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Protection of nigral dopaminergic neurons by AAV1
transduction with Rheb(S16H) against neurotoxic
inflammation in vivo
Sehwan Kim1,11, Gyeong Joon Moon1,11, Yong-Seok Oh2,11, Jungha Park1,11, Won-Ho Shin3, Jae Yeong Jeong4,
Kwang Shik Choi1, Byung Kwan Jin4, Nikolai Kholodilov5, Robert E Burke5,6, Hyung-Jun Kim7,
Chang Man Ha7, Seok-Geun Lee8,9 and Sang Ryong Kim1,10

We recently reported that adeno-associated virus serotype 1 (AAV1) transduction of murine nigral dopaminergic (DA) neurons

with constitutively active ras homolog enriched in brain with a mutation of serine to histidine at position 16 [Rheb(S16H)]

induced the production of neurotrophic factors, resulting in neuroprotective effects on the nigrostriatal DA system in animal

models of Parkinson’s disease (PD). To further investigate whether AAV1-Rheb(S16H) transduction has neuroprotective potential

against neurotoxic inflammation, which is known to be a potential event related to PD pathogenesis, we examined the effects of

Rheb(S16H) expression in nigral DA neurons under a neurotoxic inflammatory environment induced by the endogenous

microglial activator prothrombin kringle-2 (pKr-2). Our observations showed that Rheb(S16H) transduction played a role in the

neuroprotection of the nigrostriatal DA system against pKr-2-induced neurotoxic inflammation, even though there were similar

levels of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-1-beta (IL-1β), in the AAV1-

Rheb(S16H)-treated substantia nigra (SN) compared to the SN treated with pKr-2 alone; the neuroprotective effects may be

mediated by the activation of neurotrophic signaling pathways following Rheb(S16H) transduction of nigral DA neurons. We

conclude that AAV1-Rheb(S16H) transduction of neuronal populations to activate the production of neurotrophic factors and

intracellular neurotrophic signaling pathways may offer promise for protecting adult neurons from extracellular neurotoxic

inflammation.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease and is characterized by the loss of nigral
dopaminergic (DA) neurons and a significant decrease in
striatal dopamine levels.1,2 Although numerous types of drugs
can temporarily relieve PD symptoms, there is no comprehen-
sive therapy for PD, and its pathogenic mechanism is largely
unknown.3,4 However, neurotoxic inflammation is considered
to be an important mechanism in the pathogenesis of PD, and
accumulating evidence indicates that activated microglia-

mediated neurotoxic inflammation can exacerbate the loss of
DA neurons and deteriorate the symptoms of the disease,
suggesting that the control of activated microglia may be a
useful strategy for neuroprotection in the adult brain.5–9

In PD brains, DA neurons in the substantia nigra (SN)
express decreased levels of glial cell line-derived neurotrophic
factor (GDNF), a member of the transforming growth factor-β
family, and brain-derived neurotrophic factor (BDNF), a
member of the neurotrophin family.10 Experimental results
using GDNF11–13 and BDNF11,14 have consistently shown their
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neuroprotective effects on DA neurons in animal models of
PD. These results suggest that decreases in neurotrophic factors
may be another important pathogenic mechanism involved in
the loss of nigral DA neurons,10,15,16 even though a study
reported that GDNF delivered by intracerebroventricular
injection and intraputaminal infusion in patients with PD
was ineffective for PD therapy, probably because of its limited
penetration and distribution to the target brain areas.17 To
clarify that the therapeutic potential of neurotrophic factors for
PD depends on the sustained delivery of the appropriate
amount to the target areas, we recently reported that adeno-
associated virus 1 (AAV1) transduction of nigral DA neurons
with a gene encoding the constitutively active form of ras
homolog enriched in brain (Rheb) with a mutation of serine to
histidine at position 16 [Rheb(S16H)] induced a sustained
production of neurotrophic factors, such as GDNF and BDNF,
through activation of the mammalian target of rapamycin
complex 1 (mTORC1), consequently resulting in the protec-
tion and restoration of the nigrostriatal DA projection in
neurotoxin-treated animal models of PD.15,16,18,19 These obser-
vations demonstrate that the activation of neuronal mTORC1
induced by a specific gene delivery, such as Rheb(S16H), has
neuroprotective effects against intracellular neurotoxicity.

There have been numerous reports showing that controlling
the activation of microglia, which produce pro-inflammatory
cytokines, may be a beneficial approach to protecting nigral DA
neurons against neurodegeneration in the adult brain.8,9,20,21

However, there has been no report of a specific treatment that
could induce neuroprotective effects without the control of
neuroinflammation under a neurotoxic inflammatory environ-
ment in the adult brain, resulting in the protection of nigral DA
neurons in vivo. Our previous observations suggested that
activation of the intracellular neurotrophic signaling pathway
by neuronal transduction with Rheb(S16H) using a specific
viral vector may be a useful strategy to impart the important
ability of a protective potential against neurotoxicity to nigral
DA neurons in the adult brain.15,22 Therefore, in the present
study, we investigated whether Rheb(S16H) transduction of
nigral DA neurons has a neuroprotective potential against
neurotoxic inflammation induced by prothrombin kringle-2
(pKr-2), which was reported to be an endogenous microglial
activator in a previous study,9 and whether neurotrophic
factors, such as GDNF and BDNF, which can be produced
by Rheb(S16H) transduction into nigral DA neurons,15,16

contribute to the protective potential against pKr-2-induced
neurotoxic inflammation.

MATERIALS AND METHODS

Production of AAV viral vectors
All vectors used for these studies were AAV1 serotypes, as previously
described.18,19 A plasmid carrying the Rheb gene was purchased from
OriGene Technologies (Rockville, MD). Rheb DNA was amplified and
modified to incorporate a FLAG-encoding sequence at the 3′-end by
expanded long-template PCR (Roche, Indianapolis, IN, USA). Con-
stitutively active Rheb [Rheb(S16H)] was generated by use of the
Phusion Site-directed Mutagenesis Kit of New England Biolabs

(Ipswich, MA, USA), integrated into the pGEM-T vector (Promega,
San Luis Obispo, CA, USA), and then cloned into an AAV packaging
construct that utilizes the chicken β-actin promoter and contains a 3′
WPRE (pBL). AAVs were produced by the University of North
Carolina Vector Core, and the genomic titer was 3.6× 1012 viral
genomes per ml. Enhanced green fluorescence protein (GFP), used as
a control, was subcloned into the same viral backbone, and viral stocks
were produced at a titer of 1× 1012 viral genomes per ml.

