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Abstract
Arginase-1 (ARG1) is an essential urea cycle (UC) enzyme that catalyzes the hydrolysis of
arginine, proposed to also be involved in pre- and post-natal development and post-injury regeneration of
neural cells. Genetic mutations in fundamental regions of ARG1 may cause ARG1 deficiency (ARG1D), a
UC disorder (UCD) that results in partial or complete loss of functional ARG1 expression. ARG1D presents
with late onset neurological phenotypes in comparison to other UCDs, that include: intellectual and growth
retardation, and initial spastic diplegia with progression into paraplegia. Because of prominent arginase-1
expression in the nervous system (NS) during embryonic and post-natal development, subsequent
upregulation post-injury to the NS, and unique neurological phenotypes of ARG1D in comparison to other
UCDs, we hypothesized that ARG1 has pivotal neurobiological roles.
To investigate this, we crossed nestin-cre and Arg1 loxP-flanked mouse strains, effectively creating
neural (n)Arg1 knockout (KO) mice, which should congenitally lack functional arginase-1 expression in
neural cells. Cre-loxP recombination of Arg1 was determined by PCR genotyping and characterization of
the mouse model included protein and mRNA expression analysis of various tissues to confirm NS specific
KO of arginase-1. Subsequently, nArg1 KO mice were compared to control mice for assessment of body
weight, blood amino acid levels, and stride gait cycle utilizing DigiGait Imaging Systems during 8 to 26
weeks of age. To assess the role of Arg1 post-injury in neural cells a sciatic nerve crush injury (SNCI)
model was used. Functional tests were carried out to assay differences in axon reinnervation by assessing
return of lost motor and sensory function of nArg1 KO mice compared to control mice. Results suggest no
temporal differences in axon reinnervation post-SNCI based on the rate of return of sensory function. Gait
abnormalities reminiscent of those observed in ARG1-deficient patients were absent. Our results suggest
that an absence of Arg1 in neural cells does not contribute to the phenotypes of ARG1 deficiency, nor is
Arg1 likely to be crucial for post-injury axonal regeneration in this particular model, although return of
motor function displayed modest delays compared to control mice.
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Chapter 1:
General Introduction
Arginase-1 (ARG1) is the terminal enzyme of the urea cycle, and converts nitrogenous waste into
readily excreted urea. ARG1 mediates the production of both urea and ornithine by catalyzing the
hydrolysis of arginine. Genetic mutations in fundamental regions of UC enzymes may result in complete
or partial disruption of function and are known to cause urea cycle disorders (UCDs)1. ARG1(D) deficiency
is the third most rare UCD2 and results in an incomplete urea cycle and accumulation of nitrogenous waste.
ARG1D in patients causes severe metabolic perturbances, with hyperargininemia3 being one of the
defining traits of the disease. Manifestations of other UCDs commonly present with severe
hyperammonemia during neonatal stages4, but ARG1D differs from other UCDs by presenting at later
stages of post-natal development with infrequent hyperammonemic events5 and unique neurological
impairments such as spastic diplegia that progressively worsens into paraplegia 6, intellectual delays, and
growth retardation7. The cause for the disparity of neurological phenotypes of ARG1D in comparison to
other UCDs has not been identified, nor are the exact mechanisms known.
The roles of neural and hepatic ARG1 expression differ due to incomplete expression of UC
enzymes in the NS compared to the liver8. ARG1 expression in neural cells (neural cells defined as: cells
of ectodermal lineage derived from neural progenitor cells in both the central and peripheral nervous system
[neurons and neuroglia]) is speculated to be critical for neurological development due to ample expression
in the NS during pre- and post-natal periods9,10,11. The absence of arginase-1 expression in neural cells
during these vital developmental periods could contribute to the array of neurological impairments of
ARG1D8,9, specifically inferred to be the cause of spasticity of the limbs that result in gait abnormalities12,13.
The expression of arginase-1 in neural cells may promote axonogenesis and overcome inhibitory
factors that impede axon regeneration in both the central and peripheral nervous system14. Arg1 expression
has the potential to contribute to axonal regeneration by indirect synthesis of pro-regenerative molecules15,
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and by reducing production of potential neurotoxic metabolites through the modulation of arginine
bioavailability to other enzymes that utilize arginine as a substrate16.
Mouse models of Arg1D have been previously generated with the intention of elucidating the
consequences of the loss of arginase-1 expression. Phenotypes of past mouse models have displayed altered
metabolic profiles similar to patients of ARG1D17, although surprisingly, they exhibit a lethal phenotype18.
Both global17 and liver-specific19 Arg1 KO mouse models survive on average 14 to 21-days post-cessation
of arginase-1 expression. Experimental treatments that restore liver arginase-1 expression have provided
long-term survival20. Because of this post-Arg1 KO lethality, determined to be a result of the loss of liver
arginase-1 expression, and that current Arg1D mouse models are unable to fully assess in tandem pre- and
post-natal neurological consequences, the role of neural arginase-1 expression has not been adequately
investigated.
To elucidate the roles of arginase-1 expression in neural cells during periods of development and
axonal regeneration, the different mouse strains of nes-cre and Arg1flox were bred together over two
generation to generate the nArg1 KO mouse. The nes-cre mice contain a transgene construct of a nestin
promotor upstream of Cre recombinase, which in the presence of endogenous nestin expression, expressed
predominantly in neural progenitor cells, induces Cre recombinase expression. Arg1flox mice contain loxP
sites flanking exon 7 and 8 of Arg1 that when in the presence of Cre recombinase causes genomic loss of
functional arginase-1. Because of this, generated nArg1 KO mouse have neural cells that are Arg1D. Due
to unaltered liver arginase-1 expression, it was hypothesized that this mouse model would be viable.
Because of this, long-term assessments were able to be conducted, with the aim to identify neurological
abnormalities and their possible progression throughout post-natal development, and to determine if a delay
or inhibition of axonogenesis would be present in an injury model of axonal regeneration.
Initial characterization of nArg1 KO mice began with PCR genotyping a variety of tissues to ensure
tissue specific KO of the targeted Arg1 locus. Nervous and hepatic tissues were assessed for changes of:
Arg1 mRNA expression by real-time quantitative (q)PCR, arginase enzyme activity, and protein expression
2

utilizing different immuno-detection methods. This was followed by long-term assessment of male nArg1
KO compared to control mice during 8-26 weeks of age to assay possible differences and deviations of total
body weight, blood amino acid concentrations, and gait metrics that compose a stride cycle measured by a
gait analysis system to detect the presence of gait abnormalities. To assess axonal regenerative capacity in
male study mice, a sciatic nerve crush injury (SNCI) model was utilized, an injury model of axonal
regeneration. This model results in loss of motor and sensory function due to Wallerian degeneration of
axon regions distal to the site of injury, from mid-hip level towards the hind paw. The temporal rate of the
return of limb functionalities post-SNCI was determined by assays of pin prick test for sensory function,
and return of motor function determined by TS test and DigiGait Imaging Systems, which has the capacity
to determine sciatic functional index scores (measurement of the maximum TS between the 1st and 5th, and
2nd and 4th digits, and maximum planted paw length [3rd digit to heel]).
It was hypothesized that nArg1 KO mice will demonstrate growth retardations and progressively
worsening spasticity and gait stride metric abnormalities, reminiscent to human ARG1 deficient patients.
nArg1 KO mice that undergo the SNCI model will also have quantifiable delays of the return of both motor
and sensory function.
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Chapter 2
Literature Review
2.1 Arginase-1
2.1.1 Brief History
Cumulative research over the past century has given us knowledge of the function, role, and structure
of arginase. It was initially identified and isolated by A. Kossel and H. D. Dakin from mammalian hepatic
tissue in 1904, providing evidence that arginase converts (L-)arginine into (L-)ornithine and urea21. The
discovery of a physiological source of urea produced by arginase later contributed to the discovery of the
first metabolic cycle by H. A. Krebs and K. Henseleit in 193222,23, most well known as the urea cycle.
Arginases share a single common primordial origin, but evolutionary divergence has led to separate
isoforms24,25,26. Mammalian arginases include the cytosolic arginase-1 that is found in abundance in liver,
and the mitochondrial arginase-2, located predominantly in kidney. Both human and murine respective
isoforms share ~59 % amino acid sequence homology27,28. Expression distribution of arginase isoforms in
tissues is widespread27,11,8,29,10, and alterations in expression levels and tissue distribution during pre- and
post-natal development have been observed9,30. Basal expression of arginase isoforms outside of liver and
kidney is significantly lower in comparison31. The roles of arginase-2 and extra-hepatic arginase-1 are still
not being well understood. Investigations of arginase-2 indicate that it is seemingly a non-essential
enzyme32,33, with human deficiencies not yet reported. In contrast, arginase-1 is an essential enzyme, with
deficiencies of its expression being detrimental to normal growth and neural development in humans and
leads to lethality in mice1,34,17. Additionally, upregulation of arginase-1 expression within the nervous
system, in both neural and immune cells has been reported post-injury35,36,37, speculated to have crucial
roles in the immune response and regeneration of damaged tissues. Due to the implied significance of extrahepatic arginase-1 expression and its observed and regulated expression in the nervous system, an important
question to pose is: what is the role of neural arginase-1 expression?
4

