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Abstract

Brain—derived neurotrophic factor (BDNF) dysregulations contribute to the neurotoxicity in
neurodegenerative pathologies and could be efficiently targeted by therapies. In Alzheimer’s disease
(AD), although the relationship between BDNF and amyloid load has been extensively studied, how
Tau pathology affects BDNF signaling remains unclear. Using the TAU-P301L transgenic zebrafish
line, we investigated how early Tau-induced neurotoxicity modifies BDNF signaling. Alterations in
BDNF expression levels were observed as early as 48 h post fertilization in TAU-P301L zebrafish
embryos while TrkB expression was not modified. Decreasing BDNF expression, using a knockdown
strategy in wild-type embryos to mimic Tau-associated decrease, did not modify receptor expression
but promoted neurotoxicity as seen by axonal outgrowth shortening and neuronal cell death. Moreover,
the TrkB antagonist ANA-12 reduced the length of axonal projections. Rescue experiments with
exogenous BDNF partially corrected neuronal alterations in TAU-P301L by counteracting primary
axonal growth impairment but without effect on apoptosis. Importantly, the axonal rescue was proved
functionally effective in a behavioral test, at a similar level as obtained with the GSK3[ inhibitor LiCl,
used as positive control. Finally, treatment with a TrkB agonist, 7,8-dihydroxyflavone, gave comparable
results and allowed full rescue of locomotor response. We provided here strong evidences that Tau
neurotoxicity provoked alterations in BDNF system and that BDNF pathway might represent an efficient

therapeutic target.
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1. Introduction

Intra-neuronal inclusions of hyperphosphorylated Tau aggregates, called neurofibrillary tangles (NFTs),
are a distinctive neuropathological hallmark of tauopathies, i.e., neurodegenerative diseases that include
Alzheimer's disease (AD) and frontotemporal dementia (FTD) [1,2]. In AD patients, the development
of NFTs strongly correlates with the severity of cognitive impairment as reflected by the Braak stages
[3-5]. Under abnormal hyperphosphorylation, Tau proteins, which belong to the Microtubule-
Associated Protein (MAP) family, become unstable and detach, forming Tau oligomers that are highly
toxic species. Tau phosphorylation levels depend on a dynamic regulation by several kinases and
phosphatases [6—8].

During neurodegenerative processes, neurotrophic support is markedly altered. Among
neurotrophins, brain-derived neurotrophic factor (BDNF) plays pleiotropic roles in mneuronal
differentiation, survival, synaptic plasticity and memory consolidation during brain development and
adult life. BDNF neuroprotective effects is essentially mediated by its high-affinity TrkB receptor [9—
11]. A correlation has been established between decline in BDNF signaling and the level of cognitive
impairment in AD [12,13]. Expression defects occur both at the protein and mRNA levels in blood and
tissues of AD patients, as well as in mouse models. In a transgenic mouse model of AD that expresses
human amyloid protein precursor (APP) and mutated Tau, cognitive impairment and synaptic loss could
be rescued by BDNF treatment. Such results strongly supported a major role for BDNF in the etiology
of the disease [14,15]. Moreover, recent findings uncover that BDNF deprivation triggers Tau
proteolytic cleavage by activating delta-secretase, resulting in a Tau fragment that binds TrkB receptors
and blocks its neurotrophic signals [16].

Although decreased BDNF/TrkB signaling and p-amyloid pathology development have been
extensively studied, few reports have investigated BDNF alterations in primary tauopathies, such as
frontotemporal dementia or Pick’s disease. A decrease in BDNF expression was observed in brain
tissues from patients with these tauopathies [17]. Several convergent recent data established that
abnormal Tau expression (wild-type or mutated) led to BDNF expression deficiency [18-21]. A link
between BDNF and Tau phosphorylation status was established in an in vitro study where BDNF

treatment induced Tau dephosphorylation in differentiated neurons from mouse embryos [22], but this



was not confirmed in vivo [19]. However, the question of how tauopathy can affect BDNF signaling
remains to be clarified.

Expression of human TAU-P301L mutation has been extensively used to generate transgenic
animal models of tauopathy [23-25]. This missense mutation (proline to leucine) within the C-terminal
microtubule-binding domain of the MAPT gene (codon 301, exon 10), reduces Tau affinity for
microtubules and renders it more prone to abnormal hyper-phosphorylation [8,26,27].

In this study, we investigated the alterations of BDNF signaling in the early events of tauopathy-
induced neurotoxicity using the TAU-P301L zebrafish transgenic line [28-30]. During zebrafish
genome evolution, neurotrophin signaling was conserved and receptors duplicated. Hence, bdnf, trk2a
and trk2b genes have been identified and exhibit a conserved expression within the central nervous
system, consistent with the conservation of their neuronal roles throughout vertebrate evolution [31—
34]. Therefore, zebrafish is considered as a valuable model to analyze BDNF signaling.

