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Abstract

a-Synuclein (a-syn)-induced neurotoxicity has been generally accepted as a key step in the
pathogenesis of Parkinson’s disease (PD). Microtubule-associated protein tau, which is considered
second only to a-syn, has been repeatedly linked with PD in association studies. However,

the underlying interaction between these two PD-related proteins /n vivo remains unclear. To
investigate how the expression of tau affects a-syn-induced neurodegeneration /n vivo, we
generated triple transgenic mice that overexpressed a-syn A53T mutation in the midbrain
dopaminergic neurons (MDANSs) with different expression levels of tau. Here we found that

tau had no significant effect on the A53T a-syn-mediated mDANS degeneration. However, tau
knockout could modestly promote the formation of a-syn aggregates, accelerate severe and
progressive degeneration of parvalbumin-positive (PV*) neurons in substantia nigra pars reticulata
(SNR), accompanied with anxiety-like behavior in aged PD-related a-syn A53T mice. The
mechanisms may be associated with A53T a-syn-mediated specifically successive impairment

of N-methyl-D-aspartate receptor subunit 2B (NR2B), postsynaptic density-95 (PSD-95) and
microtubule-associated protein 1A (MAP1A) in PV* neurons. Our study indicates that MAP1A
may play a beneficial role in preserving the survival of PV* neurons, and that inhibition of the
impairment of NR2B/PSD-95/MAP1A pathway, which may be a novel and preferential option to
ameliorate a-syn-induced neurodegeneration.

Keywords
Parvalbumin; Synuclein; SNR; Neurodegeneration

INTRODUCTION

Parkinson’s disease (PD) is characterized by relatively selective loss of midbrain
dopaminergic neurons (MDANS) and the presence of a-synuclein (a.-syn)-positive
intracytoplasmic inclusions named Lewy bodies and Lewy neurites (1). Early-onset
autosomal dominant familial form of PD can be caused by certain mutations in a-syn gene
(SNCA) (A53T, A30P and E46K) and gene duplication/triplication (2). Many studies have
confirmed that overexpression of wild-type or mutant a-syn can form fibrillar aggregates
(3), which can cause various forms of cytotoxicity, including inhibition of synaptic
transmission (4), impairment of proteasome and lysosome activities (5), perturbation of the
mitochondrial function (6), and disruption of endoplasmic reticulum (ER)/Golgi transport
(7). These pathological and genetic studies clearly point out an important role of a-syn in
the pathogenesis of PD.

Microtubule-associated protein tau (MAPT) is involved in the assembly and the stabilization
of the microtubule network, and plays an important role in maintaining neuronal integrity
and axonal transport (8). The dysfunction and aggregation of tau mediate a number of
neurodegenerative disorders, including PD (9). Genome-wide association studies (GWAS)
identified that the population attributable risk percent (PAR%) of MAPT region (PAR% =
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8%) is second only to that of SNCA (PAR% = 12%), highlighting a significant association
between tau and PD (10).

Co-occurrence of a-syn and tau pathology has been detected in postmortem PD brains

(12). /n vitro, overexpressed a-syn can promote the hyperphosphorylation of tau (12).
Conversely, overexpressed tau also can increase phospho-a-syn and aggregated a-syn levels
(13). All these observations highly suggest that a.-syn and tau can interact with each other,
and the synergistic interaction may be essential for the development and spreading of
neurodegeneration in PD. However, it is still not fully elucidated how this interaction occurs
in vivo and how it affects neurodegenerative processes.

In order to investigate how the expression of tau affects a.-syn-induced neurodegeneration
in vivo, we generated four lines of triple transgenic mice that overexpressed PD-related
a-syn A53T missense mutation in the mDANSs with different tau gene dosage, including
overexpressed human tau (/7au), tau wild-type ( 7au**), tau heterozygote ( 7au~) and

tau knockout ( 7a7/~), which were named as Pitx3-A53T a-Syn x hTau, Pitx3-A53T
a-Syn x Tau™*, Pitx3-A53T a-Syn x Tau*'™ and Pitx3-A53T a-Syn x Tau™'~ mice. Our
findings suggest that tau knockout can exacerbate A53T a-syn-induced neuropathology and
specifically induce massive loss of parvalbumin-positive (PV*) neurons in substantia nigra
pars reticulata (SNR), eventually causing the Pitx3-A53T a-Syn x Tau™'~ mice to exhibit
anxiety-like behavior at 12-month-old.

MATERIALS AND METHODS

Generation of triple-transgenic mice

7au'~ mice (14) and human wild-type 7awinducible transgenic mice (fetO-hTau) (15) were
obtained from Jackson laboratory and maintained on C57BL/6J background. As described
previously (7, 16), the line of pituitary homeobox 3 (Pitx3) promoter-controlled tetracycline
transactivator (tTA) (Pitx3-tTA) mice, the lines of human a-syn A53T inducible transgenic
mice (fetO-A53T7) and tetO-hTau, in which the expression of human a-syn A53T and human
wild-type 7auwere under the transcriptional control of tetracycline operator (tetO), and the
line of 7au~~ mice were used to generate triple transgenic mice. All the transgenic mice
were maintained on C57BL/6J background. Pitx3-tTA mice were crossbred with fetO-hTau
and 7au~ mice to obtain Pitx3-tTAl tetO-hTau (Pitx3 x hTau) and Pitx3-tTA x Taut'~

mice respectively. Meanwhile, zerO-A53T mice were crossbred with 7au/~ mice to obtain
1etO-A53T x Tau*'™ mice. Then, Pitx3 x hTau mice were crossbred with tetO-A53T mice

to generate the triple transgenic mice: Pitx3-tTA/tetO-A53T1 tetO x hTau (Pitx3-A53T a-Syn
x hTau). And Pitx3-tTA x Tau*'~ mice were crossbred with tetO-A53T x Tau*'~ mice to
generate the triple transgenic mice: Pitx3-tTA/tetO-A53T x Taut!* (Pitx3-A53T a-Syn x
Taut'), Pitx3-tTA/tetO-A53T x Taut'™ (Pitx3-A53T a-Syn x Taut'™) and Pitx3-tTA/tetO-
AS53T x Tau~ (Pitx3-A53T a-Syn x Tau™'™). The mice were housed in a 12-h light/dark
cycle in specific-pathogen-free (SPF) conditions and fed a sterile regular diet ad /ibitum.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Sun Yat-sen University.
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Genotyping

