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P- and E-selectins are adbesion molecules ex-
pressed on activated endotbelium and platelets
at sites of vascular injury and inflammation. The
selectins are important for leukocyte recruit-
ment. Because little is known about the role of
selectins in wound bealing, we studied cutaneous
wound repair of full-thickness excisional skin
wounds in mice lacking P-selectin, E-selectin, or
both of these selectins. The absence of eitber se-
lectin alone bad no notable effect on bealing, and
the only deficit observed was a delay in early
neutrophbil extravasation in the P-selectin-defi-
cient mice. Mice deficient in both P- and E-selec-
tins bad markedly reduced recruitment of in-
Slammatory cells and impaired closure of tbe
wounds. Wound sections, studied up to 3 days
after wounding, showed significant impairment
of neutropbil influx. Macropbage numbers were
also reduced in tbe double mutants at 3 and 7
days after wounding as compared with wild-type
mice. Additionally, a wider epitbelial gap in the
wounds of the P- and E-selectin-double-deficient
mice 3 days after wounding indicated delayed
keratinocyte migration. These results demon-
strate an important combined role for P- and
E-selectins in processes leading to wound beal-
ing. (Am J Patbol 1997, 150:1701-1709)

P- and E-selectins are adhesion molecules of the
selectin family expressed by stimulated endothe-
lium and activated platelets. P-selectin is stored in
a-granules of platelets and in Weibel-Palade bod-
ies of endothelial cells.'"* P-selectin is rapidly ex-
pressed on the endothelial cell surface upon de-
granulation, and its synthesis can be further
increased by cytokines.® E-selectin is expressed

only after a delay, as it is up-regulated by cyto-
kines and requires de novo synthesis.® Leukocytes
roll on these endothelial selectins, subsequently
forming firm adhesions through integrins and mi-
grating across the endothelium to reach the in-
jured or inflamed tissues. By promoting the first
step in emigration of inflammatory cells, the selec-
tins play important roles in inflammatory and im-
mune responses.” '° P-selectin-deficient mice
have shown significant impairment of neutrophil,
macrophage, and lymphocyte influx in several
acute and chronic inflammatory models” '3, this
impairment is further augmented in mice that are
deficient in both P-selectin and E-selectin.'*'® Al-
though adhesion of leukocytes to E-selectin has
been demonstrated in vitro,'® E-selectin-deficient
mice have not shown any major phenotype thus
far.'”

Inflammatory cells play a crucial role in wound
repair, yet it is not known whether selectins contrib-
ute to the wound-healing process by mediating the
recruitment of these cells. In the initial inflammatory
phase of wound healing, neutrophils and macro-
phages are recruited. Neutrophils provide defense
against invading microorganisms, release oxygen
radicals, produce degradative enzymes, and se-
crete cytokines. Many neutrophils are eventually
present in the clot covering the wound and slough off
with the eschar as healing progresses.’®'® Macro-
phages are critical for proteolysis and removal of
debris as well as reconstructive processes.'®-2"
They phagocytose organisms, express specific fi-
bronectin variants,??23 release cytokines and growth
factors including angiogenic factors, and promote
the formation of granulation tissue that replaces the
provisional matrix.’®~2' Re-epithelialization of the
wound takes place by the migration of the keratino-
cytes from the edges of the wound toward the center
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and overlaps with the inflammatory phase.2'242%

Subsequently, granulation tissue rich in new blood
vessels develops and transforms into a scar.'®2’

Two lines of evidence suggest that leukocytes
exert important functions in wound healing. First,
depletion of macrophages by corticosteroids and
anti-macrophage serum delays wound healing,? al-
though no obvious defects were seen in animals
made neutropenic with antisera.?® Second, delayed
wound healing was observed in leukocyte adhesion
deficiency type | patients who lack all B2 integrins
and who have defects in several neutrophil functions
including neutrophil-endothelial interactions. These
defects result in a markedly impaired recruitment of
leukocytes, especially neutrophils, into sites of infec-
tions in these patients.*”

As it is well established that selectins expressed
on blood vessels are important for recruitment of
leukocytes, in the present study we examined the
function of the endothelial selectins in wound heal-
ing. The approach taken was to analyze cutaneous
wound repair in mice lacking P-selectin or E-selectin
and in mice deficient in both of these selectins.

