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(2) 239–
245, 1999.—Recent studies suggest that Cerebrolysin improves behavioral performance by affecting synaptic transmission in
the hippocampus. The main objective of this study was to determine if Cerebrolysin administration ameliorates the neurode-
generative and performance deficits in aged apolipoprotein E (apoE)-deficient mice. ApoE-deficient mice treated with Cere-
brolysin showed a significant improved performance in the Morris water maze, compared to saline-treated apoE-deficient
mice. Although the improved performance in the Cerebrolysin-treated apoE-deficient mice was associated with restoration
of the neuronal structure, the poor learning ability of saline-treated apoE-deficient mice was related to the a disrupted synap-
todendritic structure. This study supports the contention that Cerebrolysin might have a neurotrophic effect in vivo. © 1999
Elsevier Science Inc.
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RECENT in vivo studies have shown that endogenous low
molecular-weight neurotrophic factors are capable of amelio-
rating the behavioral alterations in aged rodents (6). It is then
possible that brain extracts containing these factors might
ameliorate cognitive alterations in neurodegenerative dis-
eases (3). Cerebrolysin (Cerebrolysin™, EBEWE Pharma-
ceuticals, Austria) is a commercially available brain-derived
peptide preparation, which is produced by biotechnological
procedures, using a standardized controlled enzymatic break-
down of highly purified porcine brain proteins. Because of
this method of production, it consists of a fraction of free
amino acids and a fraction of low molecular-weight, biologi-
cally active peptides (19). Recent studies have shown that
Cerebrolysin affects passive avoidance behavior in rats (9,17)
and improves memory alterations in patients with mild to
moderate cognitive impairment (20). Furthermore, Cerebro-
lysin induces a dose-dependent suppression of the synaptic re-
sponse followed by a small rebound increase in the CA1 (3).

This inhibition is mediated via GABA

 

B

 

 receptors in the CA1
area of the hippocampus (24). In addition, this inhibition is pre-
synaptic and can be reduced by low doses of a specific blocker
of adenosine A1 receptors, 8-cyclopentyltheophylline (25).
This suggests that the behavioral changes observed after
Cerebrolysin administration might be related to its ability to
modify synaptic transmission.

Recent studies have shown that in in aged apolipoprotein
E (apoE)-deficient (knock-out) mice there is synaptic and
dendritic damage in the neocortex and limbic system, accom-
panied by disruption of the microtubular cytoskeleton (12–
14). Moreover, apoE-deficient mice display significant cholin-
ergic (8) and memory deficits (8,15,16). These studies suggest
that apoE might play a neurotrophic/neuroprotective function
within the central nervous system (CNS), and that altered
function of this molecule could result in neurodegeneration.
These findings in the apoE-deficient model are potentially
relevant to Alzheimer’s disease (AD), because greater sus-
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ceptibility for this neurodegenerative disorder has been asso-
ciated with the presence of the allele e4 of APOE (21). Be-
cause Cerebrolysin appears to display neurotrophic capabilities,
it is possible that this compound might ameliorate the neuro-
degenerative and behavioral alterations associated with apoE
deficiency in the knock-out mice. In this context, the main ob-
jectives of the present study were to determine if the neurode-
generative and cognitive alterations in apoE-deficient mice
are reversed by Cerebrolysin administration.

 

METHOD

 

Colony Breeding and Characterization

 

As previously described (14), the homozygous apoE-defi-
cient mice (C57BL/6J) were obtained by crossbreeding het-
erozygous mutants that were generously provided by Dr. J.
Breslow (Rockefeller University, New York). Additional
aged homozygous apoE-deficient (C57BL/6J) and wild-type
mice (C57BL/6J) were provided by Drs. Palinsky and Stein-
berg (University of California at San Diego, Department of
Medicine, La Jolla, CA). A total of 19 apoE-deficient ho-
mozygous (8 months old) and 17 wild-type (8 months old)
mice were used for the present study. The experiment was
performed in two phases. For the first phase, a group of 10
apoE-deficient and 8 wild-type control mice were analyzed.
For the second phase, a group of nine apoE-deficient and nine
wild-type controls were analyzed. Both groups of mice were
tested, treated, and analyzed identically to assure reproduc-
ibility of results. At the end of both experiments, results were
averaged for the cohort as a whole. Mouse genotype was con-
firmed by PCR, as previously described (14).

