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Abstract
Alzheimerʼs disease (AD) is a progressive neurodegenerative disease characterized by cognitive
dysfunction. Glutamate (Glu) metabolism pathway mediated neurotoxicity is one of main factors causing
memory impairment in AD. TWIK-related potassium channel-1 (TREK-1) exerts protective effect in brain
ischemia, but the role of it in AD is unknown. In this study, the SAMP8 mice were used as an AD model,
the age-matched SAMR1 mice as a control, we investigated the change trend of TREK-1 channel as well
as AD related molecules in brains of SAMP8 mice and showed the expression levels of TREK-1
compensatory arose before 3 months of age, then began to decline. Meanwhile the levels of Tau and Glu
increased with age while Ach level decreased over age. Next, using α-Linolenic acid (ALA) as an activator
of TREK-1 channel, we showed that activation of TREK-1 channel improved the learning and memory
de�cits of SAMP8 mice aged in 6 months. Furthermore, we explored the possible mechanisms and found
that the levels of molecules were closely related to the glutamate metabolism pathway. After the
activation of TREK-1 channel, the damaged neurons and astrocyte were rescued, the levels of Glu and
NMDAR were down-regulated, while the level of GLT-1 was up-regulated. These �ndings suggested that
TREK-1 played the crucial role in the pathological progression of AD and activation of TREK-1 channel
improved the cognitive de�cits in SAMP8 mice which is mediated by Glu metabolism pathway. The TREK-
1 potassium channel may be expected to be a new potential therapeutic target for AD.

Introduction
Alzheimer's disease (AD) was de�ned as a progressive neurodegenerative syndrome characterized by a
gradual decline in learning and memory function (Goedert et al. 2006). Memory loss, skill impairment,
incapacity for decision making and discernment, decline of visuospatial function and changes in
personality and behavior were some of the main clinical manifestation of the disease (Tom et al. 2015).

The accumulation of insoluble Aβ oligomer and hyperphosphorylated Tau (pTau) in the brain is the major
pathogenic factors for neurodegeneration in AD (Jeong. 2017). The central cholinergic system is also
closely associated with the process of AD (Knox. 2016). Endogenous acetylcholine (Ach) is important for
modulation of acquisition (Blokland et al. 1992), encoding (Winters et al. 2005), consolidation (Power et
al. 2003), reconsolidation (Boccia et al. 2004), extinction (Boccia et al. 2009) and retrieval(Boccia et al.
2003) of memory. Severe loss of cholinergic neurons in AD is the cause of memory and attention de�cits
(Ferreira-Vieira et al. 2016), whereas enhancing the function of cholinergic neurons and synapses
improve cognitive processes (Sofroniew et al. 2010).

Similarly, glutamate (Glu), as the most considerable excitatory neurotransmitter in central nervous
system, played an important role in memory, neuronal development and synaptic plasticity (Ferraguti et
al. 2008 ; Nakanishi et al. 1994). It has been found that the decrease of intelligence in AD patients may be
due to the abnormality of glutamatergic neurotransmitter system (Riederer et al. 2006). Large amount of
Glu accumulation mediated neurotoxic reactions and over activation of its receptors, leading to denature
and necrosis of the neurons (Nakanishi et al. 1994). Among the glutamate receptors, the major neurotoxic
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receptor is glutamatergic N-methyl-D-aspartate receptor (NMDAR) that is most densely distributed in the
cerebral cortex and hippocampus (Danysz et al. 1988 ; Morris. 1989). NMDAR mediated delayed neuronal
injury is one of the important mechanisms of learning and memory dysfunction and neuronal
degeneration in AD (Revett et al. 2013 ; Shankar et al. 2007). The glutamate transporter-1 (GLT-1) is
another important mechanism for keeping homeostasis of Glu content in brain by uptaking excessive
extracellular glutamate into cells. Under pathological conditions, GLT-1 reduces the uptake, and even
reverses its function by releasing the Glu out of the cells, leading to the aggravation of cytotoxic effect of
Glu (Yi et al. 2005). It has been con�rmed that the gradual decline of GLT-1 expression levels
accompanied with weakening of Glu uptake function over ages in AD patients. The loss of GLT-1 induced
early cognitive dysfunction in mice (Meeker et al. 2015).