Materials and Methods
Mice

Two- to four-month-old 129Sv/C57B1/6 age-
matched, wild-type, P-, E-, or P/E- (double-deficient)
selectin-deficient female mice generated by gene
targeting’"'* were used in this study. All experimen-
tal procedures were approved by the Animal Care
and Use Committees of the New England Medical
Center and the Center for Blood Research, Boston,
MA.

Wounding and Tissue Preparation

Mice were anesthetized with tribromoethanol (0.15
mi/10 g body weight) or methoxyflurane (Metofane,
Pitman-Moore, Mundelein, IL), and hair was removed
from the back with electric clippers. The skin was
cleaned with 70% alcohol, and full-thickness wounds
were made by picking up a fold of skin, placing it
over dental wax (Polysciences, Warrington, PA), and
using a disposable sterile 4-mm punch biopsy (Bak-
er Cummins Dermatological, Lakewood, NJ) to
punch through the two layers of skin on one flank. In
this manner, two wounds were made at the same
time on the left side. Later, two wounds were made
simultaneously on the right side. For some experi-
ments, wounds were made in mice treated orally with
trimethoprim (24 mg/dl) and sulfamethoxazole (120

mg/dl)'* starting 3 days before wounding and con-
tinuing for 7 days. The mice were housed in individ-
ual cages. At various intervals after wounding, mice
were anesthetized, and a transparency was placed
over the wound so the wound could be traced. The
tracings of the wound openings were photocopied
on paper and were cut out and weighed. The weight
of the cut out copy was converted to area by weigh-
ing a piece of paper of a known area. The mice were
sacrificed, and wounds were harvested with 1 to 2
mm of normal skin tissue around them. The wounds
were cut in half, fixed in 4% paraformaldehyde (Bax-
ter Diagnostics, Deerfield, IL), and embedded in
paraffin, and 7-um sections were stained with hema-
toxylin and eosin (H&E). Extravascular neutrophils
were counted in the entire section outside the blood
vessels using a light microscope (Olympus BX40F at
x50 magnification). The neutrophil infiltrate in the
clot/eschar above the wound was very dense;
hence, neutrophils could not be counted. Instead the
neutrophils were scored based on their density and
the area of the clot/eschar they occupied. In the
scoring scheme, 0 indicated absence of a neutrophil
band in the clot/eschar and 4 indicated that almost
the entire clot/eschar was occupied by neutrophils.
The epithelial gap (distance between the leading
edge of migrating keratinocytes) was measured in
H&E-stained paraffin sections of wounds using a
linear grid at X10 magnification. The area of the
granulation tissue in H&E-stained tissues was visu-
alized by a light microscope through a Hitachi CCD
camera and was quantitated by an image analysis
system (Leica Q-500MC). The paraffin sections were
stained for macrophages with F4/80 antibody (Amer-
ican Type Culture Collection, Rockville, MD) modi-
fied from the method described by Hume et al®®
using the biotin-streptavidin system (Zymed Labora-
tories, San Francisco, CA) and Vecta stain ABC kit
(Vector Laboratories, Burlingame, CA).

All sections were examined independently by two
investigators without knowledge of the genotype.

Myeloperoxidase Assay

Excised wound tissue was washed in phosphate-
buffered saline and homogenized in 1 ml of 50
mmol/L potassium phosphate buffer, 0.5% hexade-
cyl trimethyl ammonium (Sigma Chemical Co., St.
Louis, MO), 5 mmol/L EDTA, pH 5.5, at 4°C using a
Polytron homogenizer (four bursts of 15 seconds at
10,000 speed). The samples were sonicated for 20
seconds, freeze-thawed three times, and centri-
fuged at 47,807 X g at 4°C. Supernatants were col-
lected and assayed for myeloperoxidase activity by



adding 0.30 ml of supernatant to 0.970 ml of 50
mmol/L potassium phosphate buffer, pH 5.5, con-
taining 0.2% O-dianosine dihydrochloride (Sigma)
and 0.0001% hydrogen peroxide and measuring the
change in absorbance at 460 nm over 4 minutes.
The assay used was a modification of the method
described by Trush et al.?®

Statistical Analysis

The P values were obtained using Student's t-test for
all statistical analysis except for scoring of neutro-
phils in clot/eschar, which was analyzed using the
Mann-Whitney U test.