Our findings showed that tauopathy-related neurotoxicity is associated with alterations of
BDNF signaling. We observed down-regulations of BDNF expression, but not TrkB, in TAU-P301L
larvae. These observations suggested an impact on BDNF system in the very first steps of
hyperphosphorylated Tau-induced neurotoxicity. Moreover, either BDNF knockdown or a
pharmacological treatment with the TrkB receptor antagonist ANA-12 resulted in alterations of primary
axonal growth. In addition, a treatment with exogenous BDNF in TAU-P301L larvae was sufficient to
rescue primary axonal outgrowth and motility, but not neuronal apoptosis. Moreover, we demonstrated
that treatment with the TrkB agonist 7,8-dihydroxyflavone lead to the similar rescue at the locomotor
level. Therefore, analysis of the mechanisms by which BDNF rescue neuritic outgrowth and motility
uncovered BDNF-TrkB signaling as necessary and sufficient to restore functional motorneuron

properties in a Zebrafish model of Tauopathy.



2. Materials and Methods

2.1 Zebrafish maintenance

The present study was done according the recommendations of INSERM, Montpellier University and
the European Convention for the Protection of Animals used for Experimental and Scientific Purposes.
Zebrafish (Danio rerio) were maintained according to standard procedures [35]. Embryos were obtained
from natural spawning and incubated in a water tank at 28°C. The Tg(elavl3.2:Gal4-VP16);
Tg(UAS:hsaMAPT[P301L]:DsRed) transgenic line (TAU-P301L) was established as previously
described (Paquet et al., 2009). The human hTAU-P301L mutation is expressed under the Huc promoter,
which allows specific expression of the human MAPT gene in zebrafish neurons. Embryos were staged
and maintained according to standard protocols. In parallel, the Tg(elavl3.2:Gal4-
VP16);Tg(UAS:DsRed) transgenic line was also used as a Gal4-VP16 control line [29,36]. Control
embryos were obtained either from Tg(elavl3.2:Gal4-VP16) x AB crossed line and were negative for
DsRed expression (called siblings), or Tg(elavl3.2:Gal4-VP16); Tg(UAS:DsRed) x AB crossed line

(called controls), genetic background was therefore identical for the two groups of embryos.

2.2 RNA extraction and cDNA synthesis

Total RNA was extracted from the whole zebrafish embryos at 48 hours post fertilization (hpf) using
NucleoSpin R 8/96 RNA kit (Macherey-Nagel, Germany) according to manufacturer’s instructions.
RNA concentration and quality were evaluated with Agilent RNA 6000 Nano Kit (Agilent

Technologies, Waldbronn, Germany). cDNA synthesis was performed as described previously [14].

2.3 Quantitative Real-Time PCR

Real-time PCR was performed using LightCycler 480 Instrument (RocheDiagnostics, Mannheim,
Germany) according to manufacturer's instructions. PCR reactions were performed in a final volume of
6 pl with LC-DNA Master SYBR Green I mix, 1 uM of each primer and 1/25 diluted cDNA mixture
for all genes added as PCR template (water was used as negative control). Amplification conditions

were: (1) cDNA denaturation (1 cycle: 95°C for 10 min); (ii) amplification (45 cycles: denaturation 95°C



for 10 s, annealing 60°C for 10 s, elongation 72°C for 10 s); (iii) melting curve analysis (one cycle from
65°C to 95°C for 60 s); (iv) cooling (one cycle: 40°C for 60 s). Real-time detection of SYBR Green I
fluorescence intensity, indicating the amount of PCR product formed, was measured at the end of each
elongation phase. Threshold cycles for each target gene in control and TAU-P301L embryos were
determined by using a housekeeping gene, actin, as normalization control. Primer sequences are

indicated in supplementary material in Table S2.

2.4 Morpholino design and injection
At the one-cell stage, 3 ng of the following morpholinos (0.5 mM) were injected as described previously
[37]. BDNF morpholinos (Gene Tools) are targeting the start codon since bdnf gene contains only one
coding exon, no splice—targeted morpholino could be designed. The sequences used were:

MOI1: 5'- CCAGTCGTAAAGGAGACCATTCAGC-3

MO2: 5’- CTAACCTGTTGGAACTTTACTGTCC- 3°

and a 5-base-mismatch from MO1, MM: 5'-CCACTCGAAAACGAGAGCATTGAGC-3
Since both morpholinos gave the same results in pilot experiments, results presented here were obtained
using MO1. Morpholinos were injected in all embryos from TAU-P301L X AB cross, and morphants
were screened at 24 and 48 hpf for DsRed fluorescence, injections were therefore performed blindly

regarding TAUP301L expression.

2.5 Specificity of the antibodies

In order to ascertain the specificity of TrkB and BDNF polyclonal antibodies (#sc-12 and #sc-546
respectively, Santa Cruz Biotechnologies), we performed protein incubation with the mix of antibody
and blocking peptide and verified the disappearance of the expected band (Fig. S1). In addition for
BDNF/proBDNF detection, using morpholino knockdown, we observed the decrease of specific bands
with several antibodies (Santa-Cruz polyclonal sc-546 and monoclonal sc-65513 antibodies, BDNF#1
mAb from Developmental Studies Hybridoma bank) [38]. Finaly, the anti proBDNF (sc-65513) had
been already published for expression study of zebrafish BDNF [39]. TrkB polyclonal antibody (SC-

12, Santa Cruz Biotechnologies) had been previously validated [31], but we also performed protein



incubation with the mix of antibody and blocking peptide and verified the disappearance of the expected

band (Fig. S1).

