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ABSTRACT
The aim of the study was to evaluate the potential of autologous bone marrow-derived nucleated cells to
enhance the rate of healing of full-thickness excisional skin wounds in rabbits. The study was conducted on 20
New Zealand white rabbits of either sex. Two, 2 × 2 cm full-thickness skin (thoracolumabar region) excisional
wounds were created; one on each side of the dorsal midline in each animal. The wounds were randomly
assigned to either injection of autologous bone marrow-derived nucleated cells into the wound margins (BI), or
topical application of sterile saline solution (normal saline, NS), which served as control. The wound healing was
assessed by evaluation of granulation tissue formation, wound contraction, epithelisation and histopathological
and histochemical changes up to 28 days after creation of the wound. Granulation tissue appeared significantly
faster in BI-treated wounds (3.22 ± 0.22 days) than in NS-treated wounds (4.56 ± 0.47 days). Better epithelisation
was seen histologically in BI wounds than in NS-treated wounds. Wound contraction was significantly more in BI
wounds when compared with NS wounds on 21 post-surgery. Histopathological examination of the healing tissue
showed early disappearance of inflammatory reaction, significantly more neovascularisation, and more fibroplasias
and early lay down and histological maturation of collagen in BI wounds than in control wounds. It was concluded
that injection of autologous bone marrow-derived nucleated cells in the wound margins induced faster and better
quality healing of excisional skin wounds in rabbits when compared with normal saline. The injection of autologous
bone marrow-derived nucleated cells can be used to promote healing of large full-thickness skin wounds in rabbits.
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INTRODUCTION
There are four stages of the process of wound
healing, that is, inflammation, debridement,
repair and remodelling, and maturation, which
are clearly differentiated from each other
but overlap in time (1). Despite appreciable

Key Points

• despite appreciable advances in
understanding the basic princi-
ples of wound healing, prob-
lems in wound healing continue
to cause significant morbidity
and suffering in animals advances in understanding the basic principles

of wound healing, problems in wound healing
continue to cause significant morbidity and
suffering in animals. Bone marrow-derived
stromal cells (BMSCs) exhibit extraordinary
degree of plasticity and growth factor reper-
toire (2). Experimental study in mice suggested
that adult bone marrow cells gave rise to
epidermal keratinocytes, follicular epithelial
cells, sebaceous gland cells, dendritic cells,
and endothelial cells after transplantation (3,4).
In addition, treatment with BMSCs increased
the expression of growth factors critical to
proper repair and regeneration of the dam-
aged tissue (5,6). Researchers have also noted
that bone marrow-derived mesenchymal stem
cells when injected around the wound or
applied to the wound bed of in excisional

Key Points

• two full-thickness skin wounds
(2 × 2 cm) including subcuta-
neous tissue, one on each side
of the midline, were excised in
each animal

• in one group of wounds bone
marrow cells were injected sub-
cutaneously around the wound
edges

• in another group of wounds,
normal saline was applied topi-
cally by using a piece of sterile
cotton gauze

wounds significantly enhanced wound heal-
ing in normal and diabetic mice (7). Clinical
trials in people suggested that bone marrow-
derived cells (BMDCs) applied directly to non
healing chronic wounds of greater than one
year’s duration led to dermal rebuilding and
healing (8).

The purpose of the study reported here
was to test the hypothesis that bone marrow-
derived nucleated cells injected into the wound
margins in excisional wounds of rabbits can
enhance the rate of wound healing.

METHODS
Animals
Twenty clinically healthy New Zealand white
rabbits of either sex, weighing from 920 to
2300 g (mean weight 1487 ± 377·54 g) and
between 3 and 6 months of age, were used. The
Institute Animal Ethics Committee of Indian
Veterinary Research Institute Izatnagar, India
approved the study. All the animals were
procured from Laboratory Animals Research
(LAR) section, Animal Genetics Division of
Indian Veterinary Research Institute, Izatnagar
(UP), India. Animals were housed individually,
provided with commercial diet and water
ad libitum and maintained under uniform
conditions. Animals were acclimatised to

approaching and handling for a period of
10–15 days before the start of the study.

