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1 Endothelial dysfunction and loss of nitric oxide (NO) is an integral part of the initiation and
maintenance of the in¯ammatory process such as that occurring in traumatic shock, and is
considered responsible for much of the trauma induced microvascular injury.

2 We investigated the e�ects of a vascular endothelial growth factor (VEGF) in a rat model of
traumatic shock. Pentobarbital-anaesthetized rats subjected to Noble-Collip drum trauma developed
a shock state characterized by marked hypotension and a 93% mortality rate with a mean survival
time of 108+10 min in 14 rats. Accompanying these e�ects was a signi®cant degree of endothelial
dysfunction and a markedly elevated intestinal myeloperoxidase (MPO) activity.

3 Treatment with 125 mg kg71 VEGF administered intravenously 18 h pre-trauma, increased
survival rate to 67% (P50.01), and prolonged survival time to 252+24 min in 12 rats (P50.01).
VEGF also signi®cantly preserved the endothelium-dependent relaxation to ACh indicating a
preservation of endothelium-derived NO.

4 Our results indicate that endothelial dysfunction with its accompanying loss of NO plays an
important role in tissue injury associated with trauma, and that preservation of NO is bene®cial in
traumatic shock. The mechanisms of the protective e�ect of VEGF in trauma involves preservation
of eNOS function and diminished neutrophil accumulation resulting in reduced neutrophil-mediated
tissue injury.
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Introduction

Traumatic shock is a severe condition with often a fatal

outcome associated with multiple organ dysfunction. The
underlying pathophysiology of traumatic shock includes
di�use endothelial damage similar to that occurring in other

forms of circulatory shock including ischaemia-reperfusion
(Lefer &Ma, 1992; Wang et al., 1993) and haemorrhagic shock
(Scalia et al., 1996; Lefer & Lefer, 1993). Moreover,

enhancement of NO production can preserve endothelial
function and limit the degree of tissue injury in a variety of
ischaemia-reperfusion and shock states (Gauthier et al., 1994).

VEGF has been shown to upregulate eNOS production and
maintain NO levels (Murohara et al., 1998). However, the
e�ects of VEGF are not known in shock-like states including
traumatic shock. We hypothesized that enhancement of eNOS

with VEGF at an early step could favourably in¯uence the
course and alter the outcome of traumatic shock.

To evaluate this hypothesis, we employed the experimental

animal model of Noble-Collip drum trauma which results in a
severe form of traumatic shock state characterized by marked
hypotension, signi®cant splanchnic tissue injury, and a high

mortality rate (Noble & Collip, 1942). Early in this trauma
model there is a severe early endothelial dysfunction that is
accompanied by a progressive reduction in endothelial NO

release, attenuation of endothelium-dependent vasorelaxation,
and increased adherence of neutrophils to the vascular
endothelium leading to perturbations of vascular homeostasis

(Scalia et al., 1995; 1996; Siegfried et al., 1992; Skurk et al.,

1994; Christopher et al., 1994). The purpose of our study was
(a) to determine the e�ects of VEGF, a promoter of eNOS
expression, in a well established model of traumatic shock, (b)

to investigate the mechanisms of any observed bene®cial e�ects
of VEGF under these conditions.

Methods

Experimental protocol

Male Sprague-Dawley rats weighing 175 ± 225 g were anaes-
thetized with sodium pentobarbital (60 mg kg71) given

intraperitoneally (i.p.) prior to any experimental procedures.
The trachea was then cannulated with polyethylene tubing
(PE-240, Becton Dickinson, Parsippany, NJ, U.S.A.) to ensure

a patent airway. Traumatic shock was induced in anaesthetized
rats by whole body trauma administered in a Noble-Collip
drum apparatus (Noble & Collip, 1942). The rats were

subjected to a total of 525 revolutions at a rate of 60 r.p.m.
Approximately 20% of the rats subjected to trauma died
during the induction of trauma (i.e., in the drum) and were
excluded from the study. Polyethylene catheters (PE-50) ®lled

with heparinized 0.9% NaCl solution were inserted into the
left common carotid artery to allow continuous monitoring of
mean arterial blood pressure (MABP). MABP was recorded

