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Alzheimer disease is a progressive neurodegenerative brain
disorder that leads to major debilitating cognitive deficits. It is
believed that the alterations capable of causing brain circuitry
dysfunctions have a slow onset and that the full blown disease
may take several years to develop. Therefore, it is important to
understand the early, asymptomatic, and possible reversible
states of the disease with the aim of proposing preventive and
disease-modifying therapeutic strategies. It is largely unknown
how amyloid B-peptide (AB), a principal agent in Alzheimer
disease, affects synapses in brain neurons. In this study, we
found that similar to other pore-forming neurotoxins, Af
induced a rapid increase in intracellular calcium and miniature
currents, indicating an enhancement in vesicular transmitter
release. Significantly, blockade of these effects by low extracel-
lular calcium and a peptide known to act as an inhibitor of the
AB-induced pore prevented the delayed failure, indicating that
A blocks neurotransmission by causing vesicular depletion.
This new mechanism for A 3 synaptic toxicity should provide an
alternative pathway to search for small molecules that can
antagonize these effects of Af.

Alzheimer disease (AD)* is a progressive neurodegenerative
brain disorder that leads to major debilitating cognitive deficits. It
is believed that the cellular and molecular alterations capable of
causing brain circuitry dysfunctions have a slow onset and that the
full blown disease may take several years to develop (1). Therefore,
itis important to understand the early, asymptomatic, and possible
reversible states of the disease with the aim of proposing preven-
tive and disease-modifying therapeutic strategies. The senile
plaques found in the brain of patients with AD are characterized by
insoluble peptides between 38 and 42 amino acids in length known
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as amyloid B-peptides (AB) (2). Previous studies have shown that
the degree of cognitive impairment in patients with AD is not
related to the insoluble form of the protein in the brain (3), and it
was recently suggested that brain alterations might be more spe-
cifically associated with the synaptotoxic effects of soluble, olig-
omeric forms of AB (4).

It can be postulated that in its most incipient clinical form, the
early symptoms of AD, confusion and loss of episodic and working
memory, are due to network disconnections produced by olig-
omeric forms of AB (1). Therefore, in the context of a primarily
synaptic disease, it is possible that this early form of brain dysfunc-
tion is similar to that induced by synaptically active drugs, such as
benzodiazepines and ethanol (5). In agreement with this idea,
aggregated A3 can alter complex events in brain synaptic trans-
mission, such as long term potentiation, which is believed to be
essential for neuronal plasticity and learning phenomena (4, 6).
More recently, A3 dimers were found to inhibit long term poten-
tiation, suggesting a large complexity on the nature of the neuro-
active forms (7). Thus, it is now accepted that diverse forms of A3
are responsible for producing synaptic failure, but how A pro-
duces this malfunction is largely unknown.

It is known that A oligomers, but not monomers, produce
alterations in dendrite spine morphology in hippocampal neu-
rons (4). Additionally, this structural change was associated
with a decrease in the frequency of miniature excitatory
postsynaptic currents and smaller effects on their amplitude.
Also, AB caused NMDA receptor endocytosis without affecting
the traffic of GABA , receptors in cortical neurons (8). Other
studies, however, did not show effects of A on NMDA neuro-
transmission, indicating some complexities (9). On the other
hand, presynaptic proteins such as SNAP-25, synaptophysin,
and synaptotagmin have also been reported to be reduced in
brains of patients with AD and after treatment with A (10, 11).
Additionally, A oligomers can alter dynamin-1, a neuron-spe-
cific mechanochemical GTPase that pinches off synaptic vesi-
cles, allowing them to reenter the synaptic vesicle pool (12, 13).

Therefore, with the aim of shedding light on mechanisms asso-
ciated with A B-induced synaptic failure in the brain, we examined
the acute and chronic effects of A aggregates, a mixture of pro-
tofibrils and oligomers (14, 15), on cultured hippocampal neurons.
Our data show that low concentrations of A produce inhibition
of presynaptic function by causing calcium-dependent vesicular
depletion. This novel mechanism might help us to develop new
strategies to prevent and slow down the onset of the disease.
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FIGURE 1. Inhibition of synaptic transmission by nanomolar AB. A and B, hippocampal neurons were
exposed to different concentrations of AB for 24 h. Soluble fibrils and reverse (1 um) peptides were also
examined on frequency and amplitude of miniature currents. The bars are mean * S.E. from 16 different
neurons (¥, p < 0.05). DMSO, dimethyl sulfoxide. C, typical miniature synaptic currents obtained under different
aggregation states. D, electron micrographs showing three states of A aggregation (all at 80 pm): monomers
(fresh solution) (a), mixture of aggregates (obtained after 120 min of aggregation) (b), and fibrils (obtained after

72 h of aggregation) (c). Scale bars, 50 nm.

