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Abstract

Endothelial dysfunction is a hallmark of many chronic diseases, including diabetes and long-term hypertension. We show

that acute traumatic brain injury (TBI) leads to endothelial dysfunction in rat mesenteric arteries. Endothelial-dependent

dilation was greatly diminished 24 h after TBI because of impaired nitric oxide (NO) production. The activity of arginase,

which competes with endothelial NO synthase (eNOS) for the common substrate l-arginine, were also significantly

increased in arteries, suggesting that arginase-mediated depletion of l-arginine underlies diminished NO production.

Consistent with this, substrate restoration by exogenous application of l-arginine or inhibition of arginase recovered

endothelial function. Moreover, evidence for increased reactive oxygen species production, a consequence of l-arginine

starvation-dependent eNOS uncoupling, was detected in endothelium and plasma. Collectively, our findings demonstrate

endothelial dysfunction in a remote vascular bed after TBI, manifesting as impaired endothelial-dependent vasodilation,

with increased arginase activity, decreased generation of NO, and increased O2
- production. We conclude that blood

vessels have a ‘‘molecular memory’’ of neurotrauma, 24 h after injury, because of functional changes in vascular en-

dothelial cells; these effects are pertinent to understanding the systemic inflammatory response that occurs after TBI even

in the absence of polytrauma.
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Introduction

Patients with severe trauma, including traumatic brain in-

jury (TBI), have a clinical course that is often complicated by

systemic inflammation and trauma-induced coagulopathy.1 Survi-

vors of TBI often experience profound catecholamine surges and

additional systemic complications such as hypertension, pulmo-

nary edema, and cardiomyopathy.2–9 Notably, endothelial dys-

function secondary to systemic inflammation and shock is widely

believed to contribute to systemic complications in severe trau-

ma,9,10 yet there have been no studies that directly measure endo-

thelial function in systemic blood vessels after head trauma.

Endothelial dysfunction, classically described as an impairment of

agonist-induced endothelial-dependent dilation, is a hallmark of

cardiovascular disease.11 Two major mechanisms of endothelial-

dependent dilation of systemic resistance arteries—both initiated by

increases in endothelial cell (EC) calcium (Ca2+)—are the nitric oxide

(NO) and endothelial-dependent hyperpolarization (EDH) path-

ways,12–14 which are engaged by activation of endothelial NO syn-

thase (eNOS) and small (SKCa)- and intermediate (IKCa)-

conductance Ca2+-activated potassium channels, respectively.13,15–17

The release of NO from the endothelium also plays a key role in

modulating vascular homeostasis, promoting vasodilation in all types

of blood vessels and inhibiting platelet aggregation and adhesion.18

NO is produced through eNOS-mediated oxidation of the amino

acid l-arginine to NO and l-citrulline. This reaction requires the

presence of molecular oxygen (O2) and the cofactors adenine di-

nucleotide phosphate (NADPH), flavin adenine dinucleotide

(FAD), flavin mononucleotide (FMN), and tetrahydrobiopterin

(BH4). Increases in the intracellular concentration of Ca2+ ([Ca2+]i)

in ECs on stimulation with agonists of G protein-coupled receptors

of the Gq/11 class (GqPCRs), such as acetylcholine (ACh) and

bradykinin (BK), promote calmodulin-eNOS binding and thereby

stimulate NO synthesis. After release from the endothelium, NO
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stimulates soluble guanylate cyclase (sGC) in vascular smooth

muscle cells (VSMCs), resulting in an increase in the intracellular

concentration of guanosine 3¢,5¢-cyclic monophosphate (cGMP),

which activates protein kinase G (PKG). Activated PKG, in turn,

promotes vasorelaxation through phosphorylation of a number of

targets in smooth muscle cells (SMCs).19,20

In a variety of different contexts, particularly pathological

conditions associated with vascular complications such as diabe-

tes,21 hypertension,22 atherosclerosis,23 and obesity,24 the delicate

balance of substrate and cofactors necessary for eNOS to efficiently

produce NO is disrupted. In this unbalanced state, referred to as

‘‘eNOS uncoupling,’’ eNOS donates electrons received from

NADPH to O2 instead of its normal substrate l-arginine, resulting

in the production of superoxide (O2
-).

A major contributor to eNOS uncoupling is a deficiency in the

cofactor BH4, most commonly resulting from oxidation of this

fragile molecule to BH2, which competes with BH4 for eNOS

binding but is unable to function as a cofactor.25 Notably, eNOS

competes for l-arginine with arginase, which catalyzes the final step

of the urea cycle to convert l-arginine into urea and l-ornithine.26

Accordingly, increased arginase activity can also lead to eNOS un-

coupling by decreasing the availability of l-arginine for eNOS.18,27

Regardless of the mechanism driving eNOS uncoupling, the O2
-

produced by the uncoupled reaction can react with NO to form

peroxynitrite (ONOO-),28 which can further enhance eNOS un-

coupling by oxidizing BH4. Importantly, this reaction consumes

NO, decreasing existing NO levels and thereby exacerbating the

decrease in NO production caused by uncoupled eNOS activity.

Thus, the net result of eNOS uncoupling is diminished NO levels

and impaired endothelium-dependent vasodilation.

