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The phosphodiesterase-4 inhibitor rolipram
reverses Afi-induced cognitive impairment
and neuroinflammatory and apoptotic
responses in rats
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Abstract

p-amyloid (Ap) peptides play an important role in cognition deficits, neuroinflammation, and apoptosis
observed in Alzheimer’s disease (AD). Activation of cyclic AMP (cAMP) signalling enhances memory
and inhibits inflammatory and apoptotic responses. However, it is not known whether inhibition
of phosphodiesterase-4 (PDE4), a critical controller of intracellular cAMP concentrations, affects
AD-associated neuroinflammatory and apoptotic responses and whether these responses contribute to
deficits of memory mediated by cAMP signalling. We addressed these issues using memory tests and
neurochemical measures. Specifically, rats microinfused with aggregated Ap25-35 (10 ug/side) into
bilateral CA1 subregions displayed deficits in learning ability and memory, as evidenced by decreases in
escape latency during acquisition trials and exploratory activities in the probe trial in the water-maze
task and 24-h retention in the passive avoidance test. These effects were reversed by rolipram (0.1, 0.25
and 0.5 mg/kg.d i.p.), a prototypic PDE4 inhibitor, in a dose-dependent manner. Interestingly, A25-35-
treated rats also displayed decreases in expression of phosphorylated cAMP response-element binding
protein (pCREB) and Bcl-2, but increases in expression of NF-«B p65 and Bax in the hippocampus; these
effects were also reversed by rolipram in a dose-dependent manner. Similar neurochemical results were
observed by replacing Af25-35 with Af1-42, a full-length amyloid peptide that quickly forms toxic
oligomers. These results suggest that PDE4 inhibitors such as rolipram may reverse Af-induced memory
deficits at least in part via the attenuation of neuronal inflammation and apoptosis mediated by cAMP/
CREB signalling. PDE4 could be a target for treatment of memory loss associated with AD.
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Introduction

Alzheimer’s disease (AD) is a multifaceted neuro-
degenerative disorder of the central nervous system
characterized by progressive cognitive dysfunction.
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It has been considered that excessive accumulation of
neurotoxic f-amyloid peptide (Af) in the brain is the
hallmark of AD; deposition of Af causes neuro-
pathological lesions in the brain of patients with AD
(Hardy, 1997; Selkoe, 2000; Suh & Checler, 2002).
While mechanisms by which Af induces neuronal
cell death remain unclear, results from accumulating
studies suggest that A may cause neurotoxicity via:
(1) formation of reactive oxygen species (Barnham ef al.
2004; Hardy & Selkoe, 2002), (2) intracellular calcium
accumulation (Demuro et al. 2010), (3) changes in
membrane fluidity (Yang et al. 2010), (4) energy
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depletion (Dhitavat et al. 2002), (5) alteration of cyto-
skeleton components (Lesort et al. 1997), and (6) in-
flammatory responses (Agostinho et al. 2010). These
neuropathological changes are closely linked to
chronic inflammation and apoptosis, which are highly
correlated with the early stage of AD via increased
markers of inflammatory and apoptotic responses
(Luterman et al. 2000; Mehlhorn et al. 2000; Mrak &
Griffin, 2001; Parachikova et al. 2007 ; Pasinetti, 2001).
Moreover, drugs with anti-inflammatory activity
reduce progression of cognitive deficits and/or Ap
burden in animal models of AD (Jantzen et al. 2002;
Lim et al. 2000; Townsend & Pratico, 2005). Thus,
therapeutic efforts aimed at interruption of Af-induced
neuroinflammation and apoptosis may be beneficial in
AD.

Intracellular cyclic AMP (cAMP) signalling has
been well established in the mediation of memory
(Bailey et al. 1996; Barad et al. 1998; Li et al. 2011;
Zhang et al. 2000). Cyclic AMP activates protein kinase
A (PKA), which phosphorylates and activates the
subsequent downstream target cAMP-response el-
ement binding (CREB) protein (Lonze & Ginty, 2002;
Zhang, 2010). This signalling cascade is important
for mediating memory, in particular hippocampus-
dependent long-term memory (Tully et al. 2003); acti-
vation of cAMP signalling increases synaptic plasticity
and produces memory-enhancing effects in rodents
(Barad et al. 1998; Li et al. 2011; Zhang et al. 2000, 2004,
2005). In addition, increases in cAMP levels during
inflammation inhibit production of pro-inflammatory
cytokines and stimulate formation of IL-10, an anti-
inflammatory factor (Kast, 2000; Szelenyi et al. 2000).
Further, while elevation of cAMP triggers apoptosis in
cancer cells (Naviglio et al. 2009), it prevents develop-
ment of apoptotic machinery in neurons and neu-
trophils (De et al. 1994; Parvathenani et al. 1998).
Therefore, cAMP signalling may play a beneficial
role in regulating Af peptide-induced inflammatory
responses and apoptosis in vivo.

Phosphodiesterase-4 (PDE4), an enzyme that
specifically hydrolyses cAMP, plays an important role
in the mediation of learning and memory. Ad-
ministration of PDE4 inhibitors such as rolipram
enhances memory (Barad et al. 1998; Li et al. 2011;
Rutten et al. 2006) and reverses memory deficits in-
duced by pharmacological (Zhang & O"Donnell, 2000;
Zhang et al. 2000, 2004, 2005), physical (Imanishi et al.
1997), physiological (Vecsey et al. 2009), or genetic
(Bourtchouladze et al. 2003) manipulations. Rolipram
treatment also reverses memory deficits induced by
Ap25-35 or AB1-40 (Cheng et al. 2010) or observed in
amyloid precursor protein (APP)/presenilin-1 (PS1)

transgenic mice (Gong et al. 2004). Drugs that inhibit
PDE4 have received a great deal of attention, partially
due to their inhibitory effects on inflammation
(Genain et al. 1995; Sekut et al. 1995; Souness et al.
2000; Teixeira et al. 1997) and apoptosis (Sousa et al.
2010) in various models. However, it is not clear
whether PDE4 inhibitors block Ap-induced inflam-
matory responses and apoptosis, important mechan-
isms in the pathogenesis of AD (Agostinho et al. 2010;
Lukiw & Bazan, 2010).

The fraction 25-35 of AfS (AB25-35), which is the
neurotoxin core fragment of the full-length AS peptide
(Cheng et al. 2006; Pike et al. 1993), plays a pivotal
role in the neurodegenerative process of AD. Central
administration of AB25-35 produces cognitive deficit
(Cheng et al. 2010; Lin et al. 2009), cholinergic dys-
function (Olariu et al. 2001), neuronal apoptosis
(Ruan et al. 2010), oxidative stress (Ahn et al. 2006;
Um et al. 2006), and neuroinflammation (Lin et al.
2009). Specifically, microinfusions of A$25-35 into the
hippocampus impair memory in various tasks, in-
cluding the Morris water-maze and passive avoidance
tests in mice (Kim et al. 2008; Maurice et al. 1996; Wang
et al. 2001) and rats (Cheng et al. 2010; Lin et al. 2009)
and the radial-arm maze and social recognition tests in
rats (Delobette et al. 1997; Jin et al. 2004; Stepanichev
et al. 2003; Sun & Alkon, 2002). Recently, our studies
have shown that infusions of AB1-40 into the hippo-
campus cause memory impairment via decreases in
cAMP/CREB signalling (Cheng et al. 2010). Similar
effects of AB1-42 on memory and cAMP signalling
have also been observed (Malm et al. 2006; O'Hare et al.
1999; Tong et al. 2001; Vitolo et al. 2002). Given that
Ap25-35 increases inflammatory factors such as IL-15,
IL-6, and TNF-a in the hippocampus (Lin et al. 2009), it
was of interest to know whether the inflammatory and
apoptotic effects of A25-35 in the brain contribute to
deficits of memory and whether pharmacologically
induced up-regulation of pCREB reversed Af325-35-
induced neuronal inflammation, apoptosis, and
memory deficits. Af1-42 was also used to verify the
effects of rolipram on Ap-induced neurochemical
changes in the brain.

Materials and methods
Animals

Adult male Sprague-Dawley rats (Laboratory Animal
Centre of Southern Medical University, China or
Harlan, USA), weighing 250-300 g, were used for the
experiments. Animals were housed in a temperature-
controlled room (21+2 °C) on a 12-h light/dark cycle
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Fig. 1. Schedule of drug treatment and test orders. Rolipram (0.1, 0.25, or 0.5 mg/kg) or its vehicle (0.9 % saline containing
10% DMSO) was injected i.p. 24 h after A$25-35 (10 ug/side) or its vehicle, which was infused into bilateral CA1 subregions
12 d before the beginning of the 3-d visible platform test (VPT) in the Morris water-maze (MWM). On day 15, the water-maze
acquisition trials (AT) were conducted four times a day for 5 consecutive days, followed by the probe trial test (PT) 24 h after
the last acquisition trial. On day 21, habituation (H) of the passive avoidance chamber was performed, followed the next day
by the training trial (Tr), the 3-h retention test (RT), and 24 h after initial training, another retention test (RT) for measuring
long-term memory. Animals were sacrificed (Sac) 24 h after the last behavioural test. Rolipram or its vehicle was injected

once per day for 24 d, 1 h prior to each test or sacrifice.

(lights on 06:00 hours), with water and food available
ad libitum. All experiments were performed according
to NIH Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23, revised, 1996).
The procedures were approved by the Animal Care
and Use Committees of the Southern Medical Uni-
versity, China, and West Virginia University Health
Sciences Center, USA.

Drugs

Ap25-35 (Beijing Guo Ding Technology Ltd, China),
Ap1-42  (rPeptide, USA), or Ap42-1 (rAp42-1;
GenScript, USA) was dissolved in 0.9 % sterile saline
or artificial cerebrospinal fluid (aCSF) containing 35 %
acetonitrile and 0.1 % trifluoroacetic acid (Cheng et al.
2010) at a final concentration of 4 ug/ul (for AB25-35)
or 0.4 ug/ul (for AB1-42 and AB42-1) and incubated at
37 °C for 4 d to form aggregated Af (Delobette et al.
1997; Pike et al. 1993) before use. Rolipram (Sigma-
Aldrich, USA) was dissolved in 0.9 % saline containing
10% or 1% dimethyl sufoxide (DMSO; for tests in-
volving Af25-35 and Af1-42/ApB42-1, respectively);
the injection volume for peripheral administration
was 1 ml/kg.

