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Alzheimer’s disease (AD) includes several hallmarks comprised of amyloid-8 (AB)
deposition, tau neuropathology, inflammation, and memory impairment. Brain
metabolism becomes uncoupled due to aging and other AD risk factors, which
ultimately lead to impaired protein clearance and aggregation. Increasing evidence
indicates a role of arginine metabolism in AD, where arginases are key enzymes in
neurons and glia capable of depleting arginine and producing ornithine and polyamines.
However, currently, it remains unknown if the reduction of arginase 1 (Arg1) in myeloid cell
impacts amyloidosis. Herein, we produced haploinsufficiency of Arg7 by the hemizygous
deletion in myeloid cells using Arg1™" and LysMcre’®* mice crossed with APP Tg2576
mice. Our data indicated that Arg7 haploinsufficiency promoted AB deposition,
exacerbated some behavioral impairment, and decreased components of Ragulator-
Rag complex involved in mechanistic target of rapamycin complex 1 (mTORC1) signaling
and autophagy. Additionally, Arg7 repression and arginine supplementation both impaired
microglial phagocytosis in vitro. These data suggest that proper function of Arg7 and
arginine metabolism in myeloid cells remains essential to restrict amyloidosis.

Keywords: Alzheimer’s disease, neuroinflammation, arginine metabolism, macrophage, microglia, phagocytosis,
cognition, Tg2576
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INTRODUCTION

Arginine metabolism associates with numerous biological
pathways. The impact of arginine levels and arginine signaling
warrants further consideration in Alzheimer’s disease (AD)
because of its high demand for multiple metabolic pathways and
recent discoveries of mMTORCI activation associated bona fide and
putative arginine sensors that locate at the lysosome [SLC38A9 (1),
TM4SF5 (2)], cytoplasm [CASTORSs (3)], and plasma membrane
[GPRC6A (4)]. In this respect, properly coordinated arginine
metabolism remains critical for linear coupling of signaling
events linked to nutrients/amino acids sensing and mTORC1
regulation and could be particularly important for immune cells
during neurodegeneration. In addition to arginine’s role as a
substrate for protein synthesis and arginine sensors, at least five
enzymes catabolize arginine including arginase 1,2 (ARG1, ARG2),
nitric oxide synthases 1, 2, 3 (NOSI, 2, 3), arginine decarboxylase
(ADC), arginine/glycine amidinotransferase (AGATI), and
arginyltransferase (ATEI), suggesting a critical role for numerous
biological processes (5, 6). Therefore, Argl may control the degree
to which proteolysis occurs, protein turnover, and thus impact
proteinopathies. Dysmetabolism of arginine and polyamines were
among the most altered in mild cognitive impairment (MCI) and
AD patient blood samples (7-9), cerebral spinal fluid (CSF) (9, 10)
and postmortem brain tissues (11-14). Alterations in arginine
metabolism were also observed in mouse models of A} and tau
deposition (15-19) and in vitro models (20). However,
experimental manipulations and animal models concluded
different outcomes regarding arginine metabolism in
neuropathology (16, 17). Other reports indicated that a potential
rare arginase 2 allele was linked to an increased risk of AD (21).
These reports signify a relationship between arginine metabolism
and AD.

Balanced compartmental arginine levels are necessary for
normal physiology and likely require cell type specific demands
for proper functioning. Several reports link Argl to microglia/
monocyte wound repair and phagocytosis (22, 23). A previous
study by our group showed that Argl overexpression decreased
neuroinflammation and tau pathology in a tauopathy mouse
model (17). Another group reported Argl positive microglia
were responsible for reducing AP plague deposition during
sustained neuroinflammation in an amyloidosis mouse model
(24). Monocytes and other peripheral myeloid cells were found
to infiltrate the brain and home to AP deposits, thus ameliorated
amyloidosis pathology (25, 26). However, the impact on AP
deposition following the myeloid-specific deletion of Argl
remains unknown. We determined to assess how the
haploinsufficiency of Argl in myeloid cells impacts the brain
during amyloidosis using conditional LysMcre deletion in APP
Tg2576 transgenic mice. We performed immunohistochemical
analysis, mouse behavioral assessments, and biochemical
analysis in mice of amyloidosis and Argl haploinsufficiency.
We also performed in vitro microglia phagocytosis assays
following Argl reduction and arginine supplementation. Our
data indicate a critical function for proper arginine and Argl
levels during amyloidosis.

