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Abstract: Cognitive deficits in AD correlate with progressive synaptic dysfunction and loss. The Rho family of small
GTPases, including Rho, Rac, and Cdc42, has a central role in cellular motility and cytokinesis. Acetylcholinesterase
inhibitor has been found to protect cells against a broad range of reagents-induced injuries. Present studies ex-
amined if the effect of HupA on neurite outgrowth in AB-treated neuronal cells executed via regulating Rho-GTPase
mediated axon guidance relative gene expression. Affymetrix cONA microarray assay followed by real-time RT-PCR
and Western Blotting analysis were used to elucidate and analyze the signaling pathway involved in AB and HupA's
effects. The effects of AB and HupA on the neurite outgrowth were further confirmed via immunofluorescence stain-
ing. AB up-regulated the mRNA expressions of NFAT5, LIMK1, EPHA1, NTN4 and RAC2 markedly in SH-SY5Y cells.
Co-incubation of AB and HupA reversed or decreased the changes of NFAT5, NTN4, RAC2, CDC42 and SEMAA4F.
HupA treated alone increased NFAT5, LIMK1, NTN4 significantly. Following qRT-PCR validation showed that the
correlation of the gene expression ratio between microarray and qRT-PCR is significant. Western blot result showed
that the change of CDC42 protein is consistent with the mRNA level while RAC2 is not. The morphological results
confirmed that HupA improved, or partly reversed, the AB-induced damage of neurite outgrowth. The protective ef-
fect of HupA from AB induced morphological injury might be correlative to, at least partially, regulating the network
of neurite outgrowth related genes.
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Introduction

Alzheimer’s disease (AD) is the leading cause of
dementia among the elderly and is character-
ized by accumulation of extracellular and vas-
cular amyloid in the brain [1]. The key symp-
toms of AD are primarily caused by cholinergic
dysfunction. A significant correlation has been
found between a decrease in cortical choliner-
gic activity and the deterioration of mental test
scores in patients with AD [1]. Cognitive deficits
in AD correlate with progressive synaptic dys-
function and loss that may be initiated by solu-
ble B-amyloid peptide and driven further by the
accumulating neuropathological hallmarks,
including intraneuronal neurofibrillary tangles,

extracellular amyloid plaques, and neuron loss
[1-3]. Both dystrophic neurites and dendritic
spine loss are observed in AD and many mental
retardation syndromes [3-8]. Soluble AB or AB
oligomers correlates highly with synapse loss
and the degree of dementia [9-17]. The evi-
dence indicated that deregulation of Rho
GTPase pathway is implicated in several patho-
logical conditions, including neurodegen-era-
tive disorders like AD [4, 18]. The translocation
of the GTPase to neurofibrillary tangles in dys-
trophic neuritis correlates with neuronal dystro-
phy reported in Alzheimer’s disease and ABPP
overexpressing mice [19]. There is evidence
that Rho GTPase activity regulates the forma-
tion of AB peptides during disease progression
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[20]. This pathology is characterized by a pro-
gressive loss in the number of dendritic spines,
as well as by alterations in the synaptic efficacy
and damage at the synaptic terminal [4, 10].
Dendritic spines, major sites of synaptic con-
tacts, are structurally reliant on the actin cyto-
skeleton. The dynamic regulation of actin
polymerization is considered the main mecha-
nism underlying morphological changes in den-
dritic spines. The Rho family of small GTPases,
including Rho, Rac, and Cdc42, has a central
role in cellular motility and cytokinesis due to
its involvement in the regulation of actin cyto-
skeletal dynamics [21-25]. Rac/Cdc42 inhibits
axon growth via the effector kinases p21-acti-
vated kinases (PAK) Rho or Rho-associated
protein kinase (Rock) [18, 26, 27]. Previous
studies demonstrated AP oligomers can also
interfere with Rac and Cdc42 signaling and
induce the loss of actin polymerization and of
dendritic spines [20]. The evidence indicated
that the B-site amyloid precursor protein cleav-
ing enzyme 1 (BACE1) which is necessary to
generate the AR peptide is play a central role in
axon guidance [28, 29].

