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Abstract
On the basis of the evidence that amyloid β1–42 (Aβ1–42)-induced Zn2+ influx affects memory acquisition via attenuated long-
term potentiation (LTP) induction, here we tested whether Aβ1–42-induced Zn

2+ influx affects maintained LTP in freely moving
rats, resulting in retrograde amnesia. Both maintained LTP and space memory were impaired by local injection of 250 μMZnCl2
(2 μl) into the dentate gyrus, while maintained LTP was impaired by injection of either Aβ1–40 or Aβ1–42 (25 μM, 2 μl) into the
dentate gyrus. Aβ1–40-induced impairment of maintained LTP was rescued by co-injection of CaEDTA, an extracellular Zn2+

chelator, but not by co-injection of ZnAF-2DA, an intracellular Zn2+ chelator, suggesting that maintained LTP is impaired by
Aβ1–40 via a mechanism that may involve extracellular Zn2+. In contrast, Aβ1–42-induced impairments of maintained LTP and
space memory were rescued by co-injection of either CaEDTA or ZnAF-2DA. Intracellular Zn2+ in dentate granule cells was
rapidly increased by Aβ1–42 injection into the dentate gyrus, but not by Aβ1–40 injection. The block of Aβ1–42-induced increase
in intracellular Zn2+ by pretreatment with dexamethasone, a metallothionein inducer also rescued Aβ1–42-induced impairment of
maintained LTP. The present study indicates that Aβ1–42-induced Zn2+ influx into dentate granule cells, which more readily
occurs than free Zn2+-induced Zn2+ influx, attenuates maintained LTP followed by retrograde amnesia. It is likely that controlling
Aβ1–42-induced intracellular Zn2+ dysregulation is a strategy for defending AD pathogenesis.
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Introduction

Cognitive activity is linked to strengthening and weakening syn-
aptic connections between neurons that are synaptic plasticity, i.e.,
long-term potentiation (LTP) and long-term depression (LTD).
Changes in both presynaptic and postsynaptic strength have been
implicated in the mechanisms of synaptic plasticity as a cellular
mechanism of memory, which have been widely studied in glu-
tamatergic synapses in the hippocampus [1, 2]. In N-methyl-D-
aspartate (NMDA)-receptor-mediated plasticity, Ca2+ influx into
postsynaptic neurons through NMDA receptors plays a crucial
role [3] and excess NMDA receptor activation by extracellular

glutamate accumulation, i.e., glutamate excitotoxicity [4, 5], is a
final common pathway for neuronal death [6, 7].

Extracellular Zn2+ permeates NMDA receptors and voltage-
dependent Ca2+ channels, while extracellular Zn2+ preferentially
passes throughCa2+- andZn2+-permeableGluR2-lackingα-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) recep-
tors [8, 9]. Because intracellular (cytosolic) Zn2+ concentration
(~ 100 pM) is much lower than Ca2+ concentration (~ 100 nM)
[10, 11], Zn2+ toxicity ismore critical for glutamate excitotoxicity
than Ca2+ toxicity [12–15]. Even in cognitive activity via synap-
tic plasticity, excess influx of extracellular Zn2+ is more critical
for cognitive decline than that of extracellular Ca2+ [16–18].

Alzheimer’s disease (AD) is the most common cause of
dementia and has a preclinical phase of 20–30 years before
clinical onset [19, 20]. Amyloid β (Aβ) accumulation, the
hallmark pathology of AD, is believed to play an upstream
role in AD pathogenesis. Through mechanisms that are uncer-
tain, Aβ oligomers can lead to cognitive decline in the pre-
dementia stage of AD [21, 22]. The soluble forms of Aβ1–42

are the most toxic species that can cause neuronal damage in
the brains [23]. On the other hand, Zn2+ has been implicated in
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AD pathogenesis by inducing Aβ oligomerization [24, 25].
We have reported that Aβ1–42 takes Zn

2+ as a cargo into the
dentate granule neurons in the normal brain and transiently
affects memory acquisition via impairment of LTP induction
in the normal brain [26, 27].

