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Abstract
Diabetes is characterized by poor circulation and im-
paired angiogenesis, which appear to contribute to the
frequent skin lesions and poor wound healing common
in diabetic patients. Therapies to improve circulation
commonly improve wound healing in diabetic patients.
Administration of circulating CD34+ cells, cells that can
function as endothelial cell progenitors, accelerates
blood flow restoration to ischemic limbs of diabetic mice.
We have investigated the potential of these cells to accel-
erate revascularization and healing in full-thickness skin
wounds of hypoinsulinemic (streptozotocin-treated) dia-
betic mice. Wounds were injected with human CD34+ or
CD34– peripheral blood mononuclear cells or no cells,
and analyzed for vascularity and healing at various times
thereafter. Treatment with CD34+ enriched cells de-

creased wound size by 4 days after treatment, acceler-
ated epidermal healing, and rapidly and dramatically
accelerated revascularization of the wounds compared
to controls. Initially increased vascularization was me-
diated principally by an increase in vessel diameter, but
later, both an increase in vascular size and number were
observed. These findings indicate that blood-derived
progenitors may have therapeutic potential in the treat-
ment of skin lesions in the setting of diabetes, and give
insights into how bone marrow cells exert their effects
on neovascularization.

Copyright © 2003 S. Karger AG, Basel

Introduction

Skin lesions are a severe and frequent complication of
diabetes. Among these, ulcers of the lower limbs cost the
US Medicare system USD 1.5 billion in 1995 [9]. There
are many causes of diabetic skin wounds and ulcers
including neuropathy, trauma, and ischemia, but whatev-
er the etiology, their healing in diabetic patients is com-
promised [13]. Non-healing ulcers are the most common
cause of amputation, and in one study, diabetic ulcers
were the cause of 84% of amputations among diabetic
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patients [16, 17]. The microvasculature of the diabetic
skin exhibits both structural and functional abnormalities
that contribute to impaired wound healing and ulcer for-
mation. One of the functional manifestations of these vas-
cular abnormalities is low cutaneous blood flow, which is
probably the greatest risk factor for amputation [17].
Additionally, there is a reduction in sensory innervation
in the skin of diabetic patients, and this reduction inhibits
normal tissue repair [4, 8, 11, 15, 20].

While circulatory abnormalities and neuropathy con-
tribute to delayed wound healing and chronic wounds in
diabetic patients, precisely how these factors impact on
the wounds is unclear [1, 3]. Does neuropathy lead to
angiopathy, vice versa, or are the two unrelated? Despite
our lack of understanding, a number of studies indicate
that improving one tends to improve the other [2, 6, 19].
In addition to macro- and microcirculatory problems,
angiogenesis is impaired in diabetic compared to non-dia-
betic patients, and this angiogenic delay may also contrib-
ute to poor wound healing [7, 21, 23].

Numerous studies demonstrate that a subset of hema-
topoietic cells can function as adult stem cells, and it
appears that leukocytes expressing the cell surface antigen
CD34+ are enriched for these stem cells. Blood-derived
stem cells are capable of differentiating into a variety of
cell types, including endothelial cells [5, 22]. However, the
ability of adult blood-derived cells to function as endothe-
lial cell progenitors appears to be reduced by diabetes. In
vitro, stem cells derived from type I diabetic patients pro-
duced significantly fewer endothelial cells per milliliter of
blood than did cells from non-diabetic controls. Also,
whereas grafted exogenous stem cells from non-diabetic
humans had no effect on the restoration of blood flow to
an ischemic limb in non-diabetic mice, the same cells pro-
foundly accelerated blood flow restoration in diabetic
mice, suggesting that endogenous cells are functionally
deficient [18].

Since exogenous CD34+ peripheral blood mononu-
clear cell (PBMC) administration has a rapid and signifi-
cant effect on revascularization of ischemic limbs in strep-
tozotocin-treated (diabetic) mice, we hypothesized that
these cells could also accelerate revascularization of skin
wounds, which might in turn improve wound healing in
diabetic mice. As a corollary we hypothesized that CD34–
PBMCs would not exhibit these properties since they
failed to accelerate flow restoration in the ischemic limb.
A finding that CD34+ PBMCs could improve vasculari-
zation of skin wounds would strongly suggest that exoge-
nous CD34+ PBMCs may have therapeutic potential in
the treatment of skin lesions in the setting of diabetes.