Institutional review of animal protocols
Male C57BL/6 mice (8 weeks old, 23–25 g) were obtained from
Daehan Biolink (Eumseong, Korea). The mice were housed in a
controlled environment and were provided with food and water ad
libitum. All surgical experiments were performed in accordance with
the approved animal protocols and guidelines established by the
Animal Care Committee of Kyungpook National University (No.
KNU 2016-42).

Intranigral AAV injection
C57BL/6 mice were anesthetized by intraperitoneal injection of chloral
hydrate (Sigma-Aldrich, St Louis, MO, USA; 360 mg kg− 1) and placed
in a stereotaxic frame (David Kopf Instrument, Tujunga, CA, USA).
Each of the mice received a unilateral injection of AAV1-GFP as a
control vector or AAV1-Rheb(S16H) using a 10-μl Hamilton syringe
(30S needle) attached to a syringe pump (KD Scientific, New Hope,
PA, USA) into the right SN (anteroposterior (AP): − 3.5 mm;
mediolateral (ML): − 1.1 mm; dorsoventral (DV): − 3.7 mm, relative
to bregma). A viral vector suspension in a volume of 2.0 μl was
injected at 0.1 μl min− 1 over 20 min. After the injection, the needle
was left in place for an additional 5 min before being slowly retracted.

Intranigral pKr-2 injection and neutralizing antibody
injection
Each animal received a unilateral injection of pKr-2 alone (Haema-
tologic Technologies, Inc., Essex Junction, VT, USA; 24 μg in 2 μl
phosphate-buffered saline (PBS); Sigma-Aldrich) or in combination
with neutralizing antibodies against GDNF and BDNF into the right
SN (AP: − 3.2 mm; ML: − 1.3 mm; DV: − 4.0 mm, relative to bregma)
at a rate of 0.5 μl min− 1. The following neutralizing antibodies were
used:23 murine GDNF neutralizing antibody (R&D Systems, Minnea-
polis, MN, USA; 200 ng in 2 μl PBS; Sigma-Aldrich) and murine
BDNF neutralizing antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA; 200 ng in 2 μl PBS; Sigma-Aldrich). After the injection, the
needle was left in place for an additional 5 min before being slowly
retracted. The animals were killed and analyzed at the indicated time
points for each experiment.

Immunohistochemical staining procedures
Immunohistochemistry was performed as previously described,15,18

with some modifications for the present study. The animals were
transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer (PB). After post fixation and cryoprotection using a 30%
sucrose solution, brain sections (30-μm-thick) were processed for
immunohistochemical staining. Briefly, sections were rinsed in 0.1 M
PBS and incubated with primary antibodies at 4 °C for 2 days. Tissues
were rinsed with PBS-0.5% bovine serum albumin, incubated at room
temperature with appropriate biotinylated secondary antibodies, and
then processed with an avidin–biotin complex kit (Vector Labora-
tories, Burlingame, CA, USA). The signal was detected by incubating
sections in 0.5 mg ml− 1 3,3′-diaminobenzidine (DAB; Sigma-Aldrich)
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in 0.1 M PB containing 0.003% H2O2. The primary antibodies were
rabbit anti-FLAG (1:3000; Sigma-Aldrich) and rabbit anti-tyrosine
hydroxylase (TH; 1:2000; Pel-Freez, Brown Beer, WI, USA). Immu-
nostained SN and striatum tissue samples were mounted on gelatin-
coated slides. SN tissue samples immunostained with the TH antibody
were counterstained with 0.5% cresyl violet (Sigma-Aldrich) and then
analyzed with a bright-field microscope (Axio Imager, Carl Zeiss,
Göttingen, Germany).
Brain sections for double-immunofluorescence staining were rinsed

and incubated for 2 days with one of the following pairs of antibodies:
rabbit anti-TH (1:2000; Pel-Freez) and mouse anti-FLAG (1:3000;
Sigma-Aldrich), mouse anti-glial fibrillary acidic protein (GFAP;
1:500; Sigma-Aldrich) and rabbit anti-FLAG (1:3000; Sigma-Aldrich),
rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1; 1:2000;
Wako Pure Chemical Industries, Osaka, Japan) and mouse anti-FLAG
(1:3000; Sigma-Aldrich), rabbit anti-Iba1 (1:2000; Wako Pure Che-
mical Industries) and mouse anti-tumor necrosis factor-alpha (TNF-α;
1:500; Santa Cruz Biotechnology), goat anti-Iba1 (1:1000; Abcam,
Cambridge, MA, USA) and rabbit anti-interleukin-1-beta (IL-1β;
1:500; Santa Cruz Biotechnology), mouse anti-TH (1:200; R&D
Systems) and rabbit anti-phosphorylated-4E-BP1 (p-4E-BP1; 1:1000;
Cell Signaling, Beverly, MA, USA), rabbit anti-TH (1:2000; Pel-Freez)
and goat anti-GDNF (1:1000; R&D Systems), and mouse anti-TH
(1:200; R&D Systems) and rabbit anti-BDNF (1:500; Santa Cruz
Biotechnology) antibodies. After 2 days, sections were rinsed and
incubated with Texas Red-conjugated anti-rabbit IgG, anti-mouse IgG,
or anti-goat IgG (1:400; Vector Laboratories) and FITC-conjugated
anti-mouse IgG, anti-rabbit IgG or anti-goat IgG (1:200; Jackson
ImmunoResearch, West Grove, PA, USA) for 1 h, and then they were
washed and mounted with Vectashield mounting medium (Vector
Laboratories). The stained sections were analyzed under a fluorescence
microscope (Axio Imager).

