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Overexpression of fibroblast growth factor 13 
ameliorates amyloid-β-induced neuronal damage

Abstract  
Previous studies have shown that fibroblast growth factor 13 is downregulated in the brain of both Alzheimer’s disease mouse models and patients, and that 
it plays a vital role in the learning and memory. However, the underlying mechanisms of fibroblast growth factor 13 in Alzheimer’s disease remain unclear. In 
this study, we established rat models of Alzheimer’s disease by stereotaxic injection of amyloid-β (Aβ1–42)-induced into bilateral hippocampus. We also injected 
lentivirus containing fibroblast growth factor 13 into bilateral hippocampus to overexpress fibroblast growth factor 13. The expression of fibroblast growth 
factor 13 was downregulated in the brain of the Alzheimer’s disease model rats. After overexpression of fibroblast growth factor 13, learning and memory 
abilities of the Alzheimer’s disease model rats were remarkably improved. Fibroblast growth factor 13 overexpression increased brain expression levels of 
oxidative stress-related markers glutathione, superoxide dismutase, phosphatidylinositol-3-kinase, AKT and glycogen synthase kinase 3β, and anti-apoptotic 
factor BCL. Furthermore, fibroblast growth factor 13 overexpression decreased the number of apoptotic cells, expression of pro-apoptotic factor BAX, cleaved-
caspase 3 and amyloid-β expression, and levels of tau phosphorylation, malondialdehyde, reactive oxygen species and acetylcholinesterase in the brain of 
Alzheimer’s disease model rats. The changes were reversed by the phosphatidylinositol-3-kinase inhibitor LY294002. These findings suggest that overexpression 
of fibroblast growth factor 13 improved neuronal damage in a rat model of Alzheimer’s disease through activation of the phosphatidylinositol-3-kinase/AKT/
glycogen synthase kinase 3β signaling pathway.
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Introduction 
Alzheimer’s disease (AD) is a progressive neurodegenerative disease that 
is the most common cause of dementia, and is the sixth primary cause of 
death around the world (Zhang et al., 2019). AD is identified by impairments 
in learning, memory and cognition, as well as changes in mood (Matej 
et al., 2019). The two significant AD pathologies are the deposition of 
aggregated amyloid-β (Aβ) plaques and neurofibrillary tangles composed 
of hyperphosphorylated tau protein (d’Errico and Meyer-Luehmann, 2020). 
Aβ is produced from the amyloid precursor protein in which the β-site 
amyloid precursor protein cleaving enzyme 1 and γ-secretase cleave amyloid 
precursor protein into the Aβ peptide (Aβ1–40 or Aβ1–42) (Hampel et al., 2021). 
The amyloid cascade hypothesis states that Aβ accumulation evokes a series 
of pathological alterations, such as tau phosphorylation, neurofibrillary tangle 
formation, synaptic loss, neuronal death and cognitive deficits (Hardy and 
Higgins, 1992). Thus, Aβ is strongly related to the risk of Alzheimer’s dementia 
(van Oijen et al., 2006).

Fibroblast growth factor 13 (FGF13) is an intracellular nonsecretory protein 
belonging to the FGF homologous factor subfamily (Goldfarb, 2005). Human 
FGF13 is generally distributed in human fetal and adult brain, especially 
in the cortex and cerebellum, and in adult kidney (Greene et al., 1998), 
and murine FGF13 is expressed in the embryonic nervous system, heart 
and connective tissue (Hartung et al., 1997). Functionally, FGF13 acts as 
a microtubule-stabilizing protein to modulate neuronal polarization and 
migration, and axonal formation and refinement (Wu et al., 2012). Similar 

roles of FGF13 have also been observed after spinal cord injury, and 
overexpression of FGF13 is necessary for axonal regeneration through the 
increase of mitochondrial function in primary cortical neurons (Li et al., 2018). 
In addition, downregulation of FGF13 impairs the excitability of inhibitory 
interneurons, which elevates the excitability within local hippocampal 
circuits and causes the clinical phenotype of epilepsy (Puranam et al., 2015). 
Moreover, loss of FGF13 impairs learning and memory in mice (Wu et al., 
2012). More importantly, gene expression profiling results show that FGF13 
is downregulated in brain of both AD patients and mice (Castillo et al., 
2017). Thus, these reports indicate that FGF13 plays an important role in AD. 
Nevertheless, the mechanism of FGF13 in AD remains unknown.

In the present study, the role and underlying mechanism of FGF13 were 
investigated in AD model rats. We hope our results can lay a theoretical 
foundation for the development of treatments for AD and other relevant 
neurodegenerative diseases. 
 
