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Impact of arginase II on CBF in experimental
cortical impact injury in mice using MRI
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Traumatic brain injury (TBI) results in reduced cerebral blood flow (CBF) and low levels of the
vasodilator nitric oxide (NO) may be involved. Arginase II negatively regulates NO production
through competition for the substrate L-arginine. We determined whether arginase II-deficient
(ArgII�/�) mice would show improved CBF after TBI through arterial spin-labeling magnetic
resonance imaging (MRI). The ArgII�/� mice exhibit a significantly improved CBF recovery after
trauma in the perilesional brain (P = 0.0015) and in various other brain regions. In conclusion,
arginase II deficiency leads to a better CBF recovery after TBI and implicates arginase II in
hemodynamic processes.
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Introduction

Traumatic brain injury (TBI) results in vascular
changes that reduce cerebral blood flow (CBF).
Although the exact mechanisms involved in the
CBF reduction are still under investigation, altera-
tions of endothelial nitric oxide (NO) metabolism
have been implicated (Golding et al, 1999).

Nitric oxide is a vasodilator produced by NO
synthases (NOSs) from L-arginine. Nitric oxide
derived from endothelial and neuronal NOS (eNOS
and nNOS) contributes to the regulation of vascular
tone. Nitric oxide is known to be involved in the
pathophysiology of TBI and has a distinct temporal
expression after TBI. Within minutes of trauma, NO
levels in injured brain transiently increase above
baseline, then decrease and remain below baseline
values for hours to days. Constitutive NOS activity
and CBF follow a similar trend (Cherian et al, 2004).
Administration of L-arginine, an NOS substrate, in
rodent TBI models results in the restoration of CBF

and NO levels to near baseline and decreased
neurologic injury (DeWitt et al, 1997; Cherian and
Robertson, 2003). L-arginine treatment of wild-type
(WT) mice shows a recovery of post-TBI CBF and
reduced contusion volume, which is absent in eNOS-
deficient transgenic mice (Hlatky et al, 2003). This
suggests a critical role for eNOS-derived NO in the
L-arginine-induced recovery of CBF after trauma.

Recently, the two isoforms of arginase, I and II,
have been implicated in the development of vascular
disease and endothelial dysfunction. Arginase I is an
important urea cycle component in the liver, and
mitochondria-associated arginase II is found in many
different cell types. Both eNOS and arginase II are
found in the endothelial cells of the vascular system.
The use of L-arginine puts arginase II in direct
competition with eNOS. Inhibition of arginase in
endothelial cells stimulates NO production, whereas
overexpression of arginase suppresses NO synthesis
and decreases intracellular L-arginine levels. Argi-
nase II has been found to regulate vascular endo-
thelial function and vascular tone through
eNOS (reviewed by Durante et al, 2007). Shi et al
(2001) have reported that arginase II-deficient mice
(ArgII�/�) do not have overt abnormalities under
normal physiologic conditions; however, Lim et al
(2007) have reported a dampened vasocontrictory
profile, whereas Huynh et al (2009) have reported a
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hypertensive phenotype in mice that are 8 to 15
weeks of age. The effects of arginase deficiency
might be more prominent in trauma cases in which
compensatory mechanisms fail. For example, eNOS-
deficient mice show significantly larger CBF deficits
after trauma versus WT mice, despite having normal
CBF before the trauma and higher mean arterial
pressure before and after TBI (Hlatky et al, 2003).
The specific effects of arginase II on CBF after TBI are
unknown; however, rats pretreated with the arginase-
specific inhibitor No-hydroxy-nor-arginine showed
significantly reduced contusion volume. Arginase II
levels are also increased in the brain acutely after
TBI in rats (Cherian et al, 2009).

Arterial spin labeling (ASL) is a magnetic reso-
nance imaging (MRI) method, which can be used to
quantify CBF noninvasively (Williams et al, 1992)
and allows for repeated blood flow measurements in
the same animal.

We hypothesize that competition of arginase II
with eNOS for the substrate L-arginine reduces NO
levels and thus CBF after TBI. To determine whether
arginase deficiency would increase CBF after TBI, we
measured CBF using ASL in ArgII�/� and WT mice
before and after TBI.

