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Abstract

Arginine is a semi-essential amino acid which serves as a substrate for nitric oxide (NO)
production by nitric oxide synthase (NOS) and a precursor for various metabolites including
ornithine, creatine, polyamines, and agmatine. Arginase competes with nitric oxide synthase for
substrate arginine to produce orthinine and urea. There is contradictory evidence in the literature
on the role of nitric oxide in the pathophysiology of traumatic brain injury (TBI). These
contradictory perspectives are likely due to different NOS isoforms - endothelial (eNOS),
inducible (iNOS) and neuronal (nNOS) which are expressed in the central nervous system. Of
these, the role of NNOS in acute injury remains less clear. This study aimed to employ a genetic
approach by overexpressing arginase isoforms specifically in neurons using a Thy-1 promoter to
manipulate cell autonomous NO production in the context of TBI. The hypothesis was that
increased arginase would divert arginine from pathological NO production. We generated 2 mouse
lines that overexpress arginase | (a cytoplasmic enzyme) or arginase Il (a mitochondrial enzyme)
in neurons of FVB mice. We found that two-weeks after induction of controlled cortical injury,
overexpressing arginase | but not arginase 1 in neurons significantly reduced contusion size and
contusion index compared to wild-type (WT) mice. This study establishes enhanced neuronal
arginase levels as a strategy to affect the course of TBI and provides support for the potential role
of neuronal NO production in this condition.

Keywords
Traumatic Brain Injury; Arginine; Nitric Oxide; Arginase; Nitric oxide synthase

Introduction

Arginine is a semi-essential amino acid that serves as a precursor for several metabolites
including ornithine, agmatine, creatine, polyamines and nitric oxide (NO). These
metabolites have a wide range of physiological functions including modulation of cerebral
blood flow, energy production, regeneration and extracellular matrix remodeling. These
processes influence outcomes following traumatic brain injury by protecting or repairing the
brain. Interestingly, severe traumatic brain injury patients have reduced levels of plasma
arginine and alterations in several of its downstream metabolites.> Administration of L-
arginine post induction of controlled cortical injury in rats has been shown to increase
cerebral blood flow and reduce contusion volume.2 Studies have shown that this effect of L-
arginine administration is due to increased NO production and is absent in mice deficient in
endothelial nitric oxide synthase (eNOS), an enzyme that utilizes arginine to produce NO.3: 4

In addition to endothelial NO, several reports in the literature have implicated neuronal or
glial NO in traumatic brain injury (TBI). However, the literature reveals conflicting data on
whether NO has neurotoxic or neuroprotective effect post-TBI. For instance, administration
of L-NAME, an inhibitor of all forms of NOS, is associated with both positive and adverse
outcomes in TBI.26 Inhalation of nitric oxide post-TBI has been shown to increase cerebral
blood flow (CBF) and prevent ischemia in C57/BL6 mice.” The same study showed that
after prolonged exposure to inhaled NO, the mice had reduced lesion volume and improved
neurological function. On the contrary, another study has shown that higher levels of NO
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metabolites in extracellular fluid adjacent to neurons, correlates with poorer survival in TBI
patients.8 Moreover, a placebo controlled randomized phase |1 trial in humans for nitric
oxide synthase inhibitor, VAS203, resulted in better Glasgow Scale Outcomes for patients 6
months after administration.® These contradictory findings may be due in part to the spatial
and temporal differences in NO production.1% NO can be generated from arginine by three
isoforms of the enzyme nitric oxide synthase (NOS), which has cell-specific expression.
Endothelial NOS (eNOS) is expressed in vascular endothelium and the choroid plexus,
neuronal NOS (nNOS) is expressed in neurons while inducible NOS (iNOS) is expressed in
macrophages and glial cells. While multiple studies have been performed to understand the
role of eNOS on CBF, the role of NO derived from nNOS is underreported and still widely
debated. The aim of this study was to understand the role of arginine, and consequently NO,
in neurons after TBI.