Our idea is that Aβ1–42-induced increase in intracellular Zn
2+

is neurotoxic; free Zn2+ is neurotoxic in dentate granule cells
rather than Aβ1–42 itself because intracellular and extracellular
Zn2+ chelators rescue Aβ1–42-induced memory deficit via atten-
uated LTP induction [26]. This means that memory does not
form 1 h after learning; rats do not recognize a new object 1 h
after learning familiarized objects. On the other hand, 3-day-
maintained LTP underlies 3-day-old space recognition memory
[28]. In the present study, we tested whether Aβ1–42-induced
increase in intracellular Zn2+ affects 3-day-old memory. The
aim of the present study is to test whether Aβ1–42-induced in-
crease in intracellular Zn2+ causes not only anterograde amnesia
[26, 27] but also retrograde amnesia and also whether Aβ1–42-
induced retrograde amnesia is rescued by controlling the increase
in toxic Zn2+ released from Aβ1–42 in dentate granule cells by
Zn2+ chelators or metallothionein synthesis.

Materials and Methods

Animals and Chemicals

Male Wistar rats (15–20 weeks of age) were purchased from
Japan SLC (Hamamatsu, Japan). Rats were housed under the
standard laboratory conditions (23 ± 1 °C, 55 ± 5% humidity)
and had access to tap water and food ad libitum. All the exper-
iments were performed in accordance with the Guidelines for
the Care and Use of Laboratory Animals of the University of
Shizuoka that refer to the AmericanAssociation for Laboratory
Animals Science and the guidelines laid down by the NIH
(NIH Guide for the Care and Use of Laboratory Animals) in
the USA. The Ethics Committee for Experimental Animals in
the University of Shizuoka has approved this work.

Synthetic human Aβ1–42 and Aβ1–40 were purchased from
ChinaPeptides (Shanghai, China). ZnAF-2DA (Kd = 2.7 ×
10−9 M for zinc), a membrane-permeable zinc indicator, was
kindly supplied from Sekisui Medical Co., LTD (Hachimantai,
Japan). ZnAF-2DA is taken up into the cells through the cell
membrane and is hydrolyzed by esterase in the cytosol to yield
ZnAF-2, which cannot permeate the cell membrane [29, 30].
Calcium Orange AM, a membrane-permeable calcium indica-
tor, was purchased fromMolecular Probes, Inc. (Eugene, OR).
These fluorescence indicators were dissolved in dimethyl sulf-
oxide (DMSO) and then diluted to artificial cerebrospinal fluid
(ACSF) containing 119 mM NaCl, 2.5 mM KCl, 1.3 mM
MgSO4, 1.0 mM NaH2PO4, 2.5 mM CaCl2, 26.2 mM
NaHCO3, and 11 mM D-glucose (pH 7.3).

In Vivo Dentate Gyrus LTP in Freely Moving Rats

Male rats were anesthetized with chloral hydrate
(400 mg/kg) and placed in a stereotaxic apparatus. A bi-
polar stimulating electrode and a monopolar recording
electrode made of tungsten wire attached to an injection
cannula (internal diameter, 0.15 mm; outer diameter,
0.35 mm) were positioned stereotaxically so as to selec-
tively stimulate the perforant pathway while recording in
the dentate gyrus. The electrode stimulating the perforant
pathway was positioned 8.0 mm posterior to the bregma,
4.5 mm lateral, 3.0–3.5 mm inferior to the dura. A record-
ing electrode was implanted ipsilaterally 4.0 mm posterior
to the bregma, 2.5 mm lateral, and 3.0–3.5 mm inferior to
the dura. Rats were allowed to recover for 1 week in
individual home cages.

LTP experiments were performed in freely moving and
unanesthetized rats. All the stimuli were biphasic square
wave pulses (200 μs width) and their intensities were set
at the current that evoked 40% of the maximum population
spike (PS) amplitude. Test stimuli (0.05 Hz) were delivered
at 20-s intervals to monitor PS amplitude. After stable
baseline recording for at least 30 min, LTP was induced
by delivery of high-frequency stimulation (HFS; 5 trains of
400 pulses at 400 Hz separated by 2 min). One hour-6 days
later, PS amplitudes were measured for 10 min, averaged,
and expressed as percentages of the mean PS amplitude
measured during the 30-min baseline period prior to LTP
induction, which was expressed as 100%. Judging from the
PS amplitude, in the present study, it is estimated that LTP
was induced at the medial perforant pathway-DGC synap-
ses. When the medial perforant pathway is electrically
stimulated, it produces a characteristic waveform of
evoked field excitatory postsynaptic potential (fEPSP)
superimposed by a PS [28].