Methods   
Animals
Because male animals are large and good for experimental operation (Soria 
Lopez et al., 2019), male animals were used in the study. Adult male Sprague-
Dawley rats (12 weeks old, 410–440 g) were purchased from Hunan SJA 
Laboratory Animal Co., Ltd. (Changsha, China; license No. SYXK (Xiang) 2020-
0019), and were adapted to standard laboratory conditions for 1 week before 
experiments began. Rats were provided with a standard diet and water ad 
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libitum at 40–60% relative humidity and temperature of 25 ± 2°C with a 
12/12-hour light-dark cycle, and were housed six per cage (535 mm × 390 mm 
× 200 mm). All operations were strictly conducted based on the Guide for the 
Care and Use of Laboratory Animals (National Institutes of Health, 2011). All 
of the experiments were executed with ethical approval as determined by the 
Animal Ethical Committee of Central South University (approval No. XMSB-
2020-0051) on March 18, 2020. Rats were randomly divided into six groups 
(n = 6): sham, Aβ, Aβ + LV-NC, LV-NC, Aβ + LV-FGF13, and Aβ + LV-FGF13 + 
LY294002 groups. The timeline of this study is shown in Additional Figure 1.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Aβ1–42 (Cat# SCP0038, Sigma, St. Louis, MO, USA) and scrambled Aβ1–42 (Cat# 
AG916, Sigma) were analyzed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis. In brief, 50 μg Aβ peptides were mixed with sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis loading buffer, 5× dithiothreitol 
(Solarbio, Beijing, China), boiled for 5 minutes at 100°C, and centrifuged at 
13,000 × g for 3 minutes. Then, 10 μL supernatants were loaded onto gels 
along with protein markers and electrophoretically isolated at 110 V. Gels 
were stained for total protein using the Coomassie Brilliant Blue Fast Staining 
solution (Solarbio). 

Model construction and lentivirus transfection
The AD rat model was established via stereotaxic injection of Aβ, as described 
in a previous study (Li et al., 2017). In brief, rats (n = 6) were exposed to 2% 
isoflurane (RWD Life Science, Shenzhen, China) for 5 minutes, and then fixed on 
a stereotaxic frame (RWD Life Science). Aβ1–42 at a concentration of 20 μg/3 μL  
(Li et al., 2017) was injected into the bilateral hippocampus (3.5 mm lateral 
from midline, 4.3 mm posterior to the bregma, and 3.3 mm ventral to 
bregma (Li et al., 2017)) through a micro-syringe at a rate of 1 μL/min.  
Rats in the control group were stereotaxically injected with the same 
amount of normal saline. Subsequently, the bilateral hippocampus of AD 
rats was stereotaxically injected with 2 μL lentivirus-expressed FGF13 (LV-
FGF13, 2 × 109 transducing units/mL, Genechem, Shanghai, China) to 
upregulate FGF13, or with negative control (NC, Genechem). In addition, 
to investigate the correlation between FGF13 upregulation and changes in 
phosphatidylinositol-3 kinase (PI3K) signaling, the PI3K inhibitor LY294002 
(30 mg/kg; Cat# 9901, Cell Signaling Technology, Inc., Danvers, MA, USA) was 
stereotaxically injected in bilateral hippocampus in AD model rats following 
2 hours of injection of 2 μL LV-FGF13. Rats were sacrificed via inhalation with 
isoflurane, and the brains were immediately harvested for subsequent assays.

Hematoxylin and eosin staining
To assess the role of FGF13 in the Aβ-induced cognitive alterations, brains 
were dissected and fixed in 4% paraformaldehyde overnight, and then 
dehydrated and embedded. Next, the brains were cut into slices (5 µm) 
and stained with hematoxylin and eosin (Solarbio). The stained slices were 
captured by a digital trinocular camera microscope (CX23, Olympus, Tokyo, 
Japan). The pathological alterations of neurons were observed to determine 
neuronal damage. 

Nissl staining
The damage to cortical neurons was examined by Nissl staining. Briefly, the 
dewaxed cortical slices were stained with Nissl stain solution (methyl violet 
method) (Cat# G1432, Solarbio) according to the working instructions. After 
the slices were dehydrated, hyalinized and mounted, they were imaged under 
a digital trinocular camera microscope (CX23, Olympus). Neuron numbers 
were analyzed to assess neuronal damage. 

Quantitative reverse transcription-polymerase chain reaction
To detect FGF13 mRNA expression in the cortex, total RNA of brain tissues 
was obtained with TRIzol reagent (TaKaRa Biotechnology Co., Ltd., Dalian, 
China) and reverse transcription was performed by Bio-Rad ScripTM cDNA 
Synthesis Kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the 
manufacturer’s instructions. Quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR) was conducted using the Bio-Rad CFX Manager 
software (Bio-Rad Laboratories, Inc.). The primer sequences of FGF13 (forward 
primer: 5′-GGC AAT GAA CAG CGA GGG ATA CTT GTA C-3′, reverse primer: 
5′-CGG ATT GCT GCT GAC GGT AGA TCA TTG ATG-3′), and β-actin (forward 
primer: 5′-CTC CAT CGT CCA CCG CAA ATG CTT CT-3′, reverse primer: 5′-GCT 
CCA ACC GAC TGC TGT CAC CTT C-3′) were synthesized by Sangon Biotech 
(Shanghai, China). The conditions of qRT-PCR were 5 minutes at 94°C, 
followed by 40 cycles between 94°C for 15 seconds and 58°C for 30 seconds, 
and 72°C for 30 seconds. The relative expression level of FGF13 was analyzed 
using the 2–ΔΔCT method (Zhao et al., 2021) and normalized to β-actin. 

