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Abstract

Background: Arginase (Arg), one of the enzymes involved
in the urea cycle, provides an essential route for the
disposal of excess nitrogen resulting from amino acid and
nucleotide metabolism. Two reported subtypes of Arg
(Argl and 1) compete with nitric oxide synthase (NOS) to
use L-arginine as a substrate, and subsequently regulate
NOS activity. It has been reported that Arg has significant
effects on circulation that suggest the potential role of
this enzyme in regulating vascular function. However, the
role of Arg following brain damage has not been
elucidated. In this study, we hypothesize that the deletion
of Argll will lead to aggravated brain injury following
cerebral ischemia and excitotoxicity.

Methods and findings: To test our hypothesis, male
C57BL/6 wildtype (WT) and Argll”/~ mice were subjected to
permanent distal middle cerebral artery occlusion and
survived for 7 d. Cerebral blood flow (CBF) data revealed a
statistically non-significant decrease in CBF in Argll”~ mice.
However, Argll”- mice had significantly higher neurologic
deficit scores and brain infarctions. The hypothesis was
further tested in a more specific N-methyl-D-aspartate
(NMDA)-induced acute excitotoxic model. WT and Argll”-
mice were given a single intrastriatal injection of 15 nmol
NMDA. Forty-eight hours later, the excitotoxic brain
damage was significantly worse in Argll/~ mice. The data
from both models confirm the neuroprotective effect of
Argll.

Conclusion: Targeting Argll could be considered an
integrative part of a multi-modal approach to fight acute
brain damage excitotoxicity, ischemic brain injury, and
other forms of brain trauma.

Keywords: Cerebral blood flow; Mice; Neuroprotection;
Nitric oxide synthase; NMDA; Stroke; Vasodilation
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Introduction

After the onset of ischemic brain injury, a wide array of
factors adds up to a total pathophysiology that includes but is
not limited to excitotoxicity, inflammation, free radical
damage, and cell death. Excitotoxicity and free radical
generation are considered early events in stroke and have
been implicated as major players in stroke pathophysiology [1].
After the onset of ischemia, there is a fall in pH, a depletion of
ATP, and then a failure of the Na*/K* pump, resulting in
membrane depolarization. This leads to a rapid accumulation
of intracellular glutamate to a toxic level that then leads to an
increase in the intracellular level of CaZ*. Thus, the elevation of
intracellular Ca2* resulting from the activation of the N-methyl-
D-aspartate (NMDA) receptor activates Ca2*-dependent nitric
oxide (NO) synthases (NOS) and NO production [2,3]. NO has
been reported to play critical physiological roles such as
vasodilation, cytotoxicity, prevention of invading pathogens,
and pathogenesis of inflammatory diseases [4-7]. Further, free
radicals generated during pathologic conditions interact with
NO and form the highly toxic peroxynitrite [8-10].

Arginase (Arg) is the final enzyme in the urea cycle and is
essential in the route for the disposal of excess nitrogen
resulting from amino acid and nucleotide metabolism [11]. It
has been reported that intravenous administration of Arg
exerts significant effects on circulation, which suggests the
potential role of this enzyme in regulating vascular function
[12]. In addition, Arg competes with NOS to use L-arginine as a
substrate, and subsequently regulates NOS activity for both
constitutive and inducible NOS isoforms [13]. In the process,
two different metabolic pathways involved are NOS reacting
with L-arginine, resulting in citrulline and nitric oxide (NO) or
Arg reacting with L-arginine, leading to the production of
ornithine and urea. Thus far, two isoforms of Arg (Argl and
Argll) have been found. Argl, predominantly expressed in the
liver, has been found to be present throughout the body,
whereas Argll, a mitochondrial enzyme, is expressed in the
kidneys, brain, liver, small intestine, mammary glands, and
macrophages [7,14,15]. However, it is believed that both
isoforms are induced during different pathophysiological
conditions [10,16]. Studies have shown that down-regulation
of Argll leads to renal apoptosis, whereas overexpression
inhibits renal apoptosis during inorganic mercury exposure
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[17]. Recent studies have suggested that Argll is a major
isoenzyme in the endothelial cells (ECs) of humans and other
species, and an important regulator of NO production [15].

