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Abstract

Curcumin, the most active component of turmeric, has various beneficial properties, such
as antioxidant, anti-inflammatory, and antitumor effects. Previous studies have suggested
that curcumin reduces the levels of amyloid and oxidized proteins and prevents memory
deficits and thus is beneficial to patients with Alzheimer’s disease (AD). However, the
molecular mechanisms underlying curcumin’s effect on cognitive functions are not well-
understood. In the present study, we examined the working memory and spatial reference
memory in rats that received a ventricular injection of amyloid-$1-42 (AB1-42), representing
a rodent model of Alzheimer’s disease (AD). The rats treated with AB1-42 exhibited obvious
cognitive deficits in behavioral tasks. Chronic (seven consecutive days, once per day) but
not acute (once a day) curcumin treatments (50, 100, and 200 mg/kg) improved the cogni-
tive functions in a dose-dependent manner. In addition, the beneficial effect of curcumin is
accompanied by increased BDNF levels and elevated levels of phosphorylated ERK in the
hippocampus. Furthermore, the cognition enhancement effect of curcumin could be mim-
icked by the overexpression of BDNF in the hippocampus and blocked by either bilateral
hippocampal injections with lentiviruses that express BDNF shRNA or a microinjection of
ERK inhibitor. These findings suggest that chronic curcumin ameliorates AD-related cogni-
tive deficits and that upregulated BDNF-ERK signaling in the hippocampus may underlie
the cognitive improvement produced by curcumin.

Introduction

Alzheimer's disease (AD) is the most common form of dementia, accounting for approximately
50% to 70% of typical, late-onset cases of dementia. AD is histologically characterized by the
extracellular deposition of amyloid B peptides (AB) and the intracellular accumulation of
hyper-phosphorylated tau [1]. Numerous in vitro and in vivo studies have suggested that A
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plays a causal role in AD pathogenesis [2, 3]. Notably, AP has also been shown to play an
important role in the cognition deficits, neuro-inflammation, and apoptosis observed in AD,
but the underlying mechanisms remain largely uncertain.

Curcumin, a major polyphenol from curry spice (Curcumalonga), has been reported to
reverse AP detrimental effects in vitro [4, 5]. Previous studies have shown that curcumin pos-
sesses many properties that may prevent or ameliorate the pathological processes underlying
age-related cognitive decline, dementia or mood disorders. In particular, experimental evidence
has demonstrated that curcumin exhibits neuroprotective effects in a variety of AD models [6,
7]. The prevention of synaptic protein loss has been suggested to mediate the protective effects
of curcumin [8, 9]. Recently, Hoppe JB and colleagues have shown that A exerted deleterious
effects on synaptic activity in hippocampal slice cultures that were counteracted by curcumin
via the modulation of synaptic proteins, such as CaMKII and synapsin I [10]. A follow-up
study from the same group indicated that rats with AB1-42 lateral ventricle infusion showed
significant hippocampus-dependent learning and memory impairment (Y-maze task and
novel object recognition task), which was associated with a significant decrease in the hippo-
campal synaptophysin levels, as well as a disturbance in brain-derived neurotrophic factor
(BDNF) expression [11].

The neurotrophin BDNF plays a diverse role in regulating neuronal structure and function
in both the developing and adult CNS, and it has emerged as one of the most important signal-
ing molecules for the developing nervous system, the impaired nervous system, and multiple
diseases, including AD [12, 13]. As a key mediator of synaptic efficacy, BDNF has been shown
to be involved in neuronal connectivity and neuroplasticity [14, 15]. Notably, BDNF promotes
the survival of basal forebrain cholinergic neurons both in vitro and in vivo [16, 17]. The selec-
tive loss of basal forebrain cholinergic neurons and their projection regions, the hippocampal
formation and cortex, are generally thought to be important neuroanatomical markers in AD
patients [18, 19]. Several studies have demonstrated altered BDNF serum levels in AD patients.
Indeed, BDNF plays a critical role in neuronal survival, synaptic plasticity, and memory [20],
all of which are related to AD-related cognitive deficits. Laske C and colleagues have shown
that higher BDNF serum levels are associated with a slower rate of cognitive decline in AD
patients [21].

Previous studies have suggested that BDNF supports neuronal survival, participates in neu-
ronal plasticity, and mediates long-term potentiation and memory processes, which may con-
tribute to the beneficial effect of curcumin on AB-related cognitive dysfunctions. However,
direct evidence of this support remains lacking. Therefore, the present study was aimed to
investigate whether the BDNF signaling pathway is directly involved in the protective effect of
curcumin on cognitive decline in AD and to identify this disease’s underlying mechanisms.