Methods

Animal Procedures
All procedures were performed according to the University of Iowa

Animal Care and Use Committee guidelines following the principles
of animal care. To induce diabetes, 8- to 10-week-old male nude mice
(NU/J Hfh11nu from Jackson Laboratories, Bar Harbor, Me., USA)
were treated with low-dose streptozotocin (Sigma, St. Louis, Mo.,
USA). Mice were injected intraperitoneally with 43 mg/kg streptozoto-
cin in 0.05 M Na citrate, pH 4.5, daily for 5 days [12]. Three days after
the final injection, blood glucose levels were measured using an Accu-
Chek glucometer (Roche, Indianapolis, Ind., USA). Mice with blood
glucose levels 1250 mg/dl and polyuria as assessed by wet cage bed-
ding were considered to have diabetes. Serum glucose levels in control
nude mice typically average 120 mg/dl [18].

Three to four weeks after induction of diabetes, mice were anes-
thetized by intraperitoneal injection of 80 Ìg ketamine plus 10 Ìg
xylazine/g and the skin cleaned with povidone-iodine. Bilateral full-
thickness skin wounds were created on the dorso-rostral back using a
sterile 4-mm biopsy punch. Three days later, mice were anesthetized,
and freshly isolated human CD34+ enriched PBMCs from 45 ml of
human peripheral blood (3–6 !105 cells) in 25 Ìl 0.9% NaCl were
injected under each wound bed. In some experiments, the same num-
ber of CD34– PBMCs, i.e. PBMCs depleted of CD34+ cells, were
injected. Control mice were injected with 0.9% NaCl. Nude mice
were used to minimize possible host-versus-graft immune responses
to the transplanted human cells.

Isolation and Labeling of CD34+ and CD34– PBMCs
Human blood was collected from healthy volunteer donors after

obtaining informed consent and according to protocols approved by
the University of Iowa Institutional Review Board. 90 ml of blood
were collected into 10 ml 0.13 M sodium citrate as anticoagulant and
used immediately. Blood was diluted with 0.5 volumes PBS/AC
(1.1 mM KH2PO4, 3 mM Na2HPO4, 0.9% NaCl, 0.13 M sodium
citrate, pH 7.2), and PBMCs were fractionated from red blood cells
by centrifugation over Histopaque 1077. PBMCs were washed thrice
in PBS/AC with 2% bovine serum albumin (BSA). CD34+ enriched
PBMCs were collected using CD34-antibody-coated magnetic beads
then detached from the beads by enzymatic digestion of the bead-
antibody linkage according to the manufacturer’s (Dynal, Lake Suc-
cess, N.Y., USA) instructions and as previously described [18]. The
remaining PBMCs served as CD34– control cells.

Tissue Preparation and Immunostaining
Animals were sacrificed on days 7, 14 and 21 after wounding.

Wound beds surrounded by a margin of normal skin and the underly-
ing muscle layer were harvested and fixed 4 h in 100% methanol at
room temperature, then processed through 100% ethanol, xylenes
and paraffin embedded. Wounds were serially sectioned (7 Ìm) per-
pendicular to the wound surface rostral to caudally. A total of eight
wounds (from 4–6 different mice) in each group were analyzed. The
number of sections analyzed ranged from 15–22 per wound depend-
ing on the size of the wound.

Every tenth section was stained with hematoxylin and eosin for
wound analysis. To visualize blood vessels, the adjacent sections
were deparaffinized and immunolabeled with anti-CD31 (BD Phar-
mingen, San Diego, Calif., USA) or anti-von Willebrand factor
(vWF; DAKO, Carpenteria, Calif., USA). For CD31 staining, sec-
tions were treated for 3 min at 37 °C with 100 mg/ml proteinase K
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Table 1. Formulas for computing wound and vascular parameters

Parameter Formula Definitions

Wound area AW = AE + AD (mm2) AE = epidermal area
AD = dermal area

Wound volume VW = 0.070 mm W ™n = 2 to N (An + A(n – 1) )/2 A = area of the wound
N = total number of sections/10
(sections are 7 Ìm thick)

