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Telomerase increasing compound
protects hippocampal neurons from
amyloid beta toxicity by enhancing
the expression of neurotrophins
and plasticity related genes
Natalie Baruch-Eliyahu1,2, Vladislav Rud1,2, Alex Braiman1 & Esther Priel1*
The telomerase reverse transcriptase protein, TERT, is expressed in the adult brain and its exogenic
expression protects neurons from oxidative stress and from the cytotoxicity of amyloid beta (Aβ). We
previously showed that telomerase increasing compounds (AGS) protected neurons from oxidative
stress. Therefore, we suggest that increasing TERT by AGS may protect neurons from the Aβ-induced
neurotoxicity by influencing genes and factors that participate in neuronal survival and plasticity. Here
we used a primary hippocampal cell culture exposed to aggregated Aβ and hippocampi from adult mice.
AGS treatment transiently increased TERT gene expression in hippocampal primary cell cultures in the
presence or absence of Aβ and protected neurons from Aβ induced neuronal degradation. An increase
in the expression of Growth associated protein 43 (GAP43), and Feminizing locus on X-3 genes (NeuN),
in the presence or absence of Aβ, and Synaptophysin (SYP) in the presence of Aβ was observed. GAP43,
NeuN, SYP, Neurotrophic factors (NGF, BDNF), beta-catenin and cyclin-D1 expression were increased
in the hippocampus of AGS treated mice. This data suggests that increasing TERT by pharmaceutical
compounds partially exerts its neuroprotective effect by enhancing the expression of neurotrophic
factors and neuronal plasticity genes in a mechanism that involved Wnt/beta-catenin pathway.
Telomerase is a reverse transcriptase protein that is best known for its telomere maintenance functions in dividing cells. Telomeres serve as substrates for telomerase that adds repeated sequences of hexa-nucleotides to the
ends of chromosomes, thus maintaining telomere length1,2. The catalytic core of telomerase is composed of the
RNA subunit TERC (Telomerase RNA Component) and the catalytic protein subunit TERT (Telomerase Reverse
Transcriptase). Telomerase is active during embryonic development and its activity is repressed during embryonic differentiation, but remains active in germ line, stem cells and activated lymphocytes. The enzyme is reactivated in 90% of all cancers2.
Besides its role in maintaining telomere length, it was recently shown that the TERT protein has a variety of
functions both in vitro and in vivo which are distinct from its canonical role of telomere extension. In the nucleus,
TERT is involved in gene regulation, chromatin organization and DNA-damage response3–5. It is also shuttled
from the nucleus to the mitochondria upon oxidative stress, where it decreases levels of ROS, DNA damage and
apoptosis, and improves mitochondrial membrane potential, respiration and complex I activity3,4,6,7. Others and
we demonstrated the expression of TERT, gene and protein, and telomerase activity in adult mouse brain8–11
and the presence of additional alternative TERC with an anti-oxidative stress activity8. In vitro studies on adult
neurons and human brain tissue were also conducted demonstrating the non-canonical functions of TERT6,12.
TERT shuttled from the nucleus to the mitochondria upon oxidative stress, in cultivated neurons and in the
hippocampal neurons of AD brains6. The mitochondrially localized TERT decreases levels of ROS, DNA damage
and apoptosis and neurons lacking TERT display an increased level of oxidative species and an increase in cellular
oxidative damage6.
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Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disorder that is characterized by
cognitive impairment, memory loss and characteristic pathological changes in the brain. The pathophysiology of
the disease is complex and involves several neurotransmitter systems and pathophysiologic processes13. There are
three hallmarks of AD: amyloid-beta (Aβ) plaques, neurofibrillary tangles, and neuronal cell death. These pathologies are evident in specific, vulnerable brain areas and the hippocampus is one of the earliest to be affected13–15.
Although there is a debate to whether the deposition of Aβ plaques or neurofibrillary tangles of TAU are responsible for the initiation of the disease, we chose to base our model on the Aβ hypothesis. But it is likely that no single
hypothesis will be able to account for all the underlying aspects of the disease process14. The possible neuroprotective effect of TERT from Aβ induced cytotoxicity was shown by exogenic expression of TERT gene in neurons16.
Since genetic manipulations have severe limitations, we suggest that pharmaceutical increase of telomerase may
show significant advantages. We previously synthesized novel tri-aryl compounds designated AGS and showed
that these compounds increased TERT gene and TERT protein expression and telomerase activity in a time and
dose-dependent manner and protected cells from oxidative stress both in vivo and in vitro11,17,18. This protection
was demonstrated when AGS treatment of SOD1 transgenic mice that developed Amyotrophic Lateral Sclerosis
has delayed the onset and progression of the disease and increased motor neuron survival in the mouse spinal
cord11. To elucidate the mechanism by which telomerase increasing compounds exert their neuroprotective effect
it is important to understand their effect on neurotrophins and neuronal plasticity associated genes and related
signal transduction pathways such as Wnt.
Neurotrophic factors such as the Brain-Derived Neurotrophic Factor (BDNF) and the Neuronal Growth
Factors (NGF) are crucial for processes such as growth, survival and differentiation of neurons from embryonic
to adult stages19. NGF is mainly involved in the process of neuronal growth, plays a crucial role in the survival and
maintenance of neurons, and neurons lacking NGF can undergo apoptosis20. While BDNF plays a similar role to
that of NGF in respect of survival of neurons, it also takes part in functions such as differentiation of neurons, and
synaptogenesis. In the Central Nervous System (CNS), BDNF is expressed in areas vital for learning such as the
hippocampi, and the basal fore-brain21.
The Wnt signaling pathway is a group of highly conserved pathways that participate in processes such as gene
transcription22, cell proliferation, cell migration, axes formation, and many others23,24. Wnt plays an important
role in the brain and nervous system. Deficits in the pathway have been associated to impaired development25 and
neurological disorders such as AD26. The importance of the Wnt signaling pathway in neurodegenerative disorders may lie in its role in processes such as neurogenesis and regulation of synaptic transmission and plasticity26.
The functional importance of the Wnt signaling pathway in neuronal growth and plasticity may be due to the
expression of neurotrophins such as BDNF, and NGF since their expression is regulated by Wnt27,28. A positive
reinforcement loop between TERT and Wnt exists in which TERT can function as an activator of the Wnt signaling pathway29, while simultaneously being up-regulated by WNT signaling30.
In this study, we increased TERT gene expression using our novel AGS compounds. In a primary hippocampal
cell culture that was exposed to aggregates of Aβ (an ex vivo model for AD) we found that increasing TERT by
AGS offers a significant neuroprotective effect from the Aβ induced neuronal degradation. Treatment with the
telomerase increasing compounds significantly enhanced the expression of genes involved in neuronal plasticity
both in the in-vitro model of AD and in vivo in the hippocampus of AGS treated mice. In addition, a significant
increase in the expression of BDNF (gene and protein) was demonstrated both in vitro and in vivo and the activation of the Wnt signaling in vivo by AGS treatment is established.

Materials and Methods

Animals. Neonatal ICR mice (1–2 days old) were used to prepare primary hippocampal cell cultures.

Adult ICR mouse hippocampi (6 weeks) were used for in vivo experiments.
The animal experimentation ethics committee at Ben-Gurion University approved all animal procedures.
(IL-07-06-14, IL-11-09-2018B). All the experiments were performed in accordance with relevant guidelines and
regulations.

Preparation of primary cell cultures.

