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Summary: Analysis of the structural changes and cell-to-cell interactions occurring during wound healing of
burn injuries is essential to elucidate the morphological characteristics of the reconstitution of tissue architecture.
However, conventional approaches do not provide sufficient information with respect to cell-to-cell interactions
during wound healing. The aim of this study was to evaluate the interaction between bone marrow-derived cells
and resident stromal cells throughout the wound healing of burn injuries, using immunohistochemistry and focused
ion beam/scanning electron microscope tomography. We induced third-degree burn injuries on the backs of
Wistar rats with a heated cylindrical aluminum block (2.0 cm in diameter). At 7 and 14 days after the burn inju-
ries, the burned skin was immunostained with anti-Ibal and anti-HSP47 antibodies for visualization of bone mar-
row-derived cells/macrophages and resident stromal cells/fibroblasts, respectively. Normal skin tissue was used
as a control. Double-staining immunohistochemistry revealed frequent contacts between macrophages and fibro-
blasts and a higher contact ratio in the 3 normal skin compared with burned skin, particularly in the areas of granu-
loma. Three-dimensional ultrastructural analysis with focused ion beam/scanning electron microscope tomogra-
phy revealed that macrophages and fibroblasts were located closer together in the normal skin than in the burned
skin, confirming the analysis by light microscopic observations and ultrastructural analysis from single sections.
These results highlight the importance of contact between macrophages and fibroblasts in the maintenance of
skin tissue structure and during wound healing.

Key words burn injury, contact ratio, focused ion beam/scanning electron microscope tomography, immuno-
histochemistry, wound healing

Inflammatory mediator cells have been reported to

INTRODUCTION
¢ play a role in wound healing [1-7]. In general, inflam-

Following burn injury, damaged skin initiates heal-
ing processes to restore its integrity, which can be
divided into three main phases: (1) inflammatory, (2)
proliferative, and (3) remodeling [1,2]. Within each
phase, a myriad of orchestrated reactions and interac-
tions between cells and chemical factors occur [1-3];
however, there is considerable overlap between each
phase, making them difficult to clearly delineate.

mation is observed in the wound area at 3-5 days after
injury. During the later stages of inflammation, mac-
rophages migrate into the wound and phagocytose the
necrotic tissue and apoptotic neutrophils. At 14-21
days after injury, during the proliferative phase, mac-
rophages migrate into the lesion, release cytokines,
and stimulate fibroblast proliferation. In this phase, the
extent of contact between macrophages and fibrob-

Corresponding author: Kei-ichiro Nakamura, Department of Anatomy, Kurume University School of Medicine 67 Asahi-machi, Kurume city, Fukuoka, Japan
830-0011. Tel: +81-942-31-7541 Fax: +81-942-31-7555 E-mail: ana2nkmr@med.kurume-u.ac.jp

Abbreviations: ECM, extracellular matrix; FIB, focused ion beam; HSP47, heat shock protein 47; Ibal, ionized calcium-binding adapter molecule 1; PBS,
phosphate-buffered saline; PFA, paraformaldehyde; SEM, scanning electron microscopy; TEM, transmission electron microscopy; 3D, three-dimensional



60 OKAETAL.

lasts may mediate important signal transduction
between these cells. Previous studies have described
the modes of cell attachment and expression patterns
of adhesion molecules based on immunological events
after burns and mechanical injuries. Most of these
studies examining cell-to-cell interactions and expres-
sion of intercellular adhesion molecules at the wound
area have been performed using transmission and scan-
ning electron microscopy (TEM and SEM, respec-
tively) [8,28]. However, such classical two-dimen-
sional observations of single sections at the
ultrastructural level by TEM and tissue surface obser-
vations by SEM are not sufficient for a detailed eval-
uation of the cell-to-cell interactions of the entire
structure.

Therefore, in the present study, we evaluated the
histological changes that occur during wound healing
of third-degree burn injuries in rats using immunohis-
tochemistry and three-dimensional (3D) analysis with
focused ion beam (FIB)/SEM tomography. The latter
method could provide detailed ultrastructural informa-
tion on the specimens at a higher resolution than pos-
sible with light microscopy and over a wider area than
is feasible to visualize with ordinary TEM.

MATERIALS AND METHODS
Animal burn injury model

Nine male Wistar rats (10 weeks old, 310-360 g)
were used to establish the burn model in this study.
The rats were obtained from Kyushu Doubutsu Co. in
accordance with the guidelines established by the In-
stitutional Animal Committee of Kurume University
School of Medicine. Animals were divided into 3
groups: normal control, 7 days after injury, and 14 days
after injury. These time points were selected because
they represent the transition from the inflammatory to
proliferative phase of healing.