MATERIALS AND METHODS

Animal Husbandry

The Tg2576 mice carrying a heterozygous allele for human
APP KM670/671NL Swedish mutation and non-transgenic
(nTg) littermates were bred at the University of South Florida
under Dave Morgan and Marcia Gordon. Cre-recombinase
mice (B6.129P2-Lyz2"™"fo/J; [ ysMcre promoter, Stock
No: 004781) and Argl mice (C57BL/6-Argl™P™*} (Argl"),
Stock No: 008817) were purchased from the Jackson
Laboratory. The APP Tg2576 mice (APP*'7), Argl floxed
mice (ArgF"™), and LysMcre™* were bred according to the
published protocol (27). Therefore, we created four groups
including: nTg/Argl™*/LysMcre"¥* (n = 17, nine males/
eight females), nTg/Argl’"*/LysMcre™* (n = 22, 10 males/12
females), APP™"/Argl™*/LysMcre™®" (n = 8, four males/four
females, APP™~/Arg"*/LysMcre™* (n = 10, seven males/
three females).

Behavioral Testing

All mice were aged at 15 months and subsequently exposed to a
series of behavioral tasks to evaluate cognition and general activity.
All tests were executed in order of increasing stress with appropriate
break time between tests to avoid any lingering effects of previous
experimental conditions. The experimenter was blinded to the data
and experimental groups. The video tracking software ANY-maze
(version 4.99, Stoelting Company, Wood Dale, IL) was used.

Open Field

Open field test (Ugo Basile S.R.L., Italy) was performed to
measure general ambulatory activity and anxiety-related
behaviors. After a 30-min procedure room acclimation period,
mice were allowed to investigate the 44 cm® maze for 15 min
while being recorded by ANY-maze. The locomotive activity was
measured for total distance traveled and total time immobile.
Anxiety-related behavior was measured by time in the center
zone. Increased thigmotaxis indicates anxiety-related behavior
and suggests an increased anxiety level.

Y-Maze

The Y-maze test (Ugo Basile S.R.L., Italy) was used to calculate
spontaneous alternation to measure spatial working memory and
anxiety. Mice were permitted to freely travel the maze (35 cm X
5cm x 10 cm; L x W x H) for 5 min, while all movements
recorded by ANY-maze. Alternation occurs if a mouse entered a
different arm during three consecutive entries. The percentage of
alternation was calculated (number of alternations divided by the
total number of entries minus two). The decreased percentage of
alternations suggests impaired working memory.

Radial Arm Water Maze

We performed a radial arm water maze (RAWM) based on the
previous protocol with minor changes (28). In brief, six
swimming arms are extending from the center. Only the goal
arm contains the escaping platform at the end. Each arm is
associated with an obvious visual cue in the surrounding
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environment. On day 1, mice were trained with constant
alternating between visible and hidden platforms with the
same goal arm for 15 trials. On day 2, mice were exploring the
arms with only the hidden platform located at the same goal arm
as day 1 for 15 trials. On day 3 (reversal), the platform was
hidden at the goal arm opposite to that used on day 1 and day 2
and mice explored the arms for 15 trials. One error is counted if
the mouse explores an arm that is different from the goal arm. An
approximate average cohort size of 16 per day was designed and
mice in the same cohort ran through each trial sequentially. The
average and total errors for three continuous trials are calculated
into five blocks over three days.

