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Abstract

Angiogenesis is an important component of wound healing. Mobilization of circulating angiogenic
cells (CACs) has been observed in patients with cutaneous burn wounds, but a systematic
exploration of the phenomenon in an animal model has not been carried out. Using a murine
model, in which burn depth can be varied precisely, and a validated culture method for quantifying
circulating CACs, we found that increasing burn depth resulted in a progressive delay in the time
to mobilization of circulating CACs. This delay in CAC mobilization was associated with a delay
in perfusion and vascularization of the burn wound tissue. Analysis of CACs in the peripheral
blood of human burn patients, using the same culture assay, confirmed results previously obtained
by flow cytometry, that CAC levels peak early after the burn wound, and point to the clinical
relevance of findings from the murine model.

INTRODUCTION

Burn injuries remain a major public health problem in the United States and around the
world. It is estimated that more than one million Americans require medical attention each
year for burn injuries (1-3). Superficial burns heal with minimal scarring. Deep third degree
burns usually require skin grafting to achieve wound closure, but the cosmetic and
functional result is less than optimal because the grafted skin is thin and vulnerable to re-
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injury. Burns heal with variable results and the factors that determine whether these burns
will heal with skin regeneration rather than with a fibrous scar are currently unknown (4-6).

As classically described by Jackson, the angiogenic response to thermal injury appears to be
a critical determinant of outcome for these wounds (7). The central region of vascular
coagulation proceeds to full thickness tissue loss, and the outer region of hyperemia heals
without scar. Between them is the zone of stasis where outcomes are variable and
intervention might be beneficial. Injury and repair of the dermal vasculature seems to be a
major determinant of whether burns heal promptly and primarily, or whether the healing is
delayed leading to damaging scarring. Dermal blood flow is reduced in more severe burn
wounds below levels seen in more superficial first-degree burns, as determined by laser
Doppler perfusion imaging (LDPI), which utilizes a near-infrared laser diode to measure
subcutaneous blood flow as a function of light scattering (Doppler shift) by moving red
blood cells (5, 8-13).

A recent advance in the understanding of the cellular mechanisms controlling
vascularization in response to tissue injury has been the discovery of endothelial progenitor
cells (14) and other circulating angiogenic cells (CACs). (15). Angiogenic cytokines activate
endogenous endothelial cells and also recruit circulating angiogenic cells (CACs), a term
used here to denote a heterogeneous population of cells that have potential to participate in
various aspects of angiogenesis. They include endothelial progenitor cells, which
incorporate into the endothelium of new or remodeling vessels, as well as myeloid,
mesenchymal, and hematopoietic stem cells, which promote vascular growth and
remodeling through production of angiogenic cytokines. CACs are released from blood
vessels, bone marrow, and other sites in response to the production of angiogenic cytokines
at the site of tissue wounding. Following mobilization into the circulation, CACs home to
the wound, where they participate in angiogenesis.

CAC:s in peripheral blood are quantified either by flow cytometric analysis, using antibodies
against endothelial and progenitor cell surface proteins, or by culturing mononuclear cells
(MNCs) in the presence of endothelial growth factors and scoring for cells with the ability to
bind lectin and take up acetylated low density lipoprotein (LDL) (14-17). Prior studies in
humans have identified CACs in peripheral blood of patients who have suffered thermal
injury. VEGFR2*/CD15™ cells appeared in the peripheral blood of individuals suffering
burns within 12 hours after injury (18). CD457/CD133*/CD144*/VEGFR2* cells were
significantly increased in the peripheral blood at 24 hours after burn wounding as compared
to healthy control subjects(19).

A major limitation of the human studies is that an individual patient may manifest a wide
range of tissue damage from superficial to severe, such that it is difficult to determine the
precise relationship between the degree of tissue damage and the presence or absence of
reparative responses. To address this issue, we have utilized a murine model in which
uniform, graded severity of thermal injury could reliably be produced. The branding iron
type burn (9, 20) was chosen over scald or flame burn (21-23). We prefer this model
because it allowed us to produce burns of graded severity. We have used this model to
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investigate the relationship between burn severity and angiogenesis, as manifested by CAC
mobilization, LDPI of wound tissue, and vascular morphometry.