Surgery

Rats were anaesthetized with intraperitoneal (i.p.) ad-
ministration of ketamine (100 mg/kg) and xylazine
(10 mg/kg) before they were placed in a stereotaxic
apparatus (Stoelting, USA). Guide cannulae (22-
gauge, 6 mm; Plastics One, USA) were implanted into
bilateral CA1 subregions using the following

coordinates: AP —3.3 mm from Bregma; ML 2.0 mm
from the midline; DV —2.5 mm from dura (Paxinos &
Watson, 1986; Zhang et al. 2004). Af25-35 (10 ug in
2.5ul/side; at this volume the AfS25-35 solution
was sufficiently thin for infusions; Cheng et al. 2010),
Ap1-42 or Ap42-1 (0.4 ug in 1ul/side for both pep-
tides), or vehicle [0.9% saline (for Af325-35) or aCSF
(for Af1-42 or Ap42-1) containing 35 % acetonitrile and
0.1% trifluoroacetic acid] in the same, corresponding
volumes was infused bilaterally at the rate of 0.5
(for ApB25-35) or 0.25 (for AB1-42 or AB42-1) ul/min
using a syringe pump; the 28-gauge infusion
cannulae were left in place for additional 5min
to permit diffusion before the animals were returned
to their home cages. No flocculation of peptides
was observed during infusions. The dose of Af25-35
or Af1-42/AB42-1 was chosen based on our prelimi-
nary or published studies; the latter have shown
that A25-35 centrally administered at a similar dose
impairs memory (Cheng et al. 2010) and produces
inflammatory responses in the brain (Lin et al. 2009).
The injection sites were verified histologically
after completion of behavioural tests (Zhang et al.
2004).

Behavioural test procedures

To examine the effect of rolipram on Af25-35-induced
memory deficits, five groups of 12 rats each were
tested for memory using Morris water-maze and
passive avoidance tasks (Fig. 1): (a) saline+vehicle
(10% DMSO for rolipram); (b) Ap25-35+vehicle;
(c) Ap25-35+rolipram (0.1 mg/kg); (d) Ap25-
35+rolipram (0.25 mg/kg); (e) AB25-35+rolipram
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(0.5 mg/kg). Twenty-four hours after microinfusions
of AB25-35 (10 ug/side) or saline into bilateral CA1
subregions in the hippocampus, rats were injected
(i.p.) with different doses of rolipram or its vehicle,
once per day for 12 d prior to the beginning of water-
maze training and probe trial testing; the animals
were then subjected to passive avoidance habituation,
training, and testing. Rolipram treatment was given
1 h before and continued throughout the behavioural
tests.

Morris water-maze test

This was performed as described previously (Morris,
1984; Zhang et al. 2008) with some modifications.
The apparatus consisted of a circular pool (120 cm di-
ameter, 50 cm height) filled with water (23+1 °C and
32 ecm depth), which was opaque by mixing with milk
powder, and a platform (10 cm diameter), which was
either visible (in the visible platform test) or immersed
2 cm under the surface of the water (in the acquisition
training) in one of the four identical quadrants.
The pool was placed in a room illuminated at 100 Ix
containing several extra-maze cues. Twelve days after
infusions of AB25-35 the visible platform test was
performed, during which the escape latency (time re-
quired to locate and climb onto the platform) of
each rat was determined using the visible platform
(1 cm above the water surface). The test was conduc-
ted once per day for three consecutive days; rats were
placed in the pool each day from different starting
points selected randomly. Rats that failed to find the
platform within 90s were guided to the platform
manually.

Twenty-four hours after the last trial of the visible
platform test, acquisition training was performed; the
platform was moved to another quadrant and fixed
there throughout the acquisition trials. Rats were in-
dividually placed in the water facing the wall of the
pool in order to negate any directional influence. Each
rat was allowed to escape by swimming to the plat-
form; the escape latency was recorded with the cut-off
time 90 s. If the animal failed to locate the platform
within 90's, it was gently guided to the platform
and allowed to stay on it for 30s. Following com-
pletion of each trial, animals were dried gently with
paper towel and kept warm under heat lamps in
holding cages for 5 min before they were returned to
their home cages. Swimming behaviours, including
escape latency, distance swum, swimming speed, and
swimming paths, were monitored using a computer-
controlled video-tracking system (CG-400 Image Ac-
quisition System, Institute of Materia Medica, Chinese

Academy of Medical Sciences, China). The acquisition
training consisted of four trials each day for five con-
secutive days.

Twenty-four hours after the last acquisition trial
(i.e. day 20), the probe trial test was conducted with
the platform removed. Each rat was placed into the
pool at one fixed start position and allowed to swim
freely for 90s. The distance swum, entries and time
spent in the target quadrant (i.e. the previous location
of the platform), and the mean swimming speed were
recorded.

Passive avoidance test

This was performed using the step-through passive
avoidance apparatus (Institute of Materia Medica,
Chinese Academy of Medical Sciences, China), fol-
lowing procedures described previously (Li et al. 2011;
Zhang et al. 2000) with minor modifications. The ap-
paratus consisted of a chamber with two compart-
ments (dark/illuminated), which were connected by a
guillotine door. The dark compartment had a
stainless-steel grid floor available for electric foot-
shocks. All rats were given a habituation session,
during which they were allowed to freely explore the
apparatus for 4 min. Twenty-four hours later, the
training trial was performed. Rats were individually
placed in the illuminated compartment for 60 s before
the door was lifted. Immediately after the rat entered
the dark compartment, the door was closed and an
inescapable electric shock (0.5 mA, 3 s) was delivered.
The rat was then returned to the home cage. The re-
tention test was performed 3 h and 24 h after training
to measure short-term and long-term memory, re-
spectively. The latency was recorded following the
same procedures as in the acquisition trial, but no
footshock was delivered. The cut-off time was 300 s.

Western blot analysis

Twenty-four hours after the passive avoidance test
(for AB25-35) or 14 d after AB1-42 or AB42-1 micro-
infusions and 1 h after the last rolipram injection, rats
were decapitated, and the hippocampus dissected and
stored at —80 °C until analysis. Hippocampal tissues
were homogenized in ice-cold RIPA buffer containing
0.1% phenylmethylsulfonyl fluoride and assessed for
expression of pCREB, NF-xB, Bcl-2, and Bax proteins.
Each sample was separated by electrophoresis in 12 %
polyacrylamide gels (120 V, 150 min) before being
transferred to PVDF membranes (60 V, 180 min). Non-
specific bindings were blocked with 5% BSA for 2 h.
After washing, membranes were subsequently
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incubated with respective primary antibodies for
rabbit anti-phospho-CREB [Ser'; 1:1000; CST
(Shanghai) Biological Reagents Company Ltd, or
Millipore, USA (for tests involving Af1-42)], anti-NF-
kB p65 [1:1000; Abcam (Hong Kong) Ltd, or Millipore,
USA (for tests involving Af1-42)], anti-Bcl-2 (1:1000),
anti-Bax [1:1000, CST (Shanghai) or Millipore, USA
(for tests involving Ap1-42)], anti-GAPDH [1:1000,
Abcam (Hong Kong) Ltd], and anti-S-actin (Abcam,
USA) at 4 °C overnight. Membranes were then in-
cubated for 1h with secondary antibodies [1:10000;
Abcam (Hong Kong) Ltd]. The detection and quanti-
fication of specific bands were developed using en-
hanced chemiluminescence reagent (Millipore, USA),
visualized and analysed using Kodak X-Omat film
and ‘Image-Pro’ software (www.scioncorp.com) or
a fluorescence scanner (Odyssey Infrared Imaging
System, Li-Cor Biotechnology, USA, for tests involv-
ing Ap1-42).

Statistical analysis

Data shown are expressed as meansts.EMm. All the
data were analysed using one-way ANOVA followed
by Newman-Keuls tests for post-hoc comparisons
between groups, with the exception of the data of the
water-maze acquisition trials, which were analysed
by two-way repeated-measures ANOVA. Statistical
significance was considered when p <0.05.

Results

Rolipram reversed memory impairment induced
by AP25-35 in Morris water-maze and passive
avoidance tasks

To establish memory deficits produced by Ap25-35,
we examined memory performance in rats micro-
infused with aged AB25-35 at 10 ug/side into CA1l
using the water-maze and passive avoidance tests.
Histological verification showed that the cannula
placements were highly localized in hippocampal CA1
subregions (data not shown). In addition, there were
no visible inflammatory changes at the site of injec-
tions (i.p.) during the period of rolipram/vehicle ad-
ministration. In order to evaluate the animals’ abilities
of vision and motor activity, navigation to a visible
platform was performed before the hidden platform
procedures in the water-maze test. While the escape
latency to the visible platform varied with different
treatments, no significant changes were observed in
any of the treatment groups during the 3-d testing
[F(4,110)=1.724, p=0.158; Fig. 2a], suggesting that

Rolipram and AB25-35 effects 753

neither surgery nor drug treatment altered vision
ability or general motor activity.

