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a b s t r a c t

Bone marrow-derived cells (BMDCs) can migrate into the various organs in the mice irradiated by
ionizing radiation (IR). However, it may not be the case in the skin. While IR is used for bone marrow
(BM) transplantation, studying with the epidermal sheets demonstrated that the BMDC recruitment is
extraordinarily rare in epidermis in the mouse. Herein, using the chimera mice with BM from green
fluorescent protein (GFP) transgenic mice, we simply examined if BMDCs migrate into any layers in the
total skin, as opposed to the epidermal sheets, in response to IR. Interestingly, we identified the presence
of GFP-positive (GFPþ) cells in the epidermis-dermis junction in the total skin sections although the
epidermal cell sheets failed to have any GFP cells. To examine a possibility that the cells in the junction
could be mechanically dissociated during separating epidermal sheets, we then salvaged such dissoci-
ated cells and examined its characteristics. Surprisingly, some GFPþ cells were found in the salvaged cells,
indicating that these cells could be derived from BM. In addition, such BMDCs were also associated with
inflammation in the junction. In conclusion, BMDCs can migrate to and reside in the epidermis-dermis
junction after IR.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Ionizing radiation (IR) at ~10 Gy, a dose necessary for bone
marrow (BM) transplantation, is known to deplete the resident
dendritic cells (DCs), followed by the migration of BM-derived DCs
in many tissues where those cells may contribute to the repair
process after IR injury [1]. In contrast, the epidermis of the skin
undergoes a unique repair process. The resident epidermal DCs
called Langerhans cells (LCs) are not depleted due to their radio-
resistant nature so that the recruitment of BM-derived LCs is
extraordinarily rare in the epidermis [1]. Likewise, BM-derived
keratinocytes may not be commonly involved in skin repair
except for such situations as grafting onto bone marrow
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transplantation (BMT) mice [2]. For these reasons, the contribution
of BM-derived cells (BMDCs) to epidermal tissue repair has been
widely believed to be extraordinarily rare in response to IR.

BMT with green fluorescent protein (GFP)-tagged cells to irra-
diatedmice has been recognized as a highly efficient tool to analyze
the role of BMDCs [3]. By using BMT mice, our research group has
demonstrated that a small subset of BMDCs was capable of
migrating into several organs to contribute maintenance of ho-
meostasis in target organs [3e8]. In line with these studies, we
simply examined both whole layers of ear skin sections and the
epidermal sheets in our BMT model. As a result, a small number of
BMDCs was interestingly detected in the epidermis in the close
vicinity of dermis in total skin sections in response to IR. However,
this finding was not confirmed by studying the epidermal sheets,
which is a different approach to assess epidermis as consistent with
previous notion [1,12],

In general, the epidermal sheet is a commonly-used tool to
analyze various cell populations in the epidermis. However, a
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possibility has been pointed out that some basal cells including LCs
from epidermal sheets can be lost in the preparation process [9]. In
particular, cells localizing in the epidermis-dermis junction can be
mechanically stretched out during preparation of epidermal sheets.
Given these facts, we have assumed that BMDCs could be dissoci-
ated in the process if such cells reside in the junction. Here, we
found that GFPþ cells were present in the dissociated cells from the
peeling process. Our data suggest that BMDCs can migrate into the
special location of skin, the epidermal-dermis junction, after IR in
the mouse.

2. Materials and methods

2.1. Mouse models

Wild-type C57BL/6 and C57BL/6-Tg (UBC-GFP) 30Scha/J (UBC-
GFP hereafter) mice were purchased from CLEA (Osaka, Japan) and
Jackson Laboratory (Bar Harbor, ME), respectively. MBR-1520R
(Hitachi Medical Corporation, Tokyo, Japan) was operated at
150 kVp, 20 mA, with 0.5 mm Al and 0.1 mm Cu filters for irradi-
ation. Adult mice aged 8 weeks or older were irradiated with a
single dose of 10 Gy of X-ray. For BMT, 4 � 106 bone marrow cells
from UBC-GFP mice were injected into the irradiated wild-type
mice. Another set of mice was exposed to 1.5 J/cm2 of ultraviolet
C (UVC) after BMT as this model is known to show BMDCs migra-
tion into the skin and can be used as a positive control [1]. The other
set of mice were protected by lead shields except the left ears and
then irradiated with 20 Gy of X-ray three months after BMT. A lead
shield resulted in a reduction of IR by 50-fold. The Animal Care
Committee of Shiga University approved all experimental protocols
(#2013-10-1H).