2.1.2 Catalytic Activity
ARG1 is located on chromosome 6 (6q23.2)38 with a gene length of 11,174 bp. Its 8 exons are spliced
together to form a 1,499 bp mature mRNA that translates into a 322-residue polypeptide. Three units
oligomerize to form the 105-kDa homotrimeric ARG1 metalloenzyme39,40. Each subunit contains a divalent
manganese (Mn2+) binuclear cluster that coordinates the hydrolysis of arginine into ornithine and urea41.
Deciphering the catalytic mechanism of ARG1 became possible from crystallographic analysis of rat
liver Arg1 at 2.1-Å resolution revealing detailed molecular structure40; confirming quaternary structure42
and the arrangement of the binuclear Mn2+ cluster43. Additional crystallographic analysis at a resolution of
1.29-Å (Figure 2-1, A), allowed for greater in-depth analysis of ARG141. This produced the most widely
accepted inference of catalytic mechanism, determining the atomic coordination of the nucleophilic attack
of the metal-bridging hydroxide ion at the guanidine moiety of arginine (Figure 2-1, B) to produce the
catalytic products (Figure 2-1, C)41. Residues involved in mediating arginine catalysis are highly conserved,
with strict conservation of residues involved in coordinating the binuclear (Mn2+) cluster25. Comparison of
human to murine arginase-1, there is 87 % sequence homology39 and nearly identical coordination of the
substrate in the catalytic pocket40,41,44.
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Figure 2-1: Arginase-1 Protein Structure and Catalytic Activity
(A) Quaternary crystal structure of ARG1 at 1.29-Å41 displaying the arrangement of the trimerized
catalytically active monomers. At the catalytic site are two grey balls that represent the binuclear Mn 2+
cluster with the bound transition state analogue of 2(S)-amino-6-boronohexanoic acid, a molecule utilized
to elucidate (B) coordination of residues with the substrate of the catalytic pocket41,45. (C) Shows the
biochemical reaction of the arginase-catalyzed hydrolysis of L-arginine that produces the products of Lornithine and urea. (A) and (B) are adapted images from Costanzo et al, 200541 and (C) is adapted from
Christianson, D. 200545.
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2.2 Arginase-1 Deficiency
The urea cycle comprises six principle enzymes ([mitochondrial: N-acetyl-glutamate synthase
(NAGS), carbamoyl phosphate synthetase-1 (CPS1), ornithine transcarbamylase (OTC)] [cytosolic:
argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL), and ARG1])1, which mediate
ureagenesis in hepatocytes (Figure 2-2). Routine protein catabolism results in ammonia by-products, a
highly toxic nitrogenous waste metabolized through the urea cycle for elimination (Figure 2-3). The
relatively inert urea produced from ARG1 activity is the final nitrogenous metabolite of the cycle, which is
transported into the blood and collected by the kidneys where urine is produced and expelled46.
Urea cycle disorders (UCD) constitute a group of rare congenital deficiencies of one or more urea
cycle enzymes which result in significant impedance of waste-nitrogen metabolism and excretion47. ARG1
deficiency (ARG1D) is a UCD that lacks, or only weakly catalyzes, the terminal step of the urea cycle and
leads to accumulation of arginine and other metabolites1.
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Figure 2-2: The Urea Cycle
The urea cycle, which comprises six principle enzymes ([mitochondrial: N-acetyl-glutamate synthase
(NAGS), carbamoyl phosphate synthetase-1 (CPS1), ornithine transcarbamylase (OTC)] [cytosolic:
argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL), and ARG1]).
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2.2.1 Genetics
ARG1D is an autosomal recessive UCD caused by sixty-six identified1,48,49 disease-associated
variations of ARG1 that result in partial or total loss of ARG1 catalytic activity. Incidence of UCDs occur
in a predicted 1:35,000 births in the United States, with ARG1D determined to be the third rarest of these
disorders, a pan-ethnic disease1,48 present in approximately 1:950,000 of newborns2,50. Genealogical
background of diagnosed patients shows high incidence of their genetic background stemming from founder
populations (e.g., French Canadians51,52,53,7), groups of strict endogamies (e.g. Ashkenazi Jews54,3,55), and
being offspring of consanguineous relations56,57,58.
Patient genotypes indicate wide heterogenicity of ARG1 mutant alleles1,48. These mutations are
primarily found in exonic loci, with fewer affecting exon-intron boundary regions. Known disease-causing
mutations of ARG1 are a result of indel-related frameshifts, and the most frequently reported are
missense/nonsense mutations1. Mutant alleles can result in improper processing of pre-RNA due to splicesite alterations; while translated mRNA may produce truncated or altered ARG1 with changes in protein
structure/function, stability, and critical residues coordinating the active site and the binuclear Mn2+
cluster59,60,61. These result in either partial or total loss of catalytic activity.

2.2.2 Phenotype of ARG1D
The reported neurological manifestations and biochemical profiles of ARG1D are unique compared
to the other UCDs. Phenotypes include: intellectual impairment, persistent growth retardation,
encephalopathy, cerebral edema and atrophy, and late onset spastic diplegia with progression into
paraplegia1,57,6. Less common manifestations are: hepatomegaly5, liver failure62, cerebellar atrophy63,
microcephaly48, and recurrent seizures and/or epilepsy64. Rare cases have resulted in coma5 and death48. A
defining trait of the biochemical profile of ARG1D patients is elevated plasma arginine concentrations
(hyperargininemia)65. Initially, low occurrence of elevated plasma ammonia levels (hyperammonemia) was
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considered a specific phenomenon of this UCD5, although recent evidence indicates these
hyperammonemic episodes may be under-reported48,66,67 and/or more subtle68.
Disease presentation typically arises between 2-4 years of age, and although rare, severe metabolic
crises weeks after birth have been reported69. Clinical presentations include: recurrent vomiting, faltering
weight, irritability, aversion to protein/food70, failure to reach developmental milestones, and initial lower
limb spasticity1,5. These initial presentations are most commonly misdiagnosed as cerebral palsy71 due to
similarities of initial disease presentation, and the rarity of ARG1D 13. When ARG1D is suspected, initial
diagnosis is typically derived from blood arginine concentrations and erythrocyte arginase activity
assays5,72,73. Definitive confirmation of ARG1D is determined via genetic analysis of the ARG1 locus and
identification of causative mutations.
Due to heterogenicity of disease-causing ARG1 alleles, clinical presentations and manifestations,
with the additional factor of small patient populations, deriving a phenotype-genotype correlation is
difficult. Limited attempts to identify phenotype-genotype associations have been largely unsuccessful58,74,
although claims have been made associating specific mutations with early infantile presentations based
mainly upon isolated cases49,66.

2.2.3 Possible Causes of ARG1D Neurological Phenotypes
ARG1D neuropathogenesis is not well understood63. Presentations of neurological impairments
differ in severity across documented case reports, ranging from mild to debilitating symptoms1,48. The level
of neurological impairment may be dependent on, and mitigated by early treatment prior to, or soon after
initial disease presentation75. Despite this, neurological impairments such as cognitive deficits,
encephalopathy, and limb spasticity may progressively worsen over time1,65,76. Due to disease rarity, late
onset of symptoms/diagnosis, insufficient infantile screening methods75, and variance in disease severity
and manifestations across ARG1 deficient patients, ARG1D is typically diagnosed after neurological
damage has occurred. Because of the broad heterogenicity of phenotypes, it is difficult to determine a
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specific underlying cause of neurological impairments and why these manifestations persist in patients
treated with liver transplantation34. Conjectures of the etiology of neural manifestations are derived upon
broad factors of: 1) metabolite toxicity, and/or the absence of arginase-1 expression in the nervous system
leads to 2) impairment of neurological development and/or 3) neuronal dysfunction.

