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• A  novel  extract  of  natural  herbal,  tripchlorolide  has  anti-dementia  action.
• Long-term  T4 treatment  prevents  learning  and  memory  loss  in  aged  SAMP8  mice.
• T4 ameliorates  hippocampal  LTP  in  aged  SAMP8  mice.
• T4 alleviates  synaptic  plasticity  dysfunction  of  the  hippocampus.
• T4 intensified  the signal  pathway  of  CaMKII-CREB-BDNF  in  SAMP8  mice.
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a  b  s  t  r  a  c  t

Deficits  in  cognition  and  performance  accompanying  age-related  neurodegenerative  diseases  such as
Alzheimer’s  disease  (AD)  are  closely  associated  with  the  impairment  of  synaptic  plasticity.  Here,  using
a mouse  model  of senescence-accelerated  P8  (SAMP8),  we  reported  the  role  of tripchlorolide  (T4),  an
extract  of the  natural  herb  Tripterygium  wilfordii  Hook  F, in improving  cognitive  deficits  and  promoting
the  long-term  potentiation  (LTP)  of  hippocampal  slices  via  the  N-methyl-d-aspartate  receptor  (NMDAR)-
dependent  signaling  pathway.  Our  results  demonstrated  that  chronic  administration  of  T4 at  low doses
(0.25,  1.0,  or  4.0  �g/kg per  day,  injected  intraperitoneally  for 75  days)  significantly  improved  learning
and  memory  function  in aged SAMP8  mice,  as  indicated  by  a  chain  of  behavioral  tests  including  the  Y-
maze  and  Morris  water  maze.  Additionally,  T4 reversed  the  impaired  LTP  in hippocampal  CA1  regions
of  SAMP8  mice  in  a dose-dependent  manner.  Moreover,  it upregulated  the  levels  of  phospho-NMDAR1,
postsynaptic  density-95  (PSD-95),  phospho-calcium-calmodulin  dependent  kinase  II (CaMKII),  phospho-
CREB  and  brain  derived  neurotrophic  factor (BDNF)  in the  hippocampus.  This  indicates  that  T4 prevents
the  impairment  of  NMDAR-mediated  synaptic  plasticity-related  signal  molecules.  At  optimal  doses,  T4

did  not  show  significant  side-effects  on blood  counts,  blood  biochemical  measures,  or survival  of the
mice.  This  novel  mechanism  in  reversing  age-related  synaptic  dysfunction  and  NMDAR  functional  deficits
suggests  that  T4 can  halt  the  manifestation  of  a  key  early-stage  event  in  AD.  With the  consideration  of
SAMP8  mice  as a model  to develop  therapeutic  interventions  for  AD, our  findings  provide  new  insight
into  the  clinical  application  of tripchlorolide  in AD treatment.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Age is the most prominent risk factor in neurodegenerative dis-
eases including Alzheimer’s disease (AD). In aged adults, AD is the
most common cause of dementia, which manifests the signs of
memory loss, spatial disorientation, and weakness of intellectual
capacity [1]. In fact, this age-related decline in cognitive function is
associated with increased synaptic function change in brain.

Of all the animal AD research models, the senescence-
accelerated prone-8 (SAMP8) displays irreversible advancing early
senescence and exhibits cognitive impairment that reduces phys-
ical activity and erodes memory and thinking skills as seen in AD
patient [2]. Interestingly, SAMP8 mice exhibit not only the cogni-
tive deficits with the underlying mechanisms in synaptic, dendritic
and memory alterations [3,4], but also pathological changes similar
to those found in AD, such as the abnormal expression of amyloid
precursor protein (APP) and amyloid-beta (A�)  proteins, amyloid-
like deposition in the brain, and increased physphorylation of Tau
[5–8]. Different from other aged wild-type and single-transgenic
(APP or PS1) and double-transgenic (APP + PS1) mice which present
significant deficits in learning and long-term potentiation (LTP)
properties that are not related with the presence of amyloid beta
deposits [9], these mice have early amyloid accumulation in the
hippocampus which then aggravates with age [6]. Both aging
and A� decrease the neuronal plasticity by targeting N-methyl-
d-aspartate receptor (NMDAR), which can adversely impair the
cognitive performance. This impaired cognitive performance in
aged SAMP8 mice can be improved by antisense to APP and anti-
body to reduce the level of A� in the brain [10–13]. In the early
stage of AD, A� accumulation is also documented and found to be
associated with synaptic dysfunction. Taken together, these find-
ings suggest that the abnormal expression of A� contributes to
the cognitive decline in aged SAMP8 mice and the animal model
can be a useful tool to study the mechanisms underlying cognitive
impairments and to explore the related drug treatments for AD [14].

Of all the candidate agents, tripchlorolide (designated as
T4, Fig. 1) is a novel extract from Chinese herb Tripterygium
wilfordii Hook F (TWHF) that has been found to have potent anti-
inflammatory and immunosuppressive functions and is widely
used in China for treatment of rheumatoid arthritis [15,16]. Com-
pared with other analogs, T4 has a lower toxicity [17], and
its lipophilic properties generated by chloridion modification
and small molecular size (MW  397) most likely facilitate its
passage through the blood–brain barrier. Many studies includ-
ing epidemiological, basic and clinical research on AD have
shown that nonsteroidal anti-inflammatory drug (NSAID) treat-
ment reduces the risk of AD. As an extract from Chinese herb
TWHF, T4 has been found to have a significant neuroprotec-
tive effect in combatting inflammatory neurotoxicity induced
by lipopolysaccharide-activated microglia [18]. It can protect

Fig. 1. The chemical structure of tripchlorolide (T4).

neuronal cells not only from microglia-mediated A� neurotoxic-
ity by inhibiting NF-�B and JNK signaling [19], but also directly
protect against the neuronal apoptosis induced by A�, by regulat-
ing Wnt/�-catenin signaling [20]. Recently, in our studies on T4,
we also found that T4 attenuates the secreted A�1–42 and A�1–40
in N2a/APP695 cells (paper unpublished, data not shown). These
studies suggest that T4 could be a modulator in the production of
A� and a potential neurotrophic and neuroprotective agent in the
treatment of AD.