In addition to lower plasma levels of L-arginine post-TBI, multiple studies have also
reported an increase in plasma arginase levels and activity.1! Increased arginase levels and
activity has also been noted in different tissues such as mesenteric arteries and mononuclear
cells.12: 13 Arginase is an enzyme that utilizes arginine as a substrate to generate ornithine
and urea. It competes with NOS for utilization of arginine. Genetic modulation of arginase
serves as a useful tool to manipulate arginine levels in a cell-specific manner. Therefore, we
generated genetic mouse models that overexpress arginase only in neuronal cells. The
rationale is that overexpression of arginase in neurons would channel arginine to ornithine
and urea production, away from nitric oxide synthesis, thereby lending insight into the role
neuronal nitric oxide and its effect on TBI.

Materials and Methods

All animal experiments performed in this study followed the National Institute of Health
Guide for the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at Baylor College of Medicine.

Animal Models

In order to generate the animal models needed in this study, we used two different
constructs. For the neuronal overexpression lines, we generated the constructs by cloning
either Arginase | or Arginase 11 cDNA under the promoter of the neuronal Thy-1 gene. Both
constructs also contain the tyrosinase gene under the control of the K14 (keratinocyte
specific promoter), to detect insertion of the construct using eye color change, as well as
insulators. These constructs were then injected into embryos of FVB/N mice. Founders were
bred with WT FVB females to establish and maintain the lines as heterozygous transgenic
mice. To confirm presence of the transgene, animals were genotyped using DNA isolated
from 1-2mm tail clippings. Polymerase chain reaction was performed for 30 cycles (1 min
denaturing, 1 min annealing at 58° Celcius and 1 min elongation at 72° Celcius) annealing
temperature for 1min, followed by running the product on a gel. For all experimental
procedures described, both male and female mice were used
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Western Blotting

Expression of Arginase | or Il protein was confirmed by Western blotting. Whole brain
tissues from neuronal arginase overexpressing mice were used to prepare protein lysates.
Brain lysates from WT mice were used for comparison. Protein lysates from liver and
kidney tissues of wild-type (WT) mice were used as positive controls for Arginase | and
Arginase Il expression respectively. Lysates from WT brain tissues were used as negative
control. Antibodies for arginase | and Il were purchased from Santa Cruz Biotechnology
(catalog numbers sc-18354 and sc-20151 respectively).

Enzyme Activity Assay

Arginase enzyme activity assay was performed using the technique described by Zawada
et.al1* Mouse brains were homogenized for 10 seconds at speed 6 in Ultra-turrax
homogenizer in a buffer composed of 50mM Tris-HCI pH7.5, 150mM NaCl, 1% Triton X
and phenylmethylsufonyl fluoride protease inhibitor. Proteins were quantified using the
microBCA Protein Assay Kit from Thermo Scientific Pierce (catalog number 23235). The
following components were mixed for the reaction: 200ug extracted brain protein, 50mM
arginine, in 10mM potassium phosphate buffer (pH 8.5) for a total of 100ul. The reaction
was performed at 37° Celsius for 30 minutes and stopped by boiling. Precipitated proteins
were then spun down and the supernatant was collected. Urea was quantified by adding
150ul of primaquine/o-phtalaldehyde solution and reading at 450 nm after 30 minutes, in
parallel with a standard curve for urea.

Amino Acid Measurements

Brain arginine and ornithine levels were measured in transgenic and WT mice using a
Biochrom 30 HPLC amino acid analyzer. In brief 30-50ul of tissue homogenate was mixed
with equal volumes of Seraprep SP100 (Pickering Laboratories) and lithium dilution buffer.
Protein was precipitated by centrifugation and 10ul supernatant was injected to the analyzer.
Physiological amino acid standards (Sigma-Aldridge) were used to calibrate and determine
analyte concentration. Results were analyzed using EZchrom Elite software.

Surgical Preparation

The mice were anesthetized with 5% isoflurane in 100% oxygen in a vented anesthesia
chamber and maintained on 2% isoflurane for the duration of the experiment using a
volume-controlled ventilator (Hugo Sachs Elektronik-Harvard Apparatus, March-Hugstetten
- Germany) adjusted to obtain and end-tidal C02 level [EtC02] between 35-40 mmHg
monitored with microcapnography (Columbus Instruments, Columbus, OH, USA). Rectal
temperature was maintained between 36 to 37 °C using a heat pad and a rectal thermistor.
Blood pressure was monitored via a femoral artery cannula.