Results

Neutrophil Recruitment

Neutrophil numbers in the tissue were analyzed 1
hour, 4 hours, 1 day, and 3 days after wounding in
the selectin-deficient and corresponding wild-type
mice. Neutrophils that had migrated outside the
blood vessels into tissues 1 and 4 hours after wound-
ing were counted microscopically in H&E-stained
sections. In the P-selectin-deficient mice, signifi-
cantly less neutrophil infiltration was present in the
tissues in 1-hour wounds compared with wild-type
mice (Figure 1A and Figure 2, A and B); however, by
4 hours, many neutrophils emigrated out of the blood
vessels into the wound sections in both the mutant
and wild-type mice, and the difference between ge-
notypes was no longer significant (Figure 1A and
Figure 2, D and E). E-selectin-deficient mice showed
no decrease in neutrophil infiltration at either time
point (Figure 1B). In contrast, mice deficient for both
P-selectin and E-selectin had markedly impaired
neutrophil influx at 1 hour as well as 4 hours (Figure
1C and Figure 2, C and F). By day 1, the large
number of neutrophils in the tissues precluded mi-
croscopic quantitation. Therefore, myeloperoxidase
activity was assayed from the wound sections 1 or 3
days after injury. There was a small increase in my-
eloperoxidase activity in P-selectin-deficient mice
compared with wild-type mice at day 1 (Figure 1D).
Again, no difference in the neutrophil influx in the
E-selectin-deficient mice was observed (Figure 1E).
In contrast, a significant reduction in neutrophil re-
cruitment persisted in mice deficient for both P-se-
lectin and E-selectin in the 1- and 3-day wounds,
although the difference between the mutant mice
and the wild-type mice narrowed by day 3 (Figure 1F).

We evaluated histological sections 1 day after
wounding from both wild-type and P/E-selectin-dou-
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Figure 1. Neutrophil recruitment in skin excisional wounds. A to C:
Numbers of neutrophils per section were determined by counting in
HEE-stained sections under the microscope. D and F. Neutrophil in-
filtration was established by measuring myeloperoxidase activity in the
sections. A: Neutrophil numbers were significantly reduced 1 hour
after wounding in the P-selectin-deficient mice compared with wild-
type mice (n = 4 to 5; P < 0.03); bowever, by 4 bours, the neutrophil
numbers in the P-selectin-deficient mice increased (n = 4; P= 0.19).
D: By day 1, slightly more myeloperoxidase activity was observed in the
mutant mice (n = 11 to 14; P < 0.01). B and E: No differences were
observed in the E-selectin-deficient mice as compared with wild-type
mice. C and F: Significantly reduced neutrophil recruitment was
observed in the P/E-selectin-double-deficient mice compared with wild-
type mice at 1 and 4 hours(n = 8 to 10; P < 0.001), as well as 1 and
3 days (n = 6; P < 0.009) after wounding. Values are reported as
mean * SEM and n represents the number of wound sections.

ble-deficient mice. Sections obtained from wild-type
mice exhibited a dense infiltrate of inflammatory
cells, mainly neutrophils, subjacent to the clot/es-
char. In the double-deficient mice, such infiltrates of
neutrophils could not be seen in most of the sections
(Figure 3, A and B). In a few instances, a small band
of neutrophils was observed at the wound edge. By
day 3, however, dense neutrophilic infiltrates could
also be seen in the P/E-mutant mice, although they
were still significantly less prominent than those of
wild-type mice (Figure 3, C and D). The density and
area occupied by the neutrophils in the clot/eschar
visually scored on a scale of 0 to 4 was significantly
higher in wild-type mice (P < 0.0003; median P/E
+/+ 4, P/E —/— 1.75), and the pattern of distribution
in the clot/eschar was also different from the P/E-