Animal preparation
Wound creation and bone marrow aspiration
were carried out aseptically under general
anaesthesia using xylazine (6 mg/kg intramus-
cularly) followed, 10 minutes later, by ketamine
(60 mg/kg intramuscularly). Anaesthesia was
maintained by additional dose of intravenous
ketamine, if required. Enrofloxacin (5 mg/kg
intravenously) and meloxicam (0·2 mg/kg
intravenously) were administered preopera-
tively in all the animals. The animals were
restrained in lateral recumbency for collection
of bone marrow aspirate and in sternal recum-
bency for creation of experimental wounds.
For the purpose of bone marrow collection and
creation of wounds, the antero-medial aspect
of each proximal tibia and the dorsum (thora-
columbar region), respectively, were prepared
for aseptic surgery.

Bone marrow aspiration and separation
of nucleated cells
Aspiration of bone marrow was done under
aseptic condition from the tibial metaphysis.
An 18-gauge biopsy needle was inserted with
little force through the skin and muscle of
anteriomedial aspect of proximal tibia. Once
the needle (with stylet in place) had contacted
with the bone, it was advanced further deep
by rotating it slowly with steady pressure
until the cortical bone was penetrated and the
marrow cavity was entered. Usually a sudden
change to the penetration force of the needle
was felt at this point, which indicated that the
needle was in the marrow cavity. The stylet
of the biopsy needle was removed and it was
connected to a 10-ml syringe containing 1000
IU of heparin and a negative pressure was
applied by forcefully pulling back the plunger.
Approximately 2·5 ml bone marrow aspirate
was collected from each tibia. Bone marrow-
nucleated cells were collected from the marrow
aspirate by volume reduction centrifuge ‘buffy
coat’ protocol (9). While collecting the buffy
coat, it was ascertained that no trace of
buffy coat was left in the tube and even
a small quantity of plasma with red blood
cells (RBCs) was aspirated along with buffy
coat. It was recentrifuged for 10 minutes
at 313 g to further reduce the volume. The

250 © 2010 The Authors. Journal Compilation © 2010 Blackwell Publishing Ltd and Medicalhelplines.com Inc



Autologous bone marrow-derived nucleated cells for healing

concentrated nucleated cells were mixed with
0·5 ml phosphate buffered saline (PBS) for
application to the wounds.

Bone marrow-nucleated cell count
Bone marrow-nucleated cell count (BMNC)
cells were counted randomly in two samples
to have an estimate of the number of cells
being transplanted to the site of wound. The
buffy coat was collected and diluted with PBS
and centrifuged at 1252 g for 10 minutes. The
PBS was removed by decanting and aspiration,
and the pelleted cells at the bottom with some
RBCs were diluted four times and centrifuged
at 4000 rpm for 10 minutes. Resuspension of
the pelleted cells and counting were as per the
method described by earlier researchers (10).
The average number of cells counted by this
method was 1·4 × 108 cells/ml.

Wound creation
Using a clean transparency sheet template
and a permanent marker, the vertices of the
experimental wounds of 2 × 2 cm dimensions
were outlined on the dorsolumbar region of
the rabbits. Two full-thickness skin wounds
including subcutaneous tissue, one on each
side of the midline, were excised with a #11
BP blade in each animal. The wounds were
created 2 cm away from the midline on the
two sides of the dorsum. The wounds were
created at the same location on the trunk of
each animal regardless of the differences in the
body size. Haemorrhage, if any, was controlled
by applying pressure with sterile cotton gauze.
The two treatments bone marrow-derived
nucleated cells into the wound margins (BI)
and normal saline (NS) were assigned to the
wounds randomly. In the wounds designated
as BI group, bone marrow cells diluted
with 0·5 ml of PBS were loaded in a 1-ml
sterile syringe and the contents of the syringe
were then injected subcutaneously around the
wound edges through a 26 G hypodermic
needle. In the wounds designated as NS group,
normal saline was applied topically using a
piece of sterile cotton gauze. These wounds
were taken as control. The antibiotic and
an anti-inflammatory-analgesic (meloxicam)
were administered in all the animals for
three consecutive days after the surgery.
The animals were observed for restlessness,
dullness, loss of appetite, panting, vocalisation

and elevated respiratory and heart rates, if
any, for 1 week and for wound healing up to