Controlled Cortical Impact

Controlled cortical impact (CCI) injury was produced as previously described.1® Briefly,
after craniectomy and dural exposure, the 3 mm diameter impactor tip was positioned
perpendicular to the exposed surface of the brain at an angle of approximately 45 degrees to
the vertical. CCI (3 m/sec, 1.5 mm deformation, 100 msec of duration) was performed using
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a voltage driven impactor (Benchmark Stereotaxic Impactor, myNeuroLab, St Louis, MO,
USA).

Intact mouse brains were collected two weeks post-injury. First, the mice were anesthetized
and then perfused with phosphate-buffered saline followed by 10% formalin. Brains were
harvested from the mice cut in half and fixed in 10% formalin. The paraffin blocks were
sectioned in slices of 6 microns and mounted on slides.

For H&E staining for contusion volume measurements, samples were de-paraffinized and
rehydrated with reducing concentration of ethanol, rinsed with distilled water and stained
with Mayer hematoxylin solution. Next, samples with treated with 1% sodium bicarbonate
for 1 minute and then rinsed with distilled water followed by 80% ethanol before
counterstaining with eosin-y solution for 1 minute. Last, samples were dehydrated with
increasing concentrations of ethanol, and treated with xylene twice for two minutes each and
mounted with a xylene based medium. For neuron morphology, Nissl staining on cortical
sections and cerebellar sections was performed after deparaffinization and rehydration. A
0.1% cressyl violet solution was used for the Nissl staining.

Pathological Analysis: Contusion volume and contusion index

The whole slide H&E stained sections were scanned using a Pathscan Enabler. The
contusion volume (CV) was determined by multiplying the cross-sectional area of injury in
each coronal image and by the thickness of the tissue between the slices. This slab volume
technique was implemented on the image processing program Optimas 5.2 (Optimas Corp.,
Seattle, WA). The contusion index (CI) is a measure of contusion severity and is determined
by the degree of parenchymal penetration of a contusion through cortex and underlying
white matter as follows: no contusion Cl = 0, contusion present but not extending through
the full thickness of the cortex ClI = 1, contusion present and extends through the full
thickness of the cortex CI = 2, contusion present extending through the full thickness of the
cortex and into the interdigitating white matter Cl = 3, and contusion extending through the
full thickness of the cortex and into the deep white matter Cl = 4.16 The contusion volume
and contusion index provide two measures of contusion severity. It is possible to have a high
volume but superficial contusion which would have a large CV and low CI, but it is also
possible to have an intermediate CV with a high CI. All contusion volume and index
measurements were performed by a trained neuropathologist who was blinded to the
genotypes of the mice.

Statistical Analysis

Statistical analysis was performed using R software. For quantitative data like arginine
levels, ornithine levels and contusion volumes, we used Welch’s t-test for unequal variances.
For qualitative data such as contusion score, we used the Kruskal- Wallis rank sum test. All
error bars shown in the graphs represent standard deviation.
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Generation and characterization of neuronal arginase overexpression mice

We generated transgenic constructs for two neuronal mouse lines overexpressing Arginase |
and Arginase I, respectively (Thyl-Argl and Thyl-Argll, Figure 1). Western blotting was
performed to measure expression of Arginase | or Arginase Il in whole brain lysate. Protein
lysate from a WT mouse liver was used as positive control for Arginase | expression and
negative control for Arginase Il expression. Conversely, protein lysate from a WT mouse
kidney was used as positive control for Arginase Il expression but negative control for
Arginase | expression. Neuronal line Thy1-Argl showed overexpression of Arginase | in
brain lysates in comparison to WT brain lysates (Figure 2A), while neuronal line Thy1-
Argll showed overexpression of Arginase Il in brain lysates in comparison to WT brain
lysate (Figure 2B). Enzyme activity assay results confirmed higher brain arginase activity in
Thyl-Argl and Thyl-Argll compared to WT mice (Figure 3). Arginase activity in WT liver
was measured as a positive control.