Vascular area density VD = 100 W ™n = 1 to N [(ABV)10n/(AW)10n ]/N AW = area of wound
ABV = area of the blood vessels
N = total number of sections/10

Total vascular volume

Vascular index

VBV = VD W VW (mm3)

VI = ™ n = 1 to N [(NBV)10n/(AW)10n ]/N

NBV = number of blood vessels

AW = area of wound
N = total number of sections/10

(BD Pharmingen), blocked in 2% BSA in PBS, incubated for 1 h at
37°C in 2.5 Ìg/ml anti-CD31, then 0.75 Ìg/ml biotinylated anti-rat
IgG, and next with 1:200 alkaline phosphatase-streptavidin complex
(Vector, Burlingame, Calif., USA) for 1 h. Immunolabeling was
visualized with Vector Red (Vector). vWF staining was done similar-
ly except that sections were treated 2 min with 10% acetic acid in
PBS before proteinase K digestion, incubated in 4 Ìg/ml anti-vWF
1 h at room temperature and overnight at 4°C followed by 7.5 Ìg/ml
biotinylated anti-rabbit IgG (Vector), reacted with 1.25 Ì/ml strep-
tavidin-horseradish peroxidase 1 h at room temperature, and treated
with 0.08 Ìg/ml diaminobenzidene and 0.03% H2O2. Non-immune
IgG of the appropriate species at the same concentrations served as
control. Immunolabeled sections were stained with hematoxylin.

To investigate if CD34+ enriched PBMCs themselves contribute
to the endothelium of the wound neovasculature, sections from day-
14 CD34+ cell-treated wounds were co-immunolabeled with 2.5 Ìg/
ml rhodamine Ulex europaeus I lectin (Vector) to detect human and
5 Ìg/ml fluorescein Bandeiraea simplicifolia lectin B4 (Vector) to
detect mouse endothelial cells. After deparaffinization and blocking
in 2% BSA in PBS, sections were incubated 2 h at room temperature
in each lectin, sequentially.

Wound Analysis
Images of every tenth hematoxylin- and eosin-stained section

were captured digitally (Nikon E600 microscope and DXM1600
camera). The periphery of the wound epidermis and dermis were
each traced digitally to determine the area of each in the wound using
Metavue software (Universal Imaging, Downington, Pa., USA). The
total wound area in each section was computed as the sum of the
epidermis and dermis to avoid errors associated with artifactual sep-
aration of epidermis and dermis, except in sections from day 7
wounds, where the entire wound was traced since not all wounds
were closed. Lateral wound boundaries were determined by the pres-
ence of intact hair follicles and organized epidermis and dermis as
compared to a lack of hair follicles, altered epidermal/dermal organi-
zation, and disorganization of collagen fibers within the wound
(fig. 1). For vascular measurements, anti-CD31 immunolabeled
blood vessels in the adjacent section (that is, every tenth section)

Fig. 1. Delineation of the wound bed: HE-stained section of a skin
wound in a control mouse 14 days after wounding. Black line indi-
cates area included in the measurement of the wound bed. Note the
presence of hair follicles (arrows), thinner organized dermis, and
clear delineation between dermis (D) and subcutaneous fat layer (F)
in adjacent tissue. Bar = 1 mm.

were traced. From these measurements the total wound volume, per-
cent epidermis (epidermal area per total wound area), vascular area
density (blood vessel area per wound area), total blood vessel volume
in the wound, and the vessel index (number of blood vessels per
wound area) were determined directly using Metavue software or cal-
culated using the formulas in table 1. Additionally, the size distribu-
tion of the luminal area of vessels in the histological sections was
determined. Vessels were assigned to one of five groups, ^5, 5–11,
11–16, 16–21, and 121 ! 10–5 mm2, according to size. The percent-
age of vessels partitioned into each group was computed.

Eight wounds from 4–6 mice in each group were analyzed. Data
were compared between groups (time and treatment) using two-factor
factorial ANOVA with p ! 0.05 considered statistically significant.
Post-hoc analyses were performed using Tukey’s tests. Data were ana-
lyzed in two ways. First, each wound was considered an independent
measure. Second, if two wounds were derived from the same animal,
the data from the two wounds were averaged and taken as a single
independent measure. Both analyses yielded similar results.