Brains were quickly removed from the skull, and placed in a petri
dish with HBSS + HEPES solution (20 mM, pH-7.4) on ice. The hippocampi were removed from the brains and
cut into pieces. The tissues were placed in a protease solution that was pre-incubated in 37 °C for 15 min containing: 20 mM HBSS + HEPES solution (pH-7.4), 100 mM CaCl2, 50 mM EDTA (pH-7.4), 20 mg Cysteine crystals
and 100 units/5 ml papain, in a final volume of 4 ml. The protease solution was shaken gently for 20 min at room
temperature. After 20 min cells were centrifuged, the protease solution was removed and a medium containing:
92% Neurobasal Medium, 5% Fetal Bovine Serum, 2% B27, 1% Glutamate and 2 µl of Gentamicin was added.

Plating of cells.

Cells were suspended and plated. For staining, cells were plated in 24 wells plates at
0.25 × 105 cells per well containing cover slips. For RNA and protein extractions, cells were plated in 6 wells plates
at 4 × 105 cell per well. The plates were pre-incubated for 1 hour with Poly-D-Lysine (PDL). PDL was removed,
washed twice with water and once with the medium. After 24 hours of incubation at 37 °C, medium was removed
and replaced with a medium containing: 97% Neurobasal Medium, 2% B27 and 1% Glutamate. The culture was
maintained in the incubator for 14 days before further treatments and analysis.

Preparation of aggregated Aβ. Aggregated Aβ (GL Biochem (Shanghai) Ltd.) was prepared as previously
described31,32 briefly: the peptide was dissolved in hexafluoroisopropanol (HFIP) to 1 mM. HFIP was removed
and dried under vacuum and the peptide was re-suspended in DMSO to 5 mM. For oligomeric conditions, F-12
Culture Media was added to bring the peptide to a final concentration of 100 µM. The experiments were conducted with concentrations of 5 µM and 10 µM Aβ that were prepared with cell medium.
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Preparation and injection of AGS. For cell culture treatment, as previously described11,18, AGS compounds were dissolved by DMSO and diluted with the cell medium to a final concentration of 20, 50, 100, and
200 nM.
For animal treatment, as previously described11 A single S.C. injection of 6 mg/ Kg was administered (n = 7
ICR mice per group). AGS stock solution in DMSO was freshly prepared for each experiment and 1 µl AGS/
DMSO mixture in 100 μl PBS or an equivalent amount of the vehicle 1 µl DMSO in 100 μl PBS were administrated
by subcutaneous injection (S.C) into the mouse neck.
Immunofluorescent staining. Primary cell culture. Immunofluorescence analysis was performed with
anti-β tubulin 3 (Sigma, Rehovot) mouse antibody as the first antibody, to stain microtubules and with anti-NeuN
(Millipore) mouse antibody as the first antibody, to stain neuronal cell bodies. Cy3 anti mouse-immunoglobulin
G (IgG; Jackson ImmunoResearch) was used as the second antibody in both cases. Nuclei were stained with 4′,
6-diamidino-2-phenylindole (DAPI).
Cells were fixed with cold (−20 °C) methanol and incubated overnight with either the anti-β tubulin 3Ab
(1:250) or the anti-NeuN Ab (1:500) at 4 °C. Following a washing with PBS, the cells were incubated for 60 min at
room temperature with secondary Ab Cy3 (1:50) and finally with DAPI (0.1 mg/ml) for 10 min at room temperature. β tubulin 3 staining was visualized using a confocal microscope (FluoView FV1000 Olympus, Tokyo, Japan).
NeuN slides staining was visualized using a panoramic slide scanner (Panoramic Midi II scanner 3DHISTECH,
Budapest, Hungary)
Mouse Hippocampal perfusion-fixed frozen sections. Were prepared as previously described9,10. The brain slices
(5 μΜ) derived from vehicle (DMSO) and AGS-499 treated mice were subjected to immunofluorescence analysis
using as first antibody: Guinea pig anti BDNF-antibody (1:100, # AGP-021, alomono labs, Israel) or anti-beta
catenin antibody (1:100, β-Catenin (6B3) Rabbit mAb #9582, Cell Signaling technology, Danvers, MA, USA). For
second antibody: Alexa –Fluor 635 conjugated anti guinea pig IgG (1:100, Life Technologies, #1736958) and cy2
conjugated anti-rabbit IgG (1:100, Jackson ImmunoResearch) were used respectively. We focus on the hippocampus region in the frozen brain slices. The IF slides were digitalized using the Panoramic Scanner 3DHISTECH0)

Image analysis. NeuN stained slides were analyzed using the CellProfilerTM software.

The amount of NeuN positive and DAPI positive cells was quantified separately using the
IdentifyPrimaryObjects pipeline. The amount of NeuN positive cells was then divided by the amount of DAPI positive cells and normalized to 100 percent. NeuN positive cell size was determined using MeasureObjectSizeShape
pipeline. The object size list was then processed using GraphPad Prism to obtain a distribution of cell size. Cells
were then categorized into 3 size groups.
The IF slides of the hippocampal sections were analyzed by the CaseViewer 2.3 software. The auto- fluorescence button was applied and all the images were adjusted to the same parameters of: Black = 0, Gamma = 1.60,
White = 65535.

Real time PCR.

RNA extract was prepared with “Bio Tri RNA” (Bio-Labs) kit per the manufacturer
instructions.
cDNA was prepared using the qScript cDNA synthesis kit (QuantaBio).
Real time PCR was performed using the following primers:
Tert. Probe: 5′ - /56-FAM/CACTGCGTA/ZEN/TAGCACCTGTCACCAA/31ABkFQ/ - 3′
Forward: 5′ GACTTCTTCCTGCACTTCCTG 3′; Reverse: 5′ CTTGTTCTCCATGTCTCCGA 3′
β - Actin. Probe: 5′ - /56-FAM/CTGGCCTCA/ZEN/CTGTCCACCTTCC/31ABkFQ/ - 3′
Forward: 5′ GATTACTGCTCTGGCTCCTAG 3′; Reverse: 5′ GACTCATCGTACTCCTGCTTG 3′
For the TERT and beta actin genes, we used the PrimeTime Mini qPCR Assay (Integrated DNA Technologies)
with the 7500 Real time PCR System (Applied BioSystems).
NeuN.

Forward: 5′ CGGCGGAAACCTCCTCGG 3′; Reverse: 5′ TCAACGGGTTCAGCGTTCCC 3′

Synaptophysin. Forward: 5′ CTGCGTTAAAGGGGGCACTA 3′; Reverse: 5′ACAGCCACGGTGACAAAGAA3′
Growth Associated Protein 43 (GAP43)
Forward: 5′ AGATGGTGTCAAGCCGGAAG 3′; Reverse: 5′ CATCCTTCTCCTTGGCCTCG 3′
60 s acidic Ribosomal Protein P0 (RPLP0)
Forward: 5′ CCAGCAGGTGTTTGACAACG 3′; Reverse: 5′ TCCAGAAAGCGAGAGTGCAG 3′
Brain Derived Neurotrophic Factor (BDNF).
ACACCTGGGTAGGCCAAGTT 3′
Neuronal Growth Factor (NGF).
GGGCAGCTATTGGTGCAGTA 3′

Forward: 5′ TCATACTTCGGTTGCATGAAGG 3′; Reverse: 5′

Forward: 5′ ACTGGACTAAACTTCAGCATTCC 3′; Reverse: 5′

β-catenin. Forward: 5′GTGCTATCTGTCTGCTCTAGTA 3′; Reverse: 5′CTTCCTGTTTAGTTGCAGCATC 3′
Doublecortin (DCX).
ATGTTGTCAG 3′
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Figure 1. AGS increases TERT gene expression levels in a time and concentration dependent manner in
a primary hippocampal cell culture. (a) Cultures were treated for 12 hr with AGS-499 at concentrations of
20 nM, 50 nM, 100 nM, and 200 nM or with its vehicle DMSO. (b) Cultures were treated with AGS-499 at a
concentration of 200 nM for 6 hr, 12 hr, 24 hr, and 48 hr periods. RNA was extracted from cultures and converted
to cDNA using a reverse transcriptase kit. Expression levels were quantified using RT-PCR and normalized to
the untreated control (Control). The results are Mean ± SEM, n = 4 independent experiments), ANOVA test
***p < 0.001 **p < 0.005.
Sex Determining Region Y Box-2 (SOX-2).
GCTTAGCCTCGTCGATGAAC3′