2.2. Immunohistochemistry

After exsanguination, a half of the right ear was excised and
fixed in 4% paraformaldehyde for frozen sections (10 mm thick) to
examine BMDCs in total skin sections. The other half was further
split into dorsal and ventral halves, and incubated in 0.5% dispase
(Invitrogen, Carlsbad, CA) for 30 min at 37 �C [10]. Then, the skin
was carefully floated on RPMI (Wako, Kyoto, Japan) containing 10%
fetal bovine serum not to sink epidermal surface (Fig. 1A) [11].
Epidermis was mechanically peeled with one stroke using curved
tweezers [11]. The peeled epidermis was fixed and made into
frozen sections (referred to as epidermal sections, hereafter) simi-
larly as total skin sections. Both total skin and epidermal sections
were stained with anti-rabbit Keratin 14 antibody (1:1000; Cova-
nce, Princeton, NJ) and mounted with Vector Shield with 4, 6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlin-
game, CA). The secondary antibody was anti-rabbit immunoglob-
ulins conjugated to Alexa Fluor 555 (1:1000; Life Technologies,
Grand Island, NY). The sections were photographed using a laser-
scanning confocal microscope (Nikon EZ-C1, Tokyo, Japan).

2.3. Flow cytometry

The epidermal cell suspension was prepared as previously
describedwith slightmodification [10]. After 0.5% dispase digestion
of split ear skin, dermal sidewas rinsed with PBS to remove isolated
contaminated dermal cells and skin was carefully floated on RPMI
containing 10% FBS as described in the previous section to peel
epidermis. A cluster of cells dissociated from the epidermis-dermis
junction was salvaged into RPMI medium in this peeling process.
After addition of 0.1% DNase (Sigma, St. Louis, MO) to RPMI, it was
centrifuged at 1400 rpm for 10 min at 4 �C to collect the dissociated
cells. Epidermal sheets were put in 0.3% trypsin containing 0.1%
DNase solution and incubated at 37 �C for 10 min with shaking to
release epidermal cells. Then, the same volume of RPMI containing
10% FBSwas added to inactivate trypsin. Tubeswere inverted gently
twenty times and filtrated to obtain epidermal cell suspension. An
amine-reactive dye (LIVE/DEAD Fixable Violet Dead Cell Stain Kit
(Life Technologies)) was used to detect and remove dead cells in the
dissociated cells and epidermal cell suspension. Epidermal cell
suspension from UBC-GFP and wild-type mice was prepared for
positive and negative control to determine GFPþ population,
respectively. Data was collected with FACSAria Fusion™ (BD Bio-
sciences, San Jose, CA).

2.4. Statistics

Unpaired Student's t-test (two-tailed) was used to assess sig-
nificance of the data, and P<0.05 was taken as statistically
significant.

3. Results

First of all, the efficacy of BMT in our model was confirmed by
the finding that 85.6 ± 7.52% (mean ± SD) of white blood cells were
replaced with those of donor origin (n ¼ 3) (Supplemental Fig. S1).
Exsanguination was conducted to avoid BMDC contamination
derived from blood in the immunohistological and flow cytometry
analyses (Fig. 1, right images).

With the purpose of confirming our technical skill to identify
BMDCs in the skin, we examined a BMT mouse model with UVC
exposure as this model is known to exhibit BMDCs migration in
the epidermis of the ear skin [1]. In this model, both total skin and
epidermal sections were prepared from the ears 2 weeks after
UVC exposure. Detection of Keratin 14 (K14) in the basal layer of
epidermal sections indicated that the epidermis was successfully
separated from the dermis by dispase digestion (right figure in
Fig. 2A). We found that GFPþ cells were present in the epidermis
of the epidermal sheets as well as the total skin sections in this
model (Fig. 2A). In particular, GFPþ cells were distributed from the
suprabasal layers to the basal layer of the epidermis. These data
suggest that BMDCs can migrate into the epidermis in response to
UVC. As this is consisted with previous studies [1,12], we
confirmed that our skill was capable of detecting BMDCs in the
skin.

We next examined the mouse ears with IR alone in the same
way. We found that IR did not recruit any GFP cells in the
epidermis of the separated epidermal sections as consistent with
previous studies (Fig. 2B) [1,12]. In contrast, a substantial amount
of GFPþ cells was detected in the epidermis of total skin sections
[(7.01 ± 0.744) x 104 cells/ear (mean ± SD)] (left figure in Fig. 2B
and C; Supplemental Table S1). Interestingly, such GFPþ cells
were located only within the K14 positive layer, most of which
were in the close vicinity of dermis in the total skin sections
(Fig. 2B).