2.2.4 Treatment and Management of ARG1D
Management of this disease typically includes the administration of nitrogen scavenging drugs (e.g.,
sodium phenylbutyrate, sodium benzoate, or sodium phenylacetate) to induce alternate metabolic pathways
of nitrogen disposal, which mitigates hyperammonemic events4,77,78. Alternate nitrogen excretion pathways
convert the amino acids glycine and glutamine into the excretable products of hippuric acid and
phenylacetylglutamine respectively, thus reducing metabolic flux. Other treatment methods aid in reducing
surplus nitrogenous products through dietary restriction of protein. In some cases, protein restriction with
supplementation of essential amino acids may be an effective treatment on its own48,79,80, but diets are more
regularly complemented by nitrogen scavenging drugs48. In cases of severe metabolic decompensation, rare
instances of orthotopic liver transplantation (LT) have been performed34. LT “cures” the hepatic deficiency,
but extra-hepatic tissues remain ARG1 deficient. Because ARG1 deficient patients regularly survive into
adulthood, have increased possibility of perioperative complications81, and experience incomplete reversal
and continued risk of progression of neurological impairments, patients of this disease are deemed
inappropriate candidates for LT.
Although available treatment methods are effective for management of ARG1D, it should be taken
into consideration, especially when investigating a rare disease with few case reports, that noncompliance/non-adherence of disease management regimens may be a significant factor affecting treatment
outcomes48,58,5,63,66,82,83,84. Some reports estimate that improper disease management of UCDs may be the
direct cause of acute hyperammonemic crises in 20-25 % of documented cases84. This additional factor
makes attempts to elucidate the cause of neuropathogenesis from case reports much more difficult.
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2.3 Arginase-1 Expression in the Nervous System
Arginase-1 expression in neural cells is prevalent during pre-9 and post-natal periods8. Significant
post-injury upregulation of arginase-1 expression is observed in the NS36,85 in both neural35,86 and activated
immune cells87,88. Because of the absence of neural cell expression of the UC-related enzymes (Nacetylglutamate synthase89, carbamoyl-phosphate synthase-190,91, and ornithine transcarbamylase92) the UC
is incomplete and does not occur in the NS. This has led to proposals of differential modalities involving
neural ARG192,93 as a modulator of arginine bioavailability94 and indirect promoter of ornithine-derived
products, such as polyamines11.
Temporal changes of neural arginase-1 expression occur from early embryonic development (ED) to
post-natal stages11. This is seen in the sensory neurons of the dorsal root ganglia (DRG) of mice, which
exhibit cessation of detectable arginase-1 expression in mature DRG neurons11,9, but is restored postperipheral nerve injury (PNI)36,14. In other mature peripheral ganglia of mice with detectable basal arginase1 expression, there is also significant upregulation of arginase-1 post-peripheral nerve injury86,95. This postinjury ganglia upregulation of arginase-1 is able to promote axonal regeneration in neurons with lesioned
axons not only in neurons of the peripheral nervous system (PNS), but those of the central nervous system
(CNS) as well, with its expression influencing neuronal ability to overcome myelin-associated inhibitors
that impede axonal regeneration14,96. The re-induction of arginase-1 expression in DRG post-peripheral
nerve injury is particularly interesting because it suggests that arginase-1 expression may be important for
mature axon regeneration.
ARG1D in neural cells may indirectly cause chronic disturbances of ornithine-derived products such
as proline, glutamate, and polyamines (Figure 2-3). These products are known to contribute to tissue
generation97, neurotransmission98, ammonia homeostasis99, reducing inflammation100, and the
transcriptional regulation of other pro-regenerative proteins101. The inability of neural cells to express
arginase-1 may also lead to neuronal dysregulation of other arginine-metabolizing enzymes, such as nitric
oxide synthase, known to induce neural-cytotoxicity in the absence of Arg116. This possible combination
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of chronic perturbation of neural arginine homeostasis, and improper and/or non-optimal neural ED may
be a significant contributor of ARG1Ds neuropathogenesis. For these same reasons, the absence of
arginase-1 expression may inhibit or delay axonal regeneration in the mature NS post-injury.
To elucidate the source of these neurological phenotypes and to determine the role of arginase-1
expression in neural cells post-peripheral nerve injury, we sought to create a mouse model devoid of neural
Arg1 expression and to evaluate development of gait and overall growth, and alterations of blood plasma
metabolites related to arginine metabolism.
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Figure 2-3: Arginine Metabolism and Ammonia Homeostasis Pathways in the Nervous System
Nitric oxide cycle enzymes: argininosuccinate lyase (ASL), nitric oxide synthase (NOS), arginosuccinate
synthase (ASS). Creatine synthesis enzymes: arginine:glycine amidinotransferase (AGAT),
guanidinoacetate N-methyltransferase (GAMT). Urea produced from Arginase (ARG) is transported out of
the NS by urea transport proteins (UT), and excess glutamine may be transported into the periphery by
glutamine transport proteins (GT).
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2.4 Peripheral Nervous System (PNS)
The PNS is the branching of nerves from the CNS which relays information to and from the spinal
cord. Motor neurons transmit CNS-originating signals received from their centrally-located soma distally
through their peripherally-located axons to innervated intramuscular junctions, stimulating muscle
movement. Sensory neuron somas reside in peripheral ganglia, with the largest ganglia branching off from
the dorsal lumbar spinal nerves (L3-L5), known as the DRG. Lumbar DRG sensory neurons extend axons
distally towards the foot through the sciatic nerve where nerve endings detect sensory input such as pain or
temperature, known as nociception. Stimulated nerve endings send electrical impulses afferently to the
spinal cord and brain, where they are processed and bring about the sensation of pain.
Major injury to peripheral nerves, such as by transection, contusion, ischemia, and crush may cause
total loss of motor and sensory functionality of limbs, and the return of these functions is dependent on the
level of damage sustained. Attempts to classify peripheral nerve injuries are based on the combined scales
described by Seddon102 and Sunderland103 (Figure 2 4). Seddon’s axonotmesis classification encapsulates
nerve injury based on regenerative ability post-peripheral nerve injury classified as: 1) neuropraxia: short
period of axonal interruption with complete and swift recovery, 2) axonotomesis: loss of limb function
shortly after peripheral nerve injury due to axonal loss, followed by partial to complete recovery of limb
function, and 3) neurotomesis: immediate loss of limb function and incomplete regain of limb function.
Sunderland’s classification divides Seddon’s axonotmesis into 3 severity types dependent on damage to the
endoneurium (first-degree), perineurium (second-degree), and epineurium (fourth-degree) (Figure 2 4) 104.
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Figure 2-4: Seddon and Sunderland Classifications of Nerve Injury
An illustration of a nerve fascicle divided into sections of nerve injury severity states based from Sedon’s
and Sunderland’s classifications. These combined classifications are based on patient recovery pattern and
specific fascicle tissue regions damaged104.
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2.4.1 Sciatic Nerve Crush Injury and Axonal Regeneration
An ideal and well-characterized model to study axonal regeneration is the nerve injury paradigm of
the murine sciatic nerve crush injury (SNCI). Crushing of a surgically-exposed sciatic nerve (Figure 2-5)
with smooth forceps for a duration of 15 to 60 seconds is able to induce a well-replicated and consistent
model for axon regeneration that induces second-degree axonotmesis105. The sustained SNCI results in the
initiated process of axon degeneration and demyelination of the axonal portion distal to the site of injury, a
process known as Wallerian degeneration. This process occurs distal from the site of SNCI and causes a
total loss of both sensory and motor function of the affected hind limb within a 24-hour time-span. Axonal
regeneration is optimal in this injury model due to the preservation of the endoneurial tube, which is optimal
for reinnervating axons that grow at a rate of 1-3 millimeters per day. Because of this, motor and sensory
function return quickly in the murine model over the total time-span of approximately 28 days. As mice
recover from SNCI, indirect tests may be utilized to determine the rate of axonal reinnervation and return
of hind limb functionality.
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Figure 2-5: Sciatic Nerve Crush Injury (SNCI)
This diagram illustrates nerve, skeletal structures, and select muscles of the mouse hind limb. Depicted are
the dorsal root ganglia (DRG) of the branching spinal lumbar nerves (L3-L5) that merge into the sciatic
nerve (yellow and blue) at approximate locations in relation to muscle and bone structures of the hind limb
and vertebral columns. The small red dashed-circle shows the mid-hip area where the SNCI is induced. A
larger red-dashed circle shows a magnified representative illustration of the SNCI to motor (blue dashedlines) and sensory (yellow dashed-lines) neuron axons. Image of hind limb anatomy adapted from Sakuma
et al, 2016106.
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The pin prick assay is an assessment of sensory function. This assay is able to determine the rate
of reinnervation of axons based on the return of nociception post-SNCI to affected hind limb and paw. The
rate of reinnervation post-SNCI is approximately 1-3 millimeters per day, and this can be measured by
pricking the paw with a fine needle to elicit a nociceptive response. In the uninjured mouse, pricking any
region on the ventral portion of the hind paw elicits a brisk and immediate withdrawal response of the paw
and hind limb from a relaxed and unaware standing position. Due to the axon discontinuity post-SNCI,
mice will lose this nociceptive response entirely until axons reinnervate the skin of the affected paw. By
segregating the paw into 5 distinct regions (Figure 2-6) and systematically pricking each region in an
ascending fashion (5 to 1), the rate of distally descending axon reinnervation can be determined by the
return of nociceptive response post-SNCI.
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Figure 2-6: Pin Prick Assay Paw Map and Scoring Outline
A map used to separate and objectively distinguish the 5 distinct regions of the ventral portion of the mouse
paw when pricking the ventral portion of the paw for sensory assessment.

20

Assessment of the return of motor sciatic nerve function utilizes the ability of mice to spread their
toes. A toe-spreading reflex may be induced when the hind quarters of mice are gently suspended in the air,
causing a complete and visibly apparent spreading of the paw’s digits36. Post-SNCI, mice lose this toespreading reflex and ability. Visual observation of the induction of the toe-spreading reflex is absent and
return of this motor function can be assessed based on the degree of toe-spreading response post-SNCI
(Table 2-1). The toe-spreading response is also induced during normal gait. Prior to a mouse planting its
paw on a surface during voluntary locomotion in the swing phase of a stride, the toes fully spread and are
then planted as such for the duration of the stance phase. Similar to the toe spread reflex, gait is altered due
to the partial or complete loss of toe-spreading ability. The return of toe-spreading ability is a quantifiable
metric of the return of motor function to the affected limb, and return of sciatic nerve functionality36.
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Table 2-1: Toe Spreading Scoring Table
TS visual scoring guide which has displayed a mouse that had undergone a SNCI. The score of ‘0’ presents
no spread (of 3 digits or less) seen in the early stages of recovery and is an initial indicator to the success
of the SNCI procedure. Score of ‘1’ presents with partial spread, and in the later phases of recovery,
differentiating between a full and partial spread becomes increasingly difficult. A score of ‘2’ is achieved
when the ipsilateral paw is indistinguishable from the contralateral, displaying a full and complete spreading
of toes. All scoring of the ipsilateral must be accompanied by a contralateral full spread36.
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2.5 DigiGait Technologies
DigiGait Imaging Systems (Mouse Specifics Inc.) is a technology that is able to assess many different
parameters of gait. It consists of a clear motorized treadmill with a high definition camera that captures the
ventral view (Figure 2-7, B) of voluntary locomotion at a set and defined speed. DigiGait software then
analyzes the captured images with the aid of a user interface (Figure 2-7, C), and clarified data is computed
into an array of gait metrics. Through the use of this technology, a multitude of gait parameters may be
assessed.
Principle gait metrics analyzed for the detection of phenotype variations between murine strains and
genotypes include the metrics that comprise a normal stride (Figure 2-7, D). A stride encompasses a full
step from start to finish and can be divided into two main components of a swing and a stance phase. The
swing phase is the portion of the stride where the paw is not in contact with the surface, with the limb being
swung forward in order to place the paw, in a position to continue forward momentum. The stance phase is
the portion of a stride where the paw is in contact with the surface. The stance phase can be divided into
two subphases of brake and propulsion. After completion of a swing, the paw is planted heel first, continued
by full planting of the paw which completes the brake phase. This is immediately followed by the propulsion
phase which provides forward momentum by pushing the limb in a backward motion. The propulsion phase
sees a decrease in paw contact area as the paw and limb enter the swing phase. Normal gait also displays a
symmetry divided by the midline axis. Abnormalities in these gait parameters have been used previously
to determine gait abnormalities in transgenic mice107.
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Figure 2-7: DigiGait Imaging and Gait Parameters
(A) DigiGait compartment that mice are placed in and transparent belt that may be set to a defined speed
in order to capture images (B) that software analyzes and converts to (C) compute gait parameters of (D).
A full stride that comprises the phases of stance and swing, and subphases of brake and propulsion. Images
from (A) Mouse Specifics, (B) (C) self-captured images with DigiGait Imaging Systems, and (D) Lim et
al, 2017108
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DigiGait technologies can also assess sciatic functionality utilizing the sciatic nerve functional
index (SFI)109, taking into account TS distance between the 1st and 5th, and the 2nd and 4th digits, along with
maximum paw length of the ipsilateral paw (Figure 2-8). All of these factors are equated and computed by
the DigiGait analysis software to deliver a SFI score of the ipsilateral paw compared to the uninjured
contralateral paw. This computerized method of assessing SFI, coupled with defined locomotor speeds, is
a more reproducible and standardized technique as opposed to non-computerized methods of painting hind
paws and allowing for non-standardized locomotor pace tracking of foot prints, and subjective measuring
of results109.

