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Abstract

Background: Arginases (ARG-isoforms, ARG-1/ARG-2) are key regulatory enzymes of 

inflammation and tissue repair, however their role after neonatal brain hypoxia (H) and hypoxia-

ischemia (HI) remains unknown.

Methods: C57BL/6-mice subjected to the Vannucci procedure on postnatal day 9 were sacrificed 

at different timepoints. The degree of brain damage was assessed histologically. ARG 

spatiotemporal localization was determined via immunohistochemistry. ARG expression was 

measured by Western blot and activity spectrophotometrically.

Results: ARG-isoforms expression increased during neurodevelopment (P9-P17) in the cortex 

and hippocampus. This was suppressed with H and HI only in the hippocampus. In the cortex, 

both isoforms increased with H alone and only ARG-2 increased with HI at 3 d. ARG activity 

during neurodevelopment remained unchanged but increased at 1 d with H and not HI. ARG-1 

localized with microglia at the injury site as early as 4 h after injury, while ARG-2 localized with 

neurons.

Conclusions: ARG-isoforms expression increases with age from P9-P17 but is suppressed by 

injury specifically in the hippocampus and not in the cortex. Both, levels and activity of ARG-

isoforms increase with H while ARG-1 immunolabelling is upregulated in the HI cortex. 
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Evidently, ARG-isoforms in brain differ in spatiotemporal localization, expression and activity 

during neurodevelopment and after injury.

Introduction

A critical determinant of neuronal survival after brain hypoxia-ischemia (HI) is 

neuroinflammation, resulting from mechanisms of oxidant stress, inflammation, and 

excitotoxicity. The neonatal brain has a low antioxidant reserve, therefore oxidative stress 

such as that from excess nitric oxide (NO) may lead to neuroinflammation, neuronal death 

and poor clinical outcomes (1).

The key regulatory enzymes of inflammation and tissue repair are arginases (ARG), which 

are expressed in two isoforms; ARG-1 predominantly found in the liver and lung, and the 

more recently discovered ARG-2, confined mainly to the kidney, brain, prostate and 

pancreas (2). Arginases are generally described as urea cycle enzymes and recent findings 

suggest that the complete urea cycle could also occur in brain (3) and play a role in disease 

(4–6). As ARG regulate NO synthesis via competition for the common substrate arginine (7) 

(NO pathway), they are capable of regulating the acute phase of inflammation through 

processes such as oxidative stress (8), apoptosis (9), or microglia polarization (10). 

Additionally, certain products of the ARG metabolic pathways (such as polyamines via a 

polyamine pathway) are essential for cell proliferation and collagen formation (11), with 

predicted roles in neuronal growth (12), axonal regeneration (13) and glial scar formation 

(14). Consequently, ARG clearly impact neurodevelopment as well as processes after brain 

injury (15). The ability to regulate NO and polyamine synthesis gives the ARG-pathway 

potential to serve in new therapies of brain injury and recent findings in this field have 

reflected this. The number of studies describing a new role for ARG in various conditions is 

growing, and a role for ARG has already been recognized in adult brain pathologies such as 

inflammation after traumatic brain injury (4) and autoimmune encephalitis (5). Recently, 

increased ARG-1 was reported in the blood of stroke patients with levels correlating with 

infarct size (6), suggesting the involvement of ARG in post-hypoxic-ischemic mechanisms. 

So far, many studies suggest ARG-1 as being mostly associated with the role of a marker of 

“pro-repair” microglia, and ARG-2 mostly in regulation of cerebral blood flow (15). 

However, the exact role of ARG remains unclear. While changes in ARG expression and 

activity have been described in embryonal and adult ages (16–18), to our knowledge there 

are very few studies focused on ARG expression and activity during the most robust period 

of brain development in the postnatal age (15–18, 20–24) and none after HI injury. Here, we 

describe for the first time the isoform specific ARG expression during the postnatal period 

as a factor in development as well as after HI.

