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Yong He,*,† Suyue Pan,* Miaojing Xu,* Rongni He,‡ Wei Huang,‡ Pingping Song,* Jianou Huang,§

Han-Ting Zhang,{,k and Yafang Hu*,1

*Department of Neurology, Nanfang Hospital, Southern Medical University, Guangzhou, China; †Department of Neurology, First People’s
Hospital of Chenzhou, Chenzhou, China; ‡Department of Neurology, Zhujiang Hospital, Southern Medical University, Guangzhou, China;
§Department of Neurology, 421 Hospital, Guangzhou, China; and {Department of Behavioral Medicine and Psychiatry and kDepartment of
Physiology and Pharmacology, West Virginia University Health Sciences Center, Morgantown, West Virginia, USA

ABSTRACT: Cyclin-dependent kinase 5 (Cdk5), which binds to and is activated by p35, phosphorylates multiple
substrates andplays an essential role in the development and function of theCNS; however, proteolytic production
of p25 from p35 under stress conditions leads to the inappropriate activation of Cdk5 and contributes to hyper-
phosphorylation of t and other substrates that are related to the pathogenesis of Alzheimer’s disease. Selective
inhibition of aberrant Cdk5 activity via genetic overexpression ofCdk5 inhibitorypeptide (CIP) reduces pathologic
changes and prevents brain atrophy and memory loss in p25-transgenic mice. In the present study, we delivered
adeno-associated viral 9 carrying green fluorescent protein–CIP (AAV9-GFP-CIP) to brain cells via intra-
cerebroventricular infusion in amyloid precursor protein/presenilin 1 (APP/PS1) double-transgenic 3-mo-oldmice
after the occurrence ofb-amyloid (Ab) aggregation and the hyperphosphorylation of t. Threemonths of treatment
of AAV9-GFP-CIP reduced pathologic changes, including t hyperphosphorylation, (Ab) deposit, astrocytosis,
and microgliosis, which were correlated with the reversal of memory loss and anxiety-like behavior observed in
APP/PS1mice.Theneuroprotectioneffect ofAAV9-GFP-CIP lastedanadditional 7mo—the endpoint of the study.
These findings provide a novel strategy to selectively target Cdk5 for the treatment of Alzheimer’s disease.—He,
Y., Pan, S., Xu, M., He, R., Huang, W., Song, P., Huang, J., Zhang, H.-T., Hu, Y. Adeno-associated viral 9–mediated
Cdk5 inhibitory peptide reverses pathologic changes and behavioral deficits in the Alzheimer’s disease mouse
model. FASEB J. 31, 000–000 (2017). www.fasebj.org
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Alzheimer’s disease (AD) is one of the leading and cur-
rently incurable neurodegenerative diseases in the aging
population. There are 2 pathologic hallmarks of AD, in-
cluding extracellular senile plaques formed by deposition
of b-amyloid (Ab) peptide and intracellular aggregations
of neurofibrillary tangles (NFTs) that mainly contain
hyperphosphorylated t (1). Complex triggers, including
inflammation and excitotoxic and oxidative stress, may
contribute to Ab burden and/or tauopathy (2–4).

Neuronal cells are enriched with p35, which binds to
and activates cyclin-dependent kinase 5 (Cdk5). Cdk5/
p35activity is required for neurons fundamental functions
(4–6); however, cleavage of p35 into p25 by calpain under
stress conditions leads to neurotoxin (7). In postmortem
brains of patientswithAD, accumulation of p25 correlates
with Cdk5/p25 hyperactivity in NFTs (7). Cdk5 induces t
hyperphosphorylation and the accumulation of NFTs in
transgenic (Tg) mice that overexpress p25 (8, 9). Accu-
mulated evidence from postmortems and animal models
has demonstrated that deregulation of Cdk5 also con-
tributes to the pathogenesis of several other degenerative
diseases, including Parkinson’s disease (10), amyotrophic
lateral sclerosis (11, 12), and ischemia stroke (13), which
suggests thatCdk5may represent apromising therapeutic
target for such neurodegenerative diseases as AD.