Material and Methods
Reagents and drugs

Curcumin and amyloid-B1-42 (AB1-42) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Prior to injection, the AB1-42 peptide was dissolved in a physiological saline solution at
a concentration of 5 mg/ml and incubated at 37°C for 72 h to induce aggregation. Human full-
length BDNF proteins and rabbit monoclonal antibodies against phospho-GSK 38 (Ser 9) and
total GSK 3B were purchased from Abcam (Cambridge, UK). Rabbit polyclonal antibodies
against BDNF, phospho-ERK (Thr202/Tyr204), total ERK, phospho-JNK (Thr183/Tyr185),
total JNK, phospho-p38 (Thr180/Tyr182), and total p38 and GAPDH were obtained from Cell
Signaling Technology (Beverly, MA, USA). The GSK-3 modulators, wortmannin, and ERK
inhibitor PD98059 were obtained from Sigma-Aldrich (St. Louis, MO, USA). We used
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commercial lentiviral-BDNF shRNA particles and control non-targeting shRNA lentiviral par-
ticles, both of which were obtained from Santa Cruz (Santa Cruz Technology, CA, USA).

Animals

Male Sprague-Dawley rats, weighing 200 + 20 g at the beginning of the experiment, were
housed in a room maintained at 23°C with a 12-hour light-dark cycle. The rats were given free
access to food and water. This study was carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of
the University of Zhengzhou (Permit Number: 2014097B). All surgery was performed under
chloral hydrate anesthesia, and all efforts were made to minimize suffering.

Surgery and microinjection

The animal model of Alzheimer's disease was prepared using the AB1-42 aggregates intracer-
ebroventricular (i.c.v.) injection method. The rats were anesthetized with chloral hydrate (35
mg/kg, i.p.) and penicillin (1.5 x 10° U/rat) and mounted on a stereotaxic apparatus (RWD
Life Science Co., Ltd, Shenzhen, China). The scalp was incised and retracted, and the head posi-
tion was adjusted to place bregma and lambda in the same horizontal plane. The skulls of the
rats were opened, and burr holes were drilled at the corresponding position to allow for the i.c.
v. injection of AB1-42 (anteroposterior: -0.8 mm from Bregma, medial/lateral: £1.4 mm and
dorsal/ventral: -4.0 mm) or intra-hippocampal injection (anteroposterior: -3.8 mm from
Bregma, medial/lateral: +2.2 mm and dorsal/ventral: -2.7 mm). For the infusion of AB1-42,
two small holes were made, and AB1-42 (2.0 pl per side) was injected bilaterally into the lateral
ventricles through a stainless steel cannula using a Hamilton microsyringe. Sham rats were
bilaterally injected with same volume of saline (2.0 pl per side, i.c.v.) into cerebroventricular.
The injection lasted 5 min, and the needle with the syringe was left in place for 2 min after the
injection to ensure the complete infusion of the drug. After surgery, two stainless steel obtura-
tors were inserted into the guides to prevent cannula occlusion. Penicillin was applied daily,
and the rats were allowed 5 days to recover from surgery. Behavioral testing was performed 5
days after the surgery (Day 6). Each rat was only used in one behavioral test unless specified.
For the intra-hippocampal injection, two guide cannulas (21-gauge) were inserted into the
hippocampus and anchored to the skull with sterile stainless steel screws and acrylic dental
cement. BDNF (1.0 pg), PD98059 (20 uM), wortmannin (100 uM) or the same volume of 0.9%
saline was infused bilaterally (in a total volume of 1.0 ul/side) into the hippocampus over 5
min. When needed, lentiviral-shBDNF (approximately 1.0 x 10°® infectious units of virus
per yl) or lentiviral-control shRNA particles were microinjected bilaterally into the hippocam-
pus through the guide cannulas. After completing the injection, the injectors were left in place
for 2 min to ensure adequate diffusion from the injector tip. Microinjections were performed
30 min before the behavioral test.

Y-maze test

To assess working memory and exploration behavior, rats from both the acute and repeated
treatment groups were tested in the Y-maze. The Y-maze consisted of three white plastic arms
separated by a 120° angle. Each arm was 30 cm long, 10 cm wide, and restricted by 20-cm high
walls. The room was moderately lit (200 lux). The animals were placed at the center of the
maze and allowed to explore freely for 5 minutes, during which the number and order of arm
entries was recorded. According to Typlt et. al [22], spontaneous changes, which reflect the
strength of working memory, were calculated as the ratio between (sequence of 3 consecutive
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arm entries)/(total arm entries -2). A low percentage of alternation is indicative of an impaired
spatial working memory because the rat cannot remember which arm it has just visited, and
thus shows decreased spontaneous alternation.