Western blotting 
Total protein from brain tissue was isolated by a Total Protein Extraction 
Kit (Cat# BC3711, Solarbio) and quantified with the bicinchoninic acid 
protein quantification kit (ab102536, Abcam, Cambridge, UK) according to 
the manufacturer’s instructions. Protein samples were dissolved by 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrically 
transferred onto polyvinylidene fluoride membranes at 150 V for 4 hours. 
After pre-blocking with Tris-buffered saline with Triton (Sigma) containing 
3% bovine serum albumin (Sangon Biotech) for 1 hour at room temperature 
(25°C), the membrane was treated with primary antibody (rabbit anti-FGF13, 
1:3000, Cat# ab153808, RRID: AB_2890172, Abcam; rabbit anti-BAX, 1:5000, 
Cat# ab32503, RRID: AB_725631, Abcam; rabbit anti-BCL-2, 1:2000, Cat# 

ab196495, Abcam; rabbit anti-cleaved-caspase 3, 1:500, Cat# ab2302, RRID: 
AB_302962, Abcam; rabbit anti-phosphorylated tau (p-tau S404), 1:2000, 
Cat# ab92676, RRID: AB_10561457, Abcam; rabbit anti-p-tau (T181), 1:1000, 
Cat# ab254409, RRID: AB_2905609, Abcam; rabbit anti-p-tau (T217), 1:1000, 
Cat# ab192665, Abcam; rabbit anti-tau, 1:600, Cat# 10274-1-AP, RRID: 
AB_2139718, Proteintech, Wuhan, China; rabbit anti-acetylcholinesterase 
(AChE), 1:1000, Cat# ab183591, RRID: AB_2857345, Abcam; rabbit anti-p-
PI3K, 1:500, Cat# ab278545, Abcam; rabbit anti-PI3K, 1:2000, Cat# ab180967, 
Abcam; rabbit anti-AKT, 1:500, Cat# ab8805, RRID: AB_306791, Abcam; 
rabbit anti-p-AKT, 1:1000, Cat# ab38449, RRID:AB_722678, Abcam; mouse 
anti-glycogen synthase kinase 3 beta (GSK-3β), 1:2000, ab93926, RRID: 
AB_10563643, Abcam; rabbit anti-p-GSK-3β, 1:1000, Cat# ab107166, RRID: 
AB_11143750, Abcam; rabbit polyclonal anti-β-actin, 1:5000, Cat# ab8227, 
RRID: AB_2305186, Abcam) overnight at 4°C. The membrane was rinsed with 
Tris-buffered saline three times, then incubated with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG H&L (1: 50 000, Abcam, Cat# ab205718, 
RRID: AB_2819160) or HRP-conjugated goat anti-mouse IgG H&L (1:20 000, 
Abcam, Cat# ab205719, RRID: AB_2755049) for 1 hour at 37°C. Visualization 
of the bands was performed by diaminobutyric acid (Sigma) treatment for 
10 minutes and terminated by washing with distilled water. The blots were 
quantified with the Fluor Chem FC3 system (Alpha, Protein Simple, CA, USA) 
and analyzed with ImageJ 16.0 (National Institutes of Health, Bethesda, MD, 
USA) (Schneider et al., 2012). 

Immunofluorescence assay 
To examine the level of FGF13 in Aβ-induced rats, rats were transcardially 
perfused with ice-cold 0.1 M phosphate buffered saline (PBS; pH 7.4, Solarbio) 
followed by ice-cold 4% buffered paraformaldehyde (Solarbio). The rats were 
then sacrificed, and the brains were quickly removed and immersed in 4% 
buffered paraformaldehyde overnight. The brain tissues were embedded 
with Optimum Cutting Temperature compound (SAKURA, Torrance, CA, USA) 
and cut into 5 μm-thick coronal sections with a Leica CM 1950 cryostat (Leica 
Microsystems, Wetzlar, Germany). After being air-dried at room temperature 
for 30 minutes, brain sections were washed with 0.1 M PBS to clear the 
Optimum Cutting Temperature compound. Subsequently, sections were 
incubated with blocking buffer (PBS including 3% bovine serum albumin) and 
0.2% Triton X-100 [Solarbio]) followed by incubation with mouse monoclonal 
anti-FGF13 (1:1000, Abcam, Cat# ab186300) or anti-Aβ1–42 (1:1000, Abcam, 
Cat# ab11132, RRID: AB_297770) at 4°C overnight. After being washed with 
0.1 M PBS for 3 × 10 min , sections were incubated with goat anti-mouse IgG-
AlexaFluor 647 (1:1000, Abcam, Cat# ab150115, RRID: AB_2687948) at room 
temperature for 1 hour. Sections were mounted with Mounting Medium, 
antifading with 4′,6-diamidine-2-phenylindole (Solarbio, S2110) after three 
rinses in 0.1 M PBS. The fluorescence intensity was analyzed by a fluorescence 
microscope (Olympus, IX71).

