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OBJECTIVE: To investigate the stereological changes
of the epidermis in human skin grafts on nude athymic
mice.
STUDY DESIGN: Normal human skin grafts taken
from patients with breast carcinomas were grafted onto
nude athymic mice. After 4 weeks, 5 viable skin grafts
with 5 matching original donor skins were obtained by
4-mm punches. Based on the stereological methods, the
volume of the viable epidermis (Vepi), the mean thickness
of epidermis (MTepi), and the area fractions of melanin
granules in the epidermis (AA) were measured. Then
the changes of the epidermis in human skin grafts were
evaluated.
RESULTS: After transplantation, the Vepi increased from
0.49±0.50 mm3 to 1.48 ±0.13 mm3, MTepi increased
from 39.15 ±3.95 µm to 117.46±10.37 µm, and the AA of
melanin granules in the epidermis increased from 4.96 ±
0.64 to 7.46 ±0.71. Results of paired Student’s t test
showed they increased significantly (p value all <0.05).

CONCLUSION: This study confirmed that the mor
phology and structure of human skin were changed
when grafted onto the nude athymic mice. Furthermore,
pigmentation is involved in the healing process of skin
injury. (Anal Quant Cytopathol Histpathol 2017;39:
295–301)
Keywords: burns, epidermis, image processing,
melanin, nude mice, skin, skin graft, skin trans
plantation.
Burns account for approximately 10% of all combatrelated injuries in the head and neck region.1 Many
of the wounded require skin graft treatment. It
was necessary to investigate the process of skin
graft reconstruction for evaluating various treat
ment measures. Human skin grafted onto nude
mice is a valuable model for studying wound
healing and skin disease because it can take the
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place of human volunteers and maintain the skin
over their lifetime without causing rejection.2-4
However, when using this model, the changes of
skin structure induced by the grafting itself should
not be overlooked. Stereology is a set of methods
based on fundamental principles of geometry and
statistics. It can help researchers extract quan
titative information about a three-dimensional
tissue from two-dimensional planar sections. It
is an important and efficient tool widely used
in many fields of microscopy, including medical
and biological research. The purpose of this study
was to investigate the changes of the epidermis
in human skin grafts on nude athymic mice by
means of stereology.
Materials and Methods
Normal human skin grafts taken from patients
with breast carcinomas were grafted onto 12 nude
athymic mice. After 4 weeks, 5 viable skin grafts
with 5 matching original donor skins were obtained by 4-mm punches. They were stained with
hematoxylin-eosin and Lillie’s ferrous ion uptake
method. Stereological analysis was performed to
measure the volume of the viable epidermis (Vepi),
the mean thickness of epidermis (MTepi), and the
area fractions of melanin granules in the epidermis (AA). Then the measured values of the epi
dermis in human skin grafts were compared with
that of the original donor skins.
Human Skin Tissue
Full-thickness human skin was obtained from patients from Nanfang Hospital (Guangzhou, China).
The patients were diagnosed with breast carcino
ma and treated by radical mastectomy. They were
informed prior to the operation and signed written consent. After excision, skin biopsies were
harvested by sterilized instruments. Excessive
subcutaneous adipose was removed. Parts of the
skin were punched to get skin cross section by
4-mm skin punches for stereological analysis as
the control. The remainders were cut into 1-cm2
pieces for transplantation. They were preserved in
the transport medium with RPMI-1640 (Gibco) at
4°C. Standard sterile techniques were employed
throughout. This study was approved by the Ethi
cal Committees of Southern Medical University.
Animals
Healthy BALB/c athymic nude mice (4~8 weeks,
15–25 g) were purchased from Laboratory Animal
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Center of Southern Medical University (Guang
zhou, China). All mice were housed and main
tained under a specific pathogen-free environment
and fed sterile rodent food and water. Experimen
tal protocols had been approved by the Southern
Medical University Animal Care and Research
Committee. All animals received humane care
in compliance with the Principles of Laboratory
Animal Care.
Transplantation of Skin Grafts
The athymic mouse was anesthetized with an intraperitoneal injection of 1% pentobarbital sodium
(Sigma; 40 mg/kg). From the back of the mouse,
a piece of skin (1 cm2) was removed to create an
implant bed. A split-thickness (0.3 mm) human
skin piece was cut to a corresponding size and
attached to the edges of the wound. The graft was
sutured with 7-0 Nylon lines and then received
pressure dressing. Sutures were removed at 14
days if the wound healed. After the operation the
mice were reared in single cages until the end of
the experiment. Four weeks later, when the skins
of human and mice were completely fused, the
mice were sacrificed by intraperitoneal injection
of pentobarbital sodium solution. Skin grafts on
nude mice were taken by 4-mm skin punches
perpendicular to the skin surface (Figure 1A–C)
and fixed in 4% formaldehyde solution for at least
48 hours and subsequently embedded in paraffin
for stereological analysis.
Stereological Analysis
All paraffin blocks were cut exhaustively into
4-µm parallel sections with equal thickness (T)
and equidistance on a Leica RM2255 microtome.
Predefined fixed distance was 200 µm. Finally, the
sections were stained with hematoxylin-eosin.
Images were acquired using optical microscopes
and measured by Image-Pro Plus (Media Cyber
netics, Inc., Rockville, Maryland, USA), which had
been calibrated by objective lens micrometer. The
boundary contours of epidermis were drawn to
measure epidermal surface areas (Figure 2A–C).
According to the Cavalieri principle, volume of
epidermis (Vepi) can thus be expressed as
n