Key Points

• grossly, the granulation tissue
appeared significantly faster
in wounds treated with BI
than control group. Wound
contraction was also faster in BI
wounds when compared with
control wounds

28 days.

Evaluation of wound healing
Granulation tissue

Granulation tissue evaluation was performed
daily up to day 7 and then on days 14, 21 and
28 after surgery and categorised with some
modifications as: (1) no granulation tissue seen,
(2) granulation tissue depressed below the
skin edge, (3) granulation tissue proliferated
to the level of skin edges, (4) granulation tissue
elevated above skin edges and (5) granulation
tissue elevated above skin edges, projecting
over the advancing border of epithelium (11).
A granulation score of 3 was considered better
than 4 or 2, which were considered better than
5 or 1.

Time of appearance of granulation tissue was
recorded as the first day when the granulation
tissue was observed.

Wound contraction

Wound contraction was calculated on 3rd,
7th, 14th, 21st and 28th postoperative days
as a percentage reduction in wound area.
Progressive decrease in the wound area was
monitored periodically by tracing the wound
margin on a tracing paper and the area assessed
by using graph paper. The total open wound
area at each tracing was subtracted from that
of the initial tracing to determine the area
of contraction and epithelisation during the
period since wounding. The area of contraction
since wounding was divided by the total
wound area of the initial wound tracing and
multiplied by 100 to calculate the percentage
of wound contraction (12,13). The wound area,
percentage and the mean percentage of wound
contraction were calculated in four animals
for each interval for both groups of wounds.
These four animals were then used for biopsy
collection and excluded from the study.

Time of complete healing

Time of complete healing was recorded as the
day on which wound healed completely. Heal-
ing was considered complete when epithelium
covered the entire wound and the area of
the remaining granulation tissue was zero (11).
The number of days required for each type of
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wound to heal completely was recorded and
mean days to complete healing were calculated

Key Points

• bone marrow also contains mes-
enchymal stem cells (BMSCs)
that secrete a large number of
growth factors and cytokines,
which are critical to the repair
of injured tissues

• BMNCs, which were injected
into the wound margins, might
have differentiated into myofi-
broblasts and fibroblasts that
resulted in significantly early
and fast wound contraction and
early closure of full-thickness
wounds

for both treatment wounds.

Histomorphological and histochemical
evaluation

Full-thickness skin tissue samples, including
about 1-cm normal skin around the healing
wounds from both treatment group, were
collected from four animals each on 3rd,
7th, 14th, 21st and 28th postoperative days.
After collection of tissues, these wounds
were repaired by suturing and the animals
were excluded from the study. The tissues
were fixed in 10% buffered formalin. After
fixation, the tissues were processed by paraffin-
embedding technique to obtain 4–5 μm thick
paraffin sections. The sections were stained
with haematoxylin and eosin (H&E) stain
as per the standard procedure (14). The
H&E sections were evaluated microscopically
by using histological scoring system with
some modifications (15,16). The histological
parameters viz. epithelisation, inflammation,
fibroblast were scored 1–4 (1 standing for
best similarity to normal skin and 4 for
least similarity) and neovascularisation-score:
1, resembling normal skin, 0–1 new blood
vessels; 2, mild, 2–5 blood vessels; 3, moderate,
6–10 blood vessels and 4, severe, greater than
10 new blood vessels.