Forward: 5′ AACCCCAAGATGCACAACTC 3′; Reverse: 5′

Cyclin D1. Forward: 5′AATCGTGGCCACCTGGATG 3′ Reverse: 5′CTTCAAGGGCTCCAGGGACA 3′
The RT-PCR for the above genes was performed using the perfeCTa SYBER Green Fast Mix for quantitative
PCR (QuantaBio) with the 7500 Real time PCR System (Applied BioSystems).
The RQ for all the examined genes was calculated by the delta- delta CT method using beta actin or RPLP0
(ribosomal RNA) as the reference housekeeping genes. The data of each treatment (AGS and DMSO) was normalized to the untreated group to confirm that no significant effect of the vehicle treatment on the expression of
genes was detected.

Statistical analysis.

Data was expressed as mean ± SEM. Significant differences were determined using
one-way ANOVA followed by a posterior Bonferroni test for multiple comparisons or by Student’s T test (for
2 groups) provided by GraphPad Prism version 6.00 for Windows (GraphPad Software, San Diego, CA, USA).

Results

Telomerase increasing compound (AGS) enhanced TERT expression in primary hippocampal
cell culture in a dose and time dependent manner and protected neurons from amyloid beta
toxicity. The primary hippocampal cell cultures were stained with anti GFAP and anti-beta 3 tubulin antibod-

ies and DAPI for nuclei. The results show that the culture consist of the various cell types of the hippocampus: it
contained neurons stained by the beta3 tubulin and many astrocytes and astroglial cells stained by GFAP (Supl. 1)
and the % of neurons in the culture was also estimated (20%) by NeuN staining as described later in the text.
The culture was treated with varying concentrations of AGS-499 from 20 nM to 200 nM for 12 hrs (Fig. 1a). An
increase in TERT gene expression was observed up to 2.8-fold with 200 nM of AGS (compared to UT or vehicle
treated cells). A transient increase in TERT gene expression (up to 5 fold, 12-hrs. post treatment) was detected
in the AGS-499 treated primary hippocampal cell culture, which returns to its basal level 24 hrs post treatment
(Fig. 1b). Primary hippocampal cell cultures were treated with oligomerized Aβ protein at 5 μM and 10 μM with
and without AGS treatment (200 nM) for 48 hrs. The AGS compound (AGS-499) was administered every 24 hrs.
The cells were subjected to an immunofluorescence procedure with anti-β3-tubulin antibodies (for staining of
neurites) and with DAPI as a nuclear staining for all the cell types in the primary culture (Fig. 2). As can be seen,
treatment with the Aβ protein at 5 μM and 10 μM caused significant neuronal degradation demonstrated by the
fragmentation of axons and neurites and the presence of smaller cell bodies. The degradation effect of Aβ protein
on neurons was visibly higher at 10 μM compared to 5 μM. In the AGS treated culture a significant visible increase
in neuronal survival was observed which is demonstrated by the presence of neurons with long axons, neurites,
and normal cell body (soma) size, suggesting that AGS treatments conferred partial protection of neurons from
the Aβ induced damage at both 5 μM and 10 μM Aβ protein treatments.

The expression of Gap43 and NeuN genes is enhanced in primary hippocampal cell cultures
treated with telomerase increasing compound in the presence or absence of Aβ. To elucidate

the mechanism by which the telomerase increasing compound enhanced the survival of neurons in the presence
of Aβ protein, we first examined the effect of AGS alone on the expression of neuronal genes that are involved
in the morphology of neuronal cell body and axonal growth. The hippocampal cell culture was treated with and
without various AGS-499 concentrations for 12 hrs. and the expression of the following genes was determined:
NeuN for neuronal soma33, Growth Associated Protein 43 (GAP43) for axonal growth34, and Synpatophysin
(SYP) a major synaptic protein p38 for synapses formation and quantification35. The results depicted in Fig. 3
demonstrate that AGS treatment significantly increased Gap43 gene expression up to1.95 fold (Fig. 3a) NeuN
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Figure 2. AGS Improves hippocampal neuron morphology and reduces Aβ induced neuronal degradation in
primary hippocampal cell cultures. The cell culture was treated with/without oligomeric Aβ for 48 hrs and AGS499 (or DMSO) was added to the culture medium every 24 hrs. Immunofluorescent staining using DAPI and
anti β-III tubulin antibody after 48 hours of the various treatments was performed. Slides were visualized using
confocal microscopy (FluoView FV1000 Olympus). Scale bar: 40 μm

Figure 3. AGS increases TERT and neuronal gene expression levels in a primary hippocampal cell culture.
Cultures were treated for 12 hr with AGS-499 at concentrations of 20 nM, 50 nM, 100 nM, and 200 nM or with
its vehicle DMSO. RNA was extracted from cultures and genes Expression levels were quantified using RT-PCR
and normalized to the untreated control (Control). (a) The effects of AGS-499 treatment on the expression
of GAP43 gene. (b) The effects of AGS-499 treatment on the expression of Synaptophysin gene. (c) The
effects of AGS-499 treatment on the expression of NeuN gene. The results are Mean ± SEM, n = 4 independent
experiments), ANOVA test *p < 0.05, **p < 0.01.
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Figure 4. AGS increases TERT and neuronal gene expression levels in Aβ treated cultures. Cultures were
treated for 36 hr. with AGS-499 (200 nM) alone, Aβ (5 µM) alone, and Aβ (5 µM) in combination with AGS-499
(200 nM) or its vehicle DMSO. AGS or DMSO treatments were renewed after 24 hr. Genes Expression levels
were quantified using RT-PCR and normalized to the untreated control (Control). (a) Relative TERT gene
expression in cultures (Mean ± SEM, n = 5 independent experiments), ANOVA test *p < 0.05, ***p < 0.001.
(b) Relative NeuN gene expression in cultures (Mean ± SEM, n = 4 independent experiments), ANOVA test
**p < 0.01, ***p < 0.001. (c) Relative GAP43 gene expression in cultures (Mean ± SEM, n = 4 independent
experiments), ANOVA test *p < 0.05, **p < 0.01. (d) Relative SYP gene expression in cultures (Mean ± SEM,
n = 4 independent experiments), ANOVA test **p < 0.01, ***p < 0.001.

gene expression up to1.5 fold (Fig. 3b) and no significant change in the expression of SYP gene (Fig. 3c) compared
to untreated or vehicle treated cells.
Next, we examined the effect of telomerase increasing compound on the expression of the aforementioned
neuronal genes and the expression of TERT gene in hippocampal cells that were exposed to oligomers of Aβ
protein. Cell cultures were incubated with 5 μM Aβ for 36 hrs, in the presence or absence of the AGS-499 compound, which was added to the cell culture every 24 hours. The results depicted in Fig. 4a revealed that TERT gene
expression was not affected by the exposure of the cells to Aβ protein and the AGS-499 compound can increase
the expression of TERT up to 2.3 -fold in the presence of Aβ protein. The expression of NeuN (Fig. 4b), Gap43
(Fig. 4c) and SYP (Fig. 4d) genes were not significantly altered by Aβ protein treatment, but were significantly
increased by AGS treatment in the presence of Aβ protein: up to 2-fold for NeuN (Fig. 4b), up to 1.5-fold for
Gap43 (Fig. 4c) and up to 2.5-fold for SYP (Fig. 4d) genes. It should be noted that AGS treatment increased the
expression of SYP gene only in hippocampal cell culture that was exposed to Aβ protein (Fig. 4d), while the other
neuronal genes NeuN and GAP43 were also significantly increased in cell cultures that were treated with AGS-499
alone.