Nissl staining was performed to evaluate for potential differences in gross morphology and
neuronal numbers due to neuronal arginase overexpression. No differences were found in
overall gross morphology between the overexpression mouse lines compared to WT mice
(data not shown). The numbers of cortical neurons in Thy1- Argl and Thy1-Argll mice were
comparable to WT mice (Figure 4A). Cerebellar morphology in Thyl-Argl mice was
normal. No differences were seen between Thyl-Argll mice compared to WT mice in
neuronal number or morphology. Similarly, H&E examination of coronal sections showed
no microscopic abnormalities of cerebral cortex or hippocampus.

We also assessed levels of brain arginine and ornithine in the transgenic mice compared to
WT mice. As expected, both Thyl-Argl and Thyl-Argll had significantly reduced levels of
arginine compared to WT mice (p=0.0032 and p=0.0024 respectively) (Figure 5A). Brain
ornithine levels were significantly higher in Thy1-Argl mice compared to WT mice
(p=0.0006) while brain ornithine levels in Thy1-Argll mice trended towards being higher
than those in WT mice (p=0.0987) (Figure 5B).

Effect of arginase overexpression on contusion volume produced by controlled cortical

injury

To understand the effect of arginase overexpression on traumatic brain injury, controlled
cortical injury (CCI) was induced surgically on the right cortex in 3 different groups: wild-
type, Thy1l-Argl, and Thyl-Argll mice (n=7-15 per group). As a control, a second set of
WT mice underwent a sham surgery without induction of cortical injury (n=3).

Injury size was determined by measuring contusion volume (CV) and injury severity was
determined by assessing the contusion index (CI). As expected, WT mice had significantly
higher CV (p=0.0002) and CI (p=0.0149) compared to the sham control group which did not
receive the CCI (Figure 6A and 6B). Additionally, the Thy1-Argl mice had significantly
reduced CV (p=0.0055) and lower CI (p=0.01) compared to WT, thus implying a
neuroprotective role of arginase 1 neuronal overexpression. On the other hand, Thyl-Argll
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overexpression mice trended towards reduced CV as compared to WT mice (p=0.0518), ClI
was not significantly different between the two groups (p=0.1519).

Discussion

Pharmacologic studies attempting to understand the role of nitric oxide in traumatic brain
injury pathology have often taken a systemic approach where animals were either
administered L-arginine which is a substrate of all nitric oxide synthases or administered an
inhibitor of all nitric oxide synthases. However, this does not give a clear picture of the role
of L-arginine on different cell types or NO from the three major cell specific NOS isoforms.
The spatial and temporal differences in NOS expression supports potential cell-specific and
isoform-specific differences in the role of NO in TBI. Here, we attempted a genetic
approach which complements NOS deletion in a cell-specific fashion as the reduction of
arginine substrate in cell autonomous fashion would overcome potential redundant up
regulation of compensating NOS proteins. This may also provide a potential therapeutic
approach in using activators of arginase expression in the context of TBI.

Arginase | is a cytosolic enzyme and is perceived to be responsible primarily for ureagenesis
in the liver, while Arginase Il is expressed in other tissue types and was traditionally thought
to be responsible for regulating other functions of arginase besides ureagenesis including
synthesis of polyamines, glutamate and nitric oxide. However, this theory has been
questioned since Arginase Il is localized in the mitochondria and therefore, unlikely to be
involved in cytoplasmic activities such as inhibition of nitric oxide synthesis.1” Moreover, a
study evaluating the expression of arginase isoforms in mouse brain showed that both
isoforms were expressed in neurons thus, deflating the belief that only one isoform is
expressed in a given cell type.18 Given that both isoforms are expressed in neurons but differ
in subcellular localization, it is likely that they utilize different pools of arginine as substrate.
It is unknown whether functional redundancy exists between the two isoforms. Hence, it was
important to study both isoforms to understand how modulation of arginine levels can affect
TBI.

