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SUMMARY

Alzheimer's disease (AD) is a neurodegenerative disorder, which has become the leading cause of
dementia cases globally. Synaptic failure is an early pathological feature of AD. However, the cause
of synaptic failure in AD, especially the GABAergic synaptic activity remains unclear. Extensive
evidence indicates that the presence of soluble amyloid-β is an early pathological feature in AD,
which triggers synaptic dysfunction and cognitive decline. Our recent study explored the relation
of GABAergic transmission and soluble Aβ in early APP/PS1 mice. Firstly, we found soluble Aβ42
levels were significantly increased in serum, hippocampus and prefrontal cortex in 3-4 months APP/
PS1 mice, which was much earlier than Aβ plagues formation. In addition, we found TNF-α and
BDNF expression levels were increased, while KCC2 and GABAAR expression were decreased in 3-4
months APP/PS1 hippocampus. When we treated 3-4 months APP/PS1 mice with a potent γ-secretase
inhibitor, LY411575, which can reduce the soluble Aβ42 levels, the TNF-α and BDNF protein levels
were decreased, while KCC2 and GABAAR levels were increased. In conclusion, our study suggested
soluble Aβ may impaired the GABA inhibition by mediating KCC2 levels in early APP/PS1 mice.
KCC2 may be served as a potential biomarker for AD.
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1. Introduction
Alzheimer's disease (AD) is a neurodegenerative
disorder, which characterized by progressive memory
and cognitive impairment, and as the disease advances,
symptoms include the loss of memory and motor
skills, disorientation, failure to perform self-care, and
finally the loss of bodily functions, which leads to the
death (1,2). Although the cause of AD isn't completely
understood, two major players that are often cited in
its progression are plaques and tangles (3). Amyloid
pathogenesis starts with altered cleavage of amyloid
precursor protein (APP), an integral protein on the
plasma membrane, by β-secretases (BACE1) and
γ-secretases to produce insoluble Aβ ﬁbrils, and Aβ
then oligomerizes, diffuses into synaptic clefts, and
interferes with synaptic signaling (4,5).
Microglial cells can clear soluble and fibrillar Aβ,
however, continued interactions of these cells with
Aβ can lead to an inflammatory response resulting in
neurotoxicity (6). Aβ oligomers and fibrils are capable
of priming microglial cells through interactions with

various receptors, which enhance the production of
inflammatory cytokines and chemokines (interleukin-1
(IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8) and
tumor necrosis factor α (TNF-α), C1q, etc.) and make
microglia more susceptible to secondary stimuli,
promoting microglial activation (7,8). Numerous
studies indicated that TNF-α levels are higher in the
cerebrospinal fluid (CSF) of AD patients compared
to cognitively normal controls (9-11). Aβ can induce
the release of high levels of TNF-α from primary
cultures of rodent and human microglial cells (9). High
levels of TNF-α increase the production of other proinflammatory cytokines, such as IL-1, IL-6, and IL8, that can participate in the development of chronic
neuroinflammation (9,10). TNF-α overproduction has
also been associated with lower hippocampal volume and
with a greater likelihood of mild cognitive impairment
(MCI) patient conversion to AD (12-14). TNF-α, a
pivotal role in neuroinflammation, is a very attractive
pharmacological target, which used to reduce TNF-α
signaling in rodent models of AD showed a significant
reduction in AD-like brain pathology accompanied by an
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amelioration of cognitive function (9,12).
Brain-derived neurotrophic factor (BDNF),
an neurotrophins, can promote nervous system
development, maintain neuronal plasticity and repair
damaged neurons, but its excess can cause the opposite
effect (15,16). TNF-α can up-regulate the expression
of exon-IV-BDNF mRNA and BDNF protein in nerve
injury tissues and astrocytes (17-19). BDNF-induced
TrkB inhibited GABAA synaptic responses by downregulates the expression of K+-Cl- cotransporter KCC2
and impairs neuronal Cl - extrusion (15,20-22). The
BDNF that secreted from activated microglias and perilesion damaged neurons act on damaged neuron and
inhibiting KCC2 mRNA transcription by the BDNFTrkB pathway (15).
In the vertebrate brain, GABAA receptors mediate the
majority of fast inhibition in the brain, which depends
on the intracellular Cl- ([Cl-]i) concentration (22,23).
KCC2, a K+-Cl- cotransporter, is a neuronal isoform that
is broadly expressed in the adult. KCC2 functions in
setting the proper [Cl-]i by transporting Cl- against the
concentration gradient (24). Thus, KCC2 is a crucial
regulator of GABA-mediated hyperpolarization. Loss of
KCC2 activity orchestrates a depolarizing shift in EGABA
and is implicated in cortical development systems such
as neuro- and synaptogenesis (25,26). The treatment
of memantine, a drug that is currently prescribed for
the treatment of AD, reduces the expression of KCC2
in the hippocampus and cerebral cortex and attenuates
behavioral responses mediated by GABAAR activation
in mice (27). There is a close linkage between the
GABAergic signaling system and various aspect
of AD pathology including Aβ toxicity (28), tau
hyperphosphorylation and ApoE4 effect (29), which
suggests that GABAergic system might undergo dynamic
remodeling and play important roles in AD pathology.
Here, we found an increased soluble Aβ levels in
3-4 months APP/PS1 mice, which will lead to impaired
GABA inhibition by mediating BDNF-TrkB-KCC2
pathway. When treated with γ-secretase inhibitors, these
phenotypes can be rescued. The results indicate that
KCC2 or GABAAR levels for the early diagnosis of AD.
2. Materials and Methods
2.1. Animals
All experimental procedures involving animals were
performed in accordance with the guidelines for the
humane treatment of animals by the Association of
Laboratory Animal Sciences and were approved by
the Center for Laboratory Animal Sciences at the
Anhui Medical University. Every attempt was made to
limit animal numbers and suffering. APP/PS1 doubletransgenic mice were generated by crossing APP/
PS1 and WT mice obtained from the Model Animal
Research Center of Nanjing University (Nanjing,