The expression of neurotrophins in primary hippocampal cell cultures is increased following
treatment with AGS compound. NGF and BDNF, the two main neurotrophins affect the expression of

neuronal genes such as GAP43 and SYP36,37 and demonstrate AD related neuroprotective effects38,39. Therefore we
examined the effect of AGS treatment on the expression of NGF, and BDNF genes. Cell cultures were incubated
with 5 μM Aβ for 36hrs with and without AGS-499 compound that was added to the cell culture every 24 hours.
The results in Fig. 5 show that AGS-499 significantly increased the expression of BDNF gene (up to 3-fold) in the
presence of Aβ oligomers (Fig. 5a) while eliciting no effect on NGF gene expression (Fig. 5b).

AGS treatment increased the relative amount of neurons in the primary hippocampal culture
and protected against Aβ induced neuronal loss. The increase in the expression of both NeuN and
BDNF genes in AGS treated cultures, together with the role of BDNF in the process of neurogenesis40,41 may
suggest that the AGS treatment increased the amount of NeuN expressing cells in the hippocampal cell culture.
To examine this possibility, cell cultures were incubated with Aβ (5 μM) for 48 hours, with and without the AGS499 compound that was added to the cell culture every 24 hours, and stained for NeuN protein and DAPI. The
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Figure 5. AGS increases BDNF but not NGF gene expression in both Aβ treated and untreated cultures.
Cultures were treated for 36 hr. with AGS-499 (200 nM) alone, Aβ (5 µM) alone, and Aβ (5 µM) in combination
with AGS-499 (200 nM) or with its vehicle DMSO. AGS or DMSO treatments were renewed after 24 hr.
Expression levels were quantified using RT-PCR and normalized to the untreated control (Control). (a) Relative
BDNF gene expression in cultures (Mean ± SEM, n = 5 independent experiments), ANOVA test ***p < 0.001.
(b) Relative NGF gene expression in cultures (Mean ± SEM, n = 5 independent experiments), ANOVA test.

Figure 6. AGS increases the relative amount of NeuN positive cells, and protects from neurodegeneration.
(a) Immunofluorescent staining using DAPI and NeuN after 48 hours of the indicated various treatments
compared to an untreated control. Slides were visualized using a panoramic slide scanner (Panoramic Midi II
scanner 3DHISTECH, Budapest, Hungary). Scale bar: 500 μm.The enlarged images were obtained using the
sniping tool software for the selected area in the pictures (b) Cell size distribution. Cell size was determined
using CellProfiler software. Cell sizes were divided into 3 groups of arbitrary size. Cells with a size smaller
than 100 pixels (<100), a size of between 100 and 200 pixels (100–200) and cells larger than 200 pixels (>200).
(c) Relative amount of NeuN positive cells. Normalized to total amount of DAPI stained cells. (Mean ± SEM,
n = 5), ANOVA test *p < 0.05, **p < 0.01.
stained cultures were quantified for both the size of NeuN positive cells, and the relative quantity of NeuN positive
cells was calculated as percentage of all the DAPI stained cells in culture (Fig. 6b,c). The results demonstrate that
the hippocampal cell culture contained up to 20% NeuN positive cells. Treatment with Aβ alone significantly
decreased the percentage of NeuN positive cells, and the remaining NeuN positive cells also decreased in size.
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Figure 7. AGS increases the expression of TERT and neuronal genes in vivo. Mice were injected subcutaneously
with AGS-499 in a concentration of 6 mg /kg of body mass. After 12 hr., mice were sacrificed. Expression
levels were quantified using RT-PCR and normalized to the untreated control (Control). (a) Relative TERT
gene expression in-vivo, in hippocampi (Mean ± SEM, n = 7 mice per group), ANOVA test ****p < 0.0001.
(b) Relative NeuN gene expression in-vivo, in hippocampi (Mean ± SEM, n = 7 mice per group), ANOVA
test **p < 0.01, ***p < 0.001. (c) Relative GAP43 gene expression in-vivo, in hippocampi (Mean ± SEM,
n = 7 mice per group), ANOVA test ****p < 0.0001. (d) Relative SYP gene expression in-vivo, in hippocampi
(Mean ± SEM, n = 7 mice per group), ANOVA test ****p < 0.0001.

However, AGS treatments, both alone and in combination with Aβ, significantly increased the percent of NeuN
positive cells (Up to 1.35-fold and 1.8-fold compared to the untreated cultures and the Aβ treated cultures respectively). In addition, an increase in the size of the NeuN expressing cells in the presence of Αβ oligomers following
AGS treatment, compared to cultures treated with Aβ alone was detected (Fig. 6b)

In Vivo: The expression of TERT and neuronal genes increased in hippocampi of AGS treated
mice. The significant effect of the AGS compound on the expression of neuronal genes in the primary hip-

pocampal cell cultures was tested in vivo. Six-week-old ICR mice were injected with the compound as previously
described11 and the expression of TERT, NeuN, Gap43, and SYP genes in the hippocampus was determined. A
significant increase in the expression of these genes was detected: TERT up to 1.5-fold (Fig. 7a), NeuN up to
1.5-fold (7b), GAP43 up to 2.5-fold (7c), and SYP up to 1.5-fold (7d), suggesting that a single treatment with
AGS compound increased the expression of these genes in the mouse hippocampus in vivo. The effect of the
AGS treatment on the expression of neurotrophins in the hippocampus in vivo was also examined and the results
depicted in Fig. 8 revealed that the expression of BDNF gene was significantly increased up to 1.5-fold in AGS-499
treated mice compared to untreated or vehicle treated mice (Fig. 8a). Immunofluorescence analysis of hippocampal perfusion-fixed frozen sections using specific anti BDNF antibody, revealed an increase in BDNF staining in
the hippocampus (the dentate gyrus granule layers the hilus and the interneurons outlines) in AGS treated mice
compared to vehicle treated mice (Fig. 8b). NGF gene expression was also significantly increased in AGS0499
treated mice compared to vehicle treated mice (Fig. 8c)
Telomerase also regulates the transcriptional activity of the β-catenin dependent Wnt signaling pathway29.
Using our previously injected mice, we determined the expression of β-catenin gene and protein as a measure of
WNT signal activity as was previously demonstrated42. The results depicted in Fig. 9a show that AGS-499 treated
mice expressed elevated levels of β-catenin gene - of up to 4-fold in the hippocampus, compared to untreated or
vehicle treated mice. Immunohistofluoresence analysis of hippocampal perfusion- fixed frozen sections using
specific anti beta-catenin antibody, revealed a significant increase of beta-catenin staining in the hippocampus of
AGS treated mice compared to untreated mice (Fig. 9b).
To confirm that the Wnt/beta catenin pathway is active we examined the expression of cyclin D1 gene that its
level is regulated by the Wnt-beta catenin signaling43.Indeed the expression of cyclin D1 in the hippocampus of
AGS treated mice significantly increased compared to vehicle treated mice (Fig. 9c).
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Figure 8. AGS increases neurotrophins expression levels in vivo. Mice were injected subcutaneously with
AGS-499 in a concentration of 6 mg per kg of body mass. After 12 hr., mice were sacrificed. (a) Expression levels
were quantified using RT-PCR and normalized to the untreated control (Control) and compared to vehicle
treated mice. The results are Mean ± SEM, n = 7 mice per group), ANOVA test **p < 0.01, ***p < 0.001. (b)
Immunofluorescence analysis of perfusion fixed frozen hippocampal sections was performed using anti BDNF
antibody (red) DAPI staining for nucleus (blue).G-granule layer, H-hilus. Scale bare 200 μm. (c) Relative NGF
gene expression in-vivo, in hippocampi (Mean ± SEM, n = 7 mice per group), ANOVA test ***p < 0.001,
****p < 0.0001.
AGS treatment of the primary hippocampal cell culture in the presence or absence of Aβ significantly
increased the relative amount of NeuN expressing cells. This increase could be due to a neurogenesis process. We
examined this possibility in vivo by investigating the expression of genes known to be expressed in various stages
of the neuro-differentiation pathway: Doublecortin (DCX), and Sex Determining Region Y box-2 (SOX-2). DCX
is a known marker for neurogenesis44,45. Its expression starts in type-2b progenitor cells and persists until an
immature post-mitotic neuronal cell is produced. SOX-2 is an early stem cell marker expressed in Neuronal Stem
Cells (NSCs) and early type 2-a progenitor cells. The expression of DCX and SOX-2 is mutually exclusive46. The
results depicted in Fig. 10 show that AGS injection caused a significant increase of up to 1.5-fold in the expression
of DCX gene (Fig. 10a), while no change in SOX-2 gene has been detected (Fig. 10b).