Huperzine A (HupA), isolated from Chinese herb
Huperzia serrata, is a potent, highly specific
and reversible inhibitor of acetylcholinesterase
[30]. It has been found to reverse or attenuate
cognitive deficits in a broad range of animal
models [31-33] and patients including aged
subjects, patients with benign senescent for-
getfulness, Alzheimer’s disease (AD) and vas-
cular dementia (VD), with minimal peripheral
cholinergic side effects compared with other
AChEls in use [30]. Besides the above men-
tioned AChE inhibiting effect, HUpA possesses
the ability, from our recent studies, to protect
cells against hydrogen peroxide, B-amyloid pro-
tein (or peptide), glutamate, ischemia and stau-
rosporine-induced cytotoxicity and apoptosis
[31-35]. These protective effects are related to
its ability to attenuate oxidative stress, regulate
the expression of apoptotic proteins Bcl-2, Bax,
P53 and caspase-3, protect mitochondria, and
interfere with APP metabolism [30]. In addition
to its AChE inhibition and antioxidation, the
neuroprotective effect of HupA also involves
other mechanisms, including targeting of the
Wnt/B-catenin signaling pathway in AD brain
[36]. It has been suggested that that AChE
inhibitors are known to exert NGF-like activities
by potentiating the neuritogenic effect of NGF
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[37]. Our previous studies also showed that
HupA increased neurite outgrowth from undif-
ferentiated PC12 cells [38]. As p75"™® interac-
tors, it is well known that Rho GTPase family is
involved in NGF signaling [39]. Recently, the
study has shown that HupA treatment reduces
synaptic deficits and AB-related pathological
alterations, including AB deposition and oligo-
merization. This encourages us to explore the
further mechanism. We presume that the effect
of HupA on neurite outgrowth in AB-treated
neuroblastoma might be executed via regulating
Rho-GTPase mediated axon guidance relative
gene expression. In order to elucidate and
analyze the signaling pathway involved in
HupA's effects, an Affymetrix cDNA microarray
assay followed by real-time RT-PCR, Western
Blotting and immunofluorescence staining
analysis were carried out. Expectedly, HupA
reversed AB-induced changes in axon guidance
relative gene expression, which might play an
important role in its neuroprotective
mechanism.

Material and methods
Cell culture and treatments

SH-SY5Y neuroblastoma cells, obtained from
the American Type Culture Collection (ATCC),
were maintained in a humidified atmosphere of
95% air and 5% CO, at 37°C. Cells were seeded
into 100 mm dishes (2 x 10* cells per ml) in
DMEM/F12 (1:1) medium, supplemented with
10% (v/v) fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 pg/ml streptomycin.
Experiments were carried out 24-48 h after
cells were seeded.

It has been well established that the truncated
amyloidogenic peptide AB25-35 plays a key
role in the pathogenesis of AD. Recently,
Kaminsky et al [40] and Gulyaeva NV et al [41]
presented analytical reviews on the proposed
involvement of AB25-35 as a key player in
pathogenesis of Alzheimer’s disease (AD). The
authors provide a large body of evidence for the
hypothesis that AB25-35 is a proxyholder for
amyloidogenic peptides, using primarily the
data of in vitro and in vivo experiments. AB25-
35 peptide is effective on behavior, neuronal
plasticity and cell death, as well as cholinergic
system, and oxidative stress. Our previous
reports are consistent with the hypothesis [30,
34, 35]. Based on the up-mentioned reports,
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Table 1. Primer sequences used for real-time RT-PCR

