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Sustained Arginase 1 Expression Modulates Pathological Tau
Deposits in a Mouse Model of Tauopathy
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Tau accumulation remains one of the closest correlates of neuronal loss in Alzheimer’s disease. In addition, tau associates with
several other neurodegenerative diseases, collectively known as tauopathies, in which clinical phenotypes manifest as cognitive
impairment, behavioral disturbances, and motor impairment. Polyamines act as bivalent regulators of cellular function and
are involved in numerous biological processes. The regulation of the polyamines system can become dysfunctional during disease
states. Arginase 1 (Arg1) and nitric oxide synthases compete for L-arginine to produce either polyamines or nitric oxide, respec-
tively. Herein, we show that overexpression of Arg1 using adeno-associated virus (AAV) in the CNS of rTg4510 tau transgenic mice
significantly reduced phospho-tau species and tangle pathology. Sustained Arg1 overexpression decreased several kinases capable
of phosphorylating tau, decreased inflammation, and modulated changes in the mammalian target of rapamycin and related
proteins, suggesting activation of autophagy. Arg1 overexpression also mitigated hippocampal atrophy in tau transgenic mice.
Conversely, conditional deletion of Arg1 in myeloid cells resulted in increased tau accumulation relative to Arg1-sufficient mice
after transduction with a recombinant AAV–tau construct. These data suggest that Arg1 and the polyamine pathway may offer
novel therapeutic targets for tauopathies.
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Introduction
Tau is an abundant protein in the CNS and functions to
promote microtubule assembly and stabilization in axons. Ab-
normal processing, posttranslational modifications of tau,
and mutations in the MAPT gene induce accumulation, aggre-
gation, redistribution, and toxicity to neurons. Although the
toxicity between the various species of tau has been a target of
debate, ultimately, the end product of tau dysregulation is
neuronal demise. Tau pathology associates with �20 neuro-
degenerative diseases together known as tauopathies (Lee et
al., 2001). Posttranslational modifications of tau occur
through phosphorylation (Lee et al., 2004), glycosylation
(Ledesma et al., 1994), o-GlcNAcylation (Arnold et al., 1996),
acetylation (Cohen et al., 2011), oxidation (Landino et al.,

2004), isomerization (Miyasaka et al., 2005), sumoylation
(Dorval and Fraser, 2006), ubiquitination (Cripps et al.,
2006), nitration (Reynolds et al., 2006; Reyes et al., 2008; Reyes
et al., 2011; Reyes et al., 2012), polyamination (Tucholski et
al., 1999), and proteolytic cleavage (Mondragón-Rodríguez
et al., 2008), which result in tau dysfunction. Inhibiting these
modifications have been proposed as therapeutic targets in
tauopathies including Alzheimer’s disease (AD). In addition,
inflammation has also been shown to modify tau pathology;
however, the exact mechanisms that govern microglial activa-
tion and the by-products that affect tau biology remain less
clear (Bhaskar et al., 2010; D.C. Lee et al., 2010; Ghosh et al.,
2013; Nash et al., 2013).

Microglia survey the CNS, maintain neuronal integrity by
synaptic pruning, phagocytose dying neurons, and coordinate
immune signaling (Kettenmann et al., 2013; Miyamoto et al.,
2013; Morris et al., 2013; Wake et al., 2013). However,
by-products increased during microglial activation can
regulate pathology associated with neurodegenerative dis-
ease. L-arginine metabolism dictates dichotomous outcomes:
nitric oxide production or generation of polyamines. Arginase
1 (Arg1) or Arginase 2 (Arg2) metabolize L-arginine to gener-
ate ornithine (and subsequent polyamines), whereas nitric
oxide synthases (NOS), including inducible NOS (iNOS), en-
dothelial NOS, and neuronal NOS, metabolize L-arginine to
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generate nitric oxide, which drives nitration of A� and en-
hances aggregation and plaque formation (Kummer et al.,
2011). Conversely, in A�-depositing transgenic mice devoid
of iNOS, exaggerated AD-like pathology suggests that a critical
balance between Arg1 and NOS determines the acceleration vs
mitigation of amyloid deposition (Colton et al., 2006). Nitra-
tion of tau has also been observed during tauopathies and
other aggregation-prone proteins such as �-synuclein are also
nitrated (Reynolds et al., 2006; Reyes et al., 2008; Yu et al.,
2010; Reyes et al., 2011; Reyes et al., 2012).

The present study aimed to identify the role of Arg1 over-
expression using recombinant adeno-associated virus (rAAV)
in a mouse model of forebrain tauopathy (rTg4510 tau mice).
We hypothesized that shifting L-arginine metabolism to favor
the polyamine pathway would curtail tau pathology. Results
identify that persistent exposure of Arg1 in the hippocam-
pus of rTg4510 tau transgenic mice leads to reduced tau bur-
den, decreased inflammation, and increased activation of
autophagy. Moreover, considering the impact of L-arginine
metabolism during inflammation, our results suggest that
therapeutics that increase arginase expression and/or agents

that positively regulate polyamine levels may serve as new
therapeutic targets for tauopathies.

Materials and Methods
Virus production. rAAV9 expressing Arg1 (GI:158966684) was cloned
using PCR from mouse brain cDNA and the following primers: GAGAC
CGGTCCACCATGAGCTCCAAGCCAAAGTCCTTAG and CTCGCT
AGCTCACATGGCATAGTCAGGCACGTCATAAGGATAGCTAGAAG
CCATCTTAGGTGGTTTAAGGTAGTCAGTCCC. Arg1 was cloned
into the pTR2-MCS vector at the Age I and NheI cloning sites. This vector
contains the AAV2 terminal repeats and the hybrid cytomegalovirus
(CMV)– chicken �-actin promoter for Arg1 mRNA transcription. A
hemagglutinin (HA)-tag was added to the C terminus of Arg1 for protein
detection. C-terminal truncated human Tau (aa 1– 421) was a kind gift
from Dr. Lester Binder. Tau was cloned into the pTR2-MCS vector with
an HA tag appended to the N terminus for detection of the protein
expression. Recombinant AAV9 vectors were generated and purified as
described previously (Carty et al., 2013). rAAV particle concentrations
are expressed as vector genomes/ml (vg/ml). Vector genomes were
quantitated using a modified version of the dot plot protocol de-
scribed previously (Nash et al., 2013). UF11 plasmid was used to
generate rAAV9 – green fluorescent protein (GFP) virus as described
previously (Carty et al., 2013).

Cell culture experiments. N9 microglia were used as a model of mu-
rine CNS microglial activation and a good source of Arg1 expression
and induction. Be(2)M17 cells (human neuroblastoma) and C3 HeLa
cells, which stably overexpress wild-type 4R0N human tau, were used
as a model for tau biology. All cells were maintained in 75 cm 2 flasks
at 37°C in a 5% CO2 humidified chamber in OPTIMEM containing
10% fetal bovine serum, 100 U/ml penicillin and 100 �g/ml strepto-
mycin. In Experiment 1, N9 microglia cells were plated in 6-well
dishes and treated with IL-4 (20 ng/ml; Life Technologies) for 4 h,
washed 3 times with PBS, and harvested for Arg1 expression measure-
ment immediately (0 h) or after 2, 6, and 24 h. N9 cells were also
treated with the Arg1 inhibitor N-�-hydroxy-L-norarginine (NOHA)
for 24 h. In Experiment 2, N9 microglia (top wells) were cocultured in
6-well insert Transwell Costar plates (0.4 �m membrane insert
dishes; Corning), treated with IL-4 (20 ng/ml) for 4 h, washed with 3
times in PBS, transferred to a separate 6-well dish with Be (2) M17
cells (bottom wells), and allowed to coincubate for 24 h with or
without NOHA. In Experiment 3, the amino acid L-arginine (Sigma-
Aldrich) was incubated with C3 HeLa cells for 72 h at various concen-
trations (0 –10 mM). In Experiment 4, 2 �g of plasmid DNA of
pTR2-MCS (plasmid vector) or pTR2-Arg1 was transiently trans-
fected for 72 h with Lipofectamine 2000 (Life Technologies) following
the manufacturer’s protocols. Arginase activity was measured using a
commercially available kit according to manufacturer’s protocol
(Sigma-Aldrich).