Discussion

In this study, we examined the effect of increasing TERT gene expression by a pharmaceutical compound on the
protection of neurons from the Αβ-induced toxicity. This assumption was based on several studies; it was previously shown that the reduction of TERT expression results in enhanced sensitivity of neurons to the common
neurotoxic proteins expressed in AD pathology16. In addition, it was suggested that overexpression of telomerase
exerted some neuroprotective effects from Aβ in AD models47. However, genetic manipulation as a therapeutic
strategy possesses several limitations and pharmaceutical treatments are therefore preferred. Indeed, we previously showed that novel tri-aryl compounds designated AGS transiently increased TERT gene and TERT protein
expression and telomerase activity both in vivo and in vitro in a time and dose dependent manner11,17,18. These
compounds can cross the BBB and transiently increase telomerase activity and TERT expression in the brain11.
Treatment of SOD1 Tg mice with these compounds delayed the onset and progression of ALS and increased
the survival of motor neurons in the mouse spinal cord11. Here we used a common in vitro model for AD - primary hippocampal cell cultures exposed to oligomeric Aβ. First, we demonstrated that TERT gene expression is
transiently increased in these cultures following AGS treatment. The exposure of the primary hippocampal cell
culture to cytotoxic concentrations of oligomeric Aβ did not significantly affect TERT gene expression, while
treatment with AGS in the presence of Aβ has increased TERT gene expression. These results demonstrate that
the AGS compound can increase the expression of TERT in the hippocampal cells also in the presence of Aβ
aggregates.
The aggregated exogenic Aβ possesses neurotoxic properties, and it affects the morphology of neurons.
Untreated neuronal cultures display normal cellular morphology with: intact axons, connections to neighboring
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Figure 9. AGS increases beta-catenin and cyclin D1 expression. Mice were injected subcutaneously with AGS499 in a concentration of 6 mg per kg of body mass. After 12 hr., mice were sacrificed. Expression levels were
quantified using RT-PCR and normalized to the untreated control (Control) and compared to vehicle treated
mice. (a) Relative β-catenin gene expression in-vivo, in hippocampi (Mean ± SEM, n = 7 mice per group),
ANOVA test ***p < 0.001. (b) Immunofluorescence analysis of perfusion fixed frozen hippocampal sections
was performed using anti beta-catenin antibodies(green) and DAPI staining for nucleus (blue). G-granule layer,
H-hilus. Scale bare 200 μm. (c) Relative cyclin D1 gene expression in-vivo, in hippocampi (Mean ± SEM, n = 7
mice per group), Student’s T test *p < 0.05

