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Fetal dermal wounds heal scarlessly and with a minimal
inflammatory response. When a robust inflammatory response is
induced at the site of fetal dermal wounds by the application of
cytokines, healing results in fibrosis. To test the hypothesis that
the reduced inflammatory response in fetal wounds is due to
impaired fetal leukocyte-endothelial interactions, the contribu-
tions of fetal endothelial cells to the inflammatory response in the
fetus were investigated. Endothelial cells isolated from blood
vessels of adult and mid-gestational fetal pigs were cultured in
media until confluent monolayers were established. Adult por-
cine neutrophils were isolated and resuspended at a concentration
of 1 million cells/mL. Interactions between neutrophils and
endothelial cells were observed under static and flow conditions.
Endothelial monolayers were exposed to neutrophils with and
without prior stimulation of the endothelial cells with tumor
necrosis factor � (TNF-�) for 4 h. The neutrophil-endothelial
interactions were observed and analyzed for neutrophil adhesion,

rolling velocity, and transmigration. Endothelial P-selectin
mRNA expression was determined by real-time polymerase
chain reaction (PCR). A novel in vitro model of fetal inflamma-
tion is described. Both adult and fetal endothelial cells demon-
strated a dose-dependent increase in neutrophil adhesion and
transmigration with increasing doses of TNF-�. The fetal re-
sponse was significantly lower than the adult. As expected,
rolling velocity was lower at higher cytokine concentrations and
had an inverse correlation with P-selectin mRNA expression.
Fetal endothelial cells are less permissive to adhesion and trans-
migration of neutrophils than adult endothelial cells. This may
contribute to the paucity of inflammation seen in the fetal
response to dermal injury. (Pediatr Res 58: 1290–1294, 2005)

Abbreviations
GAPDH, glutaraldehyde phosphate dehydrogenase
TNF-�, tumor necrosis factor

Following injury, the body repairs the injured tissue by the
mobilization of cells, release of factors, and deposition of
matrix. The result is the manufacture of new tissue (scar) with
architecture and functional properties that are inferior com-
pared with the uninjured tissue (1). This wound-healing pro-
cess is well defined in adult mammals. Wound healing occurs
via a process of concurrent cellular and biochemical events:
hemostasis, inflammation, proliferation, and remodeling. Adult
dermal wound healing is characterized by a robust inflamma-
tory response, recruitment and proliferation of fibroblasts and
keratinocytes, deposition of collagen and other matrix proteins
with the resulting fibrosis, and formation of a scar that is

histologically and functionally distinct from the uninjured skin
(1,2). In contrast, fetal dermal wound healing is an efficient and
rapid process in which essential amounts of matrix are depos-
ited in the absence of a robust inflammatory response. There is
a restoration of tissue architecture such that the fetal wound is
barely distinguishable from the uninjured tissue and thus the
fetus is said to heal scarlessly (3–7). While lower animals
(reptiles and amphibians) are known to possess regenerative
properties, only the mammalian fetus in early gestation appears
to simulate this (3). The process of fetal wound healing has
therefore been an area of investigation for several years.
One of the major distinguishing factors in the early phase of

fetal dermal wound healing is the paucity of an acute inflam-
matory response. When a robust inflammatory response is
evoked by the application of bacteria or cytokines, fibrosis
ensues (8–10). It therefore appears that in the fetal dermis, the
presence or absence of acute inflammation correlates with the
presence or absence of fibrosis. We therefore embarked on this
study to determine the factors in the fetus that may modulate
the fetal inflammatory response. The endothelium is crucial to
the process of leukocyte capture and transmigration (11) in
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inflammatory states. To test the hypothesis that the reduced
inflammatory response in fetal wounds is due to impaired
leukocyte-endothelial interactions, the contributions of fetal
endothelial cells to the inflammatory response in the fetus was
investigated using a novel model of fetal inflammation.