Genomic DNA was extracted from tail biopsy using DirectPCR Lysis

Reagent (Viagen Biotech) and subjected to polymerase chain reaction (PCR)

amplification using specific sets of PCR primers for each genotype,

including Pitx3-tTA transgenic mice (Pitx3-F, GACTGGCTTGCCCTCGTCCCA;
Pitx3-R, GTGCACCGAGGCCCCAGATCA), fetO-A53T transgenic mice (ProEx2-

F, TACTGCTCCATTTTGCGTGA; SNCA-R, TCCAGAATTCCTTCCTGTGG),
tetO-hTautransgenic mice (IMR1369, GGGAGTTCGAAGTGATGGAA,

IMR1370, TCTCCAATGCCTGCTTCTTC), and 7au'~ mice (/MR7415,
GCCAGAGGCCACTTGTGTAG; IMR7824 AATGGAAGACCATGCTGGAG; IMR7825
ATTCAACCCCCTCGAATTTT).

Behavior Tests

More than 10 male mice for each genotype were used in the behavior tests. Each test was
repeated at 2-, 6-, 12- and 18-month-old.

Body weight: Mice were weighed at same time point every month.

Rotarod: As described previously (17), mice were placed onto a rotating rod (YLS-4C, Yi
Yan Technology Co. Ltd, China) with auto acceleration from 5 rpm to 40 rpm in 2 min. The
length of time the mice was able to stay on the rotating rod was recorded. Before the test,
mice were trained on the rotating rod at a low rotational speed for 2 days (1st day: 10 rpm,
10 min; 2nd day: 15 rpm, 10 min), which gave the mice sufficient familiarity and practice
with the task to avoid hanging on or immediately falling off. For the motor learning test, four
trials were run for each mouse in a 2-h interval per day for three sequential days.

Open field: As described previously (17), mice were tested in a 40 cm x 40 cm x 38 cm
acrylic box (San Diego Instruments, U.S.A). A single light source placed in a dark room
opposite of the testing area provided a diffuse source of light. Mice were habituated to the
testing room and light level for 30 min prior to testing. The acrylic box was cleaned with
75% ethanol between each test. Photobeam Activity System (San Diego Instruments, U.S.A)
was used to trace and quantify the movement of the mouse in the unit as the number of beam
breaks per 30 min. Four major criteria were assessed in the test: (1) Horizontal movement:
ambulation; (2) Fine movement; (3) Vertical movement: rearing or hole-pokes; (4) Whole
movement.

Immunohistochemistry and light microscopy

For each genotype, 5 female mice at 2-, 6- and 12-month-old, and 5 male mice at 18-
month-old were used for each immunohistochemistry and biochemical experiment. Mice
were perfused via cardiac infusion with cold phosphate-buffered saline (PBS), and brains
were dissected out immediately. The right hemisphere was snap frozen in a pre-cooling
vial in liquid nitrogen, then transferred to —80°C refrigerator for western blot analysis.
The right hemisphere, which were used for immunohistochemistry analysis, was fixed in
4% paraformaldehyde for 48 h, then submerged in 30% sucrose for 24-48 h until drop
on the bottom of tube. Sequentially, brain tissues were sectioned at 40 um thickness
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using a cryostat (Leica SM 2010R). Antibodies specific to tryosine hydroxylase (TH)
(Pel-Freez, P40101, 1:1000), human/mouse- a-syn (Santa Cruz Biotechnology, sc-7011-R,
1:1000), human- a-syn (Santa Cruz Biotechnology, sc-12767, 1:1000), glial fibrillary acidic
protein (GFAP; Sigma-Aldrich, G9269, 1:500), ionized calcium-binding adaptor molecule-1
(Ibal; Wako Chemicals, 019-19741, 1:500), PV (Sigma-Aldrich, P3088, 1:500; Abcam,
ab11427, 1:1000; ab32895, 1:2000), N-methyl-D-aspartate (NMDA) receptor subunit 2B
(NR2B; Abcam, ab65783, 1:200; Thermo Fisher Scientific, MA1-2014, 1:250), postsynaptic
density-95 (PSD-95; Sigma-Aldrich, P246, 1:200) and microtubule-associated protein 1A
(MAP1A; Abcam, ab11264, 1:250; Sigma-Aldrich, HPA039064, 1:1000) were used as
suggested by manufacturers. Alexa 488-, Alexa 546-, Alexa 555- or Alexa 647- conjugated
secondary antibody (Invitrogen, 1:500) was use to visualize the staining.

Fluorescence images were captured using a laser-scanning confocal microscope (LSM 710;
Zeiss). The paired images in all of the figures were collected at the same gain and offset
settings, and were processed uniformly after collection. The images were presented as either
a single optic layer after being acquired in z-series stack scans at the optimal intervals from
individual fields or displayed as maximume-intensity projections to represent confocal stacks.

Image analysis

In order to quantify the distribution and expression of GFAP and Ibal in the SNR, images
were taken using identical settings and exported to ImageJ (NIH) for imaging analyses.
All the images were converted to an 8-bit color scale (fluorescence intensity from 0 to
255) using ImageJ. Areas of interest were selected by the freehand selection tools and then
subjected to measurement by area fractions or polygon areas. The background area was
subtracted from the selected area.

Fluoro-Jade C staining

Cell death was detected by Fluoro-Jade C (Chemicon, AG325) staining according to the
manufacturer’s protocol. The sections were mounted onto the gelatin coated slide and then
air-dried for at least 30 min on a slide warmer at 50°C. Slides bearing frozen cut tissue
sections were first immersed in a basic alcohol solution consisting of 1% sodium hydroxide
in 80% ethanol for 5 min. They were then rinsed for 1 min x 2 times in 70% ethanol, for 1
min x 3 times in deionized distilled water (ddH,0), and then incubated in 0.06% potassium
permanganate solution for 10 min. After being rinsed for 1 min x 3 times in ddH,0, the
slides were then transferred for 10 min to a 0.0001% solution of Fluoro-Jade C dissovled

in 0.1% acetic acid vehicle. The slides were then rinsed in ddH,0O for 1 min x 3 times, and
air-dried on a slide warmer at 50°C for at least 5 min. The air-dried slides were then cleared
in xylene and coverslipped with nonfluorescent mounting media.