China). All mice were group kept in a clean laminar
flow cabinet under SPF conditions at the Experimental
Animal Center of Anhui Medical University (Anhui,
China). The mice were housed in conventional cages
at 20-25°C under a 12 h light/dark cycle, supplied with
standard laboratory chow and water ad libitum. The
mice were maintained under these conditions for at least
1 week for acclimatization before the commencement
of experiments. All animals involved in experiments
were 3-4 month-old unless otherwise indicated. At a
certain age, mice were separately anesthetized. Brains
were carefully dissected. Blood was collected. Brain
tissues were preserved in 4% buffered paraformaldehyde
solution at 4°C before the tissues were sliced at 4μm
thickness (CRYOSTAR NX50, Thermo). Blood samples
were centrifuged at 3500 rpm for 10 min (Hettich, Mikro
200R). Plasma was stored at -80°C until the ELISA was
run.
2.2. Antibodies and reagents
KCC2 (Millipore, 07-432), GABAAR (Abcam, ab94585),
GABABR (Affinity, AF0162), BDNF (Affinity, DF6387),
β-Amyloid 1-42 (Abcam, ab201060), TNF-α(Affinity,
AF7014), IL-6 (Servicebio, GB11117), IL-1β (Affinity,
AF5103), NLRP1 (Abcam, ab3683), NLRP3 (Abcam,
ab214185), AMPAR (Abcam, ab31232), PSD95
(Thermo, MA1-045), Iba-1 (Servicebio, GB11105),
GFAP (Servicebio, GB12096), β-Tubulin (Affinity,
T0023), β-Actin (Affinity, AF7018), Goat Anti-Rabbit
IgG (H+L) HRP (Affinity, S0001), Goat Goat AntiMouse IgG (H+L) HRP (Affinity, S0002).
2.3. Behavioral test
Open fields test (OFT) The open field test, also known
as the open box test, is a commonly used animal behavior
experiment. It is used to observe the spontaneous
exploration of motor activity and anxiety behavior in
mice. It is also a way to evaluate experimental animals'
autonomous exploration of behavior and emotional
tension in a new environment. The OFT instrument
consists of two parts: an open field box (96 × 96 ×
50 cm) and an automatic data acquisition system, the
bottom of the open field box is equally divided into 9
squares. Install a camera about 2 meters directly above
to record the experimental process in real time. First,
place the mouse in the central area and let it crawl freely
for 2 minutes to adapt to the environment. Then, record
his total movement distance in 3 minutes, the number of
times of threading, the time spent in the middle area and
the distance moved. Before each test, clean the bottom
of the open field box with ethanol to eliminate odor cues,
and keep the room quiet.
Elevated-plus maze (EPM) High plus maze can be
used to assess the anxiety level of animals. The height
of the instrument is about 60 cm from the ground. It
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consists of a set of open arms (30 × 5 cm) and a set of
closed arms (30 × 5 × 15 cm) to cross vertically, and a
central area (5 × 5 cm). Install a camera about 2 meters
directly above to record the experimental process in real
time. First, place the mouse in the central area facing the
open arm, and let him explore freely for 5 minutes. The
instrument will automatically record data, calculate the
time and number of times the mouse enters the open arm.
Before each test, clean the bottom of the open and closed
arms with ethanol to eliminate odor cues and keep the
room quiet.
Forced swim test (FST) Forced swim test (FST) is
a behavioral test used to assess depression in mice. The
mice are individually placed in a transparent plastic
cylinder (height 50cm, 20cm in diameter, water depth
35cm, maintained at 25 ± 1℃) . Install a camera about
0.5 meters above to record in real time. Place the mouse
in the water for 2 minutes, test the movement status of
mice within 4 minutes, during the experiment, the mice
will show three behaviors: struggling, swimming and
standing still. Count the time the mice stayed still in the
water during the experiment.
Tail suspension test (TST) The tail suspension test
is a method used to evaluate depression in mice. Fix
the tail of the mouse to the suspension rod with tape,