It is generally appreciated that injuries to the brain have systemic

ramifications.9 The impact of TBI on systemic blood vessel function,

however, has not been studied directly, and there is a knowledge gap

between clinical evidence of the effects of trauma on endothelial

markers and laboratory measurement of endothelial function after

trauma. To address this, we used a well-established TBI model to

assess the functional consequences of trauma on endothelium-

dependent vasodilation and pressure-induced constriction (myogenic

tone) in mesenteric arteries. Extending the previously reported link

between increased arginase expression or activity and various car-

diovascular pathologies, we tested the hypothesis that arginase hy-

perfunction and subsequent eNOS uncoupling through l-arginine

depletion causes the disruption in NO production that underlies TBI-

induced endothelial dysfunction in the systemic microcirculation.

Methods

Animal models

All procedures were approved by the Institutional Animal Care
and Use Committee and were performed in accord with the National
Research Council’s Guide for the Care and Use of Laboratory An-
imals. Adult male Sprague-Dawley rats (300–325 g; Charles River,
Saint Constant, Quebec, Canada) were assigned to either TBI surgery
or control treatment groups. Animals in the experimental group were
anesthetized and administered a fluid percussion injury.

Primary injury was induced by a direct contusion to the brain
delivered to the left cerebral hemisphere by a pendulum impacting
a fluid-filled chamber connected to the intact dura through a cra-
niotomy as described previously.29,30 A fluid percussion injury was
induced to a target pressure of <70 pounds per square inch (psi)
over a 500 msec period; the pressure was transduced and measured
in each surgery. This level allows >90% recovery, defined as ability
to maintain upright posture, ambulate, and take oral hydration, and

produces a highly reproducible outcome of moderate brain injury
severity in those surviving animals. These experimental animals
have measurable deficits in sensorimotor coordination,30 along
with significant cardiovascular30 and cerebrovascular29 effects.29,30

Control animals were subjected to scalp incisions but without the
percussion injury. At 24 h after recovery from surgery, animals
were euthanized and tissues were collected for experiments.

Diameter measurement in pressurized vessels

Immediately after euthanasia, a midline laparotomy was per-
formed and the mesentery was dissected out and placed into cold
(4�C) physiological saline solution (PSS) with the following
composition: 118.5 mM NaCl, 4.7 mM KCl, 24 mM NaHCO3,
1.18 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM MgCl2, and 11 mM
glucose (pH 7.4). The mesenteric vessels were then pinned out in a
silicone-lined (Sylgard 184; Dow Corning, MI) dissecting dish and
washed with cold PSS aerated with a 20% O2/5% CO2 gas mixture.

Fourth- and fifth-order mesenteric arteries were dissected free
from the surrounding adipose and connective tissue. For each ex-
periment, an individual mesenteric artery was cannulated in a
pressure myograph (Living Systems Instrumentation, VT) con-
taining cold PSS. The proximal end of the artery was tied to the end
of a borosilicate micropipette (OD 1.2 mm; tip diameter 40–60 lm)
using nylon sutures. Any blood or debris remaining in the lumen
was removed by flushing the artery with 1–2 mL of cold (4�C) PSS.
The distal end of the artery was then tied to an opposing micropi-
pette in the same manner. The pressure myograph was placed on the
stage of an inverted microscope (AE31; Motif, Canada) and con-
tinuously superfused (7 mL/min) with oxygenated 20% O2/5% CO2

PSS at 37�C. Temperature was maintained using a circulating
heater bath and a water-jacketed glass heat exchanger. Intraluminal
pressure during the experiment was controlled by connecting the
proximal end of the pressure myograph to a pressure servo system
(Living Systems Instrumentation), and blood vessel diameters were
measured using edge-detection software (IonOptix, MA).

Assessment of myogenic tone

After cannulating, intraluminal pressure was slowly increased to
80 mm Hg and the vessel was stretched axially to remove any
buckling and to mimic physiological stretch. Vessels were allowed
to equilibrate and develop spontaneous pressure-induced con-
striction (myogenic tone). Vessels that leaked, contained branches,
or failed to develop myogenic tone were discarded. For endothelial
removal, arteries were cannulated on a system in which the prox-
imal cannula and perfusion tubing were pre-filled with 1–2 mL of
air using a syringe attached to the Luer-Lok inflow port. The vessel
was then tied to the proximal cannula only. The pre-loaded air bolus
was flushed through using a syringe filled with cold (4�C) PSS that
had been equilibrated with a 20% O2/5% CO2 gas mixture.

After denuding the endothelium, the vessel was flushed with dis-
tilled water and PSS, and subsequently tied to the distal cannula. The
effectiveness of endothelium removal was confirmed by the absence
of a response to the SKCa and IKCa channel agonist NS309 (1lM).31

Endothelium denudation was considered successful if NS309 caused
£15% dilation of the passive diameter. Myogenic tone at 80 mm Hg
was defined as the percentage decrease in the lumen diameter of
arteries compared with the passive diameter, calculated as tone
(%) = [(Dpassive-Dactive)/Dpassive] · 100, where Dpassive is the (passive)
lumen diameter of the artery in Ca2+-free PSS containing the Ca2+

channel-blocking vasodilator diltiazem (100 lM), and Dactive is the
(active) lumen diameter of the artery in Ca2+-containing PSS.

Assessment of endothelial-dependent vasodilation

Endothelial function was assessed by determining the response
of pressurized vessels to the endothelium-dependent vasodilator
ACh. Concentration–response relationships were determined in
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mesenteric arteries from control and TBI rats that spontaneously
developed myogenic tone by measuring responses to semiloga-
rithmic increases in the concentrations of ACh (1 nM to 1 lM). The
relative roles of EDH and NO in mesenteric arteries after TBI were
tested by incubating arteries with the competitive NOS inhibitor
Nx-nitro-l-arginine (l-NNA; 100 lM) for 30 min before and
during agonist treatment.