Of the underlying mechanisms, synaptic loss and synaptic dys-
function are the most robust predictors of cognitive impairment
in AD [21]. The pathogenesis of AD can be best explained by a
loss of plasticity [22], which may  have adverse dendritic ramifica-
tions, such as synaptic remodeling, long-term potentiation (LTP),
axonal sprouting, neurite extension, synaptogenesis, and neuro-
genesis. To date, few studies have shown that NSAID could restore
working memory deficit and decremental LTP and discussed the
underlying mechanisms [23] and even scarce reports have focused
on the role of T4 in an age-related animal model with synaptic plas-
ticity disruption, especially the effects of T4 on LTP and synaptic
plasticity-related proteins and the related signal activation. Here,
we investigated the effects of long-term administration of T4 on the
improvement of learning and memory dysfunction in aged SAMP8
mice. Furthermore, we  elucidated that T4 that preserves the synap-
tic plasticity through regulating LTP and synaptic plasticity-related
proteins including postsynaptic density-95 (PSD-95), and NMDAR.
In addition, we observe the effect of long-term administration of T4
at an optimal dose on the survival of mice and drug side-effects on
blood counts and blood biochemical changes.

2. Materials and methods

2.1. Reagents

T4 was obtained from Department of Pharmacology of Fudan
University (Shanghai, China). The material was in the form of
white needle-like crystals, with a melting point of 256–258 ◦C, a
molecular weight of 397, and a purity of 98% by reverse phase
high-pressure liquid chromatography (HPLC) evaluation.

2.2. Animals and treatment with

Virgin male SAMP8 and SAMR1 mice were generously provided
by the Department of Laboratory Animal Science of Peking Univer-
sity. Each mouse was individually housed in a plastic cage with a
constant temperature of 22 ± 0.5 ◦C and humidity of 60 ± 5% under
a 12 h light–dark cycle (lights turned on at 6:00 a.m.). All mice
received standard rodent diet and tap water ad lib.  Any animals
with gross defects (tumors outside trunk, motor incapacitation, or
overt blindness) were excluded prior to the behavioral examina-
tion. All procedures used in these studies observed the National
Institute of Health Guidelines for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and
Utilization Committee of Fujian Medical University.

Mice were allowed 1 week to adapt to their environment after
arrival. Before the being used for experiments, SAMP8 mice were
tested in a Y-maze and then randomly allocated into four groups of
18–20, according to their Y-maze performance.

T4 was prepared fresh and applied as a single daily injec-
tion at 9:00 a.m. It was first dissolved in dimethylsulphoxide
(DMSO) and later diluted with 0.9% NaCl-physiological saline (N.S.)
(DMSO < 0.05‰)  and injected intraperitoneally. A single daily dose
of 0.25, 1.0 and 4.0 �g/kg was  respectively administered to SAMP8
mice aged 7.5 months for a total of 75 days. SAMP8 mice receiving
vehicle (N.S.) were treated as a T4-free control. The age-matched
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SAM-resistant/1 (SAMR1) mice treated with vehicle (N.S.) served as
a model (SAMP8) control. During the experiment, animal weights
were measured once per week. By the time for behavioral tests, all
five groups of animals were 10 months old and were subjected to
behavioral testing as described below.

2.3. Behavioral test

2.3.1. Y-maze
2.3.1.1. Apparatus. Testing was performed in a Y-shaped maze as
previously described [24]. The Y maze consisted of three plexiglass
arms of equal size joined together in a Y configuration with the
following dimensions: arm length 40 cm,  height 25 cm,  and width
10 cm.  The apparatus was placed on the floor of the experimental
room and illuminated with a 100-W bulb from 200 cm above.

2.3.1.2. Spontaneous alternation. This method was used to assess
the normal navigation behaviors of rodents (without food depriva-
tion or other aversive procedures). Mice were placed into the end
of one arm and allowed to explore the maze freely for 8 min. All
arm entries were sequentially scored so that the total number of
arm entries, as well as the sequence of entries was recorded. The
percentage of spontaneous alternation behavior was calculated as
the number of trials containing entries into all three arms divided
by the maximum possible alternations (the total number of arms
entered minus 2) [25]. Additionally, the number of arm entries
served as an indicator of activity.

2.3.1.3. A two-trial recognition Y-maze. The Y-maze has also been
employed for the Spatial recognition memory test as described by
Dellu [26]. As in the aforementioned study, the Y-maze in the cur-
rent paper consisted of three equilaterally intersecting arms with
spatial cues positioned inside the maze and one trial consisted of
two exposures to the maze. The mice were placed in an arm of the Y-
maze (start arm) with one of the arms blocked off (novel arm) and
were allowed to explore the start arm and remaining arm (other
arm) for 10 min. And then they were removed from the maze and
returned to their home cages. After a delay of 4 h, they were reintro-
duced to the spatial location where they had been placed in the first
exposure and allowed to explore all three arms for 5 min, and the
number of entries and time spent in each arm were recorded. The
maze was wiped clean with 70% ethanol between each exposure to
minimize odor cues. As reported by Conrad [27], mice with func-
tional spatial memory are more likely to enter the arm located in
the unexplored spatial location than to enter the arms in locations
that they had already visited in the initial exposure, whereas mice
with impaired spatial memory will explore the visited and unvis-
ited arms similarly. It has been proposed that the duration of time
animals spend in the novel arm reflects the exploratory behavior
and while the number of entries into the novel arm, the inquisitive
behavior [28,29].

2.3.1.4. Contextual conditioned shock-light–dark task. The floor of
the Y-maze was electrified so that shocks (40 ± 5 V for 10 s) could
be delivered. The arms of the Y-maze were designated ‘start’,
‘correct’ and ‘incorrect’, and the ‘correct’ arm remained illumi-
nated throughout the test to encourage entry. The ‘incorrect’ arm
remained electrified to discourage entry. At the beginning of the
test, mice were placed in the start arm and three doors opened
simultaneously to allow entry to all three arms of the Y-maze. An
electric shock was delivered to induce escape from the start arm
after the ‘correct’ arm had been illuminated for 5 s, causing entry
into either the correct (illuminated) or incorrect (electrified) arm,
which was scored as one trial. A total of 40 trials per day were car-
ried out for each animal. In the first trial, one arm was  designated
as the start arm, a second arm as the correct and the remaining one

as the incorrect arm. In the next trial, the original start arm served
as the incorrect arm, the original correct arm as the start arm, and
the original incorrect arm as the correct one, and then the pro-
cess was  repeated. The inter-trial interval was  5 s. Retention was
tested 24 h later. Each entry into the electrified arm was  counted
as an error, and the number of errors and the escape latency to the
correct arm were used as parameters of hippocampal-dependent
spatial learning memory.