make it head down. The suspension rod is fixed on a
horizontal rod about 40 cm above the ground, each
mouse is separated by opaque cardboard, the mouse is
not less than 15 cm away from the surrounding space.
First acclimate the mouse for 2 minutes, then test the
mouse's twisting and struggling within 3 minutes, record
its immobile time.
2.4. Hippocampal neuron cultures and treatment
HT22 neuron was maintained with Dulbecco's modified
Eagle's medium (DMEM; Hyclone; Logan, USA)
supplemented with 10% fetal bovine serum (FBS;
Sijiqing, Zhejiang Tianhang Biological Technology
Co., LTD; Huzhou, China) in a humidified incubator
with an atmosphere of 5% CO2 at 37°C. These cells
at logarithmic growth were collected, counted and
seeded at a density of 1 × 106 cells/25 cm2 culture flask
cultured in DMEM supplemented with 10% FBS. When
these cells reached 80-90% confluency, the medium
was replaced using the serum-free medium for 24 h
and DMSO, TNF-α (PEPROTECH, AF-315-01A) and
CLP257 (Sigma, SML1368-5MG) was added for 2 h,
total proteins were extracted for followed western blot
analysis.
2.5. Western blot
Hippocampus and prefrontal cortex tissue were obtained
and homogenized using a lysis buffer and protease
inhibitor. After 1 min of homogenization, the cellular
debris was removed by centrifugation at 14000 rpm
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for 10 min at 4°C and supernatant were collected for
denaturation for 20 min at 75°C. The lysate was then
centrifuged on SDS-PAGE (Bio-Rad) under denaturing
conditions and transferred to polyvinylidene difluoride
(PVDF) microporous membrane. Membranes were
blocked for 30 min using 5% non-fat dry milk in TBS
containing 0.5% Tween-20 (TBST) and then incubated
with specific primary antibodies against Aβ42, TNF-α,
IL-6, IL-1β, BDNF, KCC2, GABA A R, GABA B R,
NLRP1, NLRP3, AMPAR, PSD95. Anti β-Tubulin or
β-Actin antibodies were used as the loading control.
Antibodies were diluted at 1:1,000 to 1:2,000 at use. The
next day, after three washes with TBST, the membranes
were incubated with the corresponding secondary
antibody (Affinity, S002) at room temperature (RT) for
1 h using 3% milk in TBST followed by three additional
washes with TBST. Bands were visualized using a
Chemi Doc TMMP Imaging System (Bio-Rad, USA)
and analyzed with Gel Pro Analysis software. For the
presentation in figures, digitalized blot images were
processed and cropped using Adobe Illustrator to show
the interested protein signals.
2.6. Immunofluorescent staining
The brain sections were sliced, antigen retrieved and
blocked. Incubation of primary antibodies (Aβ42, Iba1, GFAP) were done in carrier (PBS with 1% serum
and 0.2% BSA) at 4°C overnight. After three washes
with PBS, the sections were incubated in Rhodamine
(TRITC)-Conjugated Goat anti-Rabbit IgG (ZSGBBIO, ZF-0316) or FITC-Conjugated Goat anti-Mouse
IgG (ZSGB-BIO, ZF-0312) at 37°C for 50 min.
Washed with PBS, the sections were incubated in DAPI
Staining Solution (Byotime, C1005) for 10 min. After
three washes with PBS, the sections were mounted
with Antifade Mounting Medium (Byotime, P01265ml), observed and photographed under a fluorescence
microscope (Leica, Germany). The images were
evaluated with ImageJ software (NIH, Bethesda, MD,
USA).
2.7. Quantitative Real-time PCR (qRT-PCR)
Mice brains were dissected and immediately frozen
in liquid nitrogen. Total RNA was extracted using
Trizol reagent. RNA pellets were resuspended
in diethylpyrocarbonate-treated water and RNA
concentration was measured using a Nanodrop2000c
spectrometer (Thermo Scientific). RNA was treated by
the PrimeScript™ RT Master Mix (TaKaRa, Code No.
RR036A) and then reverse-transcribed using the BioRad T100TM thermal cycler. Relative quantification
of gene expression was performed using the Bio-Rad
CFX96™ Real-time System. Platinum Quantitative
PCR P TB Green® Premix Ex Taq™ II (TaKaRa, Code
No. RR820A) was used with the following primers and
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probes:

TNF-α F-primer, 5'-CATGATCCGCGACGTGGAACTG-3';
TNF-α R-primer, 5'-AGAGGGAGGCCATTTGGGAACT-3';
BDNF F-primer, 5'-GGTATCCAAAGGCCAACTGA-3';
BDNF R-primer, 5'-CTTATGAATCGCCAGCCAAT-3';
Slc12a5 F-primer, 5'-GGGCAGAGAGTACGATGGC-3';
Slc12a5 R-primer, 5'-TGGGGTAGGTTGGTGTAGTTG-3';
β-Actin F-primer, 5'-GTGACGTTGACATCCGTAAAGA-3';
β-Actin R-primer, 5'- GTAACAGTCCGCCTAGAAGCAC-3';

Assay efficiencies were experimentally determined
using a five-point dilution series of cDNA spanning
a 100-fold range in concentration. 0.025 mg cDNA
template was used per reaction. Statistical analysis was
performed on 2-ΔΔCq values.
2.8. Enzyme-linked immunosorbent assay (ELISA)
The supernatants of serum, hippocampus, and prefrontal
cortex of WT and APP/PS1 mice were collected. The
ELISA kit was used for the quantitative determination of
Aβ42 (CUSABIO, CSB-E10787m), TNF-α (CUSABIO,
CSB-E04741m), IL-6 (CUSABIO, CSB-E04639m), and
IL-1β (CUSABIO, CSB-E08054m). Aβ42, TNF-α, IL-6,
and IL-1β standards and samples were added to the wells
of assay plates and incubated for 1 h at 37°C. Blank

wells were added with standard diluent. The horseradish
peroxidase (HRP) conjugated reagent (100 μL) was
added to each well for 1 h at 37°C. Plates were washed
four times with PBS, and chromogen solution (100 μL)
was added to each well. The plates were gently mixed
and incubated for 15 min at 37°C in the dark. Then, stop
solution (50 μL) was added to each well and examined
the absorbance at 450 nm with a microplate reader
(SPECTRAMAX 190, USA) within 15 min.
2.9. Statistical analysis
Data were presented as mean ± standard error and
analyzed using GraphPad Prism version 7.0 (GraphPad
Software, La Jolla, CA, USA) by student's t-test or oneway ANOVA, as appropriate with p < 0.05 as statistically
significant.
3. Results
3.1. Increased soluble Aβ42 in 3-4 months APP/PS1
mice
As shown in Figure 1, the ELISA result showed that
the soluble Aβ42 were significantly increased in serum,