TdT-mediated dUTP nick end labeling (TUNEL) staining

Apoptosis was detected by in situ cell death detection kit (Roche, 11684795910) according
to the manufacturer’s protocol. The sections were mounted onto the slides and then air-dried
for at least 30 min on a slide warmer at 50°C. After cooling down, the slides were washed
with PBS for 5min x 4 times and then incubated in permeabilization solution for 2 min on
ice (2-8°C). The slides were rinsed for 5 min x 4 times with PBS. The areas around the
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samples were dried. TUNEL reaction mixture was added on the samples. The slides were

incubated in a humidified atmosphere for 60 min at 37°C in the dark. The slides were then
rinsed with PBS for 5 min x 4 times and rinsed in ddH,O for 5 min x 3 times. After being
air-dried at 37°C in the dark, the slides were mounted in ProLong® Gold antifade reagent
(Invitrogen) prior to analysis.

Nissl staining

Stereology

Neurons were detected by NeuroTrace Fluorescent Nissl (Invitrogen, N21482) staining
according to the manufacturer’s protocol. The cryosections were placed on a slide and then
the sections were rehydrated for at least 40 min in 0.1 M PBS. The sections were washed for
10 min in PBS plus 0.1% TritonX-100. Then the sections were washed in PBS for 5 min x 4
times. After that, the sections were incubated with the diluted NeuroTrace stain (Invitrogen,
1:200) for 20 min in dark. The slides were then rinsed with PBS for 5 min x 4 times and
rinsed in ddH,O for 5 min x 3 times. After being air-dried at 37°C in the dark, the slides
were mounted in ProLong® Gold antifade reagent (Invitrogen, 1724814) prior to analysis.

According to the mouse brain in stereotaxic coordinates (18), a series of coronal sections
across the striatum (every sixth from bregma, 1.10 to —2.16 mm) and midbrain (every

fourth section from bregma, —2.46 to —3.88 mm) (19)were processed for TH staining and
visualized using the Vectastain ABC kit (Vector Laboratories, PK6100). Series of coronal
sections across the striatum and midbrain were also processed for Fluoro-Jade C and
TUNEL staining. Series of coronal sections across the SNR (every fourth from bregma,
-3.28 to —4.04 mm) were processed for Nissl and PV staining, and the PV staining was
visualized using Alexa 594- conjugated secondary antibody (Invitrogen, 1:500). Unbiased
stereological estimation of the total numbers of TH*, Fluoro-Jade C*, TUNEL™, Nissl* and
PV* neurons in the midbrain were performed using the Optical Fractionator method of
Stereo Investigator 8 (MicroBrightField), as described previously (16). Five mice were used
per genotype at each time point. Counters were blinded to the genotypes of the samples. The
sampling scheme was designed to have a coefficient of error of <10% to get reliable results.
The stereological analyses of TH* and PV* neuron numbers were performed under the 100x
objective of a Zeiss Axio microscope (Imager Al).

Tissue homogenization and western blot

Brain tissues of mice were homogenized in radio immunoprecipitation assay buffer (Sigma-
Aldrich) supplemented with protease and phosphatase inhibitors (Roche Applied Science,
04693124001, 04906837001). After a 15-min incubation on ice, protein extracts were
centrifuged at 18,000 x g for 30 min at 4°C. The supernatants were quantified for

protein content using Pierce BCA protein assay kit (Thermo Fisher Scientific, 23227)

and separated by 8-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). After being transferred to polyvinylidene difluoride (PVDF) membranes, the
membranes were blocked with 5% non-fat milk or 10% bovine serum albumin (BSA) in
Tris-buffered saline, and were immunoblotted with appropriate primary antibodies: TH (Pel-
Freez, P40101, 1:500), human/mouse-a-syn (Santa Cruz Biotechnology, sc-7011-R, 1:1000;
3H2897, 1:50), human-a-syn (Santa Cruz Biotechnology, sc-12767, 1:1000), human-tau
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(T14, Invitrogen, 13-1400, 1:1000), MAP1A (Abcam, ab11264, 1:500), PSD-95 (Sigma-
Aldrich, P264, 1:500), NR2B (Abcam, ab65783, 1:1000), B-actin (Sigma-Aldrich, A5441,
1:5000) and B-tubulin (Sigma-Aldrich, T8578, 1:2000). Signals were visualized by Super
Signal west pico chemiluminescent substrate (Thermo Fisher Scientific, 34087) and exposed
to autoradiographic film (Kodak). Protein bands were quantified using ImageJ software
(NIH) and normalized to p-actin or B-tubulin.

Co-immunoprecipitation (co-IP)

Brain tissues of 2-month-old 77gand Pitx3-A53T a-Syn x Tau*'* mice were homogenized
in lysis buffer (pH 8.0, 50 mM Tris/HCI, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25%
sodiumdeoxycholate). The tissue extracts were clarified by centrifugation at 10,000 g for
15 min at 4°C. The supernatants were incubated with the antibodies for 2 h at 4°C. Then
the lysates were incubated with protein A/G beads (Santa Cruz Biotechnology, sc-2003)
for 4 h at 4°C and centrifuged at 10,000 x g for 30 min at 4°C. Samples were resolved

on 8-12% SDS-PAGE gels and transferred onto PVDF membranes respectively. Mouse

or rabbit immunoglobulin G was used as a negative control for the immunoprecipitation

of either a-syn or NR2B, PSD-95 and MAP1A. The bound proteins were determined by
immunoblotting with the indicated antibodies.

Statistical analysis

RESULTS

The experimenter was blind to the genotype of the mice. Statistical analysis was carried
out with GraphPad Prism 5 (GraphPad Software). Data were presented as mean + SEM.
Statistical significance was determined by comparing means of different groups with
ANOVA followed by Tukey’s honestly significant difference test post foc with the level
of significance set at = 0.05.

Pitx3-A53T a-Syn x Tau™~ mice appeared to be anxious at 12-month-old

As described previously (16), Pitx3-tTA mice provide a useful tool to deliver transgenes
selectively into the mDANSs. We crossbred Pitx3-tTA mice with inducible responder fetO-
A53T, tetO x hTaumice or Tau™~ mice to generate the triple transgenic mice, achieving
high-level expression of a-syn A53T in the mDANS with different tau gene dosage,
including overexpressed human tau (Pitx3-A53T a-Syn x hTad), tau wild-type (Pitx3-A53T
a-Syn x Tau*'*), tau heterozygote (Pitx3-A53T a-Syn x Tau*'™) and tau knockout (Pitx3-
A53T a-Syn x Tau'™). While the single transgenic mice were performed normally as
non-transgenic (n77g) mice, as shown in our previous studies (16, 20), n7g littermates were
used as controls in this study for simplicity.