Western blot analysis
The SN and striatum tissues were prepared from the animals at the
indicated time points after injection of pKr-2 as previously described
with some modifications.9,15,18 Briefly, the tissues were homogenized
and centrifuged at 4 °C for 15 min at 14 000 g. The supernatant was
transferred to a fresh tube, and the concentration was determined
using a bicinchoninic acid assay (BCA) kit (Bio-Rad Laboratories,
Hercules, CA, USA). The samples were boiled at 100 °C for 5 min
before gel loading, and equal amounts of protein were loaded into
each lane with the loading buffer. Proteins were separated using gel
electrophoresis (Bio-Rad Laboratories) and electrophoretically trans-
ferred to polyvinylidene difluoride membranes (Millipore, Damstadt,
Germany). The membranes were then incubated overnight at 4 °C
with specific primary antibodies: rabbit anti-TH (1:2000; Pel-Freez),
rabbit anti-Iba1 (1:2000; Wako Pure Chemical Industries), mouse
anti-TNF-α (1:500; Santa Cruz Biotechnology), rabbit anti-IL-1β
(1:500; Santa Cruz Biotechnology), rabbit anti-4E-BP1 (1:1000; Cell
Signaling), rabbit anti-p-4E-BP1 (1:1000; Cell Signaling), mouse anti-
GDNF (1:500; Santa Cruz Biotechnology), rabbit anti-BDNF (1:500;
Santa Cruz Biotechnology), goat anti-tropomyosin receptor kinase B
(TrkB; 1:1000; R&D Systems), rabbit anti-phosphorylated TrkB (p-
TrkB; 1:1000; Millipore), anti-glial cell line-derived neurotrophic
factor family receptor alpha 1 (GFRα1; 1:2000; Sigma-Aldrich), mouse
anti-RET (1:1000; Santa Cruz Biotechnology), anti-phosphorylated-
RET (p-RET; 1:1000; Sigma-Aldrich), and mouse anti-β-actin (1:1000;
Santa Cruz Biotechnology). After washing with Tris-buffered saline
with Tween-20 (TBS-T), the membranes were incubated with the

appropriate secondary antibodies (Invitrogen, Camarillo, CA, USA)
for 1 h at room temperature, and the blots were finally developed
using enhanced chemiluminescence (ECL) western blot detection
reagents (AbFrontier, Seoul, Korea). For semi-quantitative analyses,
the density of the protein bands was measured using a computer
imaging device and accompanying software (Fuji Film, Tokyo, Japan).

Quantification of TH-positive neurons in the SN
To determine the number of TH-positive neurons, both hemispheres
of each mouse brain were analyzed as previously described with some
modifications.8,18 Briefly, the entire SN from every section was
identified as the region of interest, and the total number of TH-
positive neurons was counted using the optical fractionator’s method
with the Olympus Computer-Assisted Stereological Toolbox system
version 2.1.4 (Olympus, Ballerup, Denmark). The number of cells in
the SN was quantitatively expressed as a percentage of that in the
contralateral control side.

Quantitative determination of striatal TH immunostaining
The whole striatum was identified as previously described,8,18 and the
densitometric analysis was carried out using Science Lab 2001 Image
Gauge (Fuji Film). TH-positive fiber innervation of the striatum was
expressed quantitatively as the optical density on the ipsilateral
lesioned side as a percentage of the optical density on the contralateral
control side.

Quantification of TH-positive axons in the medial forebrain
bundle
The number of TH-positive axons in the medial forebrain bundle
(MFB) was analyzed as previously described.19 In brief, a horizontal
section containing the A13 dopamine cell group, third ventricle and
third ventricle recess was chosen for each animal. The region of
interest was defined at low power to encompass the MFB. TH-positive
fibers in each counting frame (25 μm×25 μm) were then determined
by focusing down through the section under a × 100 oil-immersion
objective and were only counted when crossing both the top and
bottom lines in the same frame.

Dopamine and its metabolites in the striatum
The measurement of striatal dopamine and its metabolites using
reversed-phase high-performance liquid chromatography (HPLC)
with an electrochemical detector was performed as previously
described.9 Briefly, the brain tissues were homogenized and centri-
fuged, and then the supernatants were injected into an autosampler at
4 °C (Waters 717 plus autosampler) and eluted through a Sunfire C18
column (4.6× 100 mm×5 μm; Waters Corporation, Milford, MA,
USA) with a mobile phase for catecholamine analysis (Chromosys-
tems, Munich, Germany). The peaks of dopamine and its metabolites,
3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA), were analyzed using an ESA Coulochem III electrochemical
detector and integrated using a commercially available software
program (ChemStation Software, Agilent Technologies, Santa Clara,
CA, USA), and all samples were normalized for protein content as
spectrophotometrically determined using the Pierce BCA protein assay
kit (Thermo Scientific, Waltham, MA, USA).

Rota-rod test
Locomotor activity was evaluated using the rota-rod apparatus (30-
mm rod diameter; BS TechnoLab Inc., Seoul, Korea) as previously
described.24 All mice were pre-trained on the rota-rod apparatus at a
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constant rate of 10 r.p.m. for 10 min once daily for three consecutive
days. At 7 days after the pKr-2 injection, the mice were placed on a
constant accelerating rotating rod (4–40 r.p.m. within 5 min). Two
consecutive trials were performed at 60 min intervals. The latency to
fall off the rota-rod was recorded.

Statistical analysis
All values are expressed as the mean± standard error of the mean (s.e.
m.). Multiple comparisons among groups were performed with one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc
analysis or independent sample t-test. All statistical analyses were
performed using Sigma Stat software (Systat Software, San Leandro,
CA, USA).