Materials and methods

Animals

All animal research was approved by the University of California San Francisco Institutional 

Animal Care and Use Committee and was performed in accordance with the Guide for the 

Care and Use of Laboratory Animals. Wild-type mice of the C57BL/6 strain (The Jackson 

Laboratory, Sacramento, CA), of both sexes were used for all experiments.
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Induction of Hypoxia-Ischemia

Neonatal HI was induced in P9 mice using the Vannucci procedure. Briefly, unilateral 

ischemic injury was induced by coagulation of the left common carotid artery (CCA) under 

isoflurane anesthesia (4 % isoflurane, balance oxygen). The pups were recovered for one 

hour with their dam. Global hypoxic injury was triggered by exposure to 50 minutes of 

hypoxia in a humidified chamber at 37 °C with 10 % oxygen/balance nitrogen. The mice 

were euthanized at 1 h, 4 h, 12 h, 1 d, 3 d, 5 d and 8 d after the procedure. Naive and sham 

mice (N) were used as controls. The contralateral hypoxic hemisphere (H) in injured animals 

was studied separately as it was exposed to global hypoxia during the Vannucci procedure 

and hypoxia alone has been shown to be a stimulus for ARG expression (16). The hypoxic-

ischemic (HI) hemisphere was exposed to the initial ischemic insult and subsequent global 

hypoxia.

Histology and Immunohistochemistry

At each specific time point, mice were flushed with 8 mL of PBS and perfused with 10 mL 

of 4 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were post-fixed in 4 % 

paraformaldehyde overnight and transferred to 30 % sucrose till they sank (3 days). Brains 

were then flash-frozen in 2-methyl butane on dry ice and stored at −80 °C. Coronal sections 

were cut on a cryostat (12 μm- thick serial sections, 120 μm apart). Brain injury was 

determined in eight coronal sections stained with Cresyl violet using histopathological 

scoring in a blinded manner. Sections were assessed rostral to caudal. Regions scored 

included the following: anterior cortex; middle cortex; posterior cortex; anterior, middle and 

posterior caudate/striatum; thalamus; hippocampus CA1, CA2, and CA3; and the dentate 

gyrus. Scores were assigned for each region as follows: 0 = no injury, 1 = minimal cell loss 

manifested by scattered shrunken neurons and glia, 2 = moderate cell loss with infarction in 

a columnar distribution in the cortex with concomitant gliosis or the shrunken hippocampus 

with cell loss throughout the Sommer’s sector, and 3 = severe cell loss and gliosis with 

cystic infarction, for a total score of 0–33.

Double immunofluorescence labeling was performed on brain sections that were defrosted 

and air dried at room temperature (RT) for 1 h. Following antigen retrieval in 10 mM citrate 

buffer (pH 6.0) for 3 min at 90.5 °C and a PBS wash, sections were incubated in blocking 

solution (10 % normal donkey serum, 0.3 % Triton X-100, and 10 mg/mL of bovine serum 

albumin in PBS) for 1 h at RT. Primary antibody incubation was done overnight at 4 °C with 

rabbit anti-arginase-1 (1:50, #93668, Cell Signaling Technology); rabbit anti-arginase-2 

(1:50, #203071, Abcam); mouse anti-NeuN (NeuN) for neurons (1:500, MAB377, 

MilliporeSigma), goat anti-Iba1 (Iba1) for microglia (1:100, NB100-1028, Novus 

Biologicals), mouse anti-glial fibrillary acidic protein (GFAP) for astrocytes (1:300, 

MAB360, MilliporeSigma) and goat anti-oligodendrocyte transcription factor 2 (Olig2) for 

oligodendrocytes (1:50, AF2418, Novus Biologicals). After three 5 minute PBS washes, 

sections were incubated for 1 h at RT with appropriate secondary antibodies: donkey anti-

goat Alexa Fluor 647 (1:100, A21447, Thermofisher), donkey anti-mouse Alexa Fluor 568 

(1:100, A10037, Thermofisher) and donkey anti-rabbit Alexa Fluor 488 (1:100, A21206, 

Thermofisher). For nuclear staining, sections were stained with 4’,6-diamino-2-phenylindol 

(DAPI) for 5 minutes. Slides were then washed and coverslipped with ProLong Gold 
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antifade (P36930, Invitrogen). Images were taken with a Leica TCS SP5 Spectral Confocal 

Microscope.