All lines of triple transgenic mice were viable, developed normally, and could survive

their full expected life span. But they were significantly smaller than n7g littermates, and
displayed profound posture and motor abnormalities during both resting and moving states.
The triple transgenic mice gained significantly less body weight compared with n7g mice
since 1-month-old (P< 0.001, Fig. 1A). Since our previous study have demonstrated that
variations in tau expression levels did not affect the body weight in mice at different age
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stages (20), these results suggest that a-syn A537 mutation is the key gene that gives rise
to a significant decrease in body weight in transgenic mice. In the rotarod test, compared to
nTgmice, all triple transgenic mice exhibited significant impairment in motor coordination
and balance from 2-month-old, while Pitx3-A53T a-Syn x Tau'~ mice seemed to perform
worse than the other triple transgenic mice at 6-month-old (Fig. 1B and Supplementary
Fig. 1A). In the open-field test, triple transgenic mice displayed an obvious decrease in
horizontal and vertical movements compared to /77g mice at 2-month-old (Fig. 1C and

D). Pitx3-A53T a-Syn x Tau*'~ mice became less active than the other triple transgenic
mice at 6-month-old (Fig. 1C, D). However, Pitx3-A53T a-Syn x Tau™'~ mice displayed

a dramatic increase in the movements at 12-month-old, and became even more active than
nTgmice (Fig. 1C and Supplemental Fig. S1B). Furthermore, the pathways traced by all
mice showed that Pitx3-A53T a-Syn x Tau™'~ mice exhibited anxiety-like behavior, as
they spent significant shorter time in central zone during habituation compared with n7g
mice (the ratio of time in central zone was 5.8% and 15.9%, respectively), while 7av'~
mice showed normal pathways compared with n7g mice (Fig. 1E, F and Supplemental Fig.
S1B). Additionally, there were no obvious differences among Pitx3 x hTau, Tau*'~, Tau'~
and n7g mice in the rotarod and open-field tests (Supplemental Fig. S1), indicating that
different expression levels of tau could not independently induce the motor abnormalities
(20). Taken together, these results suggested that tau deficiency could exacerbate movement
impairment in the a-syn A53T conditional transgenic mice. Moreover, at 18-month-old,

all mice maintained a low level of activity and there were no significant differences in
movement among genotypes. This might be due to the decline in activity, which comes with
old age.

Tau may have no effect on the A53T a-syn-mediated mDANs degeneration

To determine whether different tau expression levels affect A53T a-syn-mediated
degeneration of mMDANS (16), we counted the numbers of TH* mDANS in substantia nigra
pars compacta (SNC), ventral tegmental area (VTA), and retro-rubral field (RRF) of mice at
2-, 6-, 12-, and 18-month-old (Fig. 2A-D). Compared to n7g mice, triple transgenic mice
developed a robust and progressive loss of mMDANSs in the SNC and VTA from 2-month-old
(P<0.001, Fig. 2B, C), and in the RRF from 12-month-old (< 0.001, Fig. 2D), but there
were no significant differences among themselves. The costaining of TH and Nissl revealed
that the percentage of TH and Nissl double-positive neurons to the total number of TH*
cells in the midbrains of the triple transgenic mice had no significant change (Supplemental
Fig. S2C). These results confirm that triple transgenic mice develop a physical MDANs
loss. Besides neuronal loss, we found that TH™ fibers were significantly reduced in the
striatum of triple transgenic mice, as compared to /77g mice (Supplemental Fig. S2A and
2B). In addition, no significant loss of mMDANs was found in the SNC, VTA and RRF of
18-month-old Pitx3 x hTau, Tau'~ and Tau™'~ mice, as compared with 77g mice, indicating
that different expression levels of tau might not affect the numbers of mMDANSs (Fig. 2B-D).
These results suggested that A53T a-syn should be the key factor causing the degeneration
of mDAN:Ss in triple transgenic mice, and tau might have no effect on this process.

Western blot analyses of midbrain homogenates confirmed that the expression of human
tau was only detected in Pitx3-A53T a-Syn x hTau mice (Supplemental Fig. S2D). In
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addition, the mice displayed the corresponding gradient levels of tau expression, which were
at highest levels in Pitx3-A53T a-Syn x h7au mice, at normal levels in Pitx3-A53T a-Syn
x Tau*'"* and nTgmice, and decreased to half levels in Pitx3-A53T a-Syn x Tau'~ mice,
but not expressed in Pitx3-A53T a-Syn x Tau™'~ mice (Fig. 2E, F). Consistent with the
immunostaining results, western blot analyses also revealed that the expression levels of TH
in midbrains of triple transgenic mice were much lower than 77g mice, while there were

no obvious differences among themselves (Fig. 2E, G). Together, these results indicated

that different expression levels of tau had no significant effect on the A53T a-syn-mediated
mDANSs degeneration.

Tau knockout modestly promoted the formation of a-syn aggregates

Immunostaining of a-syn and TH revealed that, compared with /77g mice, somatic a-syn
signals were increased dramatically in the mDANS of triple transgenic mice (Fig. 2H

and Supplemental Fig. S2F). Similarly, western blot analyses showed that human specific
a-syn was only expressed in triple transgenic mice, but not 77g mice (Supplemental Fig.
S2E). Moreover, the expression levels of total a-syn in the midbrain homogenates of triple
transgenic mice were significantly increased at 2- to 18-month-old compared with n7g
mice, while there were no obvious differences among themselves (Fig. 21, J). Furthermore,
a-syn-positive high molecular weight (HMW) aggregates in the midbrain homogenates

of triple transgenic mice were significantly increased at 12- and 18-month-old compared
with 77g mice. Interestingly, though no statistical differences were found among the triple
transgenic mice, the intensity of a-syn-positive HMW bands was modestly enhanced in the
midbrain homogenates of Pitx3-A53T a-Syn x Tau™~ mice, compared to the other triple
transgenic mice from 12-month-old (Fig. 21, K). These results indicated that tau knockout
could modestly promote the formation of a-syn aggregates.