Open-field test (OFT)

To verify the effects of i.c.v. treatment with AB1-42 on locomotor activity, OFT were per-
formed after the Y-maze test. The animals were placed at the center of the arena and allowed to
explore the apparatus freely for 60 minutes with the experimenter out of the animal’s sight. A
black square arena (100 x 100 x 60 cm) was used for the test. The total distance travelled was
analyzed using video-tracking software (SMART, Panlab SL, Barcelona, Spain).

Morris water maze task

To assess spatial reference learning and memory, a separate cohort of rats from both the acute
and repeated treatment groups were tested in the Morris water maze. The experimental appa-
ratus (RWD Life Science, Shenzhen, China) consisted of a circular water pool (diameter 150
cm; height 60 cm; containing water at 24+2°C) divided into four equally spaced quadrants. The
pool was placed in a test room containing various prominent visual cues. A translucent 10 x 10
cm platform submerged 1 cm below the water surface was hidden at the center of quadrant II
during the training period and was then removed at the time of the probe task. Memory train-
ing was performed 5 days after AB1-42 injection. The training was conducted twice per day for
five consecutive days before the probe task. Each rat was allowed to swim until it found the
platform or until 120 s elapsed. The rat was then left on the platform for 10 s. During the spatial
probe task, the platform was removed from the pool, and the rats were allowed to swim for 120
s. The swim escape latency, average swim speed, time spent in the target quadrant, and number
of times the animal crossed the previous location of the platform were recorded by a video
tracking system (SMART, Panlab SL, Barcelona, Spain). The experimental procedures for
acute and chronic curcumin treatment are outlined in Fig 1A.

Western blot

The rats were sacrificed by decapitation, and the brains were quickly removed. The hippo-
campal tissues were carefully dissected on ice. To extract the protein, frozen tissues were
homogenized in pre-cooled RIPA buffer (50 mM Tris-HCI, 50 mM NaCl, 5 mM EDTA, 10
mM EGTA, 2 mM sodium pyrophosphate, 4 mM paranitrophenylphosphate, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 2 pg/ml aprotinin, 2 pg/ml leupeptin
and 2 pg/ml pepstatin, pH 7.5). The homogenates were incubated on ice for 30 minutes and
centrifuged at 12000 x g and 4°C for 15 min. The protein content was determined using the
bicinchoninic acid method (Joincare Co., Zhuhai, China). The protein samples were sub-
jected to 12% SDS-PAGE and transferred to PVDF membranes. The membranes were
blocked for 1 h with 5% non-fat milk in Tris-buffered saline (500 mM NaCl, 20 mM Tris-
HCI], pH 7.5) containing 0.05% Tween-20 and incubated overnight with primary antibodies
at 4°C (all diluted at 1:1000). The next day, the membranes were washed three to four times
with 0.1% Tween-20 TBS (pH 7.6) and incubated with horseradish peroxidase-conjugated
anti-rabbit or anti-mouse secondary antibodies. An enhanced chemiluminescence kit (Milli-
pore, MA, USA) was used to detect immunoreactive protein bands. The blots were normal-
ized to GAPDH (1:1000).
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Fig 1. The experimental protocol of the Morris water maze for acute or repeated curcumin treatment.

doi:10.1371/journal.pone.0131525.g001

Statistical analysis

A statistical analysis was performed using one- or two-way ANOVA followed by Dunnett’s
post hoc test, each group was compared with the AB1-42+saline group. The results are
expressed as the means + SEM. F, DFn, DFd and P indicate the value of the F-test, the degrees
of freedom of the numerator and denominator and the significance, respectively, and were
used to determine whether the factors significantly affected the result. In the probe tests, one-
sample t-tests was performed vs. the 25% hazard level. To analyze the western blots, the
detected bands were densitometrically quantified using QuantityOne (Bio-Rad). The relative
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Fig 2. Effect of acute curcumin on working memory, motor function and spatial reference memory in an AB1-42-treated rat model of Alzheimer's
disease. (A) The spontaneous alteration in the Y-maze. (B) The total arm entries in the Y-maze. (C) The total distance travelled in an open-field test. (D)
Representative swim traces in the Morris water maze training trial. (E) The escape latency during the water maze training trials. (F) The time spent in the
target quadrant in the probe task. n = 8 each group. * P <0.05 and ** P < 0.01 compared with AB1-42 + saline group

doi:10.1371/journal.pone.0131525.9002

protein phosphorylation was expressed as the mount of phosphorylated protein vs. that of the
total protein. Significance was accepted at P < 0.05.