 

Behavioral Water Maze Testing and Cerebrolysin Treatment

 

ApoE-deficient homozygous and wild-type mice were
trained to find a 10 

 

3

 

 10 cm escape platform in a Morris water
maze, as previously described (15). The maze consisted of a
dark-blue vinyl circular tank (176 cm in diameter) filled with
room-temperature water to a depth of 30 cm and subdivided
into four equal quadrants by two imaginary lines intersecting
at right angles in the middle of the pool. An on-line video
computerized tracking system (San Diego Instruments, San
Diego, CA) was used to quantify the distance traveled (m)
and the time spent (s) to reach the platform. At the beginning
of a trial (days 1 to 3), the visible platform was placed in the
northeast quadrant and the animals were placed in the water
at the east pole 20 cm from the platform (Near Vis trials).
When the mouse located the visible platform it was allowed to
remain there for 20 s, followed immediately by another trial
(three trials per animal per day, distance and duration data
averaged for each day). On days 4 to 6 the visible platform
was retained, but the mice were placed in the water at a dis-
tant start point, alternating between south and west poles (Far
Vis trials). On days 7 to 12 the platform was submerged and
the animals were placed in the water at the far start points
(Far Invis trials). Following this test (day 13), the visible plat-
form was again placed in the tank and the mice were given
two additional trials at the far start points (Vis Test trials). A
summary of the experimental paradigm is presented in Fig. 1.

Two days after this first phase of training in the water maze
was completed, apoE-deficient and wild-type mice were ran-
domly divided into two groups. In one group, mice received a
daily intraperitoneal injection of Cerebrolysin (5 ml/kg, EBEWE
Pharmaceuticals, Austria) for 28 days. One milliliter of Cere-
brolysin contains 215.2 mg of concentrate. In the second

group, the mice received saline alone. To evaluate the func-
tional effects of treatment, 28 days after the treatment started
the animals were again trained in the water maze, beginning
with 6 days of exposure to the visible platform. They were
then tested with the invisible platform for 6 days followed by
two Vis Test trials on the last day. During the course of the
maze testing, mice were treated daily with either Cerebrolysin
or saline. After this second round of water maze training, the
animals were sacrificed for subsequent analysis of the synap-
todendritic integrity of the brain. All experiments described
were approved by the animal subjects committee at the Uni-
versity of California at San Diego and were performed ac-
cording to NIH recommendations for animal use.

 

Evaluation of Neurodegenerative Alterations

 

Animals were perfused with cold saline and the brains re-
moved. The left hemibrain was frozen with isopentane and
cooled in a Histobath (Shandon Lipshaw, Pittsburgh, PA),
and the right hemibrain was immersion-fixed in 4% parafor-
maldehyde in pH 7.4 phosphate-buffered saline (PBS). The
cortex and hippocampus from the frozen samples were dis-
sected, homogenized, and fractionated as previously de-
scribed for subsequent Western blot and dot blot analysis
(14). Fixed hemibrains were serially sectioned at 40 

 

m

 

m thick-
ness with a Leica Vibratome 1000E (Vienna, Austria) for sub-
sequent routine analysis with the cresyl violet stain and immu-
nocytochemical/computer aided image analysis.