Figure 2-8: Sciatic Functional Index (SFI) Score
This figure depicts the combined metrics that create the SFI score of the ipsilateral paw in comparison to
the contralateral paw. These different metrics are shown overlaying the illustration of the ventral view of
the mouse hind paw, which measures: the distances between the 1st and 5th and the 2nd and 4th digits, along
with the maximum planted paw length during a stride. The image of the mouse on the left was captured by
the DigiGait imaging system.
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2.6 Arginase-1 Knock-Out Mouse Models
Mouse models of ARG1D have utilized molecular techniques that specifically target and delete
fundamental genomic regions of Arg1, causing deficiencies of arginase-1 mRNA and protein expression.
Previous mouse models have induced knock-out (KO) of Arg1 genomic regions throughout all tissues and
cells of the mouse (global congenital KO)110, global inducible induced by drug treatment at any desired
post-natal time point (global inducible KO)17,18, or liver-specific KO via adeno-associated viral
targeting19,20. The initial Arg1 knock-out (KO) mouse model was a global congenital KO (gArg1 KO),
successfully creating a mouse model absent of arginase-1 protein and mRNA expression110,111. Biochemical
analysis revealed altered serum amino acids and hyperargininemia similar to the human deficiency,
although dissimilarly displayed >10-fold increases of plasma ammonia levels above normal, ornithine
deficiency, and a surprisingly lethal phenotype of mice surviving on average 10-14 days after birth. Endpoint mice displayed decerebrate postures, and trembling of the tail and extremities. Because of the lethality
of Arg1D in mice it was indiscernible as to whether neurological phenotypes mimicking ARG1D may arise
during post-natal development as a result of neural Arg1D110.
Continued investigations utilizing Arg1 deficient mouse models intending to study neurological
deficits created both global inducible and liver-specific KOs. It was speculated that the lethal phenotypes
of the congenital gArg1 KO may be a result of underdevelopment of UC-related enzyme expression causing
ornithine deficiency, therefore the KO of fundamental Arg1 genomic regions at developmentally more
mature periods would allow for long-term survival. Surprisingly, this had a significant impact on life-span
post-KO, with mice of these models both surviving 14-28 days after the cessation of targeted arginase-1
expression17,18.
Attempts at therapeutic treatments to rescue Arg1 KO mice from these fatal consequences also
aimed to create a viable model to investigate neurological deficits. Strategies of treatment typically
administered to human patients of ARG1D (nitrogen scavenging drugs, ornithine supplementation, lowprotein diet) only had modest success in extending life by at most 1-week112. Novel approaches of rescuing
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the Arg1 KO lethal phenotype utilized experimental in vitro genetic editing techniques to correct arginase1 deficiency-causing alleles in mouse hepatocyte-like cells (HLCs) derived from pluripotent stem cells
(iPSCs), and transplanting these corrected HLCs into mouse hepatic tissue in vivo to restore hepatic UC
function. Results from these rescue methods have been mixed, with only modest improvement of
lifespan113. Other recent methods have used Arg1-sufficient primary human hepatocyte transplantation, and
adeno-associated gene therapy treatments that reintroduce hepatic arginase-1 expression. These have had
greater success in rescuing Arg1 KO mice from the lethal phenotype, providing promising results as a
potential future treatment method in humans114,.
Although Arg1 KO mice have been rescued from the lethal phenotype, an important question left
unanswered is what are the origins of the neurological phenotypes of Arg1D? To properly investigate
whether neurological phenotypes arise from a deficiency of Arg1 in neural cells, a mouse model must be
created that is congenitally Arg1 deficient in neural cells throughout pre- and post-natal development, which
we have now achieved.

2.6.1 Mouse Model of Congenital Neural Cell Arg1 Knock-Out
In this present study neural (n)Arg1 KO mice were generated from B6.Cg-Tg(Nes-cre)1Kln/J (nescre) hemizygous nes-cre(Tg/0) male mice, and C57BL/6-Arg1tm1Pmu/J (Arg1flox(fl/fl)) female mice homozygous
for Lox-P sites that flank (flox) exon 7 and 8 of Arg1. The C57BL/6-Arg1<tm1Pmu>Cg-Tg(Nes-cre)1Kln/J
mouse model was generated and dubbed the neural nArg1 KO; a transgenic mouse model that should result
in congenital neural cell arginase-1 deficiency. This mouse model was generated to determine if neural
Arg1 deficiency would result in progressive development of detectable gait abnormalities of stride cycle
metrics similar to ARG1D, and if Arg1 deficiency in neural cells will affect axonal regeneration and postinjury functional recovery from a SNCI.
nArg1 KO mouse genotypes include an exogenous transgene insertion on chromosome 12
containing Cre recombinase with an upstream rat-nestin promoter and enhancer genomic region that
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controls Cre recombinase expression115. This results in Cre being expressed in tandem with endogenous
nestin expression, which leads to neural progenitor cells predominantly expressing Cre throughout
embryonic development116. The expressed Cre in neural progenitor cells recognizes LoxP genomic targets
and enacts site-specific recombinase events that, in this mouse model, induces homozygous deletions of the
floxed Arg1 genomic locus. Because of Cre expression in neural progenitor cells, the differentiated neural
cells (neurons and neuroglia of the CNS and PNS) should be congenitally arginase-1 deficient.
Interruption of non-coding genomic regions by the insertion of the nes-cre transgene has been
reported to result in mild hypopituitarism, which may cause mild growth retardation, and an impaired
contextual and conditioned fear response117. To reduce severity of reported phenotypes and to generate
viable and fertile mice, nArg1 KO mice were generated from, and bred to be hemizygous nes-cre mice.
Past studies of Arg1D in the Funk laboratory generated and utilized a tamoxifen-induced global
(g)Arg1 KO mouse model17, which utilized the same genotype of Arg1flox mice as in this study. The
genotypes

of

these

gArg1

KO

mice

were

Arg1flox(fl/fl),

and

homozygous

for

B6.129-

Gt(ROSA)26Sortm1(cre/ERT2)- Tyj/J (CreERT2). Reported phenotypes of the Arg1flox mouse from these studies
showed slight reductions in Arg1 expression. To control for this factor in the present study, the background
wild-type strain of C57BL/6 is used to compare Arg1 expression and activity against other genotypes.
The objectives of generating this novel nArg1 KO mouse are to uncover the importance of arginase1 expression in neural cells throughout developmental periods, and during axonal regeneration. By creating
a mouse model with congenitally arginase-1 deficient neural cells, we aim to elucidate the causes of the
neurological phenotypes associated with ARG1D by quantifying and comparing differences/changes in
gait, blood amino acids, and total body weight to control mice. We also aim to determine the role of
arginase-1 in axonal regeneration post-SNCI by quantifying the temporal return of both sensory and motor
function.
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Chapter 3:
Methods

3.1 nArg1 Mouse Generation and PCR Genotyping
Arg1flox (Jax strain: 008817, C57BL/6-Arg1tm1Pmu/J) and nestin-cre (Jax strain: 003771, B6.CgTg(Nes-cre)1Kln/J) mice were crossbred over two generations to obtain Arg1flox(fl//fl) (homozygous) and
nestin-cre(Tg/0) (hemizygous) offspring. Genomic (g)DNA extracted from various tissues was done by
standard gDNA extraction protocols. 250 µg of DNA per reaction was subjected to PCR genotyping
utilizing the Arg1flox primers (forward [5’-TGCGAGTTCATGACTAAGGTT-3’] and reverse [5’AAAGCTCAGGTGAATCGG-3’]) to determine Arg1flox genotype, producing a predicted amplicon of 252
base

pairs

(bp).

Generic-cre

primers

(The

Jackson

Laboratory)

(forward

[5’-

GCGGTCTGGCAGTAAAAACTATC-3’] and reverse [5’-GTGAAACAGCATTGCTGTCACTT-3’])
were utilized to identify genomic presence of the nestin-cre transgene, producing a predicted amplicon of
100 bp. To confirm the Arg1 KO allele (Arg1Δ), the Arg1flox primer pair with the addition of a third reverse
primer (5’- GCACTGTCTAACCCGAGAGTATC-3’) in a multiplex PCR (Figure 3-1). Arg1Δ mice and
affected tissues produce amplicons 192 bp in length. Cycling parameters began with an initial 2 min 95°C
denaturation step, followed by 30 cycles that consisted of: denature (94°C, 30 sec), anneal (65°C, 60 sec),
and elongate (72°C, 60 sec) phases. PCR products were resolved alongside DNA ladders (FroggaBio)
through a 1.2 %, 1x Tris/Borate/EDTA buffer (TBE), 1x ethidium bromide (EtBr) agarose gel via
electrophoresis.
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Figure 3-1: Generation of Neural Arginase-1 Deficient Mouse Model and Genotyping
(A) The Arg1flox allele has loxP sites (red triangles) flanking exon regions 7 and 8 of Arg1, and the nes-cre
allele contains an exogenous rat-nestin promoter region up-stream of Cre recombinase that drives Cre
recombinase (Cre) expression in tandem with endogenous nestin expression. The crossbreeding of Arg1flox
(homozygous) mice with nes-cre (hemizygous) mice over two generations produces neural (n)Arg1 KO
mice (Arg1flox(fl/fl) [homozygous] and nes-cre [hemizygous] genotype). The nestin expressing neural cells of
the CNS and PNS in nArg1 KO mice undergo congenital homozygous Cre-loxP mediated deletion of exon
7 and 8 of Arg1 (Arg1Δ). Arg1Δ allele contains a remnant loxP site post-Cre-loxP mediated deletion of
exonic regions. Non-neural cells (non-CNS and PNS tissues) lacking nestin expression and therefore not
expressing Cre should have unaltered Arg1flox alleles. A multiplex PCR utilizes three primers (A [forward],
B [reverse], and C [reverse] [black horizontal arrows]) to produce amplicons that will indicated whether
mice and specific tissue genotypes are Arg1Δ or Arg1flox. (B) Shows the specific primer DNA sequences of
use (A).
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All mice were maintained in the animal facility at Queen’s University. All procedures were in
accordance with the Queen’s University Animal Care Committee (Protocol# 2015-1562 and 2016-1623)
and followed the Guidelines of the Canadian Council of Animal Care. All mice that reached their defined
end-point were humanely euthanized via CO2 asphyxiation followed by cervical dislocation.