D
ow

nl
oa

de
d 

by
: 

K
el

lo
gg

 H
ea

lth
 S

ci
en

ce
s 

Li
br

.  
   

   
   

   
   

   
   

   
12

9.
17

3.
72

.8
7 

- 
1/

5/
20

15
 5

:4
0:

36
 P

M



CD34+ PBMCs Improve Vascularization
and Healing

J Vasc Res 2003;40:368–377 371

Fig. 2. Histology and CD31 immunolabeling. 7-Ìm HE-stained paraffin sections of skin 7 (A–C), 14 (D–F) and 21
days (G–I) after wounding. Some sections (B, C, E, F, H, I) were immunolabeled with anti-CD31 antibodies and
visualized with a Vector Red (bright red substrate) to delineate blood vessels. In the control wounds, hyperplastic
epidermis at 7 days (A) gradually decreases in thickness over time (D, G). Decreased CD31 immunoreactivity is
apparent in 7- (B) and 14-day (E) control wounds compared to CD34+ cell-treated 7- (C) and 14-day (F) wounds.
Vascularity in the dermis, as indicated by CD31 labeling, is similar in both control (H) and treated (I) wounds at 21
days. Bar = 400 (A, D, G) and 200 Ìm (B, C, E, F, H, I).
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Results

Wound Morphology
Skin wound healing is delayed by diabetes and this is

thought to be in part due to delayed revascularization
[18]. Intramuscular injection of blood-derived CD34+
cell-enriched PBMCs accelerates revascularization of
ischemic limbs in diabetic mice [18]. We therefore rea-
soned that CD34+ PBMCs may hasten wound healing in
diabetic mice by accelerating revascularization of the
wound. To investigate this, bilateral full-thickness punch
biopsies were performed on the backs of T-cell-deficient
nude diabetic mice. Three days later just prior to the start

of wound revascularization, vehicle or human CD34+
PBMCs were injected under each wound. Wounds were
subsequently harvested 7, 14, or 21 days after wounding,
and hematoxylin- and eosin-stained tissue sections were
examined. Both treated and untreated 7-day wounds were
closed or almost closed and revascularization had begun,
but a significant inflammatory reaction could be seen in
the wounds in hematoxylin- and eosin-stained histologi-
cal sections (fig. 2A). There was no correlation between
the extent of inflammation and cell treatment. By 14 days
revascularization was well advanced, little if any inflam-
mation was present, and reorganization of collagen had
begun (fig. 2D). At 21 days, wound tissue was well vascu-
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larized, and epidermal thickness was returning to nor-
mal, but collagen reorganization remained incomplete
(fig. 2G).

Morphometry
Every tenth section of each wound was hematoxylin

and eosin stained, and the adjacent sections were immu-
nolabeled with anti-CD31 which labels endothelial cells
[14] (fig. 2). Additional sections were immunolabeled
with anti-vWF, another endothelial cell antigen [10].
Comparison of adjacent sections labeled with the two
antibodies showed indistinguishable patterns of labeling
(data not shown). Because anti-CD31 labeling was bright-
er, this antibody was used for all analyses.

Epidermal and dermal areas of the wounds were deter-
mined by digitally analyzing images of hematoxylin- and
eosin-stained slides. Immunolabeled sections were simi-
larly imaged and the lumina of labeled vessels digitally
traced to determine the area and number of vessels in
each section. Mean vascular area density (area of blood
vessels per area of wound), vessel index (mean number of
vessels per unit area), wound volume and total vascular
volume were calculated using the formulas in table 1.