every 30 min over the entire 5 h observation period using
Statham P23AC pressure transducers connected to a Grass*Author for correspondence.
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Model 7 oscillographic recorder (Grass Instrument Co.,
Quincy, MA, U.S.A.). All cannulations were completed within
10 min after removal of the rat from the Noble-Collip drum

apparatus.
All animals were randomly assigned to one of four

experimental groups: (a) nine sham trauma rats given
125 mg kg71 VEGF i.v., (b) 14 trauma rats given 0.9% NaCl,

and, (c) 12 trauma rats given 125 mg kg71 VEGF i.v.
rhVEGF165 was obtained from N. Ferrara (Genentech, Inc.,
South San Francisco, CA, U.S.A.). This is a recombinant

human non-glycosylated form of VEGF, which acts similarly
to the glycosylated form. This dose regimen of VEGF has been
shown to exert a signi®cant endothelial protective e�ect in

myocardial ischaemia and reperfusion (Chuhran et al., 1999).
The drug or its vehicle was administered as an i.v. bolus (i.e.,
0.5 ml) over a 1 min period 18 h prior to the start of the

experimental protocol. Sham trauma rats were anaesthetized
and subjected to the same surgical procedures as the
traumatized rats, except that they were not subjected to drum
trauma. Supplemental pentobarbital was administered intra-

peritoneally to all animals as necessary to maintain a surgical
plane of anaesthesia.

The experiments were terminated 5 h post-trauma or when

MABP fell below 45 mmHg. Following the termination of the
study, 0.3 g segments of the ileum were removed for MPO
analysis. The superior mesenteric artery was then isolated and

removed for in vitro study of vascular reactivity. All rats were
autopsied to determine whether gross evidence of traumatic
injury occurred in the splanchnic viscera (i.e., serosanginous

peritoneal ¯uid, bowel ischaemia, splanchnic vascular engorge-
ment) and absence of signi®cant vascular injury with pure
peritoneal haemorrhage. Rats were excluded from the study if
serosanginous ¯uid and splanchnic vascular engorgement did

not occur, or if the animal died earlier than 30 min post-
trauma from apnea or haemorrhage. Only three of the 35 rats
subjected to trauma were excluded from the study for these

reasons. All three excluded animals were trauma rats given
vehicle.

All experiments were performed in accordance with the

National Institutes of Health guidelines for the use of
experimental animals and the study protocol was approved
by the Institutional Animal Care and Use Committee
(IACUC) of Thomas Je�erson University.

Isolated superior mesenteric artery ring studies

Superior mesenteric artery (SMA) segments were removed
from rats at the end of the experiment and placed into warmed
Krebs-Henselheit (K-H) bu�er consisting of (in mmol/L):

NaCl 118, KCl 4.75, CaCl2×2H2O 2.54, KH2PO4 1.19,
MgSO4×7H2O 1.19, NaHCO3 12.5, and glucose 10.0. Isolated
vessels were carefully freed of connective tissue, and cut into

rings 2 ± 3 mm in length. The rings were then mounted on
stainless steel hooks, suspended in a 10 ml tissue bath (warmed
to 378C) and connected to FT-03 force displacement
transducers (Grass Instrument Co., Quincy, MA, U.S.A.) in

order to record changes in force on a Grass model 7
oscillographic recorder. The baths were ®lled with K-H bu�er
and aerated at 378C with a gas mixture of 95% O2 and 5%

CO2. SMA rings were initially stretched to give an optimal
preload of 0.5 g of force and then equilibrated for 60 ± 90 min.
During this period, the bu�er in the tissue bath was replaced

every 20 min, and the resting force of the vascular rings was
adjusted until 0.5 g of preload was maintained. This resting
force was selected since it does not injure the endothelium or
interfere with the release of NO in response to endothelium-

dependent vasodilators. After equilibration, the rings were
exposed to 100 nM U-46619 (9,11-epoxy-methano-PGH2,
Biomol Research Laboratories, Plymouth Meeting, PA,