Accordingly, Cdk5 inhibitors, such as roscovitine, that
target ATP binding sites of Cdk5 have been considered as
potential therapeutic agents; however, these compounds
could produce serious adverse effects as a result of the
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nonselective inhibition of other Cdks (13–15). Several p35-
derived peptides have been identified as another category
of Cdk5-specific inhibitory peptides. CIP (Cdk5 inhibitory
peptide; amino acid residue, aa 154–279 of p35) is the first
identified peptide that displays a specific inhibitory effect
on the activity of Cdk5/p25, but not Cdk5/p35, and pre-
vents neuronal apoptosis in vitro (16, 17). Furthermore, in
p25-inducible double-Tg mice, constitutive expression of
CIP in the forebrain reduces p25-mediated neuro-
degeneration and improves cognitive performance inCIP-
p25 tetra-Tg mice (18). CIP does not affect Cdk5/p35
function as CIP-Tgmice seemed to be phenotypically and
developmentally normal; however, clinical translation of
CIP is limited because of its difficulty in crossing the brain-
blood barrier. The 24-aa peptide P5 truncated from CIP
was later identified; it exhibits inhibitory activity similar to
CIP in vitro.Modified P5 (TP5 or TFP5)with Tet peptide to
facilitate brain-blood barrier penetration has been shown
to exert neuron protection in 53FADmice, which carry 3
amyloid precursor protein (APP) mutations and 2 pre-
senilin 1 (PS1) mutations (3). TP5 or TFP5 protect neurons
from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine insult
in Parkinson’s disease mouse models (19, 20).

Adeno-associated viral (AAV) vectors have been at-
tractive delivery systems for gene therapy because they
transduce nondividing cells with long-term, stable trans-
gene expression and have a high degree of safety (21–25).
CNS-directed AAV serotypes include AAV1, -2, -4, -5, -6,
-8, -9, -10, and -11 (26). Specific knockdown of Cdk5 in the
hippocampus by injection of microRNA-based short hair-
pin against CDK5 (shCDK5miR) prevents spatial memory
dysfunction and t pathology in 33Tg AD mice, which
harbor PS1(M146V), APP(Swe), and t(P301L) transgenes
(27, 28). In the present study,weusedAAV9,which carries
the synapsin-1 (SYN) promoter, to specifically deliver CIP
toneuronsofdouble-Tgmice that expressmutantAPPand
PS1 (APP/PS1). CIP was expressed widely in brain areas,
including the cortex and hippocampus, after intra-
cerebroventricular (i.c.v.) infusions. Western blotting or
immunohistochemistry (IHC) analyses revealed that CIP
reduced t phosphorylation, Ab deposit, astrocytosis and
microgliosis, andneuronal apoptosis.Moreover, recovered
memory performance was improved and anxiety-like be-
havior was decreased in CIP-treated AD mice. Results
suggest that selectively targeting Cdk5 by CIP is a prom-
ising strategy for the treatment of AD.

MATERIALS AND METHODS

AAV virus preparation

Myc-tagged CIP was generated by PCR by using plasmid
pcDNA3.1-C-p35 as the template and was inserted in pCR2.1.
Primers used included the following: 59-TTTTGGATCCGCCAC-
CATGGCATCAATGCAGAAGCTGATCTCAGAGGACCTGA-
TGTGCCTGGGTGAGTTTCTCTG-59; and 39-TTTTTCTAGAT-
TATGGGTCGGCATTTATCT-39. EcoRI and XbaI sites are itali-
cized, and the Myc sequence is underlined. After confirming the
CIP sequence by Sanger sequencing, Myc-CIP was cut by EcoRI/
XbaI and in-frame fused at the C terminus of EGF in plasmid
pEGFP-C2 (Takara, Kusatsu, Japan). EGFP-myc-CIP fragment

was obtained by cutting pEGFP-myc-CIP with AgeI/HindIII,
then replacing the eGFP reporter gene driven by the human
SYN-1promoter (University of PennsylvaniaVectorCore Facility,
Philadelphia, PA, USA). The resulting plasmid pAAV-hSYN-
EGFP-CIP was transfected in human embryonic kidney 293T
(HEK293T) cells, which were cultured in DMEM that was sup-
plementedwith 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA). Expression of GFP-CIP fusion protein
was verified. AAV9-GFP-CIP or control AAV9-GFP was pro-
duced by Hanbio Biotechnology (Shanghai, China). In brief,
HEK293T cells were transfected by Lipofiter (Hanbio Bio-
technology) with 3 plasmids: pAAV-hSYN-EGFP-CIP or pAAV-
hSYN-GFP, AAV helper plasmid (Hanbio Biotechnology), and
pAAV2/9 containing AAV2 rep and AAV9 cap genes (Hanbio
Biotechnology). At 72 h after transfection, cells were collected
and lysed by using a freeze-thaw procedure. Viral particles
were purified with V1369 column (Biomiga, San Diego, CA,
USA). Copy numbers of vector genomes (vgs) were 2.5 or
43 1012 vg/ml as determined by quantitative PCRwithWPRE
primers: (forward) 59-GTGCACTGTGTTTGCTGACG-39, (re-
verse) 59-GAAAGGAGCTGACAGGTGGT-39. All AAV vectors
were suspended insterilePBSas final concentration to1012vg/ml.