Aversive Conditioning

We performed contextual and cued fear conditioning test to
measure the animal ability to learn and recollect links between
environmental cues and aversive experiences. For this test, an
auditory conditioned stimulus (CS, white noise, 70 dB) was
accompanied by an unconditioned aversive stimulus (US, a
mild foot shock, 0.5 mA) in a novel environment. On day 1
(Training), we placed mice in the fear conditioning apparatus for
180 s, then a 30 s CS was delivered with the US on the metal floor
grid during the final 2 s. The training comprised of two CS,
paired with two US, with a 2 min interval in between. On day 2
(24 h post-training), we placed mice in the apparatus, with no
cues or stimulus (context fear conditioning), for 60 min while
monitored for freezing. Directly after contextual testing, we
placed the mice into a novel context and exposed them to CS
for 180 s (cued fear conditioning). Freezing behavior related to
both contextual and cued stimuli were used to assess learning
and fear associated recall.

Immunohistochemistry

We performed immunohistochemistry on free-floating 25 pum
sections as previously described (29). At 16 months of age,
following all behavioral testing, mice were humanely
euthanatized using Somnasol (provided by USF vivarium) and
transcardially perfused with 0.9% normal saline. Post perfusion,
one hemisphere of the brain was fixed in 4% paraformaldehyde
in 100 mM phosphate bufter (pH 7.4) for 24 h while the
remaining hemisphere was dissected and stored at —80°C.
Cryoprotection was achieved by sequential immersion in 10,
20, 30% of sucrose for 24 h each. Using a sliding microtome,
brains were sectioned, placed in DPBS containing 100 mM
sodium azide (Sigma-Aldrich, #S2002), and stored at 4°C. The
primary antibodies and reagents were used: rabbit anti-f-
amyloid (AP) 1-43 (Covance, #Sig-39145); rabbit anti-Af 1-42
(Covance, #Sig-39142); rabbit AP 1-40 (Covance, #Sig-39146);
rabbit anti-A 1-38 (BioLegend, #808603); rabbit anti-IBA1
(Wako Chemicals, #016-26461); and rat anti-mouse CD68
(AbD Serotec, #MCA1957).

Detection of Congophillic Deposits

We performed Congo red histology as described previously (30).
Briefly, brain sections were mounted and submerged for 20 min
in alkaline sodium chloride, then incubated in 0.2% Congo Red

solution (Sigma-Aldrich), Congo Red staining kit #HT60-1KT)
for 30 min Sections were then rinsed in 95 and 100% ethanol,
cleared in xylene for 15 min, and coverslipped with DPX
mountant (Electron Microscopy Sciences). Statistical analysis
was performed for total, vascular, and parenchymal AP loads.

Protein Preparation for Biochemical
Analysis

We prepared protein samples for ELISA and western blotting
from the frozen anterior cortex and posterior cortex as
previously described (17). Tissues were weighed and
resuspended in RIPA buffer (50 mM Tris pH 7.6, 140 mM
NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) at 10%
wt/vol, containing a 1% vol/vol protease inhibitor cocktail
(Sigma-Aldrich, #P8340), phosphatase inhibitor cocktail
2 (Sigma-Aldrich, #P5726), phosphatase inhibitor cocktail 3
(Sigma-Aldrich, #P0044), and PMSF (Sigma-Aldrich,
#10837091001). Tissues were mechanically homogenized and
sonicated to obtain the whole cell lysate. An aliquot of the whole-
cell lysate was centrifuged for 30 min at 40,000 g (4°C).
Supernatant detergent soluble (S1) was collected. The resulting
pellet became a P1 fraction. The protein concentration of whole-
cell lysate and S1 fraction was measured by Pierce' " BCA Protein
Assay Kit (Thermo Fisher Scientific, Thermo Scientific',
#23225) according to the manufacturer’s protocol. The P1
protein fraction was resuspended in 70% formic acid using
20% volume of whole-cell homogenate aliquot, then incubated
for 1 h at room temperature. Formic acid was buffered with 1M
Tris (pH 7.5) using 25% volume of formic acid. A final pH value
at 7.5 was adjusted using NaOH solution (50% w/w) to create the
detergent insoluble, formic acid (FA) fraction.

L-Arginine Quantification

Whole-cell lysate samples prepared from the mouse posterior
cortex were subjected to liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS/MS) using a standard
curve of specific amino acid analytes. Quantification of L-
arginine was performed by Sanford Burnham Prebys (Orlando,
FL, USA).