For some experiments, arteries were incubated with l-sepiapterin
(1 lM), the arginase inhibitor Nx-hydroxy-nor-arginine (nor-
NOHA; 20 lM) or the NOS and arginase substrate, l-arginine
(100 lM), for 30 min, followed by addition of increasing con-
centrations of ACh (1 nM to 1lM) in the presence of l-sepiapterin,
nor-NOHA or l-arginine. The percent vasodilation was defined as
the agonist-induced dilation (peak or maximal response to ACh)
normalized to the difference between passive and myogenic diame-
ter, calculated as ([Dagonist-Dbaseline]/[DP-Dbaseline]) ·100, where
Dbaseline is the lumen diameter before the addition of agonist at a
specific concentration.

Detection of NO level

NO levels in mesenteric arteries were measured by fluorescence
microscopy as described previously using DAF-2 DA,29,32 a non-
fluorescent compound that yields the highly fluorescent DAF-2T on
reacting with NO.33 Arteries were surgically opened and pinned
down to the surface of a custom Sylgard-coated microscope dish
with the endothelial surface oriented upward (en face preparation).
Arteries were pre-loaded in the dark with DAF-2 DA (5 lM) in the
presence of pluronic acid (0.05%) dissolved in aerated PSS. DAF-2
DA-loaded arteries were allowed to de-esterify for 15 min before
imaging. NO levels were determined in vascular smooth muscle
superfused with PSS under basal conditions (unstimulated) and
with ACh stimulation (10 lM) at 37�C. Images were acquired at 30
frames/sec using an Andor Technology Nipkow spinning-disc
confocal system coupled to a Nikon Eclipse E600 FN upright mi-
croscope equipped with a 60· water-dipping objective (numerical
aperture 1.0) and an electron-multiplying charge-coupled device
camera, as we have described previously.29,34

DAF-2T fluorescence was detected using an excitation wave-
length of 488 nm, and emitted fluorescence was collected using a
527–549-nm band-pass filter. Fluorescence in collected images was
assessed offline by measuring the average fluorescence of 10 im-
ages from the same field using custom-designed software (A.
Bonev, University of Vermont, Burlington, VT).34 The area of each
VSMC surface was determined by drawing a freehand region of
interest (ROI) around the outline of the individual cell. Total DAF-
2T fluorescence was measured over the entire area of each cell, and
an average value per cell was calculated for a given field (>10
cells). DAF-2T fluorescence was expressed as the percentage
change from control baseline levels.

Immunohistochemistry

Mesenteric arteries were fixed in 4% paraformaldehyde for 1 h
and then cryoprotected overnight in 0.1 M PBS (pH 7.2) containing
3% sucrose. Cross-sections of arteries were embedded in optimal
cutting temperature (O.C.T.) compound, cut into 10-lm-thick sli-
ces, and mounted on poly-l-lysine–coated glass slides (Sigma-
Aldrich, MO). Sections were pre-incubated with PBS containing
1.6% hydrogen peroxide for 5 min and then washed with PBS
containing 0.2% Tween-20. Endogenous biotin or avidin binding
sites were blocked by sequential incubation for 10 min with avidin
and biotin peroxidase complex (ABC kit; Vector Laboratories,
CA). After rinsing, arteries were permeabilized with 0.1% Triton
X-100 in PBS for 20 min, washed with PBS, and incubated over-
night at 4�C with primary antibodies against arginase-1 (Genetex,
CA) or arginase-2 (Santa Cruz Biotech, TX) diluted 1:200 and
1:100, respectively, in 3% bovine serum albumin (BSA).

After washing again with PBS, slide-mounted artery sections
were incubated with a biotin-labeled secondary antibody for 30 min.
Immunoreactive proteins were detected by incubating with the
peroxidase substrate 3,3-diaminobenzine. Negative controls were
incubated with secondary antibody only (primary antibody replaced
with PBS). Images were acquired at 100x magnification.

Arginase activity assay

Arginase enzymatic activity was measured in mesenteric artery
homogenates obtained from control and TBI rats using a colori-
metric assay kit (Sigma-Aldrich). Arginase activity was quantified
by spectrophotometric measurement of urea produced by arginase
from l-arginine.

Detection of O2
- production in mesenteric arteries

Dihydroethidium (DHE) was used to identify O2
- production in

situ.32 Mesenteric arteries from control and TBI rats were isolated
as described above and incubated with DHE (2 lM) in the dark in a
custom humidifying box at 37�C for 30 min, rinsed three times with
PSS for 10 min each, and then fixed in paraformaldehyde (4%) for
1 h. Arteries were cryoprotected overnight in 3% sucrose and then
embedded in O.C.T. mounting media. Mesenteric arteries were cut
into cross-sections (10 lm thick) using a cryostat, and then im-
munostained for eNOS (1:2,000; BD Biosciences, CA) used as
an endothelial marker. A 4¢-6-diamidino-2-phenylindole (DAPI)
staining (1:500; Thermo Scientific) was performed for nuclear acid
(nuclei) staining (excitation/emission: 350/470 nm). Images were
acquired at 60x magnification using a confocal microscope (Zeiss
LSM510 META) to visualize the fluorescence (excitation/emis-
sion: 518/605 nm for DHE-labeled slices). Fluorescence intensity
was quantified by ImageJ software.