RESULTS

AAV1 transduction with Rheb(S16H) in the SN in vivo
Mice were killed at 3 weeks after an intranigral injection of
AAV1-GFP or AAV1-Rheb(S16H) to examine the viral trans-
duction of nigral DA neurons, and the expression of target
proteins was confirmed by observation of GFP expression and
immunohistochemical staining for the FLAG epitope encoded
in the Rheb(S16H) construct, respectively (Figure 1a and b).
Consistent with our previous results,15,16,18 the double-
immunofluorescence staining showed that GFP and FLAG
were colocalized within TH-positive neurons (Figure 1b) but
not glial cells (GFAP-positive astrocytes and Iba1-positive
microglia) (Figure 1c). Similar to previous reports,15,16,18 GFP

and FLAG were also observed in non-TH-positive neurons in
the SN (Supplementary Figure S1), and Rheb(S16H) expression
in nigral DA neurons induced morphological changes in
neurons, indicated by arrow heads, such as increased neuronal
size (Figure 1b), suggesting that Rheb(S16H) administration
had neurotrophic effects on nigral DA neurons.

Rheb(S16H) expression in nigral DA neurons protects the
nigrostriatal DA projection against pKr-2-induced
neurotoxicity
To examine whether nigral transduction with AAV1-Rheb
(S16H) protects the nigrostriatal DA projection from neuro-
toxic inflammation, we unilaterally injected pKr-2, which has
been previously reported to be an endogenous microglial
activator,9,25–27 into the SN at 3 weeks after AAV1-GFP and
AAV1-Rheb(S16H) administration. The mice treated with pKr-
2-alone and pKr-2 in the presence of GFP were used as
controls for comparisons withRheb(S16H)-induced neuropro-
tection. At 7 days after pKr-2 treatment, the brains were
dissected, and the coronal sections were immunostained with
the TH antibody. Our results showed that significant loss of
TH-positive neurons and fibers was observed in the SN and
striatum, respectively, of pKr-2-treated mice and that the
neurotoxicity of pKr-2 treatment was similarly observed in
the AAV1-GFP-treated mice (Figure 2a). When TH-positive
neurons in the counting area of the ipsilateral SN were

Figure 1 Transduction of nigral DA neurons with AAV1-GFP and AAV1-Rheb(S16H) in normal adult mice. (a) The expression of GFP and
FLAG (brown reaction product) in the SN at 3 weeks after AAV1-GFP and AAV1-Rheb(S16H) administration for each viral injection. No
expression of FLAG was observed in the non-injected control side (CON). The area inside the dotted lines is the substantia nigra pars
compacta. Scale bar, 200 μm. (b) Double-immunofluorescence staining for TH (red) and GFP (green) and TH and FLAG (green) in the SN.
Arrow heads indicate increased neuronal size induced by Rheb(S16H) expression in the nigral DA neurons. Scale bar, 20 μm. (c) Double-
immunofluorescence staining for GFAP/Iba1 (red) and GFP (green), and GFAP/Iba1 and FLAG (green) in the SN. Scale bar, 20 μm.
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quantified and expressed as a percentage of those in the
contralateral control, only 55% of DA neurons were preserved
in the SN of the pKr-2-treated mice (Figure 2b; *Po0.001 vs
contralateral controls), whereas 91% of DA neurons were

preserved in the presence of Rheb(S16H) (Figure 2b; #Po0.01
vs pKr-2 alone). These results suggest that Rheb(S16H) is
capable of inducing neuroprotection against the pKr-2-induced
death of nigral DA neurons. Similar to the effects in the SN, 53

Figure 2 Rheb(S16H) protects the nigrostriatal DA pathway from pKr-2-induced neurotoxicity in vivo. (a) Representative coronal sections of
the SN and striatum following TH immunostaining. CON, contralateral control side. Scale bars, 200 and 500 μm in the SN and striatum,
respectively. The small panels show higher magnifications of the SN. Scale bar, 50 μm. (b) Quantification of TH-positive neurons at 7 days
after pKr-2 treatment. EXP, ipsilateral injected side. The histogram quantitatively shows TH-positive neurons in the counting area of the
ipsilateral SN as a percentage of those in the contralateral controls. *Po0.001 vs contralateral controls, #Po0.01 vs pKr-2 alone (one-
way ANOVA and Tukey’s post hoc analysis; n=4, each experimental group). All values are expressed as the mean± standard error of the
mean (s.e.m.). (c) Quantitative determination of striatal TH immunostaining. The histogram shows the optical density of TH-positive fibers
at 7 days after pKr-2 treatment. *Po0.001 vs contralateral controls, #Po0.001 vs pKr-2 alone (one-way ANOVA and Tukey’s post hoc
analysis; n=4, each experimental group). All values are expressed as the mean± s.e.m. (d, e) Western blot analysis of TH expression at
7 days after pKr-2 treatment in the SN and striatum. The density of TH bands was normalized to the density of the β-actin band for each
sample. *Po0.01 and **Po0.05 vs contralateral controls, #Po0.01 and ##Po0.05 vs pKr-2 alone (one-way ANOVA and Tukey’s post
hoc analysis; n=3, each experimental group). All values are expressed as the mean± s.e.m. (f) Representative horizontal sections of the
medial forebrain bundle (MFB) following TH immunofluorescence staining. Scale bar, 10 μm. (g) Quantification of TH-positive axons at
7 days after injection of pKr-2. The histogram quantitatively shows TH-positive axons in the counting area of the ipsilateral MFB as a
percentage of those in the contralateral controls. *Po0.001 and **Po0.01 vs contralateral controls, #Po0.001 vs pKr-2 alone (one-way
ANOVA and Tukey’s post hoc analysis; n=4, between groups). All values are expressed as the mean± standard error of the mean (s.e.m.).
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and 115% of TH-positive fibers were observed in the striatum
treated with pKr-2 alone (Figure 2c; *Po0.001 vs contralateral
controls) and pKr-2 in the presence of Rheb(S16H) (Figure 2c;
#Po0.001 vs pKr-2 alone), respectively. Consistent with
immunohistochemical staining results, western blot analysis
showed that AAV1-Rheb(S16H) administration significantly
preserved the levels of TH expression in both the SN and
striatum compared to pKr-2 alone (Figure 2d and e; *Po0.01
and **Po0.05 vs contralateral controls; #Po0.01 and
##Po0.05 vs pKr-2 alone). To further clarify if Rheb(S16H)
induced neuroprotection, we examined the number of TH-
positive axons in the MFB using the horizontal brain sections
as previously described.19 As shown in Figure 2f, the number of
TH-positive axons in the MFB apparently decreased at 7 days
after pKr-2-administration compared to that in the contral-
ateral controls (Figure 2f). However, Rheb(S16H)-treated mice
showed a significant preservation of TH-positive axons against
pKr-2-induced neurotoxicity (Figure 2f). The quantitative
results, presented as a percentage of contralateral controls,
showed that 54% and 52% of TH-positive axons were observed
in the MFB of pKr-2 alone and AAV1-GFP-treated mice,
respectively (Figure 2g; *Po0.001 and **Po0.01 vs contral-
ateral controls). In contrast, 104% of TH-positive axons were
observed in the MFB of Rheb(S16H)-treated mice compared to
that in contralateral controls (Figure 2g). In addition to the
histological protection, we further investigated the levels of
dopamine and its metabolites, DOPAC and HVA, in the
striatum using reversed-phase HPLC with an electrochemical
detector. Similar to our previous study,9 treatment with pKr-2
alone caused a significant reduction in dopamine levels in the
striatum by 49% of the levels in the contralateral controls
(Figure 3a; *Po0.001), and decreases in both DOPAC and
HVA were also observed in pKr-2-treated mice (Figure 3b and
c; *Po0.001 and **Po0.01 vs contralateral controls). How-
ever, the levels of dopamine and its metabolites were signifi-
cantly preserved in the striatum of Rheb(S16H)-treated mice
compared to the levels observed in mice treated with pKr-2
alone (Figure 3a–c; #Po0.001 vs pKr-2 alone). Similar to the
HPLC results, the analyses of the rota-rod behavioral tests
showed that the pKr-2-injected mice exhibited a significant
decrease in locomotor activity compared to control mice
(Figure 3d; *Po0.05). However, Rheb(S16H)-treated mice
showed a significant protection of locomotor activity compared
to mice treated with pKr-2 alone (Figure 3d; #Po0.05 vs pKr-2
alone). These results demonstrated that AAV1-Rheb(S16H)
transduction could induce a functional preservation of loco-
motor activity through protection of the nigrostriatal DA
projections from pKr-2-induced neurotoxicity.