Stroke is considered a leading cause of death in the United
States and worldwide. Its treatment has been eluding
scientists for many decades, with no current ideal therapeutic
alternative. Although a wide array of possible approaches have
been postulated, most fail at clinical trials. Therefore, there is
an urgent need to look into the endogenous intracellular
events that could be utilized as therapeutic targets or agents in
minimizing/preventing ischemic brain injury and excitotoxicity.
Accumulating evidence shows that Arg plays a critical role in
modulating NO and NOS, with NOS considered a potent
vasoprotective molecule that regulates vascular tone and
controls vascular integrity [18]. In manipulating NOS isoforms,
Arg and NO would be useful in developing therapies to
modulate the response of an organism to cerebral ischemic
injury. Here, we hypothesize that the genetic deletion of Argll,
an important component for normal functioning of blood
vessels, causes increased availability of L-arginine as a
substrate to NOS, thereby increased NO concentration, which
leads to reactive oxygen/nitrogen species generation and
augmented brain damage. To test our hypothesis, we
subjected Argll”~ mice to permanent distal middle cerebral
artery occlusion (pMCAO) and the findings were further tested
in a more specific NMDA-induced acute excitotoxicity model.

Material and Methods

Animals

Male C57BL/6 wildtype (WT) mice weighing 20-25 g were
purchased from Charles River Laboratories Inc. (Wilmington,
MA). Age- and weight-matched Argll”~ mice were provided by
Dr. Dan E. Berkowitz, MBBCh (Johns Hopkins University,
Baltimore, MD). Animals were housed in our institutional
animal facility and had access to food and water ad libitum
under controlled conditions. All procedures and protocols
were approved by the Institutional Animal Care and Use
Committee of The Johns Hopkins University School of
Medicine. Investigators were blinded to the experimental
groups.
middle

Permanent distal cerebral

occlusion (pMCAO)

The distal section of the MCA was occluded as originally
described by us and others [19,20]. Briefly, WT (n=8) and
Argll’- (n=10) mice were anesthetized with continuous 1%
halothane, and a 1.0-cm vertical skin incision was drawn
between the right eye and ear. The temporal muscle was
moved aside to expose the underlying temporal bone. Under a
surgical microscope, a 2.0-mm burr hole was drilled just over
the MCA, visible through the temporal bone. Using a bipolar
coagulator, the main trunk of the distal part of the MCA was
directly occluded, and complete interruption of blood flow at
the occlusion site was confirmed by the severance cerebral
blood flow (CBF) at the MCA site. Core body temperature was
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maintained at 37.0 + 0.5°C during the procedures with the
help of an automated heating blanket. After the procedures,
mice were placed in an automated temperature- and
humidity-regulated recovery chamber for 2 h before being
moved to a clean cage. The animals not circling toward the
paretic side after the onset of ischemia and those that
developed subarachnoid hemorrhage were not included in the
study. A successful occlusion was confirmed only after placing
the laser-Doppler probe above the temporal ridge to establish
that relative CBF (rCBF) into the region was terminated.

Assessment of neurological deficit score (NDS)
in pMCAO

To evaluate the neurological deficits caused by this model, a
28-point score pattern was used, as reported earlier. Seven
days after the pMCAOQ procedure, an experimenter blinded to
genotype scored all mice for neurological deficits. The tests
included body symmetry, gait, climbing, circling behavior, front
limb symmetry, compulsory circling, and whisker response.
Each test was graded from 0 to 4, establishing a maximum NDS
of 28. Immediately after the evaluation, the mice were
sacrificed for infarct volume analysis.