Gene bank ID Gene title Primer forward Primer reverse

NM_001619 ADRBK1 CGATGAGGAGGACACAAAAGG TCTGTCTCAGCGTTGATGGTG
NM_006464 TGOLN2 ACCTGATGCCAGATGCTATGG GCAAGTCACGCCAAATCCAA
NM_002588 PCDHGC3 AGTGTTGGTGGAGGTTGTGGA CACACTGAGCAAAGCGATGAC
NM_003255 TIMP2 TCATTCGTCTCCCGTCTTTG GCACGGTTAAAAGACCAACGT
NM_001164 A4 GAAACGATGCTCTCATGCCAT TCGTTTTCTGTGTTGGCTGG
NM_006732 FOSB AGCGAGCCGTTGAATTGGA ACAGGCGGAGGAGAAAAGACA
NM_003790 TNFRSF25 TTGCAGAAGCCCTAAGTACGG TTCGTGCTTCTTCGCCTTG
NM_003053 SLC18A1 GCATAGTCCCAACAGATCGGA CTGGCATTTGGCAGCAAGA
NM_003381 VIP TGCTGATGGAGTTTTCACCAG GACTGCATCTGAGTGACGTTTG
NM_020686 ABAT GCATCAGGAAATCGGATGGAG TGCTTGGTGAACTCTGGCTCAT
NM_001909 CTSD CCCGACTTGCTGTTTTGTTCT CCAATGCACGAAACAGATCTG
NM_005007 NFKBIL1 TTCCGAAGCCAGATTGAGACC CCCCGAAGTTTCTTGCTTCTT
NM_001348 DAPK3 CGAGGAGTACTTCAGCAACACC CGCCTTAATCCAGGAATGTTC
NM_001167942.1 TNFAIP8SL1 GTTGGCTGGTTGGTTGCTGAT AAAAGCTGCTGCCTCCCACTT
NM_005954 MT3 GTGTGGAGCACGTGGAGATAGT TCATTCCTCCAAGGTCAGCAG
NM_005921.1 MAP3K1 TGCTAATTGACAGCACTGGTCA TACCTCAGGTGCCATAAATGCA
NM_014841 SNAP91 GTTGTCATACTGTCTGTGCTGATGG CAAACACCTTTCCAACCCAATATG
NM_003179 SYP GCCTGAGAAGAGTCGAGTGATATGG CCGTTGGTTCTGTCCTCCTATTAAC
NM_021229 NTN4 ACTCCAGTCCTTTTCCATGCA GCGAAGGTTGGTGATCTTCAG
NM_044472.2 CDC42 CTCCGGAAACTCAACCCAAA GACGCAGAGGCTTTCAAACAG
NM_004263 SEMA4F CAGTGCTGAATGGTCCCTTCA TGCCGGAGCTTCATGTTGTT
NM_002314 LIMK1 TGGTCCGCGAGAACAAGAAT TTGCGGTCTGGCTTCTTGA
NM_002577 PAK2 AGGCTGTGCTGGATGTCCTAA TGGCATTCAGTGCTGGTGTT
NM_002872 RAC2 CCTGTGGCGTTTCTTAGCAGA GGATGCAGCACCTGCAAAT
NM_005232 EPHA1 ATCTTCACCACAGCCAGCGAT CAACCGGTACCCATCCTCAAT
NM_006599 NFAT5 CACAGCGGTGGTGCTTAAAGA TTTGCAGTCCTCAGTGCCACT
729373 L1INCAM~ CCCTTTCGCCACAGTATGTCA GCCGGAACATCCTCTCCTT AA
NM_014364 GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
NM_001101.2 ACTB TTGTTACAGGAAGTCCCTTGCC ATGCTATCACCTCCCCTGTGTG

“The neural cell adhesion molecule L1.

amyloid - peptide fragment 25-35 was used in
the following experiments.

Active amyloid [ peptide fragment 25-35
(AB25-35) was purchased from Sigma, dis-
solved in dH,0 and aged by incubating in 37°C
for 72 hours. Working solutions were diluted in
phosphate-buffered saline (PBS) before using.
Huperzine A (HupA), a colorless powder with
m.p. 230 °C, and purity >99%, was dissolved
and diluted in PBS. Pre-incubation with HupA
was conducted 2 h before AB (10 uM) addition.
HupA treated alone and PBS treated cells were
used as controls. The cells were harvested for
the further assays and detections after 24 h
exposure of AB.
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RNA extraction and cDNA microarray

Total RNA from the cells treated with PBS, HupA
alone and AP with/without HupA co-treated
was isolated using the RNeasy Mini Kit (Qiagen
Inc., Valencia, CA) according to the
manufacturer’'s instructions with DNase |
digestion to remove genomic DNA. cRNA is
prepared according to Affymetrix protocols.
Briefly, total RNA (10 ug) is first reverse tran-
scribed using a T7-0ligo(dT) Promoter Primer in
the first-strand cDNA synthesis reaction with
One-Cycle cDNA Synthesis Kit (QIAGEN,
Valencia, CA). Following RNase H-mediated
second-strand cDNA synthesis (Two-Cycle
cDNA Synthesis Kit), the double-stranded cDNA
is purified and serves as a template in the sub-
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sequent in vitro transcription (IVT) reaction
(MEGAscript® T7 Kit, Ambion, Inc., Austin, TX).
The IVT reaction is carried out in the presence
of T7 RNA Polymerase and a biotinylated nucle-
otide analog/ribonucleotide mix for comple-
mentary RNA (cRNA) amplification and biotin
labeling. The biotinylated cRNA targets were
then cleaned up (IVT cRNA Cleanup Kit), frag-
mented, and hybridized to GeneChip expres-
sion arrays.

Gene expression was measured by hybridiza-
tion to Human Genome U133A (HG-U133A)
Gene Chip DNA microarrays (Affymetrix, Santa
Clara, CA, USA), containing 33,000 human
genes to identify those that are uniquely
expressed in the cells with different treat-
ments. Differences in gene expression among
groups were calculated with Affymetrix
GeneChip® Operating Software (GCOS).