TWIK related potassium channel TREK-1 is a two-pore-domain background potassium channel expressed
throughout the central nervous system, especially in the cortex, hippocampus, hypothalamus, and basal
ganglia, et.al (Chapman et al. 2000 ; Hervieu et al. 2001). The TREK-1 channel modulates neuronal
excitability (Vivier et al. 2016) by regulating membrane potential, is activated by high body temperature,
low pH, membrane stretch, and polyunsaturated fatty acids (PUFAs) such as -Linolenic acid (ALA),
arachidonic acid (AA) (Yarishkin et al. 2018). Studies in recent years have demonstrated that TREK-1
potassium channels have neuroprotective effects in a variety of central nervous system diseases, such as
ischemia(Wang et al. 2018), epilepsy, in�ammation, anesthesia, and pain (Djillani et al. 2019 ; Honoré.
2007). Neuroprotection of PUFAs was closely involved in TREK-1 channels, for example, TREK-1-/- mice
display an increased sensitivity to ischemia and (Heurteaux et al. 2004) neuroprotection disappear after
ALA treatment (Liu et al. 2014). Through activation of TREK-1, ALA hyperpolarizes the resting membrane
potential of astrocytes and up-regulates the decreased of GLT-1 protein level induced by focal ischemia
(Lu et al. 2017). Besides, the neuroprotection of volatile anesthetics is mediated by TREK-1 and further
concerned with the inhibition of NMDAR (Bittner et al. 2013). There seems to be a link between TREK-1
channel and Glu regulation based on clues above.

Although it is now clear that TREK-1 play a role in neuroprotection, the role of TREK-1 in Alzheimer’s
disease remains unknown. In this study, we were wonder whether TREK-1 potassium channel involved in
the pathological process of AD. After activation of TREK-1, could the learning and memory de�cits of AD
be improved? If so, what the possible underlying mechanisms was. Senescence accelerated mice P8
(SAMP8) whose pathological changes are similar with those of human AD, is characterized by early rapid
aging accompanied by signi�cant learning and memory dysfunction (Akiguchi et al. 2017), as well
abnormal deposition of Aβ, hyperphosphorylation of tau protein and acetylcholine de�ciency. Therefore,
SAMP8 mice were used as the model of AD and the matched senescence accelerated resistant-1
(SAMR1) mice were used as the control. We �rstly observed the expression changes of Tau, Ach and
TREK-1 in different ages of SAMP8 mice. Next, ALA was selected as an activator of TREK-1 channel, we
investigated the in�uences of the TREK-1 on learning and memory abilities in SAMP8 mice aged 6
months. Furthermore, the probable mechanisms related to regulation of the glutamate metabolic
pathway were also elucidated. 
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Methods

Animals and experimental design
Male senescence accelerated mouse Prone 8 (SAMP8) mice and senescence accelerated mouse resistant
1 (SAMR1) mice aged 1/3/6/9 months were provided by Beijing HFK Bioscience Co., Ltd. (Permit:
SCXK(J) 2014-0004). The animals were housed in controlled temperature (22±1 °C), relative humidity,
55±10%, under a 12 h/12 h light-dark cycle with free get food and water. All the animal experiments were
conducted according to the guidelines for animal care and use of China, and with the approval of ethical
committee for animal experimentation at Lanzhou University. The mice were divided into three groups:
control group (SAMR1 group), model group (SAMP8 group), and treatment group (SAMP8+α-Linolenic
acid, S30580, Shanghai Yuanye, China), the treatment group was administered with α-Linolenic acid at
300 mg/kg by oral gavage, while the control group and model group were given an equivalent amount of
normal saline respectively in the same fashion for 36 consecutive days.

Brain tissue processing
All mice were quickly decapitated, the parietal bone was stripped along the coronal suture and sagittal
suture to expose the brain tissue. The whole brain was taken out and �xed with 4% paraformaldehyde for
Nissl’s staining and Immuno�uorescence; The cerebral cortex and hippocampus on one side of the
mouse brain were dissected and froze in liquid nitrogen for RT-PCR and Western Blot; Tissue was
removed, weighed, and put into a glass homogenizer �lled with pre-cooled NS. The tissue was completely
grinded on ice for 10 min and centrifuged at 4 ℃, 3000 RPM for 10 min. The supernatant was retained in
liquid nitrogen for ELISA.

