 7, m 2); and one degenerative stromal melanocyte (m 3). An amelanotic spherical cell, containing
a single melanosome, is also present (asterisk). (a and b, methylene blue and Azure I, X160; ¢ and d, uranyl acetate and lead citrate, ¢, X91,000, d, X3900)
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not while hair growth is in progress. Therefore, termi-
nal degeneration and/or elimination of melanocytes
must occur during telogen or catagen, or immediately
before the next anagen. Sugiyama and Kukita?!?2
have postulated that the melanocyte population re-
sponsible for hair color in mice is cyclic. They sug-
gested that melanocytes dedifferentiate during the te-
logen and catagen stages, and thereafter proliferate,
redifferentiate, and repopulate the bulb during early
anagen.?! Interruption of such a remodeling process
would dramatically abolish pigmentation of the new
hair. The abnormal and necrotic melanocytes that we
observed during both the early (Day 2) and late (Week
2) anagen stages may represent a preterminal mani-
festation of an intrinsic melanocytic defect that
spreads to all melanocytes of a given hair bulb, but not
necessarily to neighboring hair bulbs, before the next
hair cycle begins.

A mixture of morphologically normal and abnor-
mal melanocytes was also found in the pigmented
areas of the choroid. However, some choroidal mela-
nocytes, unlike those in the hair bulbs, showed com-
partmentalization of melanosomes. In addition, the
vitiligo mouse always had a central amelanotic patch
surrounding the optic nerve similar to that character-
istic for Smyth chickens?® and occasionally present in
patients.> However, contrary to the Smyth chicken,
which has been selected genetically for extensive
feather amelanosis coupled with blindness, the size of
the amelanotic patch in the vitiligo mouse did not
increase with age or extent of hair depigmentation.
Like human patients with vitiligo, the vitiligo mice do
not lose their eyesight. We speculate that the central
amelanotic choroidal patch of vitiligo mice may be an
expression of the congenital piebaldism? in these ani-
mals.

Finally, there is suggestive evidence, discussed in
the literature,?* for an immune connection in vitiligo.
The incidence of vitiligo is increased in persons with
disorders such as autoimmune thyroiditis, pernicious
anemia, uveitis, alopecia areata, and some forms of
adrenal insufficiency.! In addition, individuals with
active vitiligo,'>'* as well as animals with acquired
progressive loss of pigment,'* have serum antibodies
that bind surface antigens derived from cultures of
pigmented melanocytes. Whether these antibodies
are a cause or a consequence of melanocyte destruc-
tion remains to be determined. An immune response
provoked by melanocyte dysfunction or death has
been implicated in the Smyth chicken'? but not in the
vitiligo mouse. Abnormal melanocytes develop in
feather follicles and the choroid prior to inflamma-
tion of these tissues.® Bursectomy delays?’ and cyclo-
sporin A blocks?® the loss of plumage pigmentation.
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The aberrant melanocytes persist in bursectomized
birds that retain their pigmentation.?’

Like human patients with vitiligo, vitiligo mice de-
velop a loss of reactivity to contact allergens,>?® as
assessed by a diminution of cutaneous delayed-type
hypersensitivity responses. Vitiligo mice also have a
lower resistance to injected B16 melanoma cells than
do C57BL/6J controls.? Neither we nor Bell et al*
found histologic evidence of lymphocyte involve-
ment associated with the melanocyte pathology.
Mononuclear leukocytes are represented by macro-
phages (melanophages) in the hair papillae and in the
uveal tract, where they are identical to Type 1 clump
cells of Koganei.? In most mammals the clump cells
of Koganei are generally located in the vicinity of the
iris sphincter muscle and in the ciliary body near the
root of the iris.?® These are precisely the sites where
amelanotic spherical cells occur in young vitiligo
mice. The clump cells of Koganei become more fre-
quent and more congested with melanin with increas-
ing age,* in pathologic conditions, and after experi-
mentally induced photocoagulation.?® Therefore, the
ocular amelanotic spherical cells in young vitiligo
mice are in all likelihood precursors of the melanin-
laden macrophages seen in older vitiligo mice.

In conclusion, we confirm on the basis of the above
morphologic analyses and comparisons that the viti-
ligo mouse, as indicated earlier,? can be considered a
new and convenient experimental animal model for
vitiligo in human beings. In both organisms, melano-
cytes are eliminated selectively without a significant
correlative lymphocytic infiltrate. Progressive loss of
melanocytes in a patchy fashion is the hallmark of
vitiligo. In the vitiligo mouse such losses occur in the
pelage, the patches being represented by individual
hair bulbs, in the uveal tract, as well as in those parts of
the epidermis that harbor pigment cells.* The eyes
were examined because in 39% of vitiligo patients
discrete depigmentation involving the choroid and
retinal pigment epithelium had been observed.’ That
lack of pigment is generally restricted to an area sur-
rounding the optic nerve, an area that is congenitally
amelanotic in the vitiligo mouse.
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