3.2 Gene Expression Analysis of Arginase-1
Quantitative polymerase chain reaction (qPCR) utilizing SYBR Green (SensiFast TM SYBR® No
ROX Kit, Bioline) was performed to determine relative changes of messenger ribonucleic acid (mRNA)
expression of Arg1 compared to the internal control of β-actin expression within individual tissues (brain,
spinal cord, and liver). Tissues were extracted from the mouse genotypes of nArg1 KO and nes-cre ranging
from 18 to 26 weeks of age and were snap-frozen in liquid nitrogen and stored at -80°C until processed.
Temperature-preserved samples were subjected to pulverization in liquid nitrogen with a mortar and pestle
and then immediately introduced to TRIzol™ reagent (Invitrogen). Total RNA was then isolated following
the TRIzol™ procedural guidelines outlined by the Invitrogen user guide. Purity and concentrations of
clarified RNA were assessed by spectrophotometry (NanoDrop 1000, Thermo Scientific) absorbance ratios
of 260 nm/280 nm, with a ratio value of ⁓2.0 considered to be a pure RNA, which was the basis of only
proceeding with samples that deviated ±0.3 from this value. To eliminate gDNA contamination,
deoxyribonuclease-1 (1 µg/µl) was added to selected RNA samples following a gDNA digestion protocol
from Invitrogen. Complementary (c)DNA was synthesized from these samples using the ‘SensiFast cDNA
Synthesis Kit’ (Bioline) and equal amounts were added into either qPCR solutions with primers for the
detection of functional Arg1 (containing exon 7 and 8) or β-actin expression in triplicates. Primers designed
to

produce

amplicons

from

cDNA

regions

from

functional

Arg1

were:

forward

(5’-

ACAAGACAGGGCTCCTTTCAG-3’), reverse (5’-TGAGTTCCGAAGCAAGCCAA-3’), and from the
reference

gene

β-actin:

forward

(5’-GACCTCTATGCCAACACAGT-3’),

reverse

(5’-

AGTACTTGCGCTCAGGAGGA-3’). Cycling parameters of the SYBR Green qPCR were: initial
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denaturation at 95°C for 10 minutes (min) followed by 40 cycles of repeated denature (94°C, 30 sec), anneal
(65°C, 60 sec), and elongate (72°C, 60 sec). Melting curves were then performed to determine presence of
non-specific product. Genotype and tissue specific cycle threshold (Ct) values of functional Arg1 was
compared against the normalized reference gene (β-actin) to determine relative change in gene expression
(ΔCt). All results are expressed as ± standard error of the mean (SEM), and statistical analysis was
performed utilizing a two-tailed Student’s t-test on GraphPad Prism 7 (GraphPad Prism) software.
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Figure 3-2: Design of Exon-Spanning Primers for qPCR
Assessment of mRNA expression with the SYBR Green kit utilized primers that spanned exonic regions 7
and 8 of mature Arg1 mRNA. (A) This is represented in this figure by the disconnected blue and red arrows
that are in the (upper genomic regions) but are connected when mRNA is formed (middle and lower). (B)
Primer sequences are shown in the 5’-3’ direction for Arg1 and β-actin.
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3.3 Western Blot Analysis of Arg1
Tissues collected from study mice were chilled on ice and, if not prepared immediately, were flash
frozen in liquid nitrogen and stored at -80°C. Tissues were fully homogenized via sonication (Sonic
Dismembrator Model 500, Fisher Scientific) at an amplitude of 20 % for no more than 6 sec total in 20-40
µl of TPER solution (Fisher) per milligram (mg) of tissue with addition of 1x HALT protease inhibitor
(ThermoFisher). Protein concentration of clarified protein extracts was determined by Bradford assay (Biorad) to normalization concentrations in standard 1x Laemmli buffer (1 µg/µL) solutions. Protein was
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
PVDF (Millipore) membranes. Protein-bound membranes were incubated in 5 % powdered skim-milk 1x
TBS solution (1 hour at RT or o/n at 4°C) prior to probing with the 1°Ab (2-hour incubation at RT or o/n at
4°C) against Arg1 (rabbit polyclonal anti-mouse arginase-1 specific to C-terminus, 1:10000, ab91279,
Abcam). A control 1°Ab α-tubulin was used for normalization. Membranes were then subjected to a wash
step (3 washes divided equally in a 15-minute period) in 1X TBS-T (1X TBS solution with the addition of
Tween-20 [Sigma] at a concentration of 0.05 %) at RT, subsequently HRP-conjugated secondary antibodies
(goat anti-mouse, Sigma-Aldrich, A5278, 1:10,000 and goat anti-rabbit, Sigma-Aldrich, A8275, 1:10,000)
(1.5-hour incubation at RT or O/N at 4°C) were added. All antibody solution compositions consisted of 1x
TBS-T (Tween-20 at a concentration of 0.025 %) in 1 % powdered milk solution. Visualization was
conducted after another wash step, and utilized enhanced chemiluminescent (Bio-Rad) detection captured
by exposure to autoradiography film (Progene).

3.4 Arginase Activity Assay
Tissues were homogenized with 20-40 µL of T-PER (Fisher) with 1x HALT protease inhibitor
(ThermoFisher) per milligram of tissue. Lysate (2 µL liver, 20 µL spine, 50 µL brain) was diluted to 100
µL with water followed by the addition of 100 µL 25 mM Tris-HCl (pH 7.5) and 20 µL 10 mM MnCl2.
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Samples were heated for 10 minutes at 56°C. L-arginine (100 µL of 0.5 M, pH 7.9) was added to each
sample and incubated for 1 hour at 37°C. The reaction was stopped with 900 µL acid mixture (1:3:7 mix
of H2SO4:H3PO4:water) as well as 40 µL of 9 % (w/v) α-isonitrosopropiophenone (Sigma). The final
mixture was heated at 95°C for 60 min. Liver samples were diluted 1/10 with water prior to absorbance
measurements. All samples were measured at 540 nm. Arginase enzyme activity was normalized to amount
of protein as measured by a Bradford assay (standard protocols). 1 unit of activity = 10 nmol urea/µg
protein. Results are expressed as ± SEM, and statistical analysis was performed utilizing one-way ANOVA
on GraphPad Prism 7 (GraphPad Prism) software.

3.5 Primary Neural Brain Cell Cultures
Primary cell cultures of neural cells (neurons and total neural cells) were created following
‘Preparation of dissociated mouse cortical neuron cultures’ Hilgenberg et al.118, using all recommended
reagents and preparation methods described in this protocol. Changes to the protocol were: 1) brain
dissections did not use a microtome, instead all embryonic cortex regions were isolated with sterile 25gauge needle tips and fine forceps. 2) Total neural cell cultures did not discriminate between regions of the
brain. Dissociated neural cells were derived from the combination of 3-5 pre-natal brains of Arg1flox mice
(embryonic days 15-21). Cells were cultured 5-7 days post-dissociation, and then prepared for
immunocytochemical analysis.

3.6 Immunocytochemistry of Primary Neural Brain Cell Cultures
Neural cell cultures grown on poly-L-ornithine (Sigma) coated round glass cover slips were gently
washed 2x (2 min per wash step performed on non-rotating, flat table tops) at room temperature (RT) in 1x
phosphate-buffered saline (PBS) prior to fixation in 4 % paraformaldehyde solution for 15 min. Washes 3x
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with 1x Tris-buffered saline (TBS) were carried out, followed by permeabilization of cells for 10 min with
0.2 % Triton X-100, and 3 more washes with 1x TBS. Cells were blocked o/n at 4°C or, alternatively at RT
for 2 hours in a solution of 10 % Goat serum (GS) and 2 % bovine serum albumin (BSA, Sigma) in 1x TBS.
Primary (1°) and secondary (2°) antibodies (Ab) were diluted in a 5 % GS, 1 % BSA in 1x TBS solution.
Samples were incubated with a 1°Ab o/n at 4°C or, alternatively at RT for 2 hours. After removal of the
1°Ab the samples were washed 3x with 1x TBS. Fluorescent-labeled 2°Ab solution was applied to samples
and incubated o/n, with samples thereafter having minimal light exposure and stored at 4°C. 2°Ab was
removed, washed 3x with 1x TBS. Excess solution was removed from the round glass cover slips and
allowed to dry for 5 min before cover slip addition to microscopy slides with a small drop of ‘ProLongTM
diamond antifade mounting medium DAPI (ThermoFisher). Antibodies used include 1°Abs anti-arginase1 (rabbit polyclonal, anti-mouse arginase-1 specific to C-terminus, 1:400, ab91279, Abcam), anti-β-IIItubulin (mouse monoclonal, anti-mouse, 1:400, [2G10] ab78078, Abcam), and anti-glial fibrillary acid
protein (GFAP) (mouse monoclonal, anti-mouse, 1:200, [GF5] ab10062, Abcam), and 2°Ab’s ([goat antirabbit, Alexa Fluor 488 1:400, #A-11008, ThermoFisher] and [goat anti-mouse, Alexa Fluor 594, 1:400,
#A-11005, ThermoFisher]).