Morris water maze test
The Morris water maze test was performed in a swimming pool with a 
diameter of 110 cm filled with water (22 ± 2°C) to a depth of approximately 
30 cm, as described in a previous study (Yan et al., 2020). The pool was 
partitioned into four quadrants, one of which always contained a platform in 
the center except for during the experiments executed on the last day. The 
pool was surrounded with different cues to assist rats to recognize the spatial 
orientation. Learning ability of rats was assessed for 4 consecutive days. 
Each rat was placed into the pool facing the wall and was trained to discover 
the platform with four trials per day. Rats were permitted to arrive at the 
platform within 90 seconds, and the swim path and time to find the platform 
were documented through a video camera. If the time that a rat took to 
reach the platform exceeded 90 seconds, the rat was guided to the platform 
manually for 10 seconds to accommodate the environment, and the latency 
was designated as 90 seconds. One day after the final training, the platform 
was dismantled and the rats performed a free exploration experiment for 
90 seconds. The time spent in the target quadrant and the swim path were 
monitored and analyzed via a video tracking apparatus (Ethovision XT, Noldus, 
Wageningen, Netherlands). 

Novel object recognition test
To determine the role of FGF13 in cognitive function in the AD rats, novel 
object recognition tests were carried out in a cube behavior box with a side 
length of 30 cm in a light-proof and sound-proof environment, in accordance 
with a previous study (Yan et al., 2020). Rats were placed in the middle of the 
box without any objects and were allowed to adjust for 5 minutes. On day 1, 
two identical objects (blue plastic cubes, 5 cm × 5 cm × 5 cm) were put into 
the box and rats were placed into the box equidistant from the objects to 
explore freely for 5 minutes. On day 2, one of the two identical objects was 
replaced with a black plastic cylinder with a height of 5 cm and a diameter of 
5 cm, and then rats were placed into the box to explore freely for 5 minutes. 
The times to contact the two objects within 10 minutes were documented. 
Cognitive function was assessed by the recognition index, which was a 
comparison between the exploration time related to either the two objects 
(training phase) or new objects (retention phase) and the total exploration 
time. A distance between the rat’s nose and the object within 2 cm was 
identified as exploratory behavior, whereas walking surrounding the object 
or only moving around the object was not regarded as exploratory behavior. 
Between each rat, the objects and bottom of the box were scrubbed with 
75% alcohol to remove the odor left by the previous rat.
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Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end 
labeling staining
To assess the role of FGF13 in apoptosis in the AD rats, terminal 
deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling 
(TUNEL) staining was executed with the In Situ Cell Death Detection Kit, 
POD (Cat# 11684817910, Roche, Basel, Switzerland) according to the 
manufacturer’s instructions. Frozen brain sections were incubated with 
Mounting Medium, antifading with 4′,6-diamidine-2-phenylindole. The 
TUNEL-positive cells in six random nonoverlapping fields (400×) were 
quantified by ImageJ. The apoptosis rate was calculated as the number of 
TUNEL-positive cells to total cells.

Detection of glutathione, superoxide dismutase, malondialdehyde and 
reactive oxygen species 
The concentrations of glutathione (GSH), superoxide dismutase (SOD), 
malondialdehyde (MDA) and reactive oxygen species (ROS) in frozen brain 
tissue were measured by commercial GSH test kit (Cat# A006-2-1, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China), total SOD test kit (Cat# 
A001-1-1, Nanjing Jiancheng Bioengineering Institute), MDA test kit (Cat# 
A003-1-1, Nanjing Jiancheng Bioengineering Institute) and ROS assay kit (Cat# 
E004-1-1, Nanjing Jiancheng Bioengineering Institute), respectively, according 
to the manufacturer’s instructions. The absorbance of wells was read at 
412 nm (GSH), 532 nm (MDA) and 560 nm (SOD) using a microplate reader 
(Thermo Fisher Scientific, Waltham, MA, USA). The fluorescence intensity of 
ROS was detected with the excitation and emission wavelengths at 500 nm 
and 525 nm, respectively, by Thermo Scientific Fluoroskan (Thermo Fisher 
Scientific).

Statistical analysis
The sample size was calculated using the following formula: sample size = 
the sum of experimental animals in each group − the number of groups. In 
a previous study (Guzmán-Ruiz et al., 2021), six rats were generally used in 
each group, thus, we also used six rats in each group. In the present study, a 
total of 36 rats was prepared, and the actual sample size was 30 rats, based 
on the sample size = 36 – 6 = 30. No animals or data points were excluded 
in the analysis. The evaluators were blinded to the assignments only for the 
behavioral tests. Data from more than two groups were analyzed by one-way 
analysis of variance with Tukey’s post hoc test, whereas data from only two 
groups were analyzed with the Student’s t-test using the SPSS 22.0 package 
(IBM, Armonk, NY, USA). Results were presented as the mean ± standard 
deviation, and the differences were regarded as statistically significant when P 
< 0.05.