Morris water maze test
The Morris Water Maze (TM-Vision computer Behavior Experimental system WMT-00, Chengdu Thai
Meng, China) test was used to detect spatial memory, and assess the working and reference memory
functions in response to treatment. This behavioral test included visual platform trial (learning phase)
which training mice to �nd a platform, hidden platform task and probe trail (test phase) which assessing
whether mice had learned and remembered the location of the platform that was removed. First, the mice
underwent 6 visual platform trials on the 30th day of intragastric administration. The different shapes
and colors of waterproof paper was labeled on the bucket pool walls above the water in each quadrant so
that the mice could orient itself to accomplish the goals. Next, the hidden platform task began on the 31st
day of drug administration for 5 consecutive days. Before each experiment, each animal was placed on
the platform to adapt for 15 s, and then separately released into the water from the S, W, and E quadrants
toward the wall, allowing it to swim and �nd a visible platform in 60 s. If the animal �nds the platform
within 60 s, it was allowed to stay there for 15 s. If the mouse couldn’t �nd the platform within 60 s, it was
gently guided to the platform and allowed to stay there for 15 s. Each animal was tested 3 times a day,
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with 5 minutes breaks between them. The times of reaching the platform and the effective area and
escape incubation periods were collected for subsequent analysis. Finally, on the 36th day after
administration, the probe trail was performed on mice with removing the platform from the pool. The
percentage of time and moving distance spent in the target quadrant were recorded.

ELISA analysis
The levels of Tau, acetylcholine (Ach) and glutamate (Glu) were measured using ELISA kits separately
(Shanghai Yuanye, China), Before performance of the assays, the whole brain tissue homogenates were
diluted 5 times. All samples were analyzed in duplicate according to the manufacturer's instructions.
Optical density (OD) value at the wavelength of 450 nm was determined by a microplate reader (BS1101,
Nanjing Detie, China), the concentration of these three factors in the sample was calculated according to
the standard curve generated by continuous dilution of the standard substance in the kits.

RT-PCR analysis
Total tissue RNA was extracted using TRIzol Reagent (Ambion, USA). The purity of RNA samples with
A260/A280 values between 1.7 and 2.0 by Uv/nucleic acid protein detector (Modulus, Turner Biosystems,
USA) were used for subsequent experiments. Firstly, 16 μL of total RNA samples were reverse transcribed
using Reverse transcription kit (Promega, USA) with the following protocol: 42 °C for 15 mins, 85 °C for 5
s, with a total of 4 cycles. Then, 2 μL of cDNA was expanded using Ampli�cation kit (Promega, USA) with
the following protocol: the cDNA were denatured at 94 °C for 60 s, annealed at 60 °C for 1min, and
extended at 68 ℃ for 2min, with a total of 40 cycles. All the Primers for TREK-1, GLT-1, NMDAR, GAPDH
were designed using Primer Premier software (ver. 6.0, Premier Biosoft International, USA). Cycle
threshold of samples and control housekeeping gene were analyzed according the 2−ΔΔCt expression,
where ΔCt represents the relative gene levels of samples between the target gene and control gene
GAPDH. The primer pairs were listed as follow: TREK-1 (118bp), forward: 5’-AAGGAAGAG
GTGGGAGAGTT-3’, Reverse: 5’-CACGCTGGAACTTGTCATAGA-3’; GLT-1 (112bp), forward: 5’-
ATGTCTTCGTGCATTCGGTGTTGGG-3’, Reverse: 5’-AGCCGTGGCACCATGTTAATAGC-3’; NMDAR (104bp)),
forward: 5’-AATGTGACGGCTCTGCTGATG-3’, Reverse: 5’-TACCCAGAGC CCGTC ATGTT-3’; GAPDH (95bp),
forward: 5’-AGGTCGGTGTGAACGGATTTG-3’, Reverse: 5’-GGGGTCGTTGATGGCAACA-3’ .

Western blot analysis
Proteins from the cerebral cortex and hippocampus of mice were extracted using highly e�cient RIPA
tissue lysis buffer (Solarbio, China). The obtained protein concentrations were determined using a BCA
protein quanti�cation kit (Vazyme, nanjing, China). 10 μL of protein samples were separated by 15% SDS-
PAGE gels (SDS-PAGE gel electrophoresis kit, Solarbio, China), then electrophoretically transferred to a
PVDF membrane. Afterwards, membranes were blocked in 5% skim milk on a thermostatic oscillator
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(SHA-B, Jiangsu Youlian, China) for 1h at room temperature, followed by overnight incubation at 4 °C with
the primary antibodies listed below: Rabbit anti mouse TREK-1 polyclonal antibody (1:1000, APC-047,
alomone labs, Israel), Rabbit anti mouse GLT-1 polyclonal antibody (1:1500, G4005-9, US Biologica, USA),
Rabbit anti mouse NMDAR2B polyclonal antibody (1:1000, 4207, Cell Signaling Technology, USA) and
Mouse anti-GAPDH mAb (1:1500, ZS-25778, Zhongshanjinqiao, China). After washing �ve times with
TBST, the membranes were incubated with 1:5000 dilutions of Goat anti-rabbit polyclonal antibody (072-
07-15-06, KPL, USA) on the thermostatic oscillator at room temperature for 1 hour then followed with six
times of wash. Proteins were visualized using exposure machine (UniCel Dxl 800, Beckman Coulter, USA).
The results were expressed as relative protein levels, that is, the expression level of each protein was
monitored by the protein load of GAPDH.

