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Abstract: Alzheimer’s disease (AD) is a neurodegenerative condition of the central nervous 

system characterised by cognitive impairment. Its major pathological feature is the deposition 

of β-amyloid (Aβ) peptide, which triggers a series of pathological cascades. Autophagy is a 

main pathway to eliminate abnormal aggregated proteins, and increasing autophagy represents 

a plausible treatment strategy against relative overproduction of neurotoxic Aβ. Graphene 

oxide (GO) is an emerging carbon-based nanomaterial. As a derivative of grapheme with 

neuroprotective effects, it can effectively increase the clearance of abnormally aggregated 

protein. In this article, we investigated the protective function of GO in an AD mouse model. 

GO (30 mg/kg, intraperitoneal) was administered for 2 weeks. The results of the Morris water 

maze test and the novel object recognition test suggested that GO ameliorated learning and 

memory impairments in 5xFAD mice. The long-term potentiation and depotentiation from the 

perforant path to the dentate gyrus in the hippocampus were increased with GO treatment in 

5xFAD mice. Furthermore, GO upregulated the expression of synapse-related proteins and 

increased the cell density in the hippocampus. Our results showed that GO upregulated 

LC3II/LC3I and Beclin-1 and decreased p62 protein levels in 5xFAD mice. In addition, GO 

downregulated the PI3K/Akt/mTOR signalling pathway to induce autophagy. These results 

have revealed the protective potential of GO in AD. 

Keywords: Graphene oxide, Alzheimer’s disease, Autophagy, β-amyloid, Synaptic plasticity, 

Cognition. 

  



1. Introduction 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative condition with 

impaired memory and cognition. The main pathological characteristics of AD are the excessive 

deposition of β-amyloid (Aβ) peptide in the brain and neurofibrillary tangles due to the over-

phosphorylation of tau protein, resulting in loss of neurons and synapses[1]. Progressive 

accumulation of Aβ can induce an inflammatory reaction, oxidative damage, neuronal cell 

death and disrupt synaptic signal transmission, eventually leading to cognitive dysfunction[2]. 

As a toxic factor, it is widely believed that excessive Aβ deposition leads to the development 

of AD[2, 3]. Many investigations have shown that decreased Aβ clearance is the main cause of 

Aβ deposition[4]. Taken together, these findings indicate that targeting Aβ is an important 

strategy for treating AD. 

Autophagy mainly refers to macroautophagy, which is a lysosome-mediated process to 

maintain intracellular homeostasis and to degrade damaged organelles and 

misfolded/nonfunctional proteins[5]. Autophagy also plays an important role in 

neurodegeneration: it participates in Aβ clearance under physiological conditions and 

maintains Aβ homeostasis in healthy brain[6]. Recent research has shown dysfunction of the 

autophagy–lysosome system in AD patients[6]; impaired autophagy obstructs the ability of cells 

to clear Aβ, a phenomenon that leads to Aβ accumulation in the brain[7]. It seems that activating 

autophagy represents a promising approach to clear Aβ[6, 8]. Multiple autophagy-related 

proteins are required in the process of autophagy, such as microtubule-associated protein 1 light 

chain 3 (LC3), autophagy inducer Beclin-1 and autophagy adaptor p62 (p62)[9–11]. Mammalian 

target of rapamycin (mTOR) is the main regulator of autophagy and is at the centre of growth 

regulation. It senses a variety of environmental stimuli[12]. Abnormal mTOR signalling has 

been associated with many diseases, such as AD and Parkinson’s disease (PD)[13]. In several 

studies, mTOR inhibition reduced Aβ toxicity and promoted neuron survival[4, 14–16]. The 



process of Aβ-induced autophagy is also regulated by phosphoinositide 3-kinase 

(PI3K)/Akt/mTOR signalling[17–19]. Consequently, enhancing autophagy represents a viable 

approach for Aβ clearance in the brain, and it might represent a viable therapeutic target for the 

treatment of AD[6, 7].  

Carbon-based nanomaterials have been widely used in the biomedical field because of 

their unique structure and biological properties[20]. Graphene oxide (GO) is a derivative of 

graphene – with carboxyl, hydroxyl and epoxy groups – which is widely used in biology, 

including for biosensing, imaging, cancer treatment, drug delivery, antibacterial activity and as 

a vaccine enhancer[9, 11, 21]. Compared with pristine graphene, GO has better biocompatibility, 

a lager specific surface area and greater stability in aqueous solution[11, 21, 22]. Nanomaterials 

may represent a new autophagy inducer: they can trigger autophagy effects in a variety of cell 

types[23]. Some nanomaterials such as ytterbium hydroxide nanorods and cerium oxide 

nanoparticles accelerated the removal of different forms of aggregates[24, 25]. In vitro, GO 

simultaneously destroyed the structure of Aβ and mutant huntingtin (Htt) protein aggregates 

(found in Huntington’s disease) and enhanced the clearance rate of abnormal aggregate proteins 

by inducing autophagy[23, 26–28]. Furthermore, graphene induced neurite growth in a culture of 

pluripotent stem cells, showing neuroprotective effects[9, 29–32]. In several studies, GO induced 

autophagy in a variety of cells, including CT26 colon cancer cells, HeLa cells and embryonic 

stem cells, among others[33–35]. Therefore, the use of GO to clear abnormal aggregate proteins 

through inducing autophagy in the treatment of neurodegenerative diseases requires further 

research. 

In the present study, we aimed to investigate the underlying mechanism of the GO 

neuroprotective effect using an AD (5xFAD) mouse model. The novel object recognition (NOR) 

test and Morris water maze (MWM) test were performed to assess learning and memory 

abilities. Subsequently, long-term potentiation (LTP) and depotentiation (DEP) from the 



perforant path (PP) to the dentate gyrus (DG) were recorded to evaluate synaptic plasticity in 

the hippocampus. In parallel experiments, we explored a possible mechanism of action by 

measuring the expressions of N-methyl-D-aspartate receptor subunit 2B (NR2B) and 

postsynaptic density protein 95 (PSD-95), synaptophysin (SYP), LC3, p62, Beclin-1, P13K, 

AKT and mTOR. Haematoxylin and eosin (H&E) and Golgi–Cox staining were used to detect 

the number of neurons and density of dendritic spines in the DG. Finally, the co-localisation of 

LC3 and Aβ in the hippocampus was assayed by immunofluorescence staining to determine 

whether GO could ameliorate the synaptic plasticity impairment via enhancing autophagy 

levels to clear Aβ, a possible mechanism of autophagy activation in 5xFAD mouse model. 