2.3.2. Morris water maze test
After the Y-maze test, the Morris water maze (MWM)  was  used

as a method to evaluate of spatial learning and memory. The proce-
dures were modified from Morris [30]. Briefly, a black circular tank
(120 cm in diameter, 50 cm in height) filled with water (21–23 ◦C)
was circled by a white cloth curtain with four differently shaped
(circle, triangle, square and column bar) black cardboard pieces
hung equidistantly. A hyaline platform (10 cm in diameter, 24 cm in
height) was  submerged 1.0 cm below the surface of the water. Each
mouse underwent four successive trials a day for 7 days in mem-
ory acquisition trials (training). The interval between trials every
day was 15 min  for the mice to recover physically. The sequence of
water-entry points differed each day, but the location of the plat-
form was constant. Latency to find the platform was measured up
to a maximum of 60 s. On locating the platform, the mouse was
left there for 15 s before the next trial. If the mouse failed to locate
the platform within 60 s, it was  guided to the platform and allowed
to stay there for 15 s. Latency was recorded for each trial. A probe
trial was  performed 24 h after the last training session. In this trial,
the platform was  removed from the tank and mice were allowed
to swim freely for 60 s. Two indexes were calculated: (1) the time
(in s) spent by the mouse in the target quadrant in which the plat-
form was  hidden during acquisition trails; (2) the number of mice
crossing exactly over the original position of the platform. All trials
were videotaped by a camera located 2 m above the water surface
and analyzed by a PC computer.

2.4. Hippocampal slice electrophysiology

2.4.1. Hippocampus slice preparation
Mice were anesthetized with halothane and decapitated. Brains

were rapidly removed, and transverse slices (500 �m thick) of the
hippocampus were cut from tissue blocks with a Vibratome (Tech-
nical Products International, Saint Louis, MO,  USA). The slices were
pre-incubated in an incubation chamber with oxygenated artifi-
cial cerebrospinal fluid (ACSF) at room temperature for at least
1 h before use. The ACSF containing (in mM)  117 NaCl, 4.7 KCl,
2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25NaHCO3, and 11 glucose was
continuously bubbled with 95% O2/5% CO2 to maintain a pH of 7.4.

2.4.2. Field-potential recordings
Slices were transferred to an interface chamber that was

continually superfused with ACSF at a rate of 1–2 ml/min.
Microelectrodes for extracellular recording were pulled from
microfiber-filled borosilicate capillaries (OD 1.0 mm,  ID 0.58 mm)
using a Flaming–Brown horizontal micropipette puller (Sutter
Instruments, Novato, CA, USA). The microelectrodes were filled
with 3 M NaCl and the resistance was  3–5 M�.  The microelectrode
tips were visually positioned in the dendritic layer of the CA1 region
using a dissecting microscope. A bipolar electrode was placed in the
stratum radiatum to stimulate the Schaffer collateral/commissural
pathway. The stimulus intensity was  set to evoke 40–50% of
the maximal amplitude of field excitatory postsynaptic potentials
(EPSPs). The two train high frequency stimulation (100 Hz, 1 s) was
delivered to induce LTP. Field EPSPs were monitored and analyzed
with the use of a computer-based data acquisition system. The
slopes of field EPSPs were normalized to the averaged baseline
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value (100%). Only a single slice from each hippocampus was used
for each group of experiments.

2.5. Tissue preparation

After the behavioral test, all animals were anesthetized with 10%
chloral hydrate (3 ml/kg). Intracardiac blood was  obtained for blood
examination, and then mice from each group were perfused via the
left ventricle with 30 ml  of cold (4 ◦C) 0.1 M phosphate. The hip-
pocampi were dipped into liquid nitrogen after a quick separation
and then stored at −80 ◦C for western blotting.

2.6. Western blotting

The hippocampi were sonicated in a cold lysis buffer with pro-
tease inhibitors (lysed in a buffer containing 0.1 M TBS, 2.5 mM
Na4P2O5·10H2O, 4 mM NaF, 2 mM Na3VO4·12H2O, 1% protease
inhibitor cocktail, 1% Triton X-100). After 30 min  on ice, the
samples were centrifuged at 16,000 × g for 10 min  at 4 ◦C. The
supernatants were collected gently, and a fraction of the total
homogenates was removed for measurement of total protein con-
centrations. A total of 60 �g protein lysates were separated with
10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) (Bio-Rad Laboratories, Foster City, CA, USA) and trans-
ferred onto polyvinylidene difluoride (PVDF) transfer membranes
(Millipore, Billerica, MA,  USA). After blocked in a 5% non-fat
dry milk solution, the membranes were incubated overnight at
4 ◦C with different antibodies: rabbit monoclonal PSD-95 (Milli-
pore, Billerica, MA,  USA, 1:1000), p-NMDAR1 (Ser896) (Santa Cruz,
Dallas, TX, USA, 1:200), p-CaMKII (Thr286) (Santa Cruz, Dallas,
TX, USA, 1:2000), CREB (Cell Signaling Technology, Beverly, MA,
USA, 1:1000), p-CREB (Ser133) (Cell Signaling Technology, Bev-
erly, MA,  USA, 1:1000), and BDNF (Santa Cruz, Dallas, TX, USA,
1:150). After 3 washes with TBST, the membranes were incubated
for 90 min  with horseradish peroxidase-coupled secondary anti-
body (KPL, Gaithersburg, MD,  USA, 1:2000) at room temperature.
Immunoreactive bands were visualized using an enhanced chemi-
luminescence kit (KPL, Gaithersburg, MD,  USA). �-Tubulin (Sigma,
Saint Louis, MO,  USA, 1:8000) was used as an internal protein con-
trol. Immunoreactive signals were visualized on the X-ray film.
Quantification of the band density was performed by densitometric
analysis.