Transgenic mice. Overall experimental group assignments were bal-
anced for genotype, genders, and litters. rTg4510 mice (n � 16, 11
male/5 female) were used in this experiment (Santacruz et al., 2005).
These mice carry a transgene encoding the human tau P301L muta-
tion under control of the tetracycline response element, as well as a
transgene encoding the tetracycline-controlled transactivator protein
regulated by the calcium-calmodulin kinase 2 (CamK2a) promoter.
As controls, transgenic mice harboring the tet transactivator protein
alone, and nontransgenic littermates (n � 7, 4 male/3 female) were
used in this experiment.

Conditional cre-recombinase Arg1 knock-out were purchased
from Jackson Laboratories (El Kasmi et al., 2008). Arg1 conditional
knock-out allele comprised LoxP-flanked (floxed) Arg1 denoted as
(Arg1 fl/fl) were mated with the “deleter” strain (Lyz2 tm (cre); LysMcre
promoter) to produce Arg1 deficiency in myeloid cells. Genotypes
used in the study consisted of Arg1-sufficient (Arg1 �/�) mice (n �
13, 5 male/6 female) and (Arg1 fl/fl/LysMcre) mice (n � 9, 5 male/4
female).

Stereotaxic surgery. Study animals (rTg4510 mice) were given water
and food ad libitum and maintained on the 12 h light/dark cycle and
standard vivarium conditions. A 2 �l volume of rAAV particles con-

Figure 1. Alternative activation of N9 microglia reduces tau levels in vitro. A, N9 microglia
were treated with IL-4 (20 ng/ml) for 4 h. Cells were washed, incubated with serum-free me-
dium, and harvested at 0, 2, 6, and 24 h. Arg1 progressively increased at 6 and 24 h. B, Graph
depicting the fold change in Arg1 quantitation after IL-4 treatment from A. C, The Arg1 inhibitor
NOHA did not reduce Arg1 expression levels. D, Graph depicting the fold change in Arg1 expres-
sion after NOHA treatment from B. E, N9 microglia were treated with IL-4 or vehicle for 4 h,
washed, and then cocultured with Be(2)M17 cells for 24 h with and without NOHA. Western blot
shows that tau decreased in M17 cells when cocultured with N9 cells previously activated with
IL-4 and this effect was prevented by NOHA treatment. F, Graph depicting the fold change in tau
quantitation of M17 cells after coculture with IL4-treated N9 cells from E. Statistical analyses
were performed using one-way ANOVA, followed by Fisher’s PLSD multiple-comparison tests.
*p � 0.05, n � 3 independent experiments.
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taining UF11 (rAAV9-GFP) virus (4 � 10 12 vg/ml) or Arg1 (rAAV9-
Arg1) virus (4 � 10 12 vg/ml) was stereotaxically injected into the
right dentate gyrus of the hippocampus of 4-month-old rTg4510
mice. Stereotaxic coordinates from bregma were �2.7 mm antero-
posterior, �2.7 mm lateral, and �3.0 mm ventral. The virus was
administered using convection-enhanced delivery at a constant rate
of 2.5 �l/min (Carty et al., 2013). Four months after injection, mice
were weighed, anesthetized with barbiturates, and transcardially per-
fused with 25 ml of 0.9% saline. One hemisphere of the brain was
dissected, frozen, and stored at �80°C for biochemical analysis; the
opposite hemisphere was fixed in 4% paraformaldehyde in 100 mM

phosphate buffer, pH 7.4, for 24 h. The tissue was cryoprotected by
sequential immersion in 10%, 20%, and 30% sucrose solutions.
Brains were sectioned at 25 �m using a sliding microtome. Every
eighth section was collected at 50 �m thickness. Sections were stored
until staining at 4°C in Dulbecco’s PBS containing 100 mM sodium
azide.

In addition, both Arg1-sufficient/wild-type (Arg1 �/�) mice and
myeloid-null Arg1 fl/fl/LysMcre mice received an intrahippocampal
(dentate gyrus) injection of the C-terminal truncated tau (truncated
at 421) construct (rAAV-Tau-CT). Four months after injection,
brains were processed as described above. Other Arg1-sufficient/
wild-type (Arg1 �/�) mice and myeloid-null Arg1 fl/fl/LysMcre mice
received a stereotaxic intrahippocampal (dentate gyrus) unilateral
injection of LPS (4 �g in 2 �l; Salmonella abortus equii; Sigma-

Aldrich) and were killed 3 d later as described above. Tissue was
harvested for either immunohistochemistry or RNA quantitation.

Immunohistochemistry and staining. Immunohistochemistry was per-
formed on free-floating sections. Eight sections 200 �m apart covering
the site of injection were used for staining and analysis as described
previously (Gordon et al., 2002). Sections were quenched for endoge-
nous peroxidase with 10% methanol, 10% H2O2, permeabilized (0.2%
lysine, 1% Triton X-100 in PBS), and incubated with various primary
antibodies: rabbit anti-Tau (H-150; Santa Cruz Biotechnology); rabbit
anti-Tau phosphorylated at Ser 199/202 (AnaSpec); rabbit anti-tau phos-
phorylated at Ser396 (AnaSpec); chicken anti-GFP (Abcam); chicken
anti-rat Arg1 (generous gift from Dr. Sydney M. Morris, University of
Pittsburg School of Medicine); p62/sqstm1 (ProteinTech); rat anti-
mouse CD45, rat anti-mouse CD68, and rat anti-mouse CD11b (AbD
Serotec); rabbit anti-IBA-1 (Wako Chemicals); rat anti-HA clone 3F10
(Roche); rabbit anti-YM1 (StemCell Technologies); and biotinylated
anti-tau (AT8; Thermo Scientific) overnight at 4°C. Sections were incu-
bated in the appropriate biotinylated secondary antibody (Vector Labo-
ratories) for 2 h if needed, followed by a 1 h incubation in Vectastain Elite
ABC kit (Vector Laboratories) for enzyme conjugation. Color develop-
ment was performed using 0.05% 3, 3�-diaminobenzidine (DAB; Sigma-
Aldrich) enhanced with 0.5% nickelous ammonium sulfate (Thermo
Scientific). During each immunohistochemical assay, the primary anti-
body was omitted for duplicate sections to evaluate nonspecific reactions
of secondary antibodies. All sections for the immunohistochemical stains

Figure 2. L-arginine administration increases tau levels. L-Arginine [0 –10 mM] was added to C3-Tau HeLa cells for 72 h. A, Western blot for mTOR and tau after treatment with L-arginine. After
quantitation, mTOR (B), total tau (C), phospho-tau Ser396 (D), and phospho-tau Ser199/202 (E) progressively increased after L-arginine administration. (*p � 0.05, mean 	 SEM, n � 3
independent experiments).
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were analyzed together and were processed at the same time under the
same conditions.

For silver staining, a series of sections were mounted on glass slides
and then stained using the Gallyas silver stain method as described
previously (D.C. Lee et al., 2010). Briefly, slides were dipped in a
solution containing 5% periodic acid for 5 min, washed with water,
and then incubated in a developer solution containing silver iodide,
0.5% acetic acid, 2.5% sodium carbonate, 0.1% ammonium nitrate,

0.1% silver nitrate, 1% tungstosilic acid, and 0.7% formaldehyde. To stop
reactions, slides were incubated in 0.5% acetic acid and then treated with
0.1% gold chloride, placed in 1% sodium thiosulfate, and washed in water.
Slides were dehydrated and secured in DPX mounting medium with a cov-
erslip. For stereology measurements, 50-�m-thick sections spaced every 300
�m were Nissl stained using cresyl violet.