To evaluate the integrity of the synaptic and dendritic sys-
tem, blind-coded sections were immunolabeled with the mouse
monoclonal antimicrotubule associated protein 2 (MAP2,

FIG. 1. Behavioral performance in the Morris water maze before
treatment. Mice were trained for an initial period of 6 days in the
water maze and they were tested with an invisible platform (not
shown). This was followed by 6 days of testing (days 7–12), which are
presented in the graph. ApoE-deficient mice showed significant
impairment when compared to wild-type controls in a two-way
ANOVA with one repeated measure, F(1, 34) 5 13.85, p , 0.008,
*Two-way ANOVA, [F(1, 34) 5 13.85, p , 0.008].
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5 

 

m

 

g/ml, dendritic marker, Boehringer-Mannheim, Indianap-
olis, IN), mouse monoclonal antisynaptophysin (SYN, 1 

 

m

 

g/
ml, synaptic marker, Boehringer), mouse monoclonal anti-
growth-associated protein 43 (GAP43, Sigma), mouse mono-
clonal antiglial fibrillary acidic protein (GFAP, Boehringer),
and mouse monoclonal antibody to polymerized 

 

b

 

 tubulin
(SMI62, Sternberger Monoclonals, Inc., Baltimore, MD), as
previously described (11,14). After overnight incubation with
anti-SYN or MAP2, sections were incubated with FITC-con-
jugated horse antimouse IgG secondary antibody (1:75, Vec-
tor Laboratories, Burlingame, CA). The immunolabeled sec-
tions were transferred to SuperFrost slides (Fisher Scientific,
Tustin, CA) and mounted under glass coverslips with antifad-
ing media (Vector). All sections were processed under the
same standardized conditions that have previously been
shown to yield reproducible results in experimental models of
dennervation and reinnervation (11). The immunolabeled
blind-coded sections were analyzed, as previously described,
with the laser scanning confocal microscope (MRC1000, Bio-
Rad) (14). From each case, three fields (2730 sq 

 

m

 

m each
field) within the frontal, hippocampus, and basal ganglia were
imaged. The aperture, contrast, and gain levels were initially
adjusted manually to obtain images with a pixel intensity
within a linear range. Quantification of the % area of the neu-
ropil covered by SYN-immunoreactive presynaptic terminals
and MAP2-immunoreactive dendrites was performed with
the IMAGE software, as previously described (11,14). This
approach has been validated in experimental models of den-
nervation and reinnervation (11,23). Sections stained with
anti-GFAP, GAP43, and SMI62, were reacted with diami-
nobenzidine and analyzed with the Quantimet 570C densito-
meter, as previously described (14).

 

Statistical Analysis

 

After the results were obtained the code was broken and
sets of data were assigned to their corresponding groups
(apoE-deficient homozygous or wild type, with or without
treatment). Statistical analyses of the results were performed
using the STAT VIEW II and SUPERANOVA software
packages (Abacus Concepts) running on a Macintosh per-
sonal computer. Statistical comparisons among the groups
was done by the one- or two-factor ANOVA. Additional
comparisons were done by using the post hoc Scheffe test, as
indicated. For comparisons between the apoE-deficient and
wild-type mice, results from the water maze training phase
(days 1–6) and the testing phase (days 7–12) were averaged
and compared using one- and two-factor ANOVA. Perfor-
mance in the Morris water maze during training and testing
phases was expressed as mean distance swum in meters (m).
All values were expressed as mean 

 

6

 

 SEM. For comparisons
between groups on a day-to-day basis, repeated measures
ANOVA was used. All values were expressed as mean 

 

6

 

 SEM.

 

RESULTS

 

Cognitive Impairment in apoE-Deficient Mice Is Reversed by 
Cerebrolysin Treatment

 

During 6 days of training with a visible platform (days 1–6),
two-way ANOVA with one repeated measure showed no sig-
nificant differences between the apoE deficient (1.8 

 

6

 

 0.1;

 

n

 

 

 

5

 

 19) and wild-type control mice (2.1 

 

6

 

 0.2; 

 

n

 

 

 

5

 

 17), [

 

F

 

(1,
34) 

 

5

 

 

 

,

 

 1, NS], indicating that the groups were approximately
equivalent in their motor and visual abilities. Numbers in pa-
rentheses represent mean distance swum in meters 

 

6

 

 SEM.