I.c.v. administration of AAV virus in mice

Animal protocols were approved by the Southern Medical Uni-
versity Committee onAnimal Care and conducted in accordance
with the Guideline for the Care and Use of Laboratory Animals
(SouthernMedicalUniversity).C57BL/6Jmice (male, 4–6wkold)
were purchased from the animal facility of Southern Medical
University. Male APP/PS1 mice (APPswe, PSEN1dE9, 85Dbo/
MmJNjumice),which express humanmutantAPPandPS1,were
purchased fromModel Animal Research Center of Nanjing Uni-
versity (Nanjing, China). All mice were fed in a well-ventilated,
quiet room (28°C)with 12-h light/dark cycle,with access towater
and food ad libitum. Animals received i.c.v. injection of different
treatments at 3 mo old and were divided into 4 groups with 12
mice in each group: 1) wide-type (WT) group: C57BL/6J mice
with PBS injection; 2) AD/PBS group: APP/PS1 mice with PBS
injection; 3) AD/GFP group: APP/PS1 mice with injection of
AAV9-GFP; and 4) AD/CIP group: APP/PS1micewith injection
of AAV9-GFP-CIP. All surgery procedures were conducted un-
der aseptic conditions. Mice were anesthetized with isoflurane
(4% for induction and 2% for maintenance; RWD, Shenzhen,
China), mixed with oxygen (1 L/min), and delivered through a
nasal mask (RWD). I.c.v. injection was conducted via stereotaxic
apparatus (68010; RWD) according to manufacturer instructions
and the atlas of mice brain (the stereotaxic coordinates were
0.5 mm posterior and 1.0 mm lateral to the bregma, and 2.5-mm
deep fromthedural surface) as reported (29). Infusionof 2ml virus
solution was controlled at a rate of 1 ml/min using a microinjec-
tion pump (RWD). After injection, the injection needle was
maintained in place for an additional 2 min to prevent reflux.

IHC analysis and confocal microscopy

Preparation of mice brain section for IHC were performed as
reported (30, 31). In brief, deeply anesthetizedmice (120 mg/kg,
i.p. sodiumpentobarbital) were transcardially perfusedwith ice-
cold PBS followed by 4% paraformaldehyde. Brains of 6- or 10-
mo-old mice were obtained and bisected along the midline. For
each mouse, one half brain sample was collected and stored at
280°C for Western blotting. Another one half was paraffin em-
bedded and 4-mmsectionswere slicedwith Leica RMvibratome
(Leica Microsystems, Heidelberg, Germany). Antigen-retrieved
sections were incubated with primary Abs overnight at 4°C.
Primary Abs were goat anti-Iba1, (1:500 dilution; Thermo
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Fisher Scientific), mouse anti–glial fibrillary acidic protein
(GFAP) (1:1000 dilution; Millipore, Billerica, MA, USA), and
mouse anti–Ab1-42 (1:1000 dilution; Thermo Fisher Scientific).
Secondary Abs SP-9001 against rabbit primary Ab and SP-9002
againstmouse primaryAbwere fromZSGB-BIO (Beijing,China).
Activated microglial cells (stained with anti-Iba1 Ab), astrocytes
(stained with anti-GFAP Ab), and senile plaques (stained with
anti–Ab1-42 Ab) were counted blindly by independent investi-
gators. Nissel staining was performed to quantify neuronal den-
sity in sections.GFP fluorescent imageswereobtainedwitha laser
scanning confocal microscope (Olympus, Tokyo, Japan). Quan-
titative analysis of IHC data by ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA) was double blinded.

Western blot

Western blot analysis was routinely performed as previously
reported (32). All primary Abs were used at 1:1000 dilution as
following: S199 (phospho-t pSer199 Ab; Thermo Fisher Scien-
tific), AT180 (phospho-Tau Thr231 mouse mAb; Thermo Fisher
Scientific), TAU-5 (t Ab; Thermo Fisher Scientific), mouse anti-
GFAP (Millipore), AT8 (phospho-paired helical filament-t
pSer202+Thr205 mouse mAb; Thermo Fisher Scientific), goat
anti-Iba1 (1:700 dilution; Thermo Fisher Scientific), rabbit
cleaved caspase-3 Ab (Asp175; Gene Tex, Irvine, CA, USA),
and anti–b-actin (Proteintech, Chicago, IL, USA). Secondary
horseradish peroxidase–conjugated Abs were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) (1:1000
dilution).

Animal behavioral studies

All behavioral tests were conducted at age 6 mo. Mice were
housed and habituated for 2 h in behavioral testing rooms before
tests. All tests were conducted on consecutive days in a dimly
illuminated room with standard conditions of temperature and
free from any stray noise. All behavioral apparatuswere cleaned
with 75% ethanol and dried between each animal. Behavioral
outcomewas recorded by 2 trained assistants whowere blinded
to the information of each mouse.

