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Abstract
Neurodegenerative disorders such as Alzheimer’s disease (AD) are characterized by the loss of
neurotrophic factors and experimental therapeutical approaches to AD have investigated the
efficacy of replacing or augmenting neurotrophic factor activity.

Cerebrolysin™, a peptide mixture with neurotrophic-like effects, has been shown to improve
cognition in patients with AD and to reduce synaptic and behavioral deficits in transgenic (tg)
mice over expressing the amyloid precursor protein (APP). However it is unclear how long lasting
the beneficial effects of Cerebrolysin™ are and whether or not behavioral and neuropathological
alterations will reappear following treatment interruption. The objective of the present study was
to investigate the consequences of interrupting Cerebrolysin™ treatment (“wash-out” effect) 3 and
6 months after the completion of a 3-month treatment period in APP tg mice.

We demonstrate that in APP tg mice, Cerebrolysin™-induced amelioration of memory deficits in
the water maze and reduction of neurodegenerative pathology persist for 3 months after treatment
interruption, however these effects dissipate 6 months following treatment termination.
Immunohistochemical analysis demonstrated that the decrease in neocortical and hippocampal
amyloid plaque load observed in Cerebrolysin™ treated APP tg mice immediately following
treatment was no longer apparent at 3 months after treatment interruption indicating that the
beneficial effects of Cerebrolysin™ at this time point were independent of its effect on amyloid-
beta deposition.

In conclusion the results demonstrate that effects of Cerebrolysin™ persist for a significant period
of time following treatment termination and suggest that this prolonged effect may involve the
neurotrophic factor-like activity of Cerebrolysin™.
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INTRODUCTION
Alzheimer’s Disease (AD) is among the most common neurodegenerative disorders in
Europe and the US and is the leading cause of dementia in the aging population (Maslow
2010). Cognitive impairment AD patients is closely associated with synaptic damage and
selective neuronal loss in the neocortex, limbic system and basal forebrain (DeKosky et al.
1996; Masliah 1995; Masliah et al. 2006; Masliah et al. 2001; Scheff et al. 1990; Terry et al.
1991; Trojanowski et al. 1995).

Nerve growth factor (NGF) has been identified as a key neurotrophic factor for the neurons
that degenerate in AD (Levi-Montalcini and Hamburger 1951). In AD, NGF loss is observed
in the basal forebrain (Mufson et al. 1995; Scott et al. 1995) and in the absence of NGF
cholinergic neurons have been reported to exhibit shrinkage, reduced fiber density and a
decrease in cholinergic transmission (Svendsen et al. 1991). NGF administration into the rat
brain has been shown to prevent basal forebrain cholinergic neuron degeneration (Fischer et
al. 1987; Hefti 1986; Kromer 1987; Williams et al. 1986) and NGF administration has also
been reported to improve learning and memory in lesioned and aged rats (Chen and Gage
1995; Fischer et al. 1987; Markowska et al. 1994; Martinez-Serrano et al. 1996; Tuszynski
and Gage 1995; Williams et al. 1991).

Experimental therapies for AD have focused on investigating the effects of neuroprotective
and neurotrophic agents (Nagahara et al. 2009; Tuszynski 2007; Tuszynski et al. 2005). One
such neurotrophic agent is Cerebrolysin™ (CBL). CBL is a porcine brain-derived peptide
preparation, produced by standardized enzymatic breakdown, consisting of low molecular
weight peptides and free amino acids; it is free of proteins, lipids and antigenic properties
(EBEWENeuroPharmaGmbH 2009).

CBL has been shown to display neurotrophic activity in vitro (Chen et al. 2007; Mallory et
al. 1999) and in animal models of neurodegeneration (Francis-Turner and Valouskova 1996;
Francis-Turner et al. 1996; Masliah et al. 1999; Valouskova and Francis-Turmer 1996;
Veinbergs et al. 2000). The effects of CBL have been shown to mimic CNTF, FGF and NGF
in vitro (Chen et al. 2007) and in vivo animal models (Francis-Turner and Valouskova 1996;
Francis-Turner et al. 1996; Valouskova and Francis-Turmer 1996). In patients with mild to
moderate AD, CBL has been shown to improve cognitive impairment (Alvarez et al. 2006;
Ruther et al. 2000; Ruther et al. 1994) and, in a recent double-blind trial, intravenous
administration of CBL was demonstrated to improve activities of daily living and
psychiatric deficits in patients with moderate to moderately severe AD (Alvarez et al. 2011).
Several other randomized double-blind studies AD patients have shown that CBL is
consistently superior to placebo at reducing cognitive alterations (Plosker and Gauthier
2009; Plosker and Gauthier 2010).