Preservation of GDNF and BDNF induced by Rheb(S16H)
administration under the pKr-2-induced neurotoxic
inflammatory environment
To investigate whether the induction of Rheb(S16H) expres-
sion in DA neurons affects pKr-2-induced microglial activa-
tion, which induces neurotoxic inflammation in the
nigrostriatal DA system,9,25–27 we evaluated the levels of

activated microglia-produced pro-inflammatory cytokines,
such as TNF-α and IL-1β, in the SN. As shown in the
double-immunofluorescence staining, there were apparent
increases in TNF-α and IL-1β expression levels within Iba1-
positive microglia in the SN at 1 day after pKr-2 treatment
(Figure 4a). Consistent with the double-immunofluorescence
staining results, western blot analysis at post-lesion day 1
showed significant increases in the levels of TNF-α and IL-1β
in the pKr-2-treated SN compared to those in the contralateral
controls (Figure 4b and c; *Po0.01 and **Po0.05). In the
presence of Rheb(S16H), we found that there was no change in
the pKr-2-induced increase in TNF-α or IL-1β levels compared
to that in the presence of pKr-2 alone (Figure 4b and c). These
results indicate that neuroinflammatory responses induced by
pKr-2-activated microglia were not affected by AAV1-Rheb
(S16H) administration.

Recently, we reported that AAV1-Rheb(S16H) transduction
could induce the sustained production of neurotrophic factors,
such as GDNF and BDNF, through the activation of mTORC1
in nigral DA neurons in vivo and that this upregulation could
contribute to the protection of nigrostriatal DA projections in
neurotoxin-treated animal models of PD.15,18 To investigate
whether Rheb(S16H)-transduced DA neurons could produce
GDNF and BDNF as neuroprotective reagents under the
neurotoxic inflammatory environment induced by pKr-2
treatment, we next observed the expression levels of p-4E-
BP1, indicating mTORC1 activation, and GDNF and BDNF
following pKr-2 treatment in the absence or presence of Rheb
(S16H). As shown by the double-immunofluorescence staining,
there were apparent increases in p-4E-BP1, GDNF and BDNF
levels within TH-positive DA neurons at 3 weeks after AAV1-
Rheb(S16H) administration in the SN (Figure 5a). To inves-
tigate whether the upregulation of p-4E-BP1, GDNF and
BDNF by AAV1-Rheb(S16H) administration is preserved in
the pKr-2-treated SN, we evaluated the levels with western blot
analysis at 1day and 7 days after pKr-2 treatment. Our results
showed that the increased levels of p-4E-BP1, GDNF and
BDNF were significantly preserved in the SN treated with pKr-
2 in the presence of Rheb(S16H) at post-lesion day 1 compared
to the levels in the contralateral controls (Figure 5b; *Po0.001
and **Po0.01 vs contralateral controls) and that there was no
significant change in p-4E-BP1, GDNF or BDNF expression in
the SN treated with pKr-2 alone and that treated with pKr-2 in
the presence of GFP compared to the levels in the contralateral
controls (Figure 5b). Moreover, the levels of p-4E-BP1, GDNF
and BDNF were substantially preserved in the SN treated with
pKr-2 in the presence of Rheb(S16H) at post-lesion day 7,
when significant neurotoxicity by pKr-2 administration
appeared, compared to the levels in contralateral controls
(Figure 5c; ##Po0.01 and ###Po0.05 vs pKr-2 alone), even
though there were significant decreases in the levels of p-4E-
BP1, GDNF and BDNF in the SN treated with pKr-2 alone and
that treated with pKr-2 in the presence of GFP at post-lesion
day 7 compared to the levels in contralateral controls
(Figure 5c; *Po0.001, **Po0.01 and ***Po0.05). Thus, these
results suggest that the productive activities of neurotrophic

AAV1-Rheb(S16H) against neurotoxic inflammation
S Kim et al

6

Experimental & Molecular Medicine



factors following transduction with AAV1-Rheb(S16H) may be
preserved under the neurotoxic inflammatory environment
induced by pKr-2 treatment in the SN of the adult brain.