2.7. Blood examination

The blood counts for mice from each group were measured
by a HEMAVET 950 veterinary multi-species hematology system
(Anchorage, AK, USA). The serum biochemistry indexes were mea-
sured by BECKMAN LX20 clinical chemistry system (Brea, CA, USA).

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism 4.03
and Sigmaplot 3.5. All data were expressed as “mean ± standard
error mean (S.E.M)”. Indexes in acquisition trails such as escape
latency in the water maze were analyzed by repeated-measure
two-way ANOVA. The other behavior results and the expression of
proteins were analyzed by ANOVA followed by Tukey’s post hoc test.
In electrophysiology experiments, statistical significance between
groups was measured by one-way ANOVA followed by Bonferroni
post-test across the postconditioning points on the LTP data sets
and the statistical significance in every postconditioning point was
assessed by Student’s t-tests. Survival curves were analyzed by
the Logrank test. The data of blood examination was  analyzed by

one-way ANOVA. For all statistical analyses, p value of less than
0.05 was  considered to be significant.

3. Results

3.1. Long-term treatment with T4 alleviates learning and memory
loss in aged SAMP8 mice

In an effort to test whether T4 could ameliorate cognitive deficits
in aged SAMP8 mice, 7.5-month-old SAMP8 mice were treated daily
with T4 (at 0.25, 1.0 and 4.0 �g/kg per day respectively, injected
intraperitoneally for 75 days). SAMR1 mice of the same age were
used as a “normal aging” control. Their performance in the Y-maze
and Morris water maze was used to determine whether T4 could
improve their learning and memory function (by the time of behav-
ioral tests, aged 10 months). SAMR1 mice of the same age acted as
a “normal aging” control.

In the Y-maze test, the number of arm entries decreased sig-
nificantly among vehicle-treated SMAP8 mice (Fig. 2A, p < 0.05, vs.
SAMR1 group), which indicates the impairment of locomotion abil-
ities and exploratory activities of aged SAMP8 mice. Spontaneous
alternation represents spatial working memory, which is classified
as short term and hippocampus-dependent memory [31] In this
study, the 10-month-old SAMP8 mice showed a significant impair-
ment in spontaneous alternation behavior when compared with to
the age-matched SAMR1 group (Fig. 2B). Of note, the impairment
was markedly recovered in the group of T4-treated aged SAMP8
mice and the ameliorative effect of T4 was significant for any dose
(0.25, 1.0 or 4.0 �g/kg per day) (Fig. 2B, p < 0.05). However, there
were no observed dose-dependent effects.

We further tested visual recognition memory classified as
hippocampus-dependent memory using a Spatial recognition
memory test. When compared with SAMR1 mice, the vehicle-
treated SAMP8 mice showed a significantly shortened exploratory
time for the novel arm (Fig. 2C). In contrast, when compared with
the vehicle-treated SAMP8 mice, the T4-treated aged SAMP8 mice
showed a significant increase in the percentage of time spent in the
novel arm (40.07% for 0.25 �g/kg per day, 35.85% for 1.0 �g/kg per
day, and 40.38% for 4.0 �g/kg per day) (Fig. 2C).

Furthermore, the mice were tested by a contextual conditioned
shock-light–dark task to evaluate their associative memory after
treatment with T4 and vehicle control. Vehicle-treated SAMP8 mice
displayed a significant decrease in accuracy rate especially dur-
ing the retention session (Fig. 2D) and displayed a longer escape
latency (Fig. 2E), when compared with SAMR1 mice. As expected,
T4 treatment in the T4-treated aged SAMP8 mice resulted in a
higher accuracy rate (over 90% for all three doses) and a shorter
escape latency (below 10 s for all three doses) during acquisition
and retention sessions (Fig. 2D and E).

Lastly, with the Morris water maze, we  examined mice for
spatial reference memory, which is classified as a long-term and
hippocampus-dependent memory. In memory acquisition trials
(training), the mice learned the hidden-platform task. The ability
of SAMP8 mice to find an invisible platform was  impaired com-
pared with that of SAMR1 mice (Fig. 3A and B). The main effect
for day was  significant (F(6,270) = 25.74, p < 0.001). The day × group
interaction was not significant (F(24,270) = 0.69, p > 0.05). Though
the main effect for group was not significant (F(4,45) = 1.968,
p < 0.05), two-way RM ANOVA revealed a significant increase in
escape latency in the vehicle-treated SAMP8 mice when compared
with that of SAMR1 mice (F(1,20) = 4.4, p < 0.05), and a signifi-
cant decrease in escape latency in T4-treated group (4.0 �g/kg per
day) when compared with that of vehicle-treated SAMP8 con-
trols (F(1,17) = 4.925, p < 0.05). The significant increase in escape
latency in finding the platform in the group of vehicle-treated

LEN
高亮

LEN
高亮



Author's personal copy

12 N. Lin et al. / Behavioural Brain Research 258 (2014) 8– 18

Fig. 2. Influence of chronic T4 treatment on Y-maze performance in aged SAMP8 mice. A battery of behavioral tests representing various cognitive functions was  carried out
sequentially for 10-month-old male mice. (A) Total arm entries were counted for 8 min. SAMP8 (vehicle) showed fewer total arm entries than did mice given T4-0.25, -1.0,
-4.0  �g/kg, respectively or SAMR1 mice. (B) Spontaneous alternation (%) was  calculated as the ratio of actual alternations to possible alternations. (C) A two-trial recognition Y-
maze  T4-0.25, -1.0, -4.0 �g/kg treated groups showed a significantly higher percentage of entries into the novel arm than into the other arm. (D and E) Contextual conditioned
shock-light–dark tasks were performed. A Retention session was  carried out 24 h after the shock conditioning. The accuracy rate of T4-treated SAMP8 mice was  significantly
higher  than that of SAMP8 (vehicle), and the escape latency was shorter. Each column indicates mean ± S.E. (R1, n = 12; P8 (vehicle), P8 + T4-0.25, n = 10; P8 + T4-1.0, -4.0 �g/kg,
n  = 9). #p < 0.05, ##p < 0.01, compared with SAMR1 (vehicle). *p < 0.05, **p < 0.01, compared with SAMP8 (vehicle).

