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Abstract

Approximately 2 million people in the United States suffer from Alzheimer’s disease (AD), which is the most
common cause of chronic dementia among the aging population. During the last 7 yr, excellent opportunities
to screen drugs against AD have been provided by animal models of the disease. Because even in the fastest
model, AD pathology does not start before the end of the second month, it has been necessary to wait at least
until that age to inject drugs into the animal to assess whether they prevent, reduce, or revert synaptic impair-
ment, plaque formation, and increase of β-amyloid (Aβ) levels, the main features of the disease. A solution to
the
problems mentioned above is achieved by the present fast, efficient, and reproducible cultured cell system from
animal models of AD or Aβ-associated diseases, for the screening and testing of compounds for the treatment
and therapy of AD or Aβ-associated diseases.
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Introduction

Alzheimer’s disease (AD) is the most common
cause of chronic dementia among the aging popu-
lation. Neuritic amyloid plaques, neurofibrillary
degeneration, and granulovascular neuronal degen-
eration are major hallmarks of AD and are found in
the brains of elderly people with Alzheimer ’s
dementia. Some of these features, as well as learn-
ing and memory disruption, have already been
reproduced in transgenic mouse models of AD. For
example, transgenic mice in which mutant forms of
amyloid precursor protein (APP) and presenilin I

(PS1), a peptide that alters APP processing, are over-
expressed (Sant’Angelo et al., 2003). 

Tissue slices and live adult animals overexpress-
ing APP and PS1 represent a powerful tool for
screening drugs against AD. However, although
transgenic mice constitute a step forward in AD
research, it still takes months for these animals to
develop AD pathology. The dissociated hippocam-
pal cell cultures constitute another preparation that
might be exploited for examining drugs against the
disease. The cell culture system permits the investi-
gation of the cellular mechanisms of learning in hip-
pocampus, a structure within the brain temporal lobe
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that is particularly critical for memory storage
(Milner, 1996). Synaptic connections among hip-
pocampal cells in cultures can undergo long-lasting
changes in synaptic strength that might underlie
learning and memory (Bliss and Collingridge, 1993).
Cell culture systems present numerous advantages
over other preparations, for example, tissue slices or
live adult animals, for evaluating the efficacy and use
of compounds in the amelioration, treatment, or pre-
vention of AD or β-amyloid (Aβ)-associated diseases.
Illustrative examples of these advantages include (1)
easy access for extracellularly applied drugs and com-
pounds undergoing evaluation or testing, as well as
the ability to deliver drugs intracellularly to either
side of the synapse; (2) the ability to test drug efficacy
after a shorter period of time from the birth of an
animal that represents an animal model of disease;
(3) visibility of synapses and cells for electrical and
optical measurements; (4) the opportunity to identify
pre- and postsynaptic neurons and to examine the
monosynaptic response between them; (5) accessi-
bility to the presynaptic terminal; (6) the possibility
of having and maintaining long-term access to cells
under a controlled environment for biochemical and
genetic manipulation; and (7) simplification of a test-
ing, diagnostic, or evaluation system, because of
the exclusion of different types of neuronal and non-
neuronal cells. To exploit these advantages, electro-
physiological, optical, immunocytochemical,
and biochemical methods have been combined with
cell cultures derived from transgenic models of AD.
We have utilized cultures from double transgenic
mice expressing both the human APP mutation
(K670N:M671L) (APP), and the human PS1 mutation
(M146L) (PS1). Our data show the relevance of trans-
genic mouse cell cultures as a rapid system in which
to test drugs for AD treatment or prevention.

Materials and Methods
Animals

The animals utilized for generating cell cultures
were double transgenic mice, expressing both the
human APP and the human PS1 mutation, as well
as wild-type (WT) littermates. They were obtained
by crossing APP (Hsiao et al., 1996) with PS1 (Duff
et al., 1996) animals. To identify the genotype of the
animals, we used the polymerase chain reaction on
samples of the tail taken after dissection of the hippo-
campus (Duff et al., 1996; Hsiao et al., 1996).