Western Blotting

Brain tissue was dissected on ice and separated into injured cortex and hippocampus from 

ipsilateral (HI) and contralateral (H) sides. Tissue extracts for Western blot analysis were 

prepared in RIPA lysis buffer with added protease and phosphatase inhibitors (Thermofisher 

Scientific, Waltham, MA). Protein concentration was determined using the BCA assay 

(Pierce). 30 ug of protein was separated by Bis-Tris SDS polyacrylamide gel electrophoresis 

using 12-well gels (Invitrogen, Carlsbad, CA) and blotted to polyvinylidene difluoride 

(PVDF) membranes (Bio-Rad, Hercules, CA) at 30 V overnight at 4 °C. After membrane 

incubation in blocking buffer (1× TBS, 5 % nonfat dry milk, and 0.1 % Tween-20) for 1 h at 

RT, the membranes were probed with following antibodies: rabbit polyclonal anti-

Arginase-1 antibody and monoclonal anti-Arginase-2 antibody (#9819 ARG-1 polyclonal, 

#5503 ARG-2 monoclonal, Cell Signaling Technology, 1:100 in blocking buffer) and β-actin 

(A5316 Sigma Aldrich) overnight at 4 °C. Liver tissue extract was used as an arginase 

positive control. Mouse β-actin (Sigma, 1:2000) was used as a loading control. After 3 

washes in TBST, membranes were incubated with anti-rabbit IgG-HRP conjugate (Cell 

Signaling Technology, 1:1000). Signal was visualized with the ECL chemiluminescence 

system (Amersham, Little Chalfont, United Kingdom). Optical densities (OD) were 

measured on scanned radiographs using Image Studio Lite (Li-Cor Biosciences, version 

5.2.5) and all markers were normalized to β-actin.

Arginase Assay

Total arginase activity was determined spectrophotometrically (Quantichrom ™ Arginase 

Assay kit, BioAssay Systems) per manufacturer instructions. Briefly, hippocampal and 

cortical tissues were dissected on ice, weighed, and processed in Tris-HCl with protease and 

phosphatase inhibitor mixtures (Sigma-Aldrich) at 10 μL/mg of tissue. Tissue was 

homogenized with a Dounce tissue homogenizer and centrifuged at 14,000 rpm for 15 min 

at 4 °C. Supernatant fractions were incubated at 37 °C for 120 min with 10 mm MnCl2 in 

arginase buffer to activate the enzyme. The reaction was stopped by adding urea reagent and 

samples were further incubated for 60 min at RT. Samples were analyzed with a 

spectrophotometer at 430 nm and arginase activity in brain samples was calculated as U/L (1 

unit of arginase converts 1 μmol of L-arginine to ornithine and urea per minute at pH 9.5 and 

37 °C).

Microscopy Analysis

To define the anatomical localization of ARG expressing cells, we grossly evaluated all 

areas of brain from rostral to caudal at 5X magnification. For final analysis we chose the 

anatomical areas with ARG-positive cells and compared these to the contralateral side and N 

(for ARG-1 cortex and striatum, for ARG-2 hippocampus). Confocal-like Z-stacks (25X oil 

objective, 10 μm thick, 1 μm Z step) were acquired using a Zeiss microscope equipped with 

the confocal-like optigrid device and Volocity software (Improvision). Analysis was 

performed in anatomical areas corresponding to slide 66 of the Allen Mouse Brain Atlas 

(19). Matching regions of interest (ROIs) (500 × 400 μm) in N mice served as a control. 
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Every brain had a control with no primary antibodies for staining. Image capturing (using 

Volocity software) and analysis (Fiji, ImageJ) was done in a blinded manner. The number of 

cells that express ARG-1 was quantified manually.