During the 5-d acquisition trials in the water-maze
test, all the rats, regardless of the different treatments,
displayed progressive decreases in escape latency to
reach the hidden platform. Two-way repeated-
measures ANOVA revealed significant changes in
drug effect [F(4,1045)=58.63, p<0.0001] and time
effect [F(19,1045)=67.46, p<0.0001], but not for
drug x time interaction [F(76,11045)=1.184, p=0.141;
Fig. 2b]. Post-hoc Newman—-Keuls comparisons in-
dicated that Af25-35, administered 15 d prior to the
beginning of acquisition training, increased escape
latencies on sessions 3-10, 13, 14, 16, and 18 compared
to the corresponding vehicle controls (p <0.05, 0.01, or
0.001; Fig. 2b); these were reversed by rolipram
at different doses (0.1 mg/kg for sessions 3-7;
0.25mg/kg for sessions 3—4, 7-10; 0.5mg/kg for
sessions 3-10, 16; p <0.05, 0.01, or 0.001). In addition,
the rats also displayed slight, progressive decreases
in swimming speed over time. Two-way repeated-
measures ANOVA revealed significant changes in
drug effect [F(4,1045)=3.53, p=0.01] and time effect
[F(19,1045)=9.44, p <0.0001], but not for drug x time
interaction [F(76,1045)=1.004, p=0.47; Fig. 2c]. Post-
hoc Newman-Keuls comparisons indicated that Af325-
35, with or without rolipram treatment, did not alter
swimming speed compared to the corresponding ve-
hicle controls.

Twenty-four hours after the last acquisition trial
(i.e. 20 d after AB25-35 infusions or 19 d after the be-
ginning of rolipram treatment), rats were tested for
spatial memory in the probe trial test, during which
the platform was removed. The total distance swum
during the probe trial test was not different between
groups (data not shown). Drug treatment altered
entries [F(4,55)=5.35, p=0.001; Fig. 2d], duration
[F(4,55)=17.77, p<0.0001; Fig. 2e], and distance
swum [F(4,55)=6.37, p=0.0003; Fig. 2f] in the target
quadrant. Post-hoc Newman-Keuls tests indicated
that AB25-35 decreased entries (p<0.01), duration
(p<0.001), and distance (p<0.001) compared to the
respective vehicle controls; these were reversed by
chronic treatment with rolipram in a dose-dependent
manner (p <0.05, 0.01, or 0.001; Fig. 2d—f). In contrast,
swimming speed was not altered by any of the drugs
[F(4,55)=0.296, p=0.879; Fig. 2g], indicating that
changes in spatial memory measured in the probe
trial were independent of general motor activity.
Consistent with this, the behavioural tracking results
revealed that both vehicle- and Af/rolipram-treated
rats displayed more exploration in the target quadrant
than the rats treated with Af325-35 alone (Fig. 24); this
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Fig. 2. Effects of rolipram on Af$25-35-induced spatial cognitive deficits in the water-maze test in rats. (1) Escape latency was
not significantly changed by drug treatment during the 3-d visible platform test. (b, c) Changes in (b) escape latency to reach
the hidden platform and (c) swimming speed during the 5-d acquisition trials. A325-35 overall increased escape latency,
which was reversed by rolipram, but did not alter swimming speed. (d—g) Effects of A$25-35 with or without rolipram on
(d) entries, (¢) duration, (f) distance swum in the target quadrant, and (g) mean swimming speed in the probe trial test

performed 24 h after the last acquisition trial. AB25-35 decreased the entries, duration, and swimming distance in the target
quadrant, which were all reversed by rolipram (0.1, 0.25, or 0.5 mg/kg) in a dose-dependent manner, whereas the swimming
speed was not changed by drug treatment. (1) Representative searching swimming paths by rats with different treatments in
the probe trial test. While vehicle control animals swam concentrating on the target quadrant, Aj-treated rats swam
primarily around the pool; this was reversed by rolipram treatment. Rolipram was injected i.p. once a day for 12-20 d during
the water-maze test, starting 24 h after microinfusion of A$25-35 (10 ug/side) into bilateral CA1 subregions. Values represent

means +s.EM. (n=12 per group); * p<0.05, ** p<0.01, *** p<0.001 vs. vehicle controls (Veh+ Veh); # p<0.05, # p <0.01,

### p <0.001 vs. AB25-35+ vehicle.

result is consistent with rolipram’s reversal of Af325-
35-induced decreases in escape latency and length of
swimming path.

The next day after the water-maze probe trial test
(i.e. 21 d after A25-35 infusions), the same rats were
tested for habituation latency, short-term memory,
and long-term memory using the passive avoidance
task, with daily rolipram treatment continued.
As shown in Fig. 3a, latency during the habituation
trial did not differ in any of the groups [F(4,55)=
0.149, p=0.963], indicating that all the rats had
similar responses to the test environment when elec-
tric shocks were not applied. The initial training
latency was not changed (data not shown). In the

retention test performed 3 h after training, latency
was not significantly changed by drug treatment
[F(4,55)=2.18, p=0.08; Fig. 3b], although ApS alone
tended to decrease retention, indicating short-term
memory was not altered. In contrast, retention
latency tested 24 h after initial training was changed
in a pattern similar to that in the water-maze
probe trial in rats treated with Af25-35, in the pres-
ence or absence of rolipram [F(4,55)=>5.30, p=0.001;
Fig. 3c]. Post-hoc Newman-Keuls analyses indicated
that Af25-35-treated rats exhibited a decrease in re-
tention relative to vehicle controls (p <0.001); this was
reversed by rolipram (0.1-0.5 mg/kg), in particular at
the dose of 0.5 mg/kg (p<0.01), suggesting blockade
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Fig. 3. Effects of rolipram on performance in the presence of A25-35 in the step-through passive avoidance test in rats.

(a) Latency to enter the dark compartment during habituation; (b) retention tested 3 h after initial training; (c) retention tested
24 h after initial training. While drug treatment did not alter latency during habituation or in the 3-h retention test, A$25-35
administered 23 d before the test decreased the 24-h retention latency. This was reversed by rolipram at the higher dose of
0.5 mg/kg. Rolipram (0.1, 0.25, or 0.5 mg/kg) was injected (i.p.) once a day for 21-23 d during the passive avoidance test,
starting 24 h after microinfusion of A$25-35 (10 ug/side) into bilateral CA1 subregions. Values shown are means +5.E.M.
(n=12 per group); *** p<0.001 vs. vehicle controls (Veh+Veh); # p <0.01 vs. AB25-35+ Veh.

by rolipram of Af25-35-induced deficit of long-term
memory.

Effects of A25-35 on pCREB levels in the
hippocampus of rats treated with rolipram

To determine whether Af25-35 decreased pCREB and
whether cAMP/CREB signalling contributed to the
reversal effect of rolipram on Af325-35-induced mem-
ory deficit, we examined pCREB expression in the
hippocampus using the same rats, which were de-
capitated 24 h after the last behavioural test and 1h
after the last rolipram injection (Li et al. 2011). One-
way ANOVA revealed significant changes in pCREB
levels in the hippocampus in the treatment groups
[F(4,10)=21.92, p<0.0001; Fig. 4]. Compared to
vehicle controls, AS25-35 alone significantly decreased
PCREB levels; this effect was reversed by rolipram at
doses of 0.1, 0.25, and 0.5 mg/kg, once daily for 24 d
(p<0.01 for 0.1 mg/kg and p <0.001 for the other two
doses). In contrast, expression of CREB was not altered
by the drug treatment (data not shown).

Effect of rolipram on AB25-35-induced activation
of NF-xB p65

It has been shown in our recent study that A$25-35
increases pro-inflammatory factors such as TNF-a (Lin
et al. 2009); this may cause changes in NF-«xB, a
downstream target of TNF-a (Sanchez et al. 2005). To
clarify this, we examined the expression of NF-xB p65
in the hippocampus using the same tissues for
measuring pCREB. As shown in Fig. 5, levels of NF-«xB
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Treatment and dose (mg/kg)

Fig. 4. Effect of rolipram on expression of pCREB in the
hippocampus in rats treated with A$25-35. Upper panel is
representative immunoblots of pCREB and GAPDH (inner
control) measured by Western blotting using respective
antibodies ; lower panel is quantification of pCREB expressed
as the ratio of pCREB/GAPDH. Af25-35 decreased pCREB in
the hippocampus, which was reversed by rolipram (0.1, 0.25,
or 0.5 mg/kg) in a dose-dependent manner. Starting 24 h
after CA1 microinfusions of A25-35 (10 ug/side), rolipram
was injected (i.p.) once a day for 24 d before sacrifice, which
was performed 24 h after the last behavioural test and 1 h
after rolipram treatment. Values shown are means +s.E.M.
(n=23 per group); *** p<0.001 vs. vehicle controls
(Veh+Veh); # p<0.01, ¥ p <0.001 vs. AB25-35+ Veh.

p65 expression in the hippocampus were changed by
drug treatment [F(4,10)=12.27, p=0.0007]. Post-hoc
Newman-Keuls analyses indicated a significant
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Fig. 5. Effect of rolipram on Af25-35-induced activation of
NF-«B p65 in the hippocampus in rats. Upper panel is
representative immunoblot of NF-xB p65 detected by
Western blotting ; lower panel is quantification of NF-«xB
P65 expressed as the ratio of NF-xB p65/GAPDH.
AB25-35 increased NF-xB p65 in the hippocampus, this
was reversed by rolipram (0.1, 0.25, or 0.5 mg/kg) in a
dose-dependent manner. Administration of A525-35 and
rolipram was the same as that in the legend of Fig. 4.
Values shown are means +s.E.M. (n=23 per group);

#** < 0.001 vs. vehicle controls (Veh+ Veh); * p<0.05,

## p<0.01 vs. AB25-35+ Veh.

increase in NF-«B p65 levels in rats treated with A525-
35+ vehicle, compared to those treated with vehicle
(p<0.001); the effect of Ap25-35 was reversed
by rolipram (0.1-0.5mg/kg) in a dose-dependent
manner (p<0.05 for 0.1 and 0.25 mg/kg and p<0.01
for 0.5 mg/kg).