SAMP8 controls was observed on day 1 when compared with that
of SAMR1 control mice (p < 0.05), whereas the significant decrease
in escape latency in T4-treated groups, as compared with that of
aged SAMP8 controls was observed on day 6 and 7 of training
(p < 0.05). In probe trials, the SAMP8 mice without T4 treatment
failed to show any spatial bias for the platform positions and
they spent significantly shorter time in the target quadrant than
SAMR1 mice (14.03 ± 4.47% vs. 28.30 ± 4.15%, p < 0.05) (Fig. 3C).
Meanwhile, the SAMP8 mice with T4 treatment consistently spent
approximately one-third of the probe time searching the quad-
rant that previously contained the hidden platform. The crossing
number of T4-treated mice was significantly different from that
of the aged SAMP8 control (p < 0.05) (Fig. 3D). The crossing num-
ber was 2.6 ± 0.45 for the 0.25 �g/kg per day group, 2.7 ± 0.36 for
the 1.0 �g/kg per day group, and 3.14 ± 0.48 for the 4.0 �g/kg per
day group.

Taken together, these data indicate that the SAMP8 mice consis-
tently display obvious cognitive abnormalities in different learning
and memory paradigms, while T4 treatment improves learning and
memory loss in aged SAMP8 mice, although there was  no observed
significant difference between groups of different dosages in some
tests of our study.

3.2. T4 ameliorates hippocampal LTP in aged SAMP8 mice

Synaptic plasticity plays an important role in elucidating the
neurobiological mechanisms of learning and memory. We  sought

to assess, in vivo, whether T4 rescued the underlying impair-
ment of electrophysiological parameters in aged SAMP8 mice.
After behavioral tests, brains were removed from the SAMP8 mice
with and without T4 treatment and LTP was  assessed in the CA1
region of the hippocampus. Slices from 10-month-old SAMP8
mice were significantly less responsive to conditioning trains
than those from age-matched SAMR1 controls (113.85 ± 6.94%
vs. 148.96 ± 11.14%, p < 0.01) (Fig. 4). LTP at 60 min  after high-
frequency stimulus trains was 148 ± 7.85% (n = 12) for SAMR1 mice
and 115 ± 7.56% (n = 10) for SAMP8 mice (Fig. 4). The two  train
high frequency stimulation also successfully induced LTP in slices
from T4-treated SAMP8 mice at 0.25 �g/kg. For these animals,
LTP responses between 0 and 60 min  after high-frequency stim-
ulus trains was  124.52 ± 4.45% and at 60 min  was  125 ± 3.45%
(n = 10). The LTP responses of T4-treated SAMP8 mice at 1.0
and 4.0 �g/kg were not significantly different from those of
age-matched SAMR1 controls (141.07 ± 6.94% vs. 149.96 ± 11.14%
and 142.24 ± 7.22% vs. 149.96 ± 11.14%, respectively, p > 0.05),
whereas they were markedly enhanced compared with those
of age-matched SAMP8 mice without T4 treatment (p < 0.01)
(Fig. 4). For these animals, LTP at 60 min  was  141 ± 4.03% for T4
at 1.0 �g/kg (n = 9); and 140 ± 5.77% (n = 9) for T4 at 4.0 �g/kg
(Fig. 4).

Together with the behavioral data, these electrophysiological
data strongly suggest that T4 can alleviate functional abnormali-
ties and reverse the hippocampal synaptic plasticity impairment in
aged SAMP8 mice.
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Fig. 3. T4 improves the spatial learning and memory of aged SAMP8 mice in the Morris water maze. Escape latency in each block of the hidden platform during a 60-s session
was  measured over 7 days in aged SAMP8 at 10 months. The probe test was  performed on day 8. (A) Representative swimming tracks showed a block of 4 trials per day in each
group. Tracks of the T4-0.25, -1.0, -4.0 �g/kg treated groups showed shorter paths to escape to the hidden platform in a spatial acquisition test (row 1–7)  and longer paths to
explore the target quadrant, as well as more times crossing the place where the platform was  previously located in the probe test (bottom row) than that of SAMP8 (vehicle).
(B)  The latency in SAMP8 (vehicle) was significantly longer than that of SAMR1 (vehicle) mice. The latencies of T4-0.25, -1.0, -4.0 �g/kg treated groups were significantly
shorter than that of SAMP8 (vehicle). Data are expressed as means ± S.E. and analyzed by repeated-measure two-way (group × day) ANOVA. (C and D) Time mice spent in
target  quadrant and the number of crossings in the probe test was presented as mean ± S.E. One-way ANOVA was performed. #p < 0.05, compared with SAMR1 (vehicle).
*p  < 0.05 or **p < 0.01, compared with SAMP8 (vehicle).

3.3. T4 up-regulates the expression of synapse plasticity-related
NMDAR1 and PSD-95 proteins in the hippocampus of SAMP8 mice

Synaptic plasticity is associated with cognition and relies on the
normal integration of glutamate receptors at the PSD. We  stud-
ied the levels of two synaptic proteins, postsynaptic density 95
(PSD95) and p-NMDAR1. As shown in Fig. 5, compared with SAMR1
mice, the expression of PSD-95 and p-NMDAR1 in the hippocam-
pus of the vehicle-treated SMAP8 mice was decreased by 29.6%
and 42.2%, respectively. In contrast, compared with that of vehicle-
treated SAMP8 group, the expression of PSD-95 and p-NMDAR1 in
the hippocampus of T4-treated SAMP8 group was  respectively sig-
nificantly up-regulated (p < 0.05). The maximal accelerant potency
of T4 at 4.0 �g/kg per day was 1.8-fold for PSD-95 and 3.2-fold for
p-NMDAR1 (Fig. 5).

3.4. T4 increases the level of BDNF protein by up-regulating the
level of CaMKII and CREB phosphorylation in SAMP8 mice

CaMKII plays a key role in synaptic plasticity, while autophos-
phorylation of the kinase is essential for NMDAR-dependent LTP
[32] in CA1 as part of spatial learning. As shown in Fig. 6A, the
level of p-CaMKII decreased by 26.8% in the vehicle-treated SAMP8
mice when compared with that of the SAMR1 mice. However, the
p-CaMKII level was significantly upregulated, nearly to the level of
SAMR1 mice, when SAMP8 mice were treated with T4.