All experiments were performed when the animals
were under deep anesthesia using diethyl ether and so-
dium pentobarbital (50 mg/kg). After the backs of the
rats were shaved, an aluminum cylindrical block (2.0
cm in diameter) was heated in boiling water and placed
onto the back of each animal for 20 s to cause the burn
injury [10-13]. To avoid dehydration and infection, the
wounds were covered with antibiotic ointment and ar-
tificial dermis (Terdermis, Thermo Scientific, Tokyo,
Japan). The animals were allowed to move freely in
their cages after surgery.

Immunohistochemistry/light microscopy

A total of six rats were used for immunohistochem-

ical and light microscopy analysis. The targets, ion-
ized calcium-binding adapter molecule 1 (Ibal) and
heat shock protein 47 (HSP47), were chosen as mark-
ers of macrophages and fibroblasts, respectively. Ibal
was originally used as a marker for microglia but was
recently recognized as a pan-macrophage marker [19-
20], and has been widely used to identify macrophages
within burned skin [21-22]. On the other hand, HSP47
is a 47-kDa heat shock protein that acts as a collagen-
specific molecular chaperone [14-16], and was chosen
for identification of fibroblasts rather than the com-
monly used fibroblast marker alpha-smooth muscle
actin, because we aimed to identify all fibroblasts rather
than only myofibroblasts [17-18]. In addition, alpha-
smooth muscle actin antibody immunostaining may
be less specific, with potential to also stain the vascu-
lar smooth muscle cells in the granuloma tissue. After
7 or 14 days, skin sections from the backs of the rats
containing the wounds areas were obtained after fixa-
tion by transcardial perfusion with 2% paraformalde-
hyde (PFA) (pH7.4) in phosphate-buffered saline
(PBS) (pH 7.4) followed by incubation with heparinized
(10 U/mL) saline. Resected specimens were immersed
overnight in 30% sucrose in PBS and subsequently em-
bedded and frozen in optimum cutting temperature
compound (Sakura Tissue-Tek, Tokyo, Japan). Frozen
specimens were cryosectioned into 10-um-thick sec-
tions, and mounted on glass slides coated with poly-L-
lysine. The sections were washed three times with PBS
and blocked using a solution containing 1% gelatin
and 0.1% Triton X-100 in PBS. The tissues were then
incubated with rabbit anti-Ibal antibody (1:5000 dilu-
tion; Wako, Osaka, Japan) and mouse anti-HSP47 an-
tibody (1:1000 dilution; clone M16.10A1; Enzo Life
Science, Farmingdale, NY, USA) overnight at 4°C.
After three washes in PBS (pH 7.4), the sections were
allowed to react with a secondary antibody mixture
comprising goat anti-mouse IgG conjugated with Al-
exa488 Fluor (1:400 dilution, Molecular Probes, Eu-
gene, OR, USA) and goat anti-rabbit IgG conjugated
with Alexa568 Fluor (1:400 dilution; Molecular Probes)
for 2 h at room temperature. Nuclei were counterstained
with 4’-6-diamino-2-phenylindole. The processed sec-
tions were then observed under a confocal laser-scan-
ning microscope (FV-1000; Olympus, Tokyo, Japan)
at 600X magnification, and images were recorded.
The macrophages and fibroblasts identified to be Ibal-
immunoreactive (IR) and HSP47-IR at the wound ar-
eas were analyzed.

For semi-quantitative analysis of the contact ratio
between macrophages and fibroblasts, 30 fields of view
in the images were randomly selected from each der-
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mis section (normal, and 7 and 14 days after injury).
The numbers of Ibal-IR and HSP47-IR cells were
counted, and the contact ratio between these cells was
calculated as the number of contact points between the
two signals divided by the total number of Ibal-IR and
HSP47-IR cells, using Image J software (National In-
stitutes of Health, Bethesda, MD, USA).

FIB/SEM tomography

Three rats were used for the ultrastructural analy-
sis of normal skin and burn injury tissues with electron
microscopic resolution. Tissues were transcardially
fixed with 4% PFA in 2.5% glutaraldehyde, further
fixed in the same fixative after resection, and then post-

Normal

fixed using a combination of the ferrocyanide-reduced
osmium method and the osmium-thiocarbohydrazide-
osmium method to enhance membrane contrast, as
follows [23]. After three washes in cacodylate buffer,
the specimens were post-fixed for 2 h in a solution
containing 2% osmium tetraoxide and 1.5% potassium
ferrocyanide in cacodylate buffer at 4°C. The speci-
mens were then washed three times with distilled wa-
ter and immersed in 1% thiocarbohydrazide solution
for 1 h.

