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Abstract Alzheimer’s disease (AD) continues to be the
most common cause of cognitive and motor alterations in
the aging population. Accumulation of amyloid � (A�)-pro-
tein oligomers and the microtubule associated protein-TAU
might be responsible for the neurological damage. We have
previously shown that Cerebrolysin (CBL) reduces the syn-
aptic and behavioral deWcits in amyloid precursor protein
(APP) transgenic (tg) mice by decreasing APP phosphory-
lation via modulation of glycogen synthase kinase-3�
(GSK3�) and cyclin-dependent kinase-5 (CDK5) activity.
These kinases also regulate TAU phosphorylation and are
involved in promoting neuroWbrillary pathology. In order to
investigate the neuroprotective eVects of CBL on TAU
pathology, a new model for neuroWbrillary alterations
was developed using somatic gene transfer with adeno-
associated virus (AAV2)-mutant (mut) TAU (P301L). The
Thy1-APP tg mice (3 m/o) received bilateral injections of
AAV2-mutTAU or AAV2-GFP, into the hippocampus.
After 3 months, compared to non-tg controls, in APP tg
mice intra-hippocampal injections with AAV2-mutTAU

resulted in localized increased accumulation of phosphory-
lated TAU and neurodegeneration. Compared with vehicle
controls, treatment with CBL in APP tg injected with
AAV2-mutTAU resulted in a signiWcant decrease in the
levels of TAU phosphorylation at critical sites dependent
on GSK3� and CDK5 activity. This was accompanied by
amelioration of the neurodegenerative alterations in the
hippocampus. This study supports the concept that the neu-
roprotective eVects of CBL may involve the reduction of
TAU phosphorylation by regulating kinase activity.
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Introduction

Alzheimer’s disease (AD) is the most common neurode-
generative disorder in Europe and the US and is character-
ized by cognitive deWcits, neurodegeneration, amyloid
plaque deposition, neuroWbrillary tangles and gliosis [73, 81].
The neuroWbrillary pathology is characterized by the intra-
cellular accumulation of aggregated and hyperphosphoryl-
ated forms of the cytoskeletal associated protein-TAU [10,
34, 82]. The neurodegenerative process in the initial stages
of AD targets the synaptic terminals [11, 41] and then prop-
agates to axons and dendrites leading to neuronal dysfunc-
tion and eventually to neuronal death in later stages of the
disease [24]. Although the precise mechanisms leading to
neurodegeneration in AD are not completely understood,
recent studies suggest that alterations in the processing of
amyloid precursor protein (APP), resulting in the accumu-
lation of amyloid-� protein (A�) and APP C-terminal prod-
ucts, might play a key role in the pathogenesis of AD
[28, 30, 76]. Oligomeric aggregates of A� might lead to
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synaptic damage [74] by disrupting synaptic vesicle
release, axoplasmic Xow and cytoskeletal function associ-
ated with alterations in TAU. This synaptic pathology in
the hippocampus results in memory and learning deWcits
characteristic of AD [85]. Although some therapies are cur-
rently under investigation for the A� and TAU pathology
in AD, most compounds currently available are limited to
targeting levels of cholinergic neurotransmission [77].

The nootrophic agent Cerebrolysin™ (CBL, a mixture
of about 25% low molecular weight biologically active
peptides and free amino acids obtained by biotechnological
methods using enzymatic breakdown of puriWed porcine
brain proteins) has been shown to improve memory in
patients with mild to moderate cognitive impairment [1, 68,
69, 87] and to display neurotrophic activity in vitro [38]
and in animal models of neurodegeneration [15, 42, 84].
Moreover, CBL has been shown to ameliorate the neurode-
generative alterations and amyloid burden in an APP model
of AD-like pathology [61]. We have recently shown that
CBL might reduce the amyloid pathology by decreasing
APP production and proteolysis [64] by regulating signal-
ing pathways that mediate the phosphorylation of APP
namely, glycogen synthase kinase-3� (GSK3�) and cyclin-
dependent kinase-5 (CDK5) activity [61, 63, 65].

Therefore, CBL has signiWcant eVects in several key
aspects related to AD pathogenesis; however, the eVects of
CBL in relation to neuroWbrillary pathology and the interac-
tions between APP products and TAU remain unclear. Recent
studies have shown that reducing TAU levels by deleting the
TAU gene [58, 80] or by immunotherapy [3, 50, 51, 75] may
be protective in APP tg models. Though in vitro studies have
suggested that CBL treatment reduces TAU phosphorylation
[58, 80], it remains unclear whether CBL might reduce neuro-
Wbrillary pathology in vivo. Remarkably, the signaling path-
ways activated during A� production and abnormal TAU
phosphorylation are analogous and include GSK3� and
CDK5 [70]. In this context, we propose that as CBL regulates
these kinase pathways then it may also in turn reduce neuroW-
brillary pathology. For this study, we developed a new model
of AD-neuroWbrillary pathology wherein APP tg mice
received intra-hippocampal injections of an adeno-associated
virus (AAV2) expressing mutant (mut) (P301L) TAU. In this
model, treatment with CBL for 3 months signiWcantly
reduced TAU phosphorylation, neuroWbrillary pathology and
neuronal loss in the hippocampus of APP tg mice.