Vepi = ∑ Ai T,

(1-1)

i=l

where n represents the number of sections, Ai
represents the area estimation of the i-th section,
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Figure 1 Skin biopsy of human skin grafted on nude mice was harvested by 4-mm skin punch.

and T represents the distance between the sections.5 In this study T was set to 200 µm. The radius
of the punch biopsy cylinder was 2 mm. The mean
thickness (MTepi) of epidermis can just be expressed
as
Vepi
MTepi = ____ ,
2∙π

(1-2)

where Vepi represents the volume of the epidermis.5
Melanin Staining with Ferrous Sulfate
Lillie’s ferrous ion uptake method was performed
to display melanin granules. Paraffin sections of
4-mm thickness were deparaffinized and hydrated
to distilled water with dimethylbenzene and gra
dient ethanol. Then the sections were placed in
2.5% ferrous sulfate solution for 1 hour and rinsed
with distilled water 3 times, 3–5 minutes at a
time. Subsequently, the sections were put into

1% potassium ferricyanide in 1% acetic acid for
30 minutes and washed with 1% glacial acetic
acid slightly for 2–3 seconds. Afterward, sections
were counterstained with modified Van Gieson
dye liquor for 1 minute and washed quickly in
running water. Finally, the sections were dehy
drated in graded alcohols, cleared in xylene, and
mounted with permount. Staining results showed
that the melanin granules were dark green, the
collagen fibers were red, and the muscle fibers
were yellow.
Area Fractions of Melanin Granules
Representative regions containing melanin granules were selected by Image-Pro Plus. The bound
ary contours of epidermis were drawn and formed
a closed polygon to measure the epidermal surface
areas (ESAs). The black pigment particles with different shapes or sizes in the contour were also selected to measure the melanin granule surface area

Figure 2 All paraffin blocks of skin were sectioned with equal thickness and equidistance, stained with hematoxylin-eosin (A). The
epidermal boundaries were outlined to form a closed polygon (B), and the epidermal surface area filled with red was measured by ImagePro Plus (C). (×40.)
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Figure 3
Measurement of epidermal
surface area and melanin
granule surface area. Skin
graft image staining with
ferrous sulfate, which showed
the melanin granules as dark
green, was acquired under
optical microscopes (× 200)
(A). The RGB images were
converted to grayscale by
Image-Pro Plus software. Then
the epidermal boundaries
were outlined (B), which
filled with red color (C), to
measure epidermal surface
area. Melanin granules marked
with red (D) in the epidermis
outline were selected to
measure melanin granule
surface area.