After five washes with distilled water, the speci-
mens were further immersed in 2% osmium tetraoxide
in distilled water. After washing three times with dis-
tilled water, the specimens were en bloc-stained in a

14 days post-injury

Fig. 1. (a-c) Light microscopic images of burned tissue sections stained with hematoxylin and
eosin. Images from the left to right are from normal skin, burned skin at 7 days post-injury, and
burned skin 14 days post-injury. At 7 days post-injury, infiltration of inflammatory cells was con-
firmed at the border between necrotic tissue and granulation tissue. At 14 days post-injury, the num-
bers of inflammatory cells was reduced more than observed in normal skin. Furthermore, the eosin-
positive area had increased compared to that in normal skin. Scale bar = 0.5 mm. (e-i)

Immunostaining of burned tissue with monoclonal antibodies. Red: HSP47 (fibroblasts); green:
IBA-1 (macrophages). At 7 days post-injury, both types of cells had infiltrated the border between
the necrotic tissue and granulation tissue, especially around the blood vessels. At 14 days post-
injury, granulation tissue occupied the upper region of the wound area, and the collagen fiber bun-
dles appeared at the lower region of the wound area.
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solution of 4% uranyl acetate dissolved in a 25% meth-
anol solution overnight for contrast enhancement. Af-
ter washing with distilled water, the specimens were
dehydrated in an ethanol series (25%, 50%, 70%, 80%,
90%, and twice at 100% for 10 min each) followed by
infiltration with an epoxy resin (EPON 812, TAAB,
England, UK) and polymerization for 72 h at 60°C
[23]. The resin blocks were trimmed down into a 2 X
5 mm area, and one surface was exposed using a dia-
mond knife. The exposed surface, referred to as the
block surface, was then coated with a thin layer of evap-
orated carbon to prevent charging and examined for
backscattered electron imaging using field emission-
SEM (Quanta 3D FEG FEI, the Netherlands). Serial
images of the block face were acquired by repeated
cycles of sample surface milling and imaging using
Slice & View G2 operating software (FEI). For the re-
construction, the milling pitch of each image was set
at 100 nm/cycle and the total size of the reconstruction
volume was 100 X 100 X 60 um. Specimen surface
milling was performed with a gallium ion beam at 30
kV with a current of 100 pA. The image acquisition pa-
rameters using SEM were as follows: beam current =
46 pA, dwell time = 10 us/pixel, image size = 2048 X
1768 pixels, (93.2 X 80.4 um), pixel size = 45.5 nm/
pixel. The resulting image stack was analyzed using
Avizo 6.3 software (VSG Inc., Bordeaux, France).

Statistical analysis

Data for the number of IR cells and the contact ratio
between Ibal-IR and HSP47-IR signals in the immno-
histochemical analysis are presented as means =+ stand-

Normal

7 days post-injury

ard error of the means and were analyzed by Kruskal-
Wallis and Wilcoxon tests for multiple comparisons
using JMP 10.0 for Windows (SAS Institute, Inc.,
Cary, NC, USA). Differences with p-values of less
than 0.05 were considered statistically significant.

RESULTS
Immunohistochemical analysis of cell morphology

Infiltration of inflammatory cells into the border
between granuloma tissue and necrotic tissues was
confirmed through light microscopy of hematoxylin
and eosin-stained samples collected 7 days after burn
injury. Furthermore, the eosin-positive area increased
at 14 days after burn injury (Figs. la—c).

In samples collected at 14 days after burn injury,
compared to the normal skin, the number of inflamma-
tory cells and Ibal-IR signals had decreased (Fig. 1f),
and the necrotic areas were reduced, whereas the
number of HSP47-IR signals had increased in the
burned skin (Fig. 11).

Double immunohistochemical staining for assessment
of contact between Ibal-IR and HSP47-IR

Ibal-IR and HSP47-IR signals were frequently situ-
ated in close proximity in the normal skin samples
(Figs. 2a). However, in the burned skin samples, the
contact ratio for the two types of IR signals decreased
at 7 days and was lowest at 14 days (Fig. 2b and 2c).