Results

Acute curcumin treatment does not influence the cognitive function in an
AB1-42-treated rat model of Alzheimer's disease

The rats were injected with a single dose of curcumin (50, 100 and 200 mg/kg, i.p.) or saline

(n = 8/group) and underwent behavioral tests. Each rat only participated in one behavioral test.
A one-way ANOVA was used to analyze the significance of the effect of treatment on sponta-
neous alternation [F (4, 35) = 4.981, P < 0.01; Fig 2A] but not total arm entries [F (4, 35) =
1.685, P = 0.1754; Fig 2B] in the Y-maze. As expected, AB1-42+saline rats showed a significant
lower ratio of spontaneous alternation (P < 0.01) compared with sham (i.c.v. injected with
saline) rats, suggesting impaired working memory in the AB1-42-induced rat model of Alzhei-
mer's disease. However, AB1-42-treated rats injected with a single dose of curcumin of 50, 100
or 200 mg/kg did not show any improvement in spontaneous alternation (P = 0.99, 0.97 and
0.89, respectively) compared with AB1-42+saline rats. Next, we evaluated whether A1-42 or
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acute curcumin could affect motor function because almost all cognitive tests rely on motor
behavior. Two-way ANOVA with repeated measurements reported a significant effect of time
[F (5,210) = 22.16, P < 0.0001] but not treatment [F (4, 210) = 1.403, P = 0.234] on the total
distance in OFT (Fig 2C), indicating that these rats do not exhibit locomotor deficits. We then
tested spatial reference learning and memory in a Morris water maze. The representative navi-
gation paths at the end of the water-maze training (day 10, ie. the training day 5) demonstrated
that spatial learning acquisition was obviously impaired in the AB1-42-treated rats relative to
the rats of the sham control group (Fig 2D). Further analysis revealed that the escape latencies
decreased from training day 1 to day 5 in both the sham and AB1-42-treated groups [Fyime (4,
190) = 4.307, P < 0.01] (Fig 2E). Moreover, the i.c.v. administration of AB1-42 significantly
attenuated the spatial learning ability of rats [Fyeament (1, 190) = 14.70, P < 0.01]. The AB1-
42-treated rats showed longer escape latencies than the sham rats on training days 3 and 5
(both P < 0.05). Twelve hours after the last water maze training, a single dose of curcumin was
administered i.p., and the rats were subjected to the probe task to assess the spatial reference
memory (Fig 2F). One-way ANOVA revealed a main effect of treatment on the time spent in
the target quadrant [F (4, 35) = 5.022, P < 0.01]. However, the AB1-42+saline group did not
differ from the AB1-42 combined with 50, 100 or 200 mg/kg curcumin groups (P = 0.98, 0.97
and 0.99, respectively), indicating that acute curcumin administration did not improve spatial
reference memory. Moreover, sham group was significantly increased from the AB1-42+saline
group (P < 0.01) and 25% hazard level (P < 0.0001). In addition, the visible platform version
of MWM was performed to detect visual and motivational deficits. The results indicated no
visual and motivational deficits in AB1-42 rats (S1 Fig).

Chronic curcumin treatment improves cognitive function and promotes
the expression of BDNF and phospho-ERK in hippocampus

Rats were treated with curcumin (50, 100 and 200 mg/kg, i.p., once per day) or saline (n = 8/
group) for 5 consecutive days. Each rat only participated in one of the behavioral tests, includ-
ing the Y-maze, OFT or Morris water maze. Chronic treatments significantly affected the spon-
taneous alternation [F (4, 35) = 6.046, P < 0.01; Fig 3A] but not total arm entries [F (4, 35) =
0.5965, P = 0.6675; Fig 3B]. The spontaneous alternation in the Ap1-42+Cur (50 mg/kg) and
AB1-42+Cur (100 mg/kg) groups were not differ from the Ap1-42+saline group (P = 0.98 and
0.95, respectively). However, there was a significant increase of the spontaneous alternation in
the 200 mg/kg curcumin-treated rats (P < 0.05), indicating an amelioration in working mem-
ory. A significant effect of time [F (5, 210) = 18.08, P < 0.0001] but not treatment [F (4, 210) =
1.125, P = 0.3459] on the total distance of OFT was observed, suggesting no locomotor deficits
in these rats (Fig 3C). The escape latencies significantly decreased after the chronic administra-
tion of 100 and 200 mg/kg curcumin [Fi eatment (4, 295) = 4.813, P < 0.01; Fyjpe (4, 295) =
15.97, P < 0.0001; Fig 3D]. The representative navigation paths in the probe trials are shown in
Fig 3E. In the probe trials, chronic curcumin treatment significantly affected the time spend in
the target quadrant [F (4, 35) = 4.342, P < 0.01; Fig 3F]. The time spent in the target quadrant
in the sham and AB1-42+Cur (100 and 200 mg/kg)-treated rats were significantly higher than
the AB1-42+saline rats (all P < 0.01), indicating that the spatial memory markedly improved
in the Alzheimer's disease rats. Moreover, AB1-42+Cur (100 and 200 mg/kg) and the sham
group were significantly higher vs the 25% hazard level (P < 0.0001 of all groups). To rule out
the possible effect of curcumin per se on the spatial memory, we conducted the chronic curcu-
min administration without A injection (ie. sham+Cur group) to address this concern. No sig-
nificant effect of curcumin (50, 100 and 200 mg/kg) was found on the spatial learn memory (S2
Fig), indicating that the chronic curcumin administration per se do not affect spatial memory.
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and ***P < 0.0001 compared with AB1-42 + saline.