Figure 10. AGS increases Doublecortin gene but not SOX-2 gene expression in vivo. Mice were injected
subcutaneously with AGS-499 in a concentration of 6 mg per kg of body mass. After 12 hr., mice were sacrificed.
Expression levels were quantified using RT-PCR and normalized to the untreated control and compare to
vehicle. (a) Relative DCX gene expression (Mean ± SEM, n = 6 mice per group), ANOVA test *p < 0.05,
**p < 0.01. (b) Relative SOX-2 gene expression (Mean ± SEM, n = 6 mice per group), ANOVA test.
cells via neurites, and proper soma size; while treatment of the culture with Aβ, both at 5 μM and 10 μM, caused
axonal degradation, synaptic loss and shrinkage of the cell body. Whereas treatment with AGS-499 alone did not
affect the neurons in the culture, it significantly conferred partial protection from the cytotoxicity induced by Aβ
at both concentrations (5 and 10 μM).
It should be noted that these Aβ concentrations are significantly higher by about 1000 fold than the physiological concentration of the peptide in the brain, which is in the range of pico and nano molars48,49.
The neuroprotective effect of AGS 499 is demonstrated here by the morphology of the neurons (normal size
of soma body, long axons and neurites). To confirm the neuroprotective effect of AGS by molecular tools we
investigated the effect of AGS treatment on the expression of genes that are associated with neuronal soma and
neuronal plasticity. Interestingly, we found that treatment of the primary hippocampal cell cultures with telomerase increasing compound alone significantly increased the expression of NeuN and GAP43 genes but not
the SYP gene. This data demonstrates a correlation between the increase in the expression of TERT gene and the
enhancement in the expression of NeuN and GAP43 genes. It was previously suggested that TERT may act as a
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transcriptional factor for certain genes3–5, however it is not yet clear whether this is a direct or indirect effect of
TERT on the expression of NeuN and Gap43 genes. Exposure of the primary hippocampal cell culture to cytotoxic
aggregates of Aβ slightly but not significantly reduced the expression of NeuN, GAP43, and SYP genes, but when
AGS treatment was applied to the Aβ treated cultures, a significant increase in the expression of these genes was
observed. The specificity of NeuN expression in neurons of the central nervous system is well established33, but
its role is not fully understood. The protein is expressed only in post-mitotic neuronal cells and has been implied,
among other things, in RNA editing50. The increase in NeuN expression in AGS treated hippocampal neurons
in the presence or absence of oligomeric Aβ might be due to an increase in the expression levels within existing
mature neurons, or is the consequence of maturation of neurons from neuronal precursor cells, or even due
to both processes occurring simultaneously. However, our data shows that the number of NeuN positive cells
has increased in the hippocampal cell culture by 30% following AGS treatment. Exposure of the culture to Aβ
decreased the NeuN positive cells by 40% while treatment with AGS compounds dramatically increased the number of NeuN expressing cells by 183%. In addition, treatment with telomerase increasing compounds gives rise to
a morphological new population of neurons; these neurons, while also expressing NeuN, are smaller and round
in shape compared to their more common counterparts. The round shape of the cells indicates a lack of a typical
neuronal structure known as the axon hillock51. These small, NeuN expressing cells that lack structures found in
mature neurons, could be a population of young, newly formed, post-mitotic neurons. Therefore, it is possible
that treatment of the primary hippocampal cell culture by the telomerase increasing compound induced neurogenesis, a possibility that was previously demonstrated in the brain of telomerase-reactivated mice52. GAP43
is highly expressed in neuronal growth cones during development and axonal regeneration34. The increase in
GAP43 following AGS treatment of either Aβ-treated or untreated hippocampal cell culture may suggest an
increase in the growth process of axons. In addition, Gap 43 was identified as a rapidly transported axonal protein
that is highly upregulated after sciatic nerve injury. It is localized to growth cones associated with neuropil areas
and is highly expressed during nervous system developmental and regenerative axon growth53. Therefore, one
may assume that the increase of its expression by AGS treatment in damaged axons points toward its involvement
in the neuroprotective processes of the telomerase increasing compound.
Although the expression of SYP is known to be limited to synaptic vesicles, its function is not. It is however
used as marker to quantify synapses35. Synaptic alterations are one of the earliest events in AD and it was found
that oligomeric Aβ disrupts synapses54,55.
Although AGS-499 treatment alone did not increase SYP gene expression it did however enhance its expression in hippocampal cultures that were exposed to Aβ, thus suggesting that in neurons damaged by Aβ-induced
cytotoxicity, treatment with telomerase increasing compound, AGS-499, may restore the synapses formation by
increasing the expression of the SYP gene.
All together our data show a significant increase in the expression of NeuN, GAP43 and SYP genes, in the hippocampal cell cultures that were exposed to Aβ and treated with AGS, suggesting that in the in vitro AD model,
the increase in their expression is part of the neuroprotective mechanism of the telomerase increasing compound.
We injected AGS-499 into adult mice to examine whether the enhancement of the expression of neuronal genes,
involved in neuronal plasticity and neuronal growth, is a unique phenomenon observed only in hippocampal
cell culture derived from newborn mice, or rather can occur in vivo in adult mice. We previously showed that
this compound can cross the BBB and can increase TERT expression in the various regions of the brain of adult
mice11. Here we found that a single injection of AGS-499 increased TERT gene expression in the hippocampus
of both male and female mice. We also showed that a single injection of AGS-499 significantly increased the
expression of NeuN, GAP 43 and SYP genes in vivo in the mouse hippocampus. This strongly indicates that the
effects of telomerase increasing compound are not only an in vitro phenomenon but also occur in vivo. It should
be noted that unlike the in vitro data in which SYP gene expression was not affected by AGS-499 alone, this
compound significantly increased SYP gene expression in the mouse hippocampus. The biological effects of the
increased expression of NeuN, Gap43 and SYP genes in the mouse brain following AGS treatment are now under
investigation in our group.
Since it was suggested that the expression of NeuN, GAP 43 and SYP might be regulated by neurotrophins36,56,57, we examined whether treatments with telomerase increasing compound affect the expression of neurotrophins - thus promoting processes such as neuronal development and survival58.
Out of the many members in this family, we focused on the main two: BDNF and NGF. In an in vitro primary
culture, treatments with AGS-499 significantly increased the expression of BDNF gene but not NGF gene while
in vivo the expression of both BDNF and NGF genes and BDNF protein were elevated following AGS treatment.
BDNF and NGF play an important role in similar neuronal related pathways such as differentiation, maturation, growth, survival of existing neurons, and neurogenesis58–60. Since BDNF supports the survival of existing
neurons, its increased expression in AGS-499 treated cultures may partially explain the neuroprotective effects
of telomerase increasing compounds. In addition to their role in neuronal survival, both BDNF and NGF are
important modulators of neuronal development and plasticity and have been shown to increase the expression
of both GAP43 and SYP36,56. BDNF and NGF play also an important role in the process of formation of new
neurons, also known as neurogenesis58. This role has led us to hypothesize that the increase in NeuN (gene and
protein) expression, which correlates to the increase in both BDNF and NGF following AGS treatments, stems
from the formation of new neuronal cells. To further demonstrate the possibility of induced neurogenesis, in
AGS treated mice, we used two mutually exclusive markers of the various differentiation stages of the neuronal
cell – SOX-2 and DCX. While SOX-2 is expressed only in embryonic stem cells, DCX appears in late neuronal
progenitor cells and its expression persists until the early stages of post-mitotic neurons44–46. Indeed an increase
in DCX gene expression was observed in the hippocampus of AGS treated mice suggesting an increase in neuronal differentiation, while the lack of increase in SOX-2 gene expression indicates that no increase in stem cell
proliferation was observed. Therefore, it is possible that the increase in the expression of BDNF and NGF by the
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Figure 11. A proposed model for the neuroprotective effects of telomerase increasing compound AGS from the
Aβ cytotoxicity in an in-vitro AD model. Increasing TERT expression in hippocampal cells activates the Wnt
signaling pathway which upregulates the expression of neurotrophins that increase the expression of neuronal
plasticity genes and therefore confer a partial neuroprotective effect from the Aβ induced cytotoxicity.

telomerase increasing compounds result in the enhancement of the expression of neuronal plasticity related genes
and induced neurogenesis, and thus contribute to the mode of action of the AGS compound as neuroprotective
agent.
We previously showed that AGS compounds exerted their neuroprotective effects in a telomerase dependent
manner11. To elucidate the mechanism by which increasing TERT expression might affect the expression of neurotrophins we examined the Wnt signaling pathway. Wnt signaling pathway is known to be activated by TERT29,61
and BDNF and NGF are known to be regulated by Wnt signaling28,62. We found that β-catenin expression (gene
and protein) is increased in the hippocampus of AGS treated mice. Moreover Cyclin D1 gene that is known to be
regulated by the Wnt-beta catenin signaling43 was also increased in AGS treated mice compared to vehicle treated
mice. These data indicates the activation of the Wnt-beta catenin signaling pathway63 by treatment with the AGS
compound.
In conclusion, we propose, as summarized in Fig. 11, that increasing TERT expression in the hippocampus using a pharmaceutical compound partially exerts neuroprotective effect via activation of the Wnt signaling
pathway. This activation leads to an increased expression of neurotrophins that in turn enhances the expression
of neuronal growth and plasticity genes. This provides damaged neurons, such as those exposed to the cytotoxicity of Aβ, the ability to overcome its cytotoxic effects. In addition, the non-canonical roles of TERT, such as an
anti-apoptotic enzyme and its mitochondrial protective function from oxidative stress are also part of the AGS
neuroprotective effects as we previously demonstrated11. Our data suggest the possibility that the telomerase
increasing compound may show some beneficial effects in AD and this is now under investigation using a mouse
model for AD.
Received: 10 May 2019; Accepted: 3 October 2019;
Published: xx xx xxxx

References

1. Giardini, M. A., Segatto, M., da Silva, M. S., Nunes, V. S. & Cano, M. I. Telomere and telomerase biology. Prog Mol Biol Transl Sci 125,
1–40, https://doi.org/10.1016/B978-0-12-397898-1.00001-3 (2014).
2. Ozturk, M. B., Li, Y. & Tergaonkar, V. Current Insights to Regulation and Role of Telomerase in Human Diseases. Antioxidants 6,
https://doi.org/10.3390/antiox6010017 (2017).
3. Chiodi, I. & Mondello, C. Telomere-independent functions of telomerase in nuclei, cytoplasm, and mitochondria. Front Oncol 2,
133, https://doi.org/10.3389/fonc.2012.00133 (2012).
4. Zhou, J., Ding, D., Wang, M. & Cong, Y. S. Telomerase reverse transcriptase in the regulation of gene expression. BMB Rep 47, 8–14
(2014).
5. Martinez, P. & Blasco, M. A. Telomeric and extra-telomeric roles for telomerase and the telomere-binding proteins. Nat Rev Cancer
11, 161–176, https://doi.org/10.1038/nrc3025 (2011).
6. Spilsbury, A., Miwa, S., Attems, J. & Saretzki, G. The role of telomerase protein TERT in Alzheimer’s disease and in tau-related
pathology in vitro. J Neurosci 35, 1659–1674, https://doi.org/10.1523/JNEUROSCI.2925-14.2015 (2015).
7. Santos, J. H., Meyer, J. N. & Van Houten, B. Mitochondrial localization of telomerase as a determinant for hydrogen peroxideinduced mitochondrial DNA damage and apoptosis. Human molecular genetics 15, 1757–1768, https://doi.org/10.1093/hmg/ddl098
(2006).

