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Objective(s): In previous studies, researchers observed that doxepin could improve cognitive processes
and has protective effects on the central nervous system. Thus, this study was designed to analyze the
effects of doxepin on B-amyloid (Af)-induced memory impairment and neuronal toxicity in rat_and to
explore the underlying mechanism.

Materials and Methods: Rats were treated with AB1-42 and doxepin was injected to validate its effects
on cognitive function. The Morris water maze test was performed to detect memory function. Af1-42-
treated SH-SY5Y human neuroblastoma cell line was also used to detect the effects of doxepin and to
explore the underlying mechanism. Western blotting analysis was used to detect the protein expression
levels of PSD-95, synapsin 1, p-AKT and p-mTOR in rats.

Results: After treated with 1 mg/kg of doxepin, AB1-42-treated rats showed markedly lower escape
latency and higher platform-finding strategy score. Low doses of doxepin significantly reversed the
effects of AB1-42 on the protein expression levels of PSD-95, synapsin 1, p-AKT and p-mTOR in rats. In
vitro experiment showed the consistent results. Besides, PI3K inhibitor (LY294002) treatment could
markedly reversed the effects of doxepin on AB1-42-treated SH-SY5Y cells.

Conclusion: Our results demonstrated that doxepin could protect against the AB1-42-induced memory
impairment in rats. The protective effect of doxepin was associated with the enhancement of PSD-95 and

synapsin 1 expression via PI3K/AKT/mTOR signaling pathway.
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Alzheimer’s disease (AD) influences 13% of the
population older than 65 years and 43% older than 85
years (1). AD is a genetically complex multifactorial
neurodegenerative disorder and can be regarded as
the most common type of dementia, defined by the
formation of extracellular amyloid-f (Af) plaques, the
accumulation of intracellular neurofibrillary tangles
(NFTs) in the brain, as well as extensive neuronal and
synapses loss (2). The progressive neurodegeneration
leads to severe memory loss and other cognitive
deficits such as judgment, reasoning and orientation
(3). Neuropsychiatric symptoms such as depression,
apathy, and aggression/ agitation occur in the majori-
ty of patients with dementia (4). Different studies
have suggested that antidepressant drugs (ATD) are
frequently prescribed to patients with AD by reducing
cognitive decline and improving cognitive function
(5, 6).

Doxepin is a tricyclic antidepressant that inhibits
reuptake of serotonin and norepinephrine (7). Local
application of doxepin has therapeutic effects in
atopic dermatitis (8) and it is used as second-line
therapy for chronic urticarial (9). Doxepin has also

been proposed as a protective factor against oxidative
stress. Doxepin has the ability to reduce calcium
signaling, which is a key factor in the oxidative stress-
induced damages, exerting protective effects against
oxidative stress (10). Moreover, doxepin reduced lipid
peroxidation and increased antioxidants such as
superoxide dismutase (11). Particularly, in previous
studies, researchers observed that doxepin could
improve cognitive processes and has protective
effects on the central nervous system (12, 13). Thus,
this study was designed to explore the underlying
mechanism.

Investigation of the status of the PI3-K/AKT
system in brains of individuals who have had AD
shows aberrant and sustained activation of neuronal
PI3-K/AKT/mTOR signaling to be an early feature of
the disease (14). Thus, we hypothesize that the effects
of doxepin on cognitive function may be associated
with the PI3-K /AKT/mTOR signaling pathway. It
is well- accepted that synapse loss and synaptic
impairment were appeared in the early stages of AD
(15). Synaptic proteins, like synapsin and post-
synaptic density-95 (PSD-95), play crucial roles in
synapse maturation and plasticity (16). Soluble A

*Corresponding author: Hengbing Zu. Department of Neurology, Jinshan Hospital, Fudan University, JinShan District 201508, Shanghai, China. email:

hbzyy@hotmail.com


http://dx.doi.org/10.22038/ijbms.2017.9274

The effects of doxepin on memory impairment

17 MS

Buand Zu

treatment was reported to significantly reduce the
level of these proteins in rat hippocampal neurons
(17). Therefore, the effects of doxepin on synapse
loss and synaptic impairment were analyzed by
the detection of the protein levels of PSD-95 and
synapsin 1 in our study.