3.7 Blood Amino Acid Analysis
Submandibular blood collections from male mice (nArg1 KO, nes-cre, and Arg1flox [n = 5]) aged
from 12-26 weeks of age were added onto ‘Whatman 903 protein saver cards’ (VWR International). Cards
were stored at -20°C until they were sent for metabolite analysis119. Levels of metabolites were determined
by stride All results are expressed as ± SEM, and statistical analysis was performed utilizing 2-way repeated
measures of ANOVA with post-hoc Sidak analysis on GraphPad Prism 7 (GraphPad Prism) software.
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3.8 Sciatic Nerve Crush Injury (SNCI)
SNCI surgeries were performed blinded to genotype (nArg1 KO: n = 10, nes-cre: n = 12). Male
study mice (10-12 weeks of age) were anesthetized with 2 % isoflurane. Mice had the left hind quarters
shaved and topical iodine was applied. An incision was carefully made at mid-thigh level exposing the left
sciatic nerve, where it was then crushed with smooth forceps for a total of 15 seconds36. Incisions were
closed with surgical staples (Stoelting) and mice were allowed to recover from anesthetic on a heating pad.
Pre-surgery body weights were used as a baseline value to determine post-surgery percent (%) body weight
loss, monitored daily for 7 days post-surgery, followed by intermittent observation over the next 21 days
prior to humane end-points being reached.

3.9 Gait Analysis (DigiGait)
Gait analysis was performed with the use of the DigiGait Imaging System (Mouse Specifics, Inc.).
Video imaging captured the ventral view of mice as they voluntarily ran along a transparent motorized belt
(Figure 2-7, A) at a defined speed. DigiGait software was then used to analyze a minimum of 3 seconds of
captured footage. To enhance the ability of the software to detect red pigment in the paws as mice walk/run
on the treadmill, red food dye was applied to the plantar portion. Study mice were allowed 5-10 minutes of
habituation in the walking compartment (Figure 2-7, A) at 0 cm/sec prior to the treadmill becoming
activated at the defined speed used for gait analysis.
Long-term assessment of nArg1 KO (n = 5-8) analyzed gait phenotype differences and/or temporal
changes compared to the control groups of nes-cre and Arg1flox male mice. Gait indices of interest included
the different phases of a stride and midline axis gait symmetry of male mice from 8-26 weeks of age at a
defined treadmill speed of 20 cm/sec. Results (Figure 4-6) are expressed as ± SEM, and statistical analysis
was performed utilizing 2-way repeated measures of ANOVA with post-hoc Bonferroni analysis on
GraphPad Prism 7 (GraphPad Prism) software.
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SFI was assessed at a defined belt speed of 10 cm/sec in mice that had undergone a SNCI, with
baseline values taken the day prior to injury. nArg1 KO (n=10) experimental and the control nes-cre (n=12)
groups were subjected to SFI analysis every other day for 28 days post-SNCI. A speed of 10 cm/sec was
chosen because higher speeds did not allow for enough reaction time to halt the belt before the injured leg
and hind quarters were compromised in the containment compartment. Normally, this has no effect of the
mouse, but to ensure consistent healing of SNCI, the risk was not taken. Results are expressed as ± SEM,
and statistical analysis was performed utilizing 2-way repeated measures of ANOVA with post-hoc Tukey
analysis on Sigma Plot (Sigma Plot) software.

3.10 Toe-Spread Assay
Assessment of the toe-spreading reflex was used as a second metric to evaluate motor recovery
post-SNCI. Toe-spreading was scored on the ability of mice to fully (score = 2), intermediately (score = 1),
or not spread (score = 0) the digits of the hind limb (Table 2-1). As a control throughout toe-spreading
assessment a score of 2 must be observed on the contralateral (uninjured) paw for it to be valid. To induce
the reflex, mice were placed on a flat surface while the tail was held. Once they appeared to become
habituated to the surroundings, presenting relaxed posture or calm exploratory behavior, the tail was gently
lifted to pull up the hind quarters leaving the fore paws in contact with the surface. This was repeated until
a clear demonstration of the contralateral and ipsilateral toe-spreading ability was observed. This
assessment was performed as repeated measures in tandem with DigiGait analysis and/or weight
assessment. Mice that displayed partial or full toe-spreading ability up to 3-days post-SNCI were removed
from study as an indication of incomplete SNCI. Results (Figure 4-8, B) are expressed as ± SEM, and
statistical analysis was performed utilizing a 2-way repeated measures ANOVA utilizing SigmaPlot
software.
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3.11 Pin Prick Assay
Axonal reinnervation was determined post-SNCI via a sensory response to a stimulatory poke (or
prick) with a fine insect pin (Austerlitz, size:000) to multiple defined regions of the plantar portion of the
mouse hind paw. The assay was scored on a 5-point scale (Figure 2-6), with a positive response defined as:
brisk withdrawal immediately when pricked. The assay begins by pricking the paw in the 5th region twice,
and if no positive response, pricking continues in decreasing numerical values of the paw regions until a
positive response is elicited. The area of the paw where the response were elicited is the score given. If the
mouse does not elicit any response it is scored zero. As a control for this assay, the contralateral hind paw
was also pricked, which should always elicit a positive response at the 5th region. Study mice were
habituated twice for 30 min 1-week prior to SNCI, ensuring a score of ‘5’ before proceeding to SNCI and
collection of baseline measurements. Results (Figure 4-8, A) are expressed as ± SEM, and statistical
analysis was performed utilizing 2-way repeated measures of ANOVA with post-hoc Tukey analysis on
GraphPad Prism 7 (GraphPad Prism) software.
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Chapter 4
Results
4.1 Genotyping of nArg1 KO Mice
Genotyping of nArg1 KO mice was performed utilizing a multiplex PCR (Methods, 3.1). Results
(Figure 4-1) indicate the excision of exons 7 and 8 from Arg1 genomic regions in NS tissues (brain, spinal
cord, DRG) but not in extra-neurological tissues has taken place due to the absence and/or faint ‘flox’
banding (252 bp and 1,200 bp) and the prominent banding ‘KO’ banding (192 bp) indicating tissue specific
gene targeting.

Figure 4-1: Genotyping of nArg1 KO Mouse
Genomic DNA extracted from multiple tissues and genotypes was assessed via multiplex PCR and
amplified products were resolved in a 1 % agarose gel via electrophoresis to determine mouse genotype
and tissue-specific deletion of Arg1 loxP-flanked genomic regions of exons 7 and 8. Deletion of these
genomic regions (Arg1Δ) in nArg1 KO mice (bands in-between DNA ladder #1 and #2) results in the
amplified PCR product of 192 bp (indicated in red as ‘KO’), and no deletion results in the band products
of 252 and 1,200 bp (indicated in black as ‘flox’). The band products of nes-cre mice (right of DNA ladder
#2 [nes-cre (Brain)]) result in the smaller predicted products of 218 and 1,132 bp (indicated in green as
‘[wild-type] WT’), while Arg1flox mice (right of DNA ladder #2 [Arg1flox (Brain)]) produce the ‘flox’ band
products, showing that neither the individual Arg1flox or nes-cre genotypes cause Arg1Δ in brain. (See
‘Figure 3-1, A’ for a visualization of multiplex PCR and genotypes). Both DNA ladders of this figure have
superimposed colored markings to indicate/represent the specific band of the DNA ladder electrophoresed
together with the PCR products to determine PCR product size (bp sizes: 200 [yellow], 300 [cyan], 500
[green], and 1,500 [red]).
40