Scientific Reports |

(2019) 9:18118 | https://doi.org/10.1038/s41598-019-54741-7

12

www.nature.com/scientificreports/

www.nature.com/scientificreports

8. Eitan, E. et al. Expression of functional alternative telomerase RNA component gene in mouse brain and in motor neurons cells
protects from oxidative stress. Oncotarget 7, 78297–78309, https://doi.org/10.18632/oncotarget.13049 (2016).
9. Eitan, E. et al. Excitotoxic and Radiation Stress Increase TERT Levels in the Mitochondria and Cytosol of Cerebellar Purkinje
Neurons. Cerebellum 15, 509–517, https://doi.org/10.1007/s12311-015-0720-6 (2016).
10. Eitan, E., Tichon, A., Daniel, G. & Priel, E. Telomerase expression in adult and old mouse Purkinje neurons. Rejuvenation research
15, 206–209, https://doi.org/10.1089/rej.2011.1285 (2012).
11. Eitan, E. et al. Novel telomerase-increasing compound in mouse brain delays the onset of amyotrophic lateral sclerosis. EMBO
molecular medicine 4, 313–329, https://doi.org/10.1002/emmm.201200212 (2012).
12. Iannilli, F., Zalfa, F., Gartner, A., Bagni, C. & Dotti, C. G. Cytoplasmic TERT Associates to RNA Granules in Fully Mature Neurons:
Role in the Translational Control of the Cell Cycle Inhibitor p15INK4B. PLoS One 8, e66602, https://doi.org/10.1371/journal.
pone.0066602 (2013).
13. Jeong, S. Molecular and Cellular Basis of Neurodegeneration in Alzheimer’s Disease. Molecules and cells 40, 613–620, https://doi.
org/10.14348/molcells.2017.0096 (2017).
14. de Paula, V. J. R., Guimaraes, F. M., Diniz, B. S. & Forlenza, O. V. Neurobiological pathways to Alzheimer’s disease: Amyloid-beta,
TAU protein or both? Dement Neuropsychol 3, 188–194, https://doi.org/10.1590/S1980-57642009DN30300003 (2009).
15. Mu, Y. & Gage, F. H. Adult hippocampal neurogenesis and its role in Alzheimer’s disease. Mol Neurodegener 6, 85, https://doi.
org/10.1186/1750-1326-6-85 (2011).
16. Zhu, H., Fu, W. & Mattson, M. P. The catalytic subunit of telomerase protects neurons against amyloid beta-peptide-induced
apoptosis. Journal of neurochemistry 75, 117–124 (2000).
17. Beyer, A. M. et al. Critical Role for Telomerase in the Mechanism of Flow-Mediated Dilation in the Human Microcirculation.
Circulation research 118, 856–866, https://doi.org/10.1161/CIRCRESAHA.115.307918 (2016).
18. Tichon, A. et al. Oxidative stress protection by novel telomerase activators in mesenchymal stem cells derived from healthy and
diseased individuals. Current molecular medicine 13, 1010–1022 (2013).
19. Huang, E. J. & Reichardt, L. F. Neurotrophins: roles in neuronal development and function. Annual review of neuroscience 24,
677–736, https://doi.org/10.1146/annurev.neuro.24.1.677 (2001).
20. Freeman, R. S. et al. NGF deprivation-induced gene expression: after ten years, where do we stand? Prog Brain Res 146, 111–126,
https://doi.org/10.1016/S0079-6123(03)46008-1 (2004).
21. Yamada, K. & Nabeshima, T. Brain-derived neurotrophic factor/TrkB signaling in memory processes. J Pharmacol Sci 91, 267–270
(2003).
22. Komiya, Y. & Habas, R. Wnt signal transduction pathways. Organogenesis 4, 68–75 (2008).
23. Bilir, B., Kucuk, O. & Moreno, C. S. Wnt signaling blockage inhibits cell proliferation and migration, and induces apoptosis in triplenegative breast cancer cells. J Transl Med 11, 280, https://doi.org/10.1186/1479-5876-11-280 (2013).
24. Jessen, J. R. & Solnica-Krezel, L. Axis formation–beta-catenin catches a Wnt. Cell 120, 736–737, https://doi.org/10.1016/j.
cell.2005.03.005 (2005).
25. Patapoutian, A. & Reichardt, L. F. Roles of Wnt proteins in neural development and maintenance. Curr Opin Neurobiol 10, 392–399
(2000).
26. Inestrosa, N. C. & Varela-Nallar, L. Wnt signaling in the nervous system and in Alzheimer’s disease. J Mol Cell Biol 6, 64–74, https://
doi.org/10.1093/jmcb/mjt051 (2014).
27. Garcia, A. L., Udeh, A., Kalahasty, K. & Hackam, A. S. A growing field: The regulation of axonal regeneration by Wnt signaling.
Neural Regen Res 13, 43–52, https://doi.org/10.4103/1673-5374.224359 (2018).
28. Yi, H., Hu, J., Qian, J. & Hackam, A. S. Expression of brain-derived neurotrophic factor is regulated by the Wnt signaling pathway.
Neuroreport 23, 189–194, https://doi.org/10.1097/WNR.0b013e32834fab06 (2012).
29. Park, J. I. et al. Telomerase modulates Wnt signalling by association with target gene chromatin. Nature 460, 66–72, https://doi.
org/10.1038/nature08137 (2009).
30. Hoffmeyer, K. et al. Wnt/beta-catenin signaling regulates telomerase in stem cells and cancer cells. Science 336, 1549–1554, https://
doi.org/10.1126/science.1218370 (2012).
31. Dahlgren, K. N. et al. Oligomeric and fibrillar species of amyloid-beta peptides differentially affect neuronal viability. J Biol Chem
277, 32046–32053, https://doi.org/10.1074/jbc.M201750200 (2002).
32. Yates, E. A. & Legleiter, J. Preparation protocols of abeta(1-40) promote the formation of polymorphic aggregates and altered
interactions with lipid bilayers. Biochemistry 53, 7038–7050, https://doi.org/10.1021/bi500792f (2014).
33. Mullen, R. J., Buck, C. R. & Smith, A. M. NeuN, a neuronal specific nuclear protein in vertebrates. Development 116, 201–211 (1992).
34. Benowitz, L. I. & Routtenberg, A. GAP-43: an intrinsic determinant of neuronal development and plasticity. Trends in neurosciences
20, 84–91 (1997).
35. Calhoun, M. E. et al. Comparative evaluation of synaptophysin-based methods for quantification of synapses. J Neurocytol 25,
821–828 (1996).
36. Coffey, E. T., Akerman, K. E. & Courtney, M. J. Brain derived neurotrophic factor induces a rapid upregulation of synaptophysin and
tau proteins via the neurotrophin receptor TrkB in rat cerebellar granule cells. Neurosci Lett 227, 177–180 (1997).
37. Gupta, S. K. et al. GAP-43 is essential for the neurotrophic effects of BDNF and positive AMPA receptor modulator S18986. Cell
Death Differ 16, 624–637, https://doi.org/10.1038/cdd.2008.188 (2009).
38. Faustino, C., Rijo, P. & Reis, C. P. Nanotechnological strategies for nerve growth factor delivery: Therapeutic implications in
Alzheimer’s disease. Pharmacological research 120, 68–87, https://doi.org/10.1016/j.phrs.2017.03.020 (2017).
39. Nagahara, A. H. et al. Neuroprotective effects of brain-derived neurotrophic factor in rodent and primate models of Alzheimer’s
disease. Nat Med 15, 331–337, https://doi.org/10.1038/nm.1912 (2009).
40. Quesseveur, G. et al. BDNF overexpression in mouse hippocampal astrocytes promotes local neurogenesis and elicits anxiolytic-like
activities. Translational psychiatry 3, e253, https://doi.org/10.1038/tp.2013.30 (2013).
41. Wei, Z., Liao, J., Qi, F., Meng, Z. & Pan, S. Evidence for the contribution of BDNF-TrkB signal strength in neurogenesis: An
organotypic study. Neuroscience letters 606, 48–52, https://doi.org/10.1016/j.neulet.2015.08.032 (2015).
42. Steinhart, Z. & Angers, S. Wnt signaling in development and tissue homeostasis. Development 145, https://doi.org/10.1242/
dev.146589 (2018).
43. Zhang, J. et al. The Wnt/beta-catenin pathway drives increased cyclin D1 levels in lymph node metastasis in papillary thyroid cancer.
Hum Pathol 43, 1044–1050, https://doi.org/10.1016/j.humpath.2011.08.013 (2012).
44. Balthazart, J. & Ball, G. F. Doublecortin is a highly valuable endogenous marker of adult neurogenesis in canaries. Commentary on
Vellema M et al. (2014): Evaluating the predictive value of doublecortin as a marker for adult neurogenesis in canaries (Serinus
canaria). J Comparative Neurol 522:1299-1315. Brain, behavior and evolution 84, 1–4, https://doi.org/10.1159/000362917 (2014).
45. Couillard-Despres, S. et al. Doublecortin expression levels in adult brain reflect neurogenesis. The European journal of neuroscience
21, 1–14, https://doi.org/10.1111/j.1460-9568.2004.03813.x (2005).
46. Zhang, J. & Jiao, J. Molecular Biomarkers for Embryonic and Adult Neural Stem Cell and Neurogenesis. BioMed research
international 2015, 727542, https://doi.org/10.1155/2015/727542 (2015).
47. Park, H. H. et al. Novel vaccine peptide GV1001 effectively blocks beta-amyloid toxicity by mimicking the extra-telomeric functions
of human telomerase reverse transcriptase. Neurobiology of aging 35, 1255–1274, https://doi.org/10.1016/j.
neurobiolaging.2013.12.015 (2014).