Figure 1. Increased soluble Aβ42 level in 3-4 months APP/PS1 mice. (A) The soluble Aβ42 levels in serum, hippocampus, and prefrontal
cortex by ELISA. (B) Representative immunoblots of Aβ42 in the hippocampus and prefrontal cortex of WT and APP/PS1 mice. (C)
Quantification of Aβ42 protein levels in (B). (D) Representative images of Aβ42 in the hippocampus and prefrontal cortex of 3-4 and 6-7 months
WT and APP/PS1 mice. (n = 6 in each group, Student's t-test). All data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. APP/PS1 mice exhibit activated astrocyte and microglia in hippocampus. (A) Representative images of Iba1+ and GFAP+ cells in 3-4
months APP/PS1 hippocampus. (B) Quantification of Iba1+ and GFAP+ cells in CA1, CA3, and DG of hippocampus in 3-4 months WT and APP/
PS1 mice. (n = 5 in each group, Student's t-test). All data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

hippocampus and prefrontal cortex in 3-4 months APP/
PS1 mice (Figure 1A). In addition, we also performed
western blotting to detect Aβ42 protein levels in
hippocampus and prefrontal cortex, and found that Aβ42
protein levels were significantly increased in 3-4 months
APP/PS1 mice (Figure 1B-C). Immunofluorescent
staining results showed more Aβ plaques in hippocampus
and prefrontal cortex in 6-7 months APP/PS1 mice, but
not in 3-4 months APP/PS1 mice (Figure 1D).
3.2. Activated glia cells and increased neuroinflammation
in 3-4 months APP/PS1 mice
Aβ could cause neuroinflammation in the brain (6).
In order to detect whether increased Aβ42 levels
could induce neuroinflammation, we performed
immunofluorescent staining to label glia cells. Compared
with WT mice, the number of microglia and astrocytes
were both increased significantly in 3-4 months APP/PS1
hippocampus (Figure 2A-B). To further test if increased
soluble Aβ42 can lead to neuroinflammation, we detected
TNF-α, IL-6 and IL-1β levels by ELISA kits and found
these inflammatory factors were all increased in 3-4
months APP/PS1 mice (Figure 3A). Western blotting
and real-time PCR results also showed an increased IL1β and TNF-α protein and mRNA levels in hippocampus
and prefrontal cortex of 3-4 months APP/PS1 (Figure
3B-E; Figure 6). NLRP1 and NLRP3 belong to NLR
family and are both expressed in CNS (30). Activation of

Figure 3. Increased neuroinflammation in 3-4 months APP/
PS1 hippocampus. (A) TNF-α, IL-6, IL-1β levels in the serum of
3-4 months WT and APP/PS1 mice by ELISA. (B) Representative
immunoblots of TNF-α and IL-1β in 3-4 months WT and APP/PS1
hippocampus. (C) Quantification of TNF-α and IL-1β protein levels
in (B). (D) Representative immunoblots of TNF-α, and IL-1β in 3-4
months WT and APP/PS1 prefrontal cortex . (E) Quantification of
TNF-α, and IL-1β protein levels in (D). (n = 6 in each group, Student's
t-test). All data are presented as mean±SEM. *p < 0.05, **p < 0.01, ***p
< 0.001.
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Figure 6. Increased mRNA levels of TNF-α and BDNF in 3-4
months APP/PS1 hippocampus. The QPCR results of TNF-α,
BDNF and KCC2 mRNA levels in the hippocampus and prefrontal
cortex of 3-4 months WT and APP/PS1 mice. (n = 6 in each group,
Student's t-test). All data are presented as mean ± SEM. *p < 0.05.

neuroinflammation.
3.4. KCC2 and GABAAR levels were decreased in APP/
PS1 hippocampus
Figure 4. Increased BDNF level in 3-4 months APP/PS1
hippocampus. (A) Representative immunoblots of BDNF in 3-4
months WT and APP/PS1 hippocampus. (B) Quantification of BDNF
protein levels in (A). (C) Representative immunoblots of BDNF in
3-4 months WT and APP/PS1 prefrontal cortex. (D) Quantification
of BDNF protein levels in (C). (E) Representative immunoblots
of BDNF in HT22 cells treated by TNF-α or vehicle control. (F)
Quantification of BDNF protein levels in (E). (n = 3 in each group,
Student's t-test). All data are presented as mean ± SEM. **p < 0.01 vs.
WT; #p < 0.05 vs. vehicle control.