 

2. Materials and methods 

2.1. Animals 

Five-month old 5xFAD mice and wild type littermates were purchased from Nanjing 

BioMedical Research Institute of Nanjing University (NBRI). They were fed with a 

nutritionally adequate diet in the vivarium at the Medical School of Nankai University. The 

environment was carefully controlled in terms of temperature (23–25°C), humidity (50%–60%) 

and a light-dark cycle of 12 h per day. All experimental procedures followed the guidelines of 

the Committee for Animal Care at Nankai University, and best efforts have been made to reduce 

the number of experimental animals and alleviate their suffering. 

Five-month-old 5xFAD mice and wild type littermates were randomly divided into four 

groups, each with eight mice, including four females and four males. They were: the wild type 

group (WT+PBS, n = 8); the wild type-treated group (WT+GO, n = 8); the 5xFAD group 

(AD+PBS, n = 8); and the 5xFAD-treated group (AD+GO, n = 8). The treatment was a daily 

30 mg/kg body weight intraperitoneal (i.p.) injection of GO for 14 days[36], while the injection 

of phosphate-buffered saline (PBS) was used as a control. After treatment, a series of tests were 



carried out; the experimental procedure and schedule are shown in Fig. 1A. 

2.2. Preparation of GO 

GO was acquired from Jiangsu XFNANO Materials Tech. Co., Ltd. The original GO 

nanosheet was 0.8–1.2 nm thick and 500 nm to 5 μm in diameter. GO was dispersed in sterile 

PBS at a concentration of 8 mg/mL, and the morphology and size of GO were observed by 

transmission electron microscopy (TEM) (Fig. 1B). GO appeared as a nano-monolayer 

translucent sheet with wrinkles and curls. The GO suspension was sonicated for 48 h (600W, 

220V) below 20°C using ultrasound equipment (Ningbo Xinzhi Biological Technology Co., 

Ltd). After ultrasonic treatment, the morphology and size of GO were observed by TEM. The 

large-sized GO had broken into small-sized pieces with a 10–25 nm diameter (Fig. 1C). 

2.3. Reagents  

Anti-β-actin (ab179467), anti-NMDAR-2B (ab65783), anti-PSD-95 (ab18258), anti-SYP 

(ab32127), anti-SQSTM1/p62 (ab56416), anti-SOD1 (ab179843) and anti-SIRT1 (ab32441) 

were acquired from Abcam (Cambridge, UK). Anti-LC3A/B (#4108), anti-PI3K (#4255), anti-

Akt (#4691), anti-phospho-Akt (#4060), anti-mTOR (#2983) and anti-phospho-mTOR (5563) 

were acquired from Cell Signaling Technology (Danvers, MA, United States). Anti-Beclin-

1(sc-48341) was acquired from Santa Cruz Biotechnology, Inc. (Dallas, TX, United States). 

Anti-β-amyloid (# SIG-39142) was acquired from BioLegend (San Diego, CA, United States). 

The secondary antibodies of Alexa 488-conjugated goat anti-rabbit IgG, Alexa 647-conjugated 

goat anti-rabbit IgG and Alexa 647-conjugated goat anti-mouse IgG were acquired from 

Invitrogen (San Diego, CA, United States). 

2.4. Behavioural tests 

2.4.1. Novel object recognition (NOR) test 

After 2 weeks of treatment, a series of behavioural tests were carried out. The NOR test 

is a behavioural assay that is commonly used to assess learning and memory[37]. The details of 



the NOR process can be found in our previous study[38]. The NOR test was carried out in a 

silver-white box (50 × 50 × 36 cm). To prevent odour interference, 75% ethanol was used to 

clean the box before and in-between each run of the test. 

Before starting the measurements, the mice were placed in the device for 10 min to adjust 

to the environment. Two identical objects (object A1, object A2) were then placed in the box 

to train the mice for 10 min. After 2 h, object A2 was replaced with a new object B.  

In the testing phase, the mice were allowed to explore the box freely for 10 min. After 24 

h, object B was replaced by another new object C, and the mice were put into the silver-white 

box again to explore freely for 10 min. The time the mice spent on the novel objects and the 

old objects were recorded automatically by a imaging system, and the recognition index was 

calculated as  

Recognition index = (time spent on the novel object / total contact time with new and old 

objects) × 100%. 

2.4.2. Morris water maze (MWM) test 

The MWM test is commonly used to assess the spatial cognitive abilities in animal 

models[39]. After the NOR test, the mice were trained and tested in the MWM system, which 

includes a circular vat (diameter 90 cm, height 50 cm) and a camera that is connected to a 

computer to capture the swimming pathway. The water was dyed with non-toxic white dye and 

the temperature was maintained at 23±1°C. A circular platform (diameter 9 cm) was placed 1–

2 cm below the water surface. The north (N), south (S), east (E) and west (W) were four equal 

quadrants of the maze. 

The MWM test included four continuous phase: initial training (IT), space exploring test 

(SET), reversal training (RT) and reversal exploring test (RET). The mice were trained for 5 

days (once a day) with four sessions every day in the IT stage. The mice were released into the 

water at four different locations to find the hidden platform in the N quadrant (a maximum time 



of 60 s to find the hidden platform). If a mouse was able to find the platform and stayed on it 

for 2–3 s, the test was completed and the mouse was taken back to the cage. If a mouse was 

unable to find the platform within 60 s, it was then guided to the platform and stayed on it for 

20 s; the escape latency was recorded as 60s. The escape latency and swimming speed were 

recorded during the entire process, and the mean escape latency was used as an index of 

learning and memory ability. 