Immuno�uorescence
The morphological changes of neurons and astrocytes were detected. Firstly, antigenic repair was
performed on para�n sections, the dehydrated para�n sections were soaked in methanol containing
0.3% hydrogen peroxide for 10 mins, then in double distilled water 2 times, 2 mins each time. The
sections were incubated with an antigen repair solution (PH6.0 citrate buffer) at 105 °C for 10 min,
washed 3 times with PBS, and blocked with blocking buffer for 30 min at room temperature. After that,
the slices incubated with Rabbit anti mouse Anti-GFAP monoclonal antibody (1:1000, ab207165, Abcam,
UK) and Rabbit anti mouse Anti-NeuN monoclonal antibody (1:200, ab177487, Abcam, UK) overnight at 4
°C. After 3 times of wash, the slices were incubated with Goat anti-rabbit IgG (H+L) secondary antibody,
FITC (1:100, A24532, Invitrogen, USA) in dark for 30 min, and then washed 3 times. The slides were co-
incubated with DAPI staining solution in dark for 5 minutes, washed with PBS for 3 times, then sealed
with anti-�uorescent quenching agent, and the edges of the cover glass were �xed with nail polish.
Finally, image acquisition of slices was performed by �uorescence microscope (CX-23, OLYMPUS,
Japan).

Nissl staining
The para�n sections were incubated at 60 °C for 5 h and dried. The slices were successively immersed in
xylene for 10 min and another 5 min, then successively in 100%, 95%, 90%, 85% alcohol for 5 min. The
slices were stained with Nissl staining kit (WX122-100, Beijing Huayueyang, China) according to the
instructions at 56 °C for 1 h. Brie�y the slices were soaked in distilled water for 8 min, and then
differentiated in 95% alcohol for 1 min. then soaked with absolute alcohol for 2 times, xylene for 3 times,
2 min each time. Finally, slices were sealed with neutral gum, and the cortical areas were imaged under
an optical microscope (DYS-102, Shanghai Zhaoyi, China).

Statistical analysis
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GraphPad Prism 8.0.2 (GraphPad Software, USA) statistical software was used for statistical analysis,
and results were calculated as mean ± standard error of the mean. Data were analyzed by one-way
ANOVA for comparison between groups, and LSD was used for homogeneity of variance. Grade
correlation analysis was conducted by Pearson correlation analysis between the detection index and
monthly age, and the results were expressed by rank correlation coe�cient. p<0.05 was statistically
signi�cant differences.

Results

Tau, Ach and Glu levels in the brains of SAMP8 mice at
different ages
SAMP8 mice have been recognized as a model of age dependent neurodegenerative disease. To
investigate the changes of Alzheimer’s related proteins with the age, the levels of Tau, Ach and Glu in
brains of SAMP8 mice at 1, 3, 6 and 9 months were measured. As shown in Fig. 1, a signi�cant increase
in levels of Tau and Glu and a signi�cant decrease in levels of Ach were observed at age of 6, 9 months
of SAMP8 mice when compared with 1 or 3-month-old SAMP8 mice (p<0.01 and p<0.05). Then the
correlations between Tau, Ach, Glu levels and months were observed, as following that the levels of Tau
and Glu in brains of SAMP8 mice increased gradually from 1 month to 9 months, and there was a
positive grade correlation, the rank correlation coe�cient was 0.893 (P=0.000) and 0.549 (P=0.005)
respectively. Conversely, the level of Ach decreased over the month age, showed a negative correlation of
grade with -0.912 of the rank correlation coe�cient (P=0.000). This proved that with the increase of
months, pathological accumulation of Tau proteins and Glu accompanied with the reduction of Ach were
the pathological processes of SAMP8 mice, probably responsible for aggravation of the neurotoxicity and
impaired the learning and cognitive abilities.