1704 Subramaniam et al
AJP May 1997, Vol. 150, No. 5

1hr

4hr

P/E-selectin -/-

Figure 2. Histology sections of the wound area after injury. In HEE-stained sections of the wounds, neutrophils (arrow) were observed extravasating
from the blood vessels in the wild-type mice 1 bour after wounding (A), whereas very few were observed in the P-selectin-deficient mice (B) and the
P/E-selectin-double-deficient mice (C). By 4 bours, neutropbil influx was observed in the P-selectin-deficient mice (E); however, in the P/E-selectin-
double-deficient mice (F), reduced neutrophil recruitment compared with wild-type mice persisted (D). Bar, 20 pm.

selectin-double-deficient mice. The neutrophils in
the wild-type mice were observed spreading into the
clot/feschar (Figure 3C), whereas in the P/E-mutant
mice they were present in a thin band below the
eschar (Figure 3D). There was no difference in neu-
trophil infiltration in the mice deficient for either mol-
ecule alone compared with wild-type mice.

Macrophage Recruitment

As macrophages are known to play an important role
in wound healing, they were quantitated microscop-
ically after macrophage-specific immunohistochem-
ical staining in the day 3 and day 7 wound sections.
Macrophage numbers in the wound tissues of either
the P-selectin or E-selectin-deficient mice were sim-
ilar to those in wild-type animals. However, in mice
deficient for both P- and E-selectin, there was a
threefold reduction of macrophage infiltration in the
wounds at 3 days as well as 7 days after injury
compared with wild-type mice (Table 1).

Granulation Tissue

We measured the area occupied by the granulation
tissue in sections using an image analyzer. There
was no significant difference in the granulation area
in day 3 and day 7 wounds in any of the mutant mice
compared with their wild-type counterparts (Table 2).

Macroscopic Examination of the Wounds

The wounds were also examined grossly up to 7
days after wounding to assess healing defects.
There was no defect in healing on macroscopic ex-
amination or in wound area determined from tracings
of the wounds in the P-selectin- or E-selectin-defi-
cient mice. However, wound healing appeared to be
impaired in the P/E-selectin-double-deficient mice at
3 days as the wound size was larger (Figure 4A).

Keratinocyte Migration

On examination of the tissue sections, we observed
that keratinocytes were migrating under the eschar
below the dense infiltrate of neutrophils. To evaluate
the narrowing of the epithelial gap, the distance be-
tween the migrating edges of keratinocytes was
measured microscopically at 3 and 7 days after
wounding. There was no significant difference in the
epithelial gap in wounds of either the P-selectin-
deficient or the E-selectin-deficient mice compared
with wild-type mice (Figure 4B). In mice that were
deficient for both P- and E-selectins, the gap was
significantly wider compared with the wild-type mice
at 3 days, indicating a defect in migration of the
epithelial cells in the mutant mice (Figure 4B). How-
ever, by 7 days, the epithelial cells in P/E-selectin-
double-deficient mice had advanced similarly to
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Figure 3. Histology sections of 1- and 3-day wounds. A: In HEE-stained sections, dense neutrophil infiltrate (arrow) was seen in the clot/eschar on
top of the wound in wild-type mice 1 day after wounds were made. B: The P/E-selectin-double-deficient mice were missing the neutrophil infiltrates
in 1-day wounds. C: At 3 days after wounding in the wild-type mice, the neutrophils were seen spreading in the clot/eschar. D: A less prominent band
of neutrophils was now observed in the P/E-double-deficient mice. Bar, 100 um.

those in the wild-type mice, and the epithelial gaps
were the same size. The P/E-selectin-double-defi-
cient mice have previously been shown to be sus-
ceptible to skin infections.'*'® To confirm that the
delay in epithelial migration was not due to infec-
tions, wounds were made in mice prophylactically
treated with antibiotic regimens known to prevent
spontaneous skin infections in these mice. The delay
in keratinocyte migration at 3 days persisted in the

Table 1. Macrophage Recruitment in Skin Wounds

antibiotic-treated double-deficient mice (P/E +/+
1.65 mm, n = 5, P/E —=/— 245 mm, n = 11, P <
0.01).