2.6 Immunoblotting

For western blotting, 10 dechorionated and deyolked embryos [40] were homogenized in Laemmli
sample buffer with protease and phosphatase inhibitors coktail (Roche, France). Lysates containing
equivalent amounts of proteins (20 pg) derived from zebrafish embryos were resolved on 7% or 10%
SDS-PAGE gels for TrkB or BDNF detection, respectively, and transferred to nitrocellulose membranes
(Millipore). Antibody incubation was performed as previously described with one of the following
primary antibodies [37]: BDNF (1:250, sc-546, Santa Cruz Biotechnologies), TrkB (1:250, sc-12, Santa
Cruz Biotechnologies), actin was used as a loading control (1:2000, Sigma Aldrich). After primary
antibody incubation, membranes were washed and incubated 1 h with horseradish peroxidase
conjugated secondary antibodies: either anti-mouse IgG antibody (1:1000, Sigma Aldrich) or anti-rabbit
IgG antibody (1:1000, Sigma Aldrich) depending on the primary antibody source. Signal detection was
obtained as described and proteins bands were quantified using ImageJ v1.45 (NIH, Bethesda, MD,
USA) densitometry analysis. [37]. Relative expression of experimental groups was obtained by

normalizing to hTAU-P301L negative sibling group (Sib).

2.7 Neuronal primary cell culture of zebrafish

We followed the protocol developed by Chen et al. (2013) for spinal neuron culture. After chorion
removal, 30 or 48 hpf control or TAU-P301L embryos were dissected and dissociated in culture medium
(Leibovitz medium L15) supplemented with 2% FCS as described [41]. Cell suspension was passed
through a 100 pm filter and placed at 28°C in incubator for 24 h, and the next day, primary cultures

were fixed in PFA 4% and processed for immunofluorescence.

2.8 Immunofluorescence and quantification
For whole-mount antibody staining, larvae were anesthetized by immersion in 0.2 mg/mL MS222, fixed

in 4% paraformaldehyde (PFA) and processed as previously reported [37,42]. Immunohistochemistry



was performed according to standard protocols, using mouse anti-acetylated tubulin (dilution 1:500,
Sigma Aldrich), rabbit anti cleaved-caspase 3 (dilution 1:300, Thermo Scientific), rabbit anti-S202
antibody (dilution 1:300, Cell Signaling), rabbit anti-Tau PHF13 antibody (dilution 1:300, Cell
Signaling), and a secondary Cy5-conjugated (dilution 1:800, Jackson Labs) or Alexa 488-conjugated
antibodies (dilution 1:800, Molecular Probes). The samples were observed under confocal microscopy
(Zeiss LSM 510, Leica SPE). Image stacks were processed and quantified with ImagelJ. For each group,
10 embryos were analyzed. For axonal outgrowth quantification, 10 axonal extensions per embryo were
measured using NeuronJ plugin (Image J). For cell death quantification, all the cleaved-caspase3

positive cells were counted in a constant field (665 x 665 um?), and 3 fields per embryo were recorded.

2.9 Exogenous BDNF treatment

Larvae at 5 hpf (50% epiboly) were incubated with human recombinant BDNF protein (Alomone)
dissolved in water and diluted at 100 ng/ml in embryo medium after chorion opening as previously
described [43]. Treatment was applied blindly for 48 hpf and then TAU-P301L larvae were sorted using

DsRed fluorescence and tested for locomotion capacities or fixed before immunofluorescence labeling.

2.9 TrkB antagonist and agonist treatment

All embryos from TAU-P301L crosses were treated from 5 hpf with the TrkB antagonist ANA-12 or
agonist 7,8-dihydroxyflavone (7,8-DHF) at 20 uM (Sigma Aldrich) or dimethylsulfoxide (DMSO,
vehicle 0.01%) directly in the water and up to 48 hpf or 5 dpf. Larvae were screened at 24 and 48 hpf
for DsRed fluorescence, treatment with ANA-12, 7,8-DHF or DMSO was therefore performed blindly,
independently of TAU-P301L expression. Three different spawns were treated and after DsRed

screening, larvae were analyzed for locomotor activities (n = 150).

2.10 Behavioral analysis
Touch-evoked escape response (TR) assay was performed on larvae at 3 and 5 dpf. Larvae were first

acclimatized on a stereoscope for 15 min at 28 °C. Tactile stimulus was applied to the tail of the larvae



by a gentle touch with a micropipette tip. The escape behaviour was recorded and was scored according
to the distance swum immediately after the stimulus [44].