Levels of TREK-1 in SAMP8 mice at different ages
To determine whether TREK-1 channel involved in the pathological process of Alzheimer's disease, the
gene and protein expression levels of TREK-1 in brains of SAMP8 and SAMR1 mice aged 1, 3, 6 and 9
months were compared. As shown in Fig. 2, with the increase of month age, the levels of TREK-1 gene
and protein in cerebral cortex and hippocampus of SAMR1 mice increased gradually. However, they
showed an increasing trend at the age of 1 month and 3 months, and an opposite trend from 6 months to
9 months in SAMP8 mice. In addition, compared with age-matched SAMR1 mice, the expression levels of
TREK-1 gene in cerebral cortex and hippocampus were signi�cantly increased in SAMP8 mice aged 1 and
3 months (p<0.01), while decreased in SAMP8 mice aged 6 and 9 months (p<0.05). The results of TREK-1
protein levels were similar with that of gene, except that a dramatic drop occurred at 3 months (p<0.05).
These results suggested that TREK-1 potassium channel is involved in the pathological process of
SAMP8 mice. Because the levels of TREK-1 reduced signi�cantly at 6 months, so 6-month-old SAMP8
mice were selected for further exploration.
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Effects of ALA treatment on learning and memory of
SAMP8 mice 
Much documents have been proved that TREK-1 potassium channel is activated by polyunsaturated fatty
acids (Lauritzen et al. 2000). Next, α-Linolenic acid (ALA) was used as an activator of TREK-1 channel to
evaluate the effects of TREK-1 on learning and memory functions in aged SAMP8 mice by Morris water
maze test.

Effects of ALA on hidden platform task
The times of reaching the platform and entering effective area was greatly reduced in SAMP8 compared
to SAMR1 (p<0.01). SAMP8 treated with 300 mg/kg ALA for 36 days showed signi�cantly decreased
times of reaching the platform and entering effective area compared with that of untreated SAMP8
(p<0.05).

The escape latency helps to determine the time spent that mice reached the platform. As shown in Fig. 3,
results of the group comparisons suggested that the escape latency of SAMP8 was signi�cant longer
than that of SAMR1 and SAMP8 treated with ALA (p<0.01). ALA treatment signi�cantly improved the
spatial memory retention as indicated by marked reduction of latency compared with SAMP8 mice
(p<0.05). These results indicated that SAMP8 mice showed the signi�cant learning de�cits, and ALA
improved the spatial learning abilities in SAMP8.

Effects of ALA on probe trail
The results from the probe trial showed a putative measurement of spatial memory retention. As shown
in Fig. 3, SAMP8 mice spent signi�cant less times in entering platform area and effective area than that
of SAMR1, whereas treatment with ALA increased entering times of SAMP8 (p<0.01). The percent time
and distance spent in target quadrant by SAMP8 mice were signi�cantly lower than those of SAMR1 mice
(p<0.01), SAMP8 mice with ALA treatment showed a marked improvement in their ethological
performance as their percent time and distance spent in target quadrant were signi�cantly prolonged
(p<0.05).

The swimming trajectory of mice was shown in Fig. 3. After the platform was removed, the SAMR1 mice
had a very accurate memory on the position of the platform, and had been shuttling around the platform;
However, the swimming track of SAMP8 mice was not related to the platform position. In contrast,
SAMP8 mice in the ALA intervention group signi�cantly increased the number of shuttles in the effective
platform area. These results indicated that SAMP8 mice showed signi�cant memory de�cits, and ALA
improved the spatial memory retention in SAMP8.
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Morphological changes
The morphology of neurons, astrocytes and Nissl bodies in the cerebral cortex, hippocampus of mice was
observed by immuno�uorescence and Nissl staining. As shown in Fig. 4, 5, in the cerebral cortex and
hippocampus of SAMR1 mice, the neurons were large and intact, astrocytes were evenly arranged among
neurons, it had very high �uorescence intensity. In SAMP8 mice, the number of surviving neurons and
astrocytes were signi�cantly reduced, most of them were edema and loosely arranged. The percentage of
NeuN (+) cells and GFAP (+) cells decreased signi�cantly (p<0.01) and the �uorescence intensity was
weak, suggested that the neurons and astrocytes in SAMP8 mice had apoptosis, loss part of the function.
In the SAMP8 mice after ALA treatment, lots of neurons and astrocytes with complete structure were
found in cerebral cortex and hippocampus. Compared with SAMP8 mice, the percentages of NeuN (+)
cells and GFAP (+) cells increased signi�cantly (p<0.01), but the �uorescence intensity is abated. Those
showed that some of the neurons and astrocytes were damaged during the pathological changes of
SAMP8 mice, ALA rescued the apoptotic cells.

As shown in Fig. 6, Nissl bodies in cerebral cortex and hippocampus of SAMR1 mice were abundant and
evenly distributed. However, the number of Nissl bodies in cerebral cortex and hippocampus of SAMP8
mice were signi�cantly reduced in comparation to SAMR1 mice (p<0.01), most of these Nissl bodies were
disintegrated, accompanied by a tendency of gradually expanding outwards until dissolution and
disappearance, indicating the loss of neuronal function and serious impairment of brain function.
Meanwhile, the number of Nissl bodies in cerebral cortex and hippocampus in SAMP8 mice treated with
ALA were signi�cantly improved compared with those of SAMP8 mice (p<0.01), and they were intact and
well-de�ned. The results suggested the activation of TREK-1 potassium channel may improve the
function of impaired neurons in SMP8 mice.