Oxidation-reduction production (ORP) measurements

Redox balance (integrated measure of the balance between total
oxidants and reductants) was evaluated in plasma samples obtained
from control and TBI rats by measuring the oxidation-reduction
potential, or total oxidizing capacity.35 Whole blood was collected
at the time of euthanasia into an evacuated tube containing sodium
citrate. Whole blood was immediately centrifuged (2,000 rpm;
4�C), and plasma samples were collected, aliquoted, and stored at
-80�C. Thawed samples (30 lL) were tested using the RedoxSYS
diagnostic platform, consisting of a micro Pt/AgCl combination
redox electrode sensor and benchtop analyzer (Aytu Bioscience,
Inc., CO).36,37 Values were recorded in millivolts (mV) after ORP
readings were stable for 10 sec. The diagnostic platform was cali-
brated before use and validated with hydrogen peroxide (30 lM) as
a positive control.

Statistics

GraphPad Prism software (version 6.03; GraphPad Software,
CA) was used for analysis; values are presented as means – stan-
dard error of the mean. Agonist concentration-response curves
were calculated by fitting the Hill slope from the data (variable
slope model) for each individual experiment, and summary data are
presented for intergroup comparisons together with representative
tracings. The Mann-Whitney nonparametric test was used for
comparisons between two experimental groups. Two-way analysis
of variance was used for comparisons of multiple group measure-
ments at different concentrations. The a-value used was 0.05, and
statistical significance was reported as p values. In a few experi-
mental series, a single control group was used to test multiple
hypotheses. To avoid increasing the likelihood of a Type I error, we
used the Bonferroni correction to test each individual hypothesis at
a significance level determined by a = 1/m, where m is the number
of comparisons.
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Results

TBI animals develop endothelial dysfunction,
characterized by impaired endothelial-dependent
vasodilation

In this study, we performed TBI surgery in a total of 38 animals. The

average fluid percussion injury pressure delivered to the TBI group was

68 – 1 psi. Endothelial function was assessed in pressurized mesenteric

arteries from control and TBI rats by measuring dilatory responses to

the muscarinic receptor agonist ACh. Arteries from control animals

achieved maximal dilation at 300 nM ACh (Fig. 1). In contrast, an ACh

concentration of 1lM was required to dilate arteries from TBI rats, and

even at that concentration, the dilation achieved was only*50% of that

in controls (Fig. 1; Table 1). Application of higher concentrations of

ACh to arteries from TBI rats did not cause further dilation, and instead

produced diminished vasodilatory responses (21%– 11% and

10% – 11% at 3 and 10lM ACh, respectively, n = 4).

The ACh concentration-response curve (Fig. 1) demonstrates that

the percent vasodilation produced by 1 lM ACh was significantly

decreased in mesenteric arteries from TBI rats, whereas the calculated

50% effective concentration (EC50) was unchanged (Table 1). Thus,

TBI significantly impairs endothelial-dependent vasodilatory func-

tion in systemic vessels remote from the site of injury.

Impaired vasodilation after trauma is because
of crippling of the NO component
of endothelial-dependent vasodilation

We next sought to determine the specific pathway of endothelial-

dependent vasodilation that accounted for the dysfunction observed in

systemic arteries after TBI. ACh induces dilation of rat mesenteric

arteries through a combination of NO and EDH mechanisms; thus,

disruption of either or both pathways could be responsible for the

impaired response to ACh. To identify the affected pathway(s), we

blocked NO production using the NOS inhibitor l-NNA (100lM) and

examined the remaining EDH component of vasodilation. As ex-

pected, l-NNA decreased ACh-induced dilation in control arteries;

however, it had no effect on the already impaired arteries from TBI

animals (Table 1). Collectively, these findings suggest that impairment

of the NO pathway of endothelial-mediated dilation fully accounts for

the abnormal agonist-induced dilation of mesenteric arteries after TBI.

Basal and ACh-induced NO production
is decreased after TBI

To determine the effects of TBI on vascular NO production, we

directly measured NO under physiological conditions as the con-

version of the NO indicator DAF-2 DA to the highly fluorescent

FIG. 1. Endothelial-dependent vasodilation is impaired after
traumatic brain injury (TBI). Representative traces of acetylcholine
(ACh) concentration-response curves in pressurized (80 mm Hg)
mesenteric arteries from control (n = 5) and TBI (n = 4–7) rats in the
absence (A) and presence (B) of the nitric oxide (NO) synthase
inhibitor Nx-nitro-l-arginine (l-NNA) (100 lM). (C) Summary
data for ACh concentration-response curves in arteries from control
and TBI rats. *p < 0.05; two-way analysis of variance.

Table 1. ACh-Induced Dilation in Mesenteric Arteries from Control

and TBI Rats: Percent Dilation and LogEC50 Values

Control TBI

Treatment
Vasodilation elicited

at ACh 1 lM (%) LogEC50 n
Vasodilation elicited

at ACh 1 lM (%) LogEC50 n

ACh 100 – 1 -7.4 – 0.01 5 59 – 9* -7.2 – 0.4 7
+ l-NNA 46 – 8* -6.7 – 0.5 5 55 – 4 -6.6 – 0.2 7
+ nor-NOHA 73 – 9 -7 – 0.3 5 98 – 1* -7 – 0.06 6
+ l-arginine 79 – 6* -7.3 – 0.3 5 95 – 2* -7 – 0.4 6
+ l-sepiapterin 90 – 7 -7.3 – 0.3 5 91 – 3 -6.8 – 0.1 5

ACh, acetylcholine; EC, endothelial cell; l-NNA, Nx-nitro-l-arginine; nor-NOHA, Nx-hydroxy-nor-arginine.
ACh (1 lm), l-NNA (100 lm), nor-NOHA (20 lm), l-arginine (100 lm), l-sepiapterin (1 lm). Each value represents the mean – SEM of n number

of experiments. *p < 0.0125 versus the same group with Ach alone; Mann-Whitney test with Bonferroni correction.
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DAF-2T. Both baseline and ACh-induced NO levels in the VSMC

layer, which receives NO by diffusion from the adjacent endothe-

lium, were also significantly decreased in arteries from TBI rats

compared with controls (Fig. 2).