MATERIALS AND METHODS

Burn wound protocol

Histology

Male 8-week-old 129S1/SvimJ mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). All procedures were approved by The Johns Hopkins University Animal Care
and Use Committee. Mice were anesthetized by intraperitoneal injection of ketamine and
xylazine, shaved on the dorsum, and depilated with Nair cream (Church & Dwight Co.,
Princeton, NJ). A burn wound protocol previously established in rats (9, 20) was adapted for
use in mice. A custom-made 220-g aluminum rod was heated in a 100°C water bath for 5
minutes. Two burns of 1.2-cm diameter each were produced on the dorsum of the animals.
Contact time of 4, 6, or 8 seconds was measured with a standardized metronome. These
contact times were chosen to produce burns of increasing severity. Fluid resuscitation was
performed according to the Parkland formula (4 ml/kg x % body surface area wounded) by
intraperitoneal injection of saline within one hour after burning (/.e., 2 ml of saline was
administered to a 25-gram mouse with a burn covering 20% of body surface area).
Buprenorphine was administered for analgesia. Blood samples for CAC analysis were
obtained by cardiac puncture under ketamine-xylazine anesthesia.

Burn wounds were harvested with a rim of normal skin. Specimens from each site were
bisected at the center and fixed in 10% buffered formalin solution overnight. Five-um-thick
paraffin-embedded sections were stained with hematoxylin and eosin and analyzed by light
microscopy. Scar thickness was measured at its maximal dimension in the area laden with
collagen fibers and granulation tissue immediately below the epithelium using an Olympus
CK2 light microscope with a WHK 12.5XLH micrometer.

Analysis of CACs in mice

CACs were analyzed as previously described (24). Peripheral blood MNCs were isolated by
Histopaque-1083 (Sigma-Aldrich, St. Louis, MO) density-gradient centrifugation. Residual
red blood cells were lysed by addition of ammonium chloride solution (Stem Cell
Technologies, Vancouver, Canada). MNCs were seeded on 96-well plates coated with rat
vitronectin (Sigma-Aldrich) at 1.5 x 106 cells/cm? and cultured in endothelial basal medium
2 supplemented with EGM-2-MV SingleQuots (Lonza, Allendale, NJ). After 4 days in
culture, the cells were incubated with Dil-labeled acetylated LDL (Invitrogen, Carlsbad,
CA) in the media at a concentration of 10 pg/ml at 37°C for 2 hours. The cells were then
fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10 minutes, and incubated with FITC-
labeled lectin from Bandeira simplicifolia (Sigma-Aldrich) at a concentration of 10 pg/ml
for 1 hour, counterstained with 4,6-diamidino-2-phenylindole dihydrochloride (Invitrogen),
and Dil*/FITC* cells were counted under fluorescence microscopy(17).
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LDPI

Blood flow in wound areas was measured by 632.6-nm, He-Ne scanning laser Doppler
imaging (Lisca Development AB, Linkoping, Sweden), which utilizes a near-infrared laser
diode to measure subcutaneous blood flow as a function of light scattering by moving red
blood cells. The imager uses a low power (1 mW) helium laser beam to sequentially scan the
tissue through several thousand measurement points. A photodiode in the tile scanner head
detects back-scattered light that has been frequency shifted by moving red blood cells
according to the Doppler principle. For each measurement point, a signal is generated that
scales linearly with tissue perfusion defined as the product of the blood cell velocity and
concentration. This signal, termed the laser Doppler perfusion index was represented as a
two-dimensional color image on a computer screen. The colors produced illustrate the
spectrum of perfusion in the wound: dark blue depicts the lowest level of perfusion and red
the highest. A photographic image was produced simultaneously, which allowed for direct
anatomical comparison of corresponding areas of burn. For each burn, the wound site was
selected by drawing freehand around an area of interest after exporting the image into the
software package LDISOFT (Lisca Development AB). Then, the mean LDPI value within
this area of interest was computed. The scanner was positioned 50 cm above each animal
and scans were performed on days 3 and 7 to assess blood flow in the wound.