(MGSA) (Figure 3A–D). Area fractions (AA) of melanin granules of each slide in the field of micro
scopes can be expressed as
MGSA .
AA = _______
ESA

(1-3)

Statistical Analysis
All data were analyzed by SPSS 19.0 software. The
measurement data were expressed as (x−±s). Normality test and paired Student’s t test were per
formed to compare the skin grafts with the original
donor skins. Statistical significance was considered
at p<0.05.
Results
In this study 12 athymic nude mice received splitthickness human skins. Five skin grafts survived,
and 7 mice lost their grafts. The remaining viable
skin grafts showed constantly deepened pigmen
tation over time. At first the skin appeared milkwhite and shiny, and then edema occurred, which
disappeared after day 7. Then the skin turned light
yellow, brown, and became grayish black in the end.
The size of the skin reduced and the human skin
finally completely integrated with the mice skin.

Stereological analysis results showed that the Vepi
and MTepi of the epidermis of skin grafts increased
significantly after transplantation (p<0.05) (Figure
4A–B) (Table I).
Melanin staining results showed that the mela
nin granules were deposited in the epidermal basal layer cells of normal breast skin before trans
plantation (Figure 5A). After transplantation the
AA of melanin granules in the epidermis increased
(Table II). It showed that the number of melanin
granules increased and their distributions were
wider after transplantation. Melanin granules were
distributed in the epidermal basal layer cells, adjacent keratinocytes, and even visible in the spinous
and granular layer cells (Figure 5B).
Discussion
Various stereological methods have been widely
used in the measurement of skin structure.6 Under
the electron microscope the quantitative parame
ters of keratin filaments, keratin transparent protein, melanin bodies, and various organelles were
obtained.7,8 Under the optical microscope, pilosebaceous units,9 Langerhans cells,10 lymphocyte cells,11
dermal elastic fibers, and collagen fibers12 were
quantitatively measured. Those results reflected
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Figure 4
Compared with before
transplantation (A), the
thickness of human skin
grafted on nude mice
increased significantly after
graft transplantation (B).
(Hematoxylin-eosin, × 200) (A).

the changes of skin structure in the normal state,
disease state, and after drug treatment. Using
line intercepts and point counting of stereological
methods, Bruengger proved that all epidermal
layers of human skin xenografts on nude mice
were thickened, especially the spinous layers and
granular layers.13 However, the complicated theory,
difficult mathematical formulas, and lack of simple
and easy-to-use image acquisitions and analysis
software systems made stereology difficult to be
applied and generalized in scientific research.
Congenitally athymic nude mice, lacking thymusdependent immune responses, are valuable recip
ients of human skin xenograft for scientific study.
The skin graft can be maintained for long-term
cultivation and preserve the characteristics of the
original skin.3,14-16 In our study 5 skin grafts on
nude mice were used for measurement at the end
of the experiment, but the other 7 of the 12 were
lost. Though only a few studies were able to calculate the success rate of transplantation,2,13-19 our
success rate was similar to those of Krueger and
Bruengger.13,17 In their studies the ratio of survival
of skin grafts were 4/13 and 15/39, respectively.
We think the results were related to the following
factors. First, scratching and biting by the recip
ient often resulted in graft failure.14 Although we
checked the condition of the bandages every day,
4 skin grafts were bitten by the recipient mice
themselves. Second, the nude athymic mice still
preserve B-cell–mediated adoptive immune function.20 Thus, those mice are not completely immu
nodeficient. Third, lacking operational experience
or unknown reasons might lead to the necrosis of
the skin grafts. Therefore, we acquired 5 skin grafts
and the original skins for morphometric analysis in
the end.

According to the stereological method proposed
by Kamp et al,5 skin images were acquired under
the optical microscope and measured by Image-Pro
Plus software, and then the stereological parame
ters of normal breast skin were obtained. In the
previous study it was estimated that melanosome
volume fraction ranged from 1–8% and epidermal
thickness from 20–150 µm from diffuse reflectance
spectra.21 Our measurement data were limited in
the above ranges, and the results showed that Vepi
and MTepi of the collected samples were less than
the reference value of face, back, forearm, and
sole.5 The data also show that after transplantation
the Vepi and MTepi of skin grafts were increased significantly (p < 0.05). It must be recognized that
our results may be affected by race, individual
difference, location, sample size, the process of
making paraffin section, and so on. Many studies
showed that the shrinkage occurs during the
process of formalin fixation and sectioning, and
they can modify the final quantitative data.22,23 In
view of the above facts, this study was limited in
the presentation of objective values. However, in
this study all layers of the skin were affected by
fixation, and all cases followed the same process.
Furthermore, our results were in accordance with
those of the previous reports.13 Therefore, at least