Reversal by rolipram of Af25-35-induced
apoptotic effects

Since AB25-35 decreases neuronal cell viability via
increased apoptotic activity (Yao et al. 2007), we
examined expression of Bax, a pro-apoptotic protein
that induces rapid human neuronal cell death
(Bounhar et al. 2001), and Bcl-2, another cell death-
associated protein (Korsmeyer, 1992), to determine
whether apoptotic responses were involved in the
effect of rolipram on Af25-35-induced toxicity. As
shown in Fig. 6, both Bcl-2 and Bax were changed
by drug treatment [F(4,10)=6.76, p=0.007 for Bcl-2
and F(4,10)=6.53, p=0.008 for Bax]. Post-hoc
Newman-Keuls analyses indicated that A$25-35 de-
creased Bcl-2 (p<0.01; Fig. 6a) and increased Bax
(p<0.01; Fig. 6b) in the hippocampus, compared to
the vehicle controls; these effects were reversed by
rolipram in a dose-dependent manner (p <0.05 for all
except for 0.5 mg/kg in Bax, where p <0.01; Fig. 6).
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Fig. 6. Effect of rolipram on Af$25-35-induced changes in
Bcl-2 and Bax in the hippocampus in rats. (2) Rolipram
reversed Af25-35-induced decreases in expression of the
anti-apoptotic mediator Bcl-2. (b) Rolipram reversed
Ap25-35-induced increases in expression of the apoptotic
mediator Bax. Upper panels are representative immunoblots
of (a) Bcl-2 and (b) Bax in the hippocampus measured by
Western blotting using respective antibodies; lower panels
are respective quantifications. Administration of A$25-35
and rolipram was the same as that in the legend of Fig. 4.
Values shown are means +5.E.M. (=3 per group);
**p<0.01 vs. vehicle controls (Veh+ Veh); # p <0.05,

## 1 <0.01 vs. AB25-35+ Veh.

Rolipram’s reversal of Ap1-42-induced changes
in pCREB, NF-kB p65, Bcl-2, and Bax in the
hippocampus

To verify the effects of rolipram on Af25-35-induced
changes in neuroinflammatory and apoptotic responses
in the hippocampus, we replicated the neurochemical
experiments by using Af1-42, instead of Ap25-35.
In the measurement of pCREB, microinfusions of
Ap1-42 at 0.4 ug/side into bilateral CA1l subregions
decreased pCREB levels in the hippocampus (p <0.01),
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Fig. 7. Effects of rolipram on AfB1-42-induced changes in pCREB, NF-«B p65, Bcl-2 and Bax in the hippocampus in rats treated
with AB1-42. (a) Rolipram reversed AfB1-42-induced decreases in pCREB. (b) Rolipram reversed Ap1-42-induced decreases in
NF-«B p65. (c) Rolipram reversed Af1-42-induced decreases in expression of Bcl-2. (d) Rolipram reversed ApB1-42-induced
increases in expression of Bax. For (a—d), upper panels are representative immunoblots of pCREB, NF-«xB p65, Bcl-2, or Bax
and f-actin (inner control) measured by Western blotting using respective antibodies; lower panels are quantification of
corresponding proteins expressed as the ratio of pCREB, NF-«B p65, Bcl-2, or Bax divided by S-actin. Starting 24 h after CA1
microinfusions of AB1-42 (0.4 ug/side), Ap42-1 (0.4 ug/side), or vehicle (1 ul/side), rolipram (0.5 mg/kg) was given (i.p.)
once a day for 14 d before sacrifice, which was performed 1 h after the last rolipram injection. Values shown are means +s.E.M.
(n=3 per group); * p<0.05, ** p<0.01 vs. vehicle controls (Veh+ Veh); # p<0.05, # p <0.01 vs. AB1-42 + Veh.

while the reverse peptide Ap42-1 at the same dose
did not, relative to vehicle controls (Fig. 7a); this effect
of Af1-42 was reversed by rolipram (0.5 mg/kg, once
per day for 14 d; p <0.01). The inter-group comparison
was significant as revealed by one-way ANOVA
[F(3,8)=14.34, p<0.01]. In contrast, CREB levels
were not changed between groups (data not shown).
Inter-group changes similar to those in pCREB were
also observed in measurements of NF-xB p65
[F(3,8)=10.22, p=0.004], Bcl-2 [F(3,8) =8.73, p=0.007],
and Bax [F(3,8)=8.930, p=0.006]. More specifically,
compared to vehicle controls, CA1 microinfusions of
Ap1-42 (0.4 ug/side) increased NF-xB p65 (p<0.01,
Fig. 7b) and Bax (p <0.01, Fig. 7d) and decreased Bcl-2
(p<0.05, Fig. 7c) in the hippocampus; these were all

reversed by rolipram [p<0.01, except for Bcl-2
(p<0.05); Fig. 7b-d]. In contrast, Af42-1 did not alter
any of the measurements, which excluded the poten-
tial non-specific effects of peptide.

Discussion

Ap peptides have been shown to activate the apoptotic
pathway (Koriyama et al. 2003; Mattson, 2004; Yao
et al. 2007), produce inflammatory responses (Abdi
et al. 2010; Di et al. 2010), inhibit hippocampal synaptic
plasticity (Vitolo et al. 2002; Zeng et al. 2010; Zhang
et al. 2006), and impair memory (Cheng et al. 2010;
Malm et al. 2006; Vollmar et al. 2010; Wang et al. 2010).
As the functional domain of full-length Af peptides,
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Ap25-35 is toxic to neurons and contributes to
Ap-induced properties of neurotoxicity, oxidation,
inflammation, and apoptosis (Ahn ef al. 2006; Um et al.
2006). Here we demonstrate that a single micro-
infusion of aged A$25-35 into bilateral CA1 subregions
in the hippocampus produced deficits of learning and
memory accompanied by inflammatory and apoptotic
responses in the hippocampus; it also concurrently
decreased pCREB levels in this brain region. These
effects of AB25-35 were reversed by repeated treat-
ment with rolipram, which increased pCREB in the
hippocampus. Similar effects were also observed
when AfS25-35 was replaced with Af1-42, but not the
inactive peptide ApB42-1. These results suggest that
inhibition of PDE4 reverses Apf-induced cognitive
deficits, which are contributed, at least partially, by
neuronal inflammation and apoptosis mediated by
cAMP/CREB signalling.

Both Morris water-maze and passive avoidance
tests appear to be sensitive to Af treatment (Cheng
et al. 2010; Mouri et al. 2006). Microinfusions of
Ap25-35 into bilateral CA1 subregions of the hippo-
campus impaired learning ability and long-term
memory, as demonstrated by decreased 24-h retention
in the passive avoidance test, and prolonged escape
latency in the acquisition trials, and decreased explo-
ration in the target quadrant in the probe trial
performed 24 h after the last training trial in the water-
maze test. These results are supported by findings
from previous studies, in which Af25-35 produces
memory deficits in a variety of animal tasks
(Cheng et al. 2006, 2010; Holscher et al. 2007; Tohda
et al. 2004). Consistent with these, microinfusions of
Ap1-42 into the hippocampus or lateral ventricle in
the brain impairs memory (Christensen et al. 2008;
Malm et al. 2006; Yamada et al. 1999), suggesting
that central administration of Ap is a reliable model of
AD for testing cognition, including learning and
memory.

It has been established that rolipram alone enhances
memory via activation of cAMP/CREB signalling
(Barad et al. 1998; Li et al. 2011). Consistent with
the memory-enhancing effect of rolipram, Af25-35-
induced deficits of learning and memory were re-
versed by repeated treatment with rolipram. This is
supported by findings in the study using APP/PS1
transgenic mice (Gong et al. 2004) and in our previous
study, in which rolipram administered at 0.5 mg/kg
for 3 wk reverses Af25-35-induced memory deficits
using the same memory paradigms (Cheng et al. 2010).
We lowered the dose of rolipram to 0.1 mg/kg and
still observed a potent memory-enhancing effect in
the water-maze test, but not passive avoidance test;

Rolipram and Af25-35 effects 759

the latter appears to require at least 0.5 mg/kg
rolipram to block Af25-35-induced memory deficit,
suggesting that the water-maze may be a more sensi-
tive test for examining the interaction between A and
PDE4 inhibitors. A similar response difference has
been observed in rats with hypoxic damage to CA1l,
which impairs memory performance in the water-
maze, but not the passive avoidance test (Boissard et al.
1992).

It was noted that subchronic treatment with roli-
pram at the same dose slows down memory extinction
in the fear-conditioning test (Monti et al. 2006). Since
animals did not receive footshocks 3 h after initial
training in the passive avoidance test, extinction
learning might have existed in the 24-h retention
test. Thus, the effect of rolipram on extinction learning
may contribute to its memory-enhancing action ex-
amined 24 h after training in the passive avoidance
test.

The effect of rolipram appears to be independent of
sedation potentially produced by PDE4 inhibitors
(Griebel et al. 1991; Smith, 1990), given that rolipram at
the doses used did not alter swimming speed in the
water-maze probe trial test or latency to cross to the
dark compartment during habituation in the passive
avoidance task. The lack of the sedative property of
rolipram may be attributed to the strategy of rolipram
treatment, which, when given repeatedly and 1 h prior
to behavioural tests, is able to dissociate therapeutic
effects from side-effects such as sedation (Li et al. 2009,
2011).

Since the half-life of rolipram is short (1-3h;
Krause & Kuhne, 1988) and rolipram blockade of
scopolamine-induced memory impairment lasts for
only about 1 h (Zhang & O’Donnell, 2000), the reversal
effect of rolipram on Af325-35-induced memory deficits
appears to result from chronic, rather than acute,
actions of rolipram. This is supported by the findings
that long-term memory-enhancing effects of rolipram
are probably attributed to long-lasting neuronal
changes caused by chronic rolipram treatment, in-
cluding increased phosphorylation of CREB and
neurogenesis in the hippocampus (Li et al. 2011;
Rutten et al. 2008). These adaptive changes, in par-
ticular in pCREB, may be one of the mechanisms
whereby rolipram reverses Af-induced memory im-
pairment.