Real time RT-PCR

RNA was extracted using the TRIzol reagent.
The concentration of nucleic acids was deter-
mined spectrophotometrically at 260 nm and
280 nm, taking into account the dilution factor.
RQ1 RNase-free DNase (Promega) was used to
remove relict of DNA which might interfere the
output of PCR. For the PCR first strand synthe-
sis was performed using the Omiscript® RT Kit
(Qiagen Inc.). Real time PCR was performed in
0.2 ml thin wall PCR plates using the ABI PRISM
7000 Sequence Detection System and carried
out with SYBR® Green PCR Core Reagents
(TAKARA) according to the manufacturer’s
instructions. The standard reaction mix con-
sisted of SYBR Green supermix, forward and
reverse primers at a final concentration of 5 pM
each, 1 ng DNA template, DNase free water to
give final volume of 20 ul. The mixture was kept
in 50°C for 2 min and heated to 95°C for 10
min followed by 35 cycles with denaturation at
95°C for 15 s, annealing at 60°C for 1 min and
extension at 72°C for 30 s. A group of genes
were randomly selected to confirm the array
results. Primer sequences used for real-time
RT-PCR are listed in Table 1. Human GAPDH
was used as reference gene. Relative quantifi-
cation of genes expression was carried out by
comparative Ct method according to manufac-
turer’s protocol. Briefly, the genes mRNA level
was expressed in cycle threshold (Ct) value; the
Ct values for each sample were averaged from
duplicate. Differences between the mean Ct
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values of target genes and reference gene were
calculatedas ACt , = =Ct_  -Ct for differ-
mple target apdh
ent treated groups, and that of the ACt for the
control groups were set for calibrator
(ACt .\ a0,)- FiNAl results, the sample-calibrator
ratio, expressed as N-fold differences of target
genes expression in AB group compared with

control, were determined as 2-(ACt sample - ACt

calibrator)

Western blotting

After incubation with PBS, AB, HupA alone or
with AB for 24 h, cells were harvested, lysed in
Passive Lysis Buffer containing protease
inhibitors cocktail (Sigma P8430). Lysates were
incubated for 30 min on ice, and then centri-
fuged at 10,000 X g for 10 min at 4°C. Protein
concentration in the supernatant was deter-
mined by Coomassie blue protein binding
method using protein quantification Kit-rapid
(Sigma/Fluka) with bovine serum albumin as
standard. The same amount of protein from
different groups was used for immunoblotting.
Samples were denatured in protein sample
buffer (100 mM Tris-Cl pH 6.8, 4% SDS, 0.2%
bromophenol blue, 20% glycerol, 20% H20,
200 mM DTT) at 100°C for 10 min and loaded,
separated on 10% SDS-polyacrylamide gels
and transferred to nitrocellulose membranes in
a Bio-Rad electrophoresis system. After
blocking with TBST (Tris-buffered saline with
0.1% Tween) containing 5% non-fat milk, the
membranes were kept at 4°C overnight with
primary antibodies (1:5000 for B-ACTIN,
1:2000 for RAC1 and 1:1000 for RAC2 and
CDC42, respectively), followed by HRP-
conjugated second antibodies (1:5000 to
1:10000 dilution) at room temperature for 2 h.
The target protein bands were detected using
the ECL Western blotting detection system
(Pierce) and autoradiography film (Fisher). The
density of the RAC1, RAC2, CDC42 and B-ACTIN
blotting bands were quantified by ImageJ soft-
ware (1.37v, Wayne Rasband, National
Institutes of Health, USA) as described [42].

Induction of neurite outgrowth

Undifferentiated PC12 rat pheochromocytoma
cells were obtained from ATCC. The cells were
maintained in DMEM media containing 10%
(v/v) fetal bovine serum (FBS) (Gibco), 5% (v/V)
horse serum (HS) (Gibco), 2mM glutamine
(Gibco), 100 U/mL penicillin, and 100 pg/mL

Int J Clin Exp Pathol 2012;5(9):900-913
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Table 2. AB alters the axon guidance relative gene expression profile in SH-SY5Y cells

GenBank ID Symbol

Gene title

Fold changes

AB  AB+HupA HupA

NM_006599 NFAT5  Nuclear factor of activated T-cells 5, tonicity-responsive 1.84 1.15 2.03

NM_002314  LIMK1 LIM domain kinase 1
NM_005232 EPHA1 EPH receptor A1
NM_021229 NTN4 Netrin 4
NM_002872  RAC2
NM_044472.2 CDC42 Cell division cycle 42