In agreement with clinical trials, experimental studies in an APP tg model of AD
demonstrate that CBL ameliorates memory deficits, synaptic alterations and amyloid burden
(Rockenstein et al. 2005a; Rockenstein et al. 2003a; Rockenstein et al. 2002). Moreover, we
have recently shown that CBL reduces the AD-like pathology in the amyloid precursor
protein (APP) tg mice by modulating the maturation and processing of APP (Rockenstein et
al. 2006). However it is unclear how long-lasting the effects of CBL are and whether or not
behavioral and neuropathological alterations will reappear after treatment termination. The
objective of the present study was to investigate the consequences of interrupting CBL
treatment in APP tg mice. The results from this study demonstrate that the neuroprotective
effects of CBL are present 3 months after the cessation of treatment, however these effects
are no longer apparent 6 months after the termination of CBL administration. These results
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support the hypothesis that the effects of CBL persist for a significant period of time after
treatment interruption and provide evidence for a link between the amelioration of AD-
related neuropathology and CBL therapy.

MATERIALS AND METHODS
Generation of APP Tg Mice, Cerebrolysin treatment and washout experiments

For these experiments, 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) (Rockenstein et al. 2001) were used. We have previously shown that these mice
display loss of synaptic contacts, defects in neurogenesis, high levels of Aβ 1–42
production, early amyloid deposition and behavioral deficits (Rockenstein et al. 2003a;
Rockenstein et al. 2007a; Rockenstein et al. 2007c). Genomic DNA was extracted from tail
biopsies and analyzed by PCR amplification, as described previously (Rockenstein et al.
1995). Transgenic lines were maintained by crossing heterozygous tg mice with non-
transgenic (non tg) C57BL/6 × DBA/2 F1 breeders. All mice were heterozygous with
respect to the transgene.

A total of 36 APP tg mice (3 month (m) old; n=18 CBL treated and n=18 saline) and 18 non
tg mice (3 m old; saline only) were utilized. Each milliliter of CBL contains 215.2mg of the
active CBL concentrate in an aqueous solution (EBEWENeuroPharmaGmbH 2009). Mass
spectrometry analysis of CBL has shown that is comprised of amino acids (80%) and small
(<10Da) peptides (20%) and previous work had shown that this small peptides mimic the
effect of neurotrophic factors including CNTF, FGF and IGF (Chen et al. 2007).

The APP tg mice were divided into 3 experimental groups as follows; Group 1) APP tg
mice treated with saline (n= 6) or CBL (n=6, 5 ml/kg, ip, daily) for 3 months followed by
behavioral testing. As these mice were tested and euthanized immediately after the
completion of the treatment, this group is designated as the time post treatment-0 months
(TPT 0m) group. The mice in this group were 6 m/o at euthanization. Group 2) APP tg mice
were treated with saline (n= 6) or CBL (n=6, 5 ml/kg, ip, daily) for 3 months. Three months
after completion of the treatment, mice underwent behavioral testing and were euthanized
(the mice were 9 m/o at euthanization). This group is designated as the time post treatment-3
months (TPT 3m) group. Group 3) APP tg mice were treated with saline (n= 6) or CBL
(n=6, 5 ml/kg, ip, daily) for 3 months. Six months after completion of the treatment, mice
underwent behavioral testing and were euthanized (the mice were 12 m/o at euthanization).
This group is designated as the time post treatment-6 months (TPT 6m) group. For each of
the 3 groups an age-matched cohort (n=6) of saline-treated non tg mice was included. 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.