It has been well established that rolipram increases
activation of brain cAMP/CREB signalling (Barad et al.
1998; Li et al. 2011; Monti et al. 2006; Nakagawa
et al. 2002; Zhang et al. 2002, 2004), which is impaired
in AD (Satoh et al. 2009). However, it is not clear
whether cAMP/CREB signalling is important in the
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reversal effect of rolipram on memory deficits as-
sociated with AD. In the present study, we demon-
strated that chronic treatment with rolipram, at the
same doses blocking spatial memory impairment in
the water-maze test, reversed A[25-35-induced de-
creases in hippocampal pCREB. In addition, the effect
of rolipram on pCREB was highly correlated with that
on memory performance. The reversal effect of roli-
pram on pCREB in the hippocampus was verified by
using Ap1-42, which is supported by findings that
rolipram blocks AfS1-42-induced inhibition of pCREB
in hippocampal neurons (Vitolo ef al. 2002). These re-
sults are consistent with our previous finding that
PCREB is involved in rolipram reversal of Ap1-40-
induced memory deficits (Cheng et al. 2010), suggest-
ing an important role of cAMP/CREB signalling in the
mediation of the memory-enhancing effect of rolipram
in the animal model of AD.

It was noted that under certain conditions, CREB
phosphorylation can be induced rapidly (within
5-10min) and transiently (lasting 1-2h or even
shorter; Cammarota et al. 2001; Sala et al. 2000;
Shaywitz & Greenberg, 1999). This raised the concern
about whether the reversal effect of rolipram was due
to repeated treatment or final (acute) treatment and
the question about the significance of changes in
pPCREB measured 1h after rolipram treatment.
However, it is important to note that, while rolipram
at high doses such as 3 mg/kg administered acutely
increases cAMP and pCREB in the hippocampus
(Giorgi et al. 2004; Monti et al. 2006), acute treatment
with rolipram at the same dose (1.25 mg/kg) as used
in the present study does not alter hippocampal
PCREB (Nakagawa et al. 2002). Instead, chronic treat-
ment with rolipram is usually required to produce
behavioural and neurochemical alterations, including
those in pCREB and memory (Li et al. 2009, 2011;
Monti ef al. 2006; Nakagawa ef al. 2002; Zhang et al.
2002). In addition, rolipram is a highly selective,
prototypical inhibitor of PDE4 (Zhang et al. 2005).
Repeated treatment with rolipram increases cAMP in
the hippocampus examined 1 h after the last rolipram
injection (Li et al. 2009). Cyclic AMP-activated PKA
could induce persistent phosphorylation of CREB
(Sala et al. 2000). Therefore, the reversal effect of roli-
pram on pCREB may be attributed to repeated, rather
than acute treatment with rolipram. Rolipram reverses
the effects of A most likely via cAMP/CREB signal-
ling given that microinfusions of Af$25-35 or A1-42 in
CA1 decreased pCREB.

Studies have demonstrated a coincidence of
inflammatory damage and apoptotic neuronal death
during the development or progression of neuro-

degenerative disorders, including AD (Hardy &
Selkoe, 2002; Rojo et al. 2008). Increases in cAMP levels
inhibit pro-inflammatory (Dastidar et al. 2009; Hoyle,
2010) and apoptotic responses (Kim et al. 2010; Naderi
et al. 2009). PDE4 inhibitors such as rolipram increase
intracellular cAMP levels and reduce inflammatory
cytokines such as TNF-a (Taguchi et al. 1999) and its
downstream target NF-«B (Sanchez et al. 2005), which
is induced by AB (Gong et al. 2011). Our results pro-
vide an integration of these findings, i.e. rolipram
reversed not only AB25-35- or AB1-42-induced deficits
of pCREB, but also the Ap-induced inflammatory
response, as indicated by increased NF-«xB p65 in the
hippocampus. This is consistent with the negative
regulation of NF-«B signalling by cAMP (Parry &
Mackman, 1997). Therefore, rolipram inhibits inflam-
matory responses induced by Af25-35 or A1-42 most
likely via attenuating activation of NF-xB p65
mediated by cAMP/CREB signalling. In addition, the
anti-inflammatory effect of rolipram paralleled the
improvement of Af25-35-induced memory deficits,
suggesting that neuroinflammation may contribute to
memory impairment produced by Ap.

Since NF-«B signalling enhances apoptosis (Tusi
et al. 2010) and inhibition of NF-«B not only protracts
inflammatory responses but also prevents apoptosis
(Lawrence et al. 2001), it was of interest to know
whether rolipram altered Ap-induced apoptotic
responses. A variety of molecules have been shown to
be involved in the cellular apoptosis machinery; these
include p53 (Haupt et al. 1997; Ryan et al. 2001), the
Bcl-2 family (Dimmeler ef al. 1999; Li & Dou, 2000),
XIAP (Yang et al. 2000), caspase members (Suzuki ef al.
2001), and p38 MAP kinase (Wang et al. 2005). Of
these, the Bcl-2 family members are the most import-
ant molecules in regulating apoptosis. They can be
divided into anti-apoptotic members, such as Bcl-2,
Bcl-xl, and Bel-w, and pro-apoptotic members, such as
Bax and Bak (Borner, 2003). It has been considered that
the ratio of Bcl-2/Bax is crucial in the regulation
of apoptosis (Borner, 2003; Korsmeyer et al. 1995).
Microinfusions of either A$25-35 or Af1-42 decreased
Bcl-2 and increased Bax, leading to reduction of the
Bcl-2/Bax ratio and increases in apoptotic responses in
the hippocampus. Rolipram, at the same doses that
blocked Ap-induced deficits of memory (for A325-35)
and cAMP/CREB signalling and activation of NF-«xB
signalling, also reversed the Ap-induced decrease
in the Bcl-2/Bax ratio (i.e. decreases in Bcl-2 and
increases in Bax). The results are in agreement with
those indicating that activation of CREB up-regulates
Bcl-2 (Karsan et al. 1997) and that cAMP-dependent
protein kinases regulate apoptosis by phosphorylation
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of Bcl-2 and reduction of Bcl-2/Bax dimerization
(Srivastava et al. 1998). Therefore, rolipram may
exhibit a potent, anti-apoptotic effect, which contrib-
utes to the blockade of apoptotic responses induced by
Ap25-35 or AB1-42. In addition, the anti-inflammatory
property of rolipram also may play a role in this pro-
cess given the close link between inflammation and
apoptosis (Bradl & Hohlfeld, 2003; Dorr et al. 2005)
and the involvement of NF-«B signalling in apoptosis
(Lawrence et al. 2001; Tusi ef al. 2010).

PDE4 is encoded by four separate genes
(PDE4A-D); each of which generate multiple splice
variants (Conti et al. 2003; Houslay & Adams, 2003;
O'Donnell & Zhang, 2004; Zhang, 2009). While
it is not known which subtype is involved in the
beneficial effects of rolipram on Af-induced behav-
ioural and biochemical deficits, PDE4B might be
the subtype of interest given that it is important in
lipopolysaccharide-induced cellular signalling and
inflammatory responses (Ariga et al. 2004; Jin & Conti,
2002). However, given that both PDE4A and PDE4D
are highly expressed in the hippocampus (Perez-
Torres et al. 2000), the role of these two subtypes,
in particular PDE4D, which is important in the
mediation of memory (Burgin et al. 2010; Li et al. 2011)
and antidepressant activity (Zhang et al. 2002), cannot
be excluded. Studies using relatively selective in-
hibitors of individual PDE4 subtypes (Donnell et al.
2010; Naganuma et al. 2009) and/or mice deficient in
a specific PDE4 subtype are required to clarify this
issue.

In summary, in the present study, we provide a
promising demonstration for the reversal effect of
rolipram on memory deficits associated with AD.
We further extend this finding to an interesting point,
i.e. rolipram reversal of Af-induced memory deficits
may be at least partially attributed to blockade of
inflammatory responses and apoptosis in the hippo-
campus, which are mediated by cAMP/CREB signal-
ling. Accordingly, PDE4 may be a potential target
for treatment of AD. PDE4 inhibitors produce anti-
inflammatory and anti-apoptotic properties, leading
to beneficial effects for treatment of memory loss
in AD.

Acknowledgements

This work was supported by research grants from
the National Natural Science Foundation of China
(No. 30672453 and No. 30973518 ; to].P.X.), Guangdong
Natural Science Foundation, China (No. 7117782; to
J.P.X.) and US National Institute of Aging (AG031687;
to H.T.Z.).

Rolipram and AB25-35 effects 761

Statement of Interest

Han-Ting Zhang has received financial support for
his research from Memory Pharmaceuticals and
Lundbeck Pharmaceuticals.

References

Abdi A, Sadraie H, Dargahi L, Khalaj L, et al. (2010).
Apoptosis inhibition can be threatening in AS-induced
neuroinflammation, through promoting cell proliferation.
Neurochemical Research 36, 39-48.

Agostinho P, Cunha RA, Oliveira C (2010).
Neuroinflammation, oxidative stress and the pathogenesis
of Alzheimer’s disease. Current Pharmaceutical Design 16,
2766-2778.

Ahn J, Um M, Choi W, Kim S, et al. (2006). Protective effects
of Glycyrrhiza uralensis Fisch on the cognitive deficits
caused by beta-amyloid peptide 25-35 in young mice.
Biogerontology 7, 239-247.

Ariga M, Neitzert B, Nakae S, Mottin G, et al. (2004).
Nonredundant function of phosphodiesterases 4D and
4B in neutrophil recruitment to the site of inflammation.
Journal of Immunology 173, 7531-7538.

Bailey CH, Bartsch D, Kandel ER (1996). Toward a
molecular definition of long-term memory storage.
Proceedings of the National Academy of Sciences USA 93,
13445-13452.

Barad M, Bourtchouladze R, Winder DG, Golan H, et al.
(1998). Rolipram, a type IV-specific phosphodiesterase
inhibitor, facilitates the establishment of long-lasting
long-term potentiation and improves memory.

Proceedings of the National Academy of Sciences USA 95,
15020-15025.

Barnham KJ, Masters CL, Bush AI (2004).
Neurodegenerative diseases and oxidative stress. Nature
Reviews Drug Discovery 3, 205-214.

Boissard CG, Lindner MD, Gribkoff VK (1992). Hypoxia
produces cell death in the rat hippocampus in the presence
of an A1 adenosine receptor antagonist: an anatomical and
behavioral study. Neuroscience 48, 807-812.