FIG. 2. Behavioral performance after treatment. Mice were treated for 4 weeks with saline or Cerebrolysin and tested in the water maze after an
initial training period of 6 days (A). Saline-treated apoE-deficient mice continued to show impairment in performance in contrast to Cerebrol-
ysin-treated mice mice that performed at the same levels as the wild-type control mice (B). Three-way ANOVA with one repeated measure
showed a significant interaction between genotype and treatment, [F(1, 29) 5 7.76, p , 0.01]. *Two-way ANOVA, [F(1, 29) 5 3.83, p , 0.05].
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Consistent with previous studies (15), when the platform was
submerged (Far Invis, days 7–12), the apoE-deficient mice had
a longer mean swim distance (5.9 

 

6

 

 0.4) when compared to
wild-type controls (3.9 

 

6

 

 0.35) in a two-way ANOVA with
one repeated measure, [

 

F

 

(1, 34) 

 

5

 

 13.85, 

 

p

 

 

 

,

 

 0.008] (Fig. 1).
The interaction term was not significant in this analysis, indi-
cating that the performance impairment of the apoE-deficient
mice was fairly uniform across days of testing. This learning
impairment was not due to motor or visual disability, since
when the platform was again made visible on day 13 (Vis
Test), the apoE-deficient (2.1 

 

6

 

 0.41) and wild-type (1.5 

 

6

 

1.37) mice did not significantly differ in the distance swum
swam similar distances to find the target, [

 

F

 

(1, 34) 

 

5

 

 2.19, NS].
After 4 weeks of intraperitoneal injection with either Cere-

brolysin or saline treatment, mice were again trained in the
Morris water maze to assess the effects of the treatment on
learning. Across the initial 6 days of training with the visible
platform (days 1–6), no significant differences were observed
on repeated measures ANOVA between wild-type saline
(1.05 

 

6

 

 0.06; 

 

n

 

 

 

5

 

 9), wild-type Cerebrolysin-treated (1.04 

 

6

 

0.06; 

 

n

 

 

 

5

 

 6), apoE-deficient saline (1.8 

 

6

 

 0.5; 

 

n

 

 

 

5

 

 8) and
apoE-deficient Cerebrolysin mice (1.06 

 

6

 

 0.07; 

 

n

 

 

 

5

 

 10) [main
effect and interaction 

 

F-

 

values 

 

#

 

; 2.27, 

 

df

 

 

 

5

 

 1,29]. After this
training phase, mice were tested in the water maze for 6 days
using the Far Invis procedure (days 7–12). Three-way ANOVA
with one repeated measure showed a significant interaction be-
tween genotype and treatment, [

 

F

 

(1, 29) 

 

5

 

 7.76, 

 

p

 

 

 

,

 

 0.01]. The
components of the significant interaction term were analyzed
using post hoc comparisons between means by the Newman–

Keuls procedure. Among apoE-deficient mice (Fig. 2A), those
injected with saline continued to swim a long distance to reach
the platform (6.7 

 

6

 

 0.67, averaged across 6 days), whereas
those injected with Cerebrolysin had a significantly (

 

p

 

 

 

,

 

 0.05)
shorter mean swim distance (3.9 

 

6

 

 0.28). Among wild-type
control mice (Fig. 2B), those injected with saline (4.4 

 

6

 

 0.4) had
a mean swim distance that was not significantly different from
that of mice injected with Cerebrolysin (4.5 

 

6

 

 0.43). These data
indicate imply that Cerebrolysin treatment significantly im-
proved the learning ability performance in the water maze of
apoE-deficient mice, but had little effect on control animals.
There were no significant interactions with the repeated mea-
sure in the three-way ANOVA (all 

 

F-

 

values 

 

#

 

 1.07), which sug-
gests that the relatively greater swim distance observed for sa-
line-injected apoE-deficient mice was fairly consistent across
each of the 6 testing days.