Materials and methods

Production and testing of AAV2-TAU constructs

We chose the AAV2 to express mutant TAU as previous
studies have shown that this viral vector drives high levels

of transgene expression in neuronal populations in various
regions of the CNS [44, 53] and is eVective at over express-
ing TAU [29]. Moreover, the P301L mutant of TAU which
is associated with familial forms of fronto-temporal demen-
tia [35, 56] has been shown to promote neuroWbrillary
pathology when co-expressed in APP tg mice [19]. Our
P301L construct is based on the 412aa isoform that con-
tains one N-terminal domain (from Exon 2) and four micro-
tubule-binding domains (from Exons 9, 10, 11 and 12). For
the preparation of the AAV2-mutTAU, the human TAU
cDNA was PCR cloned from the PCDAN3.1-hTAU P301L
T+24R construct (donated by Brian Kraemer, Univ. Wash-
ington) and inserted into pCRII vector (Invitrogen, Carls-
bad, CA). The cDNA sequence was veriWed then further
cloned into the pAAV2-MCS vector from the AAV2
Helper-Free system (Stratagene, La Jolla, CA). The Wnal
plasmid was submitted to ViraPure (San Diego, CA) for
packaging and preparation. Control experiments were per-
formed with an AAV2-GFP construct from ViraPure. The
constructs were validated in vitro by infecting a rat neuro-
nal cell line (B103) and the human neuronal cell line (SH-
SY) with AAV2-mutTAU or GFP. In some cases an empty
AAV2 construct was used as control.

Intrahippocampal injections with AAV2-mutTAU, 
generation of APP Tg Mice, and CBL treatment

This study had two main objectives, the Wrst being to exam-
ine the eVects of AAV2-mut TAU injection and the second
to assess the eVects of CBL treatment in APP tg mice
infected with AAV2-mutTAU, to this end two sets of
experiments were performed.

In the Wrst set of experiments, a total of 16 mice (non-tg
mice n = 8 and APP tg mice n = 8, 3-month old) received
bilateral intra-hippocampal injections with AAV2-mutTAU
or AAV2-GFP. The APP tg mice express mutated (Swedish
K670M/N671L, London V717I) human (h)APP751 under
the control of the mThy-1 promoter (mThy1-hAPP751)
(line 41) [60]. We have previously shown that these mice
display loss of synaptic contacts, defects in neurogenesis,
high levels of A� 1-42 production, early amyloid deposi-
tion and behavioral deWcits [62, 64, 66]. Genomic DNA
was extracted from tail biopsies and analyzed by PCR
ampliWcation, as described previously [59]. Transgenic
lines were maintained by crossing heterozygous tg mice
with non-transgenic (non-tg) C57BL/6 £ DBA/2 F1 breed-
ers. All mice were heterozygous with respect to the trans-
gene. For the AAV2 injections, mice were deeply
anesthetized and placed in the stereotaxic frame. Two
microliters of each AAV2 (TAU or GFP) (»8 £ 1012 vg/ml
were injected with a 10 �l Hamilton syringe for 3 min at a
rate of 0.25 �l/min a Nano-injector system. The needle was
allowed to remain in the brain for an additional 2 min.
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Coordinates for stereotaxic injections were determined
according to the Paxinos Atlas of the mouse brain [52].
Mice were sacriWced 1 month following the injections and
analyzed biochemically for levels TAU phosphorylation
and neurodegeneration.

For the second set of experiments, aimed at assessing the
eVects of CBL treatment in APP tg mice injected with
AAV2-mutTAU, a total of 32 (3-month old; 8 mice per
group) APP tg mice were utilized. Mice received bilateral
intra-hippocampal injections with AAV2-mutTAU or
AAV2-GFP as described above. One month after the injec-
tions mice were started with daily intra-peritoneal injec-
tions of CBL (2.5 ml/kg) or vehicle alone for 3 month. APP
tg mice were divided into four groups as follows: (1) APP
tg, injected with AAV2-mutTAU treated with CBL; (2)
APP tg, injected with AAV2-mutTAU treated with saline
vehicle; (3) APP tg, injected with AAV2-GFP treated with
CBL and (4) APP tg, injected with AAV2-GFP treated with
saline vehicle. Additional control experiments were per-
formed with an empty AAV2 construct.

At the end of this period mice were sacriWced for analy-
sis of TAU phosphorylation and neurodegeneration assess-
ment. All experiments described were approved by the
animal subjects committee at the University of California at
San Diego (UCSD) and were performed according to NIH
guidelines for animal use.