Discussion

Previously, many laboratories including our own
have demonstrated an important role for endothelial

P-Selectin E-selectin P/E-selectin
+/+ —/-= P +/+ —/- P +/+ —/-= P
3 day 30 + 12 28 =6 0.8 33+4 255 0.2 32 £ 4* 12 £ 2% 0.0004
(n=4) (n=6) (n=7) (n=6) (n=14) (n=11)
7 day 27 =9 34 +6 0.4 27 x5 305 0.7 18 + 3f 5=+1% 0.0002
(n=6) (n=6) (n=28) (n=6) (n=13) (n=12)

Macrophages were counted in paraffin sections stained with F4/80, an antibody directed to macrophages. Numbers are reported per
field (0.15 mm?) as mean * SEM. n, number of wound sections. Significant reduction in recruitment of macrophages to wound sections 3
and 7 days after wounding was observed in the P/E-selectin-double-deficient mice.

*P < 0.0004.
TP < 0.0002.
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Table 2. Granulation Tissue

P-Selectin E-selectin P/E-selectin
+/+ -/- P +/+ —/- P +/+ —/- P
3day (mm? 0.63+0.08 077007 02 091=*0.14 0.85=*0.1 07 127 *034 124+0.15 0.9
(n=17) (n = 16) (n=28) (n=15) (n=7) (n=13)
7 day (mm?) 1.44*015 136019 07 1.13=007 126+009 03 228+021 192*=0.15 01
(n=17) (n=12) (n=12) (n=16) (n=13) (n=15)

No significant difference was observed in the area of granulation tissue measured by an image analysis system in any of the genotypes
compared with wild-type mice 3 and 7 days after wounding. Values are expressed as mean * SEM.

selectins in leukocyte homeostasis and emigration of
leukocytes to tissues under inflammatory condi-
tions.”® 111415 |t i apparent from several studies
that adhesion molecules affect wound repair. Leuko-
cyte recruitment as well as wound healing is defec-
tive in patients who lack 82 integrins.?” Integrins are
also involved in the migration and adhesion of kera-
tinocytes, where the members of the integrin family
are increased and redistributed to the advancing
epidermal edge.®® Up-regulation of E-selectin has
been observed in the capillaries in chronic ulcers of
venous insufficiency although its significance is not
clear.®' However, to our knowledge, no studies have
evaluated the role of selectins in wound healing.
We studied the role of P-selectin and E-selectin in
wound healing by using mice deficient in each of
these selectins and in mice deficient in both selec-
tins. In our study, the P/E-selectin-double-deficient

A. Area of open wound
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Figure 4. Wound closure. A: Significantly larger open wound area was
measured in P/E-double-deficient mice compared with wild-type mice
3 days after wounding (n = 11 to 45; *P < 0.001). This difference was
no longer observed 7 days after wounding. No delay in wound closure
was observed in the P-selectin- or E-selectin-deficient mice. B: Epithe-
lial gap measured microscopically in HGE-stained sections was also
wider in the P/E-double-deficient mice 3 days after wounding (n = 15
to 40; *P < 0.001). Values are expressed as mean * SEM.

mice showed reduced recruitment of neutrophils and
macrophages. An overall reduction of neutrophils in
wound sections studied up to 3 days after wounding
was observed. In addition, delayed recruitment and
reduced numbers were also observed in the clot/
eschar 1 and 3 days after wounding. Large numbers
of neutrophils were present throughout the clot/es-
char in wild-type mice, whereas the P/E-double-de-
ficient mutants displayed a thin band of neutrophils.
It is not clear to us whether the difference in neutro-
phil distribution in the clot/feschar of the mutants is
due to an overall reduction and a delay of their
appearance or whether the migration of neutrophils
in the clot/provisional matrix was also affected in the
P/E-double-mutant mice. Perhaps P-selectin and in-
tegrins expressed on platelets and platelet particles
deposited in the clot/provisional matrix may provide
a surface for migration and recruitment.32-34 In ad-
dition, macrophage recruitment was also signifi-
cantly impaired in the P/E-double-deficient mice up
to 7 days after wounding. No major defects in leuko-
cyte recruitment were observed in the mice deficient
for P-selectin or E-selectin alone, except for an early
decrease in neutrophil recruitment in the P-selectin-
deficient mice. The P-selectin-deficient mice, in fact,
had increased recruitment 1 day after wounding.
This has also been observed in another inflammatory
model of thioglycollate-induced peritonitis where the
P-selectin-mutant mice had increased neutrophil ac-
cumulation in the peritoneal cavity at 24 hours (P =
0.057).'2 One explanation for this could be a defect
in the clearance mechanism of neutrophils once they
are in the tissues.