Spatial learning and memory in the Morris water maze
As previously described (Rockenstein et al. 2005b), in order to evaluate the long term
effects of a 3 month treatment with CBL, mice were tested in the water maze at 0, 3 or 6
months after treatment interruption. For this purpose, a pool (diameter 180 cm) was filled
with opaque water (24°C) and mice were first trained to locate a visible platform (days 1–3)
and then a submerged hidden platform (days 4–7) in three daily trials 2–3 min apart. Mice
that failed to find the hidden platform within 90 seconds were placed on it for 30 seconds.
The same platform location was used for all sessions and all mice. The starting point at
which each mouse was placed into the water was changed randomly between two alternative
entry points located at a similar distance from the platform. On day 8, another visible
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platform trial was performed to exclude differences in motivation and fatigue. Time to reach
the platform (latency), path length, and swim speed were recorded with a Noldus
Instruments EthoVision video tracking system (San Diego Instruments) set to analyze two
samples per second.

Tissue Processing
In accordance with NIH guidelines for the humane treatment of animals, mice were
anesthetized with chloral hydrate and flush-perfused transcardially with 0.9% saline. Brains
were removed and divided sagitally. The left hemibrain was post-fixed in phosphate-
buffered 4% paraformaldehyde (pH 7.4) at 4°C for 48 hr and sectioned at 40 µm with a
Vibratome 2000 (Leica, Germany), while the right hemibrain was snap frozen and stored at
−70°C for protein analysis.

Analysis of Neurodegeneration and Aβ immunoreactivity
For this purpose, blind-coded 40 µm thick vibratome sections were immunolabeled with the
mouse monoclonal antibodies against synaptophysin (presynaptic terminal marker, 1:40,
Chemicon, Temecula, CA) and GFAP (astroglial marker, 1:1000, Chemicon) as previously
described (Rockenstein et al. 2003b; Rockenstein et al. 2006). After overnight incubation
with the primary antibodies, sections were incubated with Texas red or FITC-conjugated
horse anti-mouse IgG secondary antibody (1:75, Vector Laboratories, Burlingame, CA),
transferred to SuperFrost slides (Fisher Scientific, 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 previously described (Rockenstein et al.
2003b) to determine the percent area of the neuropil covered by synaptophysin or GFAP
(Glial fibrillary acidic protein) immunoreactivity. To determine neuronal density an
additional set of sections were immunolabeled as previously described with an antibody
against NeuN (general neuronal marker, 1:1000, 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 (Chana et al. 2006; Chana et al. 2003). Three immunolabeled sections
were analyzed per mouse and the average of individual measurements was used to calculate
group means. The levels of accumulation of Aβ deposits were detected as previously
described (Pham et al. 2010), briefly vibratome sections were incubated overnight at 4°C
with the mouse monoclonal antibody 82E1 (1:600, Immuno-Biological Laboratories),
followed by incubation with a fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG
(Vector Laboratories). Sections were imaged with laser scanning confocal microscopy
(LSCM) (MRC1024, BioRad) as described previously (Spencer et al. 2008) and digital
images were analyzed with the NIH Image 1.43 program to determine the percent area
occupied by Aβ deposits. Three immunolabeled sections were analyzed per mouse and the
average of individual measurements was used to calculate group means. To confirm the
specificity 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.

Statistical Analysis
Analyses were carried out with the StatView 5.0 program (SAS Institute Inc., Cary, NC).
Differences among means were assessed by one-way ANOVA with post-hoc Dunnett’s.
Comparisons between 2 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.
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RESULTS
Cerebrolysin effects on spatial learning in the water maze persist for 3 months but are
washed out after 6 months of treatment interruption