To observe the effects of chronic curcumin on BDNF, GSK3 and MAPK activation in the
AP1-42-treated rat model of Alzheimer's disease, a new cohort of animals was injected with
curcumin (i.p., once per day) for 7 consecutive days and killed 30 min after the last injection.
The expression of levels BDNF, total GSK38, ERK, JNK and p38, as well as their phosphory-
lated (activated) forms in the hippocampus were analyzed (Fig 4). Treatment significantly
affected the BDNF expression in the hippocampus [F (4, 35) = 4.525, P = 0.0047]. The expres-
sion of BDNF was significantly promoted in the AB1-42+Cur (100 and 200 mg/kg, P < 0.01
and 0.05) and the sham group (P < 0.05) as compared with the AB1-42+saline group. How-
ever, the repeated administration of 50 mg/kg curcumin did not affect the BDNF levels
(P =0.987). The phosphorylation of GSK3 [F (4, 35) = 5.328, P = 0.0019] was significantly
decreased by repeated administration of 100 and 200 mg/kg curcumin compared with the
AB1-42+saline groups. Furthermore, there was no difference in phospho-GSK3p between the
AB1-42+saline and the AB1-42+Cur (50 mg/kg) group (P = 0.8478). The level of total GSK3f
did not differ among groups [F (4, 35) = 0.5644, P = 0.7509]. A one-way ANOVA revealed a
significant effect of treatments on the phosphorylation of ERK [F (4, 35) = 11.37, P < 0.0001]
but not on JNK [F (4, 35) = 0.2659, P = 0.8978] or p38 [F (4, 35) = 0.3674, P = 0.8302]. A post
hoc analysis showed that the levels of phospho-ERK in the AB1-42+Cur (100 and 200 mg/kg,

PLOS ONE | DOI:10.1371/journal.pone.0131525 June 26, 2015 8/17



@’PLOS ‘ ONE

Curcumin Improves AD Memory Deficits via BDNF Signaling in Hippocampus

BONF | ™ S - - 00D,

D-GSK3} | W s we s e | 46 kDa

GSK3p |

GAPDH |-----| 37 kDa

D D
© &
& &
> M
N Y
o o
o BDNF p-GSK3p/total GSK3p
& > 20" 4.0-
2
2 1.5 . 3.0-
© *
2
2 1.0 2.0
8 *  *
>
| 46 kDa So5{ T T 1.0+
[
=X 0.0 ‘
3 sham AB1-42 + saline ApB1-42 + Cur (50 mg/kg)
‘9\ Q@ @*\ @B Ap1-42 + Cur (100 mg/kg) @B Ap1-42 + Cur (200 mg/kg)
N R & Q&q
S >
Q Q
& o

p-ERK/total ERK p-JNK/total JNK  p-p38/total p38

p-ERK | ——

—_ = | 44/42 kDa

3.0+
2>
ERK |SNES SN IS WS SN | 4442kDa g o
[
T
pUNK | S ——| 554 kD2 = 201
o 4
(1]
p38 | | 38 kDa c
3 0.0
GAPDH I— —_— -—| 37 kDa Ol sham BN Ap1-42 + saline AB1-42 + Cur (50 mg/kg)

@ AB1-42 + Cur (100 mg/kg) @B Ap1-42 + Cur (200 mg/kg)
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P < 0.01 compared with AB1-42 + saline.

doi:10.1371/journal.pone.0131525.g004

P < 0.05 and 0.0001) and the sham group (P < 0.05) were significantly higher than in the
AB1-42+saline group. Phospho-ERK in the AB1-42+Cur (50 mg/kg) was similar to the sham
group (P =0.9691).