Y-Maze Test

The maze apparatus was made of acrylic plates covered
with a polypropylene sheet, with three arms placed sym-
metrically at a 120° angle from one another. The walls
were 31 cm high, the arms 17 cm wide and 49 cm long.
Removable walls that were made of acrylic plates decorat-
ed with a pattern of stripe or dot were inserted into an
arm to make a novel space. Two objects (cups, 11 cm and
17 cm high) were used as cues to discriminate between
the familiarized spaces and a novel space.

The recognition memory test was designed based on the
evidence that rats tend to explore new environments. In the
training trial (the first trial), one arm was removed from the
maze apparatus and a rat was placed to the joint (triangle) area
and allowed to explore two arms without removable wall for
5 min. The maze apparatus exploration was used as a context
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habituation trial for the recognition memory task. One day
later, the rat was placed in the join area of the maze in the
same manner and allowed to explore the two arms in the
second trial for 5 min. In the second trial, the identical object
was placed closely to the back wall in the two arms. Two days
later, agents in vehicle were bilaterally injected via injection
cannulas (internal diameter, 0.15 mm; outer diameter,
0.35 mm) into the dentate gyrus at the rate of 0.25 μl/min
for 8 min. One day later (3 days after the second trial), the test
trial was performed for 3 min. One arm as a novel space was
added to the maze apparatus and the rat was placed in the join
area of the maze in the samemanner and allowed to explore all
of three arms. A removable wall was placed in one arm to
make a new environment and a novel object was placed close-
ly to the back wall in the arm. Other two arms were the same
environment as the second trial. Behavior of rats was recorded
with a video camera during the training and the test, and then
two persons independently measured exploratory time in each
arm and the averaged time was used. A recognition index
calculated for each rat was expressed by the ratio TC/(TA +
TB + TC) [TA and TB = time spent to explore the familiarized
arms; TC = time spent to explore the novel arm]. We cleaned
the maze arms and objects between trials with 70% ethanol
solution.

In Vivo Imaging of Intracellular Zn2+ and Ca2+

The rats were anesthetized with chloral hydrate (400 mg/kg)
and individually placed in a stereotaxic apparatus. The skull
was exposed, a burr hole was drilled, and injection cannulae
(CXMI-6, EICOM Co.) were implanted into the dentate mo-
lecular layer of the right and left hippocampi. Thirty minutes
after the surgical operation, agents in saline containing ZnAF-
2DA (100 μM) were bilaterally injected via cannulae at the
rate of 0.25 μl/min for 8 min. Five minutes after injection, the
injection cannulas were slowly pulled out the brain in 3 min
and the rats were decapitated. The brain was quickly removed
and immersed in ice-cold choline-ACSF containing 124 mM
choline chloride, 2.5 mM KCl, 2.5 mM MgCl2, 1.25 mM
NaH2PO4, 0.5 mM CaCl2, 26 mM NaHCO3, and 10 mM
glucose (pH 7.3) to avoid neuronal excitation. Coronal brain
slices (400 μm) were prepared using a vibratome ZERO-1
(Dosaka, Kyoto, Japan) in an ice-cold choline-ACSF. The
brain slices were transferred to a chamber filled with ACSF,
loaded for 30 min with 2 μM calcium orange AM in ACSF to
identify the dentate gyrus, and washed out with ACSF for
10 min. The brain slices were transferred to a recording cham-
ber filled with ACSF. The fluorescence of ZnAF-2 (laser,
488 nm; emission, 505–530 nm) and calcium orange (laser,
543 nm; emission, above 560 nm) was measured with a con-
focal laser-scanning microscopic system LSM 510 (Carl
Zeiss), equipped with an inverted microscope (Axiovert
200 M, Carl Zeiss). Region of interest was set in the dentate

granule cell layer of the dentate gyrus. All solutions used in
the experiments were continuously bubbled with 95% O2 and
5% CO2.