Table I

Comparison of Vepi and MTepi Between Before and After
Transplantation

Parameter

Before transplantation
(n = 5)

Vepi
MTepi (µm)

0.49± 0.50
39.15 ± 3.95

(mm3)

After transplantation
(n = 5)

t

1.48 ± 0.13
−22.422
117.46 ± 10.37 −22.422

p Value
< 0.001
< 0.001
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Figure 5
Melanin staining showed that
the melanin granules were
deposited in the epidermal
basal layer cells of normal
skin before transplantation (A),
while the number of melanin
granules increased and their
distributions were wider after
transplantation (B) (× 200).

on some level, our results reflected the trend of skin
changes before and after transplantation.
In humans, the skin color is determined by pig
ments. The pigments are produced in a specialized
group of cells referred to as melanocytes. Melanin
is an effective absorber of ultraviolet radiation.
However, excessive skin pigments can cause an
esthetic impact. Pigmentation is very common
in skin grafts used for repairing skin defects and
occurred frequently in the colored races in the lit
erature.24,25 We have found in the previous study
that a combination of trehalose and dimethyl sul
foxide can significantly increase the protective
effect of skin tissues during cryopreservation, and
the technique seems to prevent pigmentation of
skin grafts.26 In this study we continue to study the
pigmentation of skin grafts by stereological meth
ods. We found that pigmentations were present
in the skin grafts. Their colors were deepened and
changed to brown and became grayish black in the
end.
Many reliable methods can be used to identify
melanin and melanocytes, such as Masson-Fontana
silver staining, ferrous sulfate staining, DOPA
staining, and immunohistochemistry. In MassonFontana silver staining the pigment is bleached in
30% hydrogen peroxide. It is soluble in concentrated sulfuric acid and sodium hydroxide. Ferrous

Table II

Comparison of Area Fractions (AA) of Melanin Granules
of Normal Skin Between Before and After
Transplantation (x− ± s)

Group
Before transplantation
After transplantation

AA

t

p Value

4.96±0.64
7.46±0.71

−28.825

<0.001

sulfate staining is highly selective for melanin if
iron-containing pigments are absent.27 Previous
studies used DOPA staining or immunohisto
chemistry in the nude mice model to show the
number of melanocytes.28,29 In this study the ferrous sulfate staining method was selected to display AA of melanin granules in the epidermis. Its
principle is that potassium ferricyanide can combine with ferrous ions, which are absorbed by
melanin under acidic conditions to form ferrous
iron cyanide, and melanin will show dark green.
AA of melanin granules of normal breast skin
and skin grafted on nude mice were calculated
after measuring the melanin granule surface area
and epidermal surface area by Image-Pro Plus.
The results showed that AA of melanin granules
increased significantly after transplantation (p <
0.05), which is similar to literature reports.21,28,29
Therefore, pigmentation is involved in the healing
process of skin grafts. As melanin can absorb ultra
violet radiation, we speculate that a reduction of
ultraviolet light is beneficial to skin healing.
The appearance of skin pigmentations after
transplantation may be related to many mechan
isms. For example, the density of melanoma cells
may increase with their proliferation after skin
injury,25,29,30 and the synthesis of melanin granules
may be enhanced at the same time. Pigmentations
may be related to the transportation capacity of
melanin granules to the keratinocytes, which were
regulated by keratinocytes.29 In addition, the synthesis of melanin may be promoted by ultraviolet,
melanocyte-stimulating hormone, adrenocortico
tropin, estrogen and progesterone, and so on.31
In conclusion, we obtained stereological parame
ters of normal breast skin and confirmed that Vepi,
MTepi, and AA of melanin granules in the epidermis
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of human skin grafts increased significantly. Fur
thermore, pigmentation is involved in the healing
process of skin grafts. This would allow us to gain
additional insight into the human skin graft on a
nude mice model.
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