BDNF in the hippocampus is necessary for the cognition enhancement
effect of chronic curcumin

Chronic curcumin (100 mg/kg, i.p.) or saline (sham rats) were administered as previously
described. BDNF (1.0 pg/side) or lentiviral-shBDNF was injected bilaterally into the hippo-
campus 30 min after curcumin injection. At the end of the behavioral test, the rats were killed,
and their brains were removed. The cannula tracks and injection sites in the hippocampus
were verified, and an example is shown in Fig 5A. The cannula lesion and injection sites were
well localized to the dorsal hippocampus. Thirty-eight animals in total were included in the
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Fig 5. Effect of intra-hippocampal injections of BDNF protein or lentiviral-shBDNF on spatial learning function in the rat model of Alzheimer's
disease. (A) Schematic representation showing the approximate location of microinjections into the VLO. Only rats with injection cannula tips located
bilaterally in this site were included. (B) Swim speed in each training trial. (C) The escape latency during the water maze training trials. (D) The time spent in
the target quadrant and (E) the number of times crossing the platform in the probe task. n = 8/group. For panel C, ***P < 0.0001, AB1-42 + saline vs sham; #
P <0.05, ### P <0.0001, AB1-42 + BDNF vs. AB1-42 + saline group; A P < 0.05, AB1-42 + Cur vs. AB1-42 + saline group. For other panels, * P <0.05, **
P <0.01, *** P<0.0001 compared with AB1-42 + saline.

doi:10.1371/journal.pone.0131525.9005

final analyses (sham group, n = 7; AB1-42+saline group, n = 8; AB1-42+Cur group, n = 8;
AB1-42+BDNF group, n = 7; AB1-42+Cur+shBDNF group, n = 8). Two rats were discarded
due to misplaced injection sites. No changes in swimming speed were observed in these rats
during the entire water maze training period [Fireatment (4, 167) = 0.1839, P = 0.9465; Fyime (4,
167) = 0.1581, P = 0.9591] (Fig 5B), indicating no locomotor deficits in these rats. Two-way
ANOVA revealed a significant effect of drug treatments [Fi catment (4, 283) = 4.246,

P =0.0023] as well as time [Fy;y,e (4, 283) = 20.64, P < 0.0001] on the escape latency (Fig 5C).
In the probe trial, the amount of time in the quadrant was significantly higher in the Ap1-42
+Cur, AB1-42+BDNF and the sham group than in the AB1-42+saline group (P < 0.01,
0.0001 and 0.0001, respectively) (Fig 5D). Moreover, AB1-42+Cur, AB1-42+BDNF and the
sham group were significantly higher vs the 25% hazard level (P < 0.0001 of all groups). No
obvious difference in the platform crossing was observed between the AB1-42+saline, AB1-
42+Cur, AB1-42+BDNF and AB1-42+Cur+shBDNF groups (Fig 5E). Moreover, the amount
of time in the quadrant and number of times the platform crossed did not significantly differ
between the AB1-42+salineand AB1-42+Cur+shBDNF rats, indicating that intra-hippocam-
pus shBDNF administration completely blocked chronic curcumin-induced cognitive
improvement.
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Intra-hippocampus infusion of ERK inhibitors, but not GSK3 activator,
blocks the curcumin-induced cognitive improvement

Because chronic curcumin affected both hippocampal ERK and GSK3 phosphorylation, we
next investigated which of these factors plays a larger role in curcumin-induced hippocampus-
dependent spatial memory enhancement. The ERK inhibitor PD98059 (20 uM) or GSK3 acti-
vator wortmannin (100 uM) (combined with chronic curcumin i.p. injection) was injected
bilaterally into the hippocampus 30 min before the water-maze training trial. Thirty-six ani-
mals total were included in the final analyses (sham group, n = 8; AB1-42+saline group, n = 6;
AB1-42+Cur group, n = 8; AB1-42+Cur+PD98059 group, n = 6; AB1-42+Cur+wortmannin
group, n = 8). Four rats were discarded due to misplaced injection sites. No changes in swim-
ming speed were observed in these rats during the entire water maze training period [Freatment
(4,159) = 0.02157, P = 0.9991; Fyime (4, 159) = 0.1366, P = 0.9686] (Fig 6A). A two-way
ANOVA revealed a significant effect of drug treatments on [Fyeatment (4, 159) = 10.95,

P < 0.0001], time [Fyime (4, 159) = 110.7, P < 0.0001] and an interaction [F (16, 159) = 2.583,
P =0.0013] with the escape latency (Fig 6B). In the probe trial, the rats in the AB1-42+Cur,
AB1-42+Cur+wortmannin and sham groups spent increased amounts of time in the quadrant
(Fig 6C) and crossed the platform at similar frequencies (Fig 5D) compared with the AB1-42+-
saline group. However, the AB1-42+Cur+PD98059 group showed no difference in both the
time spent in the quadrant and platform crossing frequency compared with the AB1-42+saline
rats. The AB1-42+Cur (P < 0.0001), AB1-42+Cur+wort (P < 0.01) and the sham group

(P < 0.01) were significantly higher vs the 25% hazard level. These results suggest that an
intra-hippocampus infusion of ERK inhibitors, but not GSK3 activator, blocks the curcumin-
induced cognitive improvement.