Statistical Analysis

Analyses were performed using Prism 7 (Graphpad Software, San Diego, CA). All data are 

shown as mean ± SEM. Grouped data were analyzed using 2-way ANOVA and subsequently 

subjected to Bonferroni t-tests for post-hoc analyses and differences were considered 

significant at p < 0.05. Comparisons were made between HI, H and N groups at different 

time points. For Western blot expression data, t-tests were used to compare expression at P9 

vs PI7 only for the N animals to clarify the significant changes due to neurodevelopment.

Results

Evolution of HI brain injury over time

Brain HI injury evolves over time with corresponding histological changes at different 

timepoints ranging from 1 h (P9) to 5 d (P14) after the injury (Fig 1). The early changes that 

occur within 1 h after the injury are characterized by swelling of cortical neurons seen with 

cresyl violet stain (Fig 1 A). At later timepoints, the injury spreads from cortex (Fig 1 B, C) 

into deeper brain structures such as hippocampus, thalamus and striatum (Fig 1 D, E). This 

pattern corresponds to lower scores in the more immediate period after the injury compared 

to higher scores at the later timepoints (Fig 1 F).

ARG expression changes during neurodevelopment and as a result of HI

To investigate if ARG expression changes during neurodevelopment and how brain H and HI 

affect their expression, we measured the expression of ARG isoforms ARG-1 and ARG-2 in 

cortex and hippocampus at different timepoints after the injury using Western blotting.

ARG-1 Expression

There was a developmental increase in ARG-1 expression from P9-P17 in both regions of N 

mice (Fig 2 A, B): cortex at P9 (n = 13) vs P17 (n = 17), (Fig 2 A, p < 0.001), hippocampus 

at P9 (n = 18) vs P17 (n = 14), (Fig 2 B, p < 0.0001). Following the Vannucci procedure, 

ARG-1 expression increased in the H cortex (n = 7) 5 d after the injury compared both to the 

HI cortex (n = 7) (Fig 2 A, p < 0.0001) and age-matched N mice (n = 10) as well as to the H 

cortex at all other time points (Fig 2 A, p < 0.0001). Hippocampal expression of ARG-1 was 

reduced at later timepoints after the injury compared to N age-matched animals (n = 10-14) 

in both H hemisphere (n = 7-11) (3 d, p = 0.0467; 5 d, p = 0.0028; 8 d, p < 0.0001) and HI 

hemisphere (8 d, p = 0.0003) (Fig 2 B).

ARG-2 Expression

ARG-2 also exhibited a developmental increase in expression from P9-P17 in N mice (Fig 2 

C, D): cortex at P9 (n = 16) vs P17 (n = 17), (Fig 2 C, p < 0.001), hippocampus at P9 (n = 

18) vs P17 (n = 15) (Fig 2 D, p < 0.0001). Following the Vannucci procedure, there was a 

significant increase in ARG-2 expression in the H cortex 3 d (n = 6; p < 0.0001) and 5 d (n = 
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7; p < 0.0001) after the injury compared to N age-matched animals (n = 10-16). In HI 

cortex, ARG-2 expression peaked at 3 d after the injury (n = 6; p < 0.0001) and was 

suppressed by 5 d (n = 7; p < 0.0001). Hippocampal expression of ARG-2 peaked transiently 

in H hemisphere 3 d after the injury (n = 6; p <0.001 vs all other time points in that group) 

and decreased 5 d (n=7, p < 0.001) and 8 d after the injury (n = 11; p < 0.001). In the HI 

hemisphere, there was a significant increase after HI by 8 d compared to earlier timepoints 

from that group (n = 6; p < 0.001 vs 1 h, 4 h, 12 h and 1 d). However, ARG-2 expression 

was significantly decreased at 8 d in HI (n=6; p < 0.0001), as well as in H (n=11; p < 

0.0001) hemisphere compared to N age-matched animals (n = 14-15, P < 0.0001).