Additionally, very few studies have been conducted on the neuronal NOS isoform in TBI. In
some studies, increase in nNNOS expression has been reported post-TBI and pharmacologic
inhibitors of NNOS activity result in better neurologic outcomes - both morphologic and
behavioral.19:20 One mechanism by which excess NO is proposed to be neurotoxic is that it
reacts with superoxide to produce peroxynitrite which can lead to oxidative damage and
cellular death.21:22 Moreover, excessive NO can lead to increased nitrosative stress and
nitration of several enzymes responsible for decreasing oxidative stress thereby reducing
their activity and contributing even further to cellular damage from oxidative stress.23: 24 On
the other hand, arginase overexpression and arginine depletion can lead to eNOS
uncoupling, which also results in superoxide production and oxidative stress.25 26: 27 Thys,
the role of nNOS-derived NO in TBI has remained elusive.

This study used a genetic approach - transgenic overexpression of arginase selectively in
neurons, to better understand the cell-specific effects of reduced availability of arginine for
NO production. Neuronal overexpression of arginase | and decreased availability of arginine
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in the brain led to reduced contusion volume and score; therefore, it appears that nNOS
derived NO may be detrimental in TBI. This agrees with its proposed role of NO causing
neurotoxicity reported in pharmacological studies mentioned earlier. A potential weakness
of the study is that we cannot exclude contributing effect due to the altered flux of arginine
to its other downstream metabolites, which has been implicated in axon growth, cytoskeletal
stability and neural repair. Still, these data complement the modeling of nNOS function in
TBI models and support potential arginase upregulation in the approach to treating TBI.

Conclusion

NO has many roles in TBI beyond being a mediator of CBF and the role of nNOS-derived
NO in TBI has remained unclear. This study established arginase overexpression as a tool to
modulate arginine levels in a cell-specific manner. Additionally, the study demonstrates that
manipulating arginase levels can be used as a potential approach to affect the course of TBI
and indirectly lends insight into the role of neuronal NO production in this condition. We
believe that understanding these cell-specific differences will be key in designing better
interventions for TBI.
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Figure 1.
(A) and (B) show constructs used for generation of the neuronal arginase | or arginase Il

overexpression mouse lines respectively. The transgenes Arginase | or Arginase |l are
expressed under the neuron-specific Thy-1 promoter.
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Figure 2.
(A) and (B) Western blots showing overexpression of arginase | or arginase Il expression in

brain lysates from Thy1-Argl and Thy1-Argll mice respectively as compared to WT mouse
brain lysate. Liver and kidney tissues were used as positive controls for Arginase | and
Arginase Il respectively.
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Figure 3.
Arginase enzyme activity assay data showing brain lysates of transgenic mice have higher

arginase activity compared to WT mice. Liver was used as a positive control.
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Thy1-Argl Thy1-Argll

Figure 4.
(A) Nissl staining of the cortex. (B) and (C) Nissl staining of cerebellum of Thy1-Argl and

Thy-1 Argll transgenic mice respectively.
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Figure 5.

(A) Brain arginine levels were significantly lower in Thy-1 Argl and Thy-1 Argll transgenic
mice compared to WT, n=5 per group (B) Brain ornithine levels were significantly higher in
Thy-1 Arg | mice and trended towards being higher in Thy-1 Arg Il transgenic mice
compared to WT, n=5 per group. Error bars depict standard deviation. Double asterisk (**)
denotes p<0.01, triple asterisk (***) denotes p<0.001.
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Figure 6.
(A) Graph depicting average volume of contusion by experimental group and genotype. As

expected, WT mice had significantly higher contusion volume as compared to the sham
group. The contusion volume was significantly reduced in the Thy-1 Argl mice compared to
WT mice while the contusion volume in Thyl Arg Il mice trended towards being
significantly reduced as compared to WT mice. (B) Graph depicting average contusion index
by experimental group and genotype. As expected, WT mice had significantly higher
contusion index as compared to the sham group. The contusion index was significantly
reduced in the Thy-1 Argl mice compared to WT mice while the contusion index in Thyl
Arg Il mice was not significantly different than WT mice. For the contusion volume and
contusion index measurements, the sham group had n=3. For the WT and transgenic mice,
n=7-15 mice. Error bars depict standard deviation. Single asterisk (*) denotes p<0.05,
double asterisk (**) denotes p<0.01, triple asterisk (***) denotes p<0.001.
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