Upregulation of GDNF and BDNF following AAV1-Rheb
(S16H) administration contributes to the neuroprotection
against pKr-2-induced neurotoxicity
To investigate whether GDNF and BDNF increased by Rheb
(S16H) expression in nigral DA neurons contribute to the
neuroprotection of the nigrostriatal DA projection against the
pKr-2-induced neurotoxicity, we unilaterally injected pKr-2
alone or in combination with neutralizing antibodies against
GDNF and BDNF, which previously showed no alteration in
the number of TH-positive neurons by treatment with
neutralizing antibodies alone,15 into the SN in the presence
of Rheb(S16H). The results of the immunohistochemical
staining for TH showed that the neuroprotective effects of
Rheb(S16H) against pKr-2-induced neurotoxicity, which pre-
served 90% of TH-positive neurons and 113% of TH-positive
fibers in the SN and striatum, respectively, compared to
contralateral controls(Figure 6a and b), were apparently
attenuated by treatment with neutralizing antibodies against
GDNF and BDNF (Figure 6a). In the presence of Rheb(S16H),
when the TH-positive neurons in the counting area of the
ipsilateral SN were quantified and expressed as a percentage of

that in the contralateral controls, 52% and 47% of the TH-
positive neurons in the SN treated with pKr-2 and anti-GDNF
and the SN treated with pKr-2 and anti-BDNF, respectively,
were preserved [Figure 6b; *Po0.001 vs contralateral controls;
##Po0.01 vs pKr-2 alone in the presence of Rheb(S16H)].
Consistently, 40% and 47% of the TH-positive fibers were
preserved in the striatum by treatment with anti-GDNF and
anti-BDNF antibodies, respectively (Figure 6c; **Po0.01,
*Po0.001 vs contralateral controls; ##Po0.01, #Po0.001 vs
pKr-2 alone in the presence of Rheb(S16H)). Moreover, co-
treatment with anti-BDNF and anti-GDNF resulted in a
synergistic inhibition of the neuroprotection of TH-positive
neurons in the SN of Rheb(S16H)-treated mice (Figure 6b).

Furthermore, to clarify whether the increases in BDNF and
GDNF following Rheb(S16H) administration contributed to
the activation of the neurotrophic signaling pathway, suggesting
an intensification of the Rheb(S16H)-induced neuroprotection,
we examined the changes in the levels of neurotropic factors
and their receptors, such as TrkB, p-TrkB, GFRα1, RET and
p-RET, following treatment with anti-BDNF and anti-GDNF
with western blot analysis. As shown in Supplementary
Figure S2, Rheb(S16H) transduction significantly increased
both the levels of BDNF and GDNF and the levels of TrkB,
p-TrkB, GFRα1, RET and p-RET compared to the levels in the
contralateral controls (Supplementary Figure S2c and d). The

Figure 3 The functional preservation of Rheb(S16H) against the pKr-2-induced neurotoxic events in vivo. (a–c) The amounts of striatal
dopamine and its metabolites, such as DOPAC and HVA, were measured by HPLC, and the level was quantitatively expressed as a
percentage of the level in contralateral controls. *Po0.001 and **Po0.01 vs contralateral controls, #Po0.001 vs pKr-2 alone (one-way
ANOVA and Tukey’s post hoc analysis; n=5, each experimental group). All values are expressed as the mean± standard error of the mean
(s.e.m.). (d) Locomotor activity was measured with the rota-rod test. *Po0.05 vs control mice, #Po0.05 vs pKr-2 alone (t-test analysis;
n=8, each experimental group). All values are expressed as the mean± s.e.m.
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levels of BDNF and p-TrkB were decreased in the mice treated
with anti-BDNF alone, and the levels of GDNF and p-RET
were decreased in the mice treated with anti-GDNF alone.
Moreover, co-treatment with anti-BDNF and anti-GDNF
showed synergetic effects controlling the Rheb(S16H)-induced
increase of these factors (Supplementary Figure S2c and d),
which may result in the inhibition of the Rheb(S16H)-induced
neuroprotection in the SN (Figure 6b). Loss of TH-positive
neurons was not observed with treatment with the neutralizing
antibodies alone (Supplementary Figure S3). Similar to the
inhibitory effects of anti-BDNF and anti-GDNF on the levels of
trophic factors, the activation of mTORC1 following Rheb
(S16H) administration was significantly attenuated by treat-
ment with neutralizing antibodies against BDNF and GDNF
(Supplementary Figure S2a). Taken together, our results
demonstrate that Rheb(S16H) expression in nigral DA neurons
can have protective effects against pKr-2-induced neurotoxic
inflammation and that the increase in neurotrophic factors
such as GDNF and BDNF contributes to the intensification of
the Rheb(S16H)-induced beneficial effects in the adult brain.

DISCUSSION

Although the cause of PD remains elusive, accumulating
evidence suggests that neuroinflammatory responses are crucial
for the initiation and progression of PD and that microglia,
which are the resident immune cells in the brain and are
observed in the SN of patients with PD and animal models of
PD, are important mediators of brain inflammation, which can
trigger neurotoxic events.6,28–31 In the healthy brain, microglia
are morphologically characterized by small cell bodies with thin
and ramified processes, signifying low levels of inflammatory
molecules associated with immune functions.5–8 However,
under neuropathological conditions, activated microglia pro-
duce a spectrum of potentially neurotoxic molecules that
contribute to the death of DA neurons.5–8 Recently, we also
reported that upregulation of pKr-2, which is an endogenous
microglial activator, could induce the degeneration of nigros-
triatal DA projections in the adult brain through production of
pro-inflammatory cytokines such as TNF-α and IL-1β from
activated microglia.9,25–27 These reports suggest that the control
of microglial activation, which induces neurotoxic events, may