Time of epithelisation was recorded as
the day when the epithelium was seen
histologically for the first time. The duplicate
sections of both types of wounds were
stained using special staining techniques viz.
Masson’s Trichrome stain (17) for detection
and grading of collagen fibres in the healing
wound. The scoring (18) was done as follows:
collagen fibre: density-score: 1, denser, 2,
dense and 3, less dense; thickness-score: 1,
thicker, 2, thick and 3, thin; arrangement-score:
1, best arranged, 2, better, 3, worse and 4,
worst arrangement. The mean score of each
parameter was calculated for each treatment
group and compared.

Statistical analysis
The means of objective parameters were com-
pared by analysis of variance (ANOVA),
whereas data from subjective scorings were
compared by Kruskal–Wallis one-way
ANOVA (19). For each comparison, differences

between groups were considered significant at
P < 0·05.

RESULTS
Postoperatively, the animals appeared com-
fortable as evidenced by normal appetite and
behaviour and stable heart and respiratory
rates.

Granulation tissue

The time (day) of appearance of granulation
tissue was significantly (P < 0·05) less in BI-
treated wounds (3·22 ± 0·22 days) than that in
NS-treated wounds (4·56 ± 0·47 days) wounds.
No significant (P > 0·05) difference was seen in
the level of granulation tissue in the wounds
of the two treatment groups at different
intervals.

Epithelium

There was no evidence of epithelisation in
NS treatment wounds, whereas regenerating
epithelium was detected in one of four
wounds in BI wounds on day 3 after surgery.
Epithelium was evident histologically in the
sections taken from the centre of the wounds
in 75% and 100% of the wounds on days 7 and
14 postoperation, respectively, in both BI and
NS wounds.

Wound contraction

Although the original wound were created
measuring 2 cm × 2 cm dimensions, all the
wounds expanded to variable extents possibly
because of loose nature of skin of the dorsum in
rabbits; thus, after the surgery all the wounds
had an area in excess of 4 cm2 (Table 1).
However, there was no significant (P > 0·05)
difference in the mean of wound area between
the groups.

The wound area decreased gradually in both
treatment wounds and the rate of wound
although the rate of wound contraction was
faster in BI wounds when compared with
NS wounds from seventh day onwards. The
difference in wound area was significant
(P < 0·05) between BI and NS on day 21
postoperation where mean percent contraction
of 97·35% and 92·59%, respectively, was
recorded. By day 28, difference in the mean
wound size and percent contraction between
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Table 2 Number and percentage of wound healed completely
in excisional wounds of rabbits*

Treatments
Between 14 and
21 days (n = 8)

Between 21 and
28 days (n = 4)

NS 3/8 (37.50%) 3/4 (75.00%)
BI 6/8 (75.00%) 4/4 (100.00%)

BI, bone marrow-derived nucleated cells into the wound margins;
NS, normal saline.
∗n = number of wounds; number in the parenthesis indicates
percentage of wound completely healed.

the groups was not significant (P > 0·05), but
100% contraction was recorded in BI-treated
group only.

Time of complete healing

None of the wounds healed completely by 14th
day of surgery in two treatment groups. Of the
eight animals observed for wound healing, on
21st day after wounding, complete healing was
observed in 75% animals in BI treatment group
and in 37·5% animals of NS treatment group.
On 28th post-wounding day, the percentage of
completely healed wounds treated by BI and
NS were 100% and 75%, respectively, of the
four animals observed for wound healing at
this stage (Table 2).

Histomorphological and histochemical
evaluation
Day 3

Granulation tissues were wider and compact
in BI-treated wounds when compared with NS
(Figure 1.). The mean score values of inflam-
mation were significantly (P < 0·05) higher
(i.e. more inflammatory reaction) in the NS
group than that in the BI group. With regard
to neovascularisation, significantly (P < 0·05)
higher scores (i.e. more neovascularisation)
were recorded in BI-treated wounds than
in NS-treated wounds. Although statistically
insignificant, the mean score values for fibrob-
lasts were higher in BI than in control group
(Table 3).