The motility was tested with two distinct protocols using the Zebrabox tracking system
(Zebralab®, Viewpoint, Lissieu, France). First, 4 dpf larvae (with or without BDNF treatment) were
placed in 24-well plate in obscurity and locomotion was recorded under infrared light during two periods
of 10 min, separated by 10 min without recording. The second test assessed the visual motor response
(VMR) at 5 days with the following light/dark alternation protocol: 30 min habituation with light off,
then 3 repetitions of a cycle with light on during 15 min and light off during 15 min. Four dpf larvae
were placed in 96-well plate after the BDNF treatment and the experiment performed at 5 dpf. For each

protocol, the swum distance was analyzed per bin of 90 sec and compared between groups.

2.11 Statistical Analysis

Data are presented as mean = SEM. All statistical analyses were done using Prism 5.0 software
(GraphPad Software Inc). Statistical significance between groups was determined by unpaired Student's
t-test or non-parametric Mann-Whitney #-test due to small experimental groups. P value < 0.05 was
considered as statistically significant. Each western blot experiment was repeated at least 4 times (n >

4). Behavioral VMR results were analyzed using two-way ANOVA followed by a post-hoc Tukey's test.



3. Results

3.1 Overexpression of human TAU-P301L down-regulates BDNF protein levels in zebrafish

To determine whether BDNF signaling could be altered by over-expression of mutated hTau, we took
advantage of the zebrafish TAU-P301L line in which hyperphosphorylated Tau induced neuronal
defects as early as 48 h [29]. We first investigated BDNF and its receptor expression at the protein level
at the end of the embryonic developmental phase, i.e., 48 hpf using TAU-P301L-DsRed negative
siblings as controls. Receptor genes ntrk are duplicated in zebrafish while bdnf gene remains unique.
Sequence homologies with human and mice proteins range from 70% for bdnf to 50% for ntrk genes
that should allow antibodies cross-reactivity. To assess specificity of the antibodies, we used different
strategies. First, for BDNF/proBDNF detection, we performed transient knockdown using morpholino
(see below) and observed the decrease of specific bands with several antibodies, some of them were
already published for expression study of BDNF in zebrafish [33,38]. We then assessed both pro-BDNF
and mature BDNF expression in TAU-P301L line. Pro-BDNF was detected at 25-29 kDa and mature
BDNF at 14-17 kDa (Figs. 1A, 1B). TAU-P301L embryos display a significant decrease of pro-BDNF
(-39%, p < 0.05) and mature BDNF levels (-55%, p < 0.05) compared to control TAU negative siblings
(Figs. 1A, 1B). Second, BDNF receptor expression was analyzed using antibodies raised against mouse
(TrkB) proteins. For TrkB detection, we performed protein incubation with the mix of antibody and
blocking peptide, and verified the disappearance of the expected band (Fig. S1). In addition, this TrkB
polyclonal antibody had been previously validated [31] and gave the expected band size. Since neither
zebrafish Ntrk2a nor Ntrk2 could be dissociated, we then kept the same designation as TrkB (thus
corresponding to Ntrk2a and Ntrk2b) in all western blot experiments. In TAU-P301L embryos, TrkB
protein levels were comparable to control values (+13%, p > 0.05; Figs. 1C, 1D).

Alteration of mRNA levels was also investigated using RT-qPCR and we compared bdnf,
ntrk2a, ntrk2b mRNA levels in TAU-P301L embryos and control siblings (Table S2). Normalization to
either actin or ef] gene expressions gave similar results (data not shown). mRNA levels for the 3 tested
genes were not significantly different between the two groups at 48 hpf (Fig. S2).

Next, we evaluated the expression of BDNF and its receptor at the cellular level, using primary

neuron culture from 48 hpf embryos. Due to some expression heterogeneity in hTAU-P301L, we took
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advantage of DsRed expression, either in hTAU-P301L or in the Huc-Gal4-UAS-DsRed embryos and
focus only on DsRed-positive neurons. In control DsRed-positive neurons, we observed a strong
expression of BDNF and TrkB in cell bodies as well as in neurites (Fig. 1D). In TAU-P301L neurons,
fluorescence signals was lower for BDNF and, particularly, neuritic outgrowth was often not or very
faintly labeled (pointed by arrows; Fig. 1E) while TrkB expression was comparable to control at the cell
body and neuritic levels. These observations confirmed previous western blot results.

In summary, the data showed that overexpression of the human TAU-P301L mutation in
zebrafish neurons induced a marked decrease of BDNF expression as early as 48 hpf, while no

modification of TrkB levels was observed.