The first cohort of mice to be analyzed was the TPT 0m group, these mice were tested
immediately following the 3 months of CBL treatment. During the training phase with the
visible platform the non tg and APP tg mice performed similarly (Fig.1a, cued platform).
When the platform was submerged, compared to non tg controls, the saline-treated APP tg
mice took a significantly longer time to reach the platform, in contrast APP tg mice treated
with CBL behaved similarly to the non tg saline-treated group (Fig. 1a, hidden platform).
Next the TPT 3m group was tested; these mice were treated with CBL 3 months prior to the
testing of behavioral performance in the water maze. As expected, during the training phase,
where the platform was visible, all mice performed similarly (Fig. 1b, cued platform). When
the platform was submerged, compared to non tg controls, the saline-treated APP tg mice
displayed significant deficits and took longer to find the hidden platform (Fig. 1b, hidden
platform). However in the TPT 3m group the behavioral performance of CBL-treated APP
tg mice was comparable to that of the non tg saline-treated group (Fig. 1b, hidden platform).
The final cohort of mice to be tested was the TPT 6m group (saline and CBL interrupted 6
months prior to testing). Here, once again, the performance of the saline-treated non tg and
saline or CBL-treated APP tg groups was comparable with the cued platform (Fig. 1c, cued
platform). In contrast, compared to non tg controls, both groups of APP tg mice displayed
significant deficits during the hidden platform component of the test indicating that the
effects of CBL no longer persisted at this time point (Fig. 1c, hidden platform). Analysis of
the Probe Test demonstrated that saline-treated APP tg mice at TPT 0m, 3m, and 6m spend
significantly less time in the target quadrant than age-matched non tg mice (Fig. 1d–f). In
contrast, CBL-treated APP tg mice at TPT 0m (Fig. 1d) and TPT 3m (Fig. 1e) spend
significantly longer in the target quadrant in comparison to saline-treated APP tg mice. At
TPT 0m and TPT 3m the CBL-treated APP tg mice spend a length of time in the target
quadrant that was comparable to the non tg mice (Fig. 1d, e). However, by TPT 6m the
CBL-treated APP tg mice are no longer performing significantly differently to the saline-
treated APP tg mice (Fig. 1f) indicating that by this time point the beneficial effects of CBL
have been washed out.

The neuroprotective effects of Cerebrolysin continue for 3 months but are no longer
apparent after 6 months of treatment interruption

To evaluate how long the neuroprotective effects of CBL administration persisted after the
cessation of treatment, the mice that were analyzed in the water maze were euthanized and
analyzed for markers of neurodegeneration including the synaptic marker, synaptophysin,
the neuronal marker, NeuN and the astroglial marker GFAP. The first cohort of mice to be
analyzed was the TPT 0m group. Compared to the saline-treated non tg controls, the saline-
treated APP tg mice displayed significantly lower levels of synaptophysin immunoreactive
terminals and a reduction in NeuN-positive neuronal counts estimated by the disector
method in the frontal cortex (Fig. 2a, c) and hippocampus (Fig. 2b, d). Concomitantly, levels
of astrogliosis were increased in the saline-treated APP tg mice in comparison to saline-
treated non tg mice (Fig. 2e, f). In contrast, TPT 0m CBL-treated APP tg mice displayed
neocortical and hippocampal levels of synaptophysin (Fig. 2a, b), NeuN (Fig. 2c, d) and
GFAP (Fig. 2e, f) comparable to those observed in the saline-treated non tg controls. The
TPT 3m group was the next to be analyzed. Compared to saline-treated non tg age matched
controls, the saline-treated APP tg mice continued to display a significant decrease in
synaptophysin and NeuN and an increase in GFAP immunoreactivity in the frontal cortex
(Fig. 2a, c, e) and hippocampus (Fig. 2b, d, f). However the TPT 3m CBL-treated APP tg
mice (those that had been treated with CBL for 3 months and analyzed 3 months after the
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termination of treatment) showed neocortical and hippocampal levels of synaptophysin and
NeuN comparable to the age-matched saline-treated non tg group (Fig. 2a–d). Levels of
GFAP immunoreactivity were increased in this cohort and comparable to the saline-treated
APP tg mice (Fig. 2e, f). The final cohort of mice to be analyzed was the TPT 6m group
(APP tg mice that had been treated with CBL for 3 months and analyzed 6 months after the
termination of treatment). Here once more, compared to age-matched saline-treated non tg
controls, the saline-treated APP tg mice display significant deficits in synaptophysin and
NeuN and increased in GFAP levels in the frontal cortex (Fig. 2a, c, e) and hippocampus
(Fig. 2b, d, f). However, at this time point the TPT 6m CBL-treated APP tg mice displayed
significant deficits in the neocortical and hippocampal levels of synaptophysin
immunoreactive terminals (Fig. 2a, b) and NeuN-positive neuronal cell counts (Fig. 2c, d)
and an increase in astrogliosis (Fig. 2e, f) in comparison to the age-matched saline-treated
non tg group. In summary, these studies demonstrate that the neuroprotective effects of CBL
on synaptophysin and NeuN levels persist for 3 months following the termination of CBL
treatment but are washed out after 6 months of treatment interruption.