Biochemical analysis/Western blotting. Dissected hippocampal tissue
was used for Western blot analysis. Briefly, tissue was weighed and resus-

Figure 3. Arg1 overexpression in C3 HeLa cells reduces tau. Arg1 was cloned with a fusion HA tag and arginase enzyme activity was measured. Western blot using anti-HA antibody shows the
recombinant Arg1 expression after transfection (A). Adding increasing amounts of purified arginase to the enzyme assay resulted in more product formation. Two micrograms of plasmid DNA
transfected in cells produced 
2 nmoles of urea/min. This corresponded to the activity of 
0.2 �g of purified liver Arg1 (B). Western blot of tau molecular variants and mTOR levels after over
expression of Arg1 (C). Arg1 overexpression (D) in C3 HeLa cells caused a reduction in total tau (E), phospho tau Ser 199/202 (F ), Ser356 (G), Ser396 (H ), and mTOR (I ) compared with cells transfected
with empty vector (Vector). Statistical analyses were performed using one-way ANOVA with Fisher’s PLSD multiple-comparison tests. *p � 0.05, n � 4 independent experiments.
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pended in RIPA buffer (50 mM Tris pH7.6, 140
mM NaCl, 1%NP40, 0.5% Na deoxycholate,
0.1% SDS) with a protease inhibitor mixture
(Sigma-Aldrich) and phosphatase inhibitor
mixtures I and II (Sigma-Aldrich) at 10 vol/wt
of tissue. Tissue was homogenized with a tissue
homogenizer and centrifuged at 40,000 � g for
30 min at 4°C. The detergent-soluble fraction
(S1) was subjected to Western blot analysis.
The pellet (P1) was resuspended in 70% formic
acid (2 �l/mg tissue) and incubated for 30 min
at room temperature. An equal volume of 1 M

Tris, pH 7.5, was added to the pellets and
NaOH was added to a final pH of 7.5. Protein
concentration was determined with the Pierce
BCA protein assay. For Western blot analysis,
protein was loaded onto a 4 –20% gradient gel
(20- to 26-well Midi SureLock System; Life
Technologies). All groups (n � 8) were sub-
jected to the same gel (resolving, transfer, anal-
ysis, and exposure) for a given target.
Representative bands (n � 5– 8) for each group
were cropped for space considerations for fig-
ures. One microgram of total protein was
loaded to measure tau epitopes including
tau total (H150; SantaCruz Technology), tau
ser199/202, ser262, ser356, ser396, (AnaSpec),
AT8, AT180, AT270 (Thermo Scientific), and
tau nY18 (Covance). Twenty to 30 �g of
total protein was loaded for cell culture exper-
iments and for various proteins from mouse
hippocampal tissue, including mammalian
target of rapamycin (mTOR), phospho-mTOR
ser2481, phospho-mTORser2448, g�L, raptor,
rictor, p38 MAPK (Cell Signaling Technology);
casein kinase 2 (Abcam); GSK3�216/�279
(Abcam); GAPDH (Meridian); p62/sqstm1
(ProteinTech); Arg1 (Abcam) or chicken anti-
rat Arg1 (gifted by Dr. Sydney M. Morris, Uni-
versity of Pittsburg School of Medicine); and
rat-anti-HA clone 3F10 (HA) (Roche). For tis-
sue samples using formic acid extraction, the
amount of protein loaded was based on the
BCA of the crude extract.

For dot blot analysis, 1 �g of total protein
from whole-cell homogenates was spotted
onto wet nitrocellulose membrane and allowed
to air dry. Membranes were washed with Tris-
buffered saline (20 mM Tris, 0.8% NaCl, pH7.4,
with 0.006% Tween 20; TBST) and blocked
with Blocker Blotto in TBS (Life Technologies)
for 1 h, washed 3 times for 10 min in TBST, and
allowed to incubate with the primary antibody,
anti-tau oligomeric antibody T22 (Blair et al.,
2013; Sengupta et al., 2015) or the oligomer-
specific antibody A11 (Shin et al., 2008) for 1–2
h, followed by 3 10 min washes. An HRP-
conjugated secondary antibody was allowed to
incubate for 1 h and developed using chemilu-
minescence for detection of signal (Lumigold;
SignaGen Laboratories).

Multiplex inflammation and cytokine analy-
sis. Dissected hippocampal tissue was analyzed for cytokine and immu-
nomodulating agents using multiplex bioassay. Tissue was weighed and
processed in RIPA buffer (50 mM Tris, pH 7.6, 140 mM NaCl, 1% NP40,
0.5% Na deoxycholate, 0.1% SDS) with protease inhibitor mixture
(Sigma-Aldrich) and phosphatase inhibitor mixtures I and II (Sigma-
Aldrich) at 10 vol/wt of tissue. Tissue was homogenized with a tissue
homogenizer and centrifuged at 40,000 � g for 30 min at 4°C. Superna-

tant samples were load onto the multiplex Mouse TH1/TH2 9-Plex
Ultra-Sensitive platform Kit (catalog #K15013C-1; Meso Scale Discov-
ery) according to the manufacturer’s protocol.

L-arginine determination (ELISA). The L-arginine concentration in
brain homogenates (30 �g of total protein) was measured according to
the manufacturer’s instructions using the mouse L-arginine ELISA Kit
(catalog #MBS2600680; MyBioSource). L-Arginine standards were pre-

Figure 4. rAAV-mediated Arg1 and GFP delivery to the mouse hippocampus. Four-month-old rTg4510 tau transgenic mice
received stereotaxic injection of either rAAV-Arg1 or rAAV-GFP in the hippocampus (HPC) with a viral incubation time of 4 months.
The experimental design is depicted. Shown is immunohistochemical staining for Arg1 (Arg1; A–C) and (GFP; D–F ) in nontrans-
genic mice (A, D), rTg4510 tau transgenic mice injected with rAAV-GFP (B, E), or rTg4510 transgenic mice injected with rAAV-Arg1
(C, F ). A–C, Anti-Arg1 staining. Arg1 expression was observed throughout the hippocampus in mice that received rAAV-Arg1, but
not in mice that received rAAV-GFP. D–F, anti-GFP staining. GFP was observed after rAAV-GFP injection, but not after rAAV-Arg1
injection. Percent area of immunohistochemical staining for Arg1 (G) and GFP (H ) were quantified by image analysis. Statistical
analyses: ANOVA with Fisher’s multiple-comparison test, *p � 0.05; n � 8.
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pared according to assay specifications to generate the standard curve.
Briefly, a polyclonal biotinylated mouse L-arginine antibody (provided)
was used at 1:100, along with the enzyme– conjugate diluent. The 96-well
plates were washed manually with 350 �l of wash solution per well. Next,
10 �g of solubilized protein from each sample was used per well. The
precoated plate with samples and standards was incubated at 37°C for 90
min. The plate was washed 3 times and then incubated with the biotin-
ylated mouse L-arginine antibody (1:100) for 60 min at 37°C. The plate
was subsequently washed three times then incubated with the enzyme-
conjugate solution for 30 min at 37°C. The plate was then washed five
times and incubated for 20 min with the color-developing reagent at
37°C. A stopping solution was then added and the plate was read at 450
nm.

Arginase activity assay. Arginase activity was determined by previous
methods with slight modifications. Briefly, dissected hippocampal tissue
was lysed, weighed, and processed in RIPA buffer (50 mM Tris, pH 7.6,
140 mM NaCl, 1% NP40, 0.5% Na deoxycholate, 0.1% SDS) with pro-
tease inhibitor mixtures (Sigma-Aldrich) and phosphatase inhibitor
mixtures I and II (Sigma-Aldrich) at 10 vol/wt of tissue. Tissue was
homogenized with a tissue homogenizer and centrifuged at 40,000 � g
for 30 min at 4°C. Supernatant fractions (10 �g of total protein in 25 �l)
were incubated at 45°C with 50 �l of a 10 mM MnCl2 in 50 mM Tris, pH
7.4, to activate the enzyme. Twenty-five microliters of a L-Arginine (0.5 M

stock solution) (Sigma-Aldrich) was added to samples and incubated at
37°C for 2 h. The reaction was stopped by adding 400 �l of H2SO4:
H3PO4: H2O (1:3:7), followed by 25 �l of �-isonitrosopropione (9% w/v;
Sigma-Aldrich). The reaction was incubated at 100°C for 45 min and
protected from light. Aliquots were subjected to a 96-well plate and an-
alyzed with a spectrophotometer at 540 nm. Various standards for urea
(ICN Biochemicals) in the same buffers were used to determine arginase
enzyme reaction product. In addition, pure arginase liver enzyme (146
units/mg solid; 200 units/mg protein) was used to verify assay conditions
and determine the relative amount of arginase activity in brain samples
compared with pure arginase enzyme (1 unit will convert 1 �mol of
L-arginine to ornithine and urea in 1 min at 37°C, pH 9.5).