3.2 TAU-P301L- induced early neuronal cell death is independent of BDNF decrease
In order to further investigate the relationship between BDNF and neuronal toxicity, we performed
BDNF knockdown in control sibling embryos (Sib) and assessed receptor expression levels. The
knockdown strategy of BDNF levels using morpholinos (MO) was favored against a knockout mutant
in order to reach for a large number of embryos a knockdown level about 50%, thus matching the levels
in TAU-P301L. We did not observed major anatomical alterations of the zebrafish embryos after MO
injection. Two specific morpholinos for BDNF were tested and gave similar results (see Material and
Methods). A mismatch morpholino control (MM) gave comparable results as non-injected embryos
(data not shown). We first assessed the extent of BDNF knockdown in control Gal4-UAS-DsRed
embryos by quantifying the reduction of pro- and mature BDNF proteins. We detected reductions of -
59% (p < 0.05) and -56% (p < 0.05) for pro-BDNF and mature BDNF, respectively, in morphants (Sib-
MO) compared to mismatch control (Sib-MM) (Figs. 2A, 2B). In these conditions, the quantification of
TrkB expression levels in Sib-MO revealed no significant differences for TrkB levels compared to MM
controls albeit a trend towards higher TrkB levels was observed (Figs. 2C, 2D). These results indicated
that BDNF knockdown can represent an independent control to compare with Tau condition.

We next address neuronal phenotypes in both conditions BDNF KD and Tau line. As established
by previous reports, TAU-P301L mutation is associated with neuronal loss [29,45]. To define whether

BDNF signaling reduction might be involved in neuronal apoptosis, we investigated the consequences
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of a BDNF knockdown, in the range level of the TAU-P301L reduction, on neuronal integrity. Cell
death was examined in Sib-MM or BDNF Sib-MO at 48 hpf. We observed a slight and significant
increase in neuronal immunolabeling of cleaved-caspase-3 in Sib-MO compared with control Sib-MM
(p < 0.05; Figs. 3A, 3B). By contrast, cell death analysis in TAU-P301L embryos revealed a major
apoptosis at 48 hpf, significantly higher than observed in Sib-MO (p < 0.001; Fig. 3C). These
observations suggested that the decrease in BDNF signaling is not responsible for the marked apoptosis
observed in hTAU-P301L embryos. In order to ascertain the role of BDNF in hTAU-P301L context,
rescue experiments were performed by incubating exogenous BDNF [43]. BDNF treatment was applied
as early as 50% of epiboly (5-6 hpf) and maintained up to 48 hpf. This led to a complete rescue of cell
death in BDNF-treated Sib-MO (Fig. 3B), validating our BDNF delivery approach. However, no
significant decrease of neuronal death was observed in TAU-P301L after BDNF treatment (Fig. 3C).
Altogether, our results indicated that BDNF decrease in TAU-P301L was not responsible for neuronal

apoptosis and suggested other deleterious factors in addition to BDNF depletion.

3.3 Rescue of TAU-P301L axonal phenotype by BDNF
Associated with neurodegeneration, impairment of axonal outgrowth is considered as a hallmark of
tauopathy (Almeida et al., 2016; Paquet et al., 2009) and is observed in TAU-P301L embryos. We
measured neurite length, using acetylated neuronal tubulin immunostaining (Fig. 4). To standardize our
analysis, only the first five outgrowing caudal primary motoneurons anterior to the end of the yolk
extension were examined. Compared to Sib-MM controls, TAU-P301L embryos display shortened
axonal length at 48 hpf (-44%; Figs. 4A, 4B, 4F), as previously reported (Giustiniani et al., 2014; Paquet
et al., 2009). Interestingly, the decrease was similar to that observed after BDNF knockdown, in Sib-
MO embryos (- 45% compared to 100% control) (Figs. 4D, 4F). Exogenous BDNF treatment induced a
partial but very significant attenuation of axonal growth deficit in BDNF-treated TAU-P301L embryos
(-30%; Figs. 4C, 4F), as well as in BDNF-treated Sib-MO embryos (69%; Figs. 4E, 4F), confirming that
the BDNF decrease observed in TAU-P301L embryos could be responsible for the axonal deficits.

To further demonstrate BDNF signaling involvement in this process, we blocked TrkB receptor

using ANA-12 [47]. Axonal growth was measured at 48 hpf after treatments of control or TAU-P301L
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embryos with 20 uM ANA-12 or DMSO as vehicle. We observed a significant decrease of axonal
development in ANA-12-treated control sibling (Sib+ANA) embryos (-43%, p < 0.001; Figs. 5A, 5B,
SE). DMSO-treated TAU-P301L embryos also showed a significant reduction in axonal length (-38%,
p <0.001; Figs. 5C, 5E), that was of similar extent as Sib+ANA larvae. Interestingly, ANA-12 treatment
of TAU-P301L embryos led to a further reduction of axonal length as compared to DMSO-treated TAU-
P301L embryos (-50% compared to -38%, p < 0.05; Figs. 5D, 5E), suggesting that BDNF signaling
through TrkB was still operational.

Altogether, these results highlighted that BDNF/TrkB signaling was reduced in TAU-P301L

embryos and more importantly that it could be rescued upon exogenous BDNF treatment.