Tau knockout accelerated the progression of A53T a-syn-mediated neurodegeneration in

SNR

To test whether different expression levels of tau affect A53T a-syn-mediated
neurodegeneration, we examined the brain sections for the neuropathology by Fluoro-Jade
C, TUNEL, GFAP and Ibal staining. Both Fluoro-Jade C and TUNEL staining were
negative in the brain sections derived from n7g, Pitx3 x hTau, Taut'~ and Tau™'~ mice
(Fig. 3A and Supplemental Fig. S3), but were positive specifically in the SNR of the triple
transgenic mice at 12- and 18-month-old (Fig. 3A). Interestingly, a significant increase in
the numbers of Fluoro-Jade C-positive (Fluoro-Jade C*) and TUNEL-positive (TUNEL*)
cells was observed in the SNR of Pitx3-A53T a-Syn x Tau™'~ mice compared with the other
triple transgenic mice (£ < 0.05 or £<0.01, Fig. 3B, C). However, we did not observe
any Fluoro-Jade C* cells in the striatum of triple transgenic mice (Supplemental Fig. S4).
Moreover, costaining of TUNEL and Nissl revealed that the apoptotic cells in the SNR of
triple transgenic mice were neurons (Fig. 3D, E). Furthermore, Ibal and GFAP staining
showed that the activated microgliosis and astrocytosis were elevated significantly in the
SNR of triple transgenic mice compared with 77g mice from 2-month-old. In addition,
more Ibal-positive microglia and GFAP-positive astrocytes were observed in the SNR of
Pitx3-A53T a-Syn x Tau™""mice than the other triple transgenic mice (Supplemental Fig.
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S5A-E). Together, these observations suggested that tau knockout could accelerate the
progression of A53T a-syn-mediated neuropathology in the SNR.

Pitx3-A53T a-Syn x Tau™~ mice developed severe and progressive degeneration of PV*
neurons in SNR

Parvalbumin (PV) is present in GABAergic interneurons and its immunoreactivity can

be used to divide the SNR region from midbrain and reflect SNR activity (21, 22). To
determine whether A53T a-syn causes the loss of PV* neurons, we counted the numbers
of PV* neurons in the SNR of the mice. Compared to /77g mice, triple transgenic mice
have developed less numbers of PV* neurons in the SNR from 6-month-old, but there were
no significant differences among themselves (Fig. 4A, B). However, the numbers of PV*
neurons in the SNR of Pitx3-A53T a-Syn x Tau™'~ mice were decreased significantly at
12- and 18-month-old compared with 77g mice (£ < 0.001) and the other triple transgenic
mice (P< 0.05) (Fig. 4A, B). Approximately 40% PV* neurons were lost in the SNR of
Pitx3-A53T a-Syn x Tau™'~ mice at 6-month-old, while approximately 70% were lost at
18-month-old (Fig. 4B). Meanwhile, compared to /77g mice, the soma size of PV* neurons
in the SNR of triple transgenic mice was smaller, especially in Pitx3-A53T a-Syn x Tau™~
mice (Fig. 4C).We also detected PV expression in the SNR of 18-month-old 7z~ mice
to eliminate the monogenic effect, and the results showed that there were no differences

in the number and soma size of PV* neurons between 7au/~ and n7g mice (Fig. 4B).
Furthermore, we found that a.-syn staining was mainly presented as small puncta, mainly
surrounding the PV* neuron bodies in the SNR of triple transgenic mice (Fig. 4D). The
overexpression of human specific a-syn protein in SNR may reflect the innervation from
the mDANS in SNC to this region, because of the enrichment of a-syn protein in the TH*
axon terminals (Supplemental Fig. S6). Intriguingly, in the SNR of Pitx3-A53T a-Syn x
7au™~ mice, along with the increased a.-syn accumulation, PV/* neurons were decreased
significantly (Fig. 4D). Together, these observations suggested that tau knockout could
exacerbate A53T a-syn-induced PV* neuron degeneration in the SNR.

Pitx3-A53T a-Syn x Tau™~ mice specifically developed severe impairment of MAP1A in the
SNR, which may contribute to the degeneration of PV* neurons

As reported previously, there has been a compensatory mechanism existing in 7aw/~

mice for the lack of tau. The levels of MAP1A, a member of the microtubule-associated
proteins (MAPs) family, were increased about 2-fold around birth and 1.3-fold in adulthood,
but were declined back to normal at 12-month-old in 7zu7/~ mice, as compared to n7g
mice (14, 21). While the expression levels of other relative molecules, such as microtubule-
associated protein 1B, microtubule-associated protein 2, neurofilament proteins, synapsin-1,
and various tubulin isoforms in 7z~ mice were similar to those in 77g mice (14, 21).
These data suggested that the increased MAP1A from infancy to adulthood may compensate
for the lack of tau in 7z~ mice. In our study, the expression levels of MAP1A in the
midbrains of Pitx3-A53T a-Syn x Tau™'~ mice also increased at 2- and 6-month-old (1.2-
fold and 1.4-fold, respectively), but then decreased significantly at 12- and 18-month-old
(Fig. 5A, B, D). However, the MAP1A expression levels in the midbrains of the other triple
transgenic mice and 77g mice were not significantly altered even at 18-month-old (Fig.
5A-C). Additionally, there were no differences in the MAP1A expression levels between
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7au™~ mice and 77g mice at 12- and 18-month-old (Fig. 5C, D). These results suggested
that before 12-month-old, MAP1A may compensate for loss of tau in the Pitx3-A53T a-Syn
x Tau™'~ mice; whereas from 12-month-old, tau knockout might cause the loss of this ability.

We conducted immunofluorescence assay to further identify the distribution of MAP1A in
midbrain. Interestingly, MAP1A was preferentially expressed in the SNR and extensively
overlapped with PV staining, presenting a ring-like morphology around PV* neurons,
whereas the mDANSs in the SNC and VTA expressed MAP1A (Supplemental Fig. STA-
C) at low levels. Moreover, consistent with the western blot analyses, the immunostaining
showed that in the SNR of Pitx3-A53T a-Syn x Tau™'~ mice at 12-month-old, compared
with themselves at 2-month-old, MAP1A expression was decreased, and its normal ring-like
morphology seemed to be fragmented, indicating the impairment of MAP1A; meanwhile,
PV* neurons were significantly decreased (Fig. 5E, F). However, in the SNR of the

other triple transgenic mice and n77g mice from 2- to 18-month-old, the expression and
morphology of MAP1A were not varied, and their P\V* neurons survived (Fig. 5). These
results indicated that Pitx3-A53T a-Syn x Tau™'~ mice specifically developed severe
impairment of MAP1A in the SNR from 12-month-old, which may contribute to the
degeneration of PV* neurons.