NM_004263  SEMA4F

small GTP binding protein Rac2

Sema domain, immunoglobulin domain (Ig), transmembrane

1.85 1.89 1.82
2.00 2.08 1.28
3.85 2.14 2.00
2.02 0.47 0.787
0.57 1.61 0.97

0.87 2.16 0.76

domain (TM) and short cytoplasmic domain

NM_002577  PAK2

p21 (CDKN1A)-activated kinase 2
729373 L1CAM* neural cell adhesion molecule L1

0.82 0.85 0.52
0.94 1.15 0.56

“The neural cell adhesion molecule L1.

streptomycin (Gibco) in a humidified atmo-
sphere of 95% air and 5% CO, at 37°C. Cells
(1x10* cells/well) were seeded in glass cover
slips into a 12-well plate and cultured over-
night. Subsequently the cells were washed
twice with phosphate-buffered saline solution
(PBS) and transferred to fresh serum-starved
DMEM containing 1% HS, 0.5% FBS. After 2 h
incubation with serum-starved DMEM, 100 ng/
ml NGF(SinoBio, shanghai) was added to the
cultures, which were incubated for 48 h. Cells
were washed twice with PBS to remove NGF
and replaced with 1uyM AB1-42 (QiangYao,
Shanghai) with or without Hup A for a further
48h. Pre-incubation with HupA (1 and 10 y M)
was conducted 2 hours before AR addition.
Exposure to vehicle alone (culture medium) was
used as the control. The cells were harvested
for the further assays and detections after 48 h
exposure of AB.

Immunofluorescence staining

PC12 cells cultured in glass cover slips were
treated in serum-starved media for 2 days at
37°C under 95% air and 5% CO,,. The cells were
then washed with PBS and fixed with ice cold
acetone for 30 min at -20°C. The cells were
blocked with blocking buffer containing 5% BSA
and 0.1% Triton X-100 for 30 min at RT. For dou-
ble immunofluorescence staining, the cells
were incubated with primary rabbit anti-MAP2
antibody (Abcam, 1:200) overnight at 4°C.
Alexa Fluor 546 goat anti-rabbit 1gG (H + L)
(Invitrogen, 1:4000) was incubated at RT for 1
h. After rinsing with PBS and blocked with 5%
BSA/PBS, cells were incubated with Alexa Fluor
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488 conjugated anti-Tau-1 antibody (Millipore,
1:100) for 2h at RT. The nuclei were counter-
stained with VECTASHIELD® Mounting Medium
with DAPI (1.5 pg/mL, Vector Laboratories,
Inc.), and then the cells were photographed and
analyzed with a fluorescent microscope (Nikon,
ELWD 0.3, Japan). At least 3 independent
immunofluorescence staining was performed
to assess the reproducibility of the results.

Measurement of neurite outgrowth

Cell processes were defined as neurites when
longer than the diameter of the cell body. The
percentage of neurite-bearing cells in relation
to the total number of cells was examined in
6-8 fields with an average of 15 cells per field
under per treatment condition. After double
immunofluorescence staining, neurites (den-
drite and axon) formation was photographed
and analyzed with a fluorescent microscope,
and processes longer than one cell diameter
were scored as neurites. Neurite length was
determined by manually tracing the length of
the longest neurite per cell using the ImageJ
software (version 1.45s, NIH, USA) for neurite-
bearing cells. At least 50 cells were randomly
measured for each group.

Statistical analysis

All results are presented as mean = SEM.
Statistical analyses were performed with one-
way ANOVA followed by least significant differ-
ence post hoc analysis or Duncan’s multiple-
range test and t-test with threshold of p < 0.05.
The results from individual experiments were
averaged within each experimental group.

Int J Clin Exp Pathol 2012;5(9):900-913
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Figure 1. AB down-regulated CDC42 and up-regu-
lated RAC2 and NFAT5 mRNA levels. SH-SY5Y cells
were treated with PBS, AB, HupA alone or with AB for
24 h, respectively. Total RNA was extracted and ana-
lyzed by real-time RT-PCR and normalized to Human
GAPDH mRNA levels. Shown are mean + SEM of rela-
tive mRNA level.