Cyclic AMP-response element binding protein (CREB), which
can be phosphorylated by CaMKII, is a transcription factor that
binds to the promoter region of many genes, including BDNF, which
is associated with memory and synaptic plasticity. Western blot
analysis demonstrated that the levels of p-CREB and BDNF proteins
were significantly decreased in the hippocampus of vehicle-treated
SAMP8 mice (50.0% and 21.4% respectively), when compared with
those of SAMR1 mice (Fig. 6A and B). However, T4 treatment
restored the levels of p-CREB and BDNF proteins to those of con-
trol SAMR1 mice (Fig. 6B and C). The p-CREB protein level in the
T4-treated SAMP8 mice (4.0 �g/kg for 75 days) was found to be
significantly increased by nearly 180% when compared with that
of the SAMP8 vehicle-treated SAMP8 group and the expression
of BDNF was  up-regulated close to the level in the SAMR1 mice
across the T4-treated SAMP8 groups. These data strongly suggest
that T4 alleviates synaptic plasticity dysfunction by triggering the
CaMKII-CREB-BDNF signal pathway.

3.5. T4 at an optimal dose produces no adverse effects on the
survival of mice and no significant drug side-effects on blood
counts and blood biochemical changes

The above data clearly demonstrate that T4 ameliorates the
cognitive impairment in SAMP8 mice. We  were also interested in
whether T4 could affect the health and/or lifespan of SAMP8 mice.
Under the microbiological condition of housing, the life span of
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Fig. 4. T4 ameliorates hippocampal LTP in aged SAMP8 mice. (A) LTP was  induced
by  two  high-frequency stimulus trains. The level of long-term potentiation was
compared between SAMR1 (vehicle), SAMP8 (vehicle) and the T4 treated group
slices. Slices from SAMP8 (vehicle) mice potentiated significantly shorter than those
from SAMR1 (vehicle) and the T4 treated groups. The arrows indicate application
time points for conditioning stimulus trains. (B) Statistical analysis of average LTP
responses between 0 and 60 min  after two high-frequency stimulus trains. Data
are expressed as means ± S.E. ##p < 0.01, compared with SAMR1 (vehicle). **p < 0.01,
compared with SAMP8 (vehicle).

Fig. 5. T4 up-regulates the levels of p-NMDAR1 and PSD-95 in the hippocampus of
SAMP8 mice. The mice were treated with T4 (0.25,1.0,4.0 �g/kg per day, respectively)
for  75 days. (A) Representative Western blot of p-NMDAR1 and PSD-95. �-Tublin
was  used as a control for protein loading. (B) Densitometric analysis of p-NMDAR1
and  PSD-95 test bands were normalized to �-tublin and expressed as relative fold
compared with control. The values are expressed as mean ± S.E. of at least three
independent experiments. *p < 0.05, **p  < 0.01, compared with SAMP8 (vehicle).

Fig. 6. T4 increases the levels of p-CAMKII, p-CREB and BDNF expression in the hip-
pocampus of SAMP8 mice. The mice were treated with T4 (0.25, 1.0, or 4.0 �g/kg
per day) for 75 days. (A) Representative western blot for p-CAMKII. �-tublin was
used as a control for protein loading. Densitometric analysis of the p-CAMKII band
was normalized to �-tublin and expressed as relative fold compared with con-
trol. (B) Representative Western blot of p-CREB and CREB protein. The amount
of phosphorylated CREB and total CREB was quantified by scanning desitometry
of  immunoreactive bands and expressed as relative fold compared with control.
(C)  Representative Western blot of BDNF. �-Tublin was  used as a control for pro-
tein  loading. Densitometric analysis of BDNF band was normalized to �-tublin
and  expressed as relative fold compared with control. The values are expressed
as  mean ± S.E. of at least three independent experiments. *p < 0.05, compared with
SAMP8 (vehicle).
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Fig. 7. Effects of T4 treatment on survival of aged SAMP8. Survival curves were
plotted for vehicle-treated SAMR1 mice and all SAMP8 groups. Survival curves were
analyzed by the Logrank test. In contrast to R1, P8 mice that received vehicle showed
a  decreased survival. T4 treatment of SAMP8 mice did not result in a decrease in
survival (p = 0.7325).

SAMP8 mice ranges from 10 months to 17 months. This life span
is shorter than that of SAMR1 mice, which ranges from 19 months
to 21 months [33]. The analysis of the survival curves showed that
there was a markedly higher mortality rate in the SAMP8 mice than
in SAMR1 mice (Fig. 7). Only 1 mouse died in the SAMR1 group, but
8 out of 18 in the SAMP8 mice died. The median survival time of
the SAMP8 mice from day 1 to sacrifice was 316 days (�2 = 7.930,
vs. SAMR1, p = 0.0049). However, by the sacrifice day, the mortal-
ity rate in the T4-treated groups (0.25, 1.0, 4.0 �g/kg per day) was
40.0%, 44.4% and 68.4%, respectively. Accordingly, T4 administra-
tion for 75 days did not statistically change the survival rate of the
SAMP8 mice under our experimental conditions (�2 = 0.6403, � = 3,
p = 0.8872) (Fig. 7).

We measured the routine blood counts in all mice to deter-
mine the effects of T4 on peripheral blood in the SAMP8 mice.
The results showed that there were no significant changes in the
quantity of different leukocytes, or the levels of erythrocytes and
platelets between the SAMP8 mice with and without T4 treatment
(Fig. 8, p > 0.05). Meanwhile, we also measured blood biochemi-
cal indexes including blood plasma protein, transaminases, lipids,
glucose, creatinine and cardiac enzymes. Compared with SAMR1
mice, the vehicle-treated SAMP8 group had lower levels of albumin,
cholesterol and creatine kinase (p < 0.05). However, no significant
differences were found in overall biochemical indexes between
the SAMP8 mice with T4 treatment and those without T4 treat-
ment (p > 0.05) (Table 1). These results demonstrate that long-term
T4 administration (0.25, 1.0, 4.0 �g/kg per day) does not result in
significant drug side-effects on blood cells or blood biochemistry.