4.2 Gene Expression Analysis of Arginase-1
Functional Arg1 mRNA expression (transcripts containing exon 7 and 8 of Arg1) was detected by
SYBR green qPCR (Methods, 3.2) from brain, spinal cord, and liver tissues from experimental nArg1 KO
and nes-cre control mice. Results (Figure 4-2) showed a decrease in total functional Arg1 expression in NS
tissues in nArg1 compared to the control group. Endogenous Arg1 expression in NS tissues in control
groups was significantly lower than liver, as expected. Importantly, liver expression of Arg1 did not
significantly differ between groups.
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Figure 4-2: Real-Time qPCR of Arg1 Transcripts Containing Exon 7 and 8
Transcriptional changes of Arg1 were assessed using real-time qPCR methods, performed in brain (n = 47), spinal cord (n = 4-6), and liver (n = 3-6) of mice. Differences in Arg1 expression were determined by
normalizing Arg1 cycle threshold (ΔCt) values to β-actin, represented at ‘0’ on the y-axis with the dotted
line along the x-axis. Statistical significance between groups was determined by two-tailed Student’s t-test
and determined no significant difference between liver genotypes, although a significant difference of spine
and brain between groups of ice were observed (P<0.0001). Values are mean ± SEM. DRG expression (not
displayed on graph) showed no detectable Arg1 expression in nes-cre mice (n = 3).
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4.3 Western blot and Arginase Activity Assay
Western blot analysis and arginase activity assays were performed to determine basal levels and to
detect changes to Arg1 expression and arginase activity from clarified tissue supernatants of experimental
mice (Methods, 3.3). Immuno-blotting with an anti-Arg1 antibody was unable to detect any nervous tissue
expression of Arg1 at 37 kD, and to validate this negative result a liver sample was prepared and
electrophoresed together with these samples as a positive-control for Arg1 (Figure 4-3, A). Liver protein
extracts were also subjected to immuno-blotting to ensure Arg1 expression did not differ between groups
(Figure 4-3, B). These results show no detectable Arg1 in NS tissues, or expression is below the detectable
limit of the assay.
Protein supernatants from a variety of genotypes were also subjected to arginase activity assays
(Methods, 3.4), with the C57BL/6 and nes-cre groups combined (Figure 4-3, C). The liver protein
supernatants from inducible gArg1 KO mice had expectedly significantly lower liver arginase activity than
the other genotypes as it has been previously characterized in our lab and was therefore used as a negative
control for these assays. Liver arginase activity between the other genotypes did not significantly differ.
Nervous tissue samples all displayed low arginase activity and did not differ significantly between
genotypes.
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Figure 4-3: Assessment of Changes to Arg1 Protein Expression and Arginase Activity
Western blots (A, B) and arginase activity assay (C) are shown. Western blots of NS tissues (A) did not
detect Arg1 protein basal expression in any genotypes (40 µg of protein per lane), and this was validated
by a liver Arg1 positive-control (C57BL/6 genotype, 0.5 µg of protein per lane) at 37 kD. Western blot of
liver tissues (B) did not reveal visual difference between genotypes for Arg1 expression. Arginase activity
(C) (n = 2-5) used the inducible gArg1 KO liver supernatants as a control to show diminished arginase
expression; in this assay showing ⁓85% reduction in liver activity that was significantly (P<0.001) different
to the other genotypes assessed. No significant difference was shown between NS tissues (brain and spine).
Values are mean of ± SEM, one-way ANOVA followed with Tukey’s post-hoc test.
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4.4 Fluorescent Immunocytochemistry Detection of Arginase-1 in Primary Neural Cells
Initial attempts were made to characterize Arg1 expression within Arg1flox primary neural cell
cultures derived from pre-natal brains (Methods, 3.5). Neural cell cultures included isolated cortical neurons
and other non-identified cell types. To detect Arg1 expression immuno-fluorescence techniques were
employed, using antibodies specific to Arg1, β-III tubulin (β-III [neuron marker]), and glial fibrillary acidic
protein (GFAP [astrocyte marker]) (Figure 4-4). Due to the absence of Arg1 co-expression with β-III or
GFAP-positive neural cells, further attempts to characterize Arg1 expression in nes-cre and nArg1 KO in
primary cell cultures were not performed.
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Figure 4-4: Immuno-Fluorescence Characterization of Arg1 Expression in Brain-Derived Primary
Neurons and Astrocytes
(A) Arg1 expression (green fluorescence [not present/detected]) in Arg1flox embryonic day 15-21 brainderived neural cells was not co-detected in any β-III- or GFAP-positive (red fluorescence) cells in either
the neural cell or isolated cortical neuron primary cell cultures. Scale bars are 100 microns (µm). To validate
the efficacy of the anti-Arg1 antibody used (Methods 3.6), images captured from Y. Sin, (2018)113 are
shown (B) that demonstrate the positive detection of liver Arg1 expression (green) in wild-type mice
(glutamine synthase [red (GS)]), and the loss of liver Arg1 liver expression in inducible gArg1 KO mice.
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4.5 Long-Term Assessment of Phenotypes in nArg1 KO Mice
Assessment of nArg1 KO mice to identify phenotype differences in comparison to control mice
(Arg1flox and nes-cre) evaluated temporal differences in weight (4-26 weeks of age), blood amino acids, and
gait metrics (12-26 weeks of age) assessed by DigiGait (Methods, 3.7 and 3.9). These results found no
significant differences between experimental group (nArg1 KO) compared to control groups over time
(Figure 4-5 – 4-7).
DigiGait analysis requires voluntary movement of mice. However, mice were sometimes unwilling
to walk along the treadmill which did not allow for useable data collection. As a result, the nes-cre group
had a low final n-value on the final day of assessment at the 26 weeks of age time-point. Therefore, the nescre and Arg1flox groups were combined for all gait metrics, and the combined group was called ‘control
groups’ (Figure 4-7).

Figure 4-5: Body Weight Analysis
Mean body weight in grams measured from 4 to 26 weeks of age did not differ significantly between groups
(nArg1 KO [red], and the control groups of nes-cre [blue], and Arg1flox [green]). Values are mean of ± SEM.
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Figure 4-6: Blood Amino Acid Analysis
Submandibular blood samples collected from mice at each time-point had amino acid concentrations (micro
molar) quantified via liquid chromatography-mass spectrometry analysis. Blood was extracted from 8
nArg1 KO (red) and showed no significant difference compared to the controls groups nes-cre (blue) and
Arg1flox (green), and showed concentrations were in normal ranges. Values are mean ± SEM (n = 5).
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Figure 4-7: DigiGait Gait Analysis
Voluntary locomotion analyzed by DigiGait software of ventral view recordings of mouse movement was
assessed at 20 cm/sec from 8 to 26 weeks of age. Gait indices analyzed include the different hind limb gait
phases of both the swing and stance phases (Methods, 2.5) and gait symmetry in relation to the midline
axis. No statistical difference was found between nArg1 KO and control groups (nes-cre and Arg1flox).
Values are mean ± SEM (n = 5-12).
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4.6 Assessment of Motor and Sensory Recovery Post-Sciatic Nerve Crush Injury (SNCI)
Assessment methods used to determine temporal return of motor functions post-SNCI included
return of toe-spreading reflex (Methods, 3.10), sciatic functional index (SFI) score (Methods, 3.8) analyzed
by DigiGait (Methods, 3.9), and return of sensory function determined by pin prick assay (Methods, 3.11).
Results (Figure 4-8) showed no significant temporal difference in return of sensory function (Figure
4-8, A) as determined by the pin prick assay. Return of motor function showed modest delays of return to
initial baseline measurements (Figure 4-8, B and C). TS scores for the nArg1 KO experimental group
showed a delay of at least 4 days before returning to baseline compared to the control group, nes-cre (Figure
4-8, B). The control group also reached pre-SNCI baseline measurements approximately 21 days postSNCI, while nArg1 KO mice were still progressively returning to baseline values 28 days post-SNCI
(Figure 4-8, C).
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Figure 4-8: Sensory and Motor Functional Assessment Post-SNCI
Return of sensory and function post-SNCI was assessed using a pin prick assay (A) and return of motor
function was assessed by TS assay (B) and DigiGait-analyzed SFI (C). Post-SNCI return of sensory
function assessed by pin prick analysis (A) did not show a significant difference and displayed no temporal
differences in its return to baseline measurement. Delays of return of motor function were seen in the nArg1
KO group of both toe-spread (B) and SFI (C). 2-way ANOVA (B) showed a significant difference between
the groups at 24 days post-SNCI (P < 0.001). (C) 2-way ANOVA followed by post-hoc Tukey test of SFI
scores of genotypes over-time showed statistical significance of the return of SFI (P < 0.05). Day zero (0)
is the baseline value of all functional assessments, recorded the day before SNCI was induced. SFI (C) has
the average left (injured) hind paw SFI baseline value indicated by the dotted line across the x-axis. Values
are mean ± SEM (n = 10-12).
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Chapter 5
Discussion
Arginase-1 has been shown to be prominently expressed in the NS during the stages of embryonic9
and post-natal11,10 development and significantly upregulated post-injury in the NS36. ARG1D leads to a
host of unique neurological impairments compared to other UCDs, which may include: growth and
intellectual retardation, and progressive spasticity of the limbs leading to gait abnormalities6,120. Because
of this, ARG1 has been previously inferred to be a crucial neurobiological enzyme.
The purpose of this study was to elucidate a possible neurobiological role of arginase-1 in neural
cells. To achieve this the nArg1 KO transgenic mouse model was generated (Section 2.6.1), characterized
(Results, 4.1 – 4.3), and subjected to an array of tests to determine if any development phenotypes were
present (Results, 4.5) and if there were any temporal differences in axonal regeneration compared to control
groups (Results, 4.6). Characterization of the nArg1 KO transgenic mouse model showed genetic loss of
targeted functional regions of Arg1 and functional mRNA expression of Arg1 decreased in NS tissues
compared to control mice. Immuno-detection methods failed to detect Arg1 expression in protein
supernatants of NS tissues and primary cell cultures. Moreover, arginase enzyme activity levels were
extremely low in all study mice NS tissues. These Arg1 protein expression results were unexpected based
on previous literature11,9.
Long-term assessment of gait, blood amino acids, and body weight detected no significant
differences between study mice. Additionally, results from tests to assay differences of the temporal return
of limb functionalities post-SNCI detected no significant difference of return of sensory function, but
modest delays in the return of motor function of the nArg1 KO mice. The results from this study indicate
that neural cell arginase-1 expression is not vitally important during the stages of development or to overall
recovery from SNCI.
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5.1 Characterization of the nArg1 KO Mouse Model
The work detailed in the first part of this thesis (Results, 4.1 – 4.4) aimed to characterize the nestin
promoter-driven loss of Arg1 in the nArg1 KO mouse model through PCR genotyping, and mRNA and
protein analysis of arginase-1 expression compared to basal arginase-1 expression of control study mice.
Genotyping results (Results, 4.1) were as expected. Initial characterization of study mice involved
the PCR genotyping of tissues to determine NS-specific KO of Arg1 by the presence of a (192 bp) KO band
and the absence of WT banding (252 bp and 1200 bp) (Figure 4-1). Faint KO banding of non-nervous tissue
was a predicted outcome for several reasons. Firstly, previous studies reported that subpopulations of
mesodermal progenitor cells of the heart121 and kidney115 express nestin. Secondly, intrinsic integration of
neural cells from early developmental periods and innervation post-natally such as in the enteric NS of the
gastrointestinal tract, would lead to band detection in stomach, and large and small intestines (Figure 4-1).
The possible loss of Arg1 expression in heart or kidney tissues would not be expected to have any significant
implications in this mouse model based on previous studies that have shown Arg2 to be more prominently
expressed in kidney10, and that basal arginase expression in the heart may not have an important role33,122,123.
Analysis of arginase-1 mRNA and protein expression in NS tissues showed a decrease of expressed
Arg1 mRNA in nArg1 KO mice (Results, 4.2), but undetectable Arg1 protein expression and minimal levels
of arginase activity (Results, 4.3). This Arg1 expression result aligns with other studies that have detected
Arg1 expression in neural cells of the CNS, and that cell types of the mature DRG do not express Arg111.
Arg1 expression (Results, 4.3 – 4.4) results did not align with past studies which had detected Arg1
expression in neural cells8,10, and arginase activity between mouse genotypes did not significantly differ.
This indicates that if there is indeed Arg1 expression in neural cells as previously reported8,10, the expression
of Arg1 is miniscule in mice. To further validate the negative basal expression of Arg1 in the NS (Figure
4-3, A and B), additional assessments utilizing the same immune-detection methods (Methods, 3.3 – 3.6)
should be performed with the use of alternate and multiple well-defined monoclonal anti-Arg1 antibodies.
Although no positive Arg1 expression was detected in pre- and post-natal basal expression, our anti-Arg1
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polyclonal (p)1°Ab (ab91279, Abcam) did consistently detect non-specific signal at approximately 34 kDa
and 20 kDa. What has not been previously explored is the possibility of differentially expressed arginase,
which may be affected by differential pre- and post-translation modifications in extra-hepatic tissues. The
possibility that the anti-Arg1 p1°Ab possesses non-specific affinity to epitopes of unknown antigens is a
more likely cause for these unidentified bands. The miniscule amount of arginase activity and nonsignificant change between genotypes determined by the arginase activity assays (Figure 4-3, C) increases
confidence that these Western blot results (Figure 4-3, A and B) are indeed true, and that there is little to
no catalytically active Arg1 expressed, and the minimally detected arginase activity is most likely due to
Arg2. Therefore, additional analysis should be performed to confirm these contradictory results of an
absence of Arg1 expression in the NS.