U.S.A.), a thromboxane A2 mimetic, to generate about 0.5 g
of developed force above equilibration value. Once a stable
contraction was obtained, acetylcholine (ACh), an endothe-
lium-dependent vasodilator, was added to the bath in

cumulative concentrations of 0.1, 1, 10 and 100 nM. After the
maximum vasorelaxant response stabilized, the rings were
washed and allowed to equilibrate to baseline once more. The

procedure was repeated with an endothelium-independent
vasodilator, acidi®ed NaNO2 (0.1, 1, 10 and 100 mM). NaNO2

was prepared by dissolving the compound in 0.1 N HCl and

titrating it to pH 2.0. Equal volumes of K-H solution titrated
to pH 2.0 relaxed 22 SMA rings 2.8+2.6%, a value that was
not signi®cantly di�erent from zero. After additional washes

and equilibration period, the procedure was again repeated
with cumulative concentrations of another endothelium-
dependent vasodilator, the calcium ionophore A23187, at
concentrations of 1, 10, 100 and 1000 nM.

Histology

Ileal segments were used to assay the amount of in®ltrated
PMNs by histological staining. After the ®nal reading of
trauma, the ileum was removed and placed in 4%

paraformaldehyde overnight at 48C. The tissue was cut into
sections and dehydrated using graded acetone washes at 48C.
Tissue sections were embedded in plastic (Immunobed;

Polysciences Inc., Warrington, PA, U.S.A.), and 4 mm-thick
sections were cut and transferred to Vectabond-coated slides
(Vector Laboratories, Inc., Burlingame, CA, U.S.A.). The
slides were rinsed in ethanol for 10 min to remove some of the

plastic embedding and allow the tissue to stain. The tissue
sections were then stained with either Haematoxylin solution
Gill No. 3 for 10 min (Sigma Chemical Co.) and Giemsa stain

for 3 min (Sigma Chemical Co.). The PMNs were counted
using a microscope.

Statistical analysis

All values for data presented in the text and ®gures are
means+standard errors of the mean (s.e.mean). Data from the

traumatic shock model were evaluated by analysis of variance
(ANOVA) and post hoc with a Fisher's correct t-test,
incorporating repeated measurements. The survival rate data

were assessed by Gehan's generalized Wilcoxon test (Knapp &
Wise, 1985). Probabilities of 0.05 or less were considered to be
statistically signi®cant.

Results

E�ects of VEGF on mean arterial blood pressure

The time course of MABP changes in the three groups of rats

is illustrated in Figure 1. Administration of VEGF had no
signi®cant e�ect on MABP in sham-operated control rats with
mean values ranging between 140 ± 170 mmHg over the

300 min observation period. The results obtained in sham-
operated control rats given VEGF are comparable to historic
sham-operated controls given vehicle (i.e., 0.9% NaCl). In six

such control rats, MABP was 158+13 mmHg initially, and
136+14 mmHg 5 h later. These values are not signi®cantly
di�erent from each other. This indicates that the surgical
procedures as well as administration of VEGF did not
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contribute to the hypotension observed in rats after the
induction of trauma. The initial MABP in traumatized rats
given either vehicle or VEGF ranged between 50 ± 90 mmHg,

with no signi®cant di�erence between rats given vehicle or
VEGF. These data suggest that the trauma protocol resulted in
a severe form of circulatory shock and that both trauma
groups experienced a similar degree of injury. VEGF treatment

resulted in a signi®cant normalization of MABP to values at or
above 100 mmHg for virtually the entire observation period.
Although administration of the vehicle resulted in slight

improvements in MABP during the ®rst 30 min post-trauma,
this improvement was transient, and MABP continued to
decline throughout the remainder of the survival time of these

rats.

E�ect of VEGF on survival time and survival rate

Figure 2 illustrates the survival times for the three experi-
mental groups of rats. All nine sham trauma rats given VEGF
survived the entire 5 h observation period (Figure 2B). In

contrast, the 14 traumatized rats given only the vehicle
survived for only 107+10 min, demonstrating that a lethal
shock state resulted from the trauma. Nonetheless, treatment

of 12 traumatized rats with VEGF resulted in a signi®cant
prolongation of survival time to 252+24 min (P50.01).

All sham trauma rats survived for the entire 5 h observation

period. Although none of 14 traumatized rats given only
vehicle survived the entire observation period, 67% of the
traumatized rats treated with VEGF (i.e., 8 of 12) survived the

entire 5 h observation period (P50.01) (Figure 2B). These
®ndings support the concept of a salutary role of VEGF in
shock states.