qRT-PCR. qRT-PCR was performed on hippocampal brain tissue of
various conditional LoxP Arg1 knock-out mice and LysMcre knock-in
mice for Arg1 and lysozyme 2 as described in detailed previously (Lee et
al., 2013b). Briefly, total RNA from each mouse was used for qRT-PCR
and extracted using Qiagen’s All Prep DNA/RNA/Protein kit. A standard

curve was generated from a pool of naive mice
and experimental groups spanning three logs
of a dynamic range. Sixty nanograms from
each mouse was used to generate cDNA using
Superscript III First Strand Synthesis System
(Life Technologies). Quantitect primer assays
target gene primers were used (Lys2:
QT01555701, Arg1:QT00134288; Qiagen)
with SYBR-green-based real-time qRT-PCR
(Sigma-Aldrich). The PCR included: 1 cycle of
95°C/5 min, 95°C/30 s, and 60°C/1 min, fol-
lowed by 40 amplification cycles of 95°C/30 s.
Primers were validated after each cycle by per-
forming a melt curve analysis. The Opticon 2
TM Real Time PCR System (Version 4.3; Bio-
Rad) was used to detect the amplicon.

Image analysis. Tissue sections from mice
were digitized with a Zeiss Mirax-scan 150 slide
scanner. Immunohistochemical staining and
Gallyas Silver positive stain was analyzed using
Zeiss Neurocyte IAE image software (created
by Andrew Lesniak). The hippocampus was
analyzed for tau-positive neurons and was seg-
mented using hue, saturation, and value color
discrimination. Segmentation thresholds were
established with images with high and low lev-
els of positive staining to confirm positive
staining over background levels. This range
was held constant for analysis of every section
(Gordon et al., 2002). Data were obtained as

the percent area of the positively stained immunochemical image. All
values (eight sections) obtained from a single mouse were then averaged
to represent a single value for each brain region.

Stereologer software (Stereology Resource Center), together with a
Leica DM4000B microscopre and a Prior Optiscan II stage, were used for
neuronal stereological counts and hippocampal volume. Nissl-stained
tissue was used for these analyses.

Statistics. For each dependent variable, statistical analysis was per-
formed using Student’s t test or one-way ANOVA, followed by Fisher’s
LSD post hoc means comparison test with p-values of �0.05 considered
significant using StatView software version 5.0 (SAS Institute). Graphs
were generated using GraphPad Prism version 5.0 software.

Results
Increased L-arginine metabolism modifies tau levels in vitro
L-Arginine and its metabolism represent a critical branch point
during inflammation. Proinflammatory stimuli or putative M1
activation promote iNOS and can generate nitric oxide. Con-
versely, alternative activation or putative M2 stimuli (typically
induced with IL-4/IL-13) promote Arg1 and polyamine forma-
tion. By-products of NOSs can nitrate tau at Tyr18, Tyr29,
Tyr197, and Tyr395 (Wang et al., 2014). However the role of Arg1
on tau biology and neurodegenerative diseases has not been
fully investigated. To determine the extent to which IL-4 expo-
sure temporally increases Arg1 expression, N9 microglia cells
were treated with IL-4 for 4 h, washed, and harvested at various
time points (Fig. 1A). N9 cells exposed to IL-4 showed a progres-
sive increase in Arg1 expression up to 24 h (Fig. 1A,B). N9 mi-
croglia were also treated with an Arg1 inhibitor (NOHA) to
determine whether pharmacological inhibition inhibited activity
or also reduced Arg1 protein expression. Concentrations up to
100 �M inhibitor failed to alter protein expression (Fig. 1C,D).
Next, we treated N9 cells with IL-4 for 4 h, washed out the IL-4,
and then placed the N9 cells in the upper chamber of a coculture
dish above human neuroblastoma Be(2)M17 cells for 24 h with
and without the Arg1 inhibitor NOHA (Fig. 1E,F). Tau levels
were assessed in the Be(2)M17 cells. We found that prior IL-4

Figure 5. rAAV-mediated Arg1 increases arginase activity and lowers L-arginine levels in the hippocampus. rAAV-Arg1 or
rAAV-GFP was injected into the hippocampus of rTg4510 mice. Hippocampal arginase activity was measured in nontransgenic
mice and rTg4510 tau transgenic mice treated with rAAV-Arg1 or rAAV-GFP constructs. Arginase activity increased 
30-fold in
rAAV-Arg1 treated mice compared with the aforementioned groups (A). Arginase activity was measured as nanomoles or reaction
product (urea/min/�g protein) and compared with activity of purified liver arginase. L-arginine levels were also measured in the
hippocampus of nontransgenic mice and rTg4510 tau transgenic mice treated with rAAV-Arg1 or rAAV-GFP constructs (B).
L-arginine levels were significantly higher in tau transgenic mice treated with rAAV-GFP compared with nontransgenic littermates
and rAAV-Arg1 significantly reduced L-arginine levels. Statistical analyses: ANOVA with Fisher’s multiple-comparison test, *p �
0.05; n � 8.
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treatment of N9 microglia reduced tau levels in Be(2)M17 cells and
this reduction was blocked after inhibition of Arg1 at the higher
concentration of NOHA (Fig. 1E,F). This suggests that activation of
N9 microglia by IL-4 induced Arg1 expression, which in turn de-
creased tau levels in cocultured Be(2)M17. Furthermore, pharmaco-
logical inhibition of Arg1 prevented these tau reductions.

To determine how L-arginine metabolism affected tau
biology, we treated C3-HeLa cells with various concentrations of
L-arginine (Fig. 2). These cells overexpress human 4R tau due to
stable transfection. We found that increasing concentrations

of L-arginine promoted total tau levels in addition to increasing
phospho-tau Ser396 and phospho-tau Ser199/202 (Fig. 2). Fur-
thermore, L-arginine increased expression of mTOR, a negative
regulator of autophagy (Fig. 2A,B). This suggests that L-arginine
metabolism may influence tau levels through modulation of au-
tophagy or decreased degradation.

Because the addition of L-arginine increased levels of tau, we
next sought to deplete endogenous levels of L-arginine by over-
expressing Arg1 and determining the impact on tau levels. There-
fore, we cloned Arg1 and evaluated the relative enzyme activity

Figure 6. rAAV-mediated Arg1 overexpression lowers several detergent-soluble phospho-tau species. rAAV-Arg1 or rAAV-GFP was injected into the HPC of rTg4510 mice. Protein was extracted
using RIPA buffer and Western blot analyses were performed for tau (H150), Ser199/202, Ser262, AT8, AT180, AT270, Ser356, and nitrated tau (nY18) (A). Tau monomers ranging between 50 and
64 kDa (A, B), in addition to high-molecular-weight tau multimers 120 –170 kDa (C, D), were measured and normalized to GAPDH. Fold change in tau and phospho-tau levels were quantified for
both the monomer (B) and the multimer species (D). Dot blot analysis revealed that Arg1 treatment reduced reactivity to the anti-tau oligomer antibody (T22) and the oligomer-specific A11 antibody
compared with GFP controls in rTg4510 mice (E). Group differences were determined using Student test, *p � 0.05; n � 8; 5 random or 8 samples are displayed in the figure.

14848 • J. Neurosci., November 4, 2015 • 35(44):14842–14860 Hunt Jr et al. • Sustained Arginase 1 Expression Modulates Tau Pathology



after transient transfection in cells. Figure 3A confirms successful
transfection and expression of the HA tag. Two micrograms of
plasmid DNA increased Arg1 activity in amounts that yielded 
2
nmoles of urea/min, an enzyme activity similar to that obtained
using 0.1 �g of purified enzyme (Fig. 3B). Arg1 overexpression
was detected by Western blot as well (Fig. 3C,D). Many tau spe-
cies were reduced in C3 HeLa cells transfected with the Arg1
plasmid, including total tau (Fig. 3C,E), phospho-tau Ser199/202
(Fig. 3C,F), Ser356 (Fig. 3C,G), and Ser396 (Fig. 3C,H). In addi-
tion, mTOR levels were significantly reduced (Fig. 3C,I), suggest-

ing the possible involvement of autophagy. Together, these data
suggest that L-arginine accumulation increases tau levels, possi-
bly through mTOR signaling, and that arginase overexpression
reduces tau species in vitro.