EXPERIMENTAL PROCEDURES

Hippocampal Cultures—Hippocampal neurons were ob-
tained from 18-day-old mice embryos as described previously
(16) in accordance with National Institutes of Health recom-
mendations. The neuronal feeding medium consisted of 90%
minimal essential medium (Invitrogen), 5% heat-inactivated
horse serum, 5% fetal bovine serum, and a mixture of nutrient
supplements. All animals were handled in strict accordance
with National Institutes of Health recommendations, and all
animal work was approved by the appropriate committee at the
University of Concepcién.

A Aggregation—Both human synthetic AB;_,, (wild-type)
and AB,, , (reverse sequence) peptides (Tocris Bioscience,
Ellisville, MO) were dissolved in dimethyl sulfoxide ata concen-
tration of 10 mg/ml and immediately stored in aliquots at
—20 °C. 25 ul of stock solution was diluted to a final concentra-
tion of 80 wm in 725 ul of phosphate-buffered saline (GIBCO)
and stirred continuously (200 rpm) at 37 °C. The formation of
aggregates was monitored by turbidity measurements (A ;o5 1)
and stored at 4 °C until use.

Patch Clamp Recordings—Patch pipettes (1-3 M()) were
prepared from filament-containing borosilicate micropipettes.
Acute applications of AB were done with a mobile series of
pipettes (approximately 200 wm in diameter). Currents were
measured with the whole cell patch clamp technique at a hold-
ing potential of —60 mV using an Axopatch 200B amplifier
(Axon Instruments). The data were displayed and stored using
a 1322A Digidata acquisition board and analyzed with electro-
physiological software (Axon Instruments). The external solu-
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The data are presented normal-
ized to cell capacitance. Analysis
of cell capacitance was done with
ClampFit software using a 5-mV
depolarizing pulse. Spontaneous
postsynaptic currents were recorded
in 2-min segments. GABA , neuro-
transmission was isolated pharmacologically in the presence of
2 uM CNQX. The currents were blocked by 4 um bicuculline.
To isolate AMPA currents pharmacologically, the external
solution contained 4 um bicuculline and 2 mm Mg>* The
release of the readily releasable pool (RRP) was achieved using a
hyperosmotic external solution (500 mOsm/liter sucrose). The
data were analyzed with the MiniAnalysis 8.0 program (Synap-
tosoft, Inc., Leonia, NY) to obtain mean averages of peak ampli-
tude, frequency, and decay time constant (between 90 and 10%
of decay). Amplitude histograms were plotted with a bin width
of 2-5 pA. From the resulting data, cumulative or frequency
histograms were generated.

Western Blotting—Standard Western blotting procedures
were used (13). Equal amounts of protein were separated on
10-12% SDS-polyacrylamide gels. Protein bands were trans-
ferred onto nitrocellulose membranes, blocked with 5%
nonfat milk, and incubated with primary antibodies using
the following concentrations: 1:500 anti-dynamin-1 (Chemi-
con, Temicula, CA), 1:500 anti-synapsin-1 (Chemicon), 1:500
anti-synaptophysin (Zymed Laboratories), 1:1000 anti-SV2
(Developmental Studies Hybridoma Bank, Iowa City, IA),
1:2000 anti-a-tubulin (Sigma), 1:500 anti-syntaxin-1 (Chemi-
con), 1:500 anti-GluR1 (Chemicon), 1:500 anti-NR1 (Chemi-
con), 1:1000 anti-PSD-95 (Affinity Bioreagents), and 1:500 anti-
al-RGABA, (Santa Cruz Biotechnology, Santa Cruz, CA).
Bands were visualized with the ECL Plus Western blotting
detection system (PerkinElmer).