CD34+ PBMCs Accelerate Wound Vascularization
Treatment with CD34+ PBMCs resulted in significant

differences in vascular area density and total vascular vol-
ume in the wounds during the period examined. By 7 days
after wounding (i.e. 4 days after treatment), vascular area
density in the wound was 1.6-fold greater in CD34+
PBMC-injected wounds than in vehicle-treated wounds,
and there was an increase in total vascular volume
(fig. 2B, C, 3A, B). Fourteen days after wounding, vascu-
lar area density and total vascular volume in CD34+
PBMC-treated wounds were both 2.7-fold greater than
that of vehicle-treated wounds (fig. 2E, F, 3A, B). Thus,
during the period from 7 to 14 days after wounding, vas-
cular area density increased from 4.0 to 5.4% in CD34+
cell-treated mice but decreased from 2.5 to 2.0% in vehi-
cle control mice (fig. 3A). Additionally, whereas total vas-
cular volume did not change significantly in CD34+
PBMC-treated wounds, it decreased more than 2-fold in
control wounds (fig. 3B). Twenty-one days after wound-
ing, the vascular area density and total vascular volume
were similar in all mice, as a result of a decline in CD34+
cell-treated mice and an increase in control mice (fig. 2H,
I, 3A, B).

To determine if the observed vascular area density
improvements were specific to CD34+ enriched PBMCs,
an additional group of mice was injected as above with

CD34– PBMCs, i.e. PBMCs depleted of CD34+ PBMCs.
Examination of wounds 14 days after injection showed no
increase in vascular area density in the wounds treated
with CD34– PBMC relative to vehicle controls (fig. 3C).

We next investigated the mechanism through which
vascular area density increased, i.e. via an increase in the
number or size of vessels in the wound. For this purpose, a
frequency distribution of wound vessel size was plotted.
Seven days after wounding, the CD34+ PBMC-induced
increase in vascular area density was not accompanied by
a significant increase in the vessel index (i.e. number of
vessels per wound area; fig. 4A), but the frequency distri-
bution in CD34+ PBMC-treated wounds was shifted to a
larger vessel size relative to controls (fig. 5A). Fourteen
days after wounding, the vessel index increased with
CD34+ PBMC treatment (fig. 4A), and the frequency dis-
tribution remained shifted to larger vessels relative to
controls (fig. 5B). By 21 days after wounding, the vessel
index (fig. 4A) and the frequency distribution were simi-
lar in both groups (fig. 5C).

We again tested if the changes in the vasculature were
specific to CD34+ enriched PBMCs. Surprisingly, injec-
tion of CD34– PBMCs also increased the vascular index,
although not as much as CD34+ PBMCs (fig. 4B). How-
ever, there was a dramatic shift in the vessels size distribu-
tion to small vessels in these wounds compared to vehicle-
treated controls (fig. 5D).

Several studies suggest that CD34+ PBMCs can differ-
entiate into endothelial cells in vivo. Thus, at least two
mechanisms are possible for the observed increase in vas-
cularity in the wounds. The exogenous cells could be
undergoing a vasculogenic transformation to form new
vessels or incorporating into newly forming mouse ves-
sels. Alternatively, the injected cells could be inducing
endogenous cells to vascularize the wound. To differen-
tiate between these possibilities, we labeled endothelial
cells in sections of CD34+ PBMC-treated 14-day wounds.
Rhodamine-conjugated Ulex lectin (which labels human
but not mouse cells) and FITC-conjugated BSLB4 lectin
(which labels mouse but not human cells) were used to
distinguish exogenous human cells from endogenous
mouse cells. Examination of sections revealed rhoda-
mine-labeled cells that appeared to be in the endothelial
cell layer of blood vessels, but this was a relatively rare
event. When present, they tended to be clustered in sever-
al vessels in a small area (data not shown).
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Fig. 3. Wound vascularization assessed by morphometric analysis of
7-Ìm anti-CD31-immunolabeled skin wound sections (A, B) of con-
trols or wounds treated with CD34+ enriched PBMCs harvested 7,
14, and 21 days after wounding. A Vascular area density expressed as
percent mean area of vascular lumina per wound area. B Total vascu-
lar volume within the wound. C Vascular area density in control
wounds and wounds injected with CD34– or CD34+ PBMC har-
vested 14 days after wounding. * p ! 0.05 vs. control on the same
day.
Fig. 4. Vessel index assessed by morphometric analysis of 7-Ìm sec-
tions of anti-CD31-immunolabeled control or treated skin wounds.
Vessel index is expressed as the number of blood vessels per area of
wound. A Index in control or CD34+ PBMC-treated wounds har-
vested 7, 14, and 21 days after wounding. * p ! 0.05 vs. control on the
same day. B Index in wounds treated with CD34– or CD34+ PBMC
or control wounds harvested 14 days after wounding.3
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Fig. 5. Blood vessel size distribution determined by morphometric analysis of anti-CD31 immunolabeled 7-Ìm sections
of skin wounds. Vessels were grouped according to luminal areas as indicated. A–C Vessel size analysis from control and
CD34+ PBMC-treated wounds harvested 7 (A), 14 (B), or 21 (C) days after wounding. D Vessel size analysis from
wounds treated with CD34– or CD34+ PBMC and control wounds harvested 14 days after wounding. * p ! 0.05 vs.
control of the same size range.