A5B3T a-syn-mediated MAP1A impairment through the NR2B/PSD-95 pathway

Considering that MAP1A expression was decreased in the midbrains of Pitx3-A53T a-Syn
x Tau™'~ mice, but not altered in 727/~ mice as same as in 77g mice at 12-month-old, we
proposed that A53T a-syn might be the key factor causing MAPL1A impairment. Therefore,
we conducted the co-IP analyses to test whether a-syn interacted with MAP1A directly.
Unexpectedly, the results indicated that there was no direct interaction between a-syn and
MAP1A (Supplemental Fig. S8). Previous studies have demonstrated that NR2B could
interact with a-syn (23) and PSD-95 (24), a member of the membrane-associated guanylate
kinase (MAGUK) family. Furthermore, PSD-95 and MAP1A could bind directly to each
other and be highly co-localized in the central synapses (25). Based on the above research
reports, we further investigated whether NR2B/PSD-95 was the pathway mediating a.-syn
neurotoxicity and leading to MAP1A impairment. The co-IP analyses showed that a-syn
was present, together with PSD-95 and the PSD-95-interacting protein MAP1A, in the
NR2B immunoprecipitated protein extracts from midbrain tissues of 2-month-old n77g mice
and Pitx3-A53T a-Syn x Tau*'* mice (Fig. 6A, B). These results indicated that NR2B/
PSD-95 should provide a vital linkage between a-syn and MAP1A. The immunostaining
in the SNR revealed that PSD-95-positive puncta were co-localized with MAP1A in the
PV* neurons (Fig. 5D). Interestingly, PSD-95 staining was decreased and appeared to be
significantly fragmented in the PV/* neurons of Pitx3-A53T a-Syn x Tau™'~ mice from
2-month-old, indicating that PSD-95 impaired earlier than MAP1A (Fig. 5D), while the
impairment of PSD-95 was delayed in the other triple transgenic mice until they were
12-month-old (Fig. 5E). Moreover, PSD-95 was also co-localized with NR2B (Fig. 6C),
while NR2B was distributed surrounding the PV* neurons, and partially co-localized with
a-syn (Fig. 6D). Western blot analyses further revealed that compared with 77g mice,

the expression levels of NR2B and PSD-95 in the midbrain homogenates of Pitx3-A53T
a-Syn x Tau™"~ mice decreased significantly from 2-month-old (< 0.001 and A< 0.01,
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respectively), while these decreased significantly in the other triple transgenic mice from
6-month-old (P< 0.01) (Fig. 6E-J). Taken together, these suggested that A53T a-syn might
mediate the successive impairment of NR2B/PSD-95/MAP1A, and tau knockout would
exacerbate this process.

DISCUSSION

a-Syn and tau can interact with each other, and their synergistic interaction may play a
critical role in the pathogenesis of PD (26). In order to systematically investigate the effect
of different tau expression levels on A53T a-syn-mediated neurodegeneration, we generated
four lines of triple transgenic mice overexpressing PD-related A53T a-syn mutant in the
mDANSs with different tau gene dosage (Pitx3-A53T a-Syn x hTau, Pitx3-A53T a-Syn x
Tau™*, Pitx3-A53T a-Syn x Tau*!~, Pitx3-A53T a-Syn x Tau™'"). Here we showed that
Pitx3-A53T a-Syn x Tau™'~ mice exhibited anxiety-like behavior at 12-month-old, perhaps
reflecting a severe degeneration of PV* neurons in SNR. Indeed, we found that A53T a-syn-
mediated PV* neuron degeneration through the successive impairment of NR2B/PSD-95/
MAP1A pathway, and tau knockout could specifically exacerbate this process.

Our previous study had generated a line of a-syn A53T conditional transgenic mice

that developed profound motor disabilities as well as robust and progressive mDANSs
degeneration, resembling some key motor and pathological phenotypes of PD (16). Here our
study on triple transgenic mice has revealed that the different expression levels of tau may
have no effect on the A53T a-syn-mediated mMDANSs degeneration. However, tau knockout
might modestly promote the formation of a-syn aggregates in the midbrain. It might be
attributed to the deficiency of tau, which plays an important role in maintaining the normal
organization of Golgi complex (27), while the dysfunction of ER-Golgi trafficking can lead
to the formation of a-syn aggregates (7). Interestingly, besides mDANSs degeneration, we
found that all the triple transgenic mice developed different degrees of neuronal apoptosis
in the SNR from 12-month-old. Moreover, tau knockout could exacerbate the A53T a-syn-
mediated neurodegeneration in the SNR.

The proportion of neurons in SNR is occupied by a majority of GABAergic neurons,

and more than 80% of them express PV (28, 29). Many studies have reported that

PV can be used as a specific marker for dividing the SNR region from midbrain and
indicating the activity of the SNR (30, 31). Contrary to the effect of ultra-short SNC—SNR
direct postsynaptic dopamine exciting PV* neurons, the effect of presynaptic gamma-
aminobutyric acid (GABA) released from striatonigral axon terminals inhibits PV* neurons.
The antagonistical actions could adjust precisely the proper activity of SNR PV* neurons
(32). Moreover, loss of MDANSs in the SNC of PD animal models and PD patients may affect
PV* neuron activity, through altering their firing frequency and/or pattern (33). In our study,
all the triple transgenic mice developed substantial loss of mMDANS in the SNC, this may
account for the lesser number of PV* neurons when compared to 77g mice. Furthermore,
Pitx3-A53T a-Syn x Tau™"~ mice developed more severe PV* neuron degeneration after
6-month-old, which could be due to the other pathway and which might have a greater
impact, since there were no differences in the number of mMDANSs in the SNC among the
triple transgenic mice.
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MAP1A, one of the most abundant MAPSs in the adult brain, plays an essential role in
neuronal microtubule organization, synaptic protein modulation, and neuronal survival. Loss
of MAP1A could cause neuronal death (34). In our study, the expression levels of MAP1A
were increased about 1.2- and 1.4-fold in the Pitx3-A53T a-Syn x Tau™'~ mice at 2- and 6-
month-old, which may compensate for the loss of tau. These results were consistent with the
previous studies reporting that the levels of MAPL1A were increased about 1.3-fold in adult
7au™~ mice, as compared to 77g mice (14, 21). Interestingly, we observed that MAP1A
was preferentially expressed in the SNR PV* neurons, presenting a ring-like morphology
around the PV staining, but not in the SNC and VTA mDANSs. Furthermore, Pitx3-A53T
a-Syn x Tau™"~ mice developed severe and progressive loss of PV* neurons in the SNR,
synchronously with the impairment of MAP1A, from 12-month-old, while the PV* neurons
and the MAP1A expression in the other triple transgenic mice and 7au~/~ mice were not
varied even at 18-month-old. Together, these indicated that MAP1A might play a beneficial
role in promoting the survival of PV* neurons. Tau knockout could greatly promote the
progression of A53T a-syn-mediated MAP1A impairment and then induce the PV* neuron
degeneration in the SNR.