Morris water maze

To assess spatial learning and memory, the Morris water maze
(TSE Co., Thuringia, Germany) was performed according to
protocol (33) with minor modifications. In brief, a circular pool
(110 cm diameter, 60 cm height) was filled with water that was
stirredwithwhite dye, the temperature ofwhichwasmaintained
at 24–26°C. A gray curtain surrounded the pool to eliminate
environmental interference. Visual cues, including a triangle
figure, a square figure, and a round figure of different colors,
were affixed to the curtain for memory cue.Mice were trained to
find a hidden platform (8 cmdiameter, 30 cm height, 1 cm below
the water surface) for 4 d. In the training stage, mice were placed
in the water for 60 s to find and escape onto the platform. If mice
failed, theywere placed on the platform for 15 s to remember the
location of the platform. In the testing stage, the platform was
removed and mice were monitored for a 60-s free swim in the
pool. The swimming pathway was recorded by TSE video sys-
tem. The latency spent in the target quadrant (the previous
platformwas in the quadrant) and the number of crossings of the
platform position were recorded to evaluate the spatial memory
of mice. All tests were performed in daytime from 9:00 AM to
3:00 PM, and animals in the 4 groups were tested alternately to
minimize the impact caused by the different testing times of day.

Shuttle box active avoidance test

The shuttle box (TSE) was divided into 2 compartments of equal
size (1903 1903 120 mm), separated by a wall that contained a
hole on thebottom (8 cm inwidth and10 cm inheight) formice to
move 2 ways freely. Each compartment installed a lamp on the
cellingand the steel grid floorwas connected to electricity for foot
shock.Mice took 5min to habitat the environmentbefore the test.
Once the light was on (for 10 s) in 1 compartment, the tested
mouse would escape to the light compartment to avoid electric
shock (for 10 s, 0.4–0.6 mA, 30-s interval). At this point, a con-
ditional reaction (active avoidance response) would be counted.
If the testedmouse stayed in the dark compartment and received
the electric shock, and then went to the light compartment,
an unconditional reaction would be counted. Each mouse
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Figure 1. Distribution of AAV9-GFP-CIP after i.c.v. infusions. A) Expression plasmids pAAV-hSYN-GFP(GFP) and pAAV-hSYN-
GFP-CIP (GFP-CIP) were transfected in HEK293 cells. Western blotting was performed for cell lysate. Arrows indicate expressed
protein bands with 26 and 41 kDa for GFP and GFP-CIP, respectively. B) Two microliters of 1012 vg/ml AAV9-GFP and AAV9-GFP-
CIP were i.c.v. infused in the mouse brain. One week later, mice were euthanized and brain tissue was quickly obtained to capture
green fluorescence under the Kodak image machine. Obvious fluorescence was observed in the virus-injected brain, AD/GFP,
and AD/CIP but not in the control AD/PBS. C, D) One week after i.c.v. virus injection, brain sections were dissected and green
fluorescence was observed under confocal microscope. Green fluorescence was clearly seen in cell bodies of the cortex (C) or
hippocampus (D) of AAV9-GFP-CIP–injected mice with 3600 and 2000 magnification, respectively. Scale bar, 50 mm.
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conducted this test for 60 times/d on 4 consecutive days. All
reactionswere recordedbyaTSEvideoand software systemand
the total number of active avoidance responses was analyzed.

Elevated plus maze

Elevated plus maze apparatus was made of acrylic (white) and
consisted of 2 open arms (503 10 cm) and 2 closed armswith no
roof (503103 40 cm) at right angles to each other and an open
square (103 10 cm) in the center. The maze was elevated 50 cm
above the floor. Animals were placed in the center facing the
same open arm each time. If an animal fell from themaze, it was
immediately placed back in theposition fromwhich it had fallen.
The duration of the elevated plus maze recording was 5 min.

Statistical analysis

Data are presented as means6 SD. Data of escape latency in the
Morris water maze test and responses in the shuttle box active
avoidance response test were analyzed by repeated-measures
ANOVA followed by least significant difference test. All other
data were analyzed by 1-way ANOVA followed by least signif-
icant difference test. Statistical analysis was performed by using
SPSSversion20 (SPSS,Chicago, IL,USA).AvalueofP,0.05was
considered statistically significant.