AAV9 delivery of Arg1 and GFP in the mouse hippocampus
We next sought to overexpress Arg1 or a control protein (GFP)
using rAAV9 delivery to the hippocampus of rTg4510 tau trans-
genic mice. The rAAV9 constructs use the CBA promoter (a hy-
brid CMV and chicken �-actin promoter), which primarily

Figure 7. rAAV-mediated Arg1 lowers high-molecular-weight, formic-acid-soluble tau multimers. Detergent-insoluble pellets were extracted using formic acid and Western blot analyses
were performed for tau (H150), AT8, AT180, AT270, Ser356, Ser199/202, and Ser262 (A). Taus ranging between 50 and 64 kDa and high-molecular-weight tau ranging between 120 and 170 kDa
were analyzed separately and normalized to GAPDH. The fold change in tau and phospho-tau levels were quantitated for both the monomer (B) and the multimer (C) species. Group differences were
determined using Student’s t test, *p � 0.05; n � 8; 5 random samples are displayed in the figure.
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expresses in neurons but may also express in astrocytes. rTg4510
tau mice express the human MAPT P301L tau mutation under
control of a tetracycline response element crossed with mice that
express the tetracycline activator protein driven by Camk2a pro-
moter (Santacruz et al., 2005). Bigenic mice develop inflamma-
tion, phospho tau species, pretangles, and tangle pathology. In
addition, mice develop severe neuronal loss and atrophy after 5
months of age (Santacruz et al., 2005; Dickey et al., 2009). Four-
month-old rTg4510 mice were stereotaxically injected in the
hippocampus with an rAAV9-Arg1 or rAAV9-GFP construct
and tissue was collected 4 months later (Fig. 4). Mice that

received rAAV constructs for Arg1 showed high expression
levels and distribution of Arg1 throughout the hippocampus
(Fig. 4C,G) compared with rAAV-GFP mice (Fig. 4 B, G) and
nontransgenic littermates (Fig. 4 A, G). In addition, the rAAV-
GFP construct showed significant GFP expression throughout
the hippocampus of rTg4510 mice (Fig. 4 E, H ) compared with
nontransgenic mice (Fig. 4 D, H ) and rAAV-Arg1-treated mice
(Fig. 4 F, H ).

To determine the amount of Arg1 activity in the hippocampus
of rTg4510 mice, we measured the relative Arg1 enzyme activity
in nontransgenic littermates and mice that received both rAAV-
GFP and rAAV-Arg1 (Fig. 5A). We found an 
30-fold increase
(0.34 nmoles urea/min/�g protein) in the Arg1 activity in the
rAAV-Arg1-treated group compared with nontransgenic (0.011
nmoles urea/min/�g protein) littermates and mice treated with
the rAAV-GFP construct (0.016 nmoles urea/min/�g protein),
suggesting an increased amount of Arg1 protein and activity in
the hippocampus (Fig. 5A). Finally, we determined the relative
amount of L-arginine in the hippocampus in nontransgenic lit-
termates and mice that received both rAAV-GFP and rAAV-
Arg1. rTg4510 tau transgenic mice displayed approximately twice
the amount of free L-arginine (11.99 �g/mg soluble protein)
compared with nontransgenic littermates (5.95 �g/mg soluble
protein) (Fig. 5B). Conversely, mice treated with rAAV-Arg1 had
significantly reduced amounts of free L-arginine (6.55 �g/mg sol-
uble protein) compared with rTg4510 tau transgenic mice treated
with the rAAV-GFP construct (Fig. 5B). This suggests that
rTg4510 mice show increased levels L-arginine and that the
rAAV-Arg1 construct normalizes L-arginine to that of control
levels.

rAAV9-mediated Arg1 overexpression reduced multiple
phospho tau species, tangle pathology, and kinase levels
To determine levels of phospho tau epitopes after Arg1 overex-
pression in the CNS of rTg4510 tau transgenic mice, we extracted
tau from a detergent-soluble fraction (S1) and a formic-acid-
soluble fraction (solubilized P1). We identified a significant re-
duction in the detergent soluble fraction of many, but not all,
phospho tau species, including Ser262, AT8, AT180, AT270, and
nitrated tau Tyr18. However total tau levels remained unchanged
compared with GFP controls (Fig. 6A,B). Furthermore, high-
molecular-weight tau bands (tau multimers of 120 –170 kDa, also
described and characterized in rTg4510 mice) were measured
after longer exposures of the blots (Fig. 6C,D). Arg1 reduced tau
multimer levels, as visualized after staining for epitopes Ser199/
202, Ser262, AT8, AT180, and AT270 (Fig. 6C,D). In addition,
dot blot analysis revealed that Arg1 treatment reduced reactivity
to the anti-tau oligomer antibody (T22) and the oligomer-
specific A11 antibody compared with GFP controls in rTg4510
mice (Fig. 6E). This suggests that sustained Arg1 reduced several
phosphor-epitopes of tau as monomer, oligomer, and high-
molecular-weight species.

For the detergent-insoluble tau (formic acid fraction), we
observed reductions in several tau species between 54 and 64
kDa and lower levels of tau for AT270 and AT180 (Fig. 7 A, B)
after formic acid extraction. In addition, we noted more global
reductions in high-molecular-weight tau multimers (120 –170
kDa, which did not require overexposure in this fraction) for
Ser199/202, Ser356, Ser262, AT8, AT270, AT180, and total tau
after Arg1 overexpression compared with GFP controls (Fig.
7 A, C). This suggests that rAAV-mediated Arg1 overexpres-
sion reduces tau phosphorylation in multiple intracellular
pools.

Figure 8. rAAV-Arg1 reduced histopathological tau tangles. Immunohistochemical staining
for total tau (H150) after GFP- (A) or Arg1 (B)-expressing viruses did not show any significant
differences in the percentage area of positive staining G. Immunohistochemical staining for
phospho-tau Ser396 after GFP- (C) or Arg1 (D)- expressing viruses showed significant reduction
in the percentage area of positive staining after Arg1 expression (H ). Gallyas silver-positive
staining after GFP- (E) or Arg1 (F )-expressing viruses showed significant reduction in the per-
centage area of positive staining after Arg1 expression (I ). The area in the CA3 region of the
hippocampus depicted in the white boxes is magnified in the insets. Graphs display image
analyses for immunohistochemical/Gallyas silver positive stain. Statistical analyses were per-
formed with the Student test, *p � 0.05; n � 8.
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To qualitatively detect reductions in phospho tau and to identify
neurofibrillary tangles after rAAV9-Arg1 overexpression, we per-
formed immunohistochemical analysis for tau Ser 396 and total tau
and histopathology using Gallyas silver stain. Although total tau lev-
els (Fig. 8A,B,G) did not significantly change, tau Ser396 (Fig.
8C,D,H) was significantly reduced in the hippocampus compared
with rAAV9-GFP controls. In addition, AAV9-Arg1 also reduced
tangle pathology measured by Gallyas silver stain compared with
rAAV9-GFP controls (Fig. 8E,F,I) in the hippocampus. These data
demonstrate that rAAV9-Arg1 overexpression reduces several phos-
pho tau epitopes, including high- molecular-weight multimers,
measured both neurochemically and histologically.