Immunohistochemistry

Mouse wound tissues were fixed with IHC zinc fixative (formalin-free; BD Pharmingen,
San Diego, CA) for 24 hours and 5-pm-thick paraffin sections were prepared. To prevent
non-specific binding, 100 pl of blocking solution containing 2% normal rabbit serum for
CD31 immunohistochemistry or horse serum for a-smooth muscle actin (SMA)
immunohistochemistru (Jackson ImmunoResearch) was applied for 30 minutes, and then
100 pl of primary anti-CD31 antibody (1:50 dilution; BD Pharmingen) or anti-a-smooth
muscle actin antibody (1:200 dilution; Sigma-Aldrich) was applied to the sections for 1 hour
at room temperature. The sections were further incubated with biotinylated secondary
antibody (1:500 dilution; Vector Laboratories, Burlingame, CA). Streptavidin-biotin-
horseradish peroxidase was used for signal amplification and diaminobenzidine was used for
staining (Vector Laboratories). Counter-staining was performed with hematoxylin and
nuclear fast red for 30 seconds respectively. 3% H,O, (Fisher Scientific, Fair Lawn, NJ)
was used for blocking endogenous peroxidase activity. All slides were examined in a
blinded manner.

Wound area measurement

On days 0, 3, 7 and 14, the wound borders were traced /n7 situ onto clear acetate paper.
Images were digitized at 600 dpi (Paperport 6000, Visioneer, Fremont, CA). Wound areas
(in pixels) were calculated using NIH Image software (Scion Image, Frederick, MD).

Human burn patients

Patients in the Johns Hopkins Burn Center were enrolled in the study using an IRB approved
protocol. Inclusion criteria included burn of 1-70% body surface area, age 18-75 years, and
evidence of hemodynamic stability with normal blood pressure, pulse and urine output.
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Written consent was obtained from each patient in accordance with the Declaration of
Helsinki protocols. Clinical information related to the burn injury was collected. Venous
blood was drawn at intervals after the burn injury with a maximum of two samples in a 7-
day period.

Analysis of CACs in human burn patients

CACs were analyzed as previously described (16). MNCs were isolated from peripheral
blood by Ficoll (Amersham Biosciences, Piscataway, NJ) density gradient centrifugation.
Residual red blood cells were lysed by addition of ammonium chloride solution (Stem Cell
Technologies). MNCs were seeded on 24-well plates coated with human fibronectin at
1.5x106 cells/well and cultured in endothelial basal medium 2 with EGM-2-MV
SingleQuots (Lonza). After 4 days in culture, the cells were incubated with Dil-labeled
acetylated LDL (Invitrogen), fixed with 4% paraformaldehyde (Sigma-Aldrich), incubated
with FITC-labeled lectin from Ulex eurgpaeus (Sigma-Aldrich) at a concentration of 10
pg/ml for 1 hour, counterstained with 4,6-diamidino-2-phenylindole dihydrochloride
(Invitrogen), and Dil*/FITC* cells were counted under fluorescence microscopy.

Statistical analysis

RESULTS

Results are presented as mean + standard error of the mean (SEM). Differences in means
between groups were analyzed for significance by Student’s t-test or ANOVA as appropriate
using Sigma Stat (SYSTAT Software Inc., Point Richmond, CA).

Establishment of a murine burn model with uniform, graded wound severity

To produce burn injury, an aluminum rod was heated in a 100°C water bath for 5 minutes
and two 1.2-cm-diameter cutaneous burns were produced on the dorsum of each mouse,
representing approximately 20% of the body surface area. To ensure burn uniformity, only
the weight of the aluminum rod itself provided pressure to the skin surface. To generate
wounds of varying severity, the rod was placed in contact with the skin for 4, 6 or 8 seconds
in different mice.

As burn contact time was increased from 4 to 8 seconds, the severity of burn injury
increased, as determined by histological analysis on day 21. The presence of an eschar,
composed of coagulated protein, indicates that the epithelial covering of the wound is not
intact. The frequency with which an eschar was observed on the burn wound at day 21
tended to increase progressively as the burn contact time increased from 4 to 8 seconds.
(Figure 1a)

A superficial burn heals without fibrous scarring, while deeper burn wounds heal with thick
fibrous scars, which can contract and distort surrounding tissues, and result in a poor
cosmetic and functional result. The thickness of the burn scar was measured in the center of
the wound. With increasing burn duration, scar thickness on day 21 was found to increase
significantly (/£<0.05, one-way ANOVA with Tukey test; Figure 1b). Taken together, the
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results in Figure 1 demonstrate the graded severity of burn wounds as a function of contact
time in this mouse model.