Calcium Imaging—Neurons were loaded with Fluo-3 AM (1
uM in pluronic acid/dimethyl sulfoxide; Molecular Probes)
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FIGURE 2. Effect of AB on glutamatergic and GABAergic transmissions. A, AB (500 nm, 24 h) on frequency of total and isolated AMPA and GABA, miniature
currents. Insets, characteristic GABA, (upper) and AMPA (lower) currents. B and C, effects of AB on time course and peak amplitude of postsynaptic currents.
D, current density for evoked AMPA responses in control and AB-treated neurons. The symbols are mean = S.E. from at least five neurons (¥, p < 0.05).

for 30 min at 36 °C. The neurons were then washed twice
with external solution and incubated for 30 min at 36 °C. The
cells were mounted in a perfusion chamber that was placed
on the stage of an inverted fluorescent microscope (Eclipse
TE; Nikon) equipped with a xenon lamp and a X40 objective
(22-24 °C). The cells were briefly illuminated (200 ms) using
a computer-controlled Lambda 10-2 filter wheel (Sutter
Instruments). Regions of interest were simultaneously se-
lected on neuronal somata containing Fluo-3 fluorescence
(excitation 480 nm, emission 510 nm) in an optical field hav-
ing usually more than 10 cells. Images were collected at
2-5-s intervals during a continuous 5-min period. The imag-
ing was carried out with a 12-bit cooled SensiCam camera
(PCO, Kelheim, DE).

FM1-43 Loading and Unloading—Presynaptic vesicles were
labeled by exposure to styryl dye FM1-43 (15 um; Molecular
Probes) during a high K™ depolarization for 5 min and washed
immediately. Coverslips were mounted on a rapid switching
flow perfusion chamber with an epifluorescence microscope
(Nikon Eclipse 3000). Depolarization-dependent destaining
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was induced by bath perfusion with 30 mm K* (equiosmolar
replacement of Na™). To measure the effect of AB on post-
stimulus endocytosis, control and treated neurons were stimu-
lated for 5 min in 30 mm K and exposed to FM1-43 for 5 min
after a variable delay (At) from the onset of the stimulus. As the
At increased, the endocytosis cycle was completed, reducing
actual FM1-43 uptake (17). The reduced endocytosis was
expressed relative to that of Az = 0.
Immunofluorescence—Presynaptic terminals were loaded
with AM1-43 (15 um; Biotium, Inc., Hayward, CA) during
high K* depolarization for 5 min and immediately washed in
dye-free solution with nominal Ca®>* to minimize spontane-
ous dye loss, fixed for 30 min with 4% paraformaldehyde, and
permeabilized with 0.1% Triton X-100 in phosphate-buff-
ered saline. Nonspecific immunoreactivity was blocked with
10% horse serum for 1 h at room temperature. Monoclonal
synapsin-1 antibody (1:100; Santa Cruz Biotechnology) was
incubated overnight followed by incubation with an anti-
goat secondary antibody conjugated with fluorescein iso-
thiocyanate (1:500; Jackson ImmunoResearch Laboratories).
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FIGURE 3. AB reduced synaptic vesicle recycling. A, K*-induced destaining of FM1-43 in control and
AB-treated neurons. B, effect of AB (500 nm, 24 h) on fractional and time constant of FM1-43 release.
C, ratio of endocytosis of FM1-43 following a variable time delay (0-300 s) from an initial depolarizing K*
pulse in control and treated neurons. D, protocol used to load FM after variable times of exocytosis. E, time
course of FM1-43 fluorescence constructed from the data in C for control and treated neurons. The lines
are the best single-exponential fit to the data. The symbols are mean = S.E. from 12 independent record-

ings (*, p < 0.05).

The samples were mounted in fluorescent mounting me-
dium (DAKO) for confocal analysis.