Arginase activity is suppressed by HI

As expression of the enzyme may not necessarily translate to its function, we measured 

ARG activity in N mice and after the Vannucci procedure using a spectrophotometric 

enzymatic activity measurement kit. As this kit measures the combined activity of ARG and 

does not separate the activity of ARG-1 and 2, our measures reflected the total ARG activity 

in cortex and hippocampus.

Total ARG activity in cortex and hippocampus was constant postnatally from P9-P14 and 

did not differ between cortex and hippocampus (P9: n = 11 per cortex and hippocampus 

group, p = 0.6063, P14: n = 8 per cortex and hippocampus group; p = 0.2786) (Fig 3). There 

was no significant change in ARG activity in cortex after the Vannucci procedure (n = 7-8 

per HI and H groups, n = 6-11 per N group; p > 0.05 Fig 3 A). In the hippocampus however, 

there was a significant increase in ARG activity 1 d after the injury only in H hemisphere (n 

= 9 per H group and n = 11 per N group; p = 0.0452, Fig 3 B).

Arginase isoforms differ in spatiotemporal expression patterns

Cellular Arginase-1 expression

Given the changes in ARG expression and activity noted, we wanted to clarify the cell types 

associated with these changes. Immunofluorescent double-labeling was performed with 

ARG-1 and either the neuronal marker NeuN, microglial marker Iba1, astroglial marker 

GFAP or oligodendrocyte marker Olig2 (Fig 4 A–D). ARG-1 expression was clearly co-

localized only with Iba1+ cells (Fig 4 B).

Anatomically, ARG-1 was colocalized with Iba1+ microglial cells in the areas of olfactory 

tubercle, pyriform cortex, pallidum, striatum, external capsule of corpus callosum, anterior 

commissure-temporal limb, amygdala, hypothalamus and caudate (Fig 5 A). Notably, under 

normal circumstances in N mice, ARG-1+/Iba1+ cells were absent from the thalamus, 

hippocampus, internal capsule and other parts of fiber tracts or cortex at all timepoints 

studied (P9, P10, P14). After HI, ARG-1+ microglia morphology was clearly transformed to 

the ameboid phenotype at the injury site (Fig 5 B, C, D) when compared to the ramified 

phenotype evident in the N mice (Fig 5 E). The changes in ARG-1+ microglial morphology 

and accumulation at the injury occurred as early as 4 h after the injury (Fig 5 F, G, H). At 

later timepoints, ARG-1+/Iba1+ cell numbers remain elevated both at the HI core in striatum 

(24 h: n = 6 per HI and H group, n = 8 per N group; 5 d: n = 6 per HI and H group, n = 14 
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per N group; 24 h: p < 0.0001 for HI vs H, p < 0.0001 for HI vs N; 5d: p < 0.0001 for HI vs 

H and p < 0.0001 for HI vs N) and the HI hemisphere (24 h: p = 0.0025 for HI vs H; p = 

0.0002 for HI vs N; 5 d: p < 0.0001 for HI vs H; p < 0.0001 for HI vs N) (Fig 5 I, J).

Cellular ARG-2 expression

The pattern of ARG-2 expression was different compared to that of ARG-1. ARG-2 

expression was noted to colocalize largely to NeuN+ cells rather than Iba1+, GFAP+ or 

Olig2+ cells (Fig 6 A–D). Anatomically, ARG-2 expression was localized in areas of 

indusium griseum, fasciola cinerea, and CA1 and CA2 of hippocampus, dentate gyrus and 

M1 area of the neocortex (Fig 6 E–J). Following HI, ARG-2 expressing cells appeared to 

have an altered morphology consistent with being injured, in that they appeared pyknotic 

and shrunken (Fig 6 F, G).

Discussion

In this study, we elucidate, for the first time, alterations that occur in ARG expression and 

activity during development from P9 to P14-P17 as well as after H and HI injury. We found 

that the expression of ARG-1 and 2 increases significantly with age in both the cortex and 

hippocampus. The expression of ARG-1 and 2 after injury appear to be intrinsically 

modulated by H alone or HI. Total ARG activity is only modulated by H alone. On the 

cellular level, both ARG-isoforms have very specific expression patterns with ARG-1 

expression predominantly microglial and ARG-2 largely neuronal, both before and after HI. 