Day 7

As on day 3 after surgery, there was sig-
nificantly (P < 0·05) more inflammatory reac-
tion in NS-treated wounds than the BI-treated
wounds. Higher mean score values for fibrob-
lasts and neovascularisation as well as denser

© 2010 The Authors. Journal Compilation © 2010 Blackwell Publishing Ltd and Medicalhelplines.com Inc 253



Autologous bone marrow-derived nucleated cells for healing

Ta
bl

e
3

M
ea

n
±

SE
sc

or
e

va
lu

es
of

hi
st

op
at

ho
lo

gi
ca

la
nd

hi
st

oc
he

m
ica

lp
ar

am
et

er
so

fe
xc

isi
on

al
w

ou
nd

so
fr

ab
bi

ts
in

va
rio

us
tre

at
m

en
tg

ro
up

sa
td

iff
er

en
ti

nt
er

va
ls*

Po
st

-w
ou

nd
in

g
da

ys

Da
y

3
Da

y
7

Da
y

14
Da

y
21

Da
y

28

Pa
ra

m
et

er
s

N
S

BI
N

S
BI

N
S

BI
N

S
BI

N
S

BI

Ep
ith

el
ia

lis
at

io
n†

4·0
0

±
0·0

0
3·7

5
±

0·2
5

2·5
0

±
0·5

0
2·7

5
±

0·4
8

2·5
0

±
0·5

0
2·0

0
±

0·0
0

3·0
0

±
0·0

0
3·0

0
±

0·0
0

3·7
5

±
0·2

5a
1·5

0
±

0·2
9b

In
fla

m
m

at
io

n‡
4·0

0
±

0·0
0a

3·0
0

±
0·0

0b
2·5

0
±

0·2
9a

1·2
5

±
0·2

5ab
2·5

0
±

0·2
9

1·0
0

±
0·0

0
2·2

5
±

0·2
5

1·5
0

±
0·2

9
1·5

0
±

0·5
0

1·0
0

±
0·0

0
Fi

br
ob

la
st

§
2·3

3
±

0·3
3

3·0
0

±
0·5

0
2·5

0
±

0·2
9

3·5
0

±
0·2

9
3·0

0
±

0·0
0

4·0
0

±
0·0

0
4·0

0
±

0·0
8

3·2
5

±
0·2

5
2·7

5
±

0·4
8

2·7
5

±
0·2

5
N

eo
va

sc
ul

ar
isa

tio
n‖

1·0
0

±
0·0

0a
2·5

0
±

0·2
9b

2·5
0

±
0·2

9
3·7

5
±

0·2
5

3·0
0

±
0·0

0
3·0

0
±

0·0
0

3·0
0

±
0·0

0
2·0

0
±

0·0
0

3·2
5

±
0·2

5a
1·5

0
±

0·2
9b

Co
lla

ge
n

fib
re

de
ns

ity
¶

3·0
0

±
0·0

0
3·0

0
±

0·0
0

2·7
5

±
0·2

5
2·2

5
±

0·2
5

2·5
0

±
0·2

9
2·5

0
±

0·2
9

2·7
5

±
0·2

5
2·0

0
±

0·0
0

2·7
5

±
0·2

5ab
1·5

0
±

0·2
9b

Co
lla

ge
n

fib
re

th
ick

ne
ss

∗∗
3·0

0
±

0·0
0

3·0
0

±
0·0

0
3·0

0
±

0·0
0

2·7
5

±
0·2

5
3·0

0
±

0·0
0

2·5
0

±
0·2

9
3·0

0
±

0·0
0

2·5
0

±
0·2

9
2·5

0
±

0·2
9a

2·0
0

±
0·0

0b

Co
lla

ge
n

fib
re

ar
ra

ng
em

en
t††

3·0
0

±
0·0

0
3·7

5
±

0·2
5

2·2
5

±
0·2

5
3·0

0
±

0·4
1

2·5
0

±
0·8

7
1·7

5
±

0·4
8

2·5
0

±
0·2

9
1·5

0
±

0·2
9

1·7
5

±
0·2

5
1·0

0
±

0·0
0

BI
,b

on
e

m
ar

ro
w

-d
er

ive
d

nu
cle

at
ed

ce
lls

in
to

th
e

w
ou

nd
m

ar
gi

ns
;N

S,
no

rm
al

sa
lin

e.
∗ Va

lu
es

of
th

e
tw

o
gr

ou
ps

di
ffe

rs
ig

ni
fic

an