Effect of burn severity on CAC mobilization

Having established the quantitative nature of the model, we investigated the effect of burn
wound severity on CAC mobilization. MNCs were isolated from peripheral blood, cultured
in the presence of endothelial growth factors for 4 days, and analyzed by fluorescence
microscopy (Figure 2a) for the uptake of 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine (Dil)-labeled acetylated LDL (red fluorescence) and the
binding of fluorescein isothiocyanate (FITC)-labeled lectin (green fluorescence). The double
positive cells (yellow fluorescence) represent CACs (17). The number of CACs that were
present in the peripheral blood increased in all burn groups, but the kinetics of mobilization
was dependent on the burn duration. The peak mobilization of CACs was on day 3 after a
burn of 4 seconds duration (Figure 2b), day 4 after a burn of 6 seconds (Figure 2c), and day
6 after a burn of 8 seconds (Figure 2d). In addition, the magnitude of the peak decreased
with increasing burn duration. In all cases, the mobilization was remarkably transient.

Effect of burn severity on tissue perfusion

We reasoned that if the mobilization of CACs played an important role in the increased
tissue perfusion that is required for effective wound healing, then the delay in CAC
mobilization should result in a delay in tissue perfusion. To test this hypothesis, blood flow
was measured by LDPI on days 3, 7, and 14 after burn wounding. The increase in wound
perfusion on day 7 was progressively impaired as the severity of the burn increased
(P<0.001, two-way ANOVA with Tukey test; Figure 3). By day 14, when the wound areas
were approximately 30% of their original size, tissue perfusion was returning to normal
levels and differences between groups were no longer observed. Thus, burn severity affected
the magnitude of the increase in blood flow associated with wound healing.

Effect of burn severity on wound vascularization

We reasoned that the differences in perfusion reflected differences in tissue vascularization.
To test this hypothesis, vascular morphometry was performed on sections of the excised
wounds on day 21 by immunohistochemical staining for CD31 and smooth muscle actin
(SMA). The number of CD31* or SMA* vessels within a 200x field at the center of each
wound was determined. There was a progressive decrease in the number of CD31* (Figure
4a-b) and SMA* (Figure 4c—d) vessels as burn duration increased from 4 to 8 seconds.
(P<0.05, one-way ANOVA with Tukey test, for both CD31 and SMA).

Effect of burn severity on wound closure

We reasoned that impaired vascularization would lead to impaired wound closure. To test
this hypothesis, wound closure on day 21 was analyzed by computerized planimetry. As
burn duration increased, wound closure was significantly delayed (P<0.05, one-way
ANOVA with Tukey test; Figure 5).
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CAC mobilization after thermal injury in humans

To investigate the clinical relevance of findings from the murine model, we analyzed CAC
mobilization in burn wound patients using the same validated culture assay (16). Thirty one
patients (24 males and 7 females) were enrolled for the study. The mean age was 39 years
(range: 19-59). Mean burn surface area was 13% (range: 1-64%). One to three serial blood
samples were obtained from each patient. Circulating CACs were increased at the earliest
time point examined (between 12 and 24 hours) in all patients and remained elevated
through 48 hours (Figure 6). On day 3, the number of circulating CACs started to decline,
and they reached a plateau that extended out to greater than 6 weeks from the time of injury,
suggesting a return to baseline levels.

DISCUSSION

Previous clinical studies have revealed increased numbers of circulating CACs following
burn wounding (18, 19). This study of the phenomenon in the murine model allows for a
more systematic evaluation of the factors that influence the dynamics of mobilization of
CAGCs than is possible within the constraints of a clinical study. Increased mobilization
might result from increased tissue ischemia resulting in increased production of angiogenic
factors that induce CAC mobilization, as is seen in limb and cardiac ischemia models (15,
24). Alternatively, tissue destruction might result in the loss of cells capable of producing
these factors.