Levels of TREK-1 in SAMP8 mice treated with ALA
As shown in Fig. 7, the gene and protein levels of TREK-1 in cerebral cortex and hippocampus of SAMP8
mice were signi�cantly decreased (p<0.01) compared with those of SAMR1 mice. ALA treatment
signi�cantly increased the expression levels of TREK-1 gene and protein both in cerebral cortex and
hippocampus of SAMP8 mice (p<0.05). Intervention of ALA in SAMP8 mice showed the activation of
TREK-1 potassium channel might help to improve the learning and memory de�cits.

Effects of ALA on Glutamate metabolic pathway in SAMP8
mice
TREK-1 channel has been found to have neuroprotective effects in many brain diseases. It mediated the
release of Glu by astrocytes to regulate the synaptic connection between astrocytes and neuron (Lalo et
al. 2014 ; Woo et al. 2012). AA exert protective effect on oxygen-glucose deprived astrocytes by
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increasing glutamate reuptake(Lu et al. 2017). The accumulation of Glu leads to over-activation of
NMDAR, resulting in neuronal damage(Ota et al. 2015). In order to determine the effect of TREK-1 channel
on the glutamate metabolism pathway, the levels of Glu, GLT-1 and NMDAR were observed by ELISA and
RT-PCR and Western Blot. As shown in Fig. 7, SAMP8 mice showed signi�cantly higher levels of Glu
(p<0.01) and NMDAR (p<0.01) and lower levels of GLT-1 (p<0.01) in the brain compared with SAMR1
mice. The results suggested that SAMP8, might reduce GLT-1-related Glu uptake, leading to a large
accumulation of Glu in the brain, increasing the binding of Glu to its receptor NMDAR, and thus aggravate
the Glu-mediated neurotoxicity in the process of AD. Reversely, the level of Glu (p<0.01) and the gene and
protein expression levels of NMDAR (p<0.05) in SAMP8 treated with ALA were signi�cantly reduced, and
those of GLT-1 (p<0.05) were signi�cantly improved compared with SAMP8 mice. ALA, as an activator of
TREK-1 channel, accelerated the transport of Glu by up-regulating the level of GLT-1, reducing the
accumulation of Glu and the binding of Glu to NMDAR, in the brain, effectively alleviating the
neurotoxicity. Results proved that the activation of TREK-1 channel improves learning and memory
function in SAMP8 mice through a glutamate metabolism pathway.

Discussion
Researches have demonstrated that the two pore potassium channel TREK-1 plays the protective role in
central nervous disorders(Djillani et al. 2019). However, to our best knowledge, no �ndings concerned
about the role of TREK-1 in AD. In the present study, we investigated the change trend of TREK-1 channel
in brains of SAMP8 mice and showed the expression levels of TREK-1 compensatory arose before 3
months of age, then began to decline. Next, we showed activation of TREK-1 channel by ALA improved
the learning and memory de�cits of SAMP8 mice aged in 6 months. Furthermore, we explored the
possible mechanisms and found that the levels of active molecules were closely related to the glutamate
metabolism pathway. After the activation of TREK-1 channel, the damaged neurons and astrocyte were
rescued, the levels of Glu and NMDAR were down-regulated, while the level of GLT-1 was signi�cantly
increased.

As we known, Tau is a microtubule-associated protein that aggregates to form Neuro�brillary tangles
(NFTs) (Gao et al. 2018). Pathological deposition of abnormal Tau in the brain and/or the loss of its
function may an important cause of AD (Miyasaka et al. 2018). Although studies have shown that
elevated Tau levels are the biomarker for AD (Tsolaki et al. 2001), the tendency of Tau levels during the
pathological process of AD is seldom reported. Our results showed that with the increase of the month
age of SAMP8 mice, the Tau content in their brains increased hierarchically, suggesting the amount of
accumulated Tau is positive proportional to the severity of AD. Similar to Tau, Ach also re�ects the
impairment of learning and memory function to a certain extent (Min et al. 2010). Enhancement of
cholinergic activity mediates the improvement of cognitive function (Smith et al. 2002). Studies have
con�rmed that in the brain of AD model mice, the increase of Glu leads to the apoptosis of hippocampal
neurons and inhibition of Glu content reduce the brain injury (Fuhrmann et al. 2010). Consistent with this,
our results showed the Glu content increased hierarchically, while the Ach decreased hierarchically from 1
month to 9 months aged of SAMP8 mice. In general, gradually increased Tau and Glu and decreased Ach
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were associated with the pathological a process of SAMP8 mice, and the older the mice were, the worse
the condition was. Although some pathological changes could be reversed, the early application of drugs
such as AchE inhibitors and Glu receptor antagonists can reduce the damage of nerve cells and
effectively improve the learning and memory function.