Scientific Reports |

(2019) 9:18118 | https://doi.org/10.1038/s41598-019-54741-7

13

www.nature.com/scientificreports/

www.nature.com/scientificreports

48. Lazarevic, V. et al. Physiological Concentrations of Amyloid Beta Regulate Recycling of Synaptic Vesicles via Alpha7 Acetylcholine
Receptor and CDK5/Calcineurin Signaling. Frontiers in molecular neuroscience 10, 221, https://doi.org/10.3389/fnmol.2017.00221
(2017).
49. Puzzo, D. et al. Endogenous amyloid-beta is necessary for hippocampal synaptic plasticity and memory. Annals of neurology 69,
819–830, https://doi.org/10.1002/ana.22313 (2011).
50. Underwood, J. G., Boutz, P. L., Dougherty, J. D., Stoilov, P. & Black, D. L. Homologues of the Caenorhabditis elegans Fox-1 protein
are neuronal splicing regulators in mammals. Mol Cell Biol 25, 10005–10016, https://doi.org/10.1128/MCB.25.22.10005-10016.2005
(2005).
51. Clark, B. D., Goldberg, E. M. & Rudy, B. Electrogenic tuning of the axon initial segment. The Neuroscientist: a review journal bringing
neurobiology, neurology and psychiatry 15, 651–668, https://doi.org/10.1177/1073858409341973 (2009).
52. Jaskelioff, M. et al. Telomerase reactivation reverses tissue degeneration in aged telomerase-deficient mice. Nature 469, 102–106,
https://doi.org/10.1038/nature09603 (2011).
53. Kalil, K. & Skene, J. H. Elevated synthesis of an axonally transported protein correlates with axon outgrowth in normal and injured
pyramidal tracts. J Neurosci 6, 2563–2570 (1986).
54. Selkoe, D. J. Alzheimer’s disease is a synaptic failure. Science 298, 789–791, https://doi.org/10.1126/science.1074069 (2002).
55. Harwell, C. S. & Coleman, M. P. Synaptophysin depletion and intraneuronal Abeta in organotypic hippocampal slice cultures from
huAPP transgenic mice. Mol Neurodegener 11, 44, https://doi.org/10.1186/s13024-016-0110-7 (2016).
56. Vo, P. A. & Tomlinson, D. R. Effects of nerve growth factor on expression of GAP-43 in right atria after sympathectomy in diabetic
rats. Diabetes Obes Metab 3, 350–359 (2001).
57. Lim, J. Y. et al. Brain-derived neurotrophic factor stimulates the neural differentiation of human umbilical cord blood-derived
mesenchymal stem cells and survival of differentiated cells through MAPK/ERK and PI3K/Akt-dependent signaling pathways. J
Neurosci Res 86, 2168–2178, https://doi.org/10.1002/jnr.21669 (2008).
58. Jiao, Y. et al. BDNF increases survival and neuronal differentiation of human neural precursor cells cotransplanted with a nanofiber
gel to the auditory nerve in a rat model of neuronal damage. Biomed Res Int 2014, 356415, https://doi.org/10.1155/2014/356415
(2014).
59. Klesse, L. J., Meyers, K. A., Marshall, C. J. & Parada, L. F. Nerve growth factor induces survival and differentiation through two
distinct signaling cascades in PC12 cells. Oncogene 18, 2055–2068, https://doi.org/10.1038/sj.onc.1202524 (1999).
60. Rossi, C. et al. Brain-derived neurotrophic factor (BDNF) is required for the enhancement of hippocampal neurogenesis following
environmental enrichment. The European journal of neuroscience 24, 1850–1856, https://doi.org/10.1111/j.1460-9568.2006.05059.x
(2006).
61. Tang, B. et al. Human telomerase reverse transcriptase (hTERT) promotes gastric cancer invasion through cooperating with c-Myc
to upregulate heparanase expression. Oncotarget 7, 11364–11379, https://doi.org/10.18632/oncotarget.6575 (2016).
62. Endo, Y. & Rubin, J. S. Wnt signaling and neurite outgrowth: insights and questions. Cancer Sci 98, 1311–1317, https://doi.
org/10.1111/j.1349-7006.2007.00536.x (2007).
63. MacDonald, B. T., Tamai, K. & He, X. Wnt/beta-catenin signaling: components, mechanisms, and diseases. Dev Cell 17, 9–26,
https://doi.org/10.1016/j.devcel.2009.06.016 (2009).

Acknowledgements

This work was supported by the B.G.Negev fund (E.P). We thank Mrs. Sylvia Tsory for technical assistance and
Mrs. Caroline Simon for editing the manuscript.

Author contributions

N.B.E., V.R., A.B. and E.P. designed the experiments; N.B.E. and V.R. performed the experiments and prepared
the figures; N.B.E., V.R. and E.P. wrote the manuscript and all authors reviewed the manuscript.

Competing interests

E.P. filed a patent on the AGS compounds. N.B.R., V.R. and A.B. declare no potential conflict of interest. All
authors declare no financial interest.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54741-7.
Correspondence and requests for materials should be addressed to E.P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:18118 | https://doi.org/10.1038/s41598-019-54741-7

14