Following completion of the Far Invis trials, the platform
was again made visible for 1 day of testing (Vis Test, day 13)
and mice in all groups showed a decrease in their swim dis-
tances. There were no longer any significant differences
among apoE-deficient (1.5 

 

6

 

 0.3) or wild-type (1.6 

 

6

 

 0.14) sa-
line-injected animals, nor between apoE-deficient (1.4 

 

6

 

 0.2)
or wild-type (1.3 

 

6

 

 0.2) Cerebrolysin-injected mice (main
effect and interaction 

 

F-

 

values 

 

#

 

; 1.30, 

 

df

 

 

 

5

 

 1,29). This fur-
ther corroborated, 

 

F

 

(1, 29) 

 

5

 

 0.149, NS), further corroborat-
ing that the impaired poor performance of the apoE-deficient,
saline-injected animals on the Far Invis trials was due to a
with the submerged platform was the result of spatial learning
deficits and not to visual or motor impairments.

FIG. 3. Neurotrophic effects of Cerebrolysin in apoE-deficient mice. Images were obtained from the frontal cortex of MAP2-immunolabeled
sections imaged with the laser scanning confocal microscope. (A) A wild-type saline-treated mouse shows normal neuronal organization. (B) A
wild-type Cerebrolysin-treated mouse displays a slight enhancement of the dendritic architecture. (C) An ApoE-deficient saline-treated mouse
presents widespread neuronal degeneration. (D) An ApoE-deficient Cerebrolysin-treated mouse shows recovery of the neuronal cytoarchitecture.
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Neurodegenerative Alterations in apoE-Deficient Mice Are 
Reversed After Cerebrolysin Treatment

 

Analysis of the mouse brains after the behavioral testing
showed that, when compared to wild-type controls (Fig. 3A

and B), apoE-deficient mice treated with saline (Fig. 3C) dis-
played significant neurodegeneration characterized by den-
dritic damage (Fig. 3A). In contrast, apoE-deficient Cerebrol-
ysin-treated mice showed substantial recovery of the dendritic

FIG. 4. Quantitative analysis of Cerebrolysin neurotrophic effects. ApoE-deficient mice treated with Cerebrolysin displayed a significant recov-
ery in the area covered by: (A) MAP2-immunolabeled dendrites [one-way ANOVA, F(3, 31) 5 10.93, p , 0.0002], and (B) SYN-immunoreac-
tive presynaptic terminals [one-way ANOVA, F(3, 31) 5 7.99, p , 0.0005], when compared to apoE-deficient mice treated with saline. No
significant differences were observed among wild-type mice. (C) The recovery observed in the apoE-deficient mice treated with Cerebrolysin
was accompanied by a significant increase in GAP43-immunoreactivity (marker of regeneration) in the hippocampus [one-way ANOVA, F(3,
31) 5 9.71, p , 0.0002], however. (D) No no effect with Cerebrolysin was observed in the levels of reactive astrogliosis, as evidenced by GFAP-
immunolabeling.
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structure (Fig. 3D). Because there was no repeated measures
factor to consider, analysis of the neuropathological data was
simplified by entering scores for the four treatment groups
into a one-way ANOVA, followed by post hoc pairwise com-
parisons of all group means using the Tukey–Kramer test.
One-factor ANOVA of the qualitative analysis of MAP2 re-
activity [

 

F

 

(3, 31) 

 

5

 

 10.93, 

 

p

 

 

 

,

 

 0.0002]. Post hoc comparisons
showed that the apoE-deficient saline group scored signifi-
cantly below each of the other three groups (

 

p

 

 

 

,

 

 0.05). One-
way ANOVA also revealed that the four groups differed sig-
nificantly in the numbers of SYN-immunoreactive terminals
(Fig. 4B) [

 

F

 

(3, 31) 

 

5

 

 7.99, 

 

p

 

 

 

,

 

 0.0005]. Post hoc Tukey–Kramer
tests showed that differences between apoE-deficient saline
and apoE-deficient Cerebrolysin-treated mice or wild-type sa-
line-treated mice were significant (

 

p

 

 

 

,

 