The SET was started 24 h after the end of the IT phase. In the SET phase, the mouse was 

allowed to swim freely for 60 s without the platform; the dwell time on the target quadrant and 

the number of platform crossings during the entire process were all recorded. In the RT phase, 

the platform was moved to the opposite quadrant. Similar to the IT phase, the mice were trained 

for 3 days to find the hidden platform; the escape latency for all four groups was recorded and 

compared. Finally, the RET phase started 24 h after the end of the RT stage. The experimental 

procedure and parameters recorded were the same as those in the SET stage. 

2.5. In vivo electrophysiological recordings 

After finishing all behavioural tests, all 5xFAD mice and wild type littermates were 

subjected to the electrophysiological experiments to quantify the hippocampal synaptic 

response through field excitatory post-synaptic potentials (fEPSPs) from the PP to the DG[40, 

41]. First, the mice were fixed in a stereotaxic frame (SN-3, Narishige, Japan) after they were 

anaesthetised with urethane (40 mg/kg body weight, i.p.). Urethane has a mild effect and can 

be used as a deep anaesthetic to minimise animal suffering. The animal was kept warm with a 

heated cotton sheet. Based on the mouse brain atlas[42], a stimulating electrode and recording 

electrode, respectively, were slowly positioned into the PP and the DG of the hippocampus. 

The PP is located 3.8 mm posterior to the bregma, 3.0 mm lateral to the midline and 1.5 mm 

ventral below the dura; the DG is located 2.0 mm before the bregma, 1.4 mm outside the 

midline and 1.5 mm ventral below the dura. The stimulative intensities (range 0.1–1 mA) were 



delivered to find the best stimulation intensity that could evoke a response of 70% of its 

maximum slope to record a stable baseline within 30 min. After baseline, LTP in the DG was 

evoked by 200 Hz theta burst stimulation (TBS) consisting of 30 trains at 5 Hz of 12 pulses. 

Finally, DEP was evoked by low-frequency stimulation (LFS, 1 Hz, 15 min) and recorded for 

60 min[43]. Clampfit 10.0 (Molecular Devices, Sunnyvale, CA, United States) was used to track 

the experimental data. 

2.6. Western blot assay 

Each group of mice was decapitated immediately after the electrophysiological 

experiment. The entire brain was removed from the skull and the hippocampus (n = 3 mice per 

group) was extracted carefully. The hippocampus was harvested and lysed on ice for 15 min in 

150 mL lysis buffer. The tissue homogenate was centrifuged at 12,000 rpm and 4°C for 30 min. 

The protein concentration in the supernatant was quantified by the BCA method (Beyotime 

Biotechnology, Haimen, China). The supernatant was mixed with 5× loading buffer and boiled 

at 100°C for 15 min to denature the protein. Equivalent amounts of protein (30 μg) were run 

using sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) on 8%–13% 

gels and then transferred onto 0.45 μm polyvinylidene difluoride (PVDF) membranes. The 

PVDF membranes were incubated with Tween-20 (TBST) with 5% skim milk for 1 h at room 

temperature to block nonspecific protein binding. Subsequently, the membranes were 

incubated with the primary antibodies overnight at 4°C. After washing with TBST buffer, the 

PVDF membranes were incubated with secondary antibodies for 50 min at room temperature. 

A chemiluminescence imaging system was used to image the PVDF membrane and the ImageJ 

program (National Institutes of Health, Bethesda, MD, United States) was used to analyse grey-

scale values. 

2.7. H&E staining 

The brain of mice (n = 3 per group) were collected and immediately embedded in optimal 



cutting temperature (OCT) at -20°C. Next, coronary slices (15 μm) were cryo-sectioned using 

a cryomicrotome. Sections were fixed by ethanol for 15 min and then stained with H&E. The 

slices were imaged using a Leica microscope (Wetzlar, Germany). These images were analysed 

and quantified using ImageJ to measure the number of neurons in the DG, with six sections of 

each sample used to calculate an average.  

 

2.8. Golgi–Cox staining  

The brain of mice (n = 3 per group) were collected and quickly immersed in a Golgi–Cox 

solution, following the method described previously[44], then stored for 2 weeks at room 

temperature (22–23°C) away from light. A refresh solution was replaced every 4–5 days during 

the incubation. Next, 150 μm coronary slices were acquired using a vibratome (Campden 

Instrument Ltd., MA752, England). The method was as follows (1) all slices were put in 6% 

NaCO3 for 20 min at room temperature. (2) The sections were dehydrated with varying 

concentrations of alcohol: 70% alcohol for 10 min, 90% alcohol for 15 min, absolute alcohol  

for 20 min and absolute alcohol  for 20 min. (3) All slices were transferred into xylene for 20 

min for fixation and were mounted on slides with synthetic resin. The sections were then dried 

at room temperature and protected from light. All sections were imaged with an upright 

fluorescent microscope (Leica DM3000, Germany) and the spine densities of granule cells 

were analysed by ImageJ, with six sections of each sample used to calculate an average. 

2.9. Immunofluorescence staining 

The thick coronary slices (15 μm) were washed with PBS for 10 min and were 

permeabilised with 0.5% Triton X-100 for 15 min, followed by three 10 min washes with PBS. 

They were incubated with 10% normal goat serum (NGS) at room temperature for 60 min and 

then incubated with primary antibodies overnight at 4°C. The slices were subsequently 

incubated with fluorescent secondary antibody (1:1000) in the dark for 1 h at room temperature. 



The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 3 min and imaged 

using a laser scanning confocal microscope (Olympus FV1000, Japan). Sections were analysed 

and quantified using ImageJ to measure the number of positive cells, with six sections of each 

sample used to calculate the average[45]. 

2.10. Data and statistical analysis 

All mice in each group were randomly selected and all data were analysed with blind 

evaluation. GraphPad Prism 7 and SPSS 20.0 statistical software programs were used for all 

analyses. Data are presented as mean ± standard error of the mean (SEM). The data for escape 

latencies, swimming speed, number of platform crossings, target quadrant dwell time, western 

blot and in vivo electrophysiological parameters were analysed with two-way repeated 

measures analysis of variance (ANOVA) and the least significant difference (LSD) test for post 

hoc multiple comparisons. Other data were analysed by one-way ANOVA. The statistical 

significance was set at p < 0.05. 