Diminished endogenous NO production
after TBI impairs myogenic tone

The effect of TBI on endogenous NO in intact pressurized ar-

teries was functionally assessed by measuring differences in va-

soconstrictor responses to inhibition of NOS with l-NNA (100 lM)

between TBI and control groups (Fig. 3). l-NNA–induced con-

striction was significantly diminished in arteries from TBI rats

(5% – 1% constriction, n = 6) compared with controls (9% – 1%

constriction, n = 10; p < 0.05), confirming that endogenous NO

synthesis is compromised after TBI (Fig. 3A–C).

To test whether changes in NO production observed after TBI alter

arterial myogenic tone, we investigated constriction in response to

pressure (80 mm Hg). Myogenic tone was significantly enhanced in

FIG. 2. Acetylcholine (ACh)-induced nitric oxide (NO) production is decreased after traumatic brain injury (TBI) in mesenteric arteries.
(A) Basal and ACh-induced NO production in vascular smooth muscle (VSM) in mesenteric arteries (en face preparation) from control and
TBI rats. Scale bar: 20 lm. (B) Summary data showing the percent change induced by ACh (10 lM) in VSM cells from control (n = 4) and
TBI (n = 4) mesenteric arteries. *p < 0.05; Mann-Whitney test. Color image is available online at www.liebertpub.com/neu
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endothelium-intact arteries from TBI rats (41% – 7%, n = 8) com-

pared with controls (25% – 3%, n = 9; p < 0.05; Fig. 3D). Both en-

dothelium removal and treatment with l-NNA significantly increased

constriction in response to pressure in control mesenteric arteries

(Fig. 3D), consistent with the idea that NO is endogenously produced

in the vascular endothelium of mesenteric arteries and modulates

the myogenic response under normal physiological conditions. In

contrast, neither endothelium denudation nor l-NNA treatment

FIG. 4. Vascular smooth muscle sensitivity to nitric oxide (NO)
and contractility are not altered after traumatic brain injury (TBI).
(A) Sensitivity to NO was determined using the NO donor sper-
mine NONOate (0.001–1 lM) in the presence of Nx-nitro-l-
arginine (l-NNA) (100 lM) in pressurized (80 mm Hg) mesenteric
arteries from control (n = 5) and TBI (n = 5) rats. (B) Smooth
muscle contractility was determined by establishing U46619
concentration-response relationships in pressurized (40 mm Hg)
mesenteric arteries from control (n = 4) and TBI (n = 3) rats.

FIG. 3. Diminished endogenous nitric oxide (NO) production in
mesenteric arteries from traumatic brain injury (TBI) animals
causes enhanced myogenic tone. Representative traces of mes-
enteric arteries from control (A) and TBI (B) rats treated with the
nitric oxide synthase (NOS) inhibitor Nx-nitro-l-arginine (l-
NNA) (100 lM). The resulting vasoconstriction provides an ad-
ditional index of endogenous NO production. (C) Summary data
showing percent constriction of mesenteric arteries from control
(n = 10) and TBI (n = 6) rats in response to l-NNA (100 lM). (D)
Summary data showing percent tone elicited by 80 mm Hg in
endothelium-intact and denuded arteries from control (n = 9–15)
and TBI (n = 5–10) rats and intact arteries in the presence of l-
NNA (100 lM). *p < 0.05 compared with control intact vessels;
Mann-Whitney test.
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significantly affected myogenic tone in arteries from TBI rats (Fig. 3D),

implying a virtual absence of tonic NO release by mesenteric artery ECs

from TBI rats. Notably, both removal of the endothelium and inhibition

of eNOS with l-NNA normalized the level of myogenic tone between

control and TBI mesenteric arteries (Fig. 3D).

Lumen diameters at 80 mm Hg under Ca2+-free conditions were

not significantly different between intact arteries from control

(238 – 10 lm, n = 9) and TBI (220 – 18 lm, n = 8) rats. Moreover,

neither the sensitivity of VSM to NO, tested using the NO donor

spermine NONOate (0.001–1 lM) in the presence of l-NNA

(100 lM), nor contractility to the TXA2 agonist U46619 (0.001–

0.3 lM) were significantly different between groups (Fig. 4). Col-

lectively, these data indicate that diminished endothelial release of

NO fully accounts for the impaired myogenic response in arteries

from TBI rats.

Arginase inhibition and exogenous supplementation
of BH4 or L-arginine improves agonist-induced
dilation after TBI

Inadequate or uncoupled eNOS function leads to O2
- production,

a hallmark of endothelial dysfunction in vascular disease.18 We

FIG. 5. Exogenous tetrahydrobiopterin (BH4) supplementation improves acetylcholine (ACh)-induced dilation in traumatic brain
injury (TBI) mesenteric arteries. Representative traces of ACh concentration-response curves in pressurized (80 mm Hg) mesenteric
arteries from control (A) and TBI (B) rats in the presence of l-sepiapterin (1 lM). (C) Summary data showing ACh concentration-
response curves in the presence of 1 lM L-sepiapterin from control and TBI (n = 5 each) rats. Dotted lines represent arteries from control
and TBI rats previously shown in Figure 1. *p < 0.05; Two-way analysis of variance.