3.4 Functional recovery of TAUP301L larvae after BDNF or agonist treatments
In order to assess a functional impact of the neuritic outgrowth, we first analyzed the motility and
locomotor behavior of TAU-P301L at 3 and 5 dpf with the Touch-evoked Response (TR) test. A marked
defective locomotor behavior was observed at 3 dpf and to a lesser extend also at 5 dpf consistent with
previous data at 2 dpf (p < 0.05; Figs. 6A, 6B). We next analyzed the locomotor activity through tracking
recording at 4 dpf and observed a decrease in swimming distance consistent with the touch-evoked
response phenotype (Figs 6A-C). Next, we asked if a rescue could be induced by BDNF treatment in
TAU-P301L larvae at 4 dpf. We observed a recovery of the TAU-P301L larvae motility following
BDNF treatment that appeared not significantly different from controls, albeit at the limit of significance
(p = 0.054; Fig. 6B). Our results however suggested that a specific BDNF deficit could be involved in
axonal tract atrophy and motility deficit linked to TAU-P301L expression.

The motor behavior functions were also investigated through the visual motor reflex (VMR) at
5 dpf. Light alternation induced startle responses at the light transition, i.e., a decrease in activity during
the ON phases and a stimulation of activity during the OFF phase. Activity changes were measured as
the total distance travelled during each session (Fig. 6D). TAU-P301L larvae showed higher responses
compared with control siblings, during both ON or OFF sessions (Figs. 6D). Such differences might
reflect defect in movement coordination and/or over-reactivity at the light stimuli (Fig. 6D). As Paquet

et al. (2009) previously showed some efficacy of GSK3p inhibitors in the same zebrafish line [29], we
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tested LiCl. A 5 mM LiCl treatment, from 24 hpf until 5 dpf, allowed a complete rescue of the VMR
response of TAU-P301L larvae (Figs. 6D, 6E).

BDNF (100 nM) was applied using the same protocol and completely abolished the increased
VMR reaction and the motility profile of BDNF-treated TAU-P301L larvae was similar to control (p <
0.001; Figs. 6F, 6G). Furthermore, a treatment with 20 uM 7,8-DHF, a TrkB agonist, also restored the
VMR responses during the OFF sessions, with absence of high bursts of activity for TAU-P301L larvae,

consistent with a functional TrkB activity (Fig. 6H).
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4. Discussion

BDNF plays a well-established neuroprotective role. In vitro studies as well as in vivo knockdown
models showed that BDNF can modulate AD severity or Tau phosphorylation level [12,22]. Reports
investigating the role of BDNF and its receptor on Tau—induced neurotoxicity in vivo led to some result
discrepancies that might be linked to transgene construct that target specific neuronal subpopulation,
such THY, Prion or Calcium/Calmodulin dependent kinase II alpha (CaMKII) promoters [48—50]. It
may also rely on the mutation studied, P301L versus P301S. In the present study, we took advantage of
the zebrafish model to combine transgenic and pharmacological approaches, in the TAU-P301L line
where P301L mutation is driven under the pan-neuronal promoter HuC, and analyzed the role of
variations in BDNF and TrkB expression levels.

In the TAU-P301L line, we observed marked reductions of BDNF and proBDNF, which are
consistent with previous reports in patients with various types of tauopathies [17]. Data from mouse
models, including for instance the P301L mouse model, revealed imbalance between proBDNF and
BDNEF levels [19,51]. A recent report also showed a down-regulation of BDNF in cellular and animal
models after human Tau overexpression [21]. However, these data diverged from previous work
showing that BDNF was not downregulated in hippocampal neurons from THY-Tau22 transgenic mice
[52] or that stable BDNF levels were associated with increased TrkB expression in the retina of TAU-
P301S transgenic mice [20]. Such differences might reflect organ specificities. Indeed, several studies
have now established such Tau-induced BDNF down-regulation [17,19,21]. These discrepancies
highlighted the importance to clarify the relationship between Tau and BDNF using in vivo models. We
therefore focused on the early steps of neurotoxicity linked to Tau hyperphosphorylation, in an attempt
to decipher the primary Tau-dependent toxic mechanisms.

Regarding BDNF receptor expression, we investigated the high affinity receptor TrkB, which
binds preferentially mature BDNF, and we observed that TrkB levels were unchanged in TAU-P301L
larvae and therefore represented a potential therapeutic target. A link between Tau hyperphosphorylation
and disruption of microtubule trafficking and BDNF axonal transport has been recently described [53].

This is in line with the absence of a neuritic localization of BDNF in TAU-P301L zebrafish neurons. As
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Tau neurotoxicity progressed, it led to neuronal cell death and shortening of axonal outgrowth. We here
described the involvement of BDNF in neuronal cell death and shortening of axonal outgrowth, by using
pharmacological TrkB blocking, BDNF knockdown and rescue experiments. First, BDNF knockdown
in control larvae resulted in low neuronal cell death that was rescued by exogenous BDNF application.
In TAU-P301L larvae, a major apoptosis occurred that was not rescued by exogenous BDNF, suggesting
that TAU-P301L neurotoxicity is independent of BDNF reduction. Second, BDNF knockdown resulted
in 55-60% decrease in proBDNF and BDNF levels that led to an axonal outgrowth reduction comparable
to TAU-P301L. Moreover, we were able to restore partially this TAU-P301L phenotype with
recombinant BDNF treatment. Axonal shortening was alleviated. In order to address receptor function,
TrkB inhibition was induced using the antagonist ANA-12 and a comparable axonal defect was
observed.