MATERIALS AND METHODS

Animals. Time-dated, pregnant, cross-bred swine (Department of Correc-
tions, Huntsville, TX) were purchased and housed at the animal care facility.
All animals were handled in accordance with the guidelines of the Baylor
College of Medicine Institutional Animal Care and Use Committee. At d 60 of
gestation (term � 115 d), the pregnant sows were anesthetized (pentobarbital,
ketamine, and isoflurane) and underwent a laparotomy. Fetal access was
achieved by surgical hysterotomy. Each fetus was euthanized by cervical
transection and the sow euthanized by a barbiturate overdose. The animals
were immediately dissected and the umbilical veins, inferior vena cava, and
jugular veins harvested fresh. Whole blood was obtained from adult pigs for
isolation of neutrophils.

Endothelial cell isolation and culture. Previously described methods for
isolation of human umbilical (12) and adult canine (13) endothelial cells were
modified (14). After the surrounding connective tissue had been carefully
dissected away, fresh inferior vena cava, jugular, or umbilical veins were
collected into tubes containing phosphate-buffered saline (PBS) with dextrose
(D-PBS) containing 5% penicillin-streptomycin (GIBCO) and 5% Fungizone
(GIBCO) and chilled on ice for transport from the operating room to the tissue
culture facility. The veins were everted, exposing the endothelial surface,
washed with warm D-PBS to remove any traces of blood, and incubated with
320 U/mL of collagenase in PBS (Roche Biochemicals, Indianapolis, IN) for
20 min at 37°C in a water bath. The endothelium was then gently abraded to
ensure detachment of the endothelium from the vessel wall. The vessels are
removed, and the endothelial cells suspended in culture medium [Dulbecco
Modified Eagle Medium (DMEM, Sigma Chemical Co.)] containing 10% fetal
calf serum (Hyclone, Logan, UT), 5% penicillin-streptomycin and 5% Fungi-
zone, plated onto fibronectin- (5 �g/cm2) and gelatin (0.2%)-coated tissue
culture plates, and incubated at 37°C in a humidified atmosphere with 5% CO2

until confluent. The confluent monolayer was confirmed to be endothelial cells
by immunohistochemistry using a polyclonal rabbit anti-human antibody to
von Willebrand factor (vWF) (data not shown). Only first- or second-passage
cells were used for the experiments.

Neutrophil isolation. Whole blood was obtained from peripheral ear veins
of healthy adult pigs and anticoagulated with citrate phosphate dextrose (CPD
0.14 mL/mL of blood: Abbott, North Chicago, IL). The blood was then
sedimented in 6% dextran (wt/vol in 0.87% NaCl; Spectrum Chemical,
Gardena, CA) for 45 min at room temperature. Leukocyte-rich plasma was
layered on Ficoll-Hypaque gradients and centrifuged at 300 � g for 20 min at
room temperature, as previously described (15,16). The resulting granulocyte-
erythrocyte pellets were washed and resuspended in PBS pH 7.4 containing
0.2% dextrose (D-PBS) at a concentration of 1 � 106 cells/mL. The cell
preparations, containing more than 90% neutrophil with greater than 90%
viable by trypan blue exclusion, were maintained at 4°C until used, usually
within 2 h.

Adhesion assay under static conditions. Porcine adult and fetal endothelial
cells grown to confluence on fibronectin-coated (5 �g/cm2) 25-mm coverslips
were treated with recombinant human TNF-� (R&D Systems Inc., Minneap-
olis, MN) at either 200 or 1000 U/mL for 4 h, washed in PBS, and immediately
inserted into adherence chambers specifically made for use with an inverted
microscope with phase-contrast optics. The chambers consisted of two metal
plates designed to hold two 25-mm round glass coverslips separated by a
Sykes-Moore chamber O ring (Bellco Glass, Inc., Vineland, NJ). Within this
closed compartment neutrophils could be observed as they contacted the
porcine monolayer (11).

A freshly prepared neutrophil suspension was injected into the chamber
until full and the interaction with the monolayer observed and videotaped. The
neutrophils were permitted to settle on the monolayer for 500 s. The number
of neutrophils in contact with the monolayer was determined by counting at
least five microscopic fields (40� objective). The chamber was then inverted
for an additional 500 s so only adherent cells remained attached to the
monolayer. The percentage of cells remaining in contact with the monolayer
was determined and expressed as the percentage of adherence.