FIG. 6. Arginase inhibition and l-arginine supplementation improves acetylcholine (ACh)-induced dilation in traumatic brain injury
(TBI) mesenteric arteries. Representative traces of ACh concentration-response curves in pressurized (80 mm Hg) mesenteric arteries
from control (A) and TBI (B) rats in the presence of the specific arginase inhibitor Nx-hydroxy-nor-arginine (nor-NOHA) (20 lM).
Summary data showing ACh concentration-response curves in the presence of 20 lM nor-NOHA (C) or 100 lM l-arginine (D)
from control (n = 5–6) and TBI (n = 5–6) rats. Dotted lines represent arteries from control and TBI rats previously shown in Figure 1.
*p < 0.05; Two-way analysis of variance.
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therefore hypothesized that the diminished NO component of va-

sodilation after trauma is because of eNOS uncoupling, through

depletion of the eNOS co-factor BH4 and/or its substrate l-

arginine. First, to test the contribution of BH4 depletion to eNOS

uncoupling, we treated arteries with the pterin salvage pathway-

derived precursor l-sepiapterin (1 lM). l-sepiapterin partially re-

stored vasodilation induced by ACh; although the EC50 was not

affected, the maximal dilation induced by 1 lM ACh in the pres-

ence of l-sepiapterin was improved and reached approximately

90% of control levels (Fig. 5 and Table 1).

Next, we found that supplementation with l-arginine (100 lM)

and arginase inhibition with nor-NOHA (20 lM) vastly improved

the impaired endothelial-dependent dilation in mesenteric arteries

from TBI rats (Fig. 6 and Table 1). This suggested the possibility

that activation of arginase after TBI, and subsequent starvation of

eNOS of the common substrate l-arginine, is responsible for di-

minished NO and vasodilatory capacity. It should be noted that in

mesenteric arteries from control rats, administration of nor-NOHA,

l-arginine, or l-sepiapterin diminished NO-mediated dilation to

ACh instead of enhancing it, a phenomenon termed the ‘‘arginase

paradox’’ that has been observed previously (see Discussion).

TBI increases arginase activity in mesenteric arteries

Because arginase inhibition improved endothelial-dependent

vasodilation after trauma, we evaluated arginase activity in mes-

enteric arteries from control and TBI rats. Arginase enzymatic

activity was strikingly elevated in homogenates of TBI mesenteric

arteries (1 – 0.5 units/L, n = 5) compared with controls (0.1 – 0.05

units/L, n = 4; p < 0.05) (Fig. 7A). By contrast, arginase activity in

liver was not significantly different between control (8 – 0.1 units/

L, n = 5) and TBI (7 – 0.3 units/L, n = 4) groups. Further, we found

the isoform arginase-1 expressed in the vascular endothelium

(Fig. 7B).

Increased superoxide production provides further
evidence for eNOS uncoupling after TBI

Finally, we examined whether arginase-mediated eNOS un-

coupling contributes to enhanced reactive oxygen species (ROS)

production after TBI. We detected O2
- production in the vascular

endothelium and increased oxidative stress in circulating plasma in

both groups. Using confocal microscopy in conjunction with the

O2
- indicator DHE, we found an overall increase in intracellular O2

-

production in the vascular endothelium of mesenteric arteries from

TBI rats (Fig. 8A,B). Moreover, oxidation-reduction potential

(ORP), a measure of total oxidative stress,36,37 was higher in

plasma collected from TBI rats (183 – 13 mV, n = 6) than control

rats (154 – 3 mV, n = 5) (Fig. 8C,D).

Discussion

We demonstrated that TBI causes endothelial dysfunction in the

systemic microcirculation and provide novel insight into the un-

derlying mechanisms. Our findings strongly support a model in

which TBI increases arginase activity, which competes with eNOS

for l-arginine and thus limits L-arginine bioavailability for NO

production. This decreased substrate availability leads to eNOS

uncoupling, resulting in O2
- generation and endothelial dysfunction

(Fig. 9).

We found that after TBI, endothelial-dependent responses to

ACh (Fig. 1) were severely impaired in myogenically active, small

mesenteric arteries. l-NNA, an inhibitor of endogenous NO pro-

duction, blunted dilation to ACh (by *50%) in pressurized arteries

FIG. 7. Total arginase activity is increased after traumatic brain injury (TBI). (A) Arginase activity measured in homogenates of
mesenteric arteries from control (n = 4) and TBI rats (n = 5) (B) Upper panels: Immunolocalization of Arg-1 and Arg-2 in mesenteric
arteries from control animals. Arrows show staining in the vascular endothelium (EC) and smooth muscle cells (SMC). Lower panels:
Control staining with secondary antibody alone. *p < 0.05; Mann-Whitney test. Color image is available online at www.liebertpub.com/neu
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from control rats but had no effect in arteries from TBI rats, indi-

cating that this diminished response is because of a loss of the NO

component of endothelium-dependent vasodilation (Fig. 3). Con-

sistent with this, basal endogenous NO production in endothelium-

intact vessels from TBI animals was significantly reduced, resulting

in enhanced myogenic tone (Fig. 2 and 3). Collectively, these

findings implicate impaired NO production after TBI in the ob-

served vascular dysfunction. This conclusion is further supported

by our observation that differences in myogenic tone between TBI

and control arteries were eliminated by endothelial denudation and

l-NNA treatment.