As the co-IP experiments showed that there was no direct interaction between a.-syn and
MAP1A, we tried to find out the possible indirect connection between them. Previous
studies have reported that MAP1A and PSD-95 could bind directly to each other (25).
Moreover, NR2B could directly interact with PSD-95 (24) and a.-syn (23). Our results
suggested that NR2B, PSD-95 and MAP1A may form protein complexes: “NR2B/PSD-95/
MAP1A”. These complexes have also been reported in a recent study, which revealed that
MAP1A could tether NR2B to the cytoskeleton by binding with PSD-95 scaffold (35). We
further found that NR2B/PSD-95 impaired earlier than MAP1A in Pitx3-A53T a-Syn x
7au™'~ mice, suggesting that A53T a.-syn-mediated NR2B/PSD-95 impairment could be
the upstream signal triggering MAP1A impairment. It has been reported that a.-syn could
act postsynaptically in a prion-like manner, independent of pore formation and membrane
leakage, to disturb Ca2* homeostasis and impair neuronal plasticity via NR2B-mediated
mechanism, eventually leading to neural degeneration (36). This strongly indicated our
results when there were the most increased postsynaptical a-syn accumulation surrounds
the PV* neuron in the SNR of Pitx3-A53T a-Syn x Tau™'~ mice. Together, all these results
indicated that A53T a-syn might induce PV* neuron degeneration in the SNR through the
successive impairment of the NR2B/PSD-95/MAP1A pathway and that tau knockout would
exacerbate this process.

All the triple transgenic mice in our study developed profound motor disabilities, which
resembled some typical motor phenotypes of PD (16). Furthermore, we revealed that tau
deficiency may exacerbate movement impairment in the a-syn A53T conditional transgenic
mice. The Pitx3-A53T a-Syn x Tau*'~ mice displayed more severe movement impairment
than the other triple transgenic mice at 6-month-old, especially in terms of movement
coordination and rearing activities. It may be attributed to tau heterozygote wherein the
compensation effect of MAP1A could not be activated (37). The Pitx3-A53T a-Syn x
7au™'~ mice exhibited anxiety-like behavior in the open field at 12-month-old, this should
be attributed to the MAP1A impairment-induced substantial loss of PV* neurons in SNR.
PV* neurons are GABAergic and project largely to the motor thalamus and tectum, their
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loss can increase cortical activation via decreasing the inhibition of thalamic pathway (31,
38). In line with this notion, the animal models of schizophrenia, which are subjected to
NMDA receptor-antagonist, also develop a decrease in the expression of PV in several

brain regions, and lead to the emergence of schizophrenia-like behavioral dysfunctions,
including hyperactivity and anxiety (39). In addition, increasing studies have revealed that
PV* neurons should be tightly correlated with the anxiety-like behaviors (40). These suggest
that the degeneration of PV* neurons in the SNR of 12-month-old Pitx3-A53T a-Syn x
7au™'~ mice may contribute significantly to the emergence of anxiety-like behavior.

In summary, our study has revealed that tau knockout could specifically exacerbate A53T
a-syn-induced PV* neuron degeneration in the SNR, through the successive impairment

of the NR2B/PSD-95/MAP1A pathway, and eventually cause anxiety-like behavior in PD-
related a-syn A53T mice. We suggest that MAPL1A may play a beneficial role in promoting
the survival of PV* neurons and that inhibition of the impairment of the NR2B/PSD-95/
MAP1A pathway may provide a potential therapeutic target to ameliorate a-syn-induced
neurodegeneration in PD or other related neurodegenerative diseases.
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ABBREVIATIONS:

a-syn
a-synuclein

co-IP
co-immunoprecipitation

ddH,O
deionized distilled water

GABA
gamma-aminobutyric acid

GFAP
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glial fibrillary acidic protein

HMW
high molecular weight

hTau
human tau

Ibal
ionized calcium binding adaptor molecule-1

MAP1A
microtubule-associated protein 1A

MDANSs
midbrain dopaminergic neurons

NeuN
neuronal nuclei

NR2B
N-methyl-D-aspartate receptor subunit 2B

nTg
non-transgenic

PAR%
population attributable risk percent

PBS
phosphate-buffered saline

PCR
polymerase chain reaction

PD
Parkinson’s disease

Pitx3
pituitary homeobox 3

PSD-95
postsynaptic density-95

PV
parvalbumin

RRF
retro-rubral field
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SNC
substantia nigra pars compacta
SNR
substantia nigra pars reticulate
Tau **
tau wild-type
Tau *~
tau heterozygote
Tau =/~
tau knockout
tetO
tetracycline operator
TH
tyrosine hydroxylase
tTA
tetracycline transactivator
TUNEL
TdT-mediated dUTP nick end labeling
VTA
ventral tegmental area
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Figure. 1.