RESULTS

Generation of AAV9-GFP-CIP and distribution
of AAV9-GFP-CIP in mice by i.c.v. injection

To generate AAV9 plasmid that expressed CIP, c-myc–
tagged CIP was developed by using PCR, then C-
terminally fused with EGFP in plasmid pEGFP-C2. The
EGFP-myc-CIP fragment was then used to replace the
eGFP reporter gene in pAAV-hSYN-GFP, which is
driven by the human SYN-1 promoter, which led to ex-
pression in neurons. As shown in Fig. 1A, GFP and GFP-
CIP fusion proteins were evidently expressed after
transfection of pAAV-hSYN-GFP and pAAV-hSYN-
GFP-CIP, respectively, in HEK293T cells. In in vivo im-
aging, GFP was remarkably expressed in the brain of
mice 1wk after i.c.v. infusion of purifiedAAV9-GFP and
AAV9-GFP-CIP vectors, but notAD/PBS as control (Fig.
1B). To further assess the distribution of viruses in the
brain, green fluorescence of brain sections was observed
using confocal microscopy. As shown in Fig. 1C,D, GFP
was expressed in cell bodies of themouse cerebral cortex
(Fig. 1C) and hippocampus (Fig. 1D) after AAV9-
GFP-CIP infusions, which indicated the expression of

B

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

W
T

W
T

AD/P
BS

AD/P
BS

AD/G
FP

AD/G
FP

AD/C
IP

AD/C
IP

TAU5AT180

AT8

＊＊

＊

S199
A

Q
ua

nt
ifi

ca
tio

n
no

m
al

iz
ed

 to
 β

-a
ct

in

Q
ua

nt
ifi

ca
tio

n
no

m
al

iz
ed

 to
 β

-a
ct

in

W
T

W
T

AD/P
BS

AD/P
BS

AD/G
FP

AD/G
FP

AD/C
IP

AD/C
IP

#

#

#

0.0

0.5

1.0

1.5

Q
ua

nt
ifi

ca
tio

n
no

m
al

iz
ed

 to
 β

-a
ct

in

0.0

0.5

1.0

1.5

Q
ua

nt
ifi

ca
tio

n
no

m
al

iz
ed

 to
 β

-a
ct

in

S199

AT8

AT180

TAU-5

β-actin

W
T

AD/P
BS

AD/G
FP

AD/C
IP

kDa

55

55

55

55

42

Figure 2. AAV9-GFP-CIP reduced t phosphorylation in AD mice. Two microliters of 1012 vg/ml AAV9-GFP or AAV9-GFP-CIP virus
were i.c.v. injected in APP/PS1 mice at age 3 mo, and i.c.v. injection of PBS in AD or WT mice were controls. Six months later, brain
samples were obtained to check t phosphorylation by Western blotting. A) For Western blotting results, t phosphorylation was tested at
the following sites: Ser199 by S199 Ab, Ser202 and Thr205 by AT8 Ab, and Thr231 by AT180 Ab. Increased t phosphorylation was
observed at all these sites in AD mice (AD/PBS), which was decreased in AAV9-GFP-CIP–treated mice (AD/CIP) but not in AAV9-
GFP–treated mice (AD/GFP). Total t was tested by anti-TAU5 Ab. There was no significant difference among 4 groups. B) Relative
intensities of t levels normalized to b-actin. Comparing the summarized data of 3 tests for each group, there were more t
phosphorylation sites detected by anti-Ser199, AT180, and AT8 Abs in AD mice (AD/PBS) than in WT mice (*P , 0.05), and less in
AAV9-GFP-CIP–treated mice (AD/CIP) than in AD mice #P , 0.05). No difference was found between AD and AAV9-GFP group.
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GFP-CIP fusion protein. Thus, results demonstrate the
successful generation ofAAV9-GFP-CIP,which is able to
deliver GFP-CIP in brain cells in mice.

AAV9-GFP-CIP reduced hyperphosphorylation
of t in APP/PS1 mice

Hyperphosphorylation of t atmultiple sites contributes to
the formation of PHF inNFTs, one of the hallmarks of AD
(34–36). Previous studies havedemonstrated that aberrant
Cdk5/p25 increases phosphorylated t of PHF at multiple
sites in thebrainof 33AD,53FAD,andp25-Tgmice (3, 28,
37). In the present study, we assessed whether 1 dose of
AAV9-GFP-CIP via i.c.v. infusions in 3-mo-old APP1/PS1
micewould inhibit t phosphorylationwhen tested at 6mo
old when behavior deficits would be observed. As shown
in Fig. 2A, Western blot analysis revealed that t phos-
phorylation was increased in AD control mice at the fol-
lowing sites: Ser199 testedbyS199Abs, Ser202 andThr205
by AT8 Abs, and Thr231 by AT180 Abs. Quantified levels
of protein bands against b-actin are presented in Fig. 2B.
Treatment with AAV9-GFP-CIP, but not AAV9-GFP
(control), decreased hyperphosphorylation of t. There
was no difference in total t (TAU5) among groups. Data
demonstrate that administration ofAAV9-GFP-CIP after
the onset of pathogenesis in AD mice reduces phos-
phorylation of t.