Furthermore, at the behavioral level, analysis of the touch-evoked response not only confirmed
an alteration at 3 and 5 dpf, but it also showed that TAU-P301L mutation in zebrafish resulted in a
characteristic VMR: during dark phases, TAU-P301L larvae showed a hyperactive response at 5 dpf. A
similar hyperactivity and agitative-like behavior was observed with the rTg4510 mice expressing TAU-
P301L mutation driven by the CaMKII promoter [54]. In addition, this hyper-reactivity to the light
stimulus was abolished using LiCl treatment. This observation was consistent with data obtained in
rodent models and patients [55,56]. Actually, a recent open label clinical trial in Alzheimer's disease
patients showed that a low dose of lithium may represent an effective treatment for agitation symptoms.
Interestingly, the behavioral improvement under lithium was associated with increased BDNF serum
levels [56]. In our model, recombinant BDNF treatment led to functional recovery, in the VMR test,
similarly as observed with lithium. In addition, the TrkB agonist 7,8-DHF treatment also completely
rescued the locomotor phenotype of TAU-P301L larvae. The protective efficacy of 7,8-DHF in AD
models was recently demonstrated, since the drug improved spatial memory in Tg2576 mice [57] and

prevented AP deposition in SXFAD AD mice, inhibiting the pathological cleavage of APP and Tau [58].

We showed that BDNF downregulation is an early event linked to Tau-induced neurotoxicity

and our findings strongly suggested that BDNF/TrkB signaling reduction contributed to a primary defect
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responsible for the axonal phenotype observed in TAU-P301L zebrafish. TrkB signaling was still
efficient and could restore BDNF function during axonal and synaptic plasticity development. Further
studies are needed to explore the molecular mechanisms of the rescue process, however the striking
motility and locomotor behavior recovery was promising for long-term benefit of BDNF or TrkB agonist
treatment, and a protective role on later stages with progressive cell death. Such data are consistent with
BDNF protective function against Tau-induced neurotoxicity recently reported in mice through effective
cognitive repair and protection against neuronal loss [19]. Numerous strategies are aiming at producing
selective TrkB agonists or BDNF-mimetic peptides [58] but alternative BDNF-stimulating
pharmacological treatment could also be proposed. For instance, sigma-1 receptor agonists increase
BDNEF levels [59—-61] and presently in clinical trials in AD, Huntington's disease or amyotrophic lateral
sclerosis. Our results confirmed the potentialities of developing new strategies aiming to alleviate BDNF

decrement in Tauopathies and AD, which could be rapidly tested in the zebrafish model.
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8. Figure legends

Figure 1. BDNF and p75NTR expression are down-regulated in transgenic TAU-P301L zebrafish
embryos. Western blot analyses of: (A) pro-BDNF, (B) mature BDNF (BDNF), (C) TrkB levels in
control (Sib) and TAU-P301L embryos at 48 hpf. Typical blots are shown above quantifications.
Quantifications of the relative intensities were normalized to actin level (loading control) and sibling
levels (Sib) was set at 100% (dotted line). N = 5-8 per group, # p < 0.05, Mann-Whitney's test. (D-E)
BDNF and p75NTR expression decrease at the neuronal level. Immunofluorescent staining of BDNF,
p75NTR and TrkB on primary neural cell cultures obtained from embryos from (D) control HucGal4-
VP16-UAS-DsRed line, and (E) the TAU-P301L line. In (D) DsRed expression was used to assess
neuronal identity. Strong expressions of BDNF or receptors were observed at the cell body as well as
the neuritic levels. In (E) DsRed expression identified neurons that expressed human TAUP301L
mutation (arrows). Cell body exhibited lower levels of BDNF and p75NTR while TrkB expression was
similar to control neurons in (D) (boxes). In addition, p75SNTR expression in neuritis was dramatically

reduced (dotted boxes). Scale bar = 50 um.

Figure 2. BDNF knockdown did not modify receptor expressions. Western blot analyses of: (A) pro-
BDNF, (B) mature BDNF (BDNF), (C) TrkB and (D) p75NTR protein levels in control embryos
injected with mismatch morpholino (Sib-MM) and siblings injected with BDNF morpholino (Sib-MO).
Typical blots are shown above quantifications and include TAU-P301L sample at 48 hpf, for visual
comparison of the relative intensities. Quantifications were normalized to actin level (loading control)

and Sib-MM level was set at 100% (dotted line). N = 4-8 per group, # p < 0.05, Mann-Whitney's test.