Blood gas and CBF measurements

A separate cohort was used to investigate the effect of
pMCAO on blood gases and CBF in WT and Argll”". Briefly,
under an operating microscope, mice (n=5) were placed
supine and an incision was made to expose the femoral artery.
A PE-10 femoral artery catheter (Intramedic; BD Diagnostic
Systems, Sparks, MD) attached to a 1-mL syringe was
introduced into the artery and secured with a silk suture.
Blood samples were drawn 60 min before and 90 min after
pMCAO and were analyzed by blood gas analysis (Rapidlab
248; Chiron Diagnostic Corporation, Norwood, MA) for pH,
Pa0,, and PaCO,. Simultaneously, mice were recorded for rCBF
during the entire procedure from 15 min prior to pMCAO to
120 min after pMCAO.

NMDA-induced acute excitotoxicity

To determine the role of Argll on NMDA toxicity, WT and
Argll”- mice (n=7/group) were given a single injection of 15
nmol NMDA (in 0.3 pL) or vehicle in the right striatum, as
described [21]. After 5 min, the needle was slowly retracted,
the wound was sutured, and the animals were transferred to
an automated temperature- and humidity-regulated recovery
chamber for 2 h before moving them to a clean cage.
Throughout the experimental procedure, the rectal
temperature of the mice was monitored and maintained at
37.0+0.5°C.

Excitotoxic lesion volume assessment

At 48 h after NMDA injection, weight and rectal temperature
were recorded. The mice were deeply anesthetized with
pentobarbital sodium (65 mg/kg) and were then perfused
transcardially with cold phosphate-buffered saline (PBS)
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followed by fixation with 4% paraformaldehyde (pH=7.2) in
PBS. Brains were removed quickly, post-fixed overnight, and
equilibrated in 30% sucrose. The snap-frozen brains were cut
on a cryostat and 25 um sequential brain sections were stained
with Cresyl violet to estimate lesion volume [21].

Statistical analysis

Data are expressed as mean + SEM and were analyzed by
unpaired t test. NDS was analyzed by the non-parametric
Mann Whitney test. Statistical significance was set at p<0.05.

Results

Protective role of Argll against neurologic
deficits induced by pMCAO

Wildtype and Argll”” mice subjected to pMCAO, were
monitored over a period of 7 days for any severe complications
and, before sacrificing, were evaluated for NDS. There was no
significant weight loss observed in either WT or Argll”/~ mice
after stroke (data not shown). Argll/~ mice were observed to
have significantly (p=0.0019) higher neurologic outcomes (19.5
+ 1.5) compared to WT mice (12.2 + 1.3). WT mice performing
better and having a lower NDS than Argll”- mice reflect the
role of Argll in the recovery of mice from delayed ischemic
insults (Figure 1A).

Argll deletion exacerbates brain infarction

induced by pMCAO

Immediately after the functional outcomes assessment,
mice were sacrificed. Brain sections stained with triphenyl
tetrazolium chloride (TTC) and analysis thereafter revealed
that Argll”~ mice suffered with significantly (p=0.0079) higher
infarct volumes (52.4 + 2.7 mm3) compared to their WT
counterparts (41.6 + 2.4 mm3; Figure 1B). WT mice having
smaller infarction volume indicate that Argll plays a substantial
protective role in ischemic events.

Physiological parameters and CBF

In a separate cohort of mice involving WT and Argll”/~ mice,
no differences in blood pH, PaO,, or PaCO, were observed
between the two groups before or after pMCAO (Table 1). In
this same group of mice, CBF was measured continuously from
15 min prior to occlusion through 120 min after. CBF in Argll”-
mice was observed to be non-significantly lower at occlusion
time, followed by a further non-significant drop at later time
points compared with WT mice. WT mice had a relatively
stable CBF disruption, showing that Argll deletion may have
partial adverse effects on CBF (Figure 2).
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Figure 1 Deletion of Argll leads to increased neurological
deficit score (NDS) and infarct volume. WT (n=8) and ArglI”-
(n=10) mice were subjected to permanent distal middle
cerebral artery occlusion (pMCAOQ) and were allowed to
survive for 7 days. On day 7, mice were sacrificed
immediately after being tested for NDS, and brain infarction
was analyzed after triphenyl tetrazolium chloride staining.
(A) As an indicator of neurological dysfunction, assessment
on day 7 after ischemia shows significantly larger NDS in
Argll”/~ mice than in WT mice. (B) Representative
macrographs showing the slices of brain infarction from WT
(left) and Argll” (right) mice. (C) Histogram shows the
percent corrected cortex infarct volume of WT and Argll”-
mice. The infarct size was significantly larger in Argll”~ than
in WT mice. Data represented as mean + S.E.M; *p=0.0019,
**p=0.0079.
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Augmentation of NMDA-induced neurotoxicity
in Argll'/' mice