E�ect of VEGF on intestinal myeloperoxidase (MPO)
activity

Since endothelial dysfunction occurs in shock states and leads
to increased leukocyte-endothelium interaction, we assessed
intestinal neutrophil in®ltration by determining MPO activity

in intestinal tissue homogenates. Figure 3 illustrates MPO
activity of intestinal tissue in the three experimental groups.

The myeloperoxidase activity (0.1 ± 0.7 u 100 mg71 tissue
weight) was low for all sham trauma rats, indicating that
there were few resident neutrophils in normal intestinal tissue.

In contrast, intestinal MPO activity in 14 traumatic shock rats
given only vehicle was 18 times higher than that observed in
nine sham traumatized rats (P50.01) (i.e., 0.25+0.21 to
4.72+0.63 u g71). Treatment with VEGF attenuated the

increase in MPO activity to 2.9+0.3 u 100 mg71 tissue weight
(P50.01) representing a one-third lower value following
VEGF treatment.

E�ect of VEGF on SMA vasorelaxation

We tested the integrity of endothelial function by comparing
vasoactivity of isolated SMA rings to endothelium-dependent
vasodilators as an index of the endothelial release of NO

(Figure 4). The thromboxane A2 mimetic, U46619, was used to
pre-contract SMA rings, and the rings were tested with
endothelium-dependent (i.e., ACh and A23187) and endothe-
lium-independent (i.e., NaNO2) vasodilators. Both ACh and

A23187 fully relaxed SMA rings isolated from sham trauma
rats given VEGF (i.e., 100% relaxation, Figure 4). However,
the vasorelaxant responses to both ACh and A23187 in SMA

rings isolated from untreated traumatized rats were signi®-
cantly lower (P50.01). VEGF treatment markedly preserved
relaxation to these two endothelium-dependent vasodilators

(P50.01), indicating a signi®cant endothelial protective e�ect
of VEGF in this model of traumatic shock. No signi®cant
di�erences were observed within any of the groups regarding

vasorelaxant responses to the endothelium-independent vaso-
dilator NaNO2, indicating that the trauma did not result in a
marked injury to the vascular smooth muscle of the superior
mesenteric artery.

E�ects of VEGF on leukocyte in®ltration

Since endothelial dysfunction leads to increased leukocyte-
endothelium interaction, we assessed the intestinal neutrophil

Figure 1 E�ects of VEGF on mean arterial blood pressure (MABP).
Trauma exerts profound e�ects on MABP. Vehicle treated trauma
rats exhibited a signi®cant decrease in MABP. VEGF (125 mg kg71)
signi®cantly improved the MABP of the trauma rats. Data are
expressed as MABP in mmHg+s.e.mean. The number to the top left
of each symbol is the number of rats in each group. *P50.01 from
trauma and vehicle.

Figure 2 (A) E�ects of VEGF on survival time following trauma.
Data are expressed as mean survival time in minutes+s.e.mean. The
numbers at the bottom of the bars are numbers of rats used in each
group. All sham trauma rats survived the 300 min observation
period. Untreated trauma rats survived only about half as long,
whereas VEGF (125 mg kg71) treated trauma rats exhibited a
signi®cantly longer survival time (P50.01). (B) E�ects of VEGF
on survival rate for the 5 h observation period following trauma.
VEGF (125 mg kg71) signi®cantly (P50.01) prolonged survival rate
compared to untreated trauma rats. Numbers at the bottom of the
bars are numbers of rats survived among those used in each group.
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in®ltration by histological analysis. Figure 5 illustrates the

degree of leukocyte in®ltration into the intestinal tissue in the
three experimental groups of rats. The amount of in®ltrated
leukocytes was low (6.1+0.81 cells mm2) for all nine sham

trauma rats consistent with the ®nding that there was no
signi®cant neutrophil accumulation in normal intestinal tissue
as measured by MPO activity. In contrast, intestinal leukocyte

in®ltration in 14 trauma rats given only vehicle was
34.5+1.7 cells mm2, a value almost six times higher than that
observed in sham traumatized rats. VEGF treatment
attenuated this increase in leukocyte in®ltration by about half

(P50.01).