 0.05). No significant
difference was observed between apoE-deficient Cerebrolysin
or wild-type saline- or Cerebrolysin-treated mice. An impaired
sprouting reaction in the perforant pathway as represented by a
reduction in GAP43 immunoreactivity in the molecular layer of
the hippocampus differed similarly between groups (Fig. 4C),
[

 

F

 

(3, 31) 

 

5

 

 9.71, 

 

p

 

 

 

,

 

 0.0002]. Post hoc Tukey–Kramer test
showed that differences between apoE-deficient saline-treated
mice and apoE-deficient Cerebrolysin or wild-type saline-
treated mice were significant (

 

p

 

 

 

,

 

 0.05). No significant differ-
ence was observed between apoE-deficient Cerebrolysin or
wild-type saline-treated mice. Finally, the groups also differed
significantly in GFAP immunoreactivity reflecting an increased
astroglial reaction (Fig. 4D) [

 

F

 

(3, 31) 

 

5

 

 14.53, 

 

p , 0.0002].
Post hoc Tukey–Kramer tests showed significant differences
between wild-type saline-treated mice and apoE-deficient sa-
line- or apoE-deficient Cerebrolysin-treated mice (p , 0.05).
No significant difference was observed between apoE-deficient
saline- or apoE-deficient Cerebrolysin-treated mice.

DISCUSSION

The present study showed that Cerebrolysin treatment im-
proves the synaptodendritic pathology in apoE-deficient mice
and indicates that these alterations are reversible. This is con-
sistent with a previous study showing that Cerebrolysin has a
neurotrophic effect on septal cholinergic neurons after
transection of the fimbria-fornix in the rat brain (1). Further-
more, Cerebrolysin mimics the effects of NGF (but not FGF)
in terms of recovering the impaired phenotype after fimbria-
fornix lesion (7). Consistent with this concept, the present
study also showed that Cerebrolysin treatment in the apoE-

knockout mice resulted in an increased GAP43 immunoreac-
tivity in the dentate gyrus of the hippocampus, indicating that
Cerebrolysin exerted an NGF-like neurotrophic activity. This
latter assumption is based on previous studies showing that
NGF stimulation induces upregulation and translocation of
GAP43 (22). The mechanisms responsible for the trophic ef-
fects of Cerebrolysin are not known. However, recent studies
have shown that Cerebrolysin is able to modulate the expres-
sion of the blood brain barrier (BBB)-GLUT1 glucose trans-
porter gene by increasing the mRNA transcript stability (4,5).
Because it has been shown that this transporter is regulated
by neurotrophic factors, the effects of Cerebrolysin on the
BBB-GLUT1 model might support this as a possible target
for its putative trophic activity (4).

In addition, the present study showed that the trophic ef-
fects of Cerebrolysin in the apoE-deficient mice were associ-
ated with amelioration of performance deficits in the Morris
water maze. This is consistent with previous studies in aged
rats showing that trophic factors that alter the synaptoden-
dritic structure correlate with functional response in learning
paradigms in the water maze (6,18). Furthermore, our results
are also consistent with studies showing that Cerebrolysin af-
fected passive avoidance behavior in neonatal (17) and aged
(9) rats, and orientation in patients suffered mild to moderate
cognitive impairment (10,20). Supporting the possibility that
the improved behavioral performance promoted by Cerebrol-
ysin might be related to synaptic changes, the present study
showed a significant inverse correlation between distance
spent in the water maze task and dendritic and synaptic con-
tent. Further supporting the possibility that Cerebrolysin af-
fects synaptic function, recent studies have shown that Cere-
brolysin induces a dose-dependent suppression of the synaptic
response followed by a small rebound increase in the CA1
(3,24). Taken together, these studies suggest that the behav-
ioral changes observed after Cerebrolysin administration
might be related to its ability to modify synaptic functioning
and structure. In conclusion, the fact that the behavioral and
neurodegenerative alterations in the apoE-deficient mice
were reversed by Cerebrolysin suggests that this compound
has a neurotrophic potential that might be of therapeutic po-
tential in human neurodegenerative disorders.
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