Pitx3-A53T a-Syn x Tau™~ mice showed anxious behavior at 12-month-old. (A) All the
mice were weighed monthly for 18 months (M). (B) The latency to fall was quantified by the
rotarod test. The horizontal movement (C) and vertical movement (D) were measured using

the open-field test. (E) The ratio of time in central zone over total time with any events of
mice in the open-field test was measured. (F) The pathways traced by 12- and 18-month-old
mice in the open-field test. n = 10 male mice per genotype per time point. Values are
meantSEM. *P< 0.05, **P< 0.01, ***P < 0.001 (Triple transgenic versus age-matched
nTg); $P< 0.05 (Pitx3-A53T a-Syn x Tau*!~ versus age-matched Pitx3-A53T a-Syn x

hTau, Pitx3-A53T a-Syn x Taut'* and Pitx3-A53T a-Syn x Tau™'™); #P< 0.05, ##p < 0.001

(Pitx3-A53T a-Syn x hTau, Pitx3-A53T a-Syn x Tau*'* and Pitx3-A53T a-Syn x Tau*!~
versus age-matched Pitx3-A53T a-Syn x Tau™™).
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Figure. 2.
The effects of tau on A53T a-syn-mediated mDANSs degeneration and a.-syn aggregation.

(A) TH immunohistochemistry staining of the midbrain coronal sections of mice. Scale bar:
100 pm. (B-D) The numbers of TH* neurons in the SNC (B), VTA (C), and RRF (D) of
mice. (E) Western blot showed the expression levels of tau and TH in midbrains of 2-month-
old mice. (F,G) Bar graphs quantified the levels of tau and TH in midbrain homogenates,
respectively. (H) Immunofluorescent images showed a-syn staining (green) in the mDANs
(red) at SNC regions of 2-month-old mice. Scale bar: 10 um. (1) Western blot showed the
expression levels of a-syn-positive HMW aggregates in midbrains of 12-month-old mice.
(J) Bar graph quantified the levels of total a-syn in midbrain homogenates. (K) Bar graph
quantified the levels of a-syn-positive HMW aggregates in midbrain homogenates. n =5
per genotype per time point. Values are mean+SEM. ***£< 0.001 (Triple transgenic versus
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age-matched n7g); ##P < 0.001 (Triple transgenic versus age-matched Pitx3 x h7au, Taut!-
and 7au™").
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Figure. 3.
Tau knockout accelerated the progression of A53T a-syn-mediated neurodegeneration in

SNR. (A) Representative images for Fluoro-Jade C and TUNEL staining in the SNR of

12- and 18-month-old mice. Scale bar: 100 um. (B,C) The numbers of Fluoro-Jade C* and
TUNEL™ cells in SNR. (D) TUNEL (green) was highly costained with Nissl (red) in the
SNR of the triple transgenic mice at 12-month-old. Scale bar: 100 um. (E) Percentage of
TUNEL and Nissl double-positive neurons to the total number of TUNEL™ cells in the SNR
of the triple transgenic mice at 12- and 18-month-old. n=5 per genotype per time point.
Values are mean+SEM. **P < 0.01, ***P < 0.001 (Triple transgenic versus age-matched
nTg); #P<0.05, P < 0.01 (Pitx3-A53T a-Syn x hTau, Pitx3-A53T a-Syn x Tau*'* and
Pitx3-A53T a-Syn x Tau*!~ versus age-matched Pitx3-A53T a-Syn x Tau™™).
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Figure. 4.

Pitx3-A53T a-Syn x Tau™"~ mice developed severe and progressive degeneration of PV/*
neurons in the SNR. (A) PV staining in the SNR of mice. Representative coronal sections
of midbrain had been shown with white dotted lines demarcating the boundary between
SNC and SNR. The ventrolateral area was considered as SNR. Scale bar: 100 pm. (B) The
numbers of PV* neurons in the SNR of mice. (C) The soma size of PV* neurons in the
SNR of mice. Values are mean £SEM. *P < 0.05, ***£ < 0.001 (Triple transgenic versus
age-matched n7g); #P < 0.05 (Pitx3-A53T a-Syn x hTau, Pitx3-A53T a-Syn x Tau*!* and
Pitx3-A53T a-Syn x Tau*!~ versus age-matched Pitx3-A53T a-Syn x Tau"); $8p< 0.01
(18-month-old versus 6-month-old Pitx3-A53T a-Syn x Tau™'™). (D) a-syn (green, C20)
and PV (red) costaining in the SNR of 18-month-old mice. The arrowheads pointed to
a-syn-positive aggregates. Scale bar: 10 um. n = 5 per genotype per time point.
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[

Pitx3-A53T a-Syn x Tau™'~ mice specifically developed severe impairment of MAP1A in
the SNR. (A,B) Western blot showed the expression levels of MAP1A in the midbrain
homogenates of 2- and 12-month-old mice, respectively. (C) Western blot showed the
expression levels of MAP1A in the midbrain homogenates of 18-month-old #77gand 7au™/~
mice. (D) Bar graph represented the expression levels of MAP1A in the midbrains of 2-,

6-, 12- and 18-month-old mice. Values are mean = SEM. *P< 0.05 (12- and 18-month-old
versus 6-month-old Pitx3-A53T a-Syn x Tau™™). (E,F) PSD-95 (green), MAP1A (red) and
PV (blue) costaining in the SNR of 2- and 12-month-old mice, respectively. Arrowheads
marked PSD-95 staining; arrows pointed to MAP1A staining; asterisks indicated PV*
neurons. Scale bar: 10 um. n =5 per genotype per time point.
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Figure. 6.
A53T a-syn mediated MAP1A impairment through the NR2B/PSD-95 pathway. (A,B)

Representative immunoblotting showed the presence of a-syn, NR2B, PSD-95 and

MAP1A positive bands in NR2B-immunoprecipitated protein fractions from the midbrain
homogenates of 2 month-old 77gand Pitx3-A53T a-Syn x Tau*'* mice, respectively.
Mouse or rabbit IgG were used as negative controls. (C,D) Costaining images in the

SNR of 2-month-old n7gand Pitx3-A53T a-Syn x Tau*'* mice showed the apparent
co-localization of PSD-95 and NR2B (C), a-syn and NR2B (D). Arrows pointed to the
costainings. Scale bar: 10 ym. (E,F) Western blot showed the expression levels of NR2B

in the midbrains of 2- and 12-month-old mice, respectively. (G) Bar graph illustrated the
representative levels of NR2B. (H,l) Western blot showed the expression levels of PSD-95 in
the midbrain homogenates of 2- and 12-month-old mice, respectively. (J) Bar graph showed
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the representative levels of PSD-95. Values are mean £ SEM. *P< 0.05, **P< 0.01, ***P<
0.001 (Triple transgenic versus age-matched 777g). n = 5 per genotype per time point.
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