To obtain the best fluorescence images and measure
the difference in fluorescence intensity exactly, we first
checked the relationship between the gain (fluorescence
sensitivity) and fluorescence intensity and then carefully
decided the best gain for measuring the exact changes
in fluorescence intensity. This decision was separately
performed in all experiments. We have confirmed that fluo-
rescence intensity is not saturated in all of fluorescence
images.

Data Analysis

Student’s paired t test was used for comparison of the means
of paired data. For multiple comparisons, differences
between treatments were assessed by one-way ANOVA
or two-way repeated measures ANOVA followed by
post-hoc testing using the Tukey’s test (the statistical
software, GraphPad Prism 5). A value of p < 0.05 was
considered significant. Data were expressed as means ± stan-
dard error. The results of statistical analysis are described in
each figure legend.

Results

Exogenous Zn2+ Impairs Maintained LTP and Memory

Space memory is retained via maintaining LTP at the
medial perforant pathway-dentate granule cell synapses
and this retention requires intracellular Zn2+ signaling in
dentate granule cells [28]. On the other hand, this re-
tention is affected by intracellular Zn2+ dysregulation
via extracellular Zn2+ influx [18]. On the other hand,
it is estimated that Zn-Aβ1–42 oligomers formed in the
extracellular compartment is rapidly taken up into den-
tate granule cells compared with extracellular Zn2+,
resulting in rapid production of toxic Zn2+ in dentate
granule cells in vivo [27]. Thus, extracellular Zn-Aβ1–

42 becomes more toxic in dentate granule cells than
extracellular Zn2+ when the two are taken up into the
cells. To verify this idea, toxic dose was compared be-
tween ZnCl2 and Aβ. ZnCl2 (50–250 μM, 2 μl) was
locally injected into the dentate gyrus of freely moving
rats 2 days after LTP induction. Six-day-maintained LTP
was impaired by 250 μM Zn2+, but not by 50 μM Zn2+

(Fig. 1a–c).
Memory retention was assessed by the Y maze test. If rats

forget the two familiarized arms, the recognition index is ap-
proximately 33% in the test to explore the three arms equally.
The control rats preferentially explored the novel arm unlike
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Zn2+-injected rats because of recognizing the familiarized
arms and showed a high recognition index in the test. Three-
day-old space recognition memory was impaired by injection
of Zn2+ (Fig. 1d).

Aβ1–40 Impairs Maintained LTP via No Increase
in Intracellular Zn2+

Aβ1–40 was locally injected into the dentate gyrus of freely
moving rats 2 days after LTP induction in the same manner as
the case of ZnCl2. Interestingly, 2-day-maintained LTP was
attenuated after only 25 μM Aβ1–40 (2 μl) injection (Fig. 2a)
and 6-day-maintained LTP was significantly impaired
(Fig. 2b). Aβ1–40-induced impairment of maintained LTP
was rescued by co-injection of CaEDTA, an extracellular
Zn2+ chelator, but not by co-injection of ZnAF-2DA,
an intracellular Zn2+ chelator (Fig. 2).

To assess Aβ1–40-mediated Zn2+ dynamics under the present
experimental condition, Aβ1–40 was co-injected with ZnAF-
2DA into the dentate gyrus. Aβ1–40 did not increase intracellu-
lar Zn2+ level in the dentate granule cell layer (Fig. 4a, c).

Aβ1–42 Impairs Maintained LTP and Memory
via Increase in Intracellular Zn2+

Aβ1–42 was also locally injected into the dentate gyrus of
freely moving rats 2 days after LTP induction in the same
manner as the case of ZnCl2. Two-day-maintained LTP was
also attenuated after only 25 μM Aβ1–42 (2 μl) injection
(Fig. 3a) and 6-day-maintained LTP was significantly im-
paired (Fig. 3b). Aβ1–42-induced impairment of maintained
LTP was rescued by either co-injection of CaEDTA or
ZnAF-2DA (Fig. 3). When Aβ1–42 was co-injected with
ZnAF-2DA into the dentate gyrus, Aβ1–42 increased intracel-
lular Zn2+ level only in the dentate gyrus (Fig. 4b, d), but not
in the hippocampal CA1 and CA3 (data not shown). Three-
day-old memory was impaired by local injection of Aβ1–42

into dentate gyrus, while rescued by co-injection of either
CaEDTA or ZnAF-2DA (Fig. 4e).