5.2 Long-term Assessment
Long-term assessment (Results, 4.5) of nArg1 KO mice compared to the control groups (nes-cre
and Arg1flox) of weight (Figure 4-5), blood amino acid levels (Figure 4-6), and gait metrics (Figure 4-7)
were non-significantly altered for all parameters.
Our early hypotheses predicted a growth retardation phenotype of these nArg1 KO mice. It was
speculated that loss of Arg1 expression in neural cells within the feeding centers of the brains and/or in the
neural cells that innervate the gastrointestinal tract could influence the feeding response and possible
accounted for the weight loss observed in the gArg1 KO mice17,112. Compared to controls, body weight was
normal throughout development (Figure 4-5), and all genotypes were visually indistinguishable throughout
all post-natal periods. This shows that alterations of amino acids or other metabolites caused by loss of liver
Arg1 expression, rather than NS, is the cause of weight loss and potentially feeding behavior, and that
neural Arg1 expression is not involved in this process.
Blood amino acid concentrations of the nArg1 KO mice compared to control groups were not
expected to be significantly altered nor to temporally change. This is because of the preserved Arg1 liver
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expression, where amino acid synthesis and metabolism is most important20,114. However, as previously
reported in the rare instances of LT to treat ARG1D, serum arginine levels remain slightly elevated posttreatment, and were speculated to be a result of extra-hepatic ARG1D34. These results elude to the nonsignificant contribution blood amino acid alterations due to loss of neural Arg1. Because of this, and no
confirmation of neurological phenotypes presenting in the nArg1 KO mouse, cerebrospinal fluid was not
analyzed for amino acid alterations.
Temporal gait assessment of nArg1 KO mice compared to control groups (8-26 weeks of age)
showed the selected metrics of a full stride, along with the mid-line axis symmetry to be non-significantly
altered between groups, all within normal ranges, and did not progressively alter temporally as hypothesized
(Figure 4-7). This result provides further confidence that the gait phenotypes of ARG1D are the
consequences of loss of liver ARG1 expression, and that neural ARG1D does not contribute to these
neurological phenotypes.

5.3 SNCI
The SNCI performed on the nArg1 KO mice and the nes-cre control group assessed the return of
both motor and sensory function post-injury. Sensory function showed full recovery in both groups at the
time point of 16-days post-SNCI, with a nearly indistinguishable and non-significant rate of return from the
day of initial baseline values (Figure 4-8). This return of sensory function to all regions of the paw provides
evidence of nearly identical axon reinnervation rates post-injury. Motor function was assessed by the return
of baseline TS assay and SFI scores post-SNCI. TS assay results showed the full return of TS capabilities
of the control group 4-days sooner than nArg1 KO mice at day-24, with a significant difference between
groups at that time point. SFI scores compliment the TS assay results with the control group reaching SFI
baseline scores by day 24. Although, SFI results differed in that nArg1 KO mice did not return to their
initial baseline levels. When interpreting these results, limitations of the TS assay should be taken into
consideration. Its main limitations are the broad scoring parameters, which are based on three different
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metrics of spreading ability (Table 2-1) and possible experimenter visual errors. When the TS ability of
mice are on the cusp of being a score being either 0 or 1, or 1 or 2, it can be very difficult to differentiate
and give a visual score with absolute confidence. And as seen in (Table 2-1), in the ‘score of 1’ image, it
may be difficult to determine whether that is a score of 1 or a 2 by visual observation alone. Because of the
broadness of the scoring parameters, the TS assay may be considered a close approximation of the return
of motor function. More sensitive methods of TS detection, such as the SFI determined by DigiGait
(Methods, 3.9), were done in tandem. Despite these limitations, the TS assay confirmed general rate of
motor recovery post-SNCI, similar to the SFI score results.
SFI results (Figure 4-8, C) showed significant temporal differences between genotypes of SFI
scores at day-14 to the end-point of the study. In addition, the control group reached baseline values by
day-24, and nArg1 KO mice did not regain initial baseline SFI values. This delay of motor function may be
due to many possibilities such as a lower percentage of axons innervating, incomplete innervation of
intramuscular junctions, or insufficient remyelination post-injury, but these results are unable to determine
the exact cause. Methods to assess these possibilities should be investigated in order to understand this
delay of the return of motor function.
Arginase-1 expression has previously been shown to improve axonal regeneration due to indirect
promotion of regenerative molecules, namely polyamines15, which require ornithine for their synthesis. The
addition of certain polyamines in vitro14,124 or in vivo125 also has similar effect of initiating and promoting
axonal regeneration. This indicates that, although ARG1 may still be expressed in neural cells post-SNCI
for the indirect synthesis of polyamines, ornithine production is able to be derived from alternate sources
and that arginase-1 expression in neural cells is not pivotal for axonogenesis and axonal regeneration.
Alternatively, instead of neural cells driving axon regeneration by Arg1 expression, it is more likely to be
infiltrating alternatively activated (M2) macrophages, which can be identified by high expression of
arginase-188. These Arg1 expressing infiltrating immune cells may play a large role in axon regeneration
by supplying extracellular ornithine and/or polyamines to damaged neural cells. Interestingly, exosomal
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communication has been reported between damaged neurons and infiltrating macrophages post-PNI126, with
level of arginase-1 expression by macrophages being modulated by neuron-produced exosomal cargo.
Because of this, arginase-1 expression may still be pivotal for axonal regeneration post-NS injury, but Arg1
expression does not need to be derived from neural cells post-SNCI.

5.4 Conclusions and Future Directions
In summary, the congenital loss of neural arginase-1 expression resulted in no significant impact
on the analyses performed to detect neurological phenotypes in the nArg1 KO mouse model compared to
controls. These results elude to the non-significant role of arginase-1 expression in neural cells of mice
during critical developmental periods, and importantly, indicate that the neurological clinical
manifestations of ARG1D is the consequence of liver ARG1D and the resulting toxic metabolic
environment. However, species differences could exist. Early diagnosis and careful monitoring of treatment
of ARG1D gives patients the highest chance to avoid developing neurological phenotypes. The return of
adequate hepatic ARG1 expression is important, and continued research is necessary. Restoring liver ARG1
expression in ARG1D patients should be a focus of future investigations, although restoring ARG1
expression in other non-hepatic tissues may still be important in humans.
This same nArg1 KO mouse model was used to assess if Arg1 expression in neural cells is
significant for axonal regeneration post-SNCI. Results revealed no significant difference in the temporal
reinnervation rate of nerve fibers determined by the return of sensory function of study mice. Although,
modest delays of motor functions of nArg1 mice were observed, showing that arginase-1 expression in
neural cells may promote faster and more complete recovery post-SNCI. What has not been determined in
this study is the cause of the modest delay of the return of motor function, which should be investigated in
the future. Along with this, more sensitive immuno-detection methods to identify Arg1 expressing cell
types at key time-points post-SNCI should be employed.
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Continued research of ARG1D should focus on the liver deficiency of ARG1 based on these results
that indicates that neural loss of Arg1 expression may be a non-significant factor of neuropathogenesis.
Human hepatocytes with normal ARG1 expression have recently been implanted into immunodeficient
gArg1 KO mice with successful long-term survival114. This should be duplicated with the transplantation
of human hepatocytes from ARG1D patients that have had the ARG1 mutant allele(s) corrected utilizing in
vitro gene editing techniques. Successful application of this experimental technique to treat ARG1D would
reintroduce the patient’s own corrected cells back into the body, therefore eliminating the need for life-long
immune suppressive therapy and would effectively cure the patient of ARG1D. If successful, this same
technique could in theory be utilized to treat other UCDs.
What may also be concluded from this study is that Arg1 expression in neural cells is not required
for axonal regeneration, but may aid in more complete post-nerve injury motor function recovery. The role
of arginase-1 expression in axonal regeneration is still an interesting avenue to explore with many
unanswered questions, including the cause for the delay of motor function recovery post-SNCI that was
observed in this study. Future investigations of Arg1 expression and axonal regeneration should aim to
investigate the role of M2 macrophages. Although Arg1 analysis at key time-points post-SNCI was not
performed in this study, past research has shown that the highest localized expression of arginase-1 at the
site of injury is by infiltrating M2 macrophages127,128, and because of this Arg1 expression may still play an
important role in axonal regeneration.
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