Tissue processing

In accordance with NIH guidelines for the humane treat-
ment of animals, mice were anesthetized with chloral
hydrate and Xush-perfused transcardially with 0.9% saline.
Brains were removed and divided sagitally. The left hemi-
brain was post-Wxed in phosphate-buVered 4% paraformal-
dehyde (pH 7.4) at 4°C for 48 h and sectioned at 40 �m
with a Vibratome 2000 (Leica, Germany), while the right
hemibrain was snap frozen and stored at ¡70°C for protein
analysis.

Western blot analysis

From each case, the hippocampus was dissected, homoge-
nized and divided by ultracentrifugation into cytosolic and
membrane (particulate) fractions [67]. For western blot
analysis, 15 �g per lane of cytosolic and particulate frac-
tions, assayed by the Lowry method, were loaded into 10%
SDS-PAGE gels and blotted onto nitrocellulose paper.
BrieXy, as previously described [21], blots were incubated
with antibodies against phosphorylated tau including PHF-
1 (Phosphoserine 396/404 IgG1), CP9 (mouse monoclonal,
phosphothreonine 231 IgG2b), CP13 (Phosphoserine 202
IgG1), AT8 (Phosphoserine 202 and phosphothreonine 205
IgG1) (mouse monoclonal, 1:1,000, Innogenetics, Alpha-

retta, GA). The phospho TAU antibodies and the MC1 anti-
body (mouse monoclonal, epitope aa 312-322, IgG1) were
a kind gift from Dr. Peter Davies and have been previously
characterized [27, 86]. Total TAU (tTAU) was also ana-
lyzed (Rabbit polyclonal, 1:1,000, Dako, Carpinteria, CA).
Blots were also incubated with antibodies against SAPK1
(pSAPK1, 1:1,000, Cell Signaling Technology, Beverly,
MA), CDK5 (pCDK5, rabbit polyclonal, 1:1,000, Santa
Cruz Biotechnology) and GSK3� (pGSK3�, mouse mono-
clonal, 1:1,000, Cell Signaling Technology). While the
antibodies against pSAPK1 (phosphorylated at amino acid
residues threonine 183 and tyrosine 185) and pCDK5
(phosphorylated at amino acid residues serine 159)
(1:1,000, Santa Cruz Biotechnology) recognize the acti-
vated forms of these enzymes, the one against pGSK3�
(phosphorylated at amino acid residue serine 9) identiWes
the inactivated kinase. Additional immunoblot analysis was
performed with antibodies against total SAPK1 (tSAPK1,
rabbit polyclonal, 1:1,000, Cell Signaling Technology),
total CDK5 (tCDK5, rabbit polyclonal, 1:1,000, Santa Cruz
Biotechnology) and total GSK3� (tGSK3�, mouse mono-
clonal, 1:1,000, Santa Cruz Biotechnology). After over-
night incubation with primary antibodies, membranes were
incubated with secondary antibodies tagged with horserad-
ish peroxidase (HRP, 1:5,000, SantaCruz Biotechnology,
Inc., Santa Cruz, CA) and visualized by enhanced chemilu-
minescence and analyzed with a Versadoc XL imaging
apparatus (BioRad, Hercules, CA). Analysis of actin levels
was used as loading control.

Analysis of neurodegeneration, A� deposits and TAU 
immunoreactivity

To evaluate neurodegeneration and phosphorylation of
TAU, blind-coded 40 �m thick vibratome sections were
immunolabeled with the mouse monoclonal antibody
against microtubule associated protein-2 (MAP2; dendritic
marker, 1:200, Chemicon, Temecula, CA) as previously
described [62, 65]. After overnight incubation with the
primary antibodies, sections were incubated with FITC-
conjugated horse anti-mouse IgG secondary antibody (1:75,
Vector Laboratories, Burlingame, CA), transferred to
SuperFrost slides (Fisher ScientiWc, Tustin, CA) and
mounted under glass coverslips with anti-fading media
(Vector). All sections were processed under the same
standardized conditions. The immunolabeled blind-coded
sections were imaged with the laser-scanning confocal
microscope (LSCM, MRC1024, BioRad, Hercules, CA)
and analyzed with the Image 1.43 program (NIH), as previ-
ously described [62] to determine the percent area of the
neuropil covered by MAP2 immunoreactive terminals.

To determine neuronal density an additional set of sec-
tions were immunolabeled as previously described with an
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antibody against NeuN (general neuronal marker, 1:1,000,
Chemicon) and reacted with diamino-benzidine (DAB).
Sections were analyzed with the Stereo-Investigator
Software (MBF Biosciences), images collected according
to the optical disector method were analyzed as previously
described [6, 7]. Three immunolabeled sections were ana-
lyzed per mouse and the average of individual measure-
ments was used to calculate group means.

A� deposits were detected as previously described,
brieXy vibratome sections were incubated overnight at 4°C
with the mouse monoclonal antibody 4G8 (1:600, Senetek,
Napa, CA), followed by incubation with a Xuorescein
isothiocyanate (FITC)-conjugated anti-mouse IgG (Vector
Laboratories). Sections were imaged with the LSCM
(MRC1024, BioRad) as described previously [47] and digi-
tal images were analyzed with the NIH Image 1.43 program
to determine the percent area occupied by A� deposits.
Three immunolabeled sections were analyzed per mouse
and the average of individual measurements was used to
calculate group means.