Discussion

In this study, we found that an intracerebroventricular injection of AB1-42 decreased the
BDNF levels in the hippocampus of rats that exhibited impaired performances in the Y-maze
and water maze. Repeated curcumin administration exerted an obvious protective effect on the
cognitive functions of AB-treated rats, and the effects were associated with increased BDNF
and pERK levels in the hippocampus. Furthermore, the overexpression of BDNF in the hippo-
campus of AB-injected rats mimics the effect of curcumin on cognitive impairments, which
can be blocked by ERK inhibitor. Therefore, curcumin benefits AD-related cognitive functions
mainly via BDNF-ERK signaling activation.

Cognitive decline in patients with AD is associated with elevated brain levels of AB, particu-
larly neurotoxic AB1-42. The direct AB1-42 administration into the brains of rodents has been
shown to cause obvious memory deficits that mimic the cognitive decline in AD [23-25]. Previ-
ous studies have shown that A$1-42 aggregates injected icv can be detected in the hippocampus
for weeks [26]. Nakamura and colleagues have shown that icv injected AB1-42 can induce pro-
gressive learning impairments even 80 days after the treatment which associated with decreased
hemicholinium-3 (HC-3) binding and choline acetyltransferase (ChAT) hypoactivity [25]. In
addition, using immunohistochemistry, we have detected AB1-42 in the hippocampus 7 days
after injection (S3 Fig). The cognitive deficits can be assessed with several behavioral tasks, such
as spontaneous alternations in the Y-maze and novel object recognition tasks [11]. Moreover,
previous studies [26, 27] have shown that AB-exposed rats exhibit obvious hippocampus-depen-
dent spatial learning and memory deficits both in short-term and long-term tasks. The Morris
water maze is one of the most widely used tests to measure hippocampal-dependent spatial-
based learning and memory. Our results demonstrated that AP treatment caused significant
learning and memory deficits in the water maze performance, while curcumin treatment could
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disease. The ERK inhibitor PD98059 (20 uM) or GSK3 activator wortmannin (100 uM) (combined with chronic curcumin i.p. injection) was injected bilaterally
into the hippocampus 30 min before the water-maze training trial. (A) Swim speed in each training trial. (B) The escape latency during the water maze training
trials. (C) The time spent in the target quadrant and (D) the number of times crossing the platform in the probe task. n = 8/group. For panel B, *P < 0.05,

**P <0.01, AB1—-42 + saline vs. sham control group; # P < 0.05, AB1-42 + Cur vs. AB1-42 + saline group; A P < 0.05, AB1-42 + Cur + wortmannin vs. AB1—
42 + saline group. For other panels, * P <0.05, ** P <0.01, *** P < 0.0001 compared with AB1—42 + saline.

doi:10.1371/journal.pone.0131525.9006

dramatically reverse these cognitive alterations. In addition, the locomotor activity in the open
field test did not differ between any of the groups. Thus, the observed impairment of memory of
the rats was not attributed to the differences in their locomotion activities.
BDNF deficits have been demonstrated in postmortem studies of AD patients and experi-
mental AD animal models. Multiple groups have observed a decrease in the levels of BDNF
protein in the hippocampal formation using either ELISA, immunohistochemistry, or western

blot analyses [28-33]. The levels of serum BDNF, which is believed to reflect the levels of

BDNF in the brain, decreases in AD patients when compared to age-matched healthy controls
[34], and higher levels of serum BDNF are reportedly associated with a slower rate of cognitive
decline in AD patients [21]. Consistent with previous results published by Hoppe JB et al. [11],
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our data showed that AB-infused rats exhibited impairments in hippocampus-dependent
memory. Moreover, our unpublished results also indicated that an intra-hippocampus infusion
of BDNF appeared to normalize the change caused by Ap. Interestingly, the direct infusion of
BDNF did not ameliorate age-related learning and memory decline [35, 36]; in fact, transgenic
mice that overexpress BDNF exhibit learning deficits [37]. Based on these findings, the BDNF
induced by curcumin could directly target the deficits caused by AP rather than its effect on
general synaptic strength [38].