It appears that the absence of either of P-selectin
or E-selectin alone does not have a notable effect on
neutrophil recruitment beyond the first hour of cuta-
neous wound repair. The severe prolonged defect in
recruitment observed in the double-deficient mice
supports the notion that P-selectin and E-selectin
work cooperatively to recruit leukocytes. Mice with
this combined deficiency have previously been
shown to present a much more severe phenotype
compared with singly deficient mice demonstrating



leukocytosis,'*'® hematopoietic alterations,'* and
opportunistic bacterial infections.™*'®

Although the main defect in the double-deficient
mice was the reduced recruitment of neutrophils and
macrophages to the wounds, a modest but signifi-
cant delay in early migration of keratinocytes was
also observed. A provisional matrix, composed of
fibrin, fibronectin, and other plasma proteins, is a
prominent component of the wound bed at this time.
Thus, it is possible that reduced proteolytic degra-
dation and phagocytosis of this provisional matrix
may retard the movement of keratinocytes through
the provisional matrix.253% Marked decreases have
been observed in epithelial migration in incisional
skin wounds of plasminogen-deficient mice. In these
animals, it appears that, due to defects in matrix
degradation, epithelial cells were not able to migrate
under the eschar.®® Keratinocytes in the wound have
been thought to express regulators of plasminogen
activation; however, many cell types, such as neu-
trophils, macrophages, and endothelial cells, possi-
bly share this function. These cells may also secrete
plasminogen activators and other proteolytic en-
zymes providing a pericellular environment for deg-
radation of fibrin and other extracellular matrix pro-
teins.28:35-40 The effect of fibrin or its breakdown
products could also be indirect, regulating keratino-
cyte migration on other matrix proteins. Additionally,
macrophages may provide a plasmin-independent
method of clot clearance through phagocytosis and
degradation of fibrin.*" Perhaps in our study, re-
duced recruitment of inflammatory cells may ac-
count for the delayed migration of the keratinocytes
by retarding matrix degradation. In fact, as keratino-
cyte migration seems to be just below this neutrophil
band, these neutrophils appear to be in a good
position to enhance matrix degradation, thereby al-
lowing keratinocytes to dissect their way through the
wound matrix. It is also possible that growth factors
and/or cytokines secreted by the neutrophils and
macrophages may affect epidermal migration.'®2?
The appearance of neutrophils by day 3 could ac-
count for the fact that there is no defect in wound
closure by day 7. Moreover, a possible overlap in
function with other cells, such as keratinocytes,
which regulate plasminogen activation® and are a
source of growth factors,*? may compensate for the
defect. We have not observed any difference in the
size of the granulation tissue; however, we do not
know whether more subtle alteration of the individual
components occurred.

As the double-deficient mice are susceptible to
infections,'*'® we were interested to know whether
the abnormal epithelial closure was related to wound
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infections. The P/E-selectin-double-deficient mice
given antibiotics showed the same delay in wound
closure as was seen in P/E-double-deficient control
mice, indicating that the defect was independent of
any infection. The markedly impaired recruitment of
inflammatory cells in the skin of these mice in re-
sponse to injury may be responsible for the devel-
opment of spontaneous chronic skin infections lead-
ing to chronic nonhealing ulcerative dermatitis that is
reminiscent of the leukocyte adhesion deficiency
type | patients.2” The P/E-selectin-double-deficient
mice may prove useful to study the role of selectins
in the defense against invasion by various patho-
gens.
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