Cerebrolysin continues to partially reduce amyloid deposition 3 months after treatment
interruption but the effects disappear after 6 months

In order to the investigate to length of time CBL was able to reduce amyloid deposition
following the termination of administration, mice were immunolabeled with a monoclonal
antibody against Aβ (clone 82E1) and evaluated by LCSM/image analysis. The first cohort
of mice to be analyzed was the TPT 0m group. Consistent with previous studies
(Rockenstein et al. 2003a; Rockenstein et al. 2002; Rockenstein et al. 2006), compared to
the saline-treated APP tg mice, the CBL-treated APP tg mice displayed a significant 55–
65% reduction in the area of the neuropil occupied by Aβ immunoreactive deposits in the
frontal cortex (Fig. 3a, b, m) and hippocampus (Fig. 3a, b, g, h, n). Upon analysis of the TPT
3m group, the saline and CBL-treated APP tg mice showed comparable levels of Aβ
immunoreactive deposits in the frontal cortex (Fig. 3c, d, m). In contrast, the CBL-treated
APP tg mice continued to exhibit a significant 35% reduction in Aβ immunoreactive
deposits in the hippocampus in comparison to the saline-treated APP tg mice (Fig. 3c, d, i, j,
n). Analysis of the TPT 6m group demonstrated comparable levels of Aβ immunoreactive
deposits in the saline and CBL-treated groups in the frontal cortex (Fig. 3e, f, m) and
hippocampus (Fig. 3e, f, k, l, n). When compared over time, in the saline-treated APP tg
mice the levels of Aβ immunoreactive deposits progressively increased in the frontal cortex
and hippocampus (Fig. 3m, n), consistent with the age-dependent increased in AD-related
neuropathology. Taken together, these results indicate that 3 months after the termination of
CBL administration there remains a partial effect at suppressing Aβ, most notably in the
hippocampus, that ceases to exist at 6 months after treatment interruption.

DISCUSSION
The present study showed that CBL-induced amelioration of memory deficits and
neurodegenerative pathology, including synapse formation, persist for 3 months following
treatment interruption.

Although the precise mechanisms underlying the long-lasting effects of CBL remain
unclear, based on the persistence of behavioral improvements over and above the reduction
in Aβ plaque load, we propose that the neurotrophic-like effects of CBL, rather than its
effects on Aβ deposition, may be involved the observed sustained beneficial following the
cessation of treatment.

CBL has previously been reported to decrease Aβ production in APP tg mice by regulating
the maturation of the amyloid protein precursor (Rockenstein et al. 2006) and to decrease
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amyloid deposition around the cerebrovasculature (Rockenstein et al. 2005a) however our
results indicate that whilst behavior analysis in the water maze test demonstrated a sustained
beneficial effect of CBL up to 3 months after the cessation of treatment, neocortical amyloid
plaque load in the TPT 3m CBL-treated APP tg mice was comparable to that observed in the
saline-treated APP tg mice at this age indicating that,at TPT 3m, the beneficial effect of
CBL, whilst still leading to improved behavioral performance, did not extend to a continued
reduction in Aβ plaques. Although there was a slight, but significant, decrease in
hippocampal amyloid plaques at TPT 3m in the CBL-treated APP tg mice, the reduction in
Aβ deposition at this time point was nowhere near as dramatic as that observed at TPT 0m.

These results, in conjunction with the immunohistochemical analysis of synaptic structure
and neuronal density, which showed an increase in neocortical and hippocampal synaptic
and neuronal number at TPT 3m, consistent with the sustained behavioral improvement at
this time, suggest that whatever mechanism underlie the long-term effect of CBL, they are
independent of the effects of CBL on Aβ plaques. CBL has been widely reported to have
neurotrophic factor-like activity (Chen et al. 2007; Francis-Turner and Valouskova 1996;
Nagahara et al. 2009; Rockenstein et al. 2005a; Satou et al. 2000; Svendsen et al. 1991;
Veinbergs et al. 2000; Windisch et al. 1998) and we propose that it is this facet of CBL that
may underlie the observed long-term effects of CBL following treatment reduction, although
the precise neurotrophic factor-like activity (CNTF, NGF, BDNF - or a combination) sub-
served by CBL and the receptors involved in this activity remain to be further examined.