Fluorescence Measurements and Confocal Microscopy—
FM1-43 immunofluorescence was acquired using an epifluo-
rescence Nikon microscope (Eclipse TE; Nikon) equipped with
a X100 objective (Neofluor, oil immersion, NA 1.0). FM1-43
fluorescence was excited at 540 nm and collected with 620-nm
long pass filters. Fluorescence intensity was measured using a
2 X 2 binning with a CCD camera (SensiCam; PCO). Images
were digitized and processed with Imaging Axon Workbench
2.2 (Axon Instruments). AM1-43 and fluorescein isothiocya-
nate immunofluorescence were visualized using a confocal
Nikon C1 TE2000U microscope (X60, water immersion, NA
1.4) with lasers of argon (488 nm) and He-Ne (543 nm) for
fluorescein isothiocyanate and AM1-43, respectively. After
acquisition, images were processed with Image] (National Insti-
tutes of Health). Co-localized punctas in the soma and primary
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RESULTS

Effects of Chronic AB on Synaptic Transmission in Hippocam-
pal Neurons—Previous studies have shown that AB inhibits
synaptic transmission in brain neurons (6, 18, 19). Those stud-
ies suggested that the inhibition was due to a postsynaptic
action because A reduced long term potentiation and excit-
atory postsynaptic current amplitudes. However, only a single
concentration of AB (usually 1 um) and one time point were
analyzed, making it difficult to determine the mechanisms and
kinetics of the inhibition. To gain further insights on potential
differences at a range of concentrations, hippocampal neurons
were exposed for 24 h to several concentrations of AB (5 nm—10
uM). A low concentration of AB (5 nm) was without effect on
synaptic transmission parameters. In contrast, higher con-
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FIGURE 4. AB reduced several synaptic vesicle proteins. A, confocal micrographs showing the effect of chronic AB (500 nm, 24 h) on active synaptic proteins
visualized by co-localization of synapsin-1 and AM1-43 (yellow and arrows). B, time course of AR effects on the level of several pre- and postsynaptic proteins.
C, graphs showing the quantification of signal intensity obtained at different times of treatment. The faster effect of AB at 12 h was on presynaptic proteins. The
bars are mean = S.E. from three independent experiments (*, p < 0.05; **, p < 0.01).

centrations (50 —500 nm) reduced the frequency of miniature
currents, without manifesting changes in amplitude (Fig. 1,
A and B). AB decreased quantal current amplitude at con-
centrations of 1 uM and above (Fig. 1B). On the other hand,
neurons exposed to A monomers, fibrils, or reverse AB,,_;
(all at 500 nm) displayed unchanged neurotransmission (Fig.
1C). The ultrastructural forms (oligomers and short fibrils)
that appeared after 120 -150 min of agitation, corresponding
to the neuroactive A forms, were structurally (Fig. 1Db) and
functionally similar to a heterogeneous array of forms defined
as oligomers, protofibrils, and AB-derived diffusible ligands,
known to enhance neuronal spiking and intracellular cal-
cium (14, 20, 21). These features were not observed in either
nonaggregated peptide (monomers) (Fig. 1Da) or in aggregated
peptides after 3 days of incubation, where long mature fibrils
were mainly observed (Fig. 1Dc). Therefore, the neuroactive
forms of AP able to depress synaptic transmission corre-
sponded to intermediate aggregates.

Under the present experimental conditions, the predomi-
nant glutamatergic transmission was AMPAergic, whereas the
inhibitory transmission was GABAergic. Few low amplitude
synaptic NMDA currents were detected in our recordings, and
because of conflicting effects of AB on this receptor (4, 22), we
decided to focus the present study mainly on pharmacologically
isolated AMPA and GABA ,-mediated synaptic currents. The
inhibitory effect of chronic A was highly selective for glutama-
tergic transmission because the miniature GABAergic currents
were not significantly altered (Fig. 24). On the other hand, anal-
yses of the peak current amplitude and time constant of decay,
parameters related to the postsynaptic responsiveness to neu-
rotransmitters, showed that AMPA and GABA  receptors
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were affected to a lower extent (Fig. 2, B and C). Furthermore,
direct application of 100 uM AMPA to the postsynaptic mem-
brane (Fig. 2D) and analysis of cumulative probability of AMPA
synaptic currents in control and treated neurons (not shown)
showed that the current density was unchanged by 24 h of A
incubation suggesting that membrane levels of AMPA recep-
tors were not affected.