For analysis of TAU immunoreactivity, sections were
immunolabeled as previously described [67] with the anti-
bodies against pTAU (PHF1, Peter Davis) and tTAU
(Dako) and reacted with DAB. From each case, 3 serial
blind-coded sections were scanned with a digital bright
Weld photo-microscope (Olympus). From each Sect. 4
images of the hippocampus were obtained and analyzed for
levels of immunoreactivity with the ImageQuant program.
Results were averaged and expressed as mean per case.

To evaluate the cellular distribution of pTAU, double
immunocytochemical analysis was performed as previously
described [43]. For this purpose, vibratome sections were
immunolabeled with a monoclonal antibody against pTAU
(PHF1, 1:10,000) detected with the Tyramide Signal
AmpliWcation™-Direct (Red) system (1:100, NEN Life
Sciences, Boston, MA) and the mouse monoclonal anti-
body against MAP2 (1:500) detected with FITC-conjugated
secondary antibodies (1:75, Vector Laboratories) [43]. All
sections were processed simultaneously under the same
conditions and experiments were performed twice to assess
reproducibility. Sections were imaged with a Zeiss 63X
(N.A. 1.4) objective on an Axiovert 35 microscope (Zeiss,
Germany) with an attached MRC1024 LSCM system (Bio-
Rad) [43]. To conWrm the speciWcity of primary antibodies,
control experiments were performed where sections were
incubated overnight in the absence of primary antibody
(deleted) or preimmune serum and primary antibody alone.

Transmitted electron microscopy and immunogold analysis

Vibratome sections were pre-embedded with 50% Durcu-
pan epoxy resin, and 50% ethanol (dry) for 30 min and then
embedded in Durcupan mix epoxy resin and polymeriza-

tion at vacuum at 60°C for 48 h. After the resin was poly-
merized, the hippocampus was isolated and mounted into
plastic cylinders, sectioned with an ultra microtome (Reic-
hert Ultracut E) at 60 nm thickness and collected in nickel
grids for immunogold labeling. The grids were treated with
antigen retrieval (sodium periodate saturated in water) for
1 min washed in distilled (di) water, blocked with 3% BSA
in TBS for 30 min and then incubated with the PHF1 anti-
body (1:100) overnight. Next day, the grids were washed in
TBS, blocked with 3% BSA, and incubated with the sec-
ondary antibody IgG-antimouse/10 nm gold particles
(AURION Immunogold reagents) for 2 h at room temp.
The sections were then washed in TBS and di-water, and
the labeling enhanced using Silver mixture (AURION
R-gent SE-EM) for 25 min then washed extensively with
di-water. The immunostained grids were post stained using
saturated Uranyl Acetate sol. in 50% Ethanol, for 20 min at
room temperature, washed in di-water, and placed in bis-
muth nitrate solution for 10 min followed by a Wnal wash in
di-water. The immunolabeled grids were analyzed with a
Zeiss EM10 electron microscope and electron micrographs
obtained at a magniWcation of 5,000 and 35,000.

Statistical analysis

Analyses were carried out with the StatView 5.0 program
(SAS Institute Inc., Cary, NC). DiVerences among means
were assessed by one-way ANOVA with post hoc Dun-
nett’s. Comparisons between two groups were assessed
using the two-tailed unpaired Student’s t test. Correlation
studies were carried out by simple regression analysis and
the null hypothesis was rejected at the 0.05 level.

Results

In vitro characterization of TAU expression levels 
in neuronal cell cultures

The B103 and SH-SY neuronal cell lines were used to con-
Wrm the ability of the viral vector to drive TAU expression.
These lines are derived from rat and human neuronal
tumors, respectively, and share many typical neuronal
properties with other commonly used neuronal cell lines,
including outgrowth of neurites upon diVerentiation, syn-
thesis of neurotransmitters, possession of neurotransmitter
receptors and electrical excitability of surface membranes
[71]. Immunocytochemical analysis with antibodies against
p-TAU (PHF1) showed high levels of expression in the
neuronal cell lines compared to controls (Fig. S1a, b). Over
85% of the cells infected with the AAV2-mutTAU were
immunostained with the PHF-1 antibody (Fig. S1b). Simi-
larly, infection of the neuronal cell lines with AAV2-GFP
123



Acta Neuropathol (2009) 117:699–712 703
at an MOI of 30 resulted in GFP expression in about 90%
of plated cells in comparison to control cells (Fig. S1c, d).
Immunoblot analysis of cell lysates from B103 cells,
revealed pTAU immunoreactive bands at an estimated
molecular weight of 50–60 kDa in cells infected with
AAV2-mutTAU (Fig. S1e).