The highly region- and cell-specific expression suggests the possibility of specific functions 

of ARG-isoforms in brain under physiological and pathological conditions.

While ARG expression has been described in embryonic and very early postnatal (E13-P1)

(16–17), young (4-months) and aged (24-months) brains in rat (18), to the best of our 

knowledge this study is the first to describe isoform-specific ARG expression patterns 

during the early postnatal period P9-P17 in mice. We show that ARG-1 expression increases 

during normal neurodevelopment from neonatal (P9) to infantile age (P17) and is 

predominantly localized to microglia. Our findings are consistent with Crain et al (20) who 

studied ARG-1 expression exclusively in microglia and detected high mRNA expression for 

the ARG-1 gene in the early postnatal period (P3) that diminished by 70 % at P21 and by 90 

% at 12 months. Similar to ARG-1, we detected increase in ARG-2 expression from P9 to 

P17 in neurons. There is no previous data on ARG-2 expression during P9-P17 in both the 

hippocampus and the cortex and while previous studies did not detect ARG-2 increase E13-

P1 (16), they did so in adulthood (21).

Currently, it is not possible correlate isoform specific expression to activity as available kits 

do not differentiate between ARG-1 and ARG-2. This may be why we failed to detect 

significant changes in ARG activity despite an obvious increase in microglial ARG-1 

expression in the cortex. Alternatively, it is possible that ARG-1+ microglia represent only a 

small fraction of the expressed ARG-1. Hippocampal activity however is most likely related 

to ARG-2 expression as this is the predominant isoform expressed in the hippocampus. In 

our study, ARG activity did not change significantly during neurodevelopment in either 

region at the ages studied (P9, P10, P14), consistent with previous findings (22). The 
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regional variation in ARG activity across different cortical regions and subregions of the 

hippocampus has also been described previously (23, 24). These age-, isoform- and region-

specific alterations in ARG expression and activity highlight the tightly regulated functions 

of this enzyme during neurodevelopment.

Both, hypoxia and ischemia-reperfusion injury have been described as a potent stimulus for 

ARG-1 and ARG-2 expression (25) and consistent with this, we detected a peak in ARG-1 

and ARG-2 expression in the H cortex 5 d after the injury, similar to that reported for 

ARG-1 by Hamzei et al (26). Current data on the extent of HI vs H stimulus on ARG-

isoforms expression is limited and we speculate that H could be a more potent activator of 

ARG-isoforms than HI, especially in uninjured regions. However, 8 d after the injury we see 

suppression of ARG-1 and ARG-2 expression in hippocampus. A similar transient 

upregulation followed by suppression of ARG-1 was reported by Quirie et al. (27) in an 

adult rat photothrombotic stroke model at 15 d after the injury. It is possible that the 

variation in timeline of expression between our studies is related to the age, model and 

species studied and suppression of ARG-isoforms may be related to the presence of 

endogenous inhibitors (27).

Cellular localization of ARG was isoform-specific, confined to certain anatomical areas and 

changed during development and with injury. Notably, we found ARG-1+ microglia in 

specific regions of the ventral forebrain and midbrain. A unique population of ARG-1+ 

microglia has been shown to represent only 0.5 % of microglia formed at E14.5/P4/5 with 

higher specificity for females (28). It is possible that ARG-1+ microglia play role in 

neurodevelopment and/or sex-specific response to injury (29). ARG-1+ microglia have been 

widely reported after HI injury (30) and are thought to mediate neuroprotective effects. 