inflammasomes can promote the production and release
of pro-inflammatory cytokines (31). We next examined
whether increased inflammatory factors level was
regulated by activation of inflammasomes. We performed
western blotting to detect NLRP-1 and NLRP-3 protein
levels in the hippocampus and prefrontal cortex, and
found no significant difference between WT and APP/
PS1 mice (Figure S1A-D, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=83).These
results demonstrated that increased soluble Aβ42 level
may lead to increased neuroinflammation in 3-4 months
APP/PS1 mice, which is much earlier than Aβ plagues
formation.
3.3. Increased TNF-α levels induced an excess of
BDNF level in 3-4 months APP/PS1 hippocampus
TNF-α can up-regulate BDNF protein levels in nerve
injury tissues and astrocytes (17-19). While excess
BDNF can damage neurons. As shown in Figure 4 and
Figure 6, we found the protein and mRNA levels of
BDNF were both increased in 3-4 months APP/PS1
hippocampus (Figure 4A-D; Figure 6). In addition,
we used TNF-α (10 ng/mL) to treat HT22 neuron for
3 h, and found BDNF protein level was significantly
increased when treated with TNF-α (Figure 4E-F).
These results indicated that BDNF mRNA and protein
levels were both increased in 3-4 months APP/PS1
hippocampus, which may be caused by increased

BDNF-induced TrkB can inhibit GABA A synaptic
responses by down-regulating the KCC2 expression
and impairs neuronal Cl - extrusion (15,20-22). By
western blotting, we found KCC2 and GABA A R
protein levels were significantly decreased in 3-4
months APP/PS1 hippocampus (Figure 5A-B), while
no change in prefrontal cortex (Figure 5C-D). Realtime PCR results showed unchanged KCC2 mRNA
level in hippocampus and prefrontal cortex (Figure 6).
In contrast, levels of GABABR, AMPAR, and PSD95
were similar between WT and APP/PS1 mice. (Figure
5A-D; Figure S2A-D, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=83). Next
we used a selective KCC2 activator, CLP257 (100 μM)
to treat HT22 neuron for 2 h, and found a significantly
increased KCC2 and GABA AR protein levels when
treated with CLP257 (Figure 5E-F). Furthermore, we
also found that KCC2 and GABAAR protein levels were
decreased in 1-2 months APP/PS1 hippocampus (Figure
5G-H). These results demonstrated that inhibitory
function were impaired in early APP/PS1 hippocampus.
Restore KCC2 can rescue GABA AR protein level
by enhancing chloride extrusion. In order to make
sure whether impaired GABA inhibition can lead to
abnormal behavior in 3-4 months APP/PS1 mice, we
performed open field test, elevated-plus maze, forced
swim test, and tail suspension test. The results showed
that APP/PS1 mice at 3-4 months not showed anxietylike and depressive behavior compared to WT controls
(Figure S3A-J, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=83).
3.5. Increased inhibitory protein levels by inhibition of
Aβ production
In order to explore whether these changes were caused
by increased soluble Aβ42, 3-4 months APP/PS1 mice
were treated with LY411575, a potent γ-secretase
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Figure 7. Reducing interstitial fluid levels of Aβ can reduce BDNF
, increase inhibitory protein levels in APP/PS1 hippocampus. (A)
The soluble Aβ42 levels in serum and hippocampus of 3-4 months
APP/PS1 mice treated with LY411575 by ELISA. (n = 6 in each
group). (B) Representative immunoblots of Aβ42, TNF-α, and BDNF.
(C) Quantification of Aβ42, TNF-α, and BDNF protein levels in
(B). (D) Representative immunoblots of KCC2 and GABAAR. (E)
Quantification of KCC2 and GABAAR protein levels in (D). (n = 3 in
each group, one-way ANOVA). All data are presented as mean ± SEM.
*
p < 0.05, **p < 0.01 vs. WT; #p < 0.05, ##p < 0.01 vs. APP/PS1.
Figure 5. Decreased inhibitory protein levels in 3-4 months
APP/PS1 hippocampus. (A) Representative immunoblots of
KCC2, GABAAR, and GABABR in 3-4 months WT and APP/PS1
hippocampus. (B) Quantification of KCC2, GABAAR, and GABABR
protein levels in (A). (C) Representative immunoblots of KCC2,
GABAAR, and GABABR in 3-4 months WT and APP/PS1 prefrontal
cortex. (D) Quantification of KCC2, GABAAR, and GABABR protein
levels in (C). (E) Representative immunoblots of KCC2 and GABAAR
protein levels in HT22 cell treated by CLP257 or vehicle control.
(F) Quantification of KCC2 and GABAAR protein levels in (E). (G)
Representative immunoblots of KCC2 and GABAAR in 1-2 months
WT and APP/PS1 hippocampus. (H) Quantification of KCC2 and
GABAAR protein levels in (G). (n = 6 in each group, Student's t-test).
All data are presented as mean ± SEM. *p < 0.05, **p < 0.01 vs. 3-4
months WT; ^^ p < 0.01 vs. 1-2 months WT.