Effects of AB on Vesicular Recycling in Hippocampal Neurons—
To monitor directly whether the decrease in miniature excit-
atory postsynaptic current frequency was related to changes in
exocytosis-endocytosis vesicular cycles, we performed cellular
imaging with FM1-43 (23, 24, 17). Application of 30 mM exter-
nal K" indicated that the destaining (exocytosis) of FM1-43 was
significantly reduced by chronic application (24 h) of 500 nm
AP (Fig. 3A). Additional experiments using AM1-43, a fixable
form of FM1-43, showed that the vesicular uptake was reduced
by more than 40% with chronic AB (95 = 5 versus 55 * 5
arbitrary fluorescent units, # = 3). Moreover, although the level
of released FM1-43 was reduced by A, the time constant of
exocytosis was similar (Fig. 3B). Next, we examined the capacity
of the stimulated vesicles to reuptake the fluorescent dye to
determine whether endocytosis was being altered by Af. Using
a modified FM1-43 reuptake protocol (17), we found that con-
trol vesicles completed ~80% of the dye endocytosis within 60 s
of the depolarizing stimuli (Fig. 3, C and D), with a time con-
stant for endocytosis of 35 = 5 s (Fig. 3E), which is in agreement
with previous studies (17). A caused a lengthening of the time
constant of this process (66 * 6 s). Therefore, the data showed
that a low concentration of Af reduced the magnitude of exo-
cytosis and that the remaining synaptic vesicles displayed a
much slower speed of endocytosis.
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nm)-treated neurons. Bars are mean = S.E. from 18 neurons (***, p < 0.001; *, p < 0.05).

Early Effects of AB on Presynaptic Proteins—Confocal
microscopy showed a reduction in active synaptic vesicles in
AB-treated neurons. This was shown as a diminished co-local-
ization of synapsin-1 and the FM1-43 fixable analog AM1-43,
expressed by the number of presynaptic puncta/10-um length
(Fig. 4, A and D). In addition, quantitative analyses of several
presynaptic proteins showed that with the exception of syn-
taxin-1 they were all reduced with 12 h of treatment with A(,
partly explaining the synaptic failure. On the other hand,
among the postsynaptic proteins, only PSD-95 and GluR1 levels
were significantly altered at 24 h with A (Fig. 4B). These data
indicate that the low A concentration induced an earlier pre-
synaptic deficit, which was followed by a postsynaptic alter-
ation. The lack of functional differences (Fig. 2D) suggests that
under this condition (time and concentration) active AMPA
membrane receptors were still basically normal.

Previous experiments suggested that A3 reduced several pre-
synaptic proteins (12, 25, 26). Therefore, we decided to examine
the ultrastructural features of the synapses using electron
microscopy in double-blind experiments. The data showed that
neurons cultured with A displayed a reduced number of syn-
aptic vesicles, especially those near the presynaptic active zones
(Fig. 5A). Quantitative analysis showed that the number of syn-
aptic vesicles was reduced from 50 * 4 vesicles/um? in control
to 18 = 3 vesicles/um? in AB-treated neurons (Fig. 5B). These
data suggest that chronic application of AB might affect the
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RRP of synaptic vesicles. To test this possibility further, we
studied the synaptic transmission induced by a hyperosmotic
sucrose solution, known to cause the release of RRP (27, 28).
These experiments showed that unlike control neurons (fop
trace, Fig. 5C), which had a 4-fold increase in synaptic currents
in the hypertonic solution (Fig. 5D), the AB-treated neurons
had few miniature synaptic currents (Fig. 5D), and their fre-
quency was less affected by the hypertonic solution.

Acute AB Increased Intracellular Calcium, Vesicle Release,
and Synaptic Transmission—A[3 was shown to increase intra-
cellular calcium in non-neuronal cells (21, 22). In agreement,
short (60-s) applications of AB (500 nm—5 um) with a puffer
pipette induced a rapid and reversible increase in intracellular
calcium in hippocampal neurons (Fig. 6A). It seemed feasible
that this increase in intracellular calcium could affect the dis-
charge of synaptic vesicles (29). We found that AB perfusions
(500 nM—5 M, 30 min) produced a concentration-dependent
increase in miniature current frequency (Fig. 6B). Parallel anal-
ysis of FM1-43 destaining in the presence of AB (500 nm)
showed enhancement in the slope of fluorescent decay (—1.2 X
107* £ 3.0 X 10" © versus —3.3 X 10”* = 3.2 X 10~ ° URF/s;
p < 0.0001) after 10 min of application (Fig. 6C).