Figure 4 Increase in neuroinflammatory responses induced by pKr-2 treatment in the SN. (a) Double-immunofluorescence staining for
TNF-α and IL-1β within Iba1-positive microglia in the SN at 1 day after pKr-2 treatment. CON, contralateral control side. Scale bars,
20 μm. (b, c) Western blot analysis of Iba1, TNF-α and IL-1β at 1 day after pKr-2 treatment in the SN. The density of Iba1, TNF-α, and
IL-1β bands was normalized to the density of the β-actin band for each sample. *Po0.01 and **Po0.05 vs contralateral controls (one-way
ANOVA and Tukey’s post hoc analysis; n=4, each experimental group). All values are expressed as the mean± s.e.m.
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Figure 5 Preservation of mTORC1 activation and neurotrophic factors induced by Rheb(S16H) in neuroinflammatory conditions.
(a) Double-immunofluorescence staining for TH (red) and p-4E-BP1 (green), TH and GDNF (green), and TH and BDNF (green) in the SN
at 3 weeks after AAV1-Rheb(S16H) administration. CON, contralateral control side. Scale bars, 20 μm. (b) Western blot analysis of 4E-
BP1, p-4E-BP1, GDNF and BDNF in the SN at 1 day after pKr-2 treatment. The density of p-4E-BP1, GDNF, and BDNF bands was
normalized to the density of the β-actin band for each sample. *Po0.001 and **Po0.01 vs contralateral controls, pKr-2 alone and pKr-2
in the presence of GFP (one-way ANOVA and Tukey’s post hoc analysis; n=4, each experimental group). All values are expressed as the
mean± s.e.m. (c) Western blot analysis of 4E-BP1, p-4E-BP1, GDNF, and BDNF in the SN at 7 days after pKr-2 treatment. The density of
p-4E-BP1, GDNF, and BDNF bands was normalized to the density of the β-actin band for each sample. *Po0.001, **Po0.01 and
***Po0.05 vs contralateral controls, ##Po0.01 and ###Po0.05 vs pKr-2 alone (one-way ANOVA and Tukey’s post hoc analysis; n=4,
each experimental group). All values are expressed as the mean± s.e.m.
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be useful for protecting nigral DA neurons in the adult brain.
Numerous studies have focused on the mechanisms of
neurotoxic inflammation inhibition that are involved in
activated microglia and have shown that their control could
result in the neuroprotection of nigral DA neurons.5–9,25–27,32

However, whether there is a specific treatment that can induce
neuroprotective effects without the control of neuroinflamma-
tion in a neurotoxic inflammatory environment, thereby
providing direct protection against neurotoxic inflammation
in the adult brain, is still unknown.

The cellular effects of GDNF and BDNF are mainly initiated
by their binding to specific receptors, such as GFRα1-RET33

and TrkB,13 respectively, and the actions of GDNF and BDNF,
resulting in the downstream activation of mTORC1, are crucial
for neuronal survival and maintenance of the neuronal
system.11–13,34–36 Moreover, consistent with the decreased levels
of GDNF and BDNF in PD brains,10 a decrease in

phosphorylated Akt, resulting in a loss of mTORC1 activation,
was observed in the SN of patients with PD and a neurotoxin
model of PD,37 and the upregulation of GDNF and BDNF
could induce neuroprotective effects against neurodegenerative
diseases such as Alzheimer's disease and PD.11–14,34 These
results indicate that the support of neurotrophic factors and
activation of the mTORC1 signaling pathway are necessary for
the survival of DA neurons and the functional maintenance of
the DA system in the adult brain. However, the systemic
delivery of neurotrophic factors, such as GDNF and BDNF, as
therapeutic agents is blocked by the blood–brain barrier, and
their injection into the brain is not appropriate owing to their
short half-life, despite their protective effects against DA
neuron degeneration.15,16 Thus, the development of novel
strategies to produce neurotrophic factors in the targeted
region may be required for PD therapy, and a specific gene
delivery system that can induce the persistent production of

Figure 6 Upregulation of Rheb(S16H)-induced GDNF and BDNF contributes to protection of the nigrostriatal DA projection against pKr-2-
induced neurotoxicity in vivo. (a) Representative coronal sections of the SN and striatum following TH immunostaining. Scale bars, 200
and 500 μm in the SN and striatum, respectively. The small panels show higher magnifications of the SN. Scale bar, 50 μm.
Quantification of TH-positive neurons at 7 days after injection of pKr-2 and neutralizing antibodies against GDNF, BDNF, and Mix (BDNF
+GDNF) in the presence of Rheb(S16H) and quantitative determination of striatal TH immunostaining. (b) TH-positive neurons in the
counting area of the ipsilateral SN expressed as a percentage of those in the contralateral controls. CON, contralateral control side; EXP,
ipsilateral injected side. *Po0.001 vs contralateral controls, ##Po0.01 vs pKr-2 alone in the presence of Rheb(S16H), $Po0.01 vs pKr-
2 and GDNF neutralizing antibody in the presence of Rheb(S16H) (one-way ANOVA and Tukey’s post hoc analysis; n=5, each
experimental group). (c) Optical density of TH-positive fibers at 7 days after injection of pKr-2 and neutralizing antibodies against GDNF,
BDNF and Mix in the presence of Rheb(S16H). **Po0.01 vs contralateral controls, ##Po0.01 vs pKr-2 alone in the presence of Rheb
(S16H) (one-way ANOVA and Tukey’s post hoc analysis; n=5, each experimental group). All values are expressed as the mean± s.e.m.
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neurotrophic factors and activation of the mTORC1 signaling
pathway in DA neurons can be utilized as a useful strategy
against neurodegeneration in the nigrostriatal DA system
in vivo.

To develop a novel strategy for sustained activation of the
mTORC1 signaling pathway in adult neurons, we recently
investigated the protective effects of AAV1 transduction of
murine nigral DA neurons with constitutively active Rheb,
which is a GTP-binding protein that directly activates
mTORC1 to induce multiple cellular functions such as protein
synthesis, cell growth, proliferation, survival, and synaptic
plasticity, against neurotoxicity in animal models of
PD.15,16,18,19 Our previous results demonstrated that Rheb
(S16H) transduction in the SN could induce the sustained
production of neurotrophic factors, such as GDNF and BDNF,
via activation of the mTORC1 signaling pathway in Rheb
(S16H)-transduced DA neurons, which contributed to the
protection of the nigrostriatal DA projection in neurotoxin-
treated animal models of PD.15,18 These results suggest that the
activation of neuronal signaling pathways involved in cell
survival by delivery of a specific gene such as Rheb(S16H)
may be a useful strategy to protect the nigrostriatal DA system
in the adult brain. However, whether the induction of neuronal
mTORC1 activation by a specific gene delivery has neuropro-
tective resistance against neurotoxic inflammatory environ-
ments beyond the protective effects against intracellular
neurotoxicity is still unclear.