Results

Changes of axon guidance relative genes
expression after the treatment of A3 peptide
with/without HupA

Using cDNA microarray, the gene expression
profile was detected in AB with/without HupA
and HupA alone treated human SH-SY5Y cells.
Array data were verified by measuring the
expression using quantitative RT-PCR. We
randomly selected a group of genes to confirm
the microarray data. PCR result showed that
relative expression ratios of these genes
determined by real-time quantitative RT-PCR
were concordant with the expression levels
observed in the corresponding microarray data.
The correlation of the gene expression ratio
between microarray ratio and gqRT-PCR ratio is
significant (P<0.0001). Interestingly, among
more than 100 up or down regulated genes
after the treatments above (data not shown),
the genes involved in axon guidance were sig-
nificantly regulated. RAC/Cdc42-PAK and RAC/
Cdc42-ROCK pathway were affected which
involved in axon attraction, axon repulsion and
axon outgrowth (figure not shown). AB up-regu-
lated the mRNA expressions of NFAT5, LIMK1,
EPHA1, NTN4 and Rac2 markedly, but
decreased Cdc42 expression. Co-incubation of
AB and HupA reversed or decreased the chang-
es of NFAT5, NTN4, RAC2, CDC42 and SEMAA4F.
HupA treated alone increased NFAT5, LIMK1,
NTN4 significantly, but decreased RAC2,
SEMA4F, PAK2 and LICAM (Table 2).
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Among the verified genes, axon guidance rela-
tive genes Cdc42, Rac2 and NFAT5 mRNA lev-
els are coincidence with the array data. Rac2
and NFAT5 were up-regulated, while Cdc42 was
down-regulated (Figure 1).

Western blotting of Cdc42, RAC1 and RAC2

To confirm the evidence of microarray and
gPCR, we further detected CDC42, RAC1 and
RAC2 protein levels by Western blotting. The
alteration of CDC42 protein is consistent with
the mRNA regulation in AR and AB with HupA
treated cells. However, the changes of RAC2
are opposite to that of the mRNA level (Figure
2). Treatment with AB or HupA alone did not
affect RAC1 obviously, but co-incubation of
HupA (1, 10 uM) and AB markedly increased
RAC1 level. The effect of HupA treated alone
up-regulated the CDC42 and RAC2 protein
which is inconsistent with changes of the mRNA
levels.

Double immunofluorescence staining and neu-
rite outgrowth analysis of AB-treated differenti-
ated PC12 cells

To further confirm if the phenotype was affect-
ed by the alterations of the above-mentioned
genes expression, we next studied the effect of
AB on the NGF-induced neurite outgrowth.
PC12 cellis a cell line from pheochromocytoma
of the rat adrenal medulla. It differentiates in
response to nerve growth factor (NGF) with a
dramatic change in phenotype, acquiring bio-
chemical and morphological characteristics of
sympathetic neurons. The elaboration of neu-
rites occurs within 24-48 h of NGF exposure
and continues for up to a week [43]. Thus,
PC12 cells have been widely used as a model
system in the investigation of neuronal differ-
entiation in vitro, esp. in neurite outgrowth [44,
45]. To determine the length of dendrite and
axon, we performed double fluorescence stain-
ing (MAP-2 and Tau-1) followed by manually
tracing the length analysis of NGF-induced
PC12 cells. MAP-2 was used as a marker of
dendrites, and Tau-1 as an axonal marker in
neurons (Figure 3A and 4A). Both MAP-2 and
Tau-1 were mainly localized in the cell body
(Figure 3A and 4A). MAP-2 and Tau-1 positive
neurites were almost undetectable in controls,
but visualized in NGF-induced cells (Figure 3A).
NGF (100 ng/ml) treatment induced neurite
outgrowth in more than 60% of cells compared

Int J Clin Exp Pathol 2012;5(9):900-913
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Figure 2. Western blotting analysis of CDC42, RAC1 and RAC2 protein levels in AB treated SH-SY5Y cells. After
incubation with PBS, AB, HupA with AB for 24 h, SH-SY5Y cells were harvested and analyzed by western blot. Fig-
ure is the representative bands of B-ACTIN, CDC42, RAC1 and RAC2 Western blotting. A. Representative B-ACTIN,
CDC42, RAC1 and RAC2 western blot bands. B, C and D. Immunoblots quantification of CDC42, RAC1 and RAC2,
respectively. All bands were quantified and normalized by B-ACTIN. The data is expressed as mean + SEM from
three independent experiments. "p <0.05, ""p <0.01 compared to control. #p < 0.05 compared to AB-treated group.

with control (Figure 3). AB treatment significant-
ly reduced the number of neurite-bearing cells
(Figure 4B) (reduced up to 35.63%, P<0.001)
and shortened the neurite length (Figure 4A, C)
compared to NGF control. These effects were
markedly reversed by HupA (Figure 4A, B and
C).