As expected, Arg1 significantly increased in the dissected region
of the hippocampus as measured by Western blot (Fig. 9A,B). We
found that rAAV9-mediated Arg1 overexpression (Fig. 9A) signifi-
cantly reduced glycogen synthase kinase-3 (pGSK-3 �216/�279)
(Fig. 9A,C), a phospho-epitope that confers increased activity,
CDK5p35 (Fig. 9A,D), and p38MAPK expression (Fig. 9A,E) com-
pared with rAAV9-GFP controls. However, casein kinase II expres-
sion remained unaltered (Fig. 9A,F) suggesting that Arg1
overexpression does not exert a global effect on kinases, but has
some selectivity in reducing tau-associated kinases.

rAAV9-mediated Arg1 overexpression activates autophagy
As another possible explanation for clearance of tau after Arg1 over-
expression, we measured autophagy-related proteins. rTg4510 mice

accumulate significant amounts of tau and
exhibit impaired autophagy. When the rate
of autophagy is reduced, sequestosome-1
(p62) levels accumulate; this increase has
served as an index of autophagy or general
protein accumulation by others (Kuusisto et
al., 2003; Sacino et al., 2014). We observed
global accumulation of p62 throughout the
cortex (Fig. 10A–D), hippocampus (Fig.
10E,F), and other regions of rTg4510 tau
mice compared with nontransgenic mice
(Fig. 10A,B). Therefore, we sought to deter-
mine whether rAAV9-Arg1 overexpression
increased autophagy in rTg4510 tau mice
compared with rAAV9-GFP controls. Sim-
ilar to cell culture data (Fig. 3), rAAV9-Arg1
overexpression significantly decreased
mTOR (Fig. 10H) and components of the
mTOR complex 1 (mTORC1) including,
phospho mTOR Ser2481 (Fig. 10I), g�L
(Fig. 10K), raptor (Fig. 10M), and p62 (Fig.
10L), compared with rAAV9-GFP controls.
In contrast, putative components of the
mTORC2 complex were not reduced, in-
cluding phospho mTOR Ser2448 (Fig. 10J)
and rictor (Fig. 10N), This suggests that
rAAV9-Arg1 overexpression stimulates au-
tophagy in rTg4510 tau mice by negatively
regulating mTOR signaling.

Arg1 overexpression decreases
inflammation in rTg4510 mice
Arg1 and polyamines have been shown to
modify inflammation in various models
(Paul and Kang, 2013; França-Costa et al.,
2015; Weisser et al., 2014; Kan et al.,
2015); therefore, we measured activation

of myeloid cells and several proinflammatory cytokines after
rAAV9-Arg1 overexpression. Using image analyses, we measured
activation of myeloid cells in the hippocampus by immunohisto-
chemistry using IBA-1, CD68, and CD45 in rTg4510 mice that
received either rAAV9-GFP or rAAV9-Arg1 (Fig. 11). Overall,
activation of myeloid cells was significantly increased in rTg4510
mice compared with nontransgenic littermates (Figs. 11, 12).
Arg1 overexpression significantly reduced IBA-1 (Fig. 11A–C,I)
and CD45 (Fig. 11G,H,K) expression compared with GFP con-
trol mice in rTg4510 tau mice (Fig. 11), whereas CD68 showed
comparable expression between both the rAAV9-Arg1-treated
and rAAV9-GFP-treated groups in rTg4510 mice (Fig. 11D–F, J).

We used a cytokine array to determine relative protein levels
of specific cytokines. Several cytokines were significantly elevated
in rTg4510 tau mice, including IL-1�, IL-12, KC/Gro, IL-10, and
IFN-�, compared with nontransgenic littermates (Fig. 12); others
that were measured but did not change included IL-2, IL-4, and
IL-5 (data not shown). rAAV9-Arg1 overexpression significantly
reduced all of the aforementioned cytokines and inflammatory
markers compared with rAAV9-GFP control animals (Fig. 12A–
E). In addition, IL-1� (data not shown) and TNF-� levels (Fig.
12F) were measured by ELISA. Both cytokines were elevated in
rAAV9-GFP-treated mice compared with nontransgenic mice.
Similarly, rAAV9-Arg1 significantly reduced IL-1� and TNF-� in
rTg4510 mice via ELISA compared with GFP control mice (Fig.
12F). These data suggest that inflammation is increased in

Figure 9. rAAV-mediated Arg1 overexpression reduced tau kinases. Western blot analyses were performed on several kinases
associated with tau phosphorylation after stereotaxic injections of rAAV-Arg1 or rAAV-GFP into the hippocampus of rTg4510 mice
(A). Western blots for Arg1 (B), phospho GSK3 �279/beta216 (C), CDK5/p35 (D), p38MAPK (E), and casein kinase 2 (CK2; F ) were
analyzed and normalized to GAPDH. rAAV-mediated Arg1 overexpression reduced phospho GSK3 �279/beta216, CDK5/p35,
p38MAPK, but failed to reduce CK2. Student’s t test, *p � 0.05; n � 8.
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rTg4510 tau transgenic mice and that rAAV9-Arg1 overexpres-
sion significantly mitigates microglial activation and reduces cy-
tokine activation in rTg4510 tau transgenic mice.

rTg4510 tau mice develop significant neuronal loss, as well as
cortical and hippocampal atrophy. As expected, rTg4510 tau
mice that received rAAV9-GFP showed significant neuronal loss
and hippocampal atrophy compared with nontransgenic litter-
mates. rAAV9-Arg1 overexpression failed to prevent neuronal
loss by unbiased stereology (Fig. 13A–D), but significantly slowed
hippocampal atrophy (Fig. 13A–C,E).

Conditional Arg1 depletion modifies the response to
inflammation and affects tau progression
We used Cre Lox Arg1 mice (Arg1 LoxP/LoxP) crossed with the Cre
deleter strain (LysMcre�/ �), which has been shown to target cells
of myeloid lineage, primarily macrophages and a certain percent-
age of microglia (Ros-Bernal et al., 2011; Cho et al., 2015). We
generated bigenic conditional floxed Arg1 mice referred to herein
as Arg1 fl/fl/LysMcre mice (unless otherwise genotypically speci-

fied). We determined the effects of Arg1 deletion in myeloid cells
on inflammation and pathogenic tau. The LysMcre knock-in al-
lele contains a nuclear-localized Cre recombinase inserted into
the first coding ATG of the lysozyme 2 gene (Lyz2). Homozygous
mice for LysMcre produce a knock-out of the Lyz2 gene.

To determine the role of Arg1 expression in the CNS after
inflammation, we injected LPS into the CNS of Arg1-sufficient
mice (Arg1�l�/LysMCre� / �) and conditional Arg1-null
(Arg1 fl/fl/LysMcre�/ �) mice. Three days after injection, brains
were harvested to determine the induction of myeloid cell activa-
tion and the level of Arg1 expression in the CNS. A general my-
eloid marker, CD11b, was used to measure the extent to which
activation occurred. Both genotypes showed comparable levels of
CD11b activation (Fig. 14A,B,G). However, Arg1 was signifi-
cantly diminished in conditional Arg1-null mice (Arg1 fl/fl/
LysMcre�/ �) compared with Arg1-sufficient mice (Arg1�l�/
LysMCre� / �), suggesting conditional deletion of Arg1 in brain
(Fig. 14C,D,G). In addition, induction of YM1 was also reduced

Figure 10. rAAV-Arg1 induced changes in autophagy-related proteins. Compared with nontransgenic littermates (A, C, E), rTg5410 mice (B, D, F ) show global accumulation of p62/sqstm1
staining in the cortex and hippocampus. The boxed areas are shown at higher magnification in C–F. C and D depict cerebral cortex and E and F depict the CA1 region of the hippocampus. In
rAAV-Arg1- and rAAV-GFP-injected rTg4510 mice, autophagy-related proteins were measured by Western blot analyses (G). Quantitation of mTOR (H ), pmTOR 2481 (I ), pmTOR 2448 (J ), g�L (K ),
p62 (L), raptor (M ), and rictor (N ) normalized to GAPDH are shown. Arg1 overexpression significantly reduced several autophagy-related proteins. Student’s t test, *p � 0.05; n � 8.
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in Arg1-null mice (Fig. 14E–G), signifying that Arg1 may modu-
late microglial phenotype.