The above mentioned results showed that a short application
(30 min) of A increased the frequency of miniature synaptic
currents in the neurons, whereas longer exposures (24 h)
reduced it (Figs. 14 and 6C). Therefore, we decided to examine
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FIGURE 6. Acute A increased intracellular calcium and the release of synaptic vesicles. A, Fluo-3-associated fluorometric recordings showing increases in
intracellular calcium produced by short applications of AB (500 nm-5 um). Inset, concentration-dependent effects of AB on intracellular calcium from three
independent experiments (p < 0.05). B, traces showing the rapid increase in miniature synaptic current frequency with different concentrations of AB.
C, FM1-43 destaining under control (filled symbols) and AB containing solutions (open symbols). The current traces were obtained after 30 min of exposure to
control and 500 nm AB. D, effect of different AB incubation times on the frequency of miniature synaptic currents. Bars are mean = S.E. from at least six neurons

(*, p < 0.05).

the effects of AB on synaptic transmission after exposing the
neurons to A for various times (15 min up to 24 h). The data
showed that the frequency of miniature currents was greatly
increased during the first 2 h, and thereafter the frequency
decreased progressively to well below the control level (Fig.
6D). The results mentioned above suggest that the synaptic
failure produced by the prolonged action of AB on the syn-
apse may be due to the strong early enhancement of quantal
transmitter release leading to neurotransmitter vesicle
depletion. Before testing this hypothesis, it was relevant to
determine the mechanism by which AB enhanced intracel-
lular calcium and synaptic release. Given that the increase in
intracellular calcium could be mediated by voltage-depen-
dent calcium channels (30), glutamatergic receptors (NMDA
and AMPA) (8, 31), or amyloid pores (32), we studied the
action of several inhibitors. Analysis of AB-induced increase
in intracellular calcium, monitored with Fluo-3, showed that
it was not blocked by a mixture containing calcium channel
antagonists (w-conotoxin, agatoxin-VI, and nifedipine) or
CNQX and AP5 ((2R)-amino-5-phosphonopentanoate), antag-

2512 JOURNAL OF BIOLOGICAL CHEMISTRY

onists of AMPA and NMDA receptors, respectively. Next, we
used a small seven-amino acid peptide (Na7) that has been
shown to block the ion current induced by A amyloid pores
in lipid membranes, as well as AB cellular toxicity (33, 34).
Interestingly, this peptide blocked most of the increase in
intracellular calcium induced by AB (Fig. 7A), suggesting
that the calcium increase was mediated by the formation of
amyloid pores in the neuronal membrane. In agreement with
the involvement of a calcium-dependent mechanism on the
acute and long term effects of Af3 on synaptic transmission,
we found that its early and chronic synaptic effects were
blocked by reducing extracellular calcium (from 2 to 0.01
mM) or by adding Na7 (Fig. 7B). Na7 also antagonized the
ApB-induced decrease in SV2 (Fig. 7C). Two analogs (Nal3
and Nal5) previously reported to be inactive blocking the
ion permeation through the AB pore were not able to antag-
onize A actions on a presynaptic marker (Fig. 7, C and D),
emphasizing the role of calcium influx through the amyloid
pore in synaptic failure. Additionally, these data support the
critical role proposed for the histidines in Na7 (33).
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neurons (p < 0.05).

DISCUSSION

Effects of Low AB Concentrations on Synaptic Transmission—
Only recent studies have dealt with the action of A3 at concen-
trations without overt neurotoxicity on synaptic properties
(35). Although some debate still exists on whether AB can
down-regulate specific components of synaptic transmission,
several studies in rodent hippocampus showed that A3 affected
long term potentiation, NMDA- and AMPA-evoked currents
(8,36, 37). Furthermore, studies in transgenic animals revealed
that overexpression of amyloid precursor protein reduced pre-
synaptic proteins (36) together with complex brain functions.
In addition, it was shown that micromolar concentrations of
A inhibited long term potentiation and NMDA-evoked cur-
rents (8). Based on all this evidence, it is now accepted that
minute synaptic dysfunctions may represent the earliest signs
of AD (35).