Results
FGF13 expression is downregulated in Aβ-induced rats
Because the biological effects of Aβ significantly differ according to its 
conformational state (Nortley et al., 2019), it is important to verify the 
aggregation state before performing stereotaxic injection. A characteristic 
appearance for Aβ1–42 is a mixture of oligomers and monomers that form at 
3.5–30 kDa, whereas scrambled Aβ1–42 mainly formed monomers (Figure 1A). 
The AD rat model was then constructed through the stereotaxic injection 
of Aβ1–42 into bilateral hippocampus of rats. Hematoxylin and eosin staining 
revealed that the neurons in hippocampal CA1 showed disorder, sparseness, 
obvious nuclear contraction and neuronal swelling compared with those 
in sham rats (Figure 1B), which suggested the successful establishment 
of the AD rat model. Additionally, Nissl staining also showed neuronal 
damage in cortex, as observed by the decrease of Nissl staining (Figure 1C). 
Subsequently, the level of FGF13 was detected in Aβ-induced rats. Both the 
transcriptional and translational levels of FGF13 were significantly decreased 
in Aβ-induced rats compared with these in sham rats (P < 0.001; Figure 1D–F). 
Moreover, immunofluorescence further confirmed the reduction of FGF13 in 
Aβ-induced rats (Figure 1G). Thus, FGF13 was downregulated in Aβ-induced 
rats. 

FGF13 overexpression improves cognitive dysfunction in Aβ-induced rats
To investigate the role of FGF13 in the Aβ-induced rats, LV-FGF13 or LV-NC 
was stereotaxically injected into the bilateral hippocampus of healthy rats. 
The protein level of FGF13 in the cortex was notably enhanced in the Aβ + 
LV-FGF13 group compared with that in the LV-NC group (P < 0.001; Figure 
2A). Moreover, LV-FGF13 or LV-NC was also stereotaxically injected into the 
bilateral hippocampus of Aβ-induced rats to upregulate the level of FGF13. 
Western blot showed that FGF13 overexpression significantly rescued the Aβ-
induced decrease in FGF13 protein level (P < 0.001; Figure 2B), which verified 
the efficiency of lentivirus overexpression. 

Morris water maze tests showed that FGF13 overexpression markedly reduced 
the escape latency compared to that in Aβ-induced rats (P < 0.001), which 
indicated that FGF13 upregulation ameliorated Aβ-induced learning deficits 
in Aβ-induced rats (Figure 2C). Additionally, Aβ-induced rats spent much less 
time in the target quadrant compared with that in the sham group (P < 0.001), 
and Aβ-induced rats with increased FGF13 expression spent more time in 
the target quadrant than did Aβ-induced rats without FGF13 overexpression 
(P < 0.001; Figure 2D), suggesting that FGF13 overexpression improved Aβ-
induced memory defects. In the novel object recognition test, no statistical 
difference was observed in the recognition index of rats in the sham, Aβ, Aβ + 
LV-NC and Aβ + LV-FGF13 groups at day 1 (P > 0.05). However, the recognition 

index of Aβ-treated rats was greatly decreased compared with that of sham 
rats, which was observably reversed with FGF13 upregulation on day 2 (P 
< 0.001; Figure 2E). The results suggested that the increased expression of 
FGF13 ameliorated the recognition disorder in rats induced by Aβ. Taken 
together, these findings indicate that FGF13 overexpression improved the 
cognitive dysfunction in Aβ-induced rats. 

FGF13 overexpression inhibits apoptosis in the brain of Aβ-induced rats
Apoptosis in brain of Aβ-induced rats with or without overexpression of 
FGF13 was detected by TUNEL assay. The apoptosis rate of Aβ-induced rats 
was dramatically elevated compared with that of sham rats, and the rate 
was significantly reduced with upregulation of FGF13 (P < 0.001; Figure 3A). 
Furthermore, FGF13 overexpression significantly attenuated the Aβ-induced 
increases in the protein levels of BAX and cleaved-caspase 3, and significantly 
reversed the Aβ-induced decrease in the relative protein level of BCL-2 (P < 
0.001; Figure 3B). Therefore, these results suggest that FGF13 overexpression 
suppressed apoptosis in the Aβ-induced rat brain.

FGF13 overexpression alleviates the oxidative stress response in the brain 
of Aβ-induced rats 
We next investigated the role of FGF13 in the oxidative stress response in 
the brain of Aβ-induced rats. The concentrations of GSH (P < 0.001) and 
SOD (P < 0.01) in the brain of Aβ-induced rats were significantly decreased 
compared with those in brain of sham rats, and the decrease was markedly 
reversed with the overexpression of FGF13 (P < 0.05; Figure 4A). In contrast, 
FGF13 upregulation significantly reduced the MDA concentration and ROS 
content compared with these in Aβ-induced rats (P < 0.001; Figure 4A and B). 
Therefore, these results suggested that overexpression of FGF13 relieved the 
oxidative stress response in the brain of Aβ-induced rats.