Here, rats were treated with Af1-42 and doxepin
was injected to validate its effects on cognitive
function. The Morris water maze test was performed
to detect memory function, and the Western blotting
analysis was used to detect the protein expression
of PSD-95, synapsin 1, p-AKT and p-mTOR in rats.
Besides, the mechanism underlying the effects of
doxepin was explored in the in vitro experiment. To
sum up, our results showed that doxepin could protect
against the AfB1-42-induced memory impairment
and neuronal toxicity in rats and the underlying
mechanism may be associated with the mTOR/AKT
signaling pathway:.

Animals

Atotal of 40 specific pathogen free (SPF) SD male rats
(8 weeks old), weighing 180 ~ 220 g, were obtained
from Shanghai West Poole-Bikey Experimental Animal
Co., Ltd. (Shanghai, China). The animals were kept on a
12-hr light/dark cycle, housed in plastic cages under the
temperature (22 + 3 °C) and humidity (55 + 5%), and
were allowed to have free access to food and water. The
experimental procedures were approved by the Animal
Ethics Committee of Jinshan Hospital, Fudan University
(Shanghai, China).

Treatment and groups

Rats were randomly divided into 4 groups (n=10
in each group): Group A, rats were sham operated and
injected with the same volume of normal saline and
with an injection rate of 2 pl / min; Group B, rats
were operated and injected with AB1-42; Group C,
rats were operated and injected with AB1-42 and
injected intraperitoneally with 1 mg/kg doxepin; and
Group D, rats were operated and injected intraventri-
cularly with AB1-42 and injected intraperitoneally
with 5 mg/kg doxepin. AB1-42 and doxepin were pur-
chased from Aladdin Chemicals (Shanghai, China).
AB1-42 preparation was performed as previously
described (18).

Rats were anesthetized with 10% chloral hydrate
with an intraperitoneal injection of 300-350 mg/kg.
Rats were fixed on a stereotaxic apparatus (Second
Military Medical University, China), and the top of the
head was cut to expose the anterior fontanel. Group B,
C and D were injected with 5 pl of peptidoglycan AB1-
42 into the lateral ventricle by microinjector. The
stereotaxic coordinates for the injection are as
follows: 0.8 mm posterior to the bregma, 1.3 mm left/
right to the midline, and with a depth of 3.5 mm. The
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rats of group A were sham operated and injected with
the same volume of normal saline and with an
injection rate of 2 ul/min. For doxepin treatment, rats
in group A and B were injected intraperitoneally with
2 ml normal saline, and rats in group C and D were
given an intraperitoneal injection of 1 mg / kg and 5
mg / kg doxepin once a day for 21 days, respectively.

Morris water maze test

On next day of final drug treatment, the water
maze apparatus (150 c¢cm in diameter, 12 cm in
platform diameter, 45 cm high) was filled to a depth of
35 cm with 22 + 1 °C water. The pool was divided into
four equal quadrants with an invisible platform (10
cm in diameter, 2 cm below the water surface) in the
northern quadrant. All rats were received the Morris
water maze test in the next day after drug treatment
and were kept in the laboratory for 7 days to adapt
to the laboratory environment. Training consisted
of 20 consecutive trials (4 trials each day for 5
consecutive days). The rat was placed in the water
facing the pool wall at one of four randomly
determined starting locations. The rat was then
allowed 120 sec to search for the platform. Once the
ratlocated the platform, it was permitted to remain on
it for 30 sec. If the rat did not locate the platform
within this time, it was placed on the platform for 30
sec. Between trials rats were removed from the water
and placed on a dry surface for 60 sec before the start
of the next trial. At the end of the experiment, the time
required to locate the escape platform (escape latency,
in seconds) and the strategy of rats to find the hidden
platform were recorded in each trial for a given
animal. The strategy of rats to find the hidden
platform was scored: (marked 1 score, aimless way
and around the pool border; marked 2 scores, random
way; marked 3 scores, hesitating first and then
straight way; marked 4 scores, prompt and straight

way) (19).