These results provide experimental evidence to support previous clinical trials that have
shown intravenous administration of CBL in patients with AD and vascular dementia has
statistically significant beneficial effects on clinical global outcome measures (Plosker and
Gauthier 2009; Plosker and Gauthier 2010). Moreover, the benefits of CBL appeared to last
for several months after stopping treatment in these studies (Plosker and Gauthier 2009;
Plosker and Gauthier 2010). Behavioral and other functional benefits, as assessed by neuro-
psychiatric tests and activities of daily living, respectively, were also noted to persist several
months after stopping the treatment in patients with AD or vascular dementia. Given that
CBL has been reported to display neurotrophic-like effects (Chen et al. 2007; Francis-Turner
and Valouskova 1996; Francis-Turner et al. 1996; Valouskova and Francis-Turmer 1996;
Veinbergs et al. 2000), promote neurogenesis (Chen et al. 2007; Onose et al. 2009;
Rockenstein et al. 2007b; Zhang et al. 2010) and synaptogenesis (Mallory et al. 1999;
Rockenstein et al. 2003a) it is probable that the persistent nature of the effects of CBL
following termination of the treatment might be related to the ability of this peptide mixture
at promoting the long term remodeling of neuronal circuitries and enhancing synaptic
connectivity. In support of this hypothesis clinical studies have shown that CBL treatment
stabilizes EEG activity in patients with AD, the elderly or those with brain injury (Alvarez et
al. 2000; Alvarez et al. 2008; Alvarez et al. 2003; Funke et al. 1998; Muresanu et al. 2008).

The continued beneficial effects of CBL in the spatial learning and memory 3 months after
treatment interruption were consistent with the effects on synaptophysin-immunoreactive
terminals but did not follow the patterns of Aβ deposition and astrogliosis, which were
elevated in the CBL-treated APP tg mice 3 months after the termination of CBL
administration. These results are consistent with previous studies showing that the
improvement in behavioral parameters in aged rats (Reinprecht et al. 1999) and APP tg mice
correlate best with the levels of synaptophysin-immunoreactive terminals and not with the
amyloid plaques (Rockenstein et al. 2003a; Rockenstein et al. 2006). Moreover this outcome
is in agreement with studies showing that loss of synapses is the best correlate of behavioral
deficits in AD (DeKosky et al. 1996; Scheff et al. 1990; Terry et al. 1991) patients and that
synaptic damage in AD (Pham et al. 2010) and in APP tg mice is independent of amyloid
deposits (Mucke et al. 2000).
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The results from this study also suggest that the mechanisms through which CBL promotes
synaptogenesis and reduces Aβ deposition might be somewhat different. We have
previously shown that in APP tg mice CBL reduces Aβ production by modulating APP
phosphorylation and maturation and that this involves the regulation of CDK5 and GSK3β
(Rockenstein et al. 2006); CBL also reduces TAU phosphorylation and related
neurodegenerative pathology through this pathway (Ubhi et al. 2009). Thus the CDK5 and
GSK3β signaling pathways might be only partially involved in modulating the synaptogenic
effects of CBL and other pathways such as those mediated by calpain I (Wronski et al. 2000)
or anti-apoptotic factors (eg: bcl2) might play a more substantial role (Deigner et al. 2000).
Taken together, these findings support the possibility that CBL might act at the site of a
neurotrophic factor-like receptor that couples with the Akt/GSK3β and CDK5 signaling
pathways. The effects of modulating such cascade might exert pleotropic effects including,
neuroprotection, anti-apoptosis, 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.