The percentage of cells migrating through the endothelial monolayer was
also determined using phase-contrast optics; neutrophils adherent to endothe-
lium are round and appear refractile with a surrounding halo since they do not
spread on the surface of endothelial cells. In contrast, the neutrophils become

flattened after migrating to a position between the monolayer and the substra-
tum where they lose their refractile appearance (11).

Adherence assay under continuous flow. Neutrophil adherence to cyto-
kine-stimulated adult and fetal porcine endothelial cells was assessed under
continuous flow conditions, as previously described (17–19). First-passage
endothelial cells were grown to confluence on fibronectin-coated 35-mm tissue
culture dishes and treated with recombinant human TNF-� for 4–6 h before
the experiments. Monolayers were washed in DPBS with Ca2� and Mg2�,
mounted in parallel flow chambers, and perfused with D-PBS for 2–3 min to
remove all soluble factors. Unstimulated neutrophils were added to the feed
line at a final concentration of 1 � 106/mL and perfusion continued for 10 min
maintaining a shear stress of approximately 2 dynes/cm2 (0.325 mL/min). A
temperature-controlled Lucite box ensured that all flow experiments were
performed at 37°C. Interactions between the neutrophils and the endothelial
monolayer were observed by phase-contrast videomicroscopy (Diaphot-TMD
microscope, Nikon Inc., Garden City, NY) and CCD video camera (Sony
Corp., Park Ridge, NJ) and quantified with a digital imaging processing system
(Optimas; BioScan, Edmonds, WA). For each experiment, approximately six
fields of view were recorded with a 20� objective for 2 min at 20 s per field.
The total number of neutrophils interacting with the monolayer were deter-
mined and referenced per square millimeter of endothelial monolayer. For the
purpose of the current study, interacting cells were defined as cells rolling at
a velocity less than the flow stream plus those that are arrested. Rolling cells
move more than one cell diameter during a 1.0-s interval as determined by
time-lapsed digital subtraction techniques. The number of arrested cells was
derived from the arithmetic difference between the number of interacting and
rolling cells.

Real-time quantitative polymerase chain reaction (PCR). P-selectin
mRNA expression was determined by real-time quantitative PCR. Control and
TNF-� (1000 U/nm) treated, adult and fetal porcine endothelial cells were
harvested from tissue culture. Cells were lysed in 1 mL of TRIzol Reagent
(Invitrogen, Carlsbad, CA) and 200 �L chloroform. Total RNA was extracted
and precipitated according to the manufacturer’s protocol. The isolated RNA
was immediately stored at �80°C until used.

PCR reactions were performed in the iCycler iQ Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc., Hercules, CA). PCR amplifications were
performed in a total volume of 20 �L, containing 1 �L of cDNA sample, 4
mM MgCl2, 0.2 �M primers, 0.4 mM each dNTPs (dATP, dCTP, dGTP, and
dTTP), 0.025 U/�L Taq DNA polymerase, JumpStart Taq antibody and SYBR
Green I. The primer pairs were as follows: P-selectin (forward) CAC-
CAGCTCCAGTCTGTCAAG and (reverse) CTCCAGTTCCCCGTCTCCAA
(184 bp) and glutaraldehyde phosphate dehydrogenase (GAPDH) (forward)
CTACTGCCAACGTGTCGGTT and (reverse) CCTGTTGCTGTAGC-
CAAATTCATT (263 bp). Each PCR amplification was performed in triplicate
wells, using the following conditions: 8 min and 30 s at 95°C, 15 s at 95°C, and
60 s at 60°C repeated for a total of 40 cycles.

To generate the copy number for cDNA standards, porcine P-selectin and
GAPDH cDNA were cloned from adult porcine platelets. Plasmids containing
cDNA inserts were purified from bacterial cultures according to the manufac-
turer’s protocol (Qiagen, Germany). Following the confirmation of the se-
quence by automated sequencing, the plasmids were digested with the appro-
priate restriction enzymes to generate the copy-number template standards for
porcine P-selectin and GAPDH mRNAs. The expected fragments were eluted
according to the manufacturer’s protocol (Qiagen). The concentrations of the
cDNA fragments were determined spectrophotometrically. Copy numbers of
cDNA were empirically determined using the following equation: Copy num-
ber of cDNA standard � mole � Avogadro Constant � grams/fragment
molecular weight � Avogadro Constant (Avogadro Constant � 6.0221367 �
1023).