TAU phosphorylation in APP tg and non-tg mice injected 
with AAV2-mutTAU

To further verify the in vivo ability of the AAV2 viral
vector to over express TAU non-tg and APP tg mice
received intra-hippocampal injections with AAV2-mut-
TAU or AAV2-GFP. Mice were sacriWced 1 month later
and analyzed immunohistochemically for the presence
of pTAU.

Analysis revealed that non-tg mice injected with AAV2-
mutTAU displayed moderate levels of pTAU (PHF1) in the
neuronal cells bodies (Fig. 1b, f), in comparison to the
AAV2-GFP- injected non-tg mice (Fig. 1a, e). Confocal
analysis of non-tg mice injected with the AAV2-GFP dem-
onstrated abundant expression of the Xuorescent protein in
the hippocampus (Fig. 1i, m), which was absent in the
AAV2-mutTAU-injected non-tg mice (Fig. 1j, n).

In contrast, the APP tg mice infected with AAV2-mut-
TAU showed high levels of pTAU immunoreactivity in the
pyramidal cells of the hippocampus (Fig. 1d, h). No signiW-
cant pTAU immunoreactivity was observed in APP tg mice
injected with AAV2-GFP (Fig. 1c, g). Confocal analysis of
the sections injected with the AAV2-GFP demonstrated
abundant expression of the Xuorescent protein in the hippo-
campus of the APP tg mice (Fig. 1k, o).

Fig. 1 Patterns of pTAU immunoreactivity in non-tg and APP tg mice
injected with AAV2-mutTAU. pTAU immunoreactivity in AAV2-
GFP (a, e) and AAV2-mutTAU (b, f) injected hippocampus of non-tg
mice. pTAU immunoreactivity in AAV2-GFP (c, g) and AAV2-mut-
TAU (d, h) injected hippocampus of APP tg mice. GFP immunoreac-

tivity in AAV2-GFP (i, m) and AAV2-mutTAU (j, n) injected
hippocampus of non-tg mice. GFP immunoreactivity in AAV2-GFP
(k, o) and AAV2-mutTAU (l, p) injected hippocampus of APP tg mice.
Scale bar a–d and i–l = 200 �M, e–h and m–p = 50 �M
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Analysis of the time course of pTAU expression in the
CA3 region of the hippocampus in APP tg (Fig. S2)
revealed a moderate expression at day 14 (Fig. S2c) post
injection, becoming much more robust at 30 days following
injection (Fig. S2d, analyzed in e).

Double labeling studies in APP tg mice injected with
AAV2-mutTAU showed that the pTAU immunoreactivity co-
localized with other cytoskeletal proteins such as MAP2 and
was re-distributed to the neuronal cell bodies and dendrites
(Fig. 2a–f), compared to APP tg mice injected with a control
empty AAV2 vector, where mild pTAU immunoreactivity was
limited to the cell body (Fig. 2g–i). Ultrastructural analysis of
AAV2-mutTAU-injected APP tg mice revealed the presence
of Wbrillary pathology in the pyramidal neurons composed pri-
marily of straight Wlaments raging in size between 9 and 11 nm
(Fig. 3a, b) and subsequent immunogold studies with the PHF-
1 antibody against pTAU demonstrated that these intraneuro-
nal Wlamentous structures were decorated by gold particles,
corroborating the presence of Wbrillary pathology (Fig. 3c).

Neurodegeneration in APP tg and non-tg mice injected 
with AAV2-mutTAU

Analysis of neuronal loss in the non-tg injected with AAV2-
mutTAU, as evidenced by NeuN immunoreactivity, revealed
a modest decrease in the CA3 region of the hippocampus
(Fig. 4b, f, arrows) in comparison to non-tg mice injected
with AAV2-GFP (Fig. 4a, e). Neuronal loss was more pro-
nounced in the APP tg mice, with mice injected with AAV2-
mutTAU (Fig. 4d, h, arrows) demonstrating signiWcantly
lower hippocampal NeuN immunoreactivity than those
injected with AAV2-GFP (Fig. 4 c, g and analyzed in i).

Cerebrolysin treatment reduces TAU phosphorylation 
and neuroWbrillary pathology in APP Tg mice injected 
with AAV2-mutTAU

To ascertain the eVects of CBL on TAU phosphorylation in
APP tg mice injected with AAV2-mutTAU, western blot

Fig. 2 pTAU co-localization with cytoskeletal proteins in APP tg
mice injected with AAV2-mutTAU. Immunoreactivity for MAP2
(a, d), pTAU (b, e) in APP tg mice injected with AAV2-mutTAU,

colocalization (c, f). Immunoreactivity for MAP2 (g), pTAU (h) in
APP tg mice injected with AAV2-control vector, colocalization (i).
Bar 50 �M
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analysis was performed. As expected levels of pTAU
immunoreactivity were highest in homogenates from APP
tg mice injected with AAV2-mutTAU compared to AAV2-
GFP (Fig. 5a). In the particulate fraction, pTAU immunore-
activity was more readily detected with the PHF1 and CP9
antibodies and to a lesser extent with MC1, AT8 and CP13
antibodies (Fig. 5a). TAU was identiWed as a complex of 3–
4 bands ranging from 50 to 60 kDa. Total TAU (tTAU) was
detected in all four groups, both in the insoluble and soluble
fractions. Levels of tTAU were higher in mice injected with
AAV2-mutTAU compared to AAV2-GFP (Fig. 5a). A band
at 39 kDa corresponding to GFP was only detected in mice
injected with AAV2-GFP (Fig. 5a).