Despite the fact that l-arginine concentrations within the cell are

already saturating (100–1000 lM), eNOS-mediated NO synthesis

can be boosted by increasing the extracellular l-arginine concen-

tration,38–40 a phenomenon known as the ‘‘arginine paradox.’’ In

this context, we found that endothelial-dependent dilation of

mesenteric arteries from TBI rats was improved by suppressing l-

arginine degradation through inhibition of arginase with nor-

NOHA or by exogenous addition of l-arginine (Fig. 6). In contrast,

l-arginine supplementation and arginase inhibition diminished the

response to ACh in mesenteric arteries from control rats.

These observations support the paradoxical effect of manipula-

tions that increase l-arginine levels: although beneficial in the

context of vascular dysfunction, they exert a detrimental effect on

NO production and endothelial function in healthy controls.41 As a

practical matter, the manifestations of this paradox also create

challenges for evaluating and interpreting the results of pharma-

cological interventions in control and TBI groups. In a conven-

tional experimental design, inferring specific treatment effects in

experimental groups is predicated on the idea that treatments have

minimal, or at least qualitatively similar, effects on controls. The

fact that l-sepiapterin, l-arginine, and nor-NOHA diminished re-

sponses to ACh in controls such that these responses actually

overlapped with the enhanced response to treatment in the exper-

imental (TBI) group upends this presumption. Our decision to

present results in control and TBI groups with and without treat-

ment rather than compare control-treated and TBI-treated groups

reflects this experimental conundrum, which is inherent in ma-

nipulations of the eNOS–arginase system.

A corollary of the arginine paradox is that decreases in intracel-

lular levels of l-arginine can attenuate eNOS activity; it has also been

shown that l-arginine depletion can result in eNOS uncoupling in the

FIG. 8. Traumatic brain injury (TBI) rats show increased superoxide levels in the vascular endothelium and elevated oxidation-
reduction potential (ORP) in plasma. (A) Representative images showing O2

- levels measured by dihydroethidium (red, DHE stain) and
endothelial nitric oxide synthase (eNOS) double-staining (green) in cross-sections obtained from mesenteric arteries from control and
TBI rats. 4¢-6-diamidino-2-phenylindole (DAPI) (blue) was used for nuclei staining. Scale bar: 20 lm. (B) Quantification of mean
fluorescence intensity from control (n = 4) and TBI (n = 3) rats. Data within each group were normalized to controls (standardized to
1.0). (C) Representative ORP versus time traces. Plasma from a control rat (solid line) shows a potential measurement lower than a TBI
(dotted line). The inset is a close-up of the final 20 sec reading. A static ORP measurement is the average value of the final 10 sec. (D)
Summary data showing static ORP in plasma samples from control (n = 5) and TBI (n = 6) rats. Plasma from control rats treated with
hydrogen peroxide (H2O2, 30 lM) was used as a positive control (n = 3). *p < 0.05; Mann-Whitney test. EC, vascular endothelium; SMC,
smooth muscle cells. Color image is available online at www.liebertpub.com/neu
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vascular endothelium.42 This depletion of substrate can be attributed

to an increase in the activity of arginase, which siphons off l-arginine

and starves eNOS of its substrate, resulting in reduced production of

NO and increased production of O2
-.

Consistent with this mechanism, we found that arginase activity

was increased in mesenteric artery homogenates from TBI rats.

Downstream elements within the NO signaling pathway were also

unaffected, as evidenced by the fact that endothelial-independent

vasodilation in response to the NO donor spermine NONOate was

unchanged between groups. Contractility in response to the

thromboxane agonist U46619 was also preserved after TBI.

These observations rule out altered NO sensitivity or smooth

muscle dysfunction as mechanisms of impaired vasodilation. Thus,

our findings support the idea that eNOS is the ‘‘loser’’ in the

competition between eNOS and arginase for l-arginine, with the

result being diminished NO production, eNOS uncoupling, and

increased formation of O2
- and ONOO-, the latter of which is

predicted to further decrease NO levels (by consuming existing

NO) and potentiate eNOS uncoupling (by oxidizing BH4). Inter-

estingly, supplementation with l-sepiapterin, an intermediate in the

salvage pathway of BH4 synthesis, partially improved ACh-

induced vasodilation at the maximal concentration used (1 lM),

suggesting that a decrease in BH4 concentration, possibly reflecting

ONOO--mediated oxidation to BH2, may also contribute to di-

minished eNOS activity.22

The arginine paradox described above can be explained in part by

differences in the enzyme kinetics of arginase and eNOS.41,43 The

Km of eNOS for l-arginine in intact cells (2–20 lM) is 1000-fold

lower than that of arginase (2–20 mM)39; however, the maximum

activity (Vmax) of arginase is 1000-fold higher than that of eNOS,

allowing the two enzymes to compete equally for the same substrate

if they are located in the same cellular microdomain.44,45 In addi-

tion, the Km of eNOS for l-arginine is comparable to that of the

cationic amino acid transporter 1 (CAT1) responsible for l-arginine

transport (100–150 lM),46 suggesting that NO production through

eNOS is not only reciprocally regulated by arginase, but also by l-

arginine transport into the cell. Taken together, the enzymatic

properties of eNOS, arginase, l-arginine transport mechanisms, and

concentration gradients comprise an elegant, very tightly controlled

system for regulating the metabolism of l-arginine.