3. Results 

3.1. GO improved cognitive function in 5xFAD mice 

3.1.1. NOR tests  

To understand the effect of GO on recognition memory abilities, the mice were tested 

using the NOR test, which consisted of a training phase, a short-memory testing stage (Test 1) 

and a long-memory testing stage (Test 2) (Fig. 2A). As shown in Fig. 2B and C, there was no 

significant difference in the recognition index between the objects in the training phase and 

Test 1 stage among the four groups (p > 0.05). This finding also excluded the influence of 

athletic ability on the experiment. As shown in Fig. 2D, the LSD test showed that the AD+PBS 

group had a lower recognition index compared with the WT+PBS group in the Test 2 stage 

(Fig. 2D, F(3, 26) = 4.552, p = 0.013). Compared with the AD+PBS group, the recognition index 

of the AD+GO group was significantly increased in the Test 2 stage (Fig. 2D, p = 0.024). 



However, there was no obvious difference between the WT+PBS and WT+GO groups (Fig. 

2D, p = 0.665). 

3.1.2. MWM test  

We subsequently used the MWM test to evaluate whether GO could improve spatial 

cognitive function. The results for escape latency during the 5 days are shown in Fig. 3A. In 

the IT stage, the escape latencies were evidently decreased during the 5 days among the four 

groups. Compared with the WT+PBS group, the AD+PBS group spent a longer time to arrive 

at the platform (Fig. 3A, F(3, 26) = 1.853, p = 0.037 for day 1; F(3, 26) = 7.739, p = 0.010 for day 

3; F(3, 26) = 3.209, p = 0.029 for day 4; F(3, 26) = 2.728, p = 0.035 for day 5), but not the WT+GO 

group (Fig. 3A, p = 0.689 on day 1; p = 0.477 on day 2; p = 0.499 on day 3; p = 0.822 on day 

4; p = 0.894 on day 5). Furthermore, the AD+PBS group needed significantly longer to find the 

platform compared with the AD+GO group on days 3–5 (Fig. 3A, p = 0.010 for day 3; p = 

0.011 for day 4; p = 0.044 for day 5). In addition, the swimming speeds did not differ among 

the groups throughout the process (Fig. 3B, p > 0.05), which indicates that the exercise capacity 

was not affected in any group.  

In the SET stage, the LSD test analysed the target quadrant dwell time and number of 

platform crossings (Fig. 3C and D). The quadrant dwell time and number of platform crossings 

were decreased in the AD+PBS group compared with the WT+PBS group (Fig. 3C, F(3, 26) = 

2.636, p = 0.038 for dwell time; Fig. 3D, F(3, 26) = 2.792, p = 0.049 for platform crossings), but 

not in the WT+GO group (Fig. 3C and D, p > 0.05). Compared with the AD+PBS group, the 

target quadrant dwell time and number of platform crossings were obviously increased in the 

AD+GO group (Fig. 3C, p = 0.033 for dwell time; Fig. 3D, p = 0.018 for platform crossings).  

In the RT stage, the escape latencies were significantly longer in the AD+PBS group than 

those of the WT+PBS group on days 2–3 (Fig. 3E, F(3, 26) = 3.155, p = 0.035 for day 2; F(3, 26) 

= 2.916, p = 0.036 for day 3). After GO treatment, the escape latencies were reduced 



significantly for the AD+GO group compared with the AD+PBS group on days 2–3 (Fig. 3E, 

p = 0.011 for day 2; p = 0.037 for day 3), but not in the WT+GO group (Fig. 3E, p > 0.05). The 

swimming speeds among all groups were not different (Fig. 3F, p > 0.05).  

In the RET stage, the LSD test analysed the target quadrant dwell time and number of 

platform crossings (Fig. 3G and H). The percentage of time in the target quadrant was not 

different between the AD+PBS and AD+GO groups (Fig. 3G, F(3, 24) = 4.352, p = 0.055). The 

AD+PBS group had fewer platform crossings compared with the WT+PBS group (Fig. 3H, F(3, 

26) = 3.401, p = 0.021), while the AD+GO group had more platform crossings compared with 

the AD+PBS group (Fig. 3H, p= 0.027). However, there was no significant difference in the 

WT group (Fig. 3H p > 0.05). 

3.2. GO enhanced synaptic plasticity in the hippocampus of 5xFAD mice 

Synaptic plasticity is generally considered the molecular biological mechanism of 

cognitive function[46]. LTP and DEP were recorded to evaluate synaptic plasticity in vivo (Fig. 

4A). After baseline recordings, TBS was used to induce LTP from the PP to the DG. As shown 

in Fig. 4B and C, the fEPSP slopes were enhanced immediately in all four groups and were 

recorded for 60 min. The fEPSP slopes were obviously lower in the AD+PBS compared with 

the WT+PBS group (Fig. 4C, F(3, 57) = 21.953, p < 0.001). Besides, the fEPSP slopes were 

obviously increased in the AD+GO compared with the AD+PBS group (Fig. 4C, p = 0.003), 

which indicates that the impaired LTP of the AD+GO group improved compared with that of 

the AD+PBS group. Following LTP, LFS was carried out for 15 min to induce DEP, and DEP 

was recorded to assess bidirectional synaptic plasticity (Fig. 4D). After LFS stimulation, LSD 

analysis revealed that the fEPSP slopes of DEP were strengthened significantly in the AD+PBS 

compared with the WT+PBS group, while the fEPSP slopes were evidently decreased in the 

AD+GO compared with the AD+PBS group (Fig. 4E, F(3, 57) = 41.176, p < 0.001), and the 

fEPSP slopes of the WT+GO group were similar to the WT+PBS group (Fig. 4E, p > 0.05).  