Borner C (2003). The Bcl-2 protein family : sensors and
checkpoints for life-or-death decisions. Molecular
Immunology 39, 615-647.

Bounhar Y, Zhang Y, Goodyer CG, LeBlanc A (2001).

Prion protein protects human neurons against
Bax-mediated apoptosis. Journal of Biological Chemistry
276, 39145-39149.

Bourtchouladze R, Lidge R, Catapano R, Stanley J, et al.
(2003). A mouse model of Rubinstein-Taybi syndrome:
defective long-term memory is ameliorated by inhibitors of
phosphodiesterase 4. Proceedings of the National Academy of
Sciences USA 100, 10518-10522.

Bradl M, Hohlfeld R (2003). Molecular pathogenesis of
neuroinflammation. Journal of Neurology, Neurosurgery,
and Psychiatry 74, 1364-1370.

Burgin AB, Magnusson OT, Singh J, Witte P, ef al. (2010).
Design of phosphodiesterase 4D (PDE4D) allosteric

¥20z Iudy g1 uo 1senb Aq 29909//6+.2/9/G L/eloe/dull/woo dno-olwspeoe//:sdpy woly peapeojumoq



762 C. Wang et al.

modulators for enhancing cognition with improved safety.
Nat Biotechnol 28, 63-70.

Cammarota M, Bevilaqua LR, Dunkley PR, Rostas JA
(2001). Angiotensin II promotes the phosphorylation of
cyclic AMP-responsive element binding protein (CREB)
at Ser133 through an ERK1/2-dependent mechanism.
Journal of Neurochemistry 79, 1122-1128.

Cheng G, Whitehead SN, Hachinski V, Cechetto DF (2006).
Effects of pyrrolidine dithiocarbamate on beta-amyloid
(25-35)-induced inflammatory responses and
memory deficits in the rat. Neurobiology of Disease 23,
140-151.

Cheng YF, Wang C, Lin HB, Li YF, et al. (2010). Inhibition of
phosphodiesterase-4 reverses memory deficits produced
by A25-35 or AB1-40 peptide in rats. Psychopharmacology
(Berlin) 212, 181-191.

Christensen R, Marcussen AB, Wortwein G, Knudsen GM,
et al. (2008). Abeta(1-42) injection causes memory
impairment, lowered cortical and serum BDNF levels, and
decreased hippocampal 5-HT(2A) levels. Experimental
Neurology 210, 164-171.

Conti M, Richter W, Mehats C, Livera G, et al. (2003).
Cyclic AMP-specific PDE4 phosphodiesterases as critical
components of cyclic AMP signaling. Journal of Biological
Chemistry 278, 5493-5496.

Dastidar SG, Ray A, Shirumalla R, Rajagopal D, et al.
(2009). Pharmacology of a novel, orally active PDE4
inhibitor. Pharmacology 83, 275-286.

De A, Boyadjieva NI, Pastorcic M, Reddy BV, et al. (1994).
Cyclic AMP and ethanol interact to control apoptosis and
differentiation in hypothalamic beta-endorphin neurons.
Journal of Biological Chemistry 269, 26697-26705.

Delobette S, Privat A, Maurice T (1997). In vitro aggregation
facilities beta-amyloid peptide-(25-35)-induced amnesia in
the rat. European Journal of Pharmacology 319, 1-4.

Demuro A, Parker I, Stutzmann GE (2010). Calcium
signaling and amyloid toxicity in Alzheimer disease.
Journal of Biological Chemistry 285, 12463-12468.

Dhitavat S, Ortiz D, Shea TB, Rivera ER (2002).
Acetyl-L-carnitine protects against amyloid-beta
neurotoxicity : roles of oxidative buffering and ATP
levels. Neurochemical Research 27, 501-505.

Di Bona D, Scapagnini G, Candore G, Castiglia L, ef al.
(2010). Immune-inflammatory responses and oxidative
stress in Alzheimer’ disease: therapeutic implications.
Current Pharmaceutical Design 16, 684-691.

Dimmeler S, Breitschopf K, Haendeler J, Zeiher AM (1999).
Dephosphorylation targets Bcl-2 for ubiquitin-dependent
degradation: a link between the apoptosome and the
proteasome pathway. Journal of Experimental Medicine 189,
1815-1822.

Donnell AF, Dollings PJ, Butera JA, Dietrich AJ, et al.
(2010). Identification of pyridazino[4,5-b] indolizines as
selective PDE4B inhibitors. Bioorganic & Medicinal
Chemistry Letters 20, 2163-2167.

Dorr J, Roth K, Zurbuchen U, Deisz R, et al. (2005).
Tumor-necrosis-factor-related apoptosis-inducing-ligand
(TRAIL)-mediated death of neurons in living human brain

tissue is inhibited by flupirtine-maleate. Journal of
Neuroimmunology 167, 204-209.

Genain CP, Roberts T, Davis RL, Nguyen MH, et al.
(1995). Prevention of autoimmune demyelination in
non-human primates by a cAMP-specific
phosphodiesterase inhibitor. Proceedings of the National
Academy of Sciences USA 92, 3601-3605.

Giorgi M, Modica A, Pompili A, Pacitti C, et al. (2004).
The induction of cyclic nucleotide phosphodiesterase
4 gene (PDE4D) impairs memory in a water maze task.
Behavioral Brain Research 154, 99-106.

Gong B, Vitolo OV, Trinchese F, Liu S, et al. (2004).
Persistent improvement in synaptic and cognitive
functions in an Alzheimer mouse model after rolipram
treatment. Journal of Clinical Investigation 114, 1624-1634.

Gong QH, Pan LL, Liu XH, Wang Q, et al. (2011).
S-propargyl-cysteine (ZYZ-802), a sulphur-containing
amino acid, attenuates beta-amyloid-induced cognitive
deficits and pro-inflammatory response: involvement of
ERK1/2 and NF-kappaB pathway in rats. Amino Acids
40, 601-610.

Griebel G, Misslin R, Vogel E, Bourguignon JJ (1991).
Behavioral effects of rolipram and structurally related
compounds in mice: behavioral sedation of cAMP
phosphodiesterase inhibitors. Pharmacology Biochemistry &
Behavior 39, 321-323.

Hardy J (1997). Amyloid, the presenilins and Alzheimer’s
disease. Trends in Neurosciences 20, 154—159.

Hardy J, Selkoe DJ (2002). The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the road to
therapeutics. Science 297, 353-356.

Haupt Y, Rowan S, Shaulian E, Kazaz A, et al. (1997). p53
mediated apoptosis in HeLa cells: transcription dependent
and independent mechanisms. Leukemia 3, 337-339.

Holscher C, Gengler S, Gault VA, Harriott P, et al. (2007).
Soluble beta-amyloid[25-35] reversibly impairs
hippocampal synaptic plasticity and spatial learning.
European Journal of Pharmacology 561, 85-90.

Houslay MD, Adams DR (2003). PDE4 cAMP
phosphodiesterases: modular enzymes that orchestrate
signalling cross-talk, desensitization and
compartmentalization. Biochemical Journal 370, 1-18.

Hoyle GW (2010). Mitigation of chlorine lung injury by
increasing cyclic AMP levels. Proceedings of the American
Thoracic Society 7, 284-289.

Imanishi T, Sawa A, Ichimaru Y, Miyashiro M, et al. (1997).
Ameliorating effects of rolipram on experimentally
induced impairments of learning and memory in rodents.
European Journal of Pharmacology 321, 273-278.

Jantzen PT, Connor KE, DiCarlo G, Wenk GL, ef al.
(2002). Microglial activation and beta -amyloid deposit
reduction caused by a nitric oxide-releasing nonsteroidal
anti-inflammatory drug in amyloid precursor protein
plus presenilin-1 transgenic mice. Journal of Neuroscience
22, 2246-2254.

Jin DQ, Park BC, Lee JS, Choi HD, et al. (2004). Mycelial
extract of Cordyceps ophioglossoides prevents neuronal
cell death and ameliorates beta-amyloid peptide-induced

¥20z Iudy g1 uo 1senb Aq 29909//6+.2/9/G L/eloe/dull/woo dno-olwspeoe//:sdpy woly peapeojumoq



memory deficits in rats. Biological Pharmaceutical Bulletin
27, 1126-1129.

Jin SL, Conti M (2002). Induction of the cyclic nucleotide
phosphodiesterase PDE4B is essential for LPS-activated
TNF-alpha responses. Proceedings of the National Academy of
Sciences USA 99, 7628-7633.

Karsan A, Yee E, Poirier GG, Zhou P, et al. (1997). Fibroblast
growth factor-2 inhibits endothelial cell apoptosis by
Bcl-2-dependent and independent mechanisms. American
Journal of Pathology 151, 1775-1784.

Kast RE (2000). Tumor necrosis factor has positive and
negative self regulatory feed back cycles centered around
cAMP. International Journal of Immunopharmacology 22,
1001-1006.

Kim DH, Kim S, Jeon SJ, Son KH, et al. (2008). The effects
of acute and repeated oroxylin A treatments on
Abeta(25-35)-induced memory impairment in mice.
Neuropharmacology 55, 639-647.

Kim JE, Song SE, Kim YW, Kim JY, et al. (2010). Adiponectin
inhibits palmitate-induced apoptosis through suppression
of reactive oxygen species in endothelial cells:
involvement of cAMP/protein kinase A and
AMP-activated protein kinase. Journal of Endocrinology 207,
35-44.

Koriyama Y, Chiba K, Mohri T (2003). Propentofylline
protects beta-amyloid protein-induced apoptosis in
cultured rat hippocampal neurons. European Journal of
Pharmacology 458, 235-241.

Korsmeyer SJ (1992). Bcl-2: a repressor of lymphocyte death.
Immunology Today 13, 285-288.

Korsmeyer SJ, Yin XM, Oltvai ZN, Veis-Novack D], et al.
(1995). Reactive oxygen species and the regulation of cell
death by the Bcl-2 gene family. Biochimical et Biophysica
Acta 1271, 63-66.