To decipher whether TREK-1 potassium channel involved in the pathological process of AD, the protein
and gene levels of TREK-1 were compared in different months of SAMP8 and SAMR1 mice. The results
indicated the gene and protein levels of TREK-1 in the cerebral cortex and hippocampus gradually
increased with the age in SAMR1 mice. However, the expression of TREK-1 was at a higher level in
SAMP8 mice at 1 to 3 months of age, and decreased signi�cantly at 6 and 9 months of age. This change
suggested that the TREK-1 might be a protector factors participating in the process of AD. SAMP8 mice in
the early of life show the symptoms of aging, accelerated the TREK-1 channel expression level to obtain
their own adjustment. But with the development of AD, a series of pathological changes, such as the
damaged structure of nerve cells, apoptosis of synapses, beyond the scope of the body itself can be
adjusted. This may be responsible for the reduced TREK-1 expression in older SAMP8 mice. PUFAs are
the recognized potent activator of TREK-1 and exert the bene�cial effects in the prevention of central
nervous disease. Here, ALA was used as an agonist of TREK-1. The TREK-1 channel is heavily activated
from the low-expression state as the decreased TREK-1 levels were signi�cantly up-regulated after ALA
intervention. Next, we further veri�ed the activation effect of TREK-1 on AD from the aspects of behavior,
cell morphology, and the mechanism of action.

Learning and memory disorders are the most prominent symptoms of AD, so Morris water maze test was
used to detect the spatial learning and memory ability of SAMP8 mice after ALA intervention. These
results re�ected that after activation of the TREK-1 channel, SAMP8 mice signi�cantly increased their
ability to search platform and maintain spatial memory after continuous training. ALA facilitated the
reconstruction of the injured structure of Nissl bodies, neurons, and astrocytes probably were the material
basis for improving the learning and memory ability of SAMP8 mice.

Glu is involved in many processes in the brain, including cognition, movement and development (Hascup
et al. 2008). Paradoxically, overloaded Glu mediates excessive activation of neurotoxic effect (Sun et al.
2018). The dynamic balance of Glu content is maintained by glutamate transport system on membrane
of astrocytes (Mahmoud et al. 2019). Five subtypes of glutamate transporters have been isolated, and
GLT-1 subtypes, which are widely distributed in the central nervous system, have been selected. NMDAR is
the main receptor for Glu mediated neurotoxic injury and is most densely distributed in the cerebral cortex
and hippocampus. Under pathological conditions, GLT-1 reduces the uptake of Glu, and even reverses the
transport to the extracellular, aggravating the cytotoxic effect of Glu (Yi et al. 2005). Excessive excitation
of NMDAR by a large amount of Glu leads to a large amount of Ca2+ in�ux and the formation of
intracellular Ca2+ overload, which is an important way to cause cell dysfunction and induce cell apoptosis
(Gu et al. 2009). Studies have con�rmed that GLT-1 expression and glutamate uptake capacity were
decreased, accelerating cognitive de�cit in AD animal models (Meeker et al. 2015 ; Mookherjee et al.
2011). Consistent with this, we also showed the similar changes with increased Glu content and
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decreased level of GLT-1 which indicated the formation of neurodegenerative changes in SAMP8 mice.
TREK-1 has been con�rmed to take part in regulation of GLT-1 activity (Lu et al. 2017). In cerebral
ischemia, TREK-1 regulated GLT-1 activity and improved synaptic connections (Lalo et al. 2014).
Activated TREK-1 channels inhibited NMDAR and improved the function of blood-brain barrier (Bittner et
al. 2013) and improved cerebral ischemia by rescuing the protein abundance of GLT-1 (Liu et al. 2014). In
this study, Glu and NMDAR expression levels in the cerebral cortex and hippocampus of SAMP8 mice
after activation of TREK-1 potassium channels were decreased signi�cantly, while GLT-1 expression level
were increased signi�cantly that explained treatment of ALA effectively improved the neurotoxic effect
caused by Glu accumulation, also showed glutamate metabolic pathways involved in the improvement of
cognitive de�cits. Our results intuitively re�ect the close relationship between the potassium channels of
TREK-1 and glutamate metabolism pathway in the pathological process of AD. Therefore, the regulation
of glutamate metabolism pathway through TREK-1 potassium channel is likely to be a new pathway for
the treatment of AD.