3.3. Effects of GO on cognition-associated protein expression 

To examine the level of GO on the expression of synapse-associated proteins, the protein 

expression of NR2B, SYP and PSD-95 in the hippocampus were examined using western blot 

(Fig. 5A). The expressions of synapse-associated proteins were obviously enhanced after 

treatment with GO in AD mice. The expression levels of NR2B, SYP and PSD-95 were 

significantly lower in the AD+PBS compared with the WT+PBS group (Fig. 5D–F, F(3, 12) = 

13.595, p = 0.001 for NR2B; F(3,12) = 9.908, p = 0.001 < 0.01 for SYP; F(3, 27) = 47.384, p < 

0.001 for PSD-95). Compared with the AD+PBS group, the expression levels of NR2B, SYP 

and PSD-95 were significantly upregulated in the AD+GO group (Fig. 5D, p = 0.016 for NR2B; 

Fig. 5E, p = 0.018 for SYP; Fig. 5F, p < 0.001 for PSD-95). Treatment with GO markedly 

improved the synaptic plasticity impairment of AD mice, whereas the WT group did not show 

these changes (Fig. 5D–F, p > 0.05). Furthermore, the results of immunofluorescence staining 

were the same as the western blot findings (Fig. 5B and C).  

3.4. GO increased neurons and tertiary dendritic spine densities of granule cells in 5xFAD 

mice 

The cell density in the DG was determined by H&E staining (Fig. 6A). The density of 

cells in the DG was remarkably enhanced after treatment with GO in AD mice, but there were 

no significant changes in WT mice. The density of cells in the DG was significantly less in the 

AD+PBS compared with the WT+PBS group (Fig. 6B, F(3, 15) = 37.648, p < 0.001). Compared 

with the AD+PBS group, the number of cells was significantly increased in the DG of the 

AD+GO group (Fig. 6B, p < 0.001).  In addition, tertiary dendritic spine densities of granule 

cells in the hippocampus were examined using Golgi–Cox staining (Fig. 6C, scale bar = 10 

μm). Compared with the WT+PBS group, dendritic spine densities were lower in the AD+PBS 

group (Fig. 6D, F (3,16) = 32.089, p < 0.001). After treatment with GO, the tertiary dendritic 

spine densities of granule cells were increased in the hippocampus of the AD+GO compared 



with the AD+PBS group (Fig. 6D, p = 0.002), but there were no remarkable differences in WT 

mice (Fig. 6D, p = 0.23).  

3.5. GO reduced the deposition of Aβ in 5xFAD mice 

We further explored the underlying mechanism of the GO treatment by detecting Aβ 

plaque deposition in the hippocampal DG and cortical regions using immunofluorescence (Fig. 

7A and B). Two-way ANOVA confirmed greater Aβ plaque deposition in the DG and cortex 

from the AD+PBS compared with the WT+PBS group. Indeed, there was almost no Aβ plaque 

in the WT+PBS group (Fig. 7C, F(3, 15) = 64.885, p < 0.001; Fig. 7D, F(3, 14) = 36.561, p < 0.001). 

After treatment with GO, Aβ plaque deposition apparently decreased in the DG and cortex in 

the AD+GO compared with the AD+PBS group (Fig. 7C, p < 0.001 for the DG; Fig. 7D, p < 

0.001 for the cortex), and there were no apparent changes in WT mice. These results revealed 

that GO reduced Aβ deposition in the brains of AD mice, thereby improving cognitive function 

in AD mice. 

3.6. GO enhanced the autophagy level of 5xFAD mice 

To investigate the potential mechanism of the Aβ decrease, autophagy marker proteins 

(LC3, Beclin-1 and SQSTM1/p62) were detected in the hippocampus using western blot to 

measure whether GO could activate autophagy to clear Aβ (Fig. 8A). Compared with the 

AD+PBS group, the expression of Beclin-1 and LC3II/LC3I were significantly upregulated in 

the AD+GO group, and the level of p62 was statistically downregulated in the AD+GO group 

(Fig. 8B, F(3,10) = 12.715, p = 0.02 for Beclin-1; Fig. 8D, F(3,16) = 15.451, p = 0.019 for LC3; 

Fig. 8C, F(3,10) = 13.741, p = 0.028 for p62). In addition, Beclin-1 and LC3-II/LC3-I expression 

was lower and p62 expression was higher in the AD+PBS compared with the WT+PBS group, 

which indicates that autophagy was impaired in AD mouse model (Fig. 8B, p = 0.009; Fig. 8D, 

p = 0.003; Fig. 8C, p = 0.001). GO increased the expression of autophagy marker proteins in 

the hippocampus of 5xFAD mice, but not in WT mice (Fig. 8B–D, p > 0.05). The co-



localisation of LC3 and Aβ in the cortical region was also measured using double-

immunofluorescence to determine whether GO could induce autophagy to clear Aβ (Fig. 8E). 

There were more green dot-like structures (LC3) and fewer red irregular-like structures (Aβ) 

in the AD+GO compared with the AD+PBS group (Fig. 8E). There were more red dot-like 

structures (Beclin-1) in the AD+GO compared with the AD+PBS group (Fig. 8F), showing that 

there was an increase in autophagy to clear Aβ in the AD mouse model. LC3 (green) and 

Beclin-1 (red) expression was lower in the AD+PBS compared with the WT+PBS group (Fig. 

8E and F), showing that autophagy was dysfunctional in AD compared with WT mice. 

3.7. GO inhibited the PI3K/Akt/mTOR pathway in 5xFAD mice 

To understand the upstream mechanism of GO-induced autophagy in the hippocampus of 

5xFAD mice, we examined upstream proteins of autophagy using western blot (Fig. 9A). The 

p-AKT/AKT and p-mTOR/mTOR ratios were downregulated and PI3K expression was 

decreased in the hippocampal tissues of the AD+GO compared with the AD+PBS group (Fig. 

9B, F(3,10) = 17.698, p = 0.003 for p-AKT/AKT; Fig. 9C, F(3,10) = 15.334, p = 0.024 for p-

mTOR/mTOR; Fig. 9D, F(3,10) = 15.562, p = 0.001 for PI3K). Further, the p-AKT/AKT and p-

mTOR/mTOR ratios and the PI3K expression in the AD+PBS group were higher than those in 

the WT+PBS group (Fig. 9B, p < 0.001 for p-AKT/AKT; Fig. 9C, p = 0.009 for p-

mTOR/mTOR; Fig. 9D, p = 0.001 for PI3K). However, there were no significant differences 

in WT mice.  