While we detected similarly high numbers of ARG-1+ microglia at the injury site, not all 

microglia at the injury site were ARG-1+. This dimorphic expression could relate to the 

origin of the microglia or to the reported microglial “switch” that can happen at the injury 

site (31). Interestingly, despite significant evident injury in the hippocampus, ARG-1+Iba1+ 

cells were only minimally present in this area compared to the injured cortex where 

ARG-1+Iba1+ were detectable as early as 4 h after the injury and persisted for 5 d. This 

finding demonstrates the heterogeneity of regional responses to injury processes and 

confirms that injury, protection and recovery mechanisms after injury are modulated in a 

spatiotemporal fashion. Despite evidence for ARG-1 expression in astrocytes along with 

neurons and microglia after injury (25, 26), we failed to detect colocalization with GFAP. It 

is possible that differences in ARG expression and activity during development are based on 

species, timing after the injury and injury type (25, 26).

ARG-2 belongs to a group of less studied enzymes in the brain and there are currently few 

reports on its expression, during neurodevelopment and particularly after injury, in the 

developing brain. Our findings suggest this isoform may have roles that are distinct to those 

of ARG-1, as is evident from the altered cellular and anatomical expression in the brain. Our 

study is the first to describe ARG-2 expression in structures such as indusium griseum (IG), 

fasciola cinerea (FC) or hippocampus. These structures create a continuum referred to as 

hippocampal rudiments (HR) (32, 33). A few neurons expressing ARG-2 were found also in 

the M1 part of the neocortex. Although the exact function of HR structures is not well 
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known, they are believed to play an important role in axonal guidance across the midline 

during development of brain commissures and interhemispheric connections (34). The 

damage of these structures during HI may lead to a spectrum of neurodevelopmental 

conditions (35). Expression of ARG-2 in HR suggests important roles for ARG-2 in 

mediating at least some of these functions. The presence of ARG-2+ NeuN+ cells in the 

CA1, CA2 of the hippocampus also associates this enzyme with processes of learning and 

memory formation (36), emotion, neural cell birth (37), among others. While recent reports 

indicate that acetylcholine, dopamine, noradrenaline, 5-hydroxytryptamine and GABA 

neurons innervate the IG (38), we speculate ARG-2 to primarily localize to GABA-ergic 

neurons considering it plays important roles in glutamine synthesis (39). After HI, we see 

considerable damage of ARG-2+ cells in almost all of these areas, potentiating a role for 

ARG-2 in mediating at least some of the learning, memory and motor deficits seen after HI 

(40) and consequently may present an attractive therapeutic target that needs to be validated 

carefully.

In summary, expression and activity of ARG enzymes change during neurodevelopment and 

in response to hypoxic and hypoxic-ischemic brain injury. As ARG-1 localizes mostly to 

microglia at the injury site, it is possible that its primary role is mediating 

neuroinflammatory processes. ARG-2 expression on the other hand is largely neuronal 

predominantly in neurodevelopmental structures, suggesting involvement in developmental 

processes. Further studies are needed to elucidate the precise roles of ARG isoforms in 

neonatal brain hypoxic and hypoxic-ischemic injury.
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Impact:

What is the key message of your article?

• Arginase isoforms change during neurodevelopment and after neonatal brain 

hypoxia-ischemia.

What does it add to the existing literature?

• This is the first study investigating the key enzymes of inflammation and 

tissue repair called arginases following murine neonatal brain hypoxia-

ischemia.

What is the impact?

• The highly region- and cell-specific expression suggests the possibility of 

specific functions of arginases.

• Arginase-1 in microglia at the injury site may regulate neuroinflammation, 

while arginase-2 in neurons of developmental structures may impact 

neurodevelopment.

• While further studies are needed to describe the exact role of arginases after 

neonatal brain hypoxia-ischemia, our study adds valuable data on anatomical 

localization and expression of arginases in brain during development and after 

stroke.
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Figure 1: 
A-E: Histopathological analysis of hypoxic-ischemic brain injury at different timepoints: 
cortex at 1 h (A) showing swelling of a few neuronal cells, 4 h (B) with increased area of 

swollen neurons (arrows), pyknotic cells (arrowheads) and 5 d (C) after the injury, showing 

the disruption in cortical structure and cell loss (10X magnification); hippocampus after HI 