tly

,i
fp

os
se

ss
di

ffe
re

nt
su

pe
rsc

rip
ts

w
ith

in
th

e
sa

m
e

ro
w

at
th

e
sp

ec
ifi

cd
ay

of
ob

se
rv

at
io

n
(P

<
0·0

5)
.

† Ep
ith

eli
ali

sa
tio

n
gr

ad
ed

as
:1

,r
es

em
bl

in
g

no
rm

al
sk

in
;2

,s
lig

ht
ly

th
ick

to
no

rm
al

sk
in

;3
,m

od
er

at
ely

th
ick

to
no

rm
al

sk
in

;4
,t

hi
ck

er
th

an
no

rm
al

sk
in

.
‡ In

fla
m

m
at

io
n:

1,
re

se
m

bl
in

g
no

rm
al

sk
in

;2
,m

ild
;3

,m
od

er
at

e;
4,

se
ve

re
.

§ Fib
ro

bl
as

t:
1,

re
se

m
bl

in
g

no
rm

al
sk

in
;2

,m
ild

;3
,m

od
er

at
e;

4,
se

ve
re

.
‖ Ne

ov
as

cu
lar

isa
tio

n:
1,

re
se

m
bl

in
g

no
rm

al
sk

in
,0

–1
ne

w
bl

oo
d

ve
ss

els
;2

,m
ild

,2
–5

ne
w

bl
oo

d
ve

ss
els

;3
,m

od
er

at
e,

6–
10

ne
w

bl
oo

d
ve

ss
el;

4,
se

ve
re

,>
10

ne
w

bl
oo

d
ve

ss
els

.
¶ Co

lla
ge

n
fib

re
de

ns
ity

(1
–3

):
1,

de
ns

er
;2

,d
en

se
;3

,l
es

sd
en

se
.

∗∗
Co

lla
ge

n
fib

re
th

ick
ne

ss
(1

–3
):

1,
th

ick
er

;2
,t

hi
ck

;3
,t

hi
n.

††
Co

lla
ge

n
fib

re
ar

ra
ng

em
en

t(
1–

4)
:1

,b
es

ta
rra

ng
ed

;2
,b

et
te

r;
3,

w
or

se
;4

,w
or

st
ar

ra
ng

em
en

t.

254 © 2010 The Authors. Journal Compilation © 2010 Blackwell Publishing Ltd and Medicalhelplines.com Inc



Autologous bone marrow-derived nucleated cells for healing

NS

Normal skin

BI

Figure 1. Photomicrographs showing healing pattern on day 3 wounds treated with normal saline (NS), and autologous bone
marrow-derived cells injected to wound margins (BI). Healing tissue in BI-treated wound was better with compact and wider
granulation tissue (arrows) than NS-treated wound (H&E sections 10×, day 3).

and thicker collagen fibres were recorded in
BI-treated wounds than in NS-treated wounds,
but the difference was not significant (P > 0·05)
(Table 3; Figure 2).

Day 14

In comparison with NS group, BI-treated
wounds had more dense and thick collagen
fibres and showed more fibroblasts of collagen
phenotype (Figure 2).

Day 21

The mean scores of inflammation, fibrob-
last, neovascularisation, collagen fibre density,
collagen fibre thickness and collagen fibre
arrangement were lower in BI-treated wounds
than in NS-treated wounds; but no signifi-
cant (P > 0·05) difference were found in mean
scores of any parameter between the treatments
(Table 3; Figure 3).