Compared to mice treated with vehicle alone, in the
CBL-treated APP tg mice injected with AAV2-mutTAU,
there was a signiWcant reduction in the levels of pTAU at
the epitopes detected by the PHF1, CP9, AT8 and CP13
antibodies in the particulate fraction (Fig. 5a–c, e, f). How-
ever, levels of TAU phosphorylation at the epitopes

detected by the MC1 antibody or in the levels of tTAU in
the particulate fraction were unaVected by CBL treatment
(Fig. 5a, d, g). In APP tg mice injected with AAV2-GFP,
the endogenous levels of pTAU and tTAU in the particulate
fraction were comparable between the vehicle and CBL-
treated groups (Fig. 5a, g).

Consistent with the results from the immunoblots, the
immunocytochemical analysis showed that compared to the
vehicle-treated AAV2-mutTAU-injected APP tg mice
(Fig. 6a), in CBL-treated APP tg mice injected with AAV2-
mutTAU (Fig. 6b) there was a signiWcant reduction in the
levels of pTAU as detected by the PHF1 antibody (Fig. 6e).
CBL treatment had no eVects on the levels of GFP expres-
sion (Fig. 6e–i).

Analysis of the percentage of the neuropil covered by
A� immunoreactivity (Fig. S3a–d and analyzed in e)
revealed a similar deposition in the APP tg mice injected
with AAV2-TAU (2.48% § 0.301) and those injected with
AAV2-GFP (1.8% § 0.311). In agreement with previous

Fig. 3 Ultrastructural analysis of the cytoskeletal pathology in APP tg
mice injected with AAV2-mutTAU. Electron micrographs of Wlamen-
tous structures (arrows) in the pyramidal neurons of AAV2-mutTAU-

injected APP tg mice (a, b magniWcation £5,000). Immunogold labeling
of Wlamentous structures in the pyramidal neurons of AAV2-mutTAU-
injected APP tg mice (c magniWcation £35,000)

Fig. 4 Neurodegeneration in non-tg and APP tg mice injected with
AAV2-mutTAU. NeuN immunoreactivity in AAV2-GFP (a, e) and
AAV2-mutTAU (b, f) injected hippocampus of non-tg mice. NeuN
immunoreactivity in AAV2-GFP (c, g) and AAV2-mutTAU (d, h)

injected hippocampus of APP tg mice and analysis of NeuN immuno-
reactive cells (i). Scale bar a–d and i–l = 200 �M, e–h and m–p = 50 �M.
Asterisk indicates signiWcance at p < 0.05 (one-way ANOVA)
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studies [60], CBL treatment reduced at comparable levels
the accumulation of amyloid deposits in APP tg AAV2-
TAU injected mice (1.58% § 0.192, a signiWcant reduction
of 63.7%, one-way ANOVA, p < 0.05) and APP tg AAV2-
GFP injected mice (0.75% § 0.384, a signiWcant reduction
of reduction of 41.7%, one-way ANOVA, p < 0.05).

Neuroprotective eVects of Cerebrolysin 
on neurodegenerative pathology in APP Tg mice 
injected with AAV2-mutTAU

Analysis of neuronal loss, as evidenced by NeuN immuno-
reactivity, and dendritic complexity, as evidenced by
MAP2 immunoreactivity, revealed that vehicle-treated APP
tg mice injected with AAV2-mutTAU displayed a more
widespread pyramidal neurons loss (Fig. 7a (arrows), e, i)

and reduction in dendritic complexity (Fig. 7j, n, r) in the
CA3 region of the hippocampus compared to APP tg mice
injected with AAV2-GFP (Fig. 7c, g, l, p). In non-tg mice
pyramidal neurons in the hippocampus were of similar
characteristics between the AAV2-mut TAU and the
AAV2-GFP (not shown).

Cerebrolysin treatment reduced the neurodegenerative
pathology observed in the APP tg mice. Compared to mice
treated with vehicle alone (Fig. 7a, e, i, j, n), the CBL-
treated APP tg mice injected with AAV2-mutTAU dis-
played a signiWcant recovery of neuronal density [Fig. 7b, f,
i (dashed line indicates NeuN immunoreactivity in non-tg
mice, Fig. 4i)] and dendritic complexity (Fig. 7k, o, r) in
the hippocampus. CBL treatment also ameliorated the mod-
erate neuronal (Fig. 7d, h, i) and dendritic alterations
(Fig. 7m, q, r) in APP tg mice injected with AAV2-GFP.