Cell culture

SH-SY5Y human neuroblastoma cell line was pur-
chased from American Type Tissue Culture (Manassas,
VA, USA), and cultured in Dulbecco minimum essential
medium (DMEM) supplemented with 12% heat-
inactivated fetal bovine serum (FBS), 100 U/ml
penicillin and 100 ug/ml streptomycin in a humidified
incubator with 5% CO2z at 37 °C. Cells were trypsinized
and seeded onto 12-well plates with 2x105 cells/well.
Cells were divided into 4 groups: normal cells
(Control group), cells cultured with AB1-42 (AB1-42
group), cells cultured with AB1-42 and doxepin (AB1-
42+ doxepin group) and cells cultured with AB1-42
and LY294002 (AB1-42+LY294002 group). AB1-42
preparation was performed as previously described
(18) and cells were with 5 uM A1-42 for 48 hr. To
evaluate the protection of doxepin on SH-SY5Y cells,
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Table 1. The results of Morris water maze test after doxepin treatment

Doxepin (1 mg/k; Doxepin (5 mg/k
Control AB1-42 P AB(l- me/ke) b AB(1_42g/ ?
(Group A) (Group B) (Group C) (Group D)
Eescape latency 21.45+4.41  34.68+5.02* 31.50+5.85%# 33.68+4.32"
( seconds)
The platform- 2.9340.66 1.80£0.69* 1.93+0.66"

finding strategy scores

2.150.74*#

*P<0.05 compared to Group A, and #P<0.05 compared to Group B

the cells were detached, re-seeded on plates and then
were preincubated with 10 ng/ml of doxepin for 2 hr.
In experiments with 10 uM PI3K inhibitor LY294002
(Cell Signaling Technology, Beverly, MA, USA), cells
were pretreated with the inhibitor for 1 hr prior
to the addition of doxepin. LY294002 was dissolved
in dimethyl sulfoxide (DMSO) and the final concen-
tration of DMSO in culture medium was 0.1%.

Western blot

Hippocampal and temporal lobe tissues were
collected and used for protein extract. Western blott-
ing analysis was carried out as described previously
(20). Proteins were lysed in radioimmunoprecipitation
buffer (RIPA) containing protease inhibitors at 4 °C
for 30 min. Lysates were prepared with a RIPA lysis
buffer kit (Santa Cruz Biotechnology, Inc.), and
the protein concentrations were quantified using a
Bio-Rad protein assay (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Proteins (30 pg) were separated
on 8% SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Amersham; GE Healthcare,
Chicago, IL, USA). The membranes were blocked in
5% non-fat milk (Merck KGaA) overnight at 4 °C,
followed by overnight incubation with the primary
antibodies, anti-synapsin 1 (1:1500, (Chemicon
International Inc.,, Temecula, CA, USA), anti-PSD-95
(1: 500; Cedarlane, Hornby, Ontario, Canada), anti- p-
mTOR and p-AKT (all obtained from Cell Signaling
Technology, Beverly, MA, USA). The membranes were
washed and incubated with a horseradish peroxidase-
conjugated secondary antibody (1: 1,000; Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd.,
Beijing, China) at room temperature for 1 hr. Immuno-
labeled protein bands were detected using an
enhanced chemiluminiscence system (Amersham
Biosciences, Freiburg, Germany) following an autoradio-
graphic exposure to HyperfilmECL (Amersham Bio-
sciences). The quantification of the signals was
performed by densitometry using the program
ImageMaster I-D (Pharmacia, Uppsala, Sweden).

Statistical analysis

Statistical analyses were conducted with the SPSS
16.0 software packages (SPSS Inc., Chicago, IL, USA).
Data were represented as mean+SD. Comparisons
between experimental and control groups were

performed by one-way ANOVA with Tukey's post-hoc
analysis. Differences were considered to be statistically
significant when P-value was less than 0.05.