AAV9-GFP-CIP reduced Ab aggregation in
APP/PS1 mice

Ab deposition—the primary pathogenesis of AD—occurs
as early as 8 wk in APP/PS1 mice (38). As shown in
Fig. 3A and quantified in Fig. 3B, gradually increased
Ab deposition was observed in the cerebral cortex and

hippocampus of APP/PS1 mice at 6 mo (Fig. 3A) and
10mo.Of importance, 1 dose of AAV-CIP administered at
3 mo before marked behavioral changes significantly de-
creased the number and size of the deposition of Ab
peptide at 6 and 10mo. In contrast, treatmentwithAAV9-
GFP (control) had no effect.

AAV9-GFP-CIP reduced inflammation
and apoptosis

Neuroinflammation is the common feature of neurode-
generative diseases, in which activated astrocytes and
microglia play a major role (39). In the present study, we
examined inflammation status by using Western blotting
at6moold, and IHCanalysis at 6 and10moold.Figure4A
shows the IHC data of mice at 6 and 10 mo old. Astrocyte
activation in the brain ofADmicewas obvious at 6mo old
and significantly increased at 10 mo old, as indicated by
GFAP staining. Similarly, microgliosis was observed as
staining by anti-Iba1 Ab. Western blot analysis also con-
firmed the increased level of Iba1 in AD mouse brain at 6
mo old (Fig. 4B). Quantification of images demonstrated
that AAV9-GFP-CIP significantly reduced the levels of
GFAP and Iba1 comparedwithAAV9-GFP or PBS control
(Fig. 4D, E).

Loss of neurons is also a feature ofAD.As shown inFig.
5B, apoptosis was robust as indicated by the increased
levels of cleaved caspase- 3; this was decreased by AAV9-
GFP-CIP, butnotAAV9-GFP (Fig. 5D).However,different
from 53FAD and p25-Tg mice, neural loss and brain at-
rophy were not observed at the time point examined, re-
gardlessof treatment (Fig. 5C,E,F, dataat 6moold; similar
data were not shown at age 10 mo). In APP/PS1 mice,
neuronal loss appears in the brain area with high neuron
density at older ages (e.g., age 17 mo) (40).
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Figure 3. Ab aggregation in AD mice was reduced by CIP treatment. Paraffin-embedded brain sections were prepared from 6- or
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There were prominent Ab numbers in AD mice compared with WT mice, which were significantly increased at age 10 mo. Three
months of treatment of AAV9-GFP-CIP, but not AAV9-GFP, ameliorated Ab aggregation in AD mice (AD/CIP). The treatment
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AAV9-GFP-CIP rescued learning and memory
deficits and decreased anxiety-like behavior
in AD mice

To determine whether AAV9-GFP-CIP treatment rescued
the neuropathologic changes, apoptosis, and behavioral
deficits, APP/PS1 transgenic mice at 6mo oldwere tested
formemory and anxiety-like behavior by using theMorris

watermaze and the shuttle box active avoidance tests, and
elevated plus maze test, respectively.

The Morris water maze test was carried out on 5 con-
secutive days to measure hippocampal-dependent
memory (41, 42). WT mice took less time to reach the
hidden platform over the 4-d training trials, whereas AD
mice that were treated with PBS vehicle (AD/PBS) or
AAV9-GFP (AD/GFP) spent a longer time, in particular,
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Figure 4. Inflammation was alleviated in AAV9-GFP-CIP–treated AD mice. Inflammation was assessed in brain sections of AD
mice at age 6 and 10 mo (showed as 6 or 10 m). A) IHC staining by anti-GFAP Ab and Iba1 Ab for assessing activation of astrocytes
and microgliocytes, respectively, with 340 and 200 magnification. Scale bars, 1 mm. B) Microgliosis was also analyzed in brain
tissues at age 6 mo by Western blotting (WB) with anti-Iba1 Ab. C, D) Numbers of staining cells counted in 3 slices for GFAP
(C) and Iba1 (D) staining, respectively. In AD mice (AD/PBS), activation of astrocytes and microcytes was obvious at age 6 mo
(*P , 0.05, compared with WT mice), which was significantly increased at age 10 mo. #P , 0.05, comparing 10 and 6 mo. AAV9-
GFP-CIP treatment remarkably reduced inflammation at 6 and 10 mo checked points. **P , 0.05, compared with AD/PBS or
AD/GFP. E) Relative intensities of Iba1 levels normalized to b-actin. Iba1 level was increased in AD mice and decreased in CIP
treated mice. *P , 0.05, AD mice compared with WT mice. #P , 0.05, AAV9-GFP-CIP–treated mice compared with AD mice.
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on d 3 and 4. In contrast, mice that were treated with
AAV9-GFP-CIP (AD/CIP) displayed recovered latency
that was close to WT levels (Fig. 6A). During the probe
trail test on d 5 when the previous platform was re-
moved,AAV9-GFP-CIP–treatedmice spentmore time in
the target quadrant compared with AD mice that were
treated with PBS or AAV9-GFP (P , 0.05), which spent
less time in the target quadrant compared withWTmice
(P , 0.05; Fig. 6B). Similarly, WT and AAV9-GFP-CIP–
treated AD mice crossed more times around the target
quadrant thandidADmice thatwere treatedwithPBSor
AAV-GFP (P , 0.05), which suggested the reversal by
CIP of memory deficits in AD mice.