Discussion

Noble-Collip drum trauma results in a very severe form of

circulatory shock with a mortality rate (Noble & Collip, 1942;
Araki et al., 1980) of 80 ± 100% which is comparable to the
`systemic in¯ammatory response syndrome' or SIRS observed
clinically following signi®cant blunt tissue trauma (Goris et al.,

1986). This nonbacterial in¯ammatory reaction is induced by
the initial injury and usually consists of ®ve major
pathophysiologic processes: (a) tissue ischaemia and hypoxia,

(b) reperfusion with subsequent generation of oxygen free
radicals, (c) stimulation of phagocytes by complement split
products or other in¯ammatory factors, (d) activation of

endothelial cells showing increased surface expression of
adhesion molecules, and (e) increased leukocyte-endothelial
interaction (Araki et al., 1980; Goris et al., 1986; Lefer & Lefer,

1996). A key early event in this process is vascular endothelial
dysfunction characterized by a loss of nitric oxide (Scalia et al.,
1996; Lefer & Lefer, 1993).

Scalia et al. (1996) studied the time course of endothelial

dysfunction in murine traumatic shock and showed that
signi®cant endothelial dysfunction occurs early in the rat
mesenteric vasculature (i.e., 15 ± 30 min followed trauma). This

endothelial dysfunction is characterized by impaired vaso-
relaxation to endothelium-dependent dilators due to dimin-
ished endothelial release of nitric oxide. This decrease in

endothelial NO release facilitates increased neutrophil adhe-
sion and transendothelial migration through increased expres-
sion of endothelial adhesion molecules (i.e., P-selectin and
ICAM-1), a process that normally is suppressed by physiologic

amounts of NO (Lefer & Lefer, 1996; Davenpeck et al., 1994;
Gauthier et al., 1995). The overall consequence of the
endothelial dysfunction is therefore the in®ltration and

activation of neutrophils into the injured tissues. Activated
neutrophils release cytotoxic mediators that lead to further
splanchnic circulatory dysfunction, associated with ¯uid loss

and a consistent time-dependent increase in neutrophil
in®ltration into the injured tissues. This process results in an
irreversible shock state with marked hypotension and a fatal

outcome.
Evidence is accumulating to show that decreased nitric

oxide plays a major role in initiating and maintaining the

Figure 3 Intestinal myeloperoxidase activity (MPO) expressed as
u 100 mg71 of ileum weight. Trauma resulted in a signi®cant increase
in intestinal MPO (P50.01) which was signi®cantly (P50.01)
attenuated by VEGF (125 mg kg71). Data are expressed as means
+s.e.mean. The numbers at the bottom of the bars are numbers of
rats used in each group.

Figure 4 Summary of vasorelaxation responses of isolated rat
superior mesenteric artery rings (SMA). Vasodilation was measured
in response to the highest concentration of vasodilators: 100 nM
ACh, 1 mM A23187, and 100 mM NaNO2. Trauma resulted in a
signi®cant retardation of relaxation to endothelium-dependent
vasodilators (i.e., ACh and A23187) (P50.01) but not to the
endothelium-independent vasodilator (NaNO2). There was no
signi®cant dysfunction in the vascular smooth muscle of the SMA
in any of the Sham trauma or trauma groups since the responses to
NaNO2 were all normal. Traumatized rats treated with 125 mg kg71

VEGF 18 h pre-trauma did not develop endothelial dysfunction. Bar
heights are the means; brackets indicate +s.e.mean. The numbers in
the parenthesis indicate the number of rings prepared from each
experimental group.