AB 40 and AB 42 ELISA

We measured the concentrations of AP 40 and AP 42 from the
aforementioned detergent soluble S1 and detergent insoluble FA
P1 fraction of anterior cortex protein lysate using the A 1-40
and 1-42 specific sandwich ELISA kit (Mega Nano Biotech. FL,
USA). In brief, we coated each well of a 96 well plate with 50 ul of
goat anti-human AP 1-42 antibody (MegaNano BioTech Inc.,
AB-001) diluted in 1x PBS at 10 pug/ml and incubated overnight
at 4°C. We washed the plate five times and blocked it in 200 pl
blocking buffer at 37°C for 1 h. After washing the plate, 50 pl
diluted detection antibodies anti-A 40 (MegaNano BioTech
Inc., Ab40-002) or anti-AB 42 (MegaNano BioTech Inc., AB42-
002) were mixed with either 50 pl diluted peptide standard
solution or diluted samples in a preparation plate before
loading to the assay plate. Then we incubated the plates at 4°C
overnight. The next day, we washed first and then added 100 pl
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of diluted secondary antibody into each well and incubated for 45
minutes on an orbital shaker at room temperature. The plate was
then washed four times before applying the TMB peroxidase
substrate (Surmodics, Inc., TMBS-1000), then the plates were
incubated at room temperature for 10 min. The reaction was
ended by adding 100 ul/well of 0.4 M H,SO,4. Absorbance at
450 nm was measured with a BioTek Synergy H4 microplate
reader. The final concentration was calculated based on
peptide standards.

Western Blotting

We performed western blotting analysis as previously described
(17). Briefly, 30 pg of detergent soluble S1 protein was loaded to
measure the relative abundance of the protein target. Protein
samples were loaded onto the Novex'" 4 to 20% Tris-Glycine
Plus 20-well Midi Protein Gels (1.0 mm, Thermo Fisher
Scientific, Invitrogen' ", #WXP42020BOXA). For a given
probing target, all groups of mice were loaded to the same gel
including resolving, transferring, and exposure. The following
primary antibodies were used: Anti-Liver Arginase (abcam,
#ab124917), LAMTOR2 (Cell Signaling Technologies, #8145),
LAMTORS3 (Cell Signaling Technologies, #8168), LAMTOR4
(Cell Signaling Technologies, #12284), RagA (Cell Signaling
Technologies, #4357), and anti-fB-actin antibody (Sigma-
Aldrich, #A5441). Densitometric analysis was performed using
AlphaEase software (Alpha Innoch, CA, US).

Quantitative Real-Time PCR

We extracted total mRNA from cryopreserved hippocampal
tissues using AllPrep DNA/RNA/Protein Mini Kit (QIAGEN,
#80004) according to the manufacturer’s protocol. For gRT-PCR
analysis, we probed the mouse Argl mRNA from the
hippocampal tissues of the aforementioned four mouse groups.
The cDNA was generated using the Superscript " III First-
Strand S};nthesis System (Thermo Fisher Scientific,
Invitrogen M, #18080051). The QuantiTect Primer® Assay
was used for mouse Argl gene transcripts (QIAGEN,
Mm_Argl_1_SG, #QT00134288, Lot# 229462537; IDT, Actin,
Mm.PT.39a.22214843.g) along with SYBR® Green Quantitative
RT-qPCR Kit (Sigma-Aldrich, #QR0100-1KT). We used a
standard curve from a pool of all genotypes to span three logs
of dynamic range. Melt curve analysis was performed for primer
validation. We used the Opticon 2" Real-Time PCR System
(v4.3, Bio-Rad) to detect amplicon.