4. Discussion 

In our previous research, we found that GO enhanced Aβ clearance by inducing autophagy 

of microglia and neurons in vitro[47], so we investigated whether GO could also ameliorate 

cognitive impairment by activating autophagy to clear Aβ in 5xFAD mice. Our results suggest 

that GO enhanced autophagy via the PI3K/Akt/mTOR signalling pathway to clear Aβ and 

ameliorated cognitive and synaptic plasticity impairment in 5xFAD mice.  



Researchers have reported that graphene and GO could destroy the structure of Aβ, 

promote the clearance of Aβ and abnormally aggregate Htt, and GO also could activate 

autophagy in vitro[23, 26, 28]. Graphene quantum dots (GQDs) also improved the function of 

learning and memory in APP/PS1 mice[48]. Jeong et al. found that neuroprotection from GO 

prevented PrP(106–126)-mediated neurotoxicity, with anti-tumour and anti-oxidative actions 

and cell proliferation promotion[29]. These findings show that GO has a tremendous latent force 

in the field of biomedicine, as well as in the treatment of neurodegenerative diseases such as 

AD. In our study, GO also showed good effects on improving cognitive function by activating 

autophagy in 5xFAD mice. 

We used the NOR test to clarify whether GO could ameliorate the impairment of 

recognition memory in 5xFAD mice[37]. Our results showed that the AD+PBS group mice had 

a poor perception of novel objects compared with the WT+PBS group. After treatment with 

GO, the object memory defects were improved in 5xFAD mice. We performed the MWM test 

to evaluate whether the impairments in spatial cognition in 5xFAD mice could be improved by 

GO[49]. The IT and SET stages in the MWM test confirmed that the spatial cognition capacity 

was apparently impaired in 5xFAD mice, and GO treatment effectively improved spatial 

learning and memory in 5xFAD mice. The results of the RT and RET stages showed that 

treatment with GO obviously reversed the cognitive impairment of 5xFAD mice, which was 

consistent with the results from other graphene family studies[48, 50]. The results indicate that 

the capacities of spatial learning and memory were enhanced in 5xFAD mice after treatment 

with GO. 

LTP is one of the most important manifestations of synaptic plasticity, which is the most 

important molecular cell model for the study of learning and memory[45, 51, 52]. DEP is closely 

associated with cognitive flexibility, with the ability to reduce traces of previous memories and 

store new information[53]. In our study, we detected synaptic transmission from the PP to DG 



in the hippocampus. LTP and DEP were dysfunctional in the AD mice, and treatment with GO 

significantly improved the induction of LTP and weakened the synaptic connections of DEP, 

thus explaining the behavioural differences we observed. The data of the standardised slope of 

the fEPSPs in the LTP analysis explain the difference in the RT and RET phases of the MWM, 

and the results on DEP support the behavioural differences in the RT and RET phases of the 

MWM test.  

It is well-known that the activation of synaptic NMDA receptors plays a main regulatory 

role in inducing LTP[54]. The activation of NR2B is involved in the regulation of LTP and DEP 

in the hippocampus and improving synaptic plasticity[38, 53]. Furthermore, PSD-95 is closely 

associated with the role of the NMDA receptors and contributes to synapse formation[55, 56]. 

The presynaptic protein SYP is located in synaptic vesicles and plays an important role in 

neurotransmitters release[57, 58]. Our results showed that the expression of NR2B, PSD-95 and 

SYP was remarkably upregulated in the AD+GO group, which further improved synaptic 

plasticity. The changes in the expression of synapse-related proteins further explains the results 

of electrophysiology experiments and indicates that synaptic mechanisms may be critical to 

improve the cognitive abilities of AD mice treated with GO. 

Our results also support the observation that neurons are lost and the number of neurons 

are reduced in 5xFAD mice[59]. After GO treatment, the number of neurons increased in the DG 

of AD mice. Graphene and its derivatives have cellular compatibility with a variety of cell types, 

and GO enhances cellular neurogenesis and markedly promotes neurite elongation[22, 31, 60]. 

Synaptic transmission and information integration are the main functions of dendritic spines[61]. 

Dendritic spines are significantly reduced and lost in mouse AD models[62, 63]. Our data revealed 

that the density of dendritic spines markedly increased after GO treatment in AD mice. 

Amyloidosis is the main pathological change of AD; it seems to induce nerve damage[64, 

65], and an imbalance in the clearance of Aβ in the brain will exacerbate dementia-like 



symptoms[64–66]. Compared with the AD+PBS group, the AD+GO group had less Aβ deposition 

in the hippocampal and cortical regions, thus confirming the benefit of GO on clearing Aβ. The 

levels of soluble and insoluble Aβ1–42 and Aβ1–40 in the brain still needs to be clarified after GO 

treatment. After identifying the advantage of GO on Aβ-induced cognitive obstacles, we 

explored the potential mechanisms. GO effectively upregulated the expression of autophagy-

related proteins LC3-II/LC3-I and Beclin-1 and decreased the level of p62 in the AD+GO group. 

Hence, autophagy was activated in the hippocampus of the AD+GO group. In addition, LC3 

and Aβ co-localisation was enhanced in the hippocampus of the AD+GO group. Changes in 

these proteins indicate that the autophagy pathway plays an important role in clearing Aβ.  

We also focused on the reasons why GO triggered autophagy in the AD+GO group. 

Researchers have revealed that mTOR pathways are crucial for the regulation of autophagy[67], 

the activity of mTOR is prominently regulated through the PI3K/Akt pathway and the 

PI3K/Akt pathway is hyperactive in patients with cognitive obstacles or AD[11, 65, 68, 69]. Heras-

Sandoval et al. also found that upregulation of the PI3K/AKT/mTOR pathway is closely 

connected with the clearance of Aβ, synaptic loss and cognitive decline in AD[12]. Recent 

research has indicated that GO activates the autophagic response in vitro via the 

PI3K/Akt/mTOR pathway[11]. Our previous in vitro experiments also showed that GO 

increased Aβ clearance by inducing autophagy of microglia and neurons, which inhibited the 

mTOR signalling pathway to induce autophagy[47]. After GO treatment, the PI3K/Akt/mTOR 

pathway in 5xFAD mice was inhibited; thus, it is likely that GO induced autophagy via 

inhibiting the PI3K/Akt/mTOR pathway.  