at 4 h with no apparent injury (D) and 5 d (E) showing injured area with accumulation of 

shrunken, pyknotic cells and cystic infarction (4X magnification) F: Injury scores after HI at 
different timepoints: Injury extends from cortex at earlier timepoints to involvement of deep 

brain nuclei and adjacent cortex at the later timepoints.
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Figure 2: Arginase expression in naive mice vs after brain HI at different timepoints:
Protein expression was measured by Western blotting and presented as the OD ratio to (β-

actin (for H and HI groups: n = 5 for timepoints 1 h, 4 h, 12 h, n = 9-11 for day 1, n = 6-11 

for 3 d, n = 7 for 5 d, n = 6-11 for 8 d after the injury; for N group n = 5-17 per timepoint). 

Shown are HI (black), H (gray) and N (white) hemisphere for ARG-1 in cortex (A) and 

hippocampus (B) and ARG-2 in cortex (C) and hippocampus (D). Brackets show 

significances as follows: *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001. For ARG-1, 

expression at 5 d in H cortex and expression at 8 d in N hippocampus were both significant 

against all other time points in that group (shown by significance on top of the bar). For 

ARG-2, expression at 3 d in H and HI cortex, at 3 d in H hippocampus and 8 d in HI and N 

hippocampus were significant against all other time points in that group (shown by 

significance on top of the bar).
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Figure 3: Arginase activity in cortex (A) and hippocampus (B) in N mice (white) and in H (gray) 
and HI hemisphere (black).
Unit definition: 1 unit of ARG converts 1 μmole of L-arginine to ornithine and urea per 

minute at pH 9.5 and 37 °C. Brackets show significance with *p < 0.05. n = 7-8 per HI and 

H group, n = 6-11 per N group.
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Figure 4: Cellular expression of ARG-1:
Images of double immunofluorescent staining with ARG-1 antibody (green, middle panels) 

paired with an antibody specific for neuron (A: NeuN, red panel), microglia (B: Iba1, cyan 

panel), astrocyte (C: GFAP, red panel) and oligodendrocyte (D: Olig2, cyan panel). 63X 

image captures region denoted by a box in the 3rd image of that row. Pictured is the injury 

site of a P10 mouse exposed to the Vannucci HI model on P9. ARG-1 colocalized with 

Iba1+cells (B).
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Figure 5: Changes in ARG-1+microglia after brain HI:
(A) Anatomical expression of ARG-1 in mice localizes to pyriform cortex, olfactory 

tubercle, pallidum, striatum, external capsule of corpus callosum, anterior commissure-

temporal limb, amygdala, hypothalamus, caudoputamen. Change in ARG-1+ microglia 
morphology as a result of HI from bushy (B) into ameboid (C) and round phagocyting (D) 

phenotype. Changes in ARG-1+ microglia accumulation in striatum at different timepoints: 

N mice (E), and 4 h (F), 1 d (G) and 5 d (H) after injury. ARG-1+ microglia count increases 

in HI cortex (I) and HI core in striatum (J) at 1 d after injury and remains elevated for a 

prolonged time (n = 5-6 per HI and H group; n = 8 per N group, *p < 0.05, **p < 0.01, #p < 

0.0001).
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Figure 6: Cellular and anatomical expression of ARG-2:
Images of double immunofluorescent staining with ARG-2 antibody (green, middle panels) 

paired with an antibody specific for neuron (A: NeuN, red panel), microglia (B: Iba1, cyan 

panel), astrocyte (C: GFAP, red panel) and oligodendrocyte (D: Olig2, cyan panel). 63X 

image captures region denoted by a box in the 3rd image of that row. ARG-2 colocalized 

with NeuN+ cells (A). Anatomical localization of ARG-2 (E): ARG-2 was found in 

indusium griseum (F), fasciola cinerea (G), neurons of the neocortex (H), hippocampus CA1 
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(I), CA2 (J). Note the pyknotic cells in the HI hemisphere (arrow); n = 5-6 per H and HI 

group, n = 8 per N group.
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