To determine floxing efficiency in the brains of mice, we mea-
sured Arg1 and Lyz2 (gene product of LysM promoter) mRNA
transcripts from the hippocampus of mice using qRT-PCR. We
measured Arg1 (for conditional deletion and floxing efficiency)
and Lyz2 (wild-type, hemizygous, and homozygous knock-out
alleles) mRNA transcripts from various genotypes and treat-
ments. In addition, we measured whether tau affected the Arg1
and Lyz2 mRNA transcripts. Arg1-sufficient wild-type (Arg1�l�/
LysMCre � / �) and conditional Arg1 knock-out (Arg1 fl/fl/
LysMCre�/ �) mice were injected with an rAAV consisting of a
pathological neoepitope and caspase cleavage form of human
C-terminal truncated tau (D421) (Fig. 15A). Caspase cleaved
tau (1–421 [D421]) is secreted more readily than wild-type tau
(Plouffe et al., 2012), can nucleate and recruit additional tau mole-
cules to form pathological conformations (de Calignon et al., 2010),
and remains an early event of tangle pathology (Rissman et al.,
2004). Furthermore, caspase cleaved tau (D421) is preferentially
cleared through the autophagy pathway (Dolan and Johnson, 2010).

Wild-type Arg1 (Arg�/�/LysMcre� / �) mice were used as a
baseline control for Arg1 mRNA transcript levels in the hip-

pocampus (Fig. 15A). Treatment with rAAV-tau CT (D421) sig-
nificantly reduced the Arg1 mRNA transcript by �50% after 4
months in Arg-sufficient mice, but by 80% in floxed Arg1 mice
(Arg fl/fl/LysMcre�/ �) (Fig. 15A). These data suggest that patho-
logical tau reduces Arg1 mRNA transcripts and that the LysMcre
promoter can significantly lower mRNA transcripts for Arg1 in
the brains of (Arg fl/fl/LysMcre�/ �) mice (Fig. 15A). Further, we
measured the levels of the Lyz2 mRNA transcript in the hip-
pocampus; however, mice homozygous for LysMcre� /� and
deemed a Lyz2 knock-out exhibited reduced amounts (�100-
fold decreased) of the Lyz2 mRNA transcript compared with
wild-type mice (LysMcre� / �) mice verifying a biallele cre knock-
in/Lyz2 knock-out genotype (Fig. 15B). We also measured the
Lyz2 mRNA transcript in the hippocampus after the rAAV-
tau-CT (D421). We found that the rAAV-tau-CT (D421) con-
struct significantly increased the Lyz2 mRNA transcript (8-fold)
in wild-type mice (LysMcre� / �) compared with wild-type mice
that did not receive the tau construct. However, LysMcre�/ �

treated with rAAV-tau-CT (D421) only showed a twofold in-
crease in the Lyz2 mRNA transcript compared with wild-type
mice (LysMcre� / �) with no treatment and a 75% decrease in
Lyz2 mRNA transcript compared with wild-type mice

Figure 11. Arg1 overexpression modulates microglia activation. Immunohistochemistry for the microglial markers IBA-1 (A–C), CD68 (D–F ), and CD45 (G–H ) after rAAV-GFP or rAAV-Arg1
treatment is shown compared with nontransgenic (NonTg) mice. rAAV-Arg1 reduces IBA-1 (I ) and CD45 (K ) expression compared with rAAV-GFP treated mice, but CD68 (J ) was unchanged. Graphs
display image analyses for immunohistochemistry of the percentage area staining in the hippocampus for IBA-1, D68, and CD45. Statistical analyses were performed using ANOVA with Fisher’s
multiple-comparison test or Student’s t test, *p � 0.05; n � 6 – 8.
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(LysMcre� / �) mice treated with rAAV-
tau-CT (D421) (Fig. 15B). These data sug-
gest that pathological tau (rAAV-tau-CT,
D421) induces the Lyz2 mRNA transcript,
which would be presumed to facilitate
floxing efficiency of the LysMcre pro-
moter. Further, it suggests that the Lyz2
mRNA transcript is present in the brain in
amounts that are readily detectable and
can be enhanced with pathological tau.
Together, this decreases the mRNA tran-
script for Arg1. It should be noted that the
increased levels of Lyz2 mRNA transcript
could arise from peripheral myeloid cells
entering the brain, especially after tau
deposition.

Finally, we sought to determine how Arg1
deletion in myeloid cells affects pathogenic
tau. Both Arg1�/�/LysMcre� /� and Arg fl/fl/
LysMcre�/� mice received a single intra-
cranial injection of the rAAV-Tau-CT
(D421) construct and were allowed to sur-
vive for 4 months. Immunohistochemical
analysis showed that the overall mean for
total tau levels was comparable between
both genotypes (Fig. 16E,F, I,L). How-
ever, immunohistochemical staining for
tau AT8 (Ser202/Thr205; Fig. 16A,B,G,J)
and Ser199/202 (Fig. 16C,D,H,K) were
increased in Arg1 knock-out (Arg fl/fl/
LysMcre�/ �) mice compared with Arg1-
sufficient mice (Arg1�/�/LysMcre� / �).
These data suggest that Arg1 deficiency
may also affect tau pathology in a direc-
tion opposite that of Arg1 overexpression.

Discussion
Herein, we overexpressed Arg1 at a time
when tau deposits were beginning to de-
velop (Dickey et al., 2009). The potential
implications and generality of these find-
ings, namely the reduction in tau deposi-
tion after Arg1 overexpression, make
these data intriguing. We observed a re-
duction in several phospho tau epitopes
and nitrated tau Tyr18. Tau nitrated at
Tyr18 has been linked to increased posi-
tive expression in astrocytes (Reyes et al., 2008). It is conceivable
that the reduction in tau-nY18 seen in our study (Fig. 6) may
result from astrocytic or neuronal expression of rAAV-mediated
Arg1 and shunting arginine away from NOS-mediated nitric ox-
ide production. In addition, we observed a decrease in specific
kinases associated with phosphorylation of tau epitopes, reduced
immune cell activation and cytokine expression, and activation
of autophagy through mTOR signaling. The decrease in
phospho-epitopes could originate from a concomitant reduction
in several tau kinases such as GSK3, p38, CDK5 or others we did
not investigate and/or a combination of other factors (i.e., in-
flammation, autophagy). Tau has the potential to be phosphory-
lated at �80 putative sites; therefore, it is difficult to predict
which phospho-epitopes and kinases are true indicators of tau-
mediated pathogenesis in rTg4510 mice and how Arg1 overex-
pression reduces specific hallmarks. In addition, several formic-

acid-soluble tau epitopes and high-molecular-weight species
were also reduced with Arg1 treatment. These data suggest that
Arg1 may prevent phosphorylation and formation of insoluble
high-molecular-weight tau species and subsequent tangle forma-
tion as measured by Gallyas silver histopathology (Fig. 8).

As seen in Figure 10, A–F, tau mice show accumulation of p62
in neurons throughout the brain that is consistent with the no-
tion of impaired autophagy or slower protein turnover. Arg1
treatment significantly reduced p62 and signaling components of
mTORC1, which also associates with amino acid signaling
(Wullschleger et al., 2006; Sancak et al., 2008). This is consistent
with the possible explanation that L-arginine depletion by
sustained Arg1 overexpression negatively regulates mTOR via
L-arginine amino acid sensing negative feedback regulation. Sev-
eral reports have shown that arginine deprivation by arginine
deiminase or Arg1 activates autophagy in cancer cells by decreas-

Figure 12. Cytokine array and ELISA for inflammation markers. Cytokine array or ELISA was used to measure inflammation
markers for nontransgenic (NonTg) mice and rTg4510 mice that received the rAAV-Arg1 or rAAV-GFP construct. Arg1 overexpres-
sion reduced inflammation markers IL-1beta (A), IL-12 (B), KC-Gro (C), IL-10 (D), IFN-gamma (E), and TNF-� (F ) compared with
AAV-GFP-treated mice. Statistical analyses were performed using ANOVA with Fisher’s multiple-comparison test or Student’s t
test, *p � 0.05; n � 6 – 8.
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ing mTOR signaling (Savaraj et al., 2010; Wu et al., 2011; Hsueh
et al., 2012). L-Arginine dietary supplementation increases
mTOR-signaling activity (Yao et al., 2008). Some studies indicate
that L-arginine activates this signaling cascade in a rapamycin-
sensitive manner (Ban et al., 2004; Banik et al., 2013), whereas
other reports argue that inhibition of autophagy through
L-arginine is mTOR independent (Angcajas et al., 2014).