Cell Culture Preparation
Primary cell cultures were prepared from 1-d-old

mouse pups. The hippocampus was surgically dis-
sected from the remaining part of the brain under a
stereomicroscope. Cells were dissociated using enzy-
matic treatment with 0.25% trypsin for 30 min and
subsequent trituration. The cells were plated on
glass coverslips previously coated with 10 µg/mL
poly(D-lysine) for at least 3 h at 4oC, followed by
1 mg/50 mL laminin for at least 1 h in an incubator
containing 5% CO2. A ring was placed at the center
of the glass coverslip. Each glass coverslip was con-
tained in a 35 × 10 mm cell culture dish. Approxi-
mately 150 µLof solution containing approx. 100,000
cells was placed inside the ring. Hippocampal cells
were grown in medium containing 84% Eagle’s mini-
mum essential medium (MEM), 10% heat-inacti-
vated fetal calf serum (FCS), 45 mM glucose, 1%
MEM vitamin solution, and 2 mM glutamine. Cells
were kept inside a 5% CO2 incubator at 37oC. After
24 h, this medium was replaced by one containing
96.5% neurobasal A, 2% B27 nutrient, 1% heat-
inactivated FCS, 0.4 mM glutamine, 0.5 mM
kynurenic acid, 6.6 ng/mL 5-fluoro-2-deoxyuridine,
and 16.4 ng/mLuridine. This medium was no longer
replaced in the following days.

Biochemistry
β-Amyloid (Aβ) levels were assayed from super-

natant derived from the medium collected from cul-
ture dishes and spun at 5000 rpm for 5 min at 4oC,
using an ELISA method in which Aβ was trapped
with either monoclonal antibody to Aβ 40 (JRF/
cAβ40/10) or Aβ 42 (JRF/cAβ42/26) and then
detected with horseradish peroxidase-conjugated
JRF/Aβtot/17 (Janus et al., 2000). The dilution of
JRF/Aβtot/17 and samples was optimized to detect
Aβ in the range of 25−400 fmol/mL. ELISA signals
were reported as the mean ± S.E.M. of two replica
wells in fmoles of Aβ per mg of protein (determined
with the BCA Protein Assay Reagent Kit, Pierce),
based on standard curves using synthetic Aβ 40
and Aβ 42 peptide standards (American Peptide Co.,
Sunnyvale, CA).

Electrophysiological Analysis
Cultured neurons were voltage clamped with the

whole cell ruptured patch technique throughout the
experiment as described previously (Arancio et al.,
1995, 2001). The bath solution contained 119 mM
NaCl, 5 mM KCl, 20 mM HEPES, 2 mM CaCl2, 2 mM
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MgCl2, 30 mMglucose, 0.001 mMglycine, and 0.1 mM
picrotoxin (pH 7.3), with osmolarity adjusted to
330 osmol with sucrose. The solution in the whole
cell patch electrode contained 130 mM K-gluconate,
10 mM KCl, 5 mM MgCl2, 0.6 mM EGTA, 5 mM
HEPES, 0.06 mM CaCl2, 2 mM Mg-ATP, 0.2 mM GTP,
0.2 mM leupeptin, 20 mM phosphocreatine, and
50 U/mL creatine-phosphokinase. Currents were
recorded with a Warner amplifier (model PC-501A)
(CT), and filtered at 1 kHz. To eliminate artifacts
due to variation of the seal properties, access resis-
tance was monitored for constancy throughout all
experiments. To suppress action potentials, 1 µM
tetrodotoxin was added to the bath when record-
ing miniature excitatory postsynaptic currents
(mEPSCs). They were digitized and analyzed with
the mini-analysis program (v. 4.0) from Synaptosoft
(GA). A baseline of 10-min duration was acquired
before inducing potentiation through 200 µM gluta-
mate application in Mg2+-free solution.

Vesicle Cycling
Cationic styrylpyridinium dye FM 1-43 has

become an established tool for identifying actively
firing neurons and for investigating the mechanisms
of activity-dependent vesicle cycling in widely
different species (Ryan et al., 1993). These water-
soluble dyes, which are nontoxic to cells virtually
nonfluorescent in aqueous medium, become inter-
nalized within recycled synaptic vesicles and the
nerve terminals become brightly stained (Ryan et
al., 1993). The amount of FM 1-43 taken up per vesi-
cle by endocytosis equals the amount of dye released
upon exocytosis. One of the methods to induce
exocytosis/endocytosis in the neuronal culture is by
perfusion of hyperkalemic solution (Ryan et al.,
1993). Loading of FM 1-43 was induced by chang-
ing the perfusion medium from normal saline bath
solution (119 mM NaCl, 2.5 mM KCl, 2 mM CaCl2,
2 mM MgCl2, 25 mM HEPES, and 30 mM glucose)
to hyeprkalemic bath solution (31.5 mM NaCl,
90 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM
HEPES, and 30 mM glucose) with 5 µM FM 1-43 for
45 s. The perfusion solution was then changed back
to normal bath solution for 10 min to wash off the
dye from the external medium. ADVASEP-7 (1 mM,
CyDex, Inc., Overland Park, KS), an anionic cyclo-
dextrin complexing agent, was introduced for 60 s
in the washing bath solution at 1 and 6 min of wash-
ing for enhanced removal of dye from the external
medium. After a 10-min wash period, which was