Discussion

The extension of axons and dendrites from the
cell body is a complex and finely regulated pro-
cess that requires the alteration of actin polym-
erization and depolymerization and tight
dynamics of microtubules [46]. These events
are under the control of various guidance cues
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and negative regulatory signals [47, 48]. PAK
and ROCK are both the family of serine/threo-
nine protein kinases. PAK involves in regulating
the actin-severing protein cofilin, the actin cyto-
skeleton, and dendritic function as downstream
effectors of Rac1/Cdc42 [49, 50]. By its kinase
activity, ROCK regulates the activities of many
target proteins (Rho, Rac, and Cdc42) which
are involved in the regulation of cytoskeletal
reorganization and then regulates dendrite ini-
tiation, growth, branching, spinogenesis, and
spine maintenance [18, 51, 52].

The pheochromocytoma PC12 cell line has
been used in both neurobiological [53] and
neurotoxicological [53, 54] studies as a model

Int J Clin Exp Pathol 2012;5(9):900-913
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Figure 3. NGF induced PC12 cells differentiation. PC12 cells were induced with 100ng/mlI NGF for 48h. A. Cells were
untreated (a-c), treated with 100ng/ml NGF (d-f) for 48 hours prior to fixation and staining with anti-MAP-2 (red)
(a, d) or anti-Tau-1 (green) (b, €). Merged images revealed both most colocalized in the cell bodies (c, f). B. Neurite
formation was examined under a fluorescent microscope after immunofluorescent staining, and processes longer
than one cell diameter were scored as neurites. C. The longest length of neurites per cell was measured after im-
munofluorescent staining, and the mean value of neurite length was calculated. **p <0.001. Scale bar is 100 ym.

of neurite outgrowth. PC12 cells originate from
chromaffin cells, whose differentiation into
sympathetic neurons can also be induced by
some factors including NGF, bFGF, and cAMP
[55]. Previous reports studied that RhoA activi-
ty is correlated with neurite outgrowth in PC12
cells induced by cAMP [56], and Rab22 can
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promote nerve growth factor (NGF) signaling-
dependent neurite outgrowth and gene expres-
sion in PC12 cells [57]. We described the meth-
od to quantify the number of neurites (dendrite
and axon) bearing cells and neurite length after
double immunofluorescence staining in PC12
cells using antibodies to Tau-1 as an axonal

Int J Clin Exp Pathol 2012;5(9):900-913
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marker, and to MAP2 as a dendritic marker.
Therefore the morphological changes are dem-
onstrated in PC12 cells (Figure 3 and 4) to fur-
ther confirm the result of microarray (Table 2),
RT-PCR (Figure 1) and Western blotting (Figure
2). Our studies showed that AB regulates the
genes expression involved in axon guidance in
human neuroblastoma cells and inhibits NGF-
induced neurite outgrowth in undifferentiated
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Figure 4. The effect of
HupA on the NGF-in-
duced neurite outgrowth
of PC12 cells with AB
treatment. Cells were
treated with NGF (a-c),
NGF and 1 uM Ap1-42
(d-f), 1 uM (g-i) or 10
UM (j-) HupA, respec-
tively. HupA was added
2h before AB treatment
A. shows the represen-
tative images of immu-
nofluorescent  staining
under different treat-
ments: MAP-2 (red) (a,
d, g j), Tau-1 (green) (b,
e, h, k) and merged im-
ages revealed both (c, f
, i, I). B. Neurite-bearing
cells counting. Neurite
formation is measured
under a fluorescent mi-
croscope after immu-
nofluorescent staining.
The processes longer
than one cell diameter
were counted as neu-
rites. C. The neurites
length  measurement.
The longest length of
neurites was measured
after immunofluores-
cent staining, and the
mean value of neurite
length was calculated.
Values are represented
as means +SEM. "p
<0.05, "p <0.01 and