Our findings are in accord with previous reports that arginase

activity is increased and extracellular l-arginine is decreased in

both animal models and human subjects after trauma.47,48 These

studies have also shown a correlation between arginase activity

and the severity of an injury,47,48 with modest increases (1.5- to

2-fold) being reported after minor elective surgery and much

greater increases (*10-fold) occurring after severe trauma.47,48

Although these observations would seem to suggest l-arginine

supplementation as a therapeutic strategy, several studies have

shown that l-arginine reactivity varies depending on time point

after injury, vascular bed, and species studied, age, and the un-

derlying disease.48–53 One of the limitations of our study is that

we focused on a specific time point after injury. Additional

studies are needed to address the longitudinal course of vascular

responses including earlier times after TBI and later time points

after clinical recovery.

Using the O2
- indicator DHE, we found that TBI caused exces-

sive O2
- production in endothelial cells. We further found that TBI

induced sufficient systemic inflammation and oxidative stress at

24 h to produce a detectable ORP signal in the circulating plasma.

Similar ORP increases were recently reported in humans with se-

vere trauma, specifically TBI.36,37 Our results suggest that l-

arginine depletion and eNOS uncoupling associated with TBI are

responsible for the increase in endothelial ROS, which would place

ROS elevation downstream of arginase and l-arginine depletion.

Our working hypothesis is that pro-inflammatory cytokines,

such as tumor necrosis factor-a, interleukin (IL)-4, IL-10, and IL-

13, which are elevated in the circulation after TBI and have been

FIG. 9. Proposed mechanism for endothelial dysfunction after traumatic brain injury (TBI). Upregulated arginase-1 limits l-arginine
availability to endothelial nitric oxide synthase (eNOS), leading to decreased nitric oxide (NO) production and O2

- generation in the
vascular endothelium. The excess O2

- from uncoupled eNOS scavenges NO, forming peroxynitrites (ONOO-) that rapidly oxidize
tetrahydrobiopterin (BH4) and propagate eNOS uncoupling. O2

- is broken down by superoxide dismutases (SOD) into hydrogen peroxide
(H2O2) and oxygen. The increase in production of H2O2 suppresses NO synthesis by increasing activity of arginase. The increased arginase
activity consumes l-arginine and further uncouples eNOS promoting O2

- production. These redox events with upregulation of endothelial
arginase collectively contribute to the compromised vasodilation and increased myogenic tone observed after TBI.
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implicated in increasing arginase activity or expression,47,54 are

responsible for the observed endothelial dysfunction. In a similar

manner, increases in endothelial O2
- (e.g., derived from NADPH

oxidase,22,55 xanthine oxidase,56,57 or mitochondrial respiration58)

Changes in gene expression, induced by pro-inflammatory cyto-

kines, are likely responsible for the persistent alteration in endo-

thelial cell function; this etiology of endothelial dysfunction caused

by an acute result is novel. could act early in the process to initiate

eNOS uncoupling through oxidation of BH4, making increased

arginase activity and subsequent l-arginine depletion a contribut-

ing rather than initiating event. Moreover, our data do not allow us

to determine whether endothelial O2
- is a major contributor to the

increased ORP signal in plasma or whether other cellular sources

are primarily responsible. In this context, there is substantial evi-

dence for the release of ROS in addition to pro-inflammatory cy-

tokines by activated platelets and macrophages after trauma.1

NO plays a major role in the pathophysiology of TBI. Changes in

NOS isoenzyme expression and tissue NO levels appear to be time

dependent and complex.59 We recently investigated the effects of

TBI in cerebral arteries and found that the responses were opposite

those in systemic arteries.29 Instead of a decrease in NO, cerebral

arteries from the same trauma model showed a 60-fold increase in

NO at the same time point, leading to a gain of NO function and a

loss of myogenic tone.29 The dramatically different responses of

cerebral and mesenteric artery endothelium reflect fundamental

differences in the cellular consequences of TBI. We suspect that the

specialized cerebrovascular endothelium, which constitutes the

blood–brain barrier, may also protect these vessels from toxic or

inflammatory effects of circulating factors such as cytokines60 and

damage-associated molecular patterns (DAMPs) or alarmins such

as extracellular histones from apoptotic cells61,62 released into the

bloodstream by TBI-induced cellular damage.

There are several possible mechanisms by which the cerebro-

vascular endothelium could protect against inflammation and

eNOS uncoupling, including differences in cell surface receptors,

intracellular modulators of NO signaling, superoxide dismutase

activity, and astroglial interactions. In this context, the inflamma-

tion initiated in the injured brain proliferates throughout the body,

turning an isolated event into a systemic pathology.

Conclusion

We show increased arginase activity and eNOS uncoupling

through l-arginine depletion causes a disruption in NO production

that underlies TBI-induced endothelial dysfunction in the systemic

microcirculation. We provide a mechanism by which small blood

vessels ‘‘remember’’ an injury 24 h after the acute event, even after

removal from the body, supporting a model of ‘‘molecular mem-

ory’’ in vascular endothelial cells after neurotrauma. Changes in

gene expression, induced by pro-inflammatory cytokines, are likely

responsible for the persistent alteration in endothelial cell function;

this etiology of endothelial dysfunction caused by an acute insult is

novel. These results are relevant to understanding the systemic

inflammatory response that occurs after TBI even in the absence of

polytrauma.

Although we cannot exclude other, and perhaps overlapping,

mechanisms of endothelial dysfunction, it is clear that TBI causes

profound effects on the systemic microcirculation and these responses

are opposite to those in cerebral arteries. By elucidating the underlying

mechanisms that cause acute endothelial dysfunction after a head in-

jury, our findings may inform strategies for endothelial protection and

prevention of coagulopathy in the management of brain trauma.
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