Figure 3. BDNF knockdown induced early neuronal cell death. (A) Apoptosis detection (insert:
neuronal extension level considered) using cleaved-caspase 3 immunostaining (c-caspase 3, cyan) at 48
hpf in control siblings (Sib-MM), sibling-MO (Sib-MO), TAU-P301L (DsRed") and TAU-P301L with
BDNF treatment (P301L+BDNF, DsRed’). Dotted lines defined embryo nervous system. (B)
Quantitative analysis of labeled cells at 48 hpf shows a significant increase of apoptosis in Sib-MO

compared to control, and a complete rescue after BDNF treatment. (C) Quantitative analysis of labeled
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cells at 48 hpf shows a marked increase of apoptosis TAU-P301L compared to Sib-MM controls,
unaffected by the BDNF treatment. N = 24-29 per group, * p < 0.05, *** p < 0.001, Mann-Whitney's

test.

Figure 4. Defects in primary axonal growth in TAU-P301L embryos associated with BDNF decrease.
Immunostaining with acetylated neuronal tubulin antibody revealed motorneuron axonal tracts in 48 hpf
larvae: (A) control Sib-MM, (B) TAU-P301L, (C) TAU-P301L treated with BDNF, (D) siblings
morphant larvae Sib-MO, and (E) Sib-MO treated with BDNF. (F) Quantitative analysis of axonal
length using reconstruction in NeuronJ and normalization relative to Sib-MM controls. Note that axonal
tracts are shortened and disorganized in (B) and (D) and that exogenous BDNF treatment partially

rescued axonal outgrowth in (C) and (E). N = 24 per group in (F), ## p < 0.01.

Figure 5. TrkB antagonist treatment led to neuritic growth impairment. (A) Immunostaining with
acetylated neuronal tubulin antibody revealed motorneuron axonal tracts in 48 hpf embryos: (A) DMSO-
treated control siblings (Sib-DMSO), (B) ANA-12-treated (Sib+ANA), (C) TAU-P301L
(TAUP301L+ANA), and (D) TAU-P301L treated with BDNF (TAUP301L+BDNF). (E) Quantification
of axonal lengths using NeuronJ plugin (ImageJ). N = 12 per group, # p < 0.05 vs. Sib+DMSO, * p <

0.05 vs. TAUP301L+DMSO, unpaired t test.

Figure 6. Behavioral responses of treated larvae: (A) Touch response at 3 dpf and (B) Tracking of
locomotor activity measured at 4 dpf with typical trajectories of control siblings, TAUP301L and
BDNF-treated TAUP301L larvae and (C) quantification of total distance. (D-H)Visual motor response
(VMR) measured at 5 dpf: (D, F) ON/OFF sessions were applied as 15/15 min cycles, represented by
the black/white bar. (E, G, H) Average of the total distance moved every 90 sec bin was plotted for each
groups. (D, E) VMR representative profil of 5 dpf siblings and TAU-P301L larvae after treatment with
LiCL (F, G) VMR representative profil of 5 dpf siblings and TAU-P301L larvae after treatment with
BDNF (100 nM) or (H) 7,8-DHF (20 uM). Three independent experiments were performed, n = 24 per

group. # p < 0.05, ## p < 0.01, Mann-Whitney's test.
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Figure 6
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ok

Gene~ Sequence ©
bdnf T F GCAACCAAGTGCCTTTGGAG T
- RTGTCCGGCATTGCGAGTTAT =
ntrk2b F GCCAGATCGAGGCTACATC ™
all R TGATCCACGTCAGGTATACG
ntrk2a” F GACGCGGAGCGCAGTATTA
R GTAGTTTCGGGTTGCTCTGGAF
ngfra = F CATGAGAATGCAGACGCCCT ™
R GGTTTCATCCCGACACTCCT=
ngfrb= F AGAGTGCTGCAAACAATGCCT
R GAAGAAGCCGTAGTCGCAGAF®
EF-1alpha® FTTCTGTTACCTGGCAAAGGG
RTTCAGTTTGTCCAACACCCA=
actin (actb1)” | FTGTGAGTTTTCAGTGCACGC ™
R TGGGCCTCATCTCCCACATA®
.

Table S1. Primer sequencs for gPCR expression analysis



Fig. S1: Specificity of antibodies: binding inhibition with the blocking peptide
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Figure Sup 1. Specificity antibody test
(A) Incubation of BDNF (sc-546, Santa Cruz Biotechnologies) with blocking peptide results in the loss of signal.

(B) Incubation of TrkB (SC-12, Santa Cruz Biotechnologies) antibodies with blocking peptide results in the loss of signal.
* non specific signal



Fig. S2
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Figure Sup 2. qPCR levels of bdnf and its receptors in TAU-P301L

(A) gPCR analysis shows the relative bdnf gene expression levels in control (siblings) and TAU-P301L embryos at 48 hpf. Values were
normalized to the expression of actin and expressed as the meants.e.m of four independent experiments. No significant differences were
observed.

(B) gPCR analysis shows the relative ntrkb2a,ntrkb2b, ngfra and ngfrb gene expression levels in control and TAU-P301L embryos at 48 hpf.
Values were normalized to the expression of actin and expressed as the meants.e.m of four independent experiments