Primary Microglial Culture

All cells were maintained in a humidified cell culture incubator
(FormaTM Series II 3110, Thermo Fisher Scientific, Thermo
Scientific'™") with 5% CO, at 37°C. Primary microglia from 6-
month-old non-transgenic rats (n = 6, three males/three females)
were dissociated as described previously except that we used rat
CD11b magnetic microbeads (Miltenyi Biotec, #130-105-634)
for the final isolation step (31). Primary microglia were plated at
1.0*10° cells/well on a 6-well plate and maintained in a complete
medium using DMEM/F-12 (Thermo Fisher Scientific, Gibco®,
#11320082), supplemented with 10% heat-inactivated fetal

bovine serum (Sigma-Aldrich, #12306C, Lot#17H093), 1%
GlutaMAX ™1 (200 mM, Thermo Fisher Scientific, Gibco®,
#35050061), and 1% Penicillin-Streptomycin (10,000 U/ml,
Thermo Fisher Scientific, Gibco®, #15140122). For arginine
supplementation experiments, we added L-arginine (3 mM or
10 mM; Sigma-Aldrich, #W381918-1KG) at 24 h post-plating
primary microglia. The control cells were not supplemented with
excess L-arginine and kept at the arginine concentration (0.699
mM) in the basal medium. Then 48 h post L-arginine incubation,
we performed a pHrodo phagocytosis assay (see below).

Microglial Cell Line Culture

Highly aggressively proliferating immortalized (HAPI) rat
microglial cell line was purchased from MilliporeSigma
(#SCC103) and regularly split into a new 75 cm” sterile flask
two to three times a week before reaching 80% confluence. HAPI
cells were grown in a complete medium using DMEM (Thermo
Fisher Scientific, Gibco®, #11965167), supplemented with 5%
heat-inactivated fetal bovine serum (Sigma-Aldrich, #12306C,
Lot#17H093), 1% GlutaMAX'"-I (200 mM, Thermo Fisher
Scientific, Gibco®, #35050061), 1% MEM Non-Essential
Amino Acids Solution (100x, Thermo Fisher Scientific,
Gibco®, #11140050), and 1% Penicillin-Streptomycin (10,000
U/ml, Thermo Fisher Scientific, Gibco®, #15140122). For siRNA
transfection, we plated HAPI cells at 17 k cells/well on a 24-well
plate, then 48 h later when cells were 50-60% confluent, we
transfected with either siGLO green oligonucleotide transfection
indicator (Dharmacon, #D-001630-01)), non-targeting siRNA
(Dharmacon, #D-001210-05-05), or rat specific Argl siRNA
(Dharmacon, #M-091161-01-0005) using TransIT-X2®
Transfection Reagent (Mirus, #MIR6003) according to the
manufacturer’s protocol. We performed the pHrodo phagocytosis
assay 48 hours post-transfection.

Primary Macrophage Culture

Bone marrow derived macrophages (BMDMs) were isolated
from the femurs and tibias of nTg/Argl™" mice, nTg/Argt™"
mice and nTg/Arglﬂ " /LysMcre™" mice at 3-6 months of age.
Bones were flushed with a syringe filled with cold washing media
(RPMI 1640 supplemented with 10% FBS and 1% penicillin/
streptomycin) to extrude bone marrow into a sterile falcon tube.
The bone marrow was then triturated three times using syringes
fit with 18 gauge needle and then centrifuged at 1,000 rpm for
5 min at 4°C. After decanting the supernatant, red blood cells
were lysed in lysis buffer (0.15 mol/L NH4Cl, 10 mmol/L
KHCO3, and 0.1 mmol/L Na2EDTA, pH 7.4) for 3 min. The
remaining cells were washed and pelleted in washing media, then
resuspended in BMDM differentiation media (RPMI 1640
supplemented with 1% penicillin/streptomycin, 1% HEPES,
0.001% p-mercaptoethanol, 10% FBS, and 20% supernatant
from sL929 cells-provides macrophage colony stimulating
factor) (32). BMDM cells were plated in T75 flasks at 5-8 x
10° cells/ml. Cell culture media was changed on post days of 2, 4,
and 6, and then cells were re-plated at the density of 1 x 10° cells/
ml on day 7 in differentiation media without sL929 supernatant.
The following day, BMDMs were stimulated with LPS (100 ng/ml;
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Invitrogen) + IFN-gamma (20 ng/ml; eBioscience), IL-4 (20
ng/ml; eBioscience), or LPS (50 ng/ml) + IL-4 (20 ng/ml) in
Neuro-2a growth medium or differentiation media without
sL929 supernatant as previously described (33). Azithromycin
(AZM, Sigma PHR1088, 25 uM) was added to the BMDMs at the
time of stimulation. Unstimulated BMDMs were maintained in
the appropriate growth medium as controls. 24 h post
stimulation, the supernatant of the stimulated macrophages
(macrophage conditioned media) was collected and centrifuged
to remove the cell debris before being applied to Neuro-2a cells
for the measurement of neurotoxicity. BMDM cell lysates were
used to assess arginase activity using the QuantiChrom Arginase
Assay Kit (Bioassay Systems DARG-200) according to the
manufacture’s protocol.