Arg1 is typically used as a marker of inflammation; therefore,
we determined the impact of overexpressing Arg1 in the CNS
during tau pathology using rAAV. Microglial activation via intra-
cranial LPS or proinflammatory cytokines mitigates amyloid �
deposition (DiCarlo et al., 2001; Herber et al., 2004; Herber et al.,
2007), but can exacerbate tau pathology (D.C. Lee et al., 2010),
suggesting that inflammatory by-products govern the patholog-
ical outcomes of amyloid versus tau differently. Some reports
demonstrate a hybrid activation state (both pro-inflammatory
and anti-anti-inflammatory) in the brains of AD patients and
amyloid-�-depositing mice (Colton et al., 2006), whereas others
report shifting from an alternative activation state to a classical
activation state later in disease during amyloid deposition (Jime-
nez et al., 2008). It is likely that a continuum of activation profiles
exist during low-grade chronic pathology. Our data suggest that
the overexpression of Arg1 may also reduce inflammatory pro-
files during tau deposition, signifying the complexity of individ-
ual by-products of inflammation.

Although immune cells exhibit robust expression of Arg1
through the canonical IL-4/IL-13 JAK/STAT pathway (Welch et
al., 2002; Mantovani et al., 2004; Nolan et al., 2005; Martinez et
al., 2009; Varin and Gordon, 2009), neurons also express low
levels of Arg1 and 2 (Yu et al., 2001, 2002, 2003; Peters et al., 2013;
Quirié et al., 2013) and may counter neuronal NOS activity via
substrate competition. Recent studies demonstrate transient ex-
pression of iNOS in neurons and increased expression in micro-
glia after inflammation (Béchade et al., 2014). In addition,
expression of iNOS has also been demonstrated in astrocytes
(Jimenez et al., 2008).

Generation of free nitric oxide can perpetuate posttransla-
tional modifications of aggregation-prone proteins such as tau
(Reynolds et al., 2006; Reyes et al., 2008; Reyes et al., 2011; Reyes
et al., 2012), amyloid � (Kummer et al., 2011), and �-synuclein
(Kotzbauer et al., 2004; Yu et al., 2010; Liu et al., 2011).

As this manuscript was being completed, Kan et al. (2015) pub-
lished data showing that arginine deprivation leads to immune sup-
pression and changes in amyloid deposition and that inhibition of
arginase and ornithine decarboxylase using the drug difluormethy-
lornithine dramatically reduced amyloid deposition in an unusual
mouse model of amyloid deposition (NOS2-null background). This
led to diminished changes in microglial expression and improved
memory performance. Although these data would contradict the use
of agents increasing arginase activity in AD, several examples dem-

Figure 13. rAAV-Arg1 fails to rescue neuronal loss but mitigates hippocampal atrophy. Nissl staining of the hippocampus of nontransgenic (NonTg) (A), rAAV9-GFP-injected rTg4510 (B) and
rAAV9-Arg1-injected rTg4510 (C) is shown. Neuronal cell counts of the dentate gyrus (D) and hippocampal volume (E) were quantified by unbiased stereology. rAAV-Arg1 failed to prevent neuronal
loss within the dentate gyrus of the hippocampus (D) but reduced hippocampal atrophy (E) compared with the rAAV-GFP construct. Statistical analyses were performed using ANOVA with Fisher’s
multiple-comparison test, *p � 0.05; n � 6 – 8.
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onstrate that some manipulations have the
opposite effects upon amyloid versus tau
deposition in mouse models. Our own work
with LPS finds that acute intracranial injec-
tions reduce amyloid pathology but en-
hance tau pathology (Herber et al., 2004;
Herber et al., 2007; D.C. Lee et al., 2010) and
that both acute (Lee et al., 2013a) pro-
inflammatory and anti-inflammatory cyto-
kines treatments reduce amyloid burden.
Bruce Lamb’s group reported that CX3CR1
deletion reduced amyloid deposition, but
exacerbated tau deposition (Bhaskar et al.,
2010; S. Lee et al., 2010). Kerry O‘Banion’s
group found that IL-1 overexpression low-
ered amyloid and increased tau pathology in
different models (Shaftel et al., 2007; Ghosh
et al., 2013). It is difficult to equate the role of
arginine metabolism during inflammation
in different mouse models (amyloid versus
tauopathies). However, our data (Fig. 2)
show that increasing levels of L-arginine
promote tau accumulation at the cellular
level in parallel with mTOR accumulation,
consistent with the possibility that
L-arginine levels modulate autophagy, con-
ceivably through amino acid sensing. In ad-
dition, tau transgenic mice showed
significant accumulation of L-arginine (Fig.
5B) in the hippocampus compared with
nontransgenic littermates and overexpres-
sion of Arg1 (
30-fold) reduced L-arginine
levels to that of nontransgenic littermates.
Modulation of arginine may explain in part
some of these affects on the tau phenotype. Clearly, however, our
study and that of Kan et al. (2015) indicate that modulation of argi-
nine metabolism can have a profound impact upon pathologies as-
sociated with the development of AD. A recent report indicated
significant changes in arginine and polyamine metabolism between
control patients, mild cognitive impairment, and AD converters
from plasma using metabolomics profiling (Kyrkanides et al., 2007).

These data signify the impact of L-arginine turnover and the pos-
sible effect on autophagy. Double knock-out mice for Arg1 and Arg2
die within 14 d and show an 
10-fold decrease in the polyamine
precursor ornithine coupled with a marked 100-fold increase in ar-
ginine levels throughout various tissues, including brain, compared
with wild-type mice (Deignan et al., 2006). In addition, downstream
products of arginase, polyamines, generally decline with
age (Scalabrino and Ferioli, 1984), but have been shown to increase
autophagy, restore memory, and increase longevity in various model
organisms (Eisenberg et al., 2009; Morselli et al., 2009; Madeo et al.,
2010; Marino et al., 2011; Minois et al., 2011; Morselli et al., 2011;
Gupta et al., 2013; Minarini et al., 2013). Strategically, increasing
Arg1 expression may benefit certain neurodegenerative diseases.

Other strategies have been used to increase Arg1 expression/
activity and downstream product polyamines in an effort to pro-
mote neurite and axonal outgrowth in neurons after injury (Cai
et al., 2002; Gao et al., 2004; Deng et al., 2009; Ma et al., 2010). In
fact, reports show that polyamines bind acidic regions of tubulin,
compete with tau through ionic interaction, and promote micro-
tubule assembly (Savarin et al., 2010; Hamon et al., 2011; Lefèvre
et al., 2011), suggesting that polyamines support cytoskeletal
structure and confer neuronal integrity. Furthermore, poly-

amines covalently bind tau (Tucholski et al., 1999) and tubulin
(Song et al., 2013) by transglutaminase “polyamination.” Al-
though overstabilizing microtubules might also cause neuronal
dysfunction, microtubule-stabilizing agents may offer some ther-
apeutic benefit for neurodegenerative disease (Ballatore et al.,
2010; Ballatore et al., 2011; Ballatore et al., 2012; Brunden et al.,
2012, 2014). This suggests that therapeutic targeting of poly-
amines through activation of Arg1 could stabilize microtubules,
which are destabilized by the failure of phospho-tau to bind the
microtubules.

Conclusion
Overall, our findings imply that arginine metabolism may affect
tauopathies. We have shown several potential mechanisms by
which sustained Arg1 expression curtails tau pathology. The
question remains of whether tau pathology disrupts arginine me-
tabolism and subsequent polyamine homeostasis or if disruption
in arginine metabolism promotes tau pathology. Recent evidence
shows dyshomeostasis of arginine metabolism and polyamine
levels in the brains of AD patients (Liu et al., 2014); however, the
functional impact of polyamines on tau during AD remains elu-
sive. Further research is essential to determine how arginine me-
tabolism and/or polyamine levels contribute to tau pathogenesis,
which may offer alternative strategies toward tauopathies.
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