sufficient for the complete recycling and repriming
of the dye-stained population of synaptic
vesicles, an image was taken to record the loading
of FM 1-43 in the synaptic boutons. The culture was
then exposed to multiple 15-s applications of hyper-
kalemic bath solution (without FM 1-43) to evoke
repeated cycles of exocytosis, which facilitated
release of the dye from the vesicles. An image was
taken after 30 min of repeated cycles of exocytosis
and washing with normal bath solution. The differ-
ence between the images before and after multiple
exposures to hyperkalemic solution gave the mea-
sure of FM 1-43-stained vesicles. The number of
active boutons per uniform length of randomly
selected neurites (15 × 6.85-µm field) at 12 µM
from the cell body was measured by an investi-
gator blinded to experimental conditions. To study
glutamate-induced presynaptic plasticity changes,
the culture was exposed to 200 µM glutamate in
Mg2+-free bath solution for 30 s and washed out in
approx 1 min. After 30 min of glutamate exposure,
the staining and destaining procedure was repeated.
NMDA receptor antagonist, D-AP5 (40 µM), and
non-NMDA receptor antagonist, CNQX (20 µM),
were included in the hyperkalemic solution to
block possible recurrent excitation and induction of
activity-dependent plasticity. All images were
acquired using the Nikon D-Eclipse C1 confocal
microscope. Cultures were viewed with 20  × 0.50 nA
water immersion objective. An investigator blinded
to experimental conditions obtained quantitative
data using NIH Image software (v. 1.61). The total
number of boutons was assessed from randomly
selected fields (30.8 × 30.8 µm).

Immunocytochemistry
Glutamate in Mg2+-free bath solution, or normal

bath solution (control), was added directly to the
culture dish and washed out after approx 1 min by
exchanging the solution with phosphate-buffered
saline (PBS), at pH 7.4, twice, as described previ-
ously (Antonova et al., 2001). The cultures were
fixed starting approx 30 min after the application
of glutamate or control solution. Immunocyto-
chemical methods were described previously
(Antonova et al., 2001). The cultures were incu-
bated overnight with affinity-purified rabbit anti-
synapsin I (Molecular Probes), diluted 1:200. The
secondary antibodies were goat anti-rabbit labeled
with Rhodamine Red, diluted 1:500 in 4% goat
serum in PBS. Cells were mounted in Vectashield
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(Vector Labs) and examined by confocal microscopy
(Nikon D-Eclipse C1). Kalman averages of four
scans were collected for each image. Ten neurons
in each culture dish were selected at random and
analyzed by an observer who was blind to the exper-
imental treatment. Synapsin I puncta in a repre-
sentative field (94 × 142 mm) around the neuron
were quantified using NIH Image software (v. 1.61).
The fields were chosen to have equal numbers and
lengths of neurites. Individual puncta were iden-
tified based on having a fluorescence intensity that
exceeded a threshold set above background and a
diameter between 0.5 and 5 µm. For all measures,
the mean result from the 10 neurons in the dish was
normalized to the mean from control dishes in the
same culture batch because variability between dif-
ferent culture batches was greater than that between
dishes in the same batch. These values were used
for statistical comparison of dishes that received
different experimental treatments.

Statistical Analysis
Statistical analysis was performed with ANOVA

with post hoc correction, and Student’s t-test was
used for comparison between two groups. Results
were expressed as mean ± S.E.M.

Results
Production of elevated amounts of Aβ peptides

is one of the key features of AD. Therefore, in a first
series of experiments, we examined Aβ levels and
found that they were high in the medium from
hippocampal cell cultures derived from APP/PS1
mice compared with WT animals. More specifically,
at 12 d after plating the cells, high levels of human
Aβ 40 and 42, two major types of Aβ peptides, were
detected in double transgenic cultures (average
values of Aβ40 = 578.53 ± 79.55 fmol/mg protein,
and Aβ42 = 175.78 ± 28.34 fmol/mg protein, n = 7
dishes), whereas they were undetectable in control
cultures. 