Neurotoxicity Assay

Neuro-2a cells were cultured in growth media which contains
45% DMEM and 45% OptiMEM Reduced-Serum Medium (Life
Technologies) supplemented with 10% FBS and 1% penicillin/
streptomycin. Experiments were carried out using Neuro-2a cells
within 12 passages. Neurotoxicity was assessed after Neuro-2a
cells were seeded in 96-well plates at a density of 2 x 10° cells/ml
for 24 h in Neuro-2a growth media. Then Neuro-2a growth
media were replaced by different stimulated macrophage
conditioned media for 24 h. The cell viability was measured by
using MTT assay (Sigma-Aldrich) according to the manufacturer
instructions and as described previously (34).

Phagocytosis Assay

We performed the phagocytosis assay using the pHrodo ™ Green
E. coli BioParticles'" Conjugate for Phagocytosis kit (Thermo
Fisher Scientific, InvitrogenTM, #P35366) according to the
manufacturer’s grotocol. Briefly, we resuspended pHrodo'" E.
coli BioParticles™ conjugates at 1 mg/ml buffer in sterile PBS (pH
7.4). We replaced the culture medium with the BioParticles®
suspension at 50 pl per well. Cells were incubated at 37°C for
90 min. We harvested single live cells using Trypsin-EDTA
(0.05%, Thermo Fisher Scientific, Gibco®, #25300054) and
measured the fluorescence using an Accuri® C6 flow cytometer
(BD Biosciences, Serial Number 2986).

Statistical Analysis

We performed all statistical analyses using SPSS (version 25.0, IBM Corp.,
Armonk, NY, USA) and generated all graphs using GraphPad Prism
(version 80.0, GraphPad Software, San Diego, CA, USA). Values were
represented as mean + SEM. A two-way ANOVA of 2 x 2 factorial
analysis was used to determine simple main effects of APP transgene
genotype (APP™"/LysMcre™" vs nTg/LysMcre'¥") and Argl
haploinsufficiency genotype (Argt"*/LysMcre™* vs Argl™*/LysMcre'®")
as well as the interaction of the two genotypes, followed by pair-wise
comparisons for each genotype. An unpaired Students t-test was utilized
for two-group comparison (APP”~/Argt"*/LysMcre™®* vs APP*"/Argl”
*/LysMcre™”), such as for measurements of AB, which is not present in
non-transgenic animals. Two-way ANOVA followed by Dunnett’s or
Sidak’s multiple comparison tests were applied in analyzing experiments
using bone marrow derived macrophages.

RESULTS

Arg1 Insufficiency in Myeloid Cells
Promotes Diffuse AP Deposition

To assess how Argl insufficiency in myeloid cells impacted
amyloidosis, we crossbred LoxP Argl (ArgF") mice with
transgenic APP Tg2576 mice (APP™") to generate APP™7/
Argl™? and APP™'7/ArgI'™™ (non-transgenic, nTg) mice.
These mice were bred with the Cre deleter strain (LysMcreTg/ ).
Mice knocked in allele of LysMcre harbor a Cre recombinase gene
inserted at the lysozyme 2 gene (Lyz2) initial ATG coding
sequence. The Lyz2 promoter targets myeloid lineage cells,
mostly macrophages, but also a certain percentage of microglia
(35-37). Al