Day 28

Significant (P < 0·05) difference in the mean
scores values of neovascularisation, collagen
fibre density and thickness was recorded dur-
ing this period (Table 3). Better epithelisa-
tion was seen in BI-treated wounds than in
NS-treated wounds. BI-treated wounds had

significantly less neovascularisation than the
control (NS). Collagen fibres were significantly
(P < 0·05) thicker in BI-treated wounds than in
NS-treated wounds (Figure 3).

DISCUSSION
Bone marrow cells show the broadest differ-
entiation potential among adult somatic cell
populations and are considered as one of
the most promising cell sources for clinical
applications (3,4,20). Bone marrow also con-
tains mesenchymal stem cells (BMSCs) that
secrete a large number of growth factors and
cytokines, which are critical to proper repair
and regeneration of damaged (5).

Considering the reported capacity of bone
marrow cells to secrete growth factors and
cytokines and the ability to trans-differentiate
it to the healing tissue components, we hypoth-
esised that there would be quantitatively and
qualitatively better healing in the wounds-
treated bone marrow cells compared with the
control. It was assumed that excisional wounds
treated with BI would heal faster with more
granulation tissue formation, epithelisation,
rapid wound contraction, early histological
maturation and complete healing than control
group.
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Figure 2. Photomicrographs of granulation tissue of control (normal saline, NS) and bone marrow-derived nucleated cells into the
wound margins (BI) treated animals showing thick epithelium covering wider surface (E), mild to nil inflammatory reaction and more
neovascularisation (arrow heads) by days 7 and 14 (shown in H&E) and moderate deposition of collagen fibres which are denser
and thicker in the sections from BI group (arrow head) than in NS groups (shown in MTS) (HE 10× and MTS sections, 40×, days 7
and 14).

The injection of bone marrow cells in BI
wounds might have caused some trauma and
caused inflammation leading to release of
cytokines, which may affect wound healing.
However, the injection of bone marrow cells
was made slowly using a fine hypodermic
needle to minimise the trauma. Furthermore,
the injection trauma was considered negligible

compared with the surgical trauma inflicted in
creation of wounds and thus may be of little
significance.

Grossly, the granulation tissue appeared
significantly faster in wounds treated with BI
than in control group. These findings were also
supported by the histopathological findings of
early deposition of relatively wider granulation
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Figure 3. Photomicrographs of granulation tissue from normal saline (NS), and bone marrow-derived nucleated cells into the
wound margins (BI) treated wounds showing histologically more mature granulation tissue of the wounds treated by BI than by NS.
Sections of granulation tissue from BI-treated wounds showed denser and thicker collagen fibres and lesser fibroblasts than that of
NS on days 21 and 28 (H&E 10× and MTS 40×, days 21 and 28).

tissues with more cellularity in BI-treated
wounds than in control wounds. This might be
attributable to the role of BMNCs in BI group
as studies have shown that BMNCs accelerate
granulation tissue genesis (9,21).

Full-thickness skin wound healing occurs by
granulation tissue formation, contraction and
epithelisation (22–24). Epithelisation occurs by
migration of undamaged epidermal cells from
the wound margins across the granulation
bed (1,25). Recently, there is evidence that
adult bone marrow cells transplanted in
skin defect had differentiated into epidermal
keratinocytes, sebaceous gland cells, follicular
epithelial cells, dendritic cells, and endothe-
lial cells and fully differentiated skin with hair

was reconstituted within 3 weeks (26). Many
researchers also suggested that bone marrow
stem cells can produce new skin cells (4,21).
In the present study, early and better epitheli-
sation observed histologically in sections from
BI-treated wounds when compared with con-
trol wounds could also be attributed to dif-
ferentiation of bone marrow cells into epi-
dermal cells (4,21,26) or enhanced proliferation
of resident epidermal cells in the presence of
epidermal growth factor, possibly produced
by bone marrow cells (5). Wound contraction
plays very important role in the healing of exci-
sional skin wounds. There are two theories of
wound contraction that have been proposed in
the past. The ‘picture frame’ theory of wound
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contraction states that myofibroblasts located
in the wound margins of an open wound
are responsible for the centripetal forces that
lead to wound contraction (24,27). On the other
hand, the ‘pull theory’ suggests that fibroblasts
distributed throughout the granulation tissue
generate the forces responsible for contrac-
tion (28). More recently, it has been suggested
that wound contraction occurs through a com-
bination of these two processes (29). It was