The results of Morris water maze test of Af1-42-
treated rats after doxepin treatment

The memory function of rats was examined by
observing the time to find the hidden platform
(escape latency) and the platform-finding strategy
score via the Morris water maze test. As shown in
Tablel, the escape latency in Group B was significantly
higher, and platform-finding strategy score was
significantly lower than that in Group A (P<0.05),
which may indicate the successful induction of AD
model by AB1-42 treatment. After treated with 1
mg/kg of doxepin, AB1-42-treated rats showed
markedly lower escape latency and higher platform-
finding strategy score as compared to Group B
(P<0.05), which suggests the effective effects of
doxepin on memory function of AB1-42-treated rats.
However, after treatment with 5 mg/kg of doxepin, we
found that these alterations were not obvious.

The protein expression levels of PSD-95, synapsin 1, p-
AKT and p-mTOR in hippocampus and temporal lobe
of AP1-42-treated rats after doxepin treatment

As shown in Figure 1, the protein expression levels of
PSD-95 and synapsin 1 in hippocampus and tem-
porallobe of AB1-42-treated rats were significantly
decreased as compared to the control group (P<0.05).
The protein expression level of p-AKT in hippocampus
and temporal lobe of AfB1-42-treated rats was signi-
ficantly decreased (P<0.05), but the protein expre-ssion
level of p-mTOR in hippocampus and tempo-ral lobe of
AB1-42-treated rats was significantly increased
(P<0.05). Indeed, after treatment of 1 mg/kg of doxepin,
the expression alterations of these proteins were
significantly reversed. However, after treatment of 5
mg/kg of doxepin, the expression alterations of these
proteins were not significantly reversed.

The protein expression levels of PSD-95, synapsin 1,
P-AKT and p-mTOR in SH-SY5Y cells after PI3K
inhibitor LY294002 treatment

To further validate the effects of doxepin, the in
vitro experiment was performed, which were shown
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Figure 1. The protein expression levels of PSD-95, synapsin 1, p-AKT and p-mTOR in hippocampus and temporal lobe of AB1-42-treated rats

after doxepin treatment

(A) The protein expression levels of PSD-95, synapsin 1, p-AKT and p-mTOR in hippocampus of AD rats after doxepin treatment. (B)The
protein expression levels of PSD-95, synapsin 1, p-AKT and p-mTOR in temporal lobe of AD rats after doxepin treatment. *P<0.05 compared
to Group A, and #P<0.05 compared to Group B. Group A, rats were sham operated and injected with the same volume of normal saline and
with an injection rate of 2 pl/min; Group B, rats were operated and injected with AB1-42; Group C, rats were operated and injected with AB1-
42 and injected intraperitoneally with 1 mg/kg doxepin; and Group D, rats were operated and injected intraventricularly with AB1-42 and

injected intraperitoneally with 5 mg/kg doxepin

in Figure 2. Firstly, we found that the protein expre-
ssion levels of PSD-95, synapsin 1 and p-AKT in SH-
SY5Y cells were significantly decreased as compared
to the control group (P<0.05). The protein expression
level of p-mTOR in SH-SYSY cells was significantly
increased (P<0.05). Doxepin treatment significantly
reversed the expression levels of these proteins
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Figure 2. The protein expression levels of PSD-95, synapsin 1, p-AKT and p-mTOR in SH-SY5Y cells after PI3K inhibitor LY294002 treatment.
*P<0.05 compared to the Control group, and #P<0.05 compared to AB1-42 group, and $P<0.05 compared to AB1-42 + doxepin group. Normal
cells (Control group), cells cultured with 5 uM AB1-42 (AB1-42 group), cells cultured with 5 uM AB1-42 and 10 ng/ml doxepin (AB1-42 +
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(P<0.05). After PI3K inhibitor LY294002 treatment,
we found that the protein expression levels of PSD-95,
synapsin 1 and p-AKT in SH-SY5Y cells were
significantly decreased, and the protein expression
level of p-mTOR was significantly increased as com-
pared to the SH-SY5Y cells that treated with AB1-42
and doxepin (P<0.05).
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Pathologically, the most recognized mechanism is
that by which amyloid precursor protein (APP) can be
cleaved by - and y -secretase generating A [31-42
oligomers (21, 22). AB deposition in neocortex and
hippocampus may cause neuronal death, neuronal
toxicity and synaptic failure, ultimately resulting in
irreversible behavioral alterations and cognitive
impairment (23). Thus, in our study, AB1-42 was used
for the induction of AD rat model. We found that the
escape latency in Group B was significantly higher, and
platform-finding strategy score was significantly lower
than that in Group A. To some extent, these results may
indicate the successful induction of AD model.