Several lines of evidence have implicated endogenous BDNF-TrkB signaling in the gene reg-
ulatory events that contribute to synaptic plasticity and hippocampus-dependent learning and
memory in an ERK-dependent manner. Although the roles of ERK in synaptic plasticity and
memory are well-documented [39], the contribution of ERK activation in the etiology of AD is
far from clear. Our data have suggested that decreased ERK activation in the hippocampus is
associated with the AB-related cognitive impairments. ERK shows stage-dependent abnormali-
ties in mRNA and protein expression in AD patients [40] and AD models [41]. Although tran-
sient ERK activation plays important roles in memory-related processes, persistent activation
can mediate NMDA-related excitotoxicity [42]. Therefore, either the hyper- or hypo-activation
of ERK could contribute to disease pathways. Specifically, ERK is extensively activated in the
astroglial cells of the white matter in early AD, while this activation is reduced and inversely
correlates with the Braak stage as well as the Blessed score for cognition in advanced AD [40].
However, the function of ERK activation was cell type- and brain region-specific. For example,
active ERK is a tau kinase that is elevated during the initial stages of neurofibrillary degenera-
tion in the projecting neurons in the transentorhinal region. Nevertheless, the causal role of
ERK in neurofibrillary tangle formation remains unclear, as many neurons that show the stron-
gest ERK immunoreactivity do not appear vulnerable to neurofibrillary tangles [43]. Notably,
ERK activation is suppressed during the late stages relative to the early stage and normal con-
trols in neuronal cell bodies and dystrophic neurites [40]. These results suggested that stage-
dependent ERK activation is followed by loss of active ERK. Notably, although phosphatidyli-
nositol 3-kinase (PI3K) have also been implicated in BDNF signaling, their activation is not
required for spatial memory recovery in our AD model rats because the PI3K inhibitor wort-
mannin could not block the beneficial effect of hippocampal BDNF on long term memory
restore in the AB1-42-injected rats (data not shown).

Our results indicate that repeated curcumin treatments activated ERK signaling, and these
findings are consistent with previous studies [44, 45]. Tong L and colleagues have shown that
sub-lethal concentrations of A down-regulate the BDNF-induced activation of critical tran-
scription factors, such as cAMP response element binding protein (CREB), by suppressing the
Ras-MAPK/ERK and PI3-K/Akt pathways in cultured cortical neurons [46]. Curcumin could
restore the learning and memory ability impaired by A in an AD model by activating the
BDNF-ERK-CREB signaling in the hippocampus. Recent studies have shown that Akt/GSK3p
signaling is also involved in the beneficial effect of curcumin on A-induced cognitive impair-
ments [11]. GSK3 is a serine-threonine kinase that mediates multiple intracellular signaling
pathways in the CNS. Notably, GSK3 plays a negative feedback regulatory role in encoding
memory and cognitive processing [47]. GSK-3 interacts with multiple components of the pla-
que-producing amyloid system associated with Alzheimer's disease (for review see [48]). AKT is
the most studied of the protein kinases that can phosphorylate and inactivate GSK3 [49]. AB
exposure could increase the GSK3-mediated inhibition of CREB phosphorylation and subse-
quently decrease BDNF expression [50]. In the present study, we observed that an intra-hippo-
campal infusion of ERK inhibitors, but not GSK3 activator, could block the curcumin-induced
cognitive improvement in AB-treated rats. These results indicated that ERK, but not GSK3, plays
a critical role in hippocampus-dependent spatial memory enhancement in our experimental
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context. However, Akt/GSK3 signaling may also be involved in the neuroprotective effect of cur-
cumin in other AD models.

In summary, our data suggest that curcumin blocks the AB-induced memory deficits in a
dose-dependent manner. The overexpression of BDNF in the hippocampus mimics the benefi-
cial effect of curcumin on cognitive decline in the AD model. ERK, but not the GSK signaling,
plays an important role in the protective effect of curcumin against AB-induced memory
impairments. Our study may help to elucidate the mechanism of the protective effect of curcu-
min against AB-induced cognitive dysfunctions and demonstrates that curcumin could be a
potential candidate in anti-AD therapy.

Supporting Information

S1 Fig. Visible platform version of MWM of AB1-42 injected and sham rats. Performance
in the Morris water maze using cued platform training was assessed by (A) escape latency, (B)
swim velocity during 5 training days. Each point represents the mean + SEM for the two trials
of each group on each day. n = 6/group.

(TIF)

S2 Fig. Effect of chronic curcumin treatment on spatial reference memory in sham rats.
Curcumin (50, 100 and 200 mg/kg) was administrated i.p. for 5 consecutive days (Day 6-10) in
rats without AP injection (ie. the sham+Cur group). (A) Swim speed in each training trial. (B)
The escape latency during the water maze training trials. (C) The time spent in the target quad-
rant and (D) the number of times crossing the platform in the probe task. n = 6/group.

(TIF)

$3 Fig. Immunohistochemistry in AB1-42-induced model and control. Representative fig-
ures of AB1-42 immunohistochemistry from model (A) and control groups (B), respectively.
Scale bar 20 um. The black arrows are showing the positive cells from immunostaining.
(TTF)
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