To answer this question, we have utilized a murine burn wound model, in which increasing
duration of burn contact resulted in burn wounds of increasing severity. We have
demonstrated that burns of increasing severity result in delayed and diminished mobilization
of CACs. Impaired CAC mobilization and reduced blood flow were observed in wounds of
increasing severity, which suggests that the progressive impairment of perfusion associated
with increasing burn duration is caused not only by direct destruction of pre-existing
vasculature with more severe burns, but also by impaired neovascularization resulting from
the delay in CAC mobilization. Further studies are needed to test this hypothesis.

In contrast to the sharp peaks of CAC mobilization in the murine model, the clinical study
revealed a sustained increase in CACs over the first 48 hours after burn wounding.
Extensive human burns include areas of both superficial and deep wounding and thus the
sustained increase in CACs may represent integration of the early and delayed responses that
were observed in the murine model. However, there are likely to be many other factors that
contribute to differences between the experimental and clinical data. The reduced magnitude
of CAC mobilization in the patients may reflect the effect of aging or cardiovascular disease
risk factors (16, 17, 24).

The mouse model will be useful for investigating the cellular and molecular mechanisms by
which aging, genetic background, and chronic diseases such as diabetes influence burn
wound healing. If CAC mobilization and wound perfusion are important determinants of
clinical outcome, then strategies designed to augment angiogenic responses may improve
outcome in patients with severe burn wounds. Further analysis of the molecular mechanisms
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regulating CAC mobilization and recruitment to burn wounds in the mouse model will
provide a scientific foundation for the rational development of effective therapies.
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Figure 1. Histological analysis
(a) Eschar. Left panel: Photomicrograph shows an eschar (arrow) with inflammatory

infiltrate at 21 days after burn wounding. Right panel: Bar graph shows the percentage of
wounds with eschar on day 21. (b) Scar thickness. Left panel: Measurement of scar
thickness in a hematoxylin- and eosin-stained section. Right panel. Bar graph shows mean
(x SEM) scar thickness on day 21 (*/<0.05, ANOVA with Tukey test, n=12).
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Analysis of CACs in the peripheral blood of mice subjected to burns of increasing duration.
Mouse peripheral blood mononuclear cells cultured in the presence of endothelial growth
factors were stained with FITC-lectin (green) and Dil-acetylated LDL (red). (a) Mice were
subjected to 4-second (b), 6-second (c), and 8-second (d) burns and peripheral blood was
analyzed for the presence of CACs on the indicated day after burn wounding (day 0, non-
burned controls). */£<0.05 compared to day O (Student’s ftest).
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Figure 3. Analysis of wound blood flow
Laser Doppler perfusion imaging was performed on days 3, 7, and 14 after burning. Mean (+

SEM) blood flow (*~<0.01, ANOVA with Tukey test, 7= 8 for each group).
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Figure 4. Immunohistochemical analysis of wound vascularization
(a—b) CD31 staining. (a) Bar graph shows the mean (£ SEM) vessel counts per 200x field

(*FP<0.01, ANOVA with Tukey test, 7= 8 for each group). (b) The central portion of a 4 and
8 second burn wound on day 21 stained with an antibody against CD31 (PECAM-1), which
is expressed by vascular endothelial cells. (c—d) SMA staining. (c) Bar graph shows the
mean (x SEM) number of vessels (*/<0.05, ANOVA with Tukey test, n= 8 for each group).
(d) The central portion of a 4 and 8 second burn wound on day 21 stained with an antibody
against smooth muscle actin (SMA), which is expressed by vascular pericytes and smooth
muscle cells.
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Figure 5. Analysis of burn wound closure
The wound area was measured by computer-assisted planimetry on day 21. The mean (x

SEM) wound area is plotted in the bar graph (*/<0.001, ANOVA with Tukey test, 7= 8 for
each group).
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Figure 6. CAC levels in burn patients at intervals after injury
(a) Serial analysis of CACs in burn patients. CACs were quantified in blood samples (n=7,

15, 7, 5, and 8 for the sequential time periods studied; £<0.05, ANOVA). (b) Comparison of
samples drawn in the first 48 hours after injury with later samples. The data were pooled
into two groups (*~<0.001, Student’s ftest, 7= 22 samples in the <48 hours group and 7=

20 in the >48 hours group).
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