inhibitor by intraperitoneal injection, 2mg/kg/day, for 2
days. ELISA result showed that the soluble Aβ42 was
remarkably decreased in serum and hippocampus of 3-4
months APP/PS1 mice when treated with LY411575
(Figure 7A). As shown in Figure 7B-E, western blot
result showed that Aβ42, TNF-α, and BDNF protein
levels were significantly decreased, while KCC2 and
GABAAR protein levels were increased when treated
with LY411575 (Figure 7B-E). These results indicated
that soluble Aβ impaired the GABA inhibition most
likely by mediating KCC2 level in early APP/PS1 mice.
4. Discussion
In this study, we found an impaired GABA inhibition in
the early AD mice, which may be caused by increased

Figure 8. A working model shows the mechanism underlying
soluble Aβ regulation of GABA A R mediated inhibition in
the hippocampus. The soluble Aβ42 level were elevated in the
hippocampus of the early stage of AD mice, which can lead to TNF-α
release from astrocyte and microglia. Increased TNF-α up regulated
BDNF mRNA and protein levels in hippocampus. Excess BDNF can
lead to downregulated KCC2 expression which causes impaired GABA
inhibition.

soluble Aβ42 as summarized in (Figure 8). This
conclusion is supported by several lines of evidence:
1) In 3-4 months APP/PS1 mice, soluble Aβ42 was
significantly increased without plaque formation. 2)
In 3-4 months APP/PS1 hippocampus, TNF-α and
BDNF levels were significantly increased, while KCC2
and GABAAR were decreased. 3) After treated with
LY411575, a potent γ-secretase inhibitor, the levels of
soluble Aβ42, TNF-α, BDNF, KCC2 and GABA AR
levels can be rescued.
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In the last decade, extensive studies indicated that
the presence of soluble amyloid-β, an early pathological
feature, triggers synaptic dysfunction and cognitive
decline in AD (32-34). It was reported that the soluble
Aβ content of human brain is better correlated with
the severity of the disease than are plaques (35,36) and
biochemically-measured levels of soluble Aβ, including
soluble oligomers, correlate much better with the
presence and degree of cognitive deficits than do simple
plaque counts (36-38). Haass, et al. (39) hypothesized
that diffusible oligomers have the principal role,
particularly during the earliest, even pre-symptomatic,
stages of the AD process. Ample evidence points towards
an Aβ-dependent impairment at both inhibitory (40,41)
and excitatory synapses (42,43). The neurotoxic soluble
Aβ oligomers, including the most toxic oligomeric Aβ42,
have been shown to alter synaptic plasticity and synaptic
transmission in various AD animal models via a variety
of synaptic targets of Aβ (44). In our study, we found that
soluble Aβ42 level was increased in serum, hippocampus
and prefrontal cortex in 3-4 months APP/PS1 mice,
which was much earlier than Aβ plaque formation.
Converging lines of evidence support that soluble Aβ
are the principal cytotoxic agents that induce a complex
array of downstream effects on neurons, microglia,
astrocytes and cerebral microvessels in AD (32).
Neuroinflammation in AD is thought to be primarily
driven by microglial cells. Microglial cells continued
interactions with soluble and fibrillar Aβ can lead to an
inflammatory response resulting in neurotoxicity (6).
Aβ oligomers and fibrils enhanced the production of
inflammatory cytokines and chemokines (interleukin-1,
interleukin-6, tumor necrosis factor α (TNF-α), C1q,
etc.) by priming microglial cells through activated NFκB and NLRP3 (6-8). Primary microglia of rodent and
human cultures stimulated with Aβ showed the release of
high levels of TNF-α (9,45). Numerous studies indicated
that TNF-α levels are higher in the cerebrospinal fluid
(CSF) of AD patients (9-11). TNF-α is a pivotal role in
neuroinflammation and a very attractive pharmacological
target (9). According to a study showed a reduction of
TNF-α signaling in rodent models of AD significantly
decreased AD-like brain pathology accompanied by an
amelioration of cognitive function (12). Furthermore,
overproduction of TNF-α associated with lower
hippocampal volume and with a greater likelihood of
mild cognitive impairment (MCI) patient conversion
to AD (12-14). In our study, we found TNF-α protein
and mRNA levels were both increased in hippocampus
and prefrontal cortex of APP/PS1 mice. TNF-α capable
increased the protein and mRNA expression of BDNF
in nerve injury tissues and astrocytes (17-19). Astrocytes
are one of the sources of BDNF expression and secretion
(17,46). Our results showed that the BDNF level was
increased in 3-4 months APP/PS1 hippocampus. BDNF
can protect the nervous system and neuronal plasticity
but its excess can cause the opposite effect (15,16).