Semi-quantitative analysis of the contact ratio between
Ibal-IR and HSP47-IR

14 days post-injury

Fig. 2. Double immunochemical staining of normal skin and burned skin at 7 and
14 days post-injury. Red: HSP47 (fibroblasts); green: IBA-1 (macrophages); blue:

DAPI (nucleus, arrows)

The contact ratio between IBA-1-positive cells and HSP47-positive cells was
high in normal skin. In burned skin at 7 days post-injury, the macrophages—fibrob-
lasts contact ratio was lower in the burned area than in the normal area. In burned
skin at 14 days post-injury, the macrophages—fibroblasts contact ratio was higher

than that at 7 days post-injury.
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Fig. 3. Boxplot graphs showing (a) The numbers of mac-
rophages (green) and fibroblasts (red) at 7 and 14 days fol-
lowing the burn injury. (b) The contact ratio of dermal
macrophages and fibroblasts at each time point after a
burn injury. The contact ratios of macrophages and fibrob-
lasts decreased gradually (P < 0.01).

At 7 days after burn injury, the number of both
Ibal-IR and HSP47-IR signals both increased in the
burned injury skin compared to that in normal skin,
but only the difference for Ibal-IR signals was statisti-
cally significant (P < 0.01). However, at 14 days after
injury, the number of Ibal-IR signals in the burned
skin showed a decrease compared to that observed in
normal skin (P = 0.068), whereas

HSP47-1R signals were significantly enhanced in
the burned skin compared to that in normal skin (P<
0.01; Fig. 3a).

The contact ratio for Ibal-IR and HSP47-IR sig-
nals was significantly greater in normal skin (P <0.01),
and showed a proportion decrease with length of time
after injury, with ratios of 12.55%, 6.79%, and 1.24%

for normal skin, at samples at 7 and 14 days after in-
jury, respectively (Fig. 3b).

FIB/SEM tomographic analysis of cell morphology
and cell-to-cell contact

Images obtained from FIB/SEM tomography
showed reticular layers of the dermis in normal skin,
and around newly formed vessels in the granuloma of
burned skin. In the reconstructed images, cells with
lysosome-rich cytoplasm were identified as macro-
phages, and cells with long cellular processes and en-
doplasmic reticulum-rich cytoplasm were identified as
fibroblasts. Collagen fibers were closely packed in
normal skin, but were sparse in burned skin. Two-di-
mensional images of single sections showed that the
cells made contact in both normal skin and burned
skin. The 3D images obtained via FIB/SEM tomogra-
phy revealed large areas in which macrophages and
fibroblasts were in contact. In normal skin, the contact
area was broad and smooth, whereas that in burned skin
was narrow and sharp. However, junctional structures
such as desmosomes and gap junctions were not iden-
tified in any samples (Fig. 4).

DISCUSSION

In this study, we aimed to evaluate the interaction
between Ibal-IR (as a macrophage marker) and HSP47-
IR (as a fibroblast marker) throughout the two main
phases of burn healing. The degree of contact between
macrophages and fibroblasts was reduced in burned
skin compared with that in normal skin, highlighting
the importance of contact between these cells for the
maintenance of skin tissue during wound healing.

During wound healing of burn injuries, granula-
tion tissue appears at the wounded areas, which con-
tain newly formed vessels, macrophages, fibroblasts,
and extracellular matrix (ECM) [1,6,7]. Macrophages
play important roles in the healing process because of
their ability to secrete various types of cytokines and
chemokines. In addition, macrophages can migrate into
the wound within 48-96 h after injury to help neu-
trophils complete debridement in order to terminate
the inflammatory response [2]. Both the ECM, includ-
ing type Il collagen, and the number of fibroblasts have
been reported to increase in burned skin at 7 days after
injury [1-6]. Furthermore, at 14 days after injury, my-
ofibroblasts, which express alpha-smooth muscle ac-
tin and have the capacity for active motility, have also
been observed at the edge of the granulation tissue [7].

In the present study, double immunohistochemical
staining and concomitant statistical analysis confirmed
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(b)

Fig. 4. A series of scanning electron microscope (SEM) images are shown on the
left, and the images reconstructed from three-dimensional focused ion beam/scan-
ning electron microscope tomography are shown on the right. The images on top are
from normal skin, and the images on the bottom are from burned skin. The space
between the SEM images is 1.5 um. Green indicates macrophages, red indicates
fibroblasts, and yellow indicates the contact area. Scale Bar, 5 ym.

Normal 7 days post-injury 14 days post-injury

the results obtained from a previous study, showing that
the numbers of immune cells and fibroblasts in the
normal dermis (excluding the blood vessels and nerve
bundles) are similar, revising the previous notion that
the main constituent of the dermis is fibroblasts [2-6].