Key Points

• Histological findings indicated
early histological maturation of
the wounds treated with bone
marrow cells when compared
with control

suggested that circulating fibrocytes in the
blood are not major sources of wound
myofibroblasts, rather an in vivo experiment
showed that bone marrow cells differentiated
into wound myofibroblasts after they entered
the microenvironment of the wound (30,31).
Another study showed that adult, BMDCs
participated in wound repair by differentiating
into wound fibroblasts (32). In the present
study, many of the BMNCs, which were
injected into the wound margins, might
have differentiated into myofibroblasts and
fibroblasts or recruited more fibroblasts from
the surrounding tissues through chemotaxis (2)
that resulted in significantly early and fast
wound contraction and early closure of full-
thickness wounds in BI group than control
group.

It was suggested that histopathological
assessment of mode and rate of healing in
open wounds allows more precision than clini-
cal examination (33). Inflammation is necessary
for healing as it plays a role in combating infec-
tion and inducing the proliferation phase, but
healing proceeds only after inflammation is
controlled (34,35). Thus early disappearance of
inflammation in BI wounds in the present study
might have facilitated the progress to the next
phase of wound healing. Because the activ-
ity of fibroblasts and epithelial cells requires
oxygen, angiogenesis is imperative for other
stages in wound healing, such as epidermal
and fibroblast migration. Neovascularisation
occurs concurrently with fibroblast prolifera-
tion when endothelial cells, originating from
parts of uninjured blood vessels, migrate to
the area of the wound (36). Bone marrow stem
cells are reported to release factors that recruit
macrophages and endothelial lineage cells into
wound (37). In another study, it was suggested
that bone marrow cells enhance neovascular-
isation and promote wound healing through
differentiation and release of pro-angiogenic
factors (8). This might be the main reason for

the significantly higher neovascularisation in
early phases of wound healing in BI wounds
than control wounds.

The fibroblast is the connective tissue cell
responsible for collagen deposition that is
needed to repair the tissue injury (1). In the
present study, also there were more fibroblasts
up to day 14 post-surgery, better collagen
formation throughout the observation period
were recorded in the BI-treated wounds than in
the NS-treated wounds. These findings are in
agreement with the earlier findings (38) where
BMDCs were able to contract a collagen matrix
and transcribe both collagen types I and III. In
addition, BMSCs secrete several growth factors
critical to repair of damaged tissues (5).

Compared with NS, BI-treated wounds
showed more compact and thicker granula-
tion tissue with less fibroblasts and better-
arranged fibrocytes, and denser and thicker
collagen fibres by day 21, which indicated
maturation phase of the wound healing. By
day 28 post-wounding, there were significantly
denser and thicker collagen fibres in the BI
wounds than in the control wounds. Epithe-
lisation was also more comparable with the
normal skin in the BI wounds than the con-
trol wounds. All these findings indicate early
histological maturation of test wounds than
the controls, which conform to the observa-
tions of earlier researchers, who reported that
the wounds treated with BMSCs were found
to be histologically mature earlier when com-
pared with the untreated wounds (39). Early
deposition and maturation of collagen in BI
wound may also be attributable to the reported
interaction of BMSCs with fibroblasts, which
results in promotion of growth and chemotaxis
of fibroblasts (2).

It was concluded that injection of bone
marrow-derived nucleated cells to the wound
margins facilitated early and better heal-
ing than the normal saline. Histological and
histochemical observations showed that the
bone marrow cells augmented wound healing
activity significantly by increasing cellular pro-
liferation, formation of granulation tissue, neo-
vascularisation, synthesis of collagen, epithe-
lisation and early histological maturation in
excisional wounds. Bone marrow-nucleated
cells can be used clinically in the management
of large skin wounds in rabbits.
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