FGF13 overexpression improves Aβ accumulation and hyperphosphorylated 
tau in the brain of Aβ-induced rats
The fluorescence intensity of Aβ in the Aβ-induced rat brain was significantly 
enhanced compared with that in sham rats (Figure 5A), which was markedly 
reversed by overexpression of FGF13. In addition, FGF13 upregulation 
decreased the Aβ-induced protein levels of p-tau (Ser 404, Thr 181 and Thr 
217) and total tau (P < 0.01; Figure 5B). Similarly, FGF13 upregulation notably 
diminished the relative protein expression of AChE compared with these 
in Aβ-induced rats (P < 0.05; Figure 5C). Thus, these results suggested that 
FGF13 overexpression ameliorated pathological AD features.
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Figure 1 ｜ FGF13 expression level is downregulated in Aβ-induced rats. 
(A) The aggregation state of Aβ before performing stereotaxic injection in rats was 
determined by SDS-PAGE. (B) H&E staining in hippocampal CA1 of Aβ-induced rats and 
sham rats (400× original magnification, scale bar: 100 µm). The neurons in hippocampal 
CA1 of Aβ-induced rats showed disorder, sparseness, obvious nuclear contraction and 
neuronal swelling compared with those in sham rats. (C) Nissl staining in cortex of Aβ-
induced rats and sham rats (400× original magnification, scale bar: 100 µm). Neuronal 
damage was observed in cortex, as shown by the decrease of Nissl staining. (D) FGF13 
mRNA level was examined by qRT-PCR. The data were normalized to β-actin. (E, F) FGF13 
protein level was detected by western blot. The data were normalized to β-actin. Data 
are expressed as mean ± SD (n = 6). ***P < 0.001 (Student’s t-test). (G) FGF13 level 
(red, AlexaFluor 647) was assessed. IF confirmed the reduction of FGF13 in Aβ-induced 
rats. Aβ: Amyloid-β; DAPI: 4′,6-diamidine-2-phenylindole; FGF13: fibroblast growth 
factor 13; H&E: hematoxylin and eosin; IF: immunofluorescence; qRT-PCR: reverse 
transcription-quantitative polymerase chain reaction; SDS-PAGE: sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.
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Figure 5 ｜ FGF13 overexpression ameliorates AD 
pathological characteristics. 
(A) Aβ (red: AlexaFluor 647) in the brain was 
examined by immunofluorescence. FGF13 
overexpression markedly reversed the Aβ-induced 
fluorescence intensity. Scale bar: 200 µm. (B, 
C) Protein levels of p-tau (Ser 404, Thr 181 and 
Thr 217), total tau and AChE were evaluated by 
western blot. The data were normalized to β-actin. 
Data are expressed as mean ± SD (n = 6). *P < 
0.05, **P < 0.01, ***P < 0.001 (one-way analysis 
of variance followed by Tukey’s post hoc test). 
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FGF13 overexpression ameliorates Aβ-associated neuronal damage through 
activating the PI3K/AKT/GSK-3β pathway
To investigate the potential molecular mechanism of FGF13 in the Aβ-induced 
rat brain, we used western blotting to examine the relative expression levels 
of proteins related to a potential signaling pathway. Expression levels of 
p-PI3K/PI3K, p-AKT/AKT, and p-GSK-3β/GSK-3β in the Aβ-induced rats were 
reduced compared with those in sham rats (P < 0.001), which was significantly 
reversed by FGF13 overexpression (P < 0.05; Figure 6). The results suggest 
that overexpression of FGF13 activated the PI3K/AKT/GSK-3β axis.

To investigate the direct correlation between FGF13 upregulation and changes 
in PI3K signaling, a PI3K inhibitor, LY294002, was applied. In the behavioral 
tests, LY294002 treatment significantly reduced the LV-FGF13-induced 
increases in time spent in the target quadrant and the recognition index on 
day 2 in Aβ rats (P < 0.01), though no statistical difference was observed in the 
recognition index on day 1 (P > 0.05; Figure 7A and B). LY294002 significantly 
increased the LV-FGF13-induced decreases in the protein expression of BAX 
and cleaved-caspase 3 in the cortex (P < 0.01), and the reverse effect was 
observed in the protein expression of BCL-2 in Aβ rats (P < 0.01; Figure 7C). 
Furthermore, FGF13 overexpression significantly decreased the Aβ-induced 
increase in ROS content in the cortex (P < 0.001), which was markedly 
reversed with LY294002 treatment (P < 0.001; Figure 7D). In addition, 
LY294002 also significantly reversed the LV-FGF13-induced decreases in the 
protein expression of p-tau (Ser 404, Thr 181 and Thr 217), total tau and 
AChE in the cortex in Aβ rats (P < 0.01; Figure 7E and F). Taken together, these 
data indicated that upregulation of FGF13 improved Aβ-associated neuronal 
damage through activating the PI3K/AKT/GSK-3β pathway.

Discussion
In the present study, the role and potential molecular mechanism of FGF13 
were explored in Aβ-induced rats. The results suggest that overexpression of 
FGF13 improved Aβ-associated neuronal damage through activating the PI3K/
AKT/GSK-3β axis.