4. Discussion

According to the related literature available, an extensive char-
acterization of the effects of tripchlorolide (T4), a pharmacological
active component purified from the natural product Tripterygium
wilfordii Hook F (TWHF), has seldom been studied in an Alzheimer’s
disease mouse model. We  have demonstrated in previous studies
that in vitro, T4 is neuroprotective against inflammatory neuro-
toxicity induced by lipopolysaccharide or A�-activated microglia
by inhibiting NF-�B and JNK signaling [18,19], and neuronal apo-
ptosis induced by A� by regulating Wnt/�-catenin signaling [20].
To the best of our knowledge, the current study appears to be a
first attempt to show that T4 in vivo promotes synaptic plastic-
ity and subsequently maintains learning and memory capacity in
SAMP8 model of AD. This study have has identified a novel regu-
latory mechanism different from the established neuroprotective
activity by which T4 plays a multi-faceted role in preserving synap-
tic plasticity, including regulation of LTP and balance of synaptic
plasticity-related proteins, such as PSD-95, NMDAR, and the related

signal activation. Our results further highlight the potentiality
of T4 treatment for neurodegeneration and conditions involving
impaired cognition, with implications for a wider range of CNS
disorders.

Most mouse models for AD research currently focus on the
expression of AD-related specific gene mutations present in early-
onset familial AD and thus represent less than 5% of AD cases.
The SAMP8 model, however, has been documented by a consid-
erable number of reports to be a good model for studying the
mechanism of age-related cognitive dysfunction displaying many
features known to occur early in the pathogenesis of AD, such as
increased amyloid-� alterations [34], tau hyperphosphorylation,
cholinergic system dysfunction [35], noticeable functional deficits
in hippocampal and prefrontal cortical circuits and dendritic spine
abnormalities in hippocampal neurons [3,4]. Furthermore, the
long-term potentiation (LTP) in the CA1 area of hippocampal slices
prepared from SAMP8 mice significantly decreased with age [36].
Therefore, SAMP8 mice may  be an excellent candidate for studying
the early neurodegenerative changes associated with sporadic AD
and may  provide a more complete picture of a human syndrome
triggered by a combination of age-related events.

Different behavioral tests have demonstrated that SAMP8 mice
have age-related learning and memory deficits [37–41]. We  also
found that the aged SAMP8 mice displayed obvious cognitive
abnormalities, consistently observed in different learning and
memory tests, when compared with the age-matched SAMR1 mice.
More importantly, when we  explored how an active intervention of
T4 would affect the cognitive deficits in this mouse model, we  found
that a long-term low dose administration of T4 (0.25–4.0 �g/kg
per day for 75 days) improved the performance of SAMP8 mice
in spatial working memory (the spontaneous alternation behav-
ioral task), visual recognition memory (the two-trial recognition
Y-maze), spatial alternation (the contextual conditioned shock-
light–dark task) and acquisition and retention of reference memory
in Morris water maze task.

In these learning and memory paradigms, spatial memory
requires an integrative control function in the hippocampal forma-
tion [31] and synaptic plasticity represents a prominent component
of this cognitive activity. The hippocampus has therefore been a
major experimental system for studies of synaptic plasticity in the
context of putative information-storage mechanisms in the brain.
Long-term potentiation (LTP) is the main form of synaptic plasticity
[42,43], and was first identified in the hippocampus, reflecting the
activity level of the synaptic information storage process. Thus, LTP
can serve as a promising index to study the underlying mechanisms
of learning and memory. In the present study, we  demonstrated for
the first time that improvement of hippocampal LTP in T4-treated
SAMP8 mice is dose-dependent, suggesting that T4 can improve
synaptic plasticity in SAMP8 mice. These results also indicate that
T4 can promote synaptic integrity and plasticity, as well as cognitive
function.

The prevailing view is that NMDARs play a pivotal role in the
induction of many forms of activity-dependent LTP, by acting as a
coincidence detector of presynaptic and postsynaptic firing [44].
NMDAR1 subunit dysfunction is linked to cognitive impairment
in aged animals [45,46]. NMDA receptors are responsible for most
Ca2+ influx in response to synaptic activity. Since this channel is
Ca2+ permeable, the influx of Ca2+ can trigger autophosphoryla-
tion of CaMKII, promoting translocation of CaMKII to the PSD and
interaction with the NMDAR. This leads to activation of intracel-
lular signaling pathways that culminate in the phosphorylation of
transcription factors such as CREB, which is critical for LTP [47–50].
CREB phosphorylation plays a key role in synaptic function and
memory [51,52]. CREB is a transcription factor binding to the pro-
moter regions of genes, including BDNF, which is associated with
memory and synaptic plasticity [53,54]. To date, there have been no
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Fig. 8. Effects of T4 on peripheral blood cells in SAMP8 mice. (A and B) Cell counts and categorization of peripheral while blood cells (C) the level of hemoglobin in peripheral
red  cells. (D) Quantification of blood platelets. Data are expressed as means ± S.E. Percentage of various cell types, levels of hemoglobin and platelets from different treated
groups  were plotted (p > 0.05).

Table 1
Effects of T4 on serum biochemistry indexes in SAMP8 mice.

Biochemistry
indexes

R1 (vehicle)
N = 12

P8 (vehicle)
N = 10

P8 (T4-0.25)
N = 10

P8 (T4-1.0)
N = 9

P8 (T4-4.0)
N = 9

Total protein (g/L) 57.98 ± 1.01 51.51 ± 5.83 56.94 ± 1.30 58.88 ± 2.48 54.80 ± 1.42
Albumin (g/L) 33.60 ± 0.62 26.40 ± 2.78* 30.06 ± 0.56 30.32 ± 0.96 31.16 ± 1.16
Alanine
aminotransferase
(ALT)  (IU/L)

38.24 ± 9.22 40.50 ± 8.58 46.95 ± 4.52 68.73 ± 22.85 63.30 ± 17.19

Aspartate
aminotransferase
(AST)  (IU/L)

125.03 ± 13.97 95.21 ± 16.45 140.40 ± 26.69 81.87 ± 20.00 131.2 ± 29.24

Alkalin
phosphatese (IU/L)

87.92 ± 15.63 55.90 ± 6.90 62.40 ± 3.46 61.25 ± 5.19 61.2 ± 3.78

Cholesterol
(mmol/L)