Figure 5 Quanti®cation of histological staining of neutrophils
(PMNs) in traumatized rats. Trauma resulted in a signi®cant increase
of in®ltrated PMNs in the intestine. A signi®cant attenuation of the
in®ltration was seen with the addition of 125 mg kg71 VEGF
(P50.01). Data are expressed as means+s.e.mean. The numbers at
the bottom of the bars are numbers of ®elds counted in each of the
three groups.
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in¯ammatory response following trauma (Gauthier et al.,
1994). VEGF has been shown to maintain vascular endothelial
function in murine models of limb ischaemia (Takeshita et al.,

1998) and balloon-injured arteries (Asahara et al., 1995;
Callow et al., 1994). VEGF also upregulates endothelium-
derived nitric oxide synthase (eNOS) expression in human
endothelial cells (Hood et al., 1998) and in canine coronary

arteries (Ku et al., 1993). This up-regulation of eNOS leading
to increased NO release has been shown to decrease
endothelial cell adhesion molecule expression (Gauthier et al.,

1995). This reduced adhesion molecule expression is a key
component of the mechanism for the protective e�ects of
VEGF in ischaemia/reperfusion states. This study represents

the ®rst report of VEGF used in a circulatory shock state. In
particular VEGF demonstrated signi®cant protective e�ects
during traumatic shock in terms of endothelial preservation,

attenuation of neutrophil accumulation, prolongation of
survival time, and increased survival rate in this model of
lethal traumatic shock. These e�ects cannot be attributed to
di�erences in the severity of traumatic injury because both

trauma groups were subjected to the same degree of trauma
(i.e., the same number of rotations in the Noble-Collip drum),
and both developed the same degree of post-trauma

hypotension.
Although the precise mechanism through which VEGF

attenuates traumatic shock remains to be clari®ed, a number of

possibilities may be considered. Early endothelial dysfunction
post-traumatic insult appears to be the ®rst step in a cascade of
events that occur in traumatic shock (Scalia et al., 1996). The

damaged surface of the vascular endothelium then activates
the complement system (Seifert et al., 1988) resulting in further
endothelial injury as re¯ected by the progressive loss of
endothelium-dependent relaxation. This may be due to a direct

toxic e�ect of the activated complement products on the
endothelium particularly the terminal membrane attack
complex (C5b-9), or to the subsequent production of other

in¯ammatory mediators (Seifert et al., 1988). The complement
system stimulates neutrophil-endothelial adhesion through
induction of P-selectin translocation from the Weibel-Palade

bodies to the endothelial surface (Vercelotti et al., 1991;
Hattori et al., 1989). Furthermore, complement induced
generation of oxygen derived free radicals can be an important

stimulus for expression of the endothelial adhesion glycopro-
tein P-selectin (Patel et al., 1991). An important stimulus seems
to be a diminished basal and agonist-stimulated release of NO

from the dysfunctional endothelium. Nitric oxide is known to
suppress the up-regulation of P-selectin, due to quenching of
oxygen derived free radicals and therefore diminution of
leukocyte-endothelial interaction (Lefer & Lefer, 1996;

Gauthier et al., 1995; Gaboury et al., 1993). Thus the loss of
nitric oxide probably triggered increased leukocyte adhesive-
ness, which could in turn aggravate the existing endothelial

dysfunction and promote PMN migration into injured tissues.
A single bolus of VEGF was e�ective in attenuating this
sequelae of trauma leading to enhanced leukocyte in®ltration

into injured tissue presumably by enhancing eNOS expression.
That VEGF releases NO formed from eNOS has been clearly
shown by Scalia et al. (1999) who studied the e�ects of VEGF

on leukocyte-endothelium interaction in the mesenteric
microvasculature of mice. VEGF released NO in wild type
mice but not in eNOS de®cient mice. Thus, it is clear that
VEGF interacts primarily with eNOS to enhance NO

production.
In conclusion, we have demonstrated that VEGF exerts

bene®cial e�ects in a rat model of traumatic shock. In vivo

administration of VEGF prior to the induction of trauma
increased the survival rate and prolonged survival time,
attenuated in®ltration of PMNs into intestinal tissue, and

preserved vascular endothelial function. This improved
endothelial function may contribute to reduced microvascular
leakiness as well as increased NO synthesis and release thus

maintaining circulatory function (Lefer & Lefer, 1996;
Gaboury et al., 1993). Furthermore, we provided evidence
that these e�ects may be at least partially explained by
inhibition of neutrophil-endothelial interaction. Further

studies are necessary to provide information on the potential
signi®cance of these ®ndings in long-term survival studies and
in other shock models.

We gratefully acknowledge Robert Craig for his excellent technical
assistance in the course of this investigation.
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