The quantified cDNA fragments were later serially diluted in log increments
and were used as known copy-number template standards in quantitative PCR.
Reverse-transcriptase negative controls (samples containing RNA to which
reverse transcriptase was not added) were included to exclude PCR amplifi-
cation of contaminating genomic DNA. The housekeeping gene GAPDH was
used as internal control to normalize for inefficiencies in cDNA synthesis and
RNA input amounts. The results are reported as the ratio of P-selectin to
GAPDH copy numbers.

Statistics. Results are reported as mean � SEM. An unpaired two-tailed t
test was used for statistical analysis. Significance was set at p � 0.05.

RESULTS

Using a modification of the human umbilical vein endothe-
lial cell (HUVEC) isolation techniques, we were able to isolate
and establish primary cultures of fetal porcine umbilical vein
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endothelial cells (PUVEC) and adult porcine vena cava and
jugular vein endothelial cells (PVEC). The interaction of fetal
endothelial monolayers (PUVEC) and adult endothelial cells
(PVEC) with neutrophils was compared under static conditions
and with continuous flow.
When unstimulated, both adult and fetal endothelial cells

had minimal interaction with adult neutrophils under static
conditions (5.2 � 1.9 and 5.7 � 2.0 cell/mm2, respectively)
and no interaction at all with continuous flow. Compared with
controls, a dose-dependent increase in the number of adherent
neutrophils is noted when both adult and fetal endothelial cells
are stimulated with TNF-� at 200 and 1000 U/mL under static
conditions. While the percentage of interacting neutrophils that
remained adherent significantly increased with the higher con-
centration of TNF-� applied to adult endothelial cells, no
statistically significant difference in adherence was noted in
fetal endothelial cells stimulated with either 200 or 1000 U/mL
of TNF-� (Fig. 1). However, at both concentrations tested,
fetal endothelial cells recruited significantly fewer neutrophils
compared with adult endothelial cells under static conditions
(Fig. 1) or with continuous shear stress (Fig. 2). A dose-
dependent and statistically significant increase in neutrophil
adhesion to both adult and fetal endothelial cells was noted
under conditions of continuous shear stress with increasing
concentration of TNF-� (Fig. 2).

Under static conditions, the proportion of adherent neutro-
phils that actually transmigrated through the endothelial mono-
layer was significantly higher in the adult endothelial mono-
layer compared with the fetus, only at the higher concentration
of TNF-�. While a dose-dependent increase in the ratio of
transmigrated neutrophils was observed with adult endothelial
cells, with the fetal cells, there was no significant difference in
the proportion of neutrophils that transmigrated in response to
the different concentrations of TNF-� (Fig. 3). In contrast,
under continuous shear stress conditions, no significant dose-

dependent increase in the number of transmigrating cells could
be observed. However, at the higher concentration of TNF-�,
adult endothelial cells induced transmigration of significantly
more neutrophils than fetal endothelial cells (Fig. 4). Under
both static and flow conditions, no transmigration of neutrophil
is observed in the absence of endothelial cell cytokine stimu-
lation.
Under flow conditions, leukocytes interacting with the en-

dothelial surface move at a velocity slower than the flow
stream. This is a crucial step in the diapedesis and ultimate
attachment and transmigration of leukocytes from the blood-
stream in vivo. The greater the degree of neutrophil interaction
is with the monolayer, the slower the rolling velocity before
ultimate firm adhesion to the endothelial monolayer. Thus,
endothelium that would support diapedesis in vivo would

Figure 3. Transmigration of neutrophils through fetal and adult endothelial
monolayers under static conditions. There was no transmigration through both
unstimulated fetal and adult endothelial monolayers. After endothelial stimu-
lation with TNF-�, the percentage of neutrophils migrating through the fetal
and adult endothelial monolayers were 18.0 � 1.4% and 24.5 � 3.4%,
respectively, at 200 U/mL, and 23.7 � 4.0% and 37.5 � 2.0%, respectively, at
1000 U/mL. *p � 0.05 compared with fetus at 1000 U/mL of TNF-�. Data
represent mean � SEM of six experiments.