The shuttle box active avoidance testwasused to assess
the learning ability of themice. As shown in Fig. 6D, AD/
PBS mice and AD/GFP mice displayed significant im-
pairment of active avoid response since d 1. In contrast,
AAV9-GFP-CIP–treatedmice (AD/CIP) tended to recover
the response on d 3 and displayed significant recovery
on d 4 (P, 0.05).

Anxiety commonly occurs in patients with AD, and
anxiety-likebehavior is anotherphenotypeofADmice (43,
44). As shown in the elevated plus maze test (Fig. 6E, F),
ADmice that were treated with PBS (AD/PBS) or AAV9-
GFP (AD/GFP) spent less time and had fewer entries in
the open arms compared with WT controls (P , 0.05). In

Figure 5. AAV9-GFP-CIP treatment reduced apoptosis in AD mice. Mice in 4 groups were euthanized at 6 mo after 3 mo of treatment.
A) There was no difference in brain size among the different groups. B) Western blotting of cleaved caspase-3 of freshly distracted
mice brain to measure apoptosis. C) Nissl staining. Frontal cortex (upper panel) and hippocampus (lower panel). The lower
magnification showed 340-fold, and the higher magnification showed 3400-fold. Scale bars, 1 mm. D) Relative intensity of cleaved
caspase-3 bands normalized to b-actin. Cleaved caspase-3 level was increased in ADmice, and decreased in CIP treated mice. *P, 0.05,
AD mice compared with WT mice, #P , 0.05, AAV9-GFP-CIP–treated mice compared with AD mice. E, F) Neuronal counts of
frontal cortex (E) and hippocampus (F), 3400 magnification. There was no significant difference among 4 groups.
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contrast, ADmice that were treated with AAV9-GFP-CIP
(AD/CIP) showed significant increases in both indexes
compared with AD/PBS or AD/GFP (P, 0.05).

Taken together, these results suggest that CIP reverses
cognitive deficits and anxiety-like behavior in AD mice.

DISCUSSION

Cdk5/p35activityhasbeenwell documented in the role of
neuronal functions (4–6), whereas aberrant Cdk5/p25
activity contributes to the pathogenesis of several de-
generative diseases, including AD (8, 9). Selectively tar-
geting on activity of Cdk5/p35 other than Cdk5/p35 is
preferred to avoid adverse effects. Targeting aberrantly
hyperactive Cdk5 selectively in vivo has been successful in
APP/PS1 mice by TFP5 and p25-Tg mice by genetic
overexpression of CIP. In the present study, CIP was

successfully delivered to cerebral neurons of APP/PS1-Tg
mice by i.c.v. infusions of AAV-9 vectors that expressed
CIP. AAV9-GFP-CIP reduced hyperphosphorylation of t
protein and aggregation of Ab peptide, alleviated micro-
gliosis and astrocytosis, reduced apoptosis, recovered cog-
nitive function, anddecreasedanxiety inADmice after 3- or
7-mo treatment. Our results therefore provide additional
evidence that CIP prevents pathogenetic changes that are
caused byCdk5dysfunction and that selective inhibition of
Cdk5 is a practical strategy for treatment of AD.