Effects of CD34+ PBMCs on Wound Healing
To determine if the increase in vascularity translated

to improved skin wound healing, we compared total
wound volume and epidermal thickness between CD34+
PBMC- and vehicle-treated wounds. At 7 days, only 3
days after treatment, average wound volume decreased by
more than 30% in CD34+ PBMC-treated wounds relative
to controls (fig. 6A). At both 14 and 21 days after wound-
ing, there was no statistically significant difference in
wound volume between the two groups (fig. 6A).

Epidermal healing is characterized by a re-epitheliali-
zation process that involves three phases. Initially, the
wound is covered by a thin layer of epidermal cells, subse-
quently, the epidermis is hyperplastic, and finally the epi-
dermis returns approximately to its pre-wounding thick-
ness. We attempted to compare epidermal thickness in
the control and CD34+ PBMC-treated wounds by mea-

suring the area of the wound and dividing it by the length
of the wound. However, interobserver measurements of
length were not consistent, and the resulting estimated
average epidermal thicknesses were extremely variable
from section to section and among wounds in a group.

To circumvent this problem, we used instead an indi-
rect means to estimate epidermal thickness. The ratio of
the epidermal area to wound area was computed for each
section. This ratio of measurements was highly reproduc-
ible and led to small standard errors within each group. At
14 days, when the epidermis is still hyperplastic, the ratio
of epidermal area to wound area was greater in CD34+
PBMC-treated than in control wounds (p ! 0.05), suggest-
ing that the epidermis was thicker in treated wounds
(fig. 6B). In contrast, at 21 days, this ratio was significant-
ly decreased (p ! 0.05) in CD34+ PBMC-treated than in
control wounds (fig. 6B). Moreover, while this estimate of
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Fig. 6. Quantitation of wound healing. A Total wound volume in
control and CD34+ cell-treated wounds 7, 14, and 21 days after
wounding estimated by measuring the wound area in every tenth his-
tological section of the entire wound and interpolation. *p ! 0.05 vs.
control of the same day. B Mean ratio of epidermal area to wound
area per histological section (%). * p ! 0.05 vs. control of the same
day.

epidermal thickness did not change in control mice be-
tween 14 and 21 days, the ratio decreased significantly in
this time period in CD34+ PBMC-treated wounds, sug-
gesting that epidermal hypertrophy was receding in the
treated but not control wounds (fig. 6B). Because not all
wounds were completely epithelialized on 7 day, this ratio
was not computed for the early time point.

Discussion

Impaired angiogenesis is a clinically significant prob-
lem in diabetic patients, and clinical trials indicate that
therapies designed to improve vascularization can im-
prove outcomes in patients with severe skin wounds and
diabetic ulcers. Previously we demonstrated that injec-
tion of CD34+ enriched PBMCs into the ischemic limbs
of diabetic mice could rapidly and significantly improve
blood flow to the limbs [18]. In this study, we tested the
potential of these same cells to improve vascularization of
skin wounds in a mouse model of diabetes. Our data indi-
cate that, compared to the controls, treatment with
PBMCs enriched for CD34+ cells dramatically enhances
revascularization of the wound by at least 7 days after
wounding, i.e. just 4 days after injection of cells. Further-
more, this property is specific for this population of cells,
as CD34– cells did not induce a similar effect.