After treatment with 1 mg/kg of doxepin, AB1-
42-treated rats showed markedly lower escape
latency and higher platform-finding strategy score as
compared to Group B. However, after treatment with
5 mg/kg of doxepin, we found that these alterations
were not obvious. Totally, these results suggest that
doxepin exerts protective effects on memory
impairment of AP1-42-treated rats. Consistently,
previous study indicates that learning and memory
are impaired in stressful conditions and doxepin
prevented memory deficit (13). In our study, low
concentration (1 mg/kg) of doxepin may have better
effects than high concentration (5 mg/kg). Previous
study suggested that low doses of doxepin affect the
hypothalamus-pituitary-adrenal axis and can prevent
the deleterious effects of stress. High doses of doxepin
probably reduces the effects of stress on memory
(13). Different doses of doxepin may have different
effects, for example, doxepin at low doses but not
at high doses has hypnagogic effects (24). One
underlying mechanism may exist: doxepin at low
doses can selectively antagonise H (1) receptors,
which is believed to promote the initiation and
maintenance of sleep (25).

It has been reported that soluble AP treatment
significantly reduced the level of PSD-95 and synapsin
1 in rat hippocampal neurons (17). In our study, we
found that the protein expression levels of PSD-95 and
synapsin 1 in hippocampus and temporal lobe were
significantly decreased after AB1-42 treatment as
compared to the control group. However, low doses of
doxepin significantly reversed the expression levels of
these proteins. These investigations indicated that
low doses of doxepin exert protective role in synapse
maturation and plasticity through increasing the
protein expression levels of PSD-95 and synapsin 1.
However, we found that high doses of doxepin exert
no significant effects on the expression levels of PSD-
95 and synapsin 1. Previous study indicated that only
low doses of doxepin (1 mg/kg) but not high doses
(5 mg/kg or 10 mg/kg) decreased TNF-a level in the
rat hippocampus (13). This study indicated that high

doses of doxepin had no significant effects on the
expression levels of PSD-95 and synapsin 1, as well as
on the learning or memory ability. Though our study
found the fact that low doses of doxepin could
increase the protein expression levels of PSD-95 and
synapsin 1, the underlying mechanism also needs
further exploration.

PI3K, AKT, and mTOR pathways are vital cellular
components that determine cell fate during acute
and chronic disorders, such as Parkinson’s disease,
Huntington’s disease, epilepsy, AD, stroke, and trauma
(26). Among them, the kinases of PI3K are vital in the
signaling pathways leading to the regulation of
protein kinase B (PKB, also termed AKT) and mTOR
(26). In our study, the protein expression level of p-
AKT was significantly decreased, and the protein
expression level of p-mTOR was significantly
increased both in AD rats and in AP1-42-treated
SH-SY5Y cells. And low doses of doxepin significantly
reversed the expression levels of these proteins.
Importantly, after PI3K inhibitor LY294002 treat-
ment, we found that the protein expression levels of
PSD-95, synapsin land p-AKT in SH-SY5Y cells were
significantly decreased, and the protein expression
level of p-mTOR was significantly increased as
compared to the SH-SY5Y cells that treated with AB1-
42 and doxepin. In concordance, significant increase
in the level of phosphorylation of mTOR was found in
AD temporal cortex compared with controls (27).
Another study showed that Af treatment significantly
decreased the protein level of p-AKT in PC12 cells.
Pretreatment with isorhynchophylline (IRN) could
significantly reverse the effect of A on p-AKT which
accounted for the protective mechanism of IRN
against AB-induced neurotoxicity (28).

In summary, our results demonstrated that doxepin
could protect against the AB1-42-induced memory
impairment in rats. The protective effect of doxepin was
associated with the enhancement of PSD-95 and
synapsin 1 expression via PI3K/AKT/mTOR signaling
pathway. The present study not only advances the
knowledge regarding the neuroprotective mechanism of
doxepin, but also laid a foundation for future clinical
studies to evaluate the potential benefits of doxepin on
AD patients.
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