To further determine the contribution of Argll to the
pathology of stroke, we examined whether NMDA-induced
acute excitotoxicity would be aggravated in Argll’" mice.
Analyses of the Cresyl violet-stained brain sections revealed a
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significant (p=0.035) increase in the NMDA-induced lesion
volume in the Argll”- mice than in the WT mice (Figure 3).

Table 1 Physiologic parameters of WT and Argll”/- mice before
and after pMCAO.

Parameters 60 min before pMCAO 90 min after pMCAO
WT
pH 7.31£0.04 7.26 £0.06
PaCO, 454+16 452+17
Pa0, 139+5.8 130+6.5
Argll'-
pH 7.32£0.02 7.26 +0.01
PaCO, 438+17 442+15
Pa0, 132+ 4.5 131£3.2
4 N
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Figure 2 Argll deletion attenuates relative cerebral blood
flow rCBF. rCBF was recorded at baseline, at induction of
ischemia, and at 15-min intervals during ischemia until 120
min in WT and Argll”~ mice (n=5, each group). Argll”-
exhibited a non-significant decrease in CBF. Changes in CBF
were recorded as a percent of baseline. Data are
represented as mean + S.E.M.
o J
Discussion

In the present study, we evaluated the role of Argll in
cerebral ischemia and excitotoxic brain injury by using two
complementary preclinical models. The pMCAO model
provides an understanding of the delayed ischemic events that
take place after the induction of ischemia; on the other hand,
NMDA-induced excitotoxicity highlights the consequences of
an acute excitotoxic insult that occurs immediately following
stroke. Excitotoxicity and the generation of reactive oxygen
species (ROS) are among the early systemic cascade of
ischemic events leading to brain damage. Here, we have
shown that Argll is an important factor in controlling the
damage induced by two different models of acute brain
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insults. Argll”~ mice were observed to have higher infarction
volume and higher NDS when subjected to pMCAO. Similarly,
Argll”- mice were also observed to suffer higher damages
caused by NMDA injections compared to WT mice. Together,
the data suggest that deletion of Argll renders mice more
susceptible to insults and therefore reveals an important role
of Argll in cerebral ischemia and excitotoxicity.
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Figure 3 Argll deletion increases NMDA-induced
neurotoxicity. WT and Argll”/~ mice (n=7, each group) were
given a single stereotaxic injection of 15 nmol NMDA in the
striatum and sacrificed 48 h later. Brain sections were
stained with Cresyl violet to analyze the brain lesions. (A)
Representative macrographs of coronal sections of the WT
(left panel) and Argll”" (right panel) mice brain after
intrastriatal injection with 15 nmol NMDA. The brain
sections from the Argll”’~ mise appears to show greater
lesion volume. (B) Analysis of the brain sections show that
the Argll”~ mice were more vulnerable to the NMDA-
induced neurotoxicity than were the WT mice. Values are
represented as means + S.E.M.; *p=0.035, when compared
with WT group.