Figure 1. Interaction of fetal and adult endothelial monolayers with neutro-
phils under static conditions. Without stimulation (control), both fetal and adult
endothelial cells had minimal interaction with adult neutrophils (5.7 � 2.0%
and 5.2 � 1.9%, respectively). Neutrophil adhesion to fetal and adult endo-
thelial cells stimulated with TNF-� at 200 U/mL concentration was 37.4 �
5.7% and 63.6 � 6.3%, respectively. Neutrophil adhesion to fetal and adult
endothelial cells at 1000 U/mL was 45.5 � 5.1% and 83.0 � 2.1%, respec-
tively. *p � 0.05 compared with fetuses at both doses. †p � 0.05 compared
with 200 U/mL. Data represent mean � SEM of seven to 10 experiments.

Figure 2. Interaction of fetal and adult endothelial monolayers with neutro-
phils under continuous flow conditions. When unstimulated (control), both
fetal and adult endothelial cells had no interaction with neutrophils. In contrast,
when monolayers were stimulated with TNF-� at 200 U/mL concentrations,
82.4 � 10.6 and 127.0 � 13.7 neutrophils/mm2 were adherent to fetal and
adult monolayers, respectively. At 1000 U/mL of TNF-�, 122.5 � 6.0 and
195.1 � 19.7 neutrophils/mm2 were adherent to fetal and adult monolayers,
respectively. *p � 0.05 compared with fetuses at both doses. †p � 0.05
compared with 200 U/mL. Data represent mean � SEM of 12 experiments.
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manifest a slower rolling velocity of the leukocytes flowing
across its surface. Figure 5 shows the rolling velocity of
neutrophils across adult and fetal endothelial monolayers stim-
ulated with increasing concentrations of TNF-�. No rolling is
observed in the control (unstimulated) group. There is an
inverse correlation of the rolling velocity with increasing doses
of TNF-� stimulation. Increasing the TNF-� concentration
from 200 to 1000 U/mL significantly decreased rolling velocity
on adult endothelial cells. There was no significant difference
in the rolling velocity across fetal endothelial cells at both
concentrations. However, at both the 200 and 1000 U/mL
concentrations, neutrophil rolling velocity was significantly
lower on adult endothelial cells compared with fetal endothe-
lial cells.
Rolling, the initial phase of leukocyte endothelial interac-

tion, is mediated primarily by the selectins, particularly P-
selectin. The expression of P-selectin mRNA in unstimulated

adult and fetal endothelial cells was similar. Compared with
control, both adult and fetal endothelial cells stimulated with
TNF-� 1000 U/mL for 4 h mounted a significant increase in
P-selectin mRNA expression. At this dose, P-selectin expres-
sion on adult porcine endothelial cells was three times that of
fetal cells (Fig. 6).

DISCUSSION

The ability of leukocytes to migrate to the site of injury or
inflammation is mediated by a complex series of events. The
endothelial cell appears to play an integral role in this process.
Release of pro-inflammatory mediators such as TNF-� and
interleukin-1� at the site of injury result in the expression of
adhesion molecules on the surface of leukocytes and endothe-
lial cells that guide the process of rolling, leukocyte capture,
attachment, and transmigration (20,21). This results in the
passage of the leukocyte from the vascular bed into the sur-
rounding tissues. Platelets, one of the first cellular elements at
the site of injury, also contribute to this process. Degranulating
platelets release contents of their � granules that include
P-selectin, which is important in leukocyte rolling (17,19). The
relative differences in function and cytokine content of fetal
and adult platelets have been previously described (22–25).
However, the ability of fetal endothelial cells to enable leuko-
cyte trafficking has not been carefully elucidated. Leukocyte
counts differ at various stages of gestation, and there is a
relative leukopenia compared with adult values. In addition,
leukocytes from immature hosts are generally thought to be
less adept than adult leukocytes (26). To eliminate this variable
in our experimental system, only adult neutrophils were used
for the study. In this study, we have shown that fetal endothe-
lial cells are capable of recruiting neutrophils to the site of
inflammation and that the response could be dependent on the
amount of proinflammatory cytokines in the microenviron-
ment. However, at the same concentration of TNF-�, the fetal
endothelial cell inflammatory response in this in vitro model is