Previous studies have revealed graphene-based materials cause cytotoxicity, oxidative 

stress and mitochondrial membrane changes in human dental follicle stem cells. Of note, GO 

induces oxidative stress without causing damage to cell membranes and presents intriguing 

hormetic properties, which are involved in preconditioning based neuroprotection[70, 71]. 



Hormesis is a biphasic dose response that has a beneficial effect with low-dose stimulation and 

a harmful effect with high-dose stimulation[72, 73]. Organisms trigger the hormetic response 

when they are exposed to mild oxidative stress; organisms respond by a variety of pleiotropic 

adaptive cellular programs (such as enhanced autophagy and mitochondrial reactive oxygen 

species [ROS] signalling) that leads to a preconditioned state, enhancing stress resistance and 

cell survival in age-related diseases[73]. Calabrese et al. also found that preconditioning signals 

leading to cellular protection through hormesis is an important redox-dependent ageing-

associated neurodegenerative/neuroprotective issue in diseases such as PD, AD, and vascular 

dementia[74–78]. GO induces autophagy and decreases oxidative stress in in vivo and in vitro 

models, including exerting neuroprotective effects in a neuronal cell model[9, 29, 47, 71]. 

Autophagy appears to be strongly related to the mechanism underlying hormesis in age-related 

diseases, such as AD and PD[73]. Besides, autophagy particularly participates in redox balance 

in neurodegenerative diseases[79].  

Redox state imbalance may lead to accumulation of unfolded or misfolded proteins in 

brain cells in neurodegenerative diseases[80]. The level of oxidative stress is also elevated in 

neuronal cells surrounding neurofibrillary tangles and Aβ deposition in AD[81]. Calabrese et al. 

found that the brain combats oxidative stress by integrating the expression of vitagenes, which 

encode heat shock proteins, thioredoxin and sirtuin systems to maintain cellular homeostasis 

under stressful conditions[80, 82]. For example, SIRT1 has the ability to protect cells from 

oxidative stress and promote cell survival in a vitagene network, with neuroprotective effects 

in an AD mouse model[82–84]. Recent research has reported that small-sized GO induces 

autophagy, decreases oxidative stress and exerts neuroprotective effects in in vivo and in vitro 

models[9, 47, 71]. Autophagy may be a more potent antioxidant pathway for multiple oxidative 

damage mechanisms in neurodegenerative diseases, which play an antioxidant function by 

reducing the effects of oxidative stress[85]. SIRT1-mediated induction of autophagy plays a vital 



role in neuroprotection of PD cellular models[83, 84, 86]. Hormetic dose responses may be 

appropriate to induce endogenous neuroprotective processes in neurodevelopmental 

disorders[75]. In our study, we found elevated SOD1 (antioxidant enzyme) and SIRT1 

expression in the hippocampus of the AD+GO compared with the AD+PBS group (Fig. S1B 

and C, F(3, 8) = 8.926, p = 0.039 for SOD1; F(3, 8) = 9.128, p = 0.048 for SIRT1). We speculate 

that SIRT1-mediated autophagy can be induced by GO, and autophagy may become an 

antioxidant pathway in GO-treated mice. Therefore, the relationship between the 

preconditioning signal, hormesis, redox and the vitamin network in GO-induced autophagy in 

an AD mouse model is worth further study. 

Although GO efficiently improves cognitive function in 5xFAD mice, it is still essential 

to focus on the underlying toxicity of GO (a nanomaterial). Jaworski et al. reported that GO 

and graphene possibly have dose- and size-dependent cytotoxicity and induce genotoxicity[87, 

88]. However, treatment with small-sized and low-dose (≤ 50 mg/kg) GO may be safe[36]. Our 

results support these findings: there was no apparent neurotoxicity and no adverse effects in 

WT mice receiving GO treatment under the dosage (30 mg/kg) used in our study. Whether the 

dose and size of GO has a further impact on ameliorating the cognitive impairment in AD mice 

remains to be studied. Although our previous research found that GO could enhance Aβ 

clearance by inducing autophagy of microglia and neurons in vitro[47], the types of neural cells 

that must be awakened to clear Aβ in AD mice – and the mechanism by which this occurs – 

still need to be determined. 

5. Conclusion 

 Our results show that GO treatment improves Aβ-induced cognitive impairment in AD 

mice and has a neuroprotective function. These findings suggest that the underlying mechanism 

involves GO nanosheets triggering an autophagic response to clear Aβ (Fig. 10). Our research 

provides new insights into the neuroprotective effect of GO and provides a novel strategy for 



treating AD.  
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Fig 1 a The timeline of experimental design. b TEM of the original GO dispersion. Scale bar, 

500 nm. c TEM of the GO after ultrasonic treatment.  
  



 
 

Fig 2 The performance of mice in NOR test. a The schematic of NOR test. b The preference in 

the training phase of four groups. c The new-object recognition index in short-memory testing 

phase of four groups. d The new-object recognition index in long-memory testing phase of four 

groups. Data are presented as mean ± SEM (n = 8 per group). *p < 0.05, compared with 

WT + PBS group; #p < 0.05, compared with the AD + PBS group 
 



 
Fig 3The results of MWM experiment. a The escape latency for 5 days in IT stage of four 

groups. b The swimming speed for 5 days in IT stage of four groups. c The percentage of time 

spent in target quadrant in the SET stage of four groups. d The numbers of platform crossings 

in SET stage of four groups. e The escape latency during 3 days in RT stage of four groups. f 

The swimming speed during 3 days in RT stage of four groups. g The percentage of time spent 

in target quadrant in the RET stage of four groups. h The numbers of platform crossings in 

RET stage. Data are presented as mean ± SEM (n = 8 per group). *p < 0.05 compared with 