Fig. 5 Immunoblot analysis of TAU levels in APP tg mice injected
with AAV2-mutTAU and treated with CBL. Immunoblot analysis of
TAU with antibodies against PHF-1, CP9, MC1, AT8, CP13, tTAU

and GFP (a) in AAV2-mutTAU and AAV2-GFP injected vehicle- or
CBL-treated APP tg mice. Quantitative analyses of immunoblot (b–g).
Asterisk indicates signiWcance at p < 0.05 (one-way ANOVA)
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Fig. 6 EVects of CBL on neuronal pTAU immunoreactivity in APP tg
mice injected with AAV2-mutTAU and treated with CBL. pTAU
immunoreactivity in AAV2-mutTAU-injected vehicle-treated (a) and
CBL-treated (b) APP tg mice. GFP immunoreactivity in AAV2-mut-
TAU-injected vehicle-treated (f) and CBL-treated (g) APP tg mice.
pTAU immunoreactivity in AAV2-GFP injected vehicle-treated (c)

and CBL-treated (d) APP tg mice. GFP immunoreactivity in AAV2-
GFP injected vehicle-treated (h) and CBL-treated (i) APP tg mice.
Quantitative analyses of pTAU immunoreactivity in AAV2-mutTAU
and AAV2-GFP injected vehicle- or CBL-treated mice (e). Scale
bar 50 �M. Asterisk indicates signiWcance at p < 0.05 (one-way
ANOVA)

Fig. 7 EVects of CBL on neuronal number and dendritic density in
APP tg mice injected with AAV2-mutTAU and treated with CBL.
NeuN immunoreactivity in the hippocampus of AAV2-mutTAU-
injected vehicle-treated (a, e) and CBL-treated (b, f) APP tg mice.
NeuN immunoreactivity in the hippocampus of AAV2-GFP injected
vehicle-treated (c, g) and CBL-treated (d, h) APP tg mice. Quantitative
analysis of NeuN immunoreactivity in AAV2-mutTAU and AAV2-
GFP injected vehicle- or CBL-treated APP tg mice (i), dashed line
indicates NeuN immunoreactivity in non-tg mice (Fig. 4i). MAP2

immunoreactivity in the hippocampus of AAV2-mutTAU-injected
vehicle-treated (j, n) and CBL-treated (k, o) APP tg mice. MAP2
immunoreactivity in the hippocampus of AAV2-GFP injected vehicle-
treated (l, p) and CBL-treated (m, q) APP tg mice. Quantitative analy-
sis of MAP2 immunoreactivity in AAV2-mutTAU and AAV2-GFP
injected vehicle- or CBL-treated APP tg mice (r). Scale bar a–d and j–
m = 200 �M, e–h and n–q = 50 �M. Asterisk indicates signiWcance at
p < 0.05 (one-way ANOVA)
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EVects of Cerebrolysin on GSK3� and CDK5 in APP Tg 
mice injected with AAV2-mutTAU

We have previously shown that CBL is capable of modulat-
ing A� production by regulating the activities of GSK3�
and CDK5 [65]. Both of these kinases are also known to
phosphorylate TAU at critical residues important in neuro-
Wbrillary tangle formation [8, 9, 14, 36, 37, 39, 40, 45, 79].
For this reason, we analyzed by immunoblot the levels of
phosphorylation of kinases involved in TAU phosphoryla-
tion. This study showed that in APP tg mice, injected with
either AAV2-mutTAU or GFP, CBL treatment reduced the
levels of pCDK5 (Ser 159, active form) (Fig. 8a, b) and
increased the levels of pGSK3� (Ser9, inactive form)
(Fig. 8a, c), while the levels of pERK were unchanged
(Fig. 8a, d). These results support the notion that the neuro-
protective eVects of CBL might depend in its ability to reg-
ulate CDK5 and GSK3� dependent TAU phosphorylation
sites.

Discussion

The present study showed that over expression of mutTAU
in the hippocampus of APP tg mice resulted in a greater
degree of neurodegeneration in comparison to APP tg mice

alone and that CBL treatment reduced the abnormal TAU
phosphorylation and neurodegenerative pathology in these
mice. Previous studies have modeled the neuroWbrillary
pathology of AD by either crossing mutTAU tg with APP
tg mice [13, 35, 55], co-expressing TAU, APP and PS in a
triple tg [49] or by injecting A� into the brains of mutTAU
tg mice [20]. Over expression of wild type or mutTAU
under neuronal promoters only partially reproduces the
characteristic Wbrillary TAU alterations [2, 4, 13, 16, 18,
20, 23, 33]. However, these eVects are enhanced by the
addition of APP/A�, indicating the importance of interac-
tions between TAU and A� in the pathogenesis of AD-like
TAU pathology.