Similar to previous studies,15,16,18,19 the immunohistochem-
ical staining results demonstrated that AAV1-GFP and AAV1-
Rheb(S16H) transduction in the SN could induce the expres-
sion of target proteins in adult neurons, including nigral DA
neurons, with no expression in glial cells (Figure 1). However,
despite the neuron-specific transduction of the viral vectors,
our observations showed that neuronal expression of Rheb
(S16H) protected the nigrostriatal DA projections against pKr-
2-induced neurotoxicity, potentially mediated by activated
microglia,9,27 as demonstrated by immunohistochemical stain-
ing and western blot analysis for TH (Figure 2). Moreover,
there was a significant protection of TH-positive axons within
the MFB of Rheb(S16H)-treated mice compared to that in
mice treated with pKr-2 alone (Figure 2f and g), and a
significant preservation of dopamine and its metabolites was
also observed in Rheb(S16H)-treated mice with pKr-2-induced
neurotoxicity (Figure 3a–c). Consistent with these results, the
behavioral test using the rota-rod apparatus showed that Rheb
(S16H) transduction of DA neurons could protect locomotor
activity, which is associated with the nigrostriatal DA
system,38,39 from pKr-2-induced neurotoxicity (Figure 3d).
To clarify whether the neuroprotective effects of Rheb(S16H)
transduction were through a resistance to pKr-2-induced
neuroinflammation or direct inhibition of microglial activation,
we examined the levels of pro-inflammatory cytokines, such as
TNF-α and IL-1β, following pKr-2 treatment in the absence/
presence of Rheb(S16H). Our results showed that there was no
significant change in the expression levels of TNF-α and IL-1β
in the Rheb(S16H)-treated SN compared to the levels in the SN

treated with pKr-2 alone (Figure 4), indicating that microglia
activated by treatment with pKr-2 caused similar neurotoxic
inflammatory reactions in the Rheb(S16H)-treated SN. There-
fore, these results suggest that the induction of Rheb(S16H)
expression in DA neurons exerts its neuroprotective effects by
providing a resistance to the neurotoxic inflammatory envir-
onment mediated by activated microglia.

To investigate how Rheb(S16H)-transduced DA neurons
could have protective effects against neurotoxic inflammation
induced by pKr-2 treatment, we next assessed the expression
levels of p-4E-BP1, indicating mTORC1 activation, and neuro-
trophic factors, such as GDNF and BDNF, which could be
increased in nigral DA neurons by AAV1-Rheb(S16H) trans-
duction in the SN,15,16,18,19 following pKr-2 treatment in the
absence or presence of Rheb(S16H). Similar to a previous
study,15 our results showed that the expression levels of p-4E-
BP1, GDNF and BDNF were significantly higher in the Rheb
(S16H)-transduced DA neurons than in the contralateral
controls (Figure 4a), and the increases in p-4E-BP1 and both
neurotrophic factors were significantly preserved at post-lesion
day 1 following pKr-2 treatment (Figure 5b). In addition, the
levels of p-4E-BP1, GDNF and BDNF in the Rheb(S16H)-
transduced SN were maintained at levels similar to those in the
contralateral controls at post-lesion day 7, even though there
were significant decreases in the SN following pKr-2 treatment
in the absence of Rheb(S16H) (Figure 5c). Moreover, our
observations regarding the effects of neutralizing antibodies
against GDNF and BDNF on Rheb(S16H)-induced neuropro-
tection indicated that neutralization of both neurotrophic
factors could significantly reduce the protection of nigrostriatal
DA projections from pKr-2-induced neurotoxicity (Figure 6).
However, whether the increases in BDNF and GDNF following
Rheb(S16H) administration could intensify the activation of
neurotrophic signaling pathways was unclear. Thus, to resolve
this issue, we examined whether there were any changes in the
levels of GDNF, BDNF and their receptors40,41 (Supplementary
Figure S2) following treatment with neutralizing antibodies
against GDNF and BDNF. Our results showed that the
increases in GDNF and BDNF induced by Rheb(S16H)
transduction were significantly attenuated by treatment with
anti-GDNF and anti-BDNF, respectively (Supplementary
Figure S2) and that co-treatment with both neutralizing
antibodies induced synergistic effects to inhibit the activation
of the Rheb(S16H)/mTORC1 signaling pathway
(Supplementary Figure S2). Previous reports have shown that
the expression and activation of neurotrophic factors could be
regulated by a self-amplifying autocrine/paracrine action, which
is one of the regulatory mechanisms of neurotrophic
factors.42,43 Moreover, neutralizing antibodies against specific
factors can act by binding to a ligand, resulting in inhibiting the
biological action of the ligand through blocking it from
interacting with its receptor.44 Therefore, the present results
suggest that AAV1-Rheb(S16H) transduction induces an
increase in neurotrophic factor production in DA neurons,
and the produced trophic factors may also contribute to the
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activation of mTORC1 following Rheb(S16H) administration,
consequently resulting in intensified neuroprotective effects.

In conclusion, we found that the robust trophic effects
observed in nigral DA neurons induced by AAV1 transduction
with Rheb(S16H), which were previously reported in animal
models of PD,15,16,18,19 remained under the neurotoxic inflam-
matory environment induced by pKr-2 administration;9,25

those neurotrophic effects could offer promise for protecting
the nigrostriatal DA projection from activated microglia that
induce neurotoxic inflammatory events in the adult brain.
Therefore, the present observations suggest that mTORC1
activation via a specific gene delivery to nigral DA neurons
may be a useful strategy for protecting neurons against
neurotoxic inflammation in the adult brain.
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