In an attempt to find reliable parameters that
could be used as a tool for testing drugs for AD in
our cell culture system, we first examined the basal
mEPSC frequency of neurotransmitter release.
Spontaneous neurotransmitter release, also known
as miniature excitatory postsynaptic currents
(mEPSCs), corresponding to the spontaneous and
random release of neurotransmitter from the presy-
naptic terminal were examined to determine

whether overexpression of APP and PS1 altered
synaptic transmission. We found an approximate
twofold increase in basal mEPSC frequency of cul-
tures from double transgenic APP/PS1 animals
compared with cultures from WT mice. These novel
results suggest that the probability of transmitter
release increased in cultures from double transgenic
mice. We then studied the capability of cells to
undergo plastic changes. Specifically, we found that
glutamate-induced long-term enhancement of
mEPSC frequency was altered following overex-
pression of APP and PS1 transgenes. Abrief (approx
1 min) application of glutamate (200 µM) did not
produce enhancement of mEPSC frequency in cell
cultures prepared from double transgenic mice
compared with cell cultures prepared from WT
mice. These results indicate that overexpression of
the two transgenes causing elevated levels of Aβ
peptides blocks the capabilities of cells to undergo
plastic changes. 

In another series of experiments, we examined
another synaptic parameter, the number of func-
tional synaptic boutons before and after glutamate
application. We intended to determine whether over-
expression of APP and PS1 transgenes altered both
the basal number of active synaptic boutons and the
glutamate-induced increase in the number of active
boutons. We found an almost twofold increase in the
basal number of active synaptic boutons in cultures
from double transgenic animals compared
with those in WT cultures. We also found that brief
application (approx 30 s) of 200 µM glutamate in
Mg2+-free bath solution produced a two- to three-
fold increase in the number of active synaptic bou-
tons in cultures from WT mice. However, similar
application of glutamate failed to increase the
number of active synaptic boutons in APP/PS1 cul-
tures. These results are entirely consistent with the
electrophysiological experiments, which demon-
strate that synaptic plasticity is impaired in APP/PS1
mice primarily because of presynaptic dysfunction. 

Next, we examined the number of immunoreac-
tive clusters for the presynaptic protein synapsin I,
before and after glutamate application, to deter-
mine whether overexpression of APP and PS1
transgenes altered the basal number of clusters or
the glutamate-induced long-lasting increase in the
number of clusters. We found a 0.5-fold increase
in the basal number of synapsin I immunoreactive
clusters in APP/PS1 cultures compared with that
in WT cultures. We also found an approximate
twofold increase in the number of synapsin I-
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immunoreactive clusters after glutamate applica-
tion in WT cultures, whereas such increase was not
induced in APP/PS1 cultures. These results
provide additional evidence that presynaptic
release machinery is altered in cultures from trans-
genic animals producing elevated levels of Aβ
peptides. Moreover, these findings are consistent
with the block of glutamate-induced plasticity
observed with electrophysiological and video-
imaging experiments.

Discussion

Neurotransmission in hippocampal cultures
exhibits fundamental characteristics that are highly
similar to those in vivo and/or in tissue slices. As a
result, cell cultures can be used in lieu of other prepa-
rations to examine neurotransmission. Here, we
report that cultures derived from APP/PS1 mice
producing elevated levels of Aβ 40 and 42 peptides
present important synaptic changes, including an
increase in the basal frequency of spontaneous release
of neurotransmitter, in the basal number of active
boutons, and in the basal number of immunoreac-
tive clusters for synapsin I. These changes are asso-
ciated with lack of synaptic plasticity consisting of
glutamate-induced increase in mEPSC frequency,
active bouton number, and number of synapsin I
immunoreactive clusters (Fig. 1).

Much evidence has been provided to suggest that,
in AD, memory starts to fail before brain cells die and
that the disease, with its memory loss, begins as an
interruption or dysfunction of the signaling between
living and healthy brain cells (Masliah, 1995). Fre-
quency of spontaneous neurotransmitter release from
the presynaptic terminal, a type of activity occurring
at the synaptic level, was increased in cultures from
double transgenic APP/PS1 animals compared with
cultures from WT mice. Interestingly, this increase
precedes any morphological and behavioral change
occurring in live adult animals (Sant’Angelo et al.,
2003; Trinchese et al., 2004). The Tg2576 transgenic
mouse, for instance, expressing the Swedish muta-
tion (K670N:M671L) in APP, shows increased brain
Aβ levels by 6−8 mo of age, followed by development
of neuritic plaques in the neocortex and hippocampus
(Hsiao et al., 1996; Irizarry et al., 1997; Frautschy et
al., 1998), and impairment of the cognitive function
by 9−10 mo (Holcomb et al., 1998; Chapman et al.,
1999; King et al., 1999). Coexpression of mutant PS1,
which increases Aβ 42 generation, potentiates amy-
loid deposition in Tg2576 mice to the extent that some
lines begin to develop plaques (McGowan et al., 1999),
together with abnormal spatial working memory at
about 2 mo of age; Trinchese et al., 2004). Thus, basal
mEPSC frequency measured in cell cultures about
7–14 d after birth is one parameter that can be used
as a tool in an in vitro screening or testing system to