To investigate the potential ability of CBL at ameliorat-
ing neuroWbrillary pathology, we chose to use AAV2-mut-
TAU injection into the hippocampus of APP tg mice
because with this model it is possible to express TAU at
high levels in speciWc brain regions for long periods of
time, without the need for multiple crosses. Remarkably in
this model we found, in addition to the increased levels of
TAU phosphorylation, more extensive neurodegeneration
in the hippocampus compared to APP tg mice alone or non-
tg mice injected with AAV2-mutTAU. This, in conjunction
with recent studies showing that deletion of TAU is neuro-
protective in APP tg mice [58] supports the notion that
alterations in TAU might play an important role mediating

Fig. 8 Immunoblot analysis of 
CBL eVects on pGSK3� and 
pCDK5 levels in APP tg mice 
injected with AAV2-mutTAU 
treated with CBL. Immunoblot 
analysis of AAV2-mutTAU and 
AAV2-GFP injected vehicle- or 
CBL-treated APP tg mice with 
antibodies against tCDK5, 
pCDK5, tGSK3�, pGSK3�, 
tERK and pERK (a). Quantita-
tive ratio analysis of pCDK5/
tCDK5 (b), pGSK3�/tGSK3� 
(c) and pERK/tERK 
(d) in AAV2-mutTAU and 
AAV2-GFP injected vehicle- 
or CBL-treated APP tg mice. 
Asterisk indicates signiWcance 
at p < 0.05 (one-way ANOVA)
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the mechanisms of neurodegeneration in AD. The neuroW-
brillary pathology in AD has been extensively investigated
both in terms of TAU phosphorylation [31, 32, 39, 40, 83]
and truncations [12] because tangle formation plays an
important role in the mechanisms of behavioral deWcits and
neurodegeneration in AD patients [25]. This is of interest
because in our combined model, CBL treatment reduced
the abnormal TAU phosphorylation and neurodegenerative
pathology in the hippocampus.

CBL has previously been shown to improve memory in
patients with mild to moderate cognitive impairment [1, 68,
69] and to display neurotrophic activity in animal models of
neurodegeneration [15, 42, 84]. Moreover, CBL has been
shown to ameliorate the neurodegenerative alterations and
amyloid burden in an APP tg model of AD-like pathology
[61]. As A� is thought to enhance TAU pathology [20],
CBL’s eVects on the reduction of TAU pathology in the
combined model may be related to the eVects of CBL at
decreasing A� production. However, it is worth noting that
the eVects of CBL on TAU phosphorylation were detected
in the particulate fraction of the APP tg mice injected with
AAV2-mutTAU while no signiWcant eVects were observed
in levels of endogenous TAU phosphorylation in the APP
tg mice injected with AAV2-GFP.

Therefore, it is likely that the eVects of CBL on TAU
might involve alternative mechanisms, for example, the
eVects of CBL on TAU phosphorylation favored speciWc
epitopes including pSer208, pSer 396/404 and pThr231,
sites that have been previously shown to be primarily phos-
phorylated by CDK5 and GSK3� [26, 46, 57, 89]. We have
recently shown that CBL might reduce the AD-like pathol-
ogy in APP tg mice by regulating the activity of signaling
pathways that includes these two kinases [61, 63, 65]. Con-
sistent with this possibility, the present study demonstrated
that levels of CDK5 phosphorylation associated with
CDK5 activation are reduced and levels of phospho-
GSK3� that correspond to inactivation are increased in
APP tg mice injected with AAV2-mutTAU mice treated
with CBL. This is consistent with recent studies showing
that compounds that modulate the CDK5 and GSK3� sig-
naling pathways such as lithium chloride [5, 22, 48, 54, 67,
78] or other inhibitors of GSK3� (sodium tungstate [17] or
GSK3� inhibitors investigated in diabetes (CHIR98014)
[72]) and CDK5 (such as roscovitine [88]) reduce TAU
phosphorylation and the associated neurodegenerative
pathology in vivo.

We have previously shown that in APP tg mice CBL
reduces A� production by modulating APP phosphoryla-
tion and maturation and that this involves the regulation of
CDK5 and GSK3� [65]; CBL also ameliorates deWcits in
neurogenesis by enhancing survival of neuronal precursor
cells in the hippocampus [66] the present study extends
these eVects of CBL by demonstrating that it reduces TAU

phosphorylation and related neurodegenerative pathology.
Taken together, these Wndings support the possibility that
CBL might act at the site of a neurotrophic factor-like
receptor that couples with the Akt/GSK3� and CDK5 sig-
naling pathways. The eVects of modulating such cascade
might exert pleotrophic eVects including, neuroprotection,
anti-apoptotic, neurogenesis, and anti-amyloid and TAU
pathology. The identity of such receptor or sites and more
detailed dissection of the signaling pathways involved
await further investigation.

In conclusion, this study showed that mutTAU enhances
the neurodegenerative pathology in the hippocampus of
APP tg mice and indicates that CBL treatment reduces the
abnormal TAU phosphorylation and neurodegenerative
pathology in the combined AAV2-mutTAU/APP tg mouse
model by modulating the activity of CDK5 and GSK3�
supporting the possibility that CBL might have beneWcial
eVects in the treatment of the neuroWbrillary pathology in
AD and other TAUopathies.
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