Such discrepancy led us to hypothesize that BMDCs can be
actually migrate onto the epidermis-dermis junction, but could be
lost in the preparation process of epidermal sheets. In other
words, most of GFP positive cells were located on the epi-
dermisedermis junction and therefore there might be a chance for
such cells to be dissociated in the process of peeling the epidermis.
To address this issue, the dissociated cells were salvaged during
peeling of the epidermis and compared with the single cell sus-
pension prepared from epidermal sheets by flow cytometry
(Fig. 1). After excluding the amine-reactive dyeþ cells as dead cells
(Fig. 3A), we found substantial percentage of the salvaged cells
was positive for GFP (25.3 ± 2.60% in the dissociated cells) (Fig. 3B,
C and D). In contrast, epidermal cell suspension had very small



Fig. 1. Experimental design of this study is schematically shown. Photos at right upper corner show the ears before and after exsanguination. Arrowheads indicate blood vessel with
blood cells.

Fig. 2. Histological analyses using immunofluorescence Ear skin exposed to Ultraviolet C (UVC) contains substantial number of GFP-positive (green, arrows) cells in basal and
suprabasal layers of epidermis in both total skin (Skin) and epidermal sections prepared from epidermal sheets (Epidermis). Basal layer of epidermis is stained by Keratin 14 (red
color), while nuclei are labeled with DAPI (4, 6-diamidino-2-phenylindole, blue) (A). Immunohistological sections of skin and epidermal sheet from three mice (Mouse #1, #2, and
#3) are shown. The white box in Mouse #1 is magnified below (“High Mag”) to clearly show GFPþ cells in the epidermis-demis junction. Arrows indicate GFPþ cells in the epidermis.
Scale bars ¼ 25 mm (B). The graph shows the number of GFPþ cells in the epidermis per ear as calculated in total skin (black bars) and epidermal (light grey bars; not detected; N. D.)
sections. While total skin contains substantial number of GFPþ cells in the epidermis, no cells are detected in the epidermal sections. Values are shown as mean ± SD (C). Data are
from one experiment representative of two or three independent experiments with three mice per group.
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Fig. 3. Analyses using flow cytometry After side and forward scatter gating, amine reactive dye� cells were selected as live cells (A). Histograms to determine the GFPþ population
(two-headed arrows) in Mouse #2 (red), wild-type mouse as negative control (black), and GFP mouse as positive control (green) (B). The proportion of GFPþ cells in each sample
from three different mice is shown in red box and font (C). The percentage of dissociated GFPþ cells was significantly higher than that in epidermal cell suspension. Values are
shown as mean ± SD. **P < 0.01 (D). Data are from one experiment representative of two independent experiments with three mice per group. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

J. Okano et al. / Biochemical and Biophysical Research Communications 461 (2015) 695e701698
percentage of GFP positive cells (0.33 ± 0.06% (mean ± SD))
(Fig. 3B, C and D). This is consistent with previous findings [13].
Altogether, GFPþ cells can be located in the epidermal-dermal
junction and may be a reaction from IR.

The recruitment of BMDCs was found to correlate with the
degree of inflammation in case of UVC exposure [1], suggesting
that inflammation could be a driving force to bring BMDCs into
the lesions. Then, we examined whether a 10 Gy of IR could cause
inflammation in the skin using Keratin 6 (K6) antibody, which is a
marker of activated keratinocytes and positive in inflamed
epidermis [14]. In wild-type mice, there were no K6 positive cells
in the interfollicular epidermis although some positive cells were
observed around hair follicles (Fig. 4A, upper panels). In contrast,
UVC exposure appeared to increase K6 expression along with
hyperplastic response in the epidermis as previously suggested
(Fig. 4A, middle panels) [1]. In turn, IR could also induce K6
expression, which was predominantly observed in the cells
located basally in the epidermis (Fig. 4A, bottom panels).
Importantly, some BMDCs were co-localized with K6-positive
keratinocytes under IR stimulation (Fig. 4A), suggesting that
BMDCs recruitment was associated with inflammation caused by
IR.

Finally, we examined if higher dose of IR could induce pro-
portionally the BMDCs migration in the epidermis. To address
this issue, the left ears of BMT mice were irradiated with 20 Gy,
followed by the preparation of epidermal cell suspension after 2
weeks (Fig. 4B). Flow cytometry revealed that BMDCs migration
in the epidermis after additional 20 Gy exposure significantly
increased compared with those exposed to 10 Gy alone in per-
forming BMT (Fig. 4C, left). Consistently, IR tended to increase
the percentages of BMDCs in dissociated cells in dose depen-
dent manner. (Fig. 4C, right). These data indicate that higher
dose IR is more potent to induce BMDCs migration into the
epidermis.