Another interesting finding of the present study was that effects of CBL on synapses and
behavior are washed out 6 months after suspending the treatment. This provides evidence
for a close relationship between the amelioration of the AD-related neuropathology and
treatment with CBL. To our knowledge this is one of the first studies in APP tg mice to
demonstrate the time course for reversal of therapeutic effects upon interruption of
treatment. The results from this study not only provide important information for the
management of CBL administration and its duration but may also be relevant for any
therapy aimed at the amelioration of AD-related deficits.
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Fig 1. Behavioral deficits in the water maze 3 and 6 months after the cessation of CBL therapy in
APP tg mice
To evaluate the effect of CBL treatment interruption on memory and spatial learning APP tg
mice were tested in the water maze. (a) Escape latency in the cued and hidden portions of
the water maze in saline-treated non tg mice and saline or CBL-treated APP tg mice at TPT
0m. (b) Escape latency in the cued and hidden portions of the water maze in saline-treated
non tg mice and saline or CBL-treated APP tg mice at TPT 3m. (c) Escape latency in the
cued and hidden portions of the water maze in saline-treated non tg mice and saline or CBL-
treated APP tg mice at TPT 6m. (d) Probe Test performance in saline or CBL-treated non tg
or APP tg mice at TPT 0m. (e) Probe Test performance in saline or CBL-treated non tg or
APP tg mice at TPT 3m and (f) Probe Test performance in saline or CBL-treated non tg or
APP tg mice at TPT 6m. Error bars represent mean ± SEM. For (a–c) (*) Indicates p<0.05
by repeated-measures two-way ANOVA and (#) indicates p<0.05 when comparing CBL-
treated APP tg mice with saline-treated APP tg mice by repeated-measures two-way
ANOVA. For (d–f) (*) Indicates p<0.05, when comparing APP tg mice with saline-treated
non tg mice by one-way ANOVA and (#) indicates p<0.05 when comparing CBL-treated
APP tg mice with saline-treated APP tg mice by one-way ANOVA.
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Fig 2. Effects of CBL in the markers of neurodegeneration 3 and 6 months after therapeutical
interruption in APP tg mice
Immunohistochemical analysis was performed to evaluate the effect of CBL treatment
interruption on neurodegeneration in APP tg mice. (a) Levels of the synaptic marker,
synaptophysin, in the neocortex of saline-treated non tg and saline or CBL-treated APP tg
mice at TPT 0m, TPT 3m and TPT 6m. (b) Levels of synaptophysin, in the hippocampus of
saline-treated non tg and saline or CBL-treated APP tg mice at TPT 0m, TPT 3m and TPT
6m. (c) Levels of the neuronal marker, NeuN, in the neocortex of saline-treated non tg and
saline or CBL-treated APP tg mice at TPT 0m, TPT 3m and TPT6m. (d) Levels of NeuN, in
the hippocampus of saline-treated non tg and saline or CBL-treated APP tg mice at TPT 0m,
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TPT 3m and TPT 6m. (e) Levels of the astroglial marker, GFAP, in the neocortex of saline-
treated non tg and saline or CBL-treated APP tg mice at TPT 0m, TPT 3m and TPT 6m. (f)
Levels of GFAP, in the hippocampus of saline-treated non tg and saline or CBL-treated APP
tg mice at TPT 0m, TPT 3m and TPT 6m. Error bars represent mean ± SEM. (*)Indicates
p<0.05, when comparing APP tg mice with saline-treated non tg mice assessed by one-way
ANOVA with post-hoc Dunnett’s and (#) indicates p<0.05 when comparing CBL-treated
APP tg mice with saline-treated APP tg mice assessed by one-way ANOVA with post-hoc
Dunnett’s.
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Fig 3. Patterns of Aβ immunoreactivity 3 and 6 months following the interruption of CBL
administration in APP tg mice
Immunohistochemical analysis of Aβ levels was performed using the monoclonal antibody
against Aβ (clone 82E1) in order to evaluate the effect of CBL treatment interruption on
amyloid deposition in the APP tg mice. (a, b) Aβ immunoreactivity in the saline and CBL-
treated TPT 0m APP tg mice, respectively. (c, d) Aβ immunoreactivity in the saline and
CBL-treated TPT 3m APP tg mice, respectively. (e, f) Aβ immunoreactivity in the saline
and CBL-treated TPT 6m APP tg mice, respectively. (g, h) High magnification of Aβ
plaques in the hippocampus of saline and CBL-treated TPT 0m APP tg mice, respectively.
(i, j) High magnification of Aβ plaques in the hippocampus of saline and CBL-treated TPT
3m APP tg mice, respectively. (k, l) High magnification of Aβ plaques in the hippocampus
of saline and CBL-treated TPT 6m APP tg mice, respectively. (m) Analysis of the % of Aβ
immunoreactive neocortical neuropil in saline and CBL-treated APP tg mice at TPT 0m, 3m
and 6m. (n) Analysis of the % of Aβ immunoreactive hippocampal neuropil in saline and
CBL-treated APP tg mice at TPT 0m, 3m and 6m. Error bars represent mean ± SEM. (#)
Indicates p<0.05, when comparing saline and CBL-treated APP tg mice assessed by one-
way ANOVA with post-hoc Dunnett’s. Scale bars (a–f) = 200uM, (g–l) = 20uM
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