We also clearly revealed the dynamics of the con-
tact ratios between normal and burned skin; the num-
bers of Ibal-immunopositive macrophages increased
significantly at 7 days after burn injury and then de-
creased at 14 days, whereas the number of HSP47-
immunopositive fibroblasts increased gradually until
day 14. We assumed that the histopathological features
observed at 7 days after burn injury represent the tran-
sitional phase from the inflammatory phase to the pro-
liferative phase, while those at 14 days after injury
represented the peak of the proliferative phase. This,
together with data from previous reports [ 1-6], encour-

aged us to choose these two time points of 7 and 14
days after burn injury for evaluating the cytological
characteristics of these two phases during recovery
from burn injuries.

Thus, to examine the importance of cell-to-cell in-
teraction or direct attachment between macrophages
and fibroblasts, we focused on the contact ratio between
these cells as a measure of cell-to-cell interaction. Pre-
vious studies have mostly evaluated the role of cell-to-
cell interactions in burn injuries based on TEM and
SEM as well as analysis of intercellular adhesion mol-
ecules in wounded areas [8-10]. For example, Stein-
hauser et al. [9] observed significant upregulation in
the chemokine macrophage inflammatory protein 1-al-
pha in a co-culture system consisting of macrophages
layered over confluent fibroblasts. On the other hand,
White et al. [10] reported that the expression levels of
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transforming growth factor-beta-1, vascular epidermal
growth factor, and type I collagen mRNA significantly
increased in fibroblasts after incubation with macro-
phage cultures.

These findings indicate that the transmission of
specific information from macrophages to fibroblasts
is essential in normal skin and that this activity is re-
duced at the proliferative phase. Moreover, such infor-
mation transmission appears to be important for main-
taining integrity of the connective tissue [8-10]. The
present study provides the first quantitatively compar-
ison of the contact ratio of macrophages and fibrob-
lasts between normal skin and burned skin. This factor
may provide important insights into the mechanisms
involved in the restoration of connective tissue.

The particular mode of cell-to-cell contact is also
an important factor to consider with respect to healing
in addition to the degree of contact. However, techni-
cal limitations have thus far prevented the study of
these features in detail. Furthermore, two-dimensional
images of single sections are generally inadequate for
determining the entire structure of the focal contact
between these cells, even regarding simple matters
such as whether or not the contact areas are large or nar-
row. In the present study, we were able to observe the
3D structures of cell-to-cell contacts using FIB/SEM
tomography, and revealed the 3D mode of cell-to-cell
contact between macrophages and fibroblasts at the
ultrastructural level. The consequent 3D images ena-
bled us to analyze the spatial morphological relation-
ships of cell-to-cell interactions, because we could
clearly visualize a wider area than possible using TEM
[26]. Therefore, we were able to reconstruct the 3D
morphology from serial images, which permitted re-
construction at the level of the desired angle to obtain
an optimal two-dimensional view with which to reveal
the fine structure of the specimens.

The normal structure of the dermis from human
specimens was previously described with the FIB/
SEM technique. Recently, Cretoiu et al. [27] used FIB/
SEM tomography to describe the structure of human
skin telocytes, which provide a winding path from the
interstitial cells of Cajal. However, only normal skin
tissue was analyzed, and burned skin was not assessed
or compared. In the present study, the 3D images
showed that the mode of contact between macrophages
and fibroblasts in burned skin was narrow and showed
a pattern of point-to-point contact in some cases; the
SEM images demonstrated close contacts between the
two cell types. Moreover, FIB/SEM tomography
showed that the contact area was much larger in the
normal skin than in burned skin, suggesting that cel-

lular contact is advantageous to signal transduction.
Shekhter et al. [8] reported an interaction between mac-
rophages and fibroblasts in granuloma tissue. Thus,
the results of our study differ from this previous re-
port; this apparent conflict may be associated with tech-
nical differences. In particular, their study involved
precise observations of several single sections, whereas,
we obtained 3D images of whole cells using FIB/SEM
tomography.

Evidence that has accumulated to date points to
the general importance of close cell-to-cell apposition
or contact and gap junctional connections for main-
taining tissue structure and function [28,29]. Unfortu-
nately, we were not able to confirm the detailed struc-
tures of the attachments or gap junctions in this study;
thus, future studies are needed to determine the micro-
structures of collagen attachments.

In conclusion, we demonstrated that the contact
ratio and mode of contact between macrophages and
fibroblasts differed between normal and burned skin,
indicating that the mode of contact might serve a spe-
cific function in skin maintenance or wound healing.
This factor presumably reflects the mechanisms under-
lying the transmission of specific information via the
catabolism and biosynthesis of connective tissue, par-
ticularly collagen fibers, carried out in normal skin.
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