WT + PBS group; #p < 0.05 compared with the AD + PBS group 

 

  



 
 

Fig 4 Long-term potentiation (LTP) and depotentiation (DEP) from PP to DG in the 

hippocampus. a The timeline for electrophysiological recordings. b The changes of fEPSP 

slopes of LTP during four groups. The arrow represents application of a theta burst stimulation 

(TBS). c Magnitude of LTP, mean normalized fEPSP slopes between 40 and 60 min in LTP of 

four groups after the TBS. d The changes of fEPSP slopes of DEP during four groups. The 

arrow represents application of low-frequency stimulation (LFS). e Magnitude of DEP, mean 

normalized fEPSP slopes between 40 and 60 min in DEP of four groups after the LFS. Data 

are presented as mean ± SEM (n = 8 per group). *p < 0.5, **p < 0.01, ***p < 0.001, compared 

with WT + PBS group; ##p < 0.01, ###p < 0.001, compared with AD + PBS group 

 

  



 
 

Fig 5 The expressions of NR2B, SYP and PSD-95 in the hippocampus of four groups. a The 

immunoreactive bands of NR2B (180 kDa), SYP (38 kDa), PSD-95 (85 kDa) and β-actin 

(43 kDa) in the hippocampal tissues. b The expression of SYP identified by 

immunofluorescence staining in the hippocampal CA1 region. Scale bar, 50 μm. c The 

expression of NR2B identified by immunofluorescence staining in the hippocampal DG region. 

Scale bar, 50 μm. d Quantitative analysis of the optical density ratio of Western blot densities 

of NR2B/β-actin. e Quantitative analysis of the optical density ratio of Western blot densities 

of SYP/β-actin. f Quantitative analysis of the optical density ratio of Western blot densities of 

PSD-95/β-actin. Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01, 

***p < 0.001, compared with WT + PBS group; #p < 0.05, ###p < 0.001, compared with 

AD + PBS group 

 

  



 
 

Fig 6 The number of cells and the spine density in the hippocampus of the four groups. a 

Representative photomicrographs of HE staining in the hippocampal DG region of the four 

groups. Scale bar, 50 μm. b The density of DG cells of the four groups. c The Photomicrographs 

of Golgi–Cox staining in the hippocampus. Scale bar, 10 μm. d The density of dendritic spines 

in the hippocampus of WT + PBS group, WT + GO group, AD + PBS group and AD + GO 

group. Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01, 

***p < 0.001, compared with WT + PBS group; ##p < 0.01, ###p < 0.001, compared with the 

AD + PBS group 

 

  



 
 

Fig 7 The deposition of Aβ plaque in the hippocampal and cortical regions of the four groups. 

a Representative photomicrographs of immunofluorescence staining in DG region of the four 

groups. Scale bar, 50 μm. b Representative photomicrographs of immunofluorescence staining 

in cortex region of the four groups. Scale bar, 50 μm. c Quantification of Aβ in DG region by 

counting the deposition of Aβ plaque in the four groups. d Quantification of Aβ in cortex region 

by counting deposition of Aβ plaque in the four groups. Data are presented as mean ± SEM 

(n = 3 per group). ***p < 0.001, compared with WT + PBS group; ###p < 0.001, compared with 

the AD + PBS group 

 

  



 
 

Fig 8 The effect of GO-induced autophagy level in the hippocampus. a The representative 

bands of western blot for Beclin-1 (60 kDa), p62 (62 kDa), LC3-I (16 kDa), LC3-II (14 kDa) 

and β-actin (43 kDa). b Quantitative analysis of western blot densities of Beclin-1. c 

Quantitative analysis of Western blot densities of p62. d Quantitative analysis of the LC3II-

/LC3-I ratio. The expression of proteins in Western blot assay was normalized with β-actin. e 

Double-immunofluorescence using LC3 and Aβ antibodies in cortex region of the four groups. 

Scale bar, 50 μm. f The expressions of Beclin-1 identified by immunofluorescence staining in 

the hippocampal DG region of the four groups. Scale bar, 50 μm. Data are presented as 

mean ± SEM (n = 3 per group). **p < 0.01, compared with WT + PBS group; #p < 0.05, 

compared with the AD + PBS group 

 

  



 
 

Fig 9 GO inhibited PI3K/Akt/mTOR pathway in the hippocampus of 5xFAD mice. a The 

representative bands of western blot assay for P13K (110 kDa), AKT (60 kDa), p-AKT 

(60 kDa), mTOR (289 kDa), p-mTOR (289 kDa) and β-actin (43 kDa). b Quantitative analysis 

of western blot densities of P13K. c Quantitative analysis of western blot densities of p-

AKT/AKT ratio. d Quantitative analysis of the p-mTOR/mTOR ratio. The protein expressions 

in western blots are normalized with β-actin. Data are presented as mean ± SEM (n = 3 per 

group). **p < 0.01, ***p < 0.001, compared with WT + PBS group; #p < 0.05, ##p < 0.01, 

compared with the AD + PBS group 

  



 
 

Fig 10 Graphical abstract illustrates the mechanism of Graphene oxide (GO) ameliorating 

cognitive impairment in AD model mice. We proposed that GO ameliorated Aβ-induced 

cognitive deficits through inhibiting PI3K/Akt/mTOR pathway to activate autophagy, and 

improved cognitive and synaptic plasticity function in AD model mice. Our observations 

support that GO could be regarded as a neuroprotective nanomaterial with efficacy in 

neurodegenerative diseases. The red “ + ” represented a great influence; the black “ × ” 

represented a rarely influence 

 

  



 
Fig. S1 The expressions of SOD1 and SIRT1 in the hippocampal of four groups. (A) The 

immunoreactive bands of SOD1 (16 kDa), SIRT1 (110 kDa) and β-actin (43 kDa) in the 

hippocampal tissues. (B) Quantitative analysis of the optical density ratio of western blot 

densities of SOD1. (C) Quantitative analysis of the optical density ratio of western blot 

densities of SIRT1. The expression of proteins in western blots are normalized with β-actin. 

Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001, 

compared with WT+PBS group; #p < 0.05, compared with the AD+PBS group.  