Materials and methods

All experiments were approved by the institutional Animal
Protocol Review Committee of Baylor College of Medicine.
Adult male arginase II knockout (ArgII�/�; kindly provided
by Dr Brendon Lee, n = 10) and C57Bl6/J mice (Harlan
Laboratories, Indianapolis, IN, USA; n = 11) weighing
between 26 to 32 g were subjected to severe TBI and MRI.

Anesthesia, Ventilation, and Surgical Preparation

Preparation for TBI was performed as described by Liu et al
(2002). Briefly, mice were initially anesthetized with 5%
isoflurane in 100% oxygen and maintained on 2% to
3% isoflurane. Transoral intubation was carried out by
exposing the trachea through a midline neck incision
and observing the entry of the endotracheal tube into the
trachea. The neck incision was sutured close. A volume-
controlled ventilator (MiniVent Type 845, Hugo Sachs
Elektronik, March-Hugstetten, Germany) was used to
mechanically ventilate the mice on 2% to 3% isoflurane
in oxygen for the remainder of the experiment and adjusted
to obtain an end-tidal CO2 level (EtCO2) of 35 mm Hg
(7mL/g body weight—stroke volume with respiratory rate
was adjusted to achieve the 35 mm Hg EtCO2 level). EtCO2

levels were monitored with a microcapnograph (Columbus
Instruments, Columbus, OH, USA) during the surgery.
Rectal temperature was maintained at 361C to 371C using
a heat pad and a rectal thermistor.

Production of Brain Injury

Traumatic brain injury was induced as described by Liu
et al (2002). Briefly, mice were placed in a stereotaxic frame

and secured with ear and incisor bars. After hair removal,
a midline cranial incision was made. A 3-mm craniectomy
was carried out over the right parietal cortex with the
anterior edge �0.82 mm from the bregma and 1 mm lateral
of the sagittal suture. The impacter rod was positioned
perpendicular to the exposed brain surface. Controlled
cortical impact injury (3 m/second; 1.5 mm deformation,
100 milliseconds) was performed using a voltage-driven
impactor (Benchmark Stereotaxic Impactor, myNeuroLab,
St Louis, MO, USA). The wound was sutured and mice
were prepared for MRI. Mice were excluded from analysis
if death occurred before or during imaging. Four mice
(WT n = 2, ArgII�/� n = 2) were excluded because of this
criterion. Three sham TBI WT mice acted as controls.

Magnetic Resonance Imaging

Mice were imaged on a 9.4 Bruker Avance Biospec
Spectrometer, 21-cm bore horizontal scanner with a
35-mm volume resonator (Bruker BioSpin, Billerica,
MA, USA). Mice were anesthetized with 5% isoflurane
and 100% oxygen and then maintained on 1% to 2%
isoflurane during imaging. After TBI, mice were main-
tained on mechanical ventilation to avoid respiratory
distress. Respiration and temperature were monitored
using a respiratory pad and rectal probe, respectively
(Small Animal Instruments, Stony Brook, NY, USA). The
temperature was maintained at 371C with an air-heating
system. Set-up scans aligned a slice to the anterior edge of
the hippocampus (Figure 1). A series of flow-sensitive
alternating inversion recovery ASL scans were performed
to assess the relative CBF (rCBF) at the following time
points: before TBI, 15 minutes after TBI, and 1 hour after
TBI. The ASL parameters were as follows: repetition
time = 7555.4; echo time = 16.73; field of view = 1.50 cm;
slice thickness = 1.5 mm; matrix = 64� 64; NEX = 2. Selec-
tive and nonselective ASL images were acquired. Blood
samples were collected after imaging for arterial blood gas
measurements.

Image Analysis

Relative CBF was calculated from changes in T1 relaxation
times between selective and nonselective scans using the
following equation:

rCBF ¼ l�60 000�ðð1=T1ðselectiveÞÞ � ð1=T1ðnonselectiveÞÞÞ

where l is the brain partition coefficient, equal to 90 mL
per 100 g (Herscovitch and Raichle, 1985). Here, 60,000
is the conversion factor for T1 relaxation times from
milliseconds to minutes.