The present study, with low concentrations of A3, demon-
strates a largely unrecognized action of A as an inhibitor of
presynaptic function. For instance, release of synaptic vesi-
cles, as measured by real time imaging with FM1-43, was
increased. AB also enhanced the frequency of miniature syn-
aptic currents, without changes in the amplitude and kinetics
of the postsynaptic currents, supporting a primary effect of A3

JANUARY 22, 2010-VOLUME 285-NUMBER 4
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FIGURE 7. Blockade of A 3 induced increases in intracellular calcium and synaptic transmission by a small
peptide. A, effect of several calcium channel blockers on the increase in intracellular calcium, measured with
Fluo-3, induced by the application of 500 nm AB with a puffer pipette (indicated by a horizontal line in Fig. 6A).
The concentrations of the blockers were 1 um CNQX, 50 um p-AP5, 1 um conotoxin, 1 um agatoxin, 3 um
nifedipine, and 100 um Na7. The effects were normalized with respect to control (p < 0.05). B, result of lowering
calcium influx using a nominally Ca®* free solution or T mm EGTA on the early and chronic effects of A on
miniature current frequency from three independent experiments (p < 0.05). For these experiments, the
neurons were exposed to AB alone or in the presence of 100 um Na7. C and D, effect of AB-induced reduction
on SV2 in the presence and absence of Na7, Na13, and Na15. The bars are mean = S.E. from nine different

subsequent activation of intracellu-
lar signaling and cytoskeleton re-
modeling (39). Consequently, the
early increase in synaptic transmit-
ter release by AP was associated
with the rise in intracellular cal-
cium, in agreement with previous
studies on liposomes and clonal cell
lines (21, 22). This increase might
depend on voltage-gated calcium
channels (40), AMPA receptors (38),
NMDA receptors (8), or formation of calcium-permeable
membrane pores (21, 22, 32, 41). Our data showed that antag-
onists for calcium channels, NMDA and AMPA receptors were
unable to block the AB-induced increase in intracellular cal-
cium, although it was blocked by Na7, a small peptide reported
to block calcium influx, through the amyloid pore (34, 42).
Noteworthy, the early and delayed effects of A on synaptic
transmission were also blocked by Na7, suggesting that these
synaptic effects resulted as a consequence of pore formation
and subsequent calcium influx. Interestingly, the experimental
procedures used to block the early synaptic potentiation also
inhibited the delayed synaptic failure, suggesting that they are
linked. Finally, a significant dysfunction in calcium homeostasis
with A is in good agreement with several studies that related
AD toion alterations, with calcium being central to these mech-
anisms (43). However, the contribution of other ions such as
copper, iron, or zinc to the mechanism behind A synaptotox-
icity cannot be ruled out (44). In fact, histidine 13 and 14 of the
AP sequence, corresponding to key amino acids for the metal-
binding site of this peptide, are also determinants for the A
pore permeability (45). In terms of a mechanism explaining the
synaptic failure, we found that chronic A reduced the number
of total and docked synaptic vesicles in nerve terminals and
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reduced the RRP demonstrated by the hyperosmotic sucrose
solution (46, 47).

Structurally, synaptic vesicles are found in three pools: (i)
RRP that correspond to docked vesicles in the active site ready
to be released (although see Ref. 48), (ii) the recycling pool sen-
sitive only to strong stimulations (24), and (iii) the reserve pool
located at a distance from the active zone. Therefore, these new
results strongly support the idea that A affects RRP and recy-
cling pools, directly apposed to the active zone.

Overall, we postulate that the earliest effects of low A con-
centrations are mainly presynaptic and reflect a combination of
disruption of RRP and recycling pools. Interestingly, these
novel actions of A show strong similarities, although with
lower potency, to the effect of a-latrotoxin on neurotransmis-
sion. For example, after a strong enhancement of synaptic
transmission, a-latrotoxin induced vesicle depletion and dimi-
nution in miniature potentials by a pore-forming mechanism
(49), having conductance and kinetic properties very similar to
those of pores formed by AR in lipid bilayers (50). The charac-
terization of AB-induced calcium-permeable pores, displaying
properties similar to those of a-latrotoxin, is currently under
study in our laboratory.
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