In the initial 7-day wound healing period, the vascular
index is similar in control and treated wounds (fig. 4A).
Nevertheless, there are dramatic differences in both vas-
cular volume and vascular area density between control
and treated mice (fig. 3A, B). This difference can be
attributed to a shift toward larger vessel luminal diameter
in the treated wounds compared to controls (fig. 5A),
indicative of either a vascular remodeling-like process in
CD34+ cell-injected wounds or perhaps vasodilation.

Differences in vascularity in the two groups remain at
14 days, though the underlying mechanism changes. In
the period from 7 to 14 days, there is an increase in the
vascular index in treated mice (fig. 4A), an indication that
increased neovascularization is occurring within the
treated wound. Despite active neovascularization which
would be expected to increase the proportion of small ves-
sels, the vessel size distribution remains unchanged
(fig. 5B), suggesting vascular remodeling or vasodilation.
The latter seems unlikely, however, since CD34– PBMCs
induce no analogous effect, and inflammatory responses
in all groups are similar. Not surprisingly, the additional
vascular growth during this week leads to increased vascu-
lar area density (fig. 3A), although total vascular volume
is essentially unchanged (fig. 3B) due to a reduction in
wound size. In contrast, the vessel index does not change
significantly in control wounds between 7 and 14 days
(fig. 4A), indicating little or no new blood vessel growth or
a compensatory vessel loss. Moreover, small decreases in
vascular area density and vascular index as well as a slight
shift to decreased luminal size all contribute to a 150%
decrease in total vascular volume in controls during this
period (fig. 3B). Thus, it appears that not only is little or
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no new vessel growth occurring in control wounds, there
may also be selective loss of larger vessels.

Since section orientation affects both the vessel index
and size distribution (but not the vascular area density),
care was taken in orienting wounds with respect to the
epidermal surface. For consistency, wounds were also
oriented with respect to the anterior posterior axis, al-
though skin vasculature is isotropic in the two planes per-
pendicular to the epidermal surface. Given these consid-
erations and a sample size of eight wounds per group, it is
unlikely that the observed effects are attributable to orien-
tation artifacts. Moreover, as our standard error bars indi-
cate, there was little or no overlap between groups, sug-
gesting that differences were not due to a few misoriented
wounds. In addition, while we cannot rule out the possi-
bility that CD34+ PBMC injection induces vessel tortuos-
ity, which would increase the vessel index, our histological
data do not support this interpretation. There is no
obvious tortuosity or difference in the shape of vessels in
controls versus cell-treated mice other than size (fig. 2).

By 21 days, vascular parameters are similar in both
groups. This appears to be due both to accelerated vascu-
lar growth in untreated wounds and a loss of vessels in
CD34+ PBMC-treated wounds. In control wounds vascu-
lar index, volume, and density all increase during this
period and there is a dramatic shift from small luminal
size to larger vessels. In contrast, in CD34+ PBMC-
treated wounds, vascular area density, index, and total
volume decrease, and vessels size shifts to smaller luminal
area.

Our data clearly demonstrate that CD34+ enriched
PBMC-treated wounds are significantly more vascular-
ized than wounds injected with CD34– PBMC or vehicle

during the early stages of wound healing. Previous studies
argued against a role for CD34– PBMC in increasing vas-
cular area density or improving blood flow in the wounds
compared to untreated controls, and our data are consis-
tent with this. However, there do seem to be more vessels
of smaller caliber in wounds treated with CD34– PBMC.
Perhaps CD34– PBMC can induce vascular growth but in
some way inhibit vessel maturation.

The increase in vascularization following CD34+
PBMC treatment correlates with a rapid (occurring with-
in 4 days of treatment) 130% reduction in wound vol-
ume. This rapid early healing and/or the persistently
increased vascularization in CD34+ PBMC-treated
wounds may contribute to an apparent acceleration of
epidermal remodeling. Since formation of a stable epider-
mis in chronic wounds of diabetics is problematic, this
improvement could be significant, and could mean the
difference between a skin wound that heals and one that
becomes chronic. Thus, the observed changes in wound
healing may prove meaningful in humans. More impor-
tantly, improved perfusion and/or blood flow could pre-
vent loss of tissue to gangrene. Thus, our data indicate
that CD34+ PBMC treatment to promote revasculariza-
tion of diabetic skin wounds could improve wound heal-
ing, and this is being investigated further in a different
model system.
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