Merge

gg:ndrite “*p <0.001 for com-
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parisons between NGF
treatment and co-treat-
ment of NGF and AB; *p
<0.05, #p <0.01 and
###n  <<0.001 for com-
parisons between NGF
and AB co-treated group
and NGF, AB and Huper-
zine A co-treated group.
Scale bar is 100 ym.
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PC12 rat pheochromocytoma cells (Table 2,
Figure 4), which is agree with some of previous
reports [58-61]. AR up-regulated the mRNA
expressions of NFAT5, LIMK1, EPHA1, NTN4
and Rac2 markedly, but decreased Cdc42
expression. SEMA4F, PAK2 and Neural cell
adhension molecule L1 mRNA were not signifi-
cantly regulated though a slight decrease was
observed. All these factors are involved in the
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pathways in regulation of actin cytoskeleton
and axon guidance pathways. Our further
immunofluorescence staining showing the inhi-
bition of neurite outgrowth by AB (Figure 4) con-
firmed the consequences of the genes expres-
sion alteration. Previous reports indicated that
PAK protein and activity are markedly reduced
in Alzheimer’'s disease, and AB was directly
involved in PAK signaling deficits [62].
AB-induced deficits showed an abnormal PAK
activation and was accompanied by a rapid
loss of F-actin and dendritic spines, which are
the opposite responses compared to the nor-
mal activation of PAK by Rac/Cdc42 GTPase
[4].

Even though a large number of reports have
demonstrated the involvement of the Rho-
ROCK pathway in the pathogenesis of several
diseases [50], the pathogenesis of Rho GTPase
pathways, esp. Rho-ROCK pathway, in AD devel-
opment is still far less understood. In this study,
Netrin4d (NTN4), the upstream factor of ROCK
pathway was markedly up-regulated which sup-
pose to activate ROCK signals. The result is
agree with the previous report [63].

As a novel selective acetylcholinesterase inhib-
itor, HupA has been found, except for its potent
AChE inhibition effect, to improve cognitive defi-
cits in a broad range of animal models [33,
64-67] and to protect cells against cytotoxicity
and apoptosis induced by multiple pathogenic
factors [30, 32]. The mechanisms of these pro-
tective effects are still far less understood
though we do find they related to attenuating
oxidative stress [34, 35, 68, 69], regulating the
apoptotic proteins [31, 33] and protecting mito-
chondria [70].

In this study, as shown in Table 2, Figure 2 and
Figure 4, co-incubation of AB and HupA reversed
or decreased the changes of NFAT5, NTN4,
RAC2, CDC42 and SEMA4F. HupA itself
increased NFAT5, LIMK1, NTN4 significantly,
but decreased RAC2, SEMA4F, PAK2 and
LICAM. As a consequence, the AB-induced neu-
rite outgrowth damage was declined with a
dose response manner. The data implied that
HupA might protect neurons morphologically
and functionally, at least partially, against
AB-induced pathological process via regulating
neurite outgrowth and synaptogenesis. Our
previous studies indicated that NGF and NGF
receptors involved in HupA's non-cholinester-
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ase inhibiting effects [30, 32]. It has been well
known that NGF is the first neurotrophin to pro-
mote neuronal survival and differentiation [71].
Upon NGF induced neurite outgrowth, the NGF
receptor TrkA activates several small G pro-
teins, including Ras, Rapl, and the Cdc42-
Racl1-RhoA family [72]. P75 low-affinity NGF
receptor p75NTR modulates, in a ligand-depen-
dent fashion, the activity of intracellular pro-
teins known to regulate actin assembly [39]. AR
activates the RhoA GTPase by binding to p75
NTR leading to impair the initial steps of NGF
signaling, therefore inactivation of RhoA
GTPase can protect cultured hippocampal neu-
rons against the noxious effects of AB [73]. Our
previous data shown that HupA markedly
increased the number of neurite-bearing cells
with a significant up-regulation of NGF and P75
low-affinity NGF receptor [38, 74]. From the
study of hydrogen peroxide induced injury, the
NGF and TrkA receptor mediate key events
required for the neuroprotective actions of
HupA. Among the downstream signaling events
triggered by the action of NGF at the TrkA recep-
tor, activation of the MAP/ERK kinase pathway
may be particularly important for the ability of
HupA to protect SH-SY5Y cells against oxidative
stress [74]. The further data shown from pres-
ent study agrees with the previous reports
either from our study or the other’s. It is very
likely that the effect of HupA on the regulation
of axon guidance relative genes and proteins
related to affecting NGF signaling.

In addition to inhibiting AChE activity, in our pre-
vious study, AChE mRNA expression and pro-
tein levels were significantly upregulated after
treatment with HupA [38]. Accumulating evi-
dence indicates that AChE may influence neu-
rite outgrowth through a non-catalytic mecha-
nism. Via protein-protein interactions, AChE’s
effects on neurite outgrowth are not directly
related to catalytic function but are nonethe-
less influenced by ligands with special struc-
tural features [75, 76]. Now that HupAincreased
AChE mRNA and protein levels, though the
AChE activity was significantly inhibited [38],
the effect of HupA on neurite outgrowth relative
genes and proteins may be associated with the
level of AChE expression.
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