Aβ not only accumulates in the cellular matrix but also elicits microglial 
activation and neuroinflammation, which play a significant role in the progress 
of AD (Kaur et al., 2019). Injection of Aβ oligomer into hippocampus is widely 
applied for the construction of AD animal models (Ji et al., 2016). Similar to 
the study reported by Li et al. (2017), we chose Aβ1–42 to establish the AD 
rat model stereotaxically. Learning and memory function were expectedly 
impaired in Aβ-induced rats, as indicated by the increase in swimming 
escape latency and reduced time spent in the target quadrant in the Morris 
water maze test, and by the reduced recognition index on day two of the 
novel object recognition test. However, FGF13 overexpression in Aβ-induced 
rats significantly ameliorated their impaired learning and memory, which is 
consistent with a previous study (Wu et al., 2012) that reported that FGF13-
deficient mice displayed impaired learning and memory. Additionally, in 
agreement with a study by Castillo et al. (2017), we found that the level of 
FGF13 was downregulated in Aβ-induced rats via qRT-PCR, western blot and 
immunofluorescence. Therefore, these results suggest that reducing FGF13 
impaired learning and memory.

Aβ deposition can cause the production of ROS and reactive nitrogen species 
in the brain (Varadarajan et al., 2000), which promotes the loss of synapses 
and neurons, and cognitive attenuation (Agostinho et al., 2010). Thus, 
oxidative stress is also a recognized mechanism of AD (Agostinho et al., 2010). 
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In the present study, upregulation of FGF13 notably elevated the Aβ-induced 
decreases in GSH and SOD concentrations, and reduced the Aβ-induced 
increases in MDA concentration and relative ROS content in the Aβ-induced 
rat brain. SOD is an antioxidant enzyme that specifically scavenges oxygen 
free radicals. It plays a vital role in the balance of oxidation and antioxidants, 
and catalyzes the disproportionation of superoxide anion free radicals to 
generate hydrogen peroxide, which is subsequently converted into water by 
GSH peroxidase (Asadi et al., 2021). MDA is a degradation product of lipid 
peroxides that represents the peroxidation degree of body fat (Askari et al., 
2021). As the major free radical in the body, ROS is not only oxidizing, but 
also can trigger a cascade reaction, thereby generating more ROS (Schieber 
and Chandel, 2014). Overabundance of ROS is the dominating precursor of 
oxidative stress (Schieber and Chandel, 2014). Thus, our results indicated that 
FGF13 overexpression dampened the Aβ-facilitated oxidative stress response. 
Additionally, neuronal oxidative stress elicited by Aβ deposition leads to 
neuronal death through the stimulation of apoptotic signaling (Tamagno 
et al., 2003). The anti-apoptosis factor Bcl-2 and pro-apoptosis factor BAX 
modulate the progress of apoptosis (Edlich, 2018), and cleaved-caspase 3, 
an active form of caspase 3, regulates the different phases in the apoptotic 
pathway (Asadi et al., 2021). Our results showed that the apoptosis rate, and 
the relative protein levels of BAX and cleaved-caspase 3 were dramatically 
elevated, and the relative protein level of BCL-2 was decreased in Aβ-induced 
rats, which is in line with the report that Aβ suppresses Bcl-2 and accelerates 
BAX (Tortosa et al., 1998). However, FGF13 overexpression significantly 
reversed the Aβ-induced apoptotic changes, which suggests that upregulation 
of FGF13 attenuates Aβ-induced cell apoptosis. In brief, these findings suggest 
that FGF13 overexpression might improve the impaired learning and memory 
induced by Aβ via reducing the oxidative stress response and cell apoptosis.

The amyloid hypothesis and cholinergic hypothesis are the two main AD 
hypotheses (Breijyeh and Karaman, 2020). Aβ facilitates the phosphorylation 
of tau, and in turn, tau modulates Aβ toxicity (Zhang et al., 2021). Thus, Aβ 
deposition induces the generation of tau pathology and neurotoxicity, which 

results in neuronal death and neurodegeneration (Breijyeh and Karaman, 
2020). Barthélemy et al. (2020) reported that p-tau-217 and p-tau-181 
were highly specific for amyloid plaque pathology in cerebrospinal fluid. 
Additionally, AChE is the primary hydrolyzing enzyme of the cholinergic 
system that mediates neuronal survival and function (Halliday and Greenfield, 
2012). Therefore, several approaches, including anticholinesterase inhibitors, 
beta-secretase inhibitors and anti-tau, are the most crucial therapeutic 
targets in AD (Ahmed et al., 2021). In the present study, the expression levels 
of Aβ, p-tau (Ser 404, Thr 181 and Thr 217) and AChE were significantly 
increased in the Aβ-induced rat brain, which were significantly reversed by 
the upregulation of FGF13. Hence, overexpression of FGF13 might relieve the 
primary pathological features of Aβ-induced rats. 