Figure 5. Rolling velocity of neutrophils on the surface of fetal and adult
endothelial monolayers. After treating monolayers with 200 and 1000 U/mL of
TNF-�, the average velocity of neutrophils on the surface of fetal and adult
endothelial monolayers was 18.6 � 2.3 and 12.8 � 0.5 �m/s, respectively, at
200 U/mL of TNF-� and 13.7 � 1.0 and 6.5 � 0.4 �m/s, respectively at 1000
U/mL. *p � 0.05 compared with fetus at both doses. Data represent mean �
SEM of seven to 10 experiments.

Figure 6. Expression of P-selectin mRNA in fetal and adult endothelial cells.
Without stimulation, the P-selectin/GAPDH mRNA expression ratio was
similar in fetal and adult endothelial cells (5.71 � 0.17 and 7.07 � 0.96,
respectively) Following stimulation with TNF-� 1000 U/mL, the fetal expres-
sion was 15.07 � 1.05 and the adult 48.05 � 3.37. Values are mean � SEM
of the ratio of 104 P-selectin copies per 106 GAPDH copies. †p � 0.05
compared with control. *p � 0.05 compared with fetus.

Figure 4. Transmigration of neutrophils through fetal and adult endothelial
monolayers under continuous flow conditions. There was no transmigration
through both unstimulated fetal and adult endothelial monolayers under flow.
After endothelial stimulation with TNF-�, neutrophils migrating through the
fetal and adult endothelial monolayers were 19.7 � 9.5 and 40.8 � 11.7
neutrophils/mm2, respectively, at 200 U/mL and 18.1 � 2.3 and 49.9 � 4.5
neutrophils/mm2, respectively, at 1000 U/mL. *p � 0.05 compared with fetus
at 1000 U/mL of TNF-�. Data represent mean � SEM of six experiments.
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significantly less than that of adult endothelial cells. While the
proportion of adherent neutrophils that ultimately transmigrate
was similar in both adult and fetal monolayers, the absolute
number of transmigrated cells was much lower in the fetal
group since fewer cells were adherent. In vivo, these transmi-
grated cells will then release cytokines, chemokines, and
growth factors to the extravascular compartment and contribute
to the response to injury. P-selectin is an important molecule in
the initial phase of leukocyte trafficking. It binds to P-selectin
glycoprotein ligand on the neutrophil, thus slowing the transit
of the neutrophil in the bloodstream and subsequently permit-
ting firm adhesion by other adhesion molecules. In this study,
we have been able to show a significant reduction in P-selectin
mRNA expression in keeping with the faster rolling velocity
along the fetal endothelial cells. Although we have thus far
been unsuccessful in generating a reliable antibody to porcine
P-selectin, the rolling velocity observations suggest a de-
creased expression of this protein on the membrane on fetal
endothelial cells.
Several authors have shown that provoking an inflammatory

response in fetal wounds results in increased fibroplasias (8,9).
Other authors have suggested a relative lack of cytokines in the
fetus (27,28). Thus, it appears that the fetus has an inherent
system that limits the inflammatory response compared with
adult. We had previously shown that fetal platelets release
fewer cytokines following degranulation and were less likely to
aggregate in response to collagen exposed at the site of injury
(23–25). These factors, coupled with the decreased ability of
fetal endothelial cells to recruit neutrophils, may explain in part
the minimal inflammatory response seen at the site of fetal
dermal wounds. These findings provide further insight into the
unique fetal response to healing and may offer alternative
avenues to modulate the postnatal wound-healing response. In
addition, a better understanding of the fetal inflammatory
response may provide insight into the predisposition of these
immature hosts to infectious complications.
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