BDNF can regulate KCC2 expression by TrkB receptors,
which regulated neuronal Cl- extrusion (15). BDNF
bound TrkB phosphotyrosine 816 (Y816) by the PLCγ1
pathway inhibits KCC2 mRNA transcription and bound
TrkB phosphotyrosine 515 by the Shc pathway promotes
KCC2 mRNA transcription (47). However, excess
BDNF can activate both the PLCγ1 and Shc signaling
which leads to KCC2 expression downregulated. KCC2
expression is downregulated following activation of both
the PLCγ1 and Shc signaling cascades of the BDNFTrkB pathway in damaged neurons (48,49). In mature
neurons, BDNF activates neuronal m-Calpain, which
irreversible inactivation of KCC2 via MAPK-mediated
phosphorylation (50,51). We found KCC2 protein level
was decreased in APP/PS1 hippocampus. These results
demonstrated that increased TNF-α in the hippocampus
of early AD mice can stimulate a large amount of BDNF
expression and thus suppresses KCC2 expression.
Synaptic failure is an early pathological feature
of AD (52), including GABAergic activity (53).
γ-aminobutyric acid (GABA), which a principle
inhibitory neurotransmitter in the mammalian central
nervous system (CNS)mediates synaptic inhibition by
acting on GABAA and GABAB receptors (GABAAR,
GABABR) (22,54). In the vertebrate brain, GABAAR
mediate the majority of fast inhibition in the brain,
and the GABABR mediated inhibition is less efficient
(22,23). GABAA receptors mediate inhibition depended
on the intracellular Cl- ([Cl-]i) concentration(22). KCC2,
which set the proper [Cl-]i by transporting Cl- against the
concentration gradient is a crucial regulator of GABAmediated hyperpolarization (24). Several previous
studies indicated the loss of KCC2 activity orchestrates
a depolarizing shift in EGABA which implicated in cortical
development systems such as neuro- and synaptogenesis
(25,26). Previously, we found that restore KCC2 can
increase GABA AR protein level by enhancing Cl extrusion (55). Our current data shows a decreased
GABA AR protein level in APP/PS1 hippocampus,
which may be result of reduced KCC2 level. Several
studies showed that exogenous BDNF could decrease
presynaptic GABA release and postsynaptic GABAAR
response (56-58). When exposure to BDNF, the number
of GABA A receptor rapid reduced in postsynaptic,
which is responsible for the decline in GABAergic
mIPSC amplitudes (57,58). It has been demonstrated
that the subunit compositions of GABAARs are altered
in some regions of the cortex and hippocampus in AD
independent of age-related changes (59,60). There is
accumulating evidence, which indicates that GABAergic
neurotransmission also undergoes profound pathological
changes in AD (61,62) and may be a promising
therapeutic target for this neurodegenerative disorder
(63,64). These results demonstrated that excessive
BDNF prevents neuronal Cl- extrusion by inhibited the
expression of KCC2, thereby impaired GABA inhibition.
Taken together, stimulated overproduction of TNF-α
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by elevated soluble Aβ42 activated the BNDF-TrkBKCC2 pathway and thus inhibited Cl- extrusion, which
causes impaired GABA inhibition in early AD mice.
These phenotypes were much earlier than Aβ plaque
formation. To our knowledge, our present study is
the first to report that soluble Aβ42 impaired GABA
inhibition via mediating KCC2. And our study provides
a clue that the role of GABAergic synaptic transmission
in the early AD and KCC2 may be a biomarker for the
study of early diagnosis of AD.
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