The PI3K/AKT signaling pathway is one of the most important and common 
pathways involved in AD (Razani et al., 2021). The PI3K/AKT signaling 
pathway has been demonstrated to inactivate downstream GSK-3β via 
phosphoinositide Akt phosphorylation at serine 9 (Danielsen et al., 2015). 
GSK-3β is a core kinase for pathological tau hyperphosphorylation, and its 
inactivation can result in Aβ deposits (Mazanetz and Fischer, 2007). Thus, 
the PI3K/AKT/GSK-3β signaling axis plays an important role in the progress of 
AD. It has been shown that natural dietary supplementation of anthocyanins 
alleviates oxidative stress, impaired memory and neurodegeneration in 
an AD mouse model through the PI3K/AKT/GSK-3β axis (Ali et al., 2018). 
Bis(ethylmaltolato)oxidovanadium(iv) decreases tau hyperphosphorylation 
via activating the PI3K/Akt/GSK-3β pathway (He et al., 2020). Furthermore, 
β- or γ-secretase-regulated proteolytic course of amyloid precursor protein 
in platelet may occur via the PI3K/Akt/GSK-3β signaling pathway (Chen et al., 
2019). Our results showed that FGF13 upregulation notably reversed the Aβ-
induced reduction of the ratio of p-PI3K and PI3K, p-AKT and AKT, and p-GSK-
3β and GSK-3β. Moreover, the ameliorative role of FGF13 overexpression in 
Aβ-associated neuronal damage was blocked with the application of the PI3K 
inhibitor LY294002. Thus, the results suggest that effect of FGF13 upregulation 
in Aβ-induced rats was mediated by via the PI3K/AKT/GSK-3β pathway.

60

40

20

0

Ti
m

e 
in

 ta
rg

et
 

qu
ad

ra
nt

 (s
)

A ***

**
60

40

20

0

R
ec

og
ni

tio
n 

in
de

x 
(%

)

B Day 1 Day 2

100

80

60

40

20

0

R
ec

og
ni

tio
n 

in
de

x 
(%

)

***
***

8

6

4

2

0

R
el

at
iv

e 
R

O
S

 
co

nt
en

t

D

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

*** ***

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

1.5

1.0

0.5

0

B
A

X
/β

-a
ct

in
 

(fo
ld

 c
ha

ng
e)

***
**

***

**

******1.5

1.0

0.5

0

B
C

L-
2/

β-
ac

tin
 

(fo
ld

 c
ha

ng
e)

1.0

0.8

0.6

0.4

0.2

0C
le

av
ed

 c
as

pa
se

-3
/

β-
ac

tin
 (f

ol
d 

ch
an

ge
)

C
BAX

BCL-2

Cleaved  
caspase-3

β-Actin

21 kDa

26 kDa

17 kDa

42 kDa

1.5

1.0

0.5

0p-
Ta

u 
S

er
40

4/
β-

ac
tin

 
(fo

ld
 c

ha
ng

e)

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

*** ***
*** ** *** *** *** ***

***
***

1.5

1.0

0.5

0p-
Ta

u 
Th

r1
81

/β
-a

ct
in

 
(fo

ld
 c

ha
ng

e)

1.5

1.0

0.5

0p-
Ta

u 
Th

r2
17

/β
-a

ct
in

 
(fo

ld
 c

ha
ng

e)

2.0

1.5

1.0

0.5

0

To
ta

l T
au

/β
-a

ct
in

 
(fo

ld
 c

ha
ng

e)

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham
Aβ-LV

-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

1.5

1.0

0.5

0

A
ch

E
/β

-a
ct

in
 

(fo
ld

 c
ha

ng
e)

Aβ-LV
-FGF13

Aβ-LV
-FGF13+ 

LY
294002Aβ

Sham

Total Tau

β-Actin

p-Tau Ser404

p-Tau Ser181

p-Tau Ser217

E
78 kDa

78 kDa

78 kDa

78 kDa

42 kDa

AchE

β-Actin

F

68 kDa

42 kDa

Figure 7 ｜ FGF13 overexpression improves Aβ-associated neuronal damage through activating the PI3K/AKT/GSK-3β pathway. 
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Several limitations should be addressed in future studies. Although viral 
rescue has been demonstrated to ameliorate Aβ-associated neuronal damage, 
a knock-in verification may provide more reliable results. Additionally, the 
results should be validated in a commercial AD model. In conclusion, the 
findings suggested that the expression level of FGF13 was downregulated in 
Aβ-induced rats, which led to learning and memory deficits, increased cell 
apoptosis and oxidative stress response, pathological features, and reduced 
activation of the PI3K/AKT/GSK-3β pathway. Therefore, we concluded that 
overexpression of FGF13 improved Aβ-associated neuronal damage by 
activating the PI3K/AKT/GSK-3β axis. We hope the findings provide evidence 
for a potential avenue to investigate in the development of therapeutics for 
AD and other related neurodegenerative diseases.
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Additional Figure 1 Timeline diagram in this study.
Aβ: Amyloid β; FGF13: fibroblast growth factor 13; LV: lentivirus; LY294002: an inhibitor of
phosphatidylinositol-3 kinase; NC: negative control.