Relative CBFs from six regions of interest in the cortex
and thalamus ipsilateral and contralateral to the injury site
were determined from a coronal brain slice (slice 8 of 18
from an anatomy scan, with the first slice at the anterior
edge of the olfactory bulb) (Figure 1A). The regions of
interest were copied between animals and rCBF values
were converted to percent control rCBF with WT preinjury
mice as the control.
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T1 maps were also created. These maps were then
subjected to the rCBF equation pixel by pixel to create
CBF maps of the WT and ArgII�/� brain slice.

Statistics

Values for CBF are given as percent control and shown as
mean±s.d. A two-factor repeated-measure analysis of
variance followed by Bonferroni post hoc tests was applied
to CBF values to determine the between-genotype differ-
ences and differences between genotypes over time. A
P-value < 0.05 was considered significant.

Results

Improved rCBF in ArgII�/� Mice Versus WT Mice After
Severe TBI as Investigated by ASL Sequences

ArgII�/� and WT mice underwent TBI and MRI.
Relative CBF was quantified from ASL MRI scans.
The rCBF changes over time, differences between
genotypes, and the interaction between time and
genotype (temporal CBF profile) were analyzed.
Preinjury baseline CBF for all regions was not signi-
ficantly different between WT and ArgII�/� mice

(Table 1, P-value = 0.9882). As expected after severe
TBI, CBF significantly decreased in both genotypes
but not in the sham TBI group (time effect, Table 1).

In WT animals, CBF in the ipsilateral cortex
decreased to 15% of the pre-TBI levels within 15
minutes after TBI and remained low (15%) even at
1 hour after TBI (Table 1). The CBF in the WT
ipsilateral subcortex was also drastically reduced at
15 minutes and 1 hour after TBI (Table 1, 16% and
21% of the pre-TBI CBF, respectively). Considerable
CBF reductions were also seen in the WT contra-
lateral cortex (49%) and subcortex (53%) by 15
minutes after TBI. These regions showed little or
no recovery by 1 hour (Table 1, 54% and 49%,
respectively). Overall, the WT mice showed sub-
stantial CBF deficits after TBI.

At 15 minutes after TBI in the ipsilateral cortex,
ArgII�/� mice had a CBF loss similar to WT mice
(17%), which increased to 37% by 1 hour after TBI.
The CBF temporal profile also improved signi-
ficantly over WT mice (Table 1, P = 0.0048). The
CBF in the ArgII�/� ipsilateral subcortex was signi-
ficantly higher than that in the WT mice after TBI
(70% at 15 minutes and 49% at 1 hour after TBI,
P = 0.0015). The CBF temporal profile in the ipsi-
lateral subcortex of ArgII�/� mice was significantly
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Figure 1 Regions of interest (ROIs) for cerebral blood flow (CBF) calculations. (A–C) Regions of interest and CBF maps for arterial
spin labeling (ASL) MRI mouse brain scans. (A) Coronal brain slice used for CBF measurements. (B) Six ROIs were used to determine
CBF, three from each hemisphere. Regions contralateral and ipsilateral to the traumatic brain injury (TBI) (indicated by the red arrow)
were chosen in the cortex, subcortex, and striatum. (C) Cerebral blood flow map of an arginase II-deficient (ArgII�/�) mouse and a
wild-type (WT) mouse before TBI, 15 minutes after TBI, and 1 hour after TBI. The ArgII�/�mice show less CBF blunting and/or better
CBF recovery. Maps were created by applying the relative CBF (rCBF) equation (rCBF = l�60,000� ((1/T1(selective))�
(1/T1(nonselective))) to T1 maps of the brain created from the ASL scans. A color map was applied. Relative CBF units: mL/100 g/minute.
Red arrows indicate the site of TBI impact.
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different from that of WT (Table 1, P = 0.0014). In the
contralateral thalamus, the temporal CBF profile was
significantly improved in ArgII�/� mice compared
with WT mice (Table 1, temporal profile P = 0.0092)
and approached significance in the ipsilateral
thalamus of ArgII�/� mice (Table 1, temporal profile,
P = 0.0859). The CBF maps also indicate that the
ArgII�/� mice showed improved CBF after TBI
compared with WT, particularly in the ipsilateral
hemisphere (Figure 1B).