3.22  ± 0.25 2.07 ± 0.36* 2.85 ± 0.28 2.84 ± 0.10 2.37 ± 0.48

Triglyceride
(mmol/L)

1.10  ± 0.10 1.20 ± 0.22 1.85 ± 0.20 1.51 ± 0.24 1.75 ± 0.26

Glucose  (mmol/L) 10.65 ± 0.80 8.45 ± 1.74 11.82 ± 1.00 10.12 ± 1.12 9.35 ± 2.04
Creatine kinase
(U/L)

809.00 ± 116.59 419.66 ± 89.19* 802.38 ± 188.97 628.25 ± 124.09 764.63 ± 216.28

Creatine kinase MB
mass (U/L)

220.03 ± 14.26 173.56 ± 28.86* 217.75 ± 33.26 244.37 ± 29.00 231.86 ± 26.76

Date are expressed as means ± S.E. (n = 9–12).
* P < 0.05, compared with SAMR1 (vehicle).

reports on the effects of T4 on the activation of NMDAR-mediated
synaptic plasticity. Our results provide the first evidence that sys-
temic long-term delivery of T4 can enhances the NMDAR-mediated
CaMKII-CREB-BDNF synaptic plasticity-related signaling pathway
in aged SAMP8 mice.

Substantial data have identified that A� may  be responsible
for synapse loss and dysfunction in AD. At physiological levels,
A� has an essential function at the synapse. However, in pres-
ence of amyloidosis, soluble non-fibrillar A� assemblies present
in AD brain cause synaptic memory failure [55,56]. The integrity of
synapses in mnemonic circuitry is compromised in its structure
and function. A� has been proved to be a modulator of synap-
tic plasticity and transmission in AD pathogenesis. Recent data
indicate that overproduction of A� induces destructive effects in

pre- and post-synapse and that its influence could even be extended
over a distance of about 10 microns of neurons to involve more
synapses, which interferes more storage of memory and obstructs
signals transmission in the brain [57].

In another study of T4 effects on the production of APP and A�
proteins, we  found, that T4 decreases the expression of A�(1–40)
and A�(1–42) in vitro by modulating �-secretase (BACE1) (paper
unpublished, data not shown). We  consider T4 as a modulator
of �-secretase in the A� production. It was  reported that a �-
secretase modulator CHF5074 attenuated memory deficit in young
transgenic mice without amyloid-beta plaque deposition. After 4
week of oral treatment with �-secretase modulator, the impair-
ment of memory was fully reversed, which is also associated
with the reversal of LTP impairment in the hippocampus [58].
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The result implies that the beneficial effects of modulator of APP
secretase may  occur at an early stage that precedes the plaque
formation.

In present study, T4 treatment improved the learning and mem-
ory functions and reversed the impairment of LTP in SAMP8 mice
that were proved to have early amyloid accumulation from 6
months onward [6]. There are grounds for believing that this is
a modulated effect by inhibiting A� overproduction. It would be
more convincing if the intraneuronal A� and hyperphosphorylated
tau were detected along with the alternations of cognition and
neuronal plasticity in our experiment.

As a component of anti-inflammatory drug, T4 may  work not
only by lowering the expression of A� but also by reducing of
inflammation to improve AD thus reversing the cognitive impair-
ment. However, until present, there are only very few reports
about anti-inflammation drugs on A�-mediated suppression of
synaptic plasticity and memory function, let alone specific stud-
ies of T4 effects. Moreover results from different experiments are
controversial because of the inconsistent experiment design. One
study reported that chronic administration of NSAID indomethacin
restored learning deficits and dysfunctional synaptic plasticity
induced by aggregated amyloid deposits in the dentate gyrus were
restored [59]. It proposed that the inflammatory response by A�
deposition has a detrimental effect on synaptic function and mem-
ory. However, in another study, NSAIDs ibuprofen and naproxen
were found to restore memory function in Tg2576 mice and block
A�-mediated inhibition of LTP in a way other than reductions in
the expression of A�42 or decreases in inflammation [60]. With the
data we obtained in present study, in order to identify a mech-
anism underlying the T4-induced improvement of the cognitive
deficits and synaptic plasticity in AD, further supplementary exper-
iments are needed to differentiate the possible anti-inflammatory
regulation pathways and associated inflammation factors includ-
ing inflammatory cytokines, tumor necrosis factor alpha (TNF-�)
and interleukin 1beta (IL-1�), etc, which may  be relevant to the
function of T4.

As there are few studies about T4 as a treatment of AD in vivo,
we selected our doses of T4 out of the following considerations.
Firstly, we realize that AD is a chronic and advancing disease, which
advocates a long-term therapeutic scheme of low dosage to avert
the toxicity and side-effects as much as possible. Secondly, in the
investigation into T4 effects on other neurodegenerative diseases,
such as in PD mice model [61,62], the dosage of T4 ranged from
0.5 �g/kg for 16 days to 1 mg/kg for 28 days, which proved to be
effective and safe. Therefore, we chose the aforementioned treat-
ment scheme in the current study (from 0.25 �g/kg to 4.0 �g/kg
for 75 days). As the safe dosage range of T4 is quite narrow, there
was no significant difference found between each dose in our
design (only 2.5 fold), which may  be a primary reason for the
absence of dose-dependent effects in some tests. For all this, inter-
estingly, we found that the dosage of 4.0 �g/kg day was  significantly
effective in both the Morris water maze and electrophysiology
test.

In conclusion, our results clearly demonstrate the protective
effect of T4 treatment on learning/memory in a senescence-
accelerated mouse (SAM) model of AD. Notably, T4 treatment
is able to reverse the deterioration of LTP in hippocampal CA1
regions observed in aged SAMP8 mice. The mechanism through
which T4 regulates synaptic plasticity may  include activity changes
in NMDAR-related signal molecules including PSD-95 protein,
phospho-CaMKII, phospho-CREB and BDNF in the hippocampus. In
addition, T4 at an optimal dose does not affect the survival of mice or
show significant side-effects on blood counts and blood biochem-
ical changes. This observed T4-mediated reversal of age-related
synaptic dysfunction and NMDAR signaling deficits strongly sug-
gests that T4 can halt a key early-stage event in AD. Together with

previous studies, our data indicates that T4 is a potential therapeutic
agent for preventing and slowing AD progression.
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