Krause W, Kuhne G (1988). Pharmacokinetics of rolipram in
the rhesus and cynomolgus monkeys, the rat and the
rabbit. Studies on species differences. Xenobiotica 18,
561-571.

Lawrence T, Gilroy DW, Colville-Nash PR,

Willoughby DA (2001). Possible new role for NF-kappaB
in the resolution of inflammation. Nature Medicine 7,
1291-1297.

Lesort M, Terro F, Esclaire F, Hugon J (1997). Neuronal APP
accumulates in toxic membrane blebbings. Journal of Neural
Transmission 1104, 497-513.

Li B, Dou QP (2000). Bax degradation by the ubiquitin/
proteasome-dependent pathway: involvement in tumor
survival and progression. Proceedings of the National
Academy of Sciences USA 97, 3850-3855.

Li YF, Cheng YF, Huang Y, Conti M, et al. (2011).
Phosphodiesterase-4D knockout and RNAi-mediated
knockdown enhance memory and increase hippocampal
neurogenesis via increased cAMP signaling. Journal of
Neuroscience 31, 172-183.

Li YF, Huang Y, Amsdell SL, Xiao L, et al. (2009).
Antidepressant- and anxiolytic-like effects of the
phosphodiesterase-4 inhibitor rolipram on behavior
depend on cyclic AMP response element binding

Rolipram and AB25-35 effects 763

protein-mediated neurogenesis in the hippocampus.
Neuropsychopharmacology 34, 2404-2419.

Lim GP, Yang F, Chu T, Chen P, et al. (2000). Ibuprofen
suppresses plaque pathology and inflammation in a
mouse model for Alzheimer’s disease. Journal of
Neuroscience 20, 5709-5714.

Lin HB, Yang XM, Li TJ, Cheng YF, et al. (2009). Memory
deficits and neurochemical changes induced by C-reactive
protein in rats: implication in Alzheimer’s disease.
Psychopharmacology (Berlin) 204, 705-714.

Lonze BE, Ginty DD (2002). Function and regulation of
CREB family transcription factors in the nervous system.
Neuron 35, 605-623.

Lukiw WJ, Bazan NG (2010). Inflammatory, apoptotic, and
survival gene signaling in Alzheimer’s disease. A review
on the bioactivity of neuroprotectin D1 and apoptosis.
Molecular Neurobiology 42, 10-16.

Luterman JD, Haroutunian V, Yemul S, Ho L, et al. (2000).
Cytokine gene expression as a function of the clinical
progression of Alzheimer disease dementia. Archives of
Neurology 57, 1153-1160.

Malm T, Ort M, Tahtivaara L, Jukarainen N, et al. (2006).
beta-Amyloid infusion results in delayed and
age-dependent learning deficits without role of
inflammation or beta-amyloid deposits. Proceedings of the
National Academy of Sciences USA 103, 8852-8857.

Mattson MP (2004). Pathways towards and away from
Alzheimer’s disease. Nature 430, 631-639.

Maurice T, Lockhart BP, Su TP, Privat A (1996). Reversion of
beta 25-35-amyloid peptide-induced amnesia by NMDA
receptor-associated glycine site agonists. Brain Research
731, 249-253.

Mehlhorn G, Hollborn M, Schliebs R (2000). Induction of
cytokines in glial cells surrounding cortical beta-amyloid
plaques in transgenic Tg2576 mice with Alzheimer
pathology. International Society for Developmental
Neuroscience 18, 423-431.

Monti B, Berteotti C, Contestabile A (2006). Subchronic
rolipram delivery activates hippocampal CREB and Arc,
enhances retention and slows down extinction of
conditioned fear. Neuropsychopharmacology 31, 278-286.

Morris R (1984). Developments of a water-maze procedure
for studying spatial learning in the rat. Journal of
Neuroscience Methods 11, 47-60.

Mouri A, Zou LB, Iwata N, Saido TC, et al. (2006). Inhibition
of neprilysin by thiorphan (i.c.v.) causes an accumulation
of amyloid beta and impairment of learning and memory.
Behavioural Brain Research 168, 83-91.

Mrak RE, Griffin WS (2001). Interleukin-1,
neuroinflammation, and Alzheimer’s disease. Neurobiology
of Aging 22, 903-908.

Naderi EH, Findley HW, Ruud E, Blomhoff HK, et al. (2009).
Activation of cAMP signaling inhibits DNA
damage-induced apoptosis in BCP-ALL cells through
abrogation of p53 accumulation. Blood 114, 608-618.

Naganuma K, Omura A, Maekawara N, Saitoh M, et al.
(2009). Discovery of selective PDE4B inhibitors. Bioorganic
& Medicinal Chemistry Letters 19, 3174-3176.

¥20z Iudy g1 uo 1senb Aq 29909//6+.2/9/G L/eloe/dull/woo dno-olwspeoe//:sdpy woly peapeojumoq



764 C. Wang et al.

Nakagawa S, Kim JE, Lee R, Malberg JE, et al. (2002).
Regulation of neurogenesis in adult mouse hippocampus
by cAMP and the cAMP response element-binding
protein. Journal of Neuroscience 22, 3673-3682.

Naviglio S, Di Gesto D, Romano M, Sorrentino A, ef al.
(2009). Leptin enhances growth inhibition by cAMP
elevating agents through apoptosis of MDA-MB-231
breast cancer cells. Cancer Biology and Therapy 8,
1183-1190.

O’Donnell JM, Zhang HT (2004). Antidepressant effects of
inhibitors of cyclic AMP phosphodiesterase (PDE4).
Trends in Pharmacological Sciences 25, 158-163.

O’Hare E, Weldon DT, Mantyh PW, Ghilardi JR, et al.
(1999). Delayed behavioral effects following
intrahippocampal injection of aggregated A beta (1-42).
Brain Research 815, 1-10.

Olariu A, Tran MH, Yamada K, Mizuno M, et al. (2001).
Memory deficits and increased emotionality induced by
beta-amyloid (25-35) are correlated with the reduced
acetylcholine release and altered phorbol dibutyrate
binding in the hippocampus. Journal of Neural Transmission
108, 1065-1079.

Parachikova A, Agadjanyan MG, Cribbs DH,
Blurton-Jones M, et al. (2007). Inflammatory changes
parallel the early stages of Alzheimer disease. Neurobiology
of Aging 28, 1821-1833.

Parry GC, Mackman N (1997). Role of cyclic AMP response
element-binding protein in cyclic AMP inhibition of
NF-kappaB-mediated transcription. Journal of Immunology
159, 5450-5456.

Parvathenani LK, Buescher ES, Chacon-Cruz E, Beebe SJ
(1998). Type I cAMP-dependent protein kinase delays
apoptosis in human neutrophils at a site upstream of
caspase-3. Journal of Biological Chemistry 273, 6736—-6743.

Pasinetti GM (2001). Use of cDNA microarray in the search
for molecular markers involved in the onset of Alzheimer’s
disease dementia. Joural of Neuroscience Research 65,
471-476.

Paxinos G, Watson C (1986). The Rat Brain in Stereotaxic
Coordinates, 6th edn. San Diego, CA: Academic Press.

Perez-Torres S, Miro X, Palacios JM, Cortes R, et al. (2000).
Phosphodiesterase type 4 isozymes expression in human
brain examined by in situ hybridization histochemistry
and [*H]rolipram binding autoradiography. Comparison
with monkey and rat brain. Journal of Chemical
Neuroanatomy 20, 349-374.

Pike CJ, Burdick D, Walencewicz AJ, Glabe CG, et al.
(1993). Neurodegeneration induced by beta-amyloid
peptides in vitro: the role of peptide assembly state. Journal
of Neuroscience 13, 1676-1687.

Rojo LE, Fernandez JA, Maccioni AA, Jimenez JM, et al.
(2008). Neuroinflammation: implications for the
pathogenesis and molecular diagnosis of Alzheimer’s
disease. Archives of Medical Research 39, 1-16.

Ruan CJ, Zhang L, Chen DH, Li Z, et al. (2010). Effects of
trans-2,4-dimethoxystibene against the neurotoxicity
induced by Abeta(25-35) both in vitro and in vivo.
Neuroscience Research 67, 209-214.

Rutten K, Prickaerts J, Blokland A (2006). Rolipram
reverses scopolamine-induced and time-dependent
memory deficits in object recognition by different
mechanisms of action. Neurobiology of Learning and
Memory 85, 132-138.

Rutten K, Prickaerts J, Schaenzle G, Rosenbrock H, et al.
(2008). Sub-chronic rolipram treatment leads to a
persistent improvement in long-term object memory
in rats. Neurobiology of Learning and Memory 90, 569-575.

Ryan KM, Phillips AC, Vousden KH (2001). Regulation and
function of the p53 tumor suppressor protein. Current
Opinion in Cell Biology 13, 332-337.

Sala C, Rudolph-Correia S, Sheng M (2000).
Developmentally regulated NMDA receptor-dependent
dephosphorylation of cAMP response element-binding
protein (CREB) in hippocampal neurons. Journal of
Neuroscience 20, 3529-3536.

Sanchez AJ, Puerta C, Ballester S, Gonzalez P, et al. (2005).
Rolipram impairs NF-kappaB activity and MMP-9
expression in experimental autoimmune
encephalomyelitis. Journal of Neuroimmunology 168, 13-20.

Satoh J, Tabunoki H, Arima K (2009). Molecular network
analysis suggests aberrant CREB-mediated gene regulation
in the Alzheimer disease hippocampus. Disease Markers 27,
239-52.

Sekut L, Yarnall D, Stimpson SA, Noel LS, et al. (1995).
Anti-inflammatory activity of phosphodiesterase (PDE)-IV
inhibitors in acute and chronic models of inflammation.
Clinical & Experimental Immunology 100, 126-32.

Selkoe DJ (2000). Toward a comprehensive theory for
Alzheimer’s disease. Hypothesis: Alzheimer’s disease is
caused by the cerebral accumulation and cytotoxicity of
amyloid beta-protein. Annals of the New York Academy of
Sciences 924, 17-25.