Sham TBI WT mice did not show significant
changes in CBF (Table 1, P-value = 0.96). There was
no significant difference in terminal arterial blood
gases (WT: pH = 7.32±0.1, pCO2 = 32.1±4.8; ArgII�/�:
pH = 7.35±.07, pCO2 = 35.6±5.1) between genotypes.

Discussion

Traumatic brain injury can result in NO-mediated
cerebral hypoperfusion, which predisposes the brain
to further injury. This study shows that the absence
of arginase II significantly improves CBF recovery
after trauma in the perilesional brain region (ipsi-
lateral subcortex; P = 0.0015). Significant improve-
ments in CBF over time were also observed in the
ipsilateral cortex (P = 0.0048), ipsilateral subcortex
(P = 0.0014), and the contralateral thalamus
(P = 0.0092).

The exact mechanism(s) behind the effect of
arginase II on CBF is unknown; however, one
potential explanation is the direct competition of
arginase II with eNOS for the substrate L-arginine.
This hypothesis aligns with reports that L-arginine

increases eNOS-mediated CBF (DeWitt et al, 1997;
Hlatky et al, 2003).

Interestingly, conflicting vasoconstrictory profiles
for arginase II have been reported. Lim et al (2007)
observed dampened vasoconstriction in the ArgII�/�

mice. Conversely, one group has reported develop-
ment of a hypertensive phenotype in ArgII�/� mice
(Huynh et al, 2009). A diminished vasoconstriction
profile or a hypertensive phenotype may help
explain why ArgII�/� mice show improved CBF
recovery after TBI. The cause of increased CBF in
the thalamus after injury in ArgII�/� mice is not
currently known, but may be a compensatory mecha-
nism for decreased blood flow in the cortex.

In summary, although the mechanisms behind
low post-trauma CBF are not yet fully elucidated,
arginase II is emerging as an important regulator
of eNOS activity. In our study, ArgII�/� mice show a
better recovery of CBF in the injured brain after
TBI than WT mice. From these data and others, it
may be inferred that arginase II inhibition presents
an interesting new target for in vivo manipulation of
NO-mediated CBF after TBI.
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Table 1 CBF values by region

Time point P-value

Before TBI 15 minutes after TBI 1 hour after TBI Genotype
effect

Time
effect

Genotype� time
interaction

WT ArgII�/� Sham WT ArgII�/� Sham WT ArgII�/� Sham

Cortex
Contralateral 100±21 98±20 94±10 49±22 72±20 90±16 54±34 63±20 89±7 0.1377 0.0002* 0.4070
Ipsilateral 100±9 84±19 87±2 15±15 17±9 90±2 15±14 37±13 91±7 0.5345 < 0.0001* 0.0048*

Subcortex
Contralateral 100±8 91±19 98±19 53±37 78±34 100±20 49±41 69±24 100±9 0.3167 0.0011* 0.1523
Ipsilateral 100±27 93±19 96±18 16±10 70±18 98±6 21±18 49±20 94±12 0.0015* < 0.0001* 0.0014*

Thalamus
Contralateral 100±35 95±24 101±9 54±25 88±31 103±12 66±32 92±30 103±9 0.2158 < 0.0008* 0.0092*
Ipsilateral 100±29 91±31 96±3 56±20 73±31 95±1 57±26 78±28 95±5 0.4657 < 0.0003* 0.0859

ArgII�/�, arginase II-deficient; CBF, cerebral blood flow; TBI, traumatic brain injury; WT, wild type.
Values are mean (percent pre-WT control)±s.d.
*P-value < 0.01.
CBF values (percent control) for ArgII�/�, WT TBI, and WT sham TBI (sham) mice at pre-TBI, 15 minutes after TBI, and at 1 hour after TBI for all six regions.
The CBF values are given as mean percent control of pre-TBI WT CBF±s.d. Two-way repeated-measures analysis of variance with Bonferroni post hoc test gave
P-values for genotype, time, and the genotype by time interaction (shaded values) for WT versus ArgII�/� mice and changes in CBF in sham mice over time
(non-shaded values, P-value = 0.96).
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