In the present study, we demonstrated that selectively
targeting Cdk5 by CIP in the brain of APP/PS1 mice after
onset of pathogenetic alteration reversed most of the
pathologic and behavioral phenotypes. Previous studies
in APP/PS1-Tg mice have demonstrated that Ab accu-
mulation is the primary pathologic change in the cerebral
cortex, occurring as early as age 8 wk, whereas hyper-
phosphorylation of t presents around Ab deposits in the
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Figure 6. Memory deficit and anxiety in AD mice were alleviated by treatment with AAV9-GFP-CIP. Behavioral studies were
performed in animals at age 6 mo after 3 mo of AAV treatment, including Morris water maze and shuttle box active avoidance test
for memory assessment, and elevated plus maze for anxiety. Eight mice were used for each group. A–C) Morris water maze test.
A) In the 4 d of training, AD mice showed longer escape latency compared with WT. *P , 0.05. However, mice in AAV9-GFP-CIP
groups markedly recovered the escape latency close to the WT level. P , 0.05. AAV9-GFP control had no effect. B) When the
platform was moved away at d 5, AD mice spent less time in the goal quadrant compared with WT. *P , 0.05. AAV9-GFP-CIP, but
not AAV9-GFP, increased the consumed time to WT level. #P , 0.05 compared with AD mice. Similar results were observed for
the number of times the mice crossed the previous platform as in panel C. D) Shuttle box active avoidance response test. AD mice
showed slow response compared with WT. *P , 0.05, which was significantly recovered by treatment with AAV9-GFP-CIP but not
AAV9-GFP. #P , 0.05. E, F) In elevated plus maze test, AD mice entered (F) and spent less time (E) in the open arms compared
with WT mice. *P , 0.05. Conversely, AAV9-GFP-CIP–treated AD mice had similar numbers or time spent in the open arms
compared with WT mice. #P , 0.05 compared with AD mice, which was not observed in AAV9-GFP–treated mice.
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cerebral cortex and hippocampus at 24 wk of age (38). To
determine the effect of CIP after the occurrence of Ab de-
posits and tauopathy, we injected AAV-CIP once via i.c.v.
in APP/PS1 mice at age 3 mo. Our data indicate that
AAV-GFP-CIP administered after onset of pathogenesis
reduced amyloid and t pathologies as well as neuro-
inflammation at age 6 mo in APP/PS1 mice. Continuing
neuroprotection lasted to age 10 mo, when the study
ended. Similarly, treatment of TFP5 significantly rescued
AD pathology in 53FAD mice (3); however, it will be in-
convenient to inject repeatedly for long-term treatment. In
the CIP genetic intervention study, CIP treatment existed
before the induced expression of p25 (18), which demon-
strates the preventive effect of Cdk5 inhibition. Consistent
with our study, shCDK5miR delivered by AAV5 in the
hippocampusafteronsetof symptomsatage6moreversed
t aggregation and prevented spatial memory impairment
(28). Because neuropathogenic changes in AD are prom-
inent firstly in the hippocampus, then progressively oc-
curred in other brain areas, thus, i.c.v. infusions instead of
infusions into specific brain regions, such as the hippo-
campus, would be a better delivery way to cover more
brain areas. Indeed, CIP was successfully delivered by
AAV9 into cells of the cerebral cortex andhippocampus, as
indicated by GFP expression. Taken together, our study
and others demonstrated that targetingCdk5 is effective in
the prevention of and reversal of pathologic changes,
which eventuallybenefits behavioral recovery. In addition,
using the AAV virus system to deliver selective inhibitors
of Cdk5 is more practical than engineering peptides as a
result of the 1-dose injectionwith long-termprotection and
the flexibility of injection time and location.

Although there are some disputes around the role of
p25 in the development of AD-like pathology (45–47),
more studies support the contribution of Cdk5/p25 to the
development ofAD.p25-Tgmicewithp25overexpression
display a robust increase in Cdk5 activity, which leads to
phosphorylated t and neuronal death in vivo (9, 31, 48).
APP/PS1 mice primarily exhibit the burden of Ab and
then tauopathy. It is noted that p25 accelerates AD path-
ogenesis by enhancing BACE1 activity via phosphoryla-
tion (49). Although we did not observe the obvious
expression of p25 in the whole brain of APP/PS1 mice at
age7mo (datanot shown),hyperphosphorylationof twas
reduced atCdk5-specific sites [i.e., Ser202 andThr205 (AT-
8), which are related to aging, or PHF in PS1 KImice] (38).
Of interest, CIP clearly reduced but did not abolish Ab
plaques. Inflammation, which is a causative factor
throughout AD development, was also significantly re-
duced. Moreover, Cdk5 inhibition produced alleviation
of pathogenesis and the reversal of behavioral deficits.
The study in p25-Tg and AD mice with 3 different
treatments further provides evidence for the dysfunction
of p25 in the development of an AD-like phenotype.

Overall, the results in our study demonstrated the fea-
sibility of usingAAV9-GFP-CIP to targetCdk5and reduce
its hyperactivity. CIP can be used for the treatment of AD.
Further studies are needed to determine the long-term
effect and survival rate in AD mice after AAV9-GFP-CIP
treatment. Synaptic activities (LTP/LDP) related to
learning and restoring memory or Cdk5 activities among

different groups have not been performed in the present
study because of the lack of equipment or certification of
radioactive material, respectively, which are undertaken
in future studies.
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