Fig. 4. Association of BMDCs with inflammation and IR dose Compared to wild-type (No BMT), both UVC exposure (IR/BMT/UVC) and IR (IR/BMT) increases the number of Keratin 6
(K6) positive interfollicular epidermal cells (red), some of which are overlapped with GFP signals in the epidermis. DAPI (blue) signal indicates nucleus. Dot lines indicate the
boundary between epidermis and dermis. Scale bars ¼ 25 mm (A). Experimental protocol to compare the effects between 10 Gy exposure in the left ear and 10 þ 20 Gy in the right
ear in terms of the percentage of BMDCs. Mo; months after IR/BMT (B). The percentages of GFPþ cells in epidermal cell suspension and in dissociated cells after 10 Gy of IR alone and
10 þ 20 Gy are shown, respectively. Values are shown as mean ± SD. *P < 0.03, N.S.: not significant (C). Data are from one experiment representative of two independent ex-
periments with three mice per group.
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4. Discussion

In the present study, we demonstrated evidence that BMDCs
could migrate into the skin in response to IR. Importantly, BMDCs
were restricted to be located in the epidermis-dermis junction
where inflammation was also mildly induced in response to IR. We
found that cells residing in this location could fall off during the
preparation of the epidermal sheets as the junction was a special
locationwhich could be stretch out in the peeling off the epidermis.
This could be a reason why there were no BMDCs in the epidermal
sheets.

An advantage of using the epidermal sheets is that epidermal
cell suspension prepared from epidermal sheets allows us to
perform flow cytometry which could quantify and obtain the cells
of interest in total cells by using various antibodies against proteins
on the cell surfaces. In contrast, it is much more difficult to obtain
single cell suspension from whole skin because dermis consists of
connective tissue which is consists of collagen, elastic fibers and
extracellular matrices [15]. For those reasons, the epidermal sheets
are generally preferred to whole skin in order to prepare single cell
suspension. In particular, ear skin is the most intensively examined
as dermis and subcutaneous fat is so thin that the chances of their
contamination are lower than other regions.

The epidermis-dermis junction is anatomically a unique region
where basement membrane lies between epidermis and dermis,
and the basement membrane should be enzymatically digested
prior to peeling out the epidermis from dermis. We used dispase in
this experiment as it is commonly used. However, this enzyme
lacks an ability to digest laminin, a component of basement
membrane although fibronectin and type IV collagen, both of
which are components of the basement membrane,can be digested
[16,17]. As a result, dispase digestion is usually heterogeneous, and
therefore physical force must be required to peel out the epidermis
from dermis for the preparation for epidermal sheets. In other
words, BMDCs residing in the epidermis in the vicinity of dermis
are mechanically stretched out during the peeling of epidermis.
Trypsin, a serine protease, is also commonly used to separate
epidermis from dermis, followed by triturating epidermal sheet
into single cells to make the epidermal cell suspension [19]. This
enzyme makes it possible to separate epidermis from dermis by
digesting specifically heparin sulfate proteoglycan, another
component of basement membrane but not laminin and type IV
collagen [18].

Inflammation is often concomitant with a recruitment of
BMDCs while potent stimuli have been thought to be required to
cause the epidermal inflammation [1,2,20]. In this regard, IR at
~10 Gy has been thought not to be potent enough to induce
inflammation as no obvious dermatological symptoms (such as
erythema, desquamation and thickening of the skin) was
induced in rodents [21]. However, recent technological devel-
opment in science found that 4e8 Gy of IR was able to induce
apoptosis in mouse hair bulb cells in vivo. Likewise, IR doses less
than 2 Gy was potent enough to perturb the expression patterns
of secreted proteins in the human skin [22,23]. Interestingly, the
alterations in inflammatory protein profiles in response to less
than 0.1 Gy was found to be identical to that by higher-dose,
2 Gy, of IR [24]. Consistently, this study demonstrated that IR
at ~10 Gy induced inflammation, as evidenced by the presence of
K6-positive keratinocytes, in the epidermal-dermis junction
where BMDCs were recruited. Taken together, low-doses of IR
are likely capable of inducing subtle inflammation in the mouse
skin. Such inflammation could account for the BMDC migration
in this study.

A potential mechanism for inflammation-induced BMDCs entry
in the epidermis is that chemokine (CeC motif) ligand 2 (CCL2) and
CCL7 secreted by inflamed keratinocytes force BMDCs expressing
CCR2, a receptor for CCL2 [1]. Recently, inflammatory keratinocytes
in the epidermis of hair follicles has been shown to regulate the
entry of BMDCs by secreting CCL1, 8, and 20 as well as CCL2 [20].
Therefore, some of these chemokines appear to play important
roles on the recruitment of BMDCs by IR.

In summary, we demonstrated that low grade IR could recruit
BMDCs into the epidermal-dermis junction in concomitant with
mild inflammation.
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