- J

The findings that Argll”/- mice suffer from higher infarction
volumes and neurologic deficits in a pMCAO-induced model
serves as an indication that Argll is a highly important enzyme
and has a protective role during ischemic events. Thus far, the
role of Argll, using the Argll’~ mice, has not been studied in
cerebral ischemia and ours is the first study to demonstrate
the protective effects of Argll in the brain. There is emerging
evidence available in the literature about the critical role of
Argll in regulating NO production [18,22]. NOS contain binding
sites for L-arginine, reduced nicotinamide adenine
dinucleotide phosphate, and Ca?*/calmodulin. It has been
reported that certain conditions such as shear stress results in
a Ca%* influx into the endothelial cell and subsequently

This article is available from: http://www.jneuro.com/
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facilitates the generation of free radicals [8,23]. Nitric oxide
plays vital role in vasodilation and previous reports have
directly correlated Argll with the modulation of NO production
and, consequently, endothelial cell function [10,15,24]. Of
interest, with the given experimental protocol, our results
revealed a trend to attenuate CBF in Argll”~ mince compared
with WT mice, suggesting that deletion of Argll may have
deleterious effects on CBF. Our finding is supported by another
study where researchers showed that administration of Arg
increased vasodilation in mice [25].

Moreover, the inhibition of Arg has been shown to stimulate
NO and peroxynitrite synthesis in endothelial cells [10].
Similarly, in our study, the absence of Argll might stimulate NO
synthesis, which then interacts with superoxides and
participates in the generation of highly toxic peroxynitrite
[8,9]. Furthermore, it should be noted that under certain
conditions (e.g. aging, diabetes, hypertension, and
atherosclerosis), Arg upregulation leads to an Arg/NOS
imbalance and decreased NO production, which can
contribute to endothelial dysfunction [15,26]. A previous
report using rat model of an anoxia/reperfusion model shows
that the reperfusion group had increased Arg levels; however,
in the anoxia-only group, the Arg levels remain unchanged
[27]. The authors concluded that this increase in Arg level
attenuated NO, which would subsequently limit oxidative
stress. Our study does not contradict this previous study
because in our study, we used Argll'/' mice; however, one
cannot neglect the potential compensatory pathways and the
fact that Argl could also be a factor in dictating outcomes.
Furthermore, our pMCAO model is likely more related to an
anoxia model (low blood flow and no reperfusion) in which
Swamy et. al. [27] found no changes in Arg level. Therefore,
these studies differ in the use of models targeting either total
Arg or Argll only and consequently, different outcomes were
observed.

Our findings in Argll”~ were further extended in an acute
model of excitotoxicity to determine whether our observations
in an ischemic model could be potentially due to excitotoxicity
and oxidative stress. Glutamate and NMDA, and their
receptors, are vital for normal neurotransmission and
physiological processes. However, the pharmacological
hyperactivation of these receptors by toxins results in
hyperactivity, leading to a pathological condition known as
excitotoxicity, which is one of the early events in propagating
neurological damage in stroke [28-33]. The increased level of
CaZ* in excitotoxicity activates NOS and leads to the generation
of NO and ROS, which causes oxidative stress. Moreover, it has
been proposed that NO mediates glutamate toxicity [34]. Thus,
in the absence of Argll, L-arginine is readily available to NOS
for the generation of NO, which then facilitates NMDA-induced
toxicity.

As potential limitations of our study, it should be mentioned
that the research design here was based on the use of the
Argll”/- mice. While Argll is deleted, there might be other active
compensatory pathways, and the presence of Argl could
potentially influence the outcome. Further studies would be
warranted to assess the outcome of Argl deletion or inhibition

© Copyright iMedPub

2016

Vol.7 No.2:88

ISSN 2171-6625

on ischemic and excitotoxic brain damage. Further work is
being pursued by various groups to better address unique
mechanisms involving Argll signaling and, consequently, roles
of free radicals and NO in WT and relevant transgenic Arg mice
in stroke. Furthermore, use of selective Argll inhibitors in
ischemic and excitotoxic models would be most informative to
provide insights into the therapeutic implications of Argll
under such acute neurological insults/trauma.

Conclusion

By using Argll/~ mice, this study suggests that Argll is an
important enzyme/protein that would regulate endothelial
function and protect the brain from ischemic and excitotoxic
damages. Therefore, targeting Argll pharmacologically could
be considered an integrative part of a multi-modal approach
to fight acute brain damage excitotoxicity and ischemic brain
injury.
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