Fig. 1. Tools for faster screening and testing of drug efficacy.
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assess and evaluate drug efficacy for use in therapy
for AD. In this manner, cultured cells from double
transgenic APP/PS1 animals, or from other transgenic
animal models of AD, are useful for testing a com-
pound and determining whether the compound can
return the basal frequency of mEPSC to normal levels.

An additional parameter, synaptic plasticity, can
also be addressed in cell cultures. Glutamate-induced,
long-term enhancement of mEPSC frequency, a form
of synaptic plasticity (Antonova et al., 2001; Malgar-
oli and Tsien, 1992), is also altered in hippocampal
cell cultures prepared from double transgenic mice
compared with that from WT littermates. In this
manner, cultured cells from double transgenic
APP/PS1 animals, or from other transgenic animal
models of AD, are useful for testing a compound and
to determine whether the compound can restore the
capability of the cultured transgenic cells to regain
the ability to undergo plastic changes.

Synaptic transmission is attributable to the
release of neurotransmitter that is stored in synap-
tic vesicles and secreted by exocytosis from the
presynaptic terminal. This process is triggered by
membrane depolarization due to an action poten-
tial, which causes Ca2+ influx into the nerve termi-
nal through voltage-gated calcium channels. The
next steps include the participation of a series of
vesicle-associated proteins, called v-SNARE,
together with presynaptic plasma membrane pro-
teins, called t-SNARE, to ensure processes of dock-
ing and fusion of synaptic vesicles to the cell
membrane of the bouton. After exocytosis, empty
synaptic vesicles are rapidly recovered and recycled
(Sollner et al., 1993a; 1993b; Sollner and Rothman,
1994; Hay and Scheller, 1997). We have found that
the number of active synaptic boutons, both in basal
conditions and after glutamate application in
APP/PS1 cultures, is an additional test that can be
used as a tool for testing a compound, as well as for
determining whether that compound can restore
the capability of the cultured transgenic cells to
undergo normal changes in the number of func-
tional boutons. Most important, findings with
these optical techniques can be adapted in a high-
throughput type of screening.

Presynaptic proteins have been demonstrated to
be altered in AD. Analyses in postmortem AD
patients brains revealed a significant decrease in
presynaptic proteins (Sze et al., 2000), whereas stud-
ies on transgenic animals overexpressing APP
revealed an increase caused by Aβ peptides (Mucke
et al., 1994). The basal number of immunoreactive

clusters for synapsin I is increased in APP/PS1 cul-
tures compared with the number in WT cultures.
Also the capability to undergo increase in the
number of immunoreactive clusters for synapsin I
following glutamate application is impaired in hip-
pocampal cultures of double transgenic APP/PS1
mice. Therefore, the increase in the number of presy-
naptic protein clusters following glutamate appli-
cation might be used as a parameter to test potential
pharmaceutical therapies on this cell culture system.

It is likely that Aβ peptides play a role in neuronal
dysfunction and AD pathological changes (Hardy,
1997; Calhoun et al., 1998; Price and Sisodia, 1998;
Hsia et al., 1999; Selkoe, 1999; Mucke et al., 2000). In
this context, attention should be directed to the fact
that cell cultures from AD models offer the advan-
tage of producing Aβ, which can be exploited in at
least two ways: (1) for screening drugs that interfere
with the production of Aβ, and (2) as a source for
production of Aβ that can be isolated and used for
behavioral, electrophysiological, and toxicological
testing. 

According to the method described in this paper,
cell cultures constitute an easy, fast, and inexpen-
sive way of screening drugs for use in the treatment
or prevention of AD. The example of APP/PS1 cul-
tures should be of special interest to the neuroscience
community, provided that cell cultures can be estab-
lished from a variety of different types of available
animal models of AD and, therefore, provide
researchers not only with different systems to test
drugs for AD but also with an effective approach to
further their knowledge of the pathologic processes
of the disease itself.
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