In conclusions, the present study demonstrated that TREK-1 participated in the pathological process of
AD in SAMP8 mice. Activation of the TREK-1 potassium channel improved learning and memory de�cits
and underlying mechanisms is related to modulation of glutamate metabolic pathway. The TREK-1
potassium channel may be expected to be a new potential therapeutic target for AD.
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Figure 1

Tau, Ach and Glu levels in brains of SAMP8 mice at different ages (n=10). (a) The levels of Tau, Ach and
Glu in brains of 1-, 3-, 6-, 9-month-old SAMP8 mice were compared, respectively (n=10). With the aging of
SAMP8 mice, the trends of Tau (b) and Glu (d) levels were increased, while the Ach (c) was decreased.
Data are presented as the mean±SEM. *P<0.05, **P<0.01 vs. 1-month-old SAMP8 mice; ∆P<0.05,
∆∆P<0.01 vs. 3-month-old SAMP8 mice; #P<0.05, ##P<0.01 vs. 6-month-old SAMP8 mice.
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Figure 2

Gene and protein levels of TREK-1 in SAMP8 mice at different ages (a) The TREK-1 gene levels in the
cortex and hippocampus of SAMP8 mice at different age were compared with SAMR1 mice at the same
age (n=5), and their variation trend with the increase of month age (b). (c) The expression bands of TREK-
1 protein in the cortex and hippocampus of SAMP8 and SAMR1 mice at different age (n=3). (d) The
TREK-1 protein levels in the cortex and hippocampus of SAMP8 were compared with SAMR1mice at the
same age, and their variation trend with the growth of the month age (e). Data are presented as the
mean±SEM. *p<0.05, **p<0.01 vs age-matched SAMR1 mice.



Page 20/24

Figure 3

Results of Morris Water Maze Test (n=10) (a) Pictures taken during the water maze experiments. Hidden
platform task: (b) The number of times for mice to reach the platform and effective area; Comparison (c)
and trend (d) of escape latency of mice within 5 days. Probe trail: (e) The number of times for mice to
enter the platform area and effective area; (f) The percent time and distance spent in target quadrant of
mice were compared; (g) The data of swimming trajectory of mice. Data are presented as the mean±SEM.
*P<0.05, **P<0.01 vs. SAMR1 mice; ∆P<0.05, ∆∆P<0.01 vs. SAMP8 mice.
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Figure 4

Morphological changes of neurons in cerebral cortex and hippocampus of mice under
immuno�uorescence staining The neurons (green) in the cerebral cortex (a) and hippocampus (b) of mice
were stained (100 μm); The percentage of NeuN (+) cells in cerebral cortex (c) and hippocampus (d) of
mice were compared (n=2). Data are presented as the mean±SEM. *P<0.05, **P<0.01 vs. SAMR1 mice;
#P<0.05, ##P<0.01 vs. SAMP8 mice.



Page 22/24

Figure 5

Morphological changes of astrocytes in cerebral cortex and hippocampus of mice under
immuno�uorescence staining The astrocytes (green) in the cerebral cortex (a) and hippocampus (b) of
mice (100 μm); The percentage of GFAP (+) cells in cerebral cortex (c) and hippocampus (d) of mice were
compared (n=2). Data are presented as the mean±SEM. *P<0.05, **P<0.01 vs. SAMR1 mice; #P<0.05,
##P<0.01 vs. SAMP8 mice.
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Figure 6

Morphological changes of Nissl bodies under Nissl staining The Nissl bodies in the cerebral cortex (a)
and hippocampus (b) of mice were stained (100 μm); The number of Nissl bodies in the cerebral cortex
(c) and hippocampus (d) of mice were compared (n=2). Data are presented as the mean±SEM. *P<0.05,
**P<0.01 vs. SAMR1 mice; #P<0.05, ##P<0.01 vs. SAMP8 mice.



Page 24/24

Figure 7

Effects of ALA on levels of TREK-1 and Glutamate metabolic pathway in SAMP8 mice Relative gene
expression levels of TREK-1 (a), GLT-1 (b) and NMDAR (c) in the cerebral cortex and hippocampus (n=3);
(d) Expression bands of TREK-1, GLT-1, and NMDAR protein in the cerebral cortex and hippocampus; (e)
The levels of Glu in the brains of mice were compared. The relative expression levels of TREK-1 (f), GLT-1
(G)and NMDAR (H) proteins in the cerebral cortex and hippocampus of mice (n=3). Data are presented as
the mean±SEM. *P<0.05, **P<0.01 vs. SAMR1 mice; ∆P<0.05, ∆∆P<0.01 vs. SAMP8 mice.