Shaywitz AJ, Greenberg ME (1999). CREB: a
stimulus-induced transcription factor activated by a
diverse array of extracellular signals. Annual Review of
Biochemistry 68, 821-861.

Smith DF (1990). Effects of lithium and rolipram enantiomers
on locomotor activity in inbred mice. Pharmacology and
Toxicology 66, 142-145.

Souness JE, Aldous D, Sargent C (2000).
Immunosuppressive and anti-inflammatory effects of
cyclic AMP phosphodiesterase (PDE) type 4 inhibitors.
Immunopharmacology 47, 127-162.

Sousa LP, Lopes F, Silva DM, Tavares LP, et al. (2010). PDE4
inhibition drives resolution of neutrophilic inflammation
by inducing apoptosis in a PKA-PI3K/Akt-dependent and
NF-kappaB-independent manner. Journal of Leukocyte
Biology 87, 895-904.

Srivastava RK, Srivastava AR, Korsmeyer SJ, Nesterova M,
et al. (1998). Involvement of microtubules in the regulation
of Bcl2 phosphorylation and apoptosis through cyclic
AMP-dependent protein kinase. Molecular Cellular and
Biology 18, 3509-3517.

Stepanichev MY, Moiseeva YV, Lazareva NA, Onufriev
MYV, et al. (2003). Single intracerebroventricular
administration of amyloid-beta (25-35) peptide induces

¥20z Iudy g1 uo 1senb Aq 29909//6+.2/9/G L/eloe/dull/woo dno-olwspeoe//:sdpy woly peapeojumoq



impairment in short-term rather than long-term memory
in rats. Brain Research Bulletin 61, 197-205.

Suh YH, Checler F (2002). Amyloid precursor protein,
presenilins, and alpha-synuclein: molecular pathogenesis
and pharmacological applications in Alzheimer’s disease.
Pharmacological Reviews 54, 469-525.

Sun MK, Alkon DL (2002). Impairment of hippocampal CA1
heterosynaptic transformation and spatial memory by
beta-amyloid(25-35). Journal of Neurophysiology 87,
2441-2449.

Suzuki Y, Nakabayashi Y, Nakata K, Reed JC, et al. (2001).
X-linked inhibitor of apoptosis protein (XIAP) inhibits
caspase-3 and-7 in distinct modes. Journal of Biological
Chemistry 276, 27058-27063.

Szelenyi J, Kiss JP, Puskas E, Szelenyi M, et al. (2000).
Contribution of differently localized alpha 2- and
beta-adrenoceptors in the modulation of TNF-alpha and
IL-10 production in endotoxemic mice. Annals of the
New York Academy of Sciences 917, 145-153.

Taguchi I, Oka K, Kitamura K, Sugiura M, et al. (1999).
Protection by a cyclic AMP-specific phosphodiesterase
inhibitor, rolipram, and dibutyryl cyclic AMP against
Propionibacterium acnes and lipopolysaccharide-induced
mouse hepatitis. Inflammation Research 48, 380-385.

Teixeira MM, Gristwood RW, Cooper N, Hellewell PG
(1997). Phosphodiesterase (PDE)4 inhibitors:
anti-inflammatory drugs of the future? Trends in
Pharmacological Sciences 18, 164-171.

Tohda C, Matsumoto N, Zou K, Meselhy MR, et al. (2004).
Abeta(25-35)-induced memory impairment, axonal
atrophy, and synaptic loss are ameliorated by M1,

A metabolite of protopanaxadiol-type saponins.
Neuropsychopharmacology 29, 860-868.

Tong L, Thornton PL, Balazs R, Cotman CW (2001).
Beta-amyloid-(1-42) impairs activity-dependent
cAMP-response element-binding protein signaling in
neurons at concentrations in which cell survival is not
compromised. Journal of Biological Chemistry 276,
17301-17306.

Townsend KP, Pratico D (2005). Novel therapeutic
opportunities for Alzheimer’s disease: focus on
nonsteroidal anti-inflammatory drugs. Journal of the
Federation of American Societies for Experimental Biology 19,
1592-1601.

Tully T, Bourtchouladze R, Scott R, Tallman J (2003).
Targeting the CREB pathway for memory enhancers.
Nature Reviews Drug Discovery 2, 267-277.

Tusi SK, Ansari N, Amini M, Amirabad AD, et al. (2010).
Attenuation of NF-kappaB and activation of Nrf2 signaling
by 1,2,4-triazine derivatives, protects neuron-like PC12
cells against apoptosis. Apoptosis 15, 738-751.

Um MY, Choi WH, Aan JY, Kim SR, et al. (2006). Protective
effect of Polygonum multiflorum Thunb on amyloid
beta-peptide 25-35 induced cognitive deficits in mice.
Journal of Ethnopharmacology 104, 144-148.

Vecsey CG, Baillie GS, Jaganath D, Havekes R, et al. (2009).
Sleep deprivation impairs cAMP signalling in the
hippocampus. Nature 461, 1122-1125.

Rolipram and AB25-35 effects 765

Vitolo OV, Sant’Angelo A, Costanzo V, Battaglia F, et al.
(2002). Amyloid beta-peptide inhibition of the PKA/CREB
pathway and long-term potentiation: reversibility by
drugs that enhance cAMP signaling. Proceedings of the
National Academy of Sciences USA 99, 13217-13221.

Vollmar P, Kullmann JS, Thilo B, Claussen MC, et al.
(2010). Active immunization with amyloid-8 1-42 impairs
memory performance through TLR2/4-dependent
activation of the innate immune system. Journal of
Immunology 185, 6338-6347.

Wang D, Li H, Yuan H, Zheng M, et al. (2005). Humanin
delays apoptosis in K562 cells by downregulation of P38
MAP kinase. Apoptosis 10, 963-971.

Wang XH, Li L, Holscher C, Pan YF, et al. (2010).
Val8-glucagon-like peptide-1 protects against
Ap1-40-induced impairment of hippocampal late-phase
long-term potentiation and spatial learning in rats.
Neuroscience 170, 1239-4128.

Wang XY, Chen J, Zhang JT (2001). Effect of ginsenoside
Rg1 on learning and memory impairment induced by
beta-amyloid peptide(25-35) and its mechanism of action.
Yao Xue Xue Bao 36, 1-4.

Yamada K, Tanaka T, Han D, Senzaki K, et al. (1999).
Protective effects of idebenone and alpha-tocopherol on
beta-amyloid-(1-42)-induced learning and memory
deficits in rats: implication of oxidative stress
in beta-amyloid-induced neurotoxicity in vivo. European
Journal of Neuroscience 11, 83-90.

Yang X, Askarova S, Lee JC (2010). Membrane biophysics
and mechanics in Alzheimer’s disease. Molecular
Neurobiology 41, 138-148.

Yang Y, Fang S, Jensen JP, Weissman AM, et al. (2000).
Ubiquitin protein ligase activity of IAPs and their
degradation in proteasomes in response to apoptotic
stimuli. Science 288, 874-877.

Yao M, Nguyen TV, Pike CJ (2007). Estrogen regulates Bcl-w
and Bim expression: role in protection against
beta-amyloid peptide-induced neuronal death. Journal of
Neuroscience 27, 1422-1433.

Zeng Y, Zhao D, Xie CW (2010). Neurotrophins enhance
CaMKII activity and rescue amyloid-S-induced deficits in
hippocampal synaptic plasticity. Journal of Alzheimer’s
Disease 21, 823-83.

Zhang HT (2009). Cyclic AMP-specific phosphodiesterase-4
as a target for the development of antidepressant drugs.
Current Pharmaceutical Design 15, 1688-1698.

Zhang HT (2010). Phosphodiesterase Targets for Cognitive
Dysfunction and Schizophrenia —a New York Academy of
Sciences Meeting. Investigational Drugs 13, 166-168.

Zhang HT, Crissman AM, Dorairaj NR, Chandler L},
et al. (2000). Inhibition of cyclic AMP phosphodiesterase
(PDE4) reverses memory deficits associated with NMDA
receptor antagonism. Neuropsychopharmacology 23, 198-204.

Zhang HT, Huang Y, Jin SLC, Frith SA, et al. (2002).
Antidepressant-like profile and reduced sensitivity
to rolipram in mice deficient in the PDE4D
phosphodiesterase enzyme. Neuropsychopharmacology 27,
587-595.

¥20z Iudy g1 uo 1senb Aq 29909//6+.2/9/G L/eloe/dull/woo dno-olwspeoe//:sdpy woly peapeojumoq



766  C. Wang et al.

Zhang HT, Huang Y, Masood A, Stolinski LR, et al. (2008).
Anxiogenic-like behavioral phenotype of mice deficient in
phosphodiesterase 4B (PDE4B). Neuropsychopharmacology
33, 1611-1623.

Zhang HT, Huang Y, Suvarna NU, Deng C, ef al. (2005).
Effects of the novel PDE4 inhibitors MEM1018 and
MEM1091 on memory in the radial-arm maze and
inhibitory avoidance tests in rats. Psychopharmacology
(Berlin) 179, 613-619.

Zhang HT, O’Donnell JM (2000). Effects of rolipram on
scopolamine-induced impairment of working and

reference memory in the radial-arm maze tests in rats.
Psychopharmacology (Berlin) 150, 311-316.

Zhang HT, Zhao Y, Huang Y, Dorairaj NR, et al. (2004).
Inhibition of the phosphodiesterase 4 (PDE4) enzyme
reverses memory deficits produced by infusion of the MEK
inhibitor U0126 into the CA1 subregion of the rat
hippocampus. Neuropsychopharmacology 29, 1432-1439.

Zhang JM, Wu MN, Qi JS, Qiao JT (2006). Amyloid
beta-protein fragment 31-35 suppresses long-term
potentiation in hippocampal CA1 region of rats in vivo.
Synapse 60, 307-313.

¥20z Iudy g1 uo 1senb Aq 29909//6+.2/9/G L/eloe/dull/woo dno-olwspeoe//:sdpy woly peapeojumoq