Intraperitoneal (i.p.) injection of dexamethasone, a
metallothionein (MT) inducer, increases MT-I mRNA
in the brain, but not MT-III mRNA [31]. It is estimated
that dexamethasone-induced MTs buffer increase in
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Fig. 1 Exogenous Zn2+ impairs maintained LTP and memory. a The PS
amplitude was recorded 1 h, 1 day, 2 days, 3 days, and 6 days after LTP
induction. Two days after LTP induction, vehicle (saline, control, n = 6),
100 pmol (50 μM ZnCl2, n = 4), and 500 pmol ZnCl2 (250 μM ZnCl2,
n = 13) in vehicle (2 μl) were injected via an injection cannula attached to
a recording electrode into the dentate gyrus at the rate of 0.25 μl/min for
8 min as indicated by the arrow. b Each bar and line (the mean ± SEM)
represent PS amplitude 2 d and 6 d after LTP induction. *p < 0.05 vs.
control 6 days (Tukey’s test). c Representative fEPSP recordings were

shown (red, before LTP induction, gray; 2 days after LTP induction,
black; 6 days after LTP induction). d A rat was placed in the joint
(triangle) area of the Y-maze and allowed to explore two identical arms.
One day later, the rat was placed in the samemanner in the two arms with
two identical objects. Two days later, vehicle (n = 14) and 500 pmol
ZnCl2 (250 μM ZnCl2, n = 15) in vehicle (2 μl) were bilaterally injected
into the dentate gyrus via injection cannulae in the same manner. One day
later, the test was performed in the Y-maze with one novel arm in the
presence of a novel object. *p < 0.05 vs. control (t test)
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Aβ1–40 + ZnAF-2DA (ZnA, 100 μM, n = 6), and ZnAF-2DA (n = 4) in
vehicle (2 μl) were injected via an injection cannula attached to a record-
ing electrode into the dentate gyrus at the rate of 0.25 μl/min for 8 min as

indicated by the arrow. b Each bar and line (the mean ± SEM) represent
PS amplitude 6 days after LTP induction. *p < 0.05, **p < 0.01 vs. con-
trol; ##p < 0.01 vs. Aβ1–40 (Tukey’s test). c Representative fEPSP record-
ings were shown (red, before LTP induction, gray; 2 days after LTP
induction, black; 6 days after LTP induction)
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intracellular Zn2+ [32, 33] and capture Zn2+ released
from Aβ1–42 in dentate granule cells [34]. To assess
the effect of MT induction under the present experi-
mental condition, dexamethasone was i.p. injected once
a day for 2 days and Aβ1–42 was injected 24 h after
dexamethasone injection. Aβ1–42-induced impairment
of maintained LTP was rescued by the preinjection of
dexamethasone (Fig. 5), which blocked Aβ1–42-induced
increase in intracellular Zn2+ in the dentate granule cell
layer (Fig. 6). The preinjection of dexamethasone had
no effects on maintained LTP (Fig. 5) and intracellular
Zn2+ level in the control dentate granule cell layer
(Fig. 6).

Discussion

It has been reported that the formation of F-actin in dentate
granule cells is essential for LTP maintenance via structural
synapse enlargement [35, 36]. The increased amount of F-
actin and its newly remodeled organization via calcium/
calmodulin-dependent protein kinase II (CaMKII) provide
new binding sites for many other postsynaptic proteins [37].
Newly synthesized LTP-related proteins can be captured at the
new binding sites, sustaining the potentiated state for a long
term. The location of CaMKII is crucial for its function [38,
39]. Kim et al. [40] report the importance of the interplay
between the kinase and structural function of CaMKII in
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chelators. a Intracellular Zn2+ images were determined in the dentate
gyrus 5 min after bilateral injection of saline (n = 7) and 25 μM Aβ1–40

in saline (n = 7) containing ZnAF-2DA (100 μM) via injection cannulae
into the dentate gyrus at the rate of 0.25 μl/min for 8 min. b Intracellular
Zn2+ images were also determined in the dentate gyrus 5 min after bilat-
eral injection of saline (n = 15), 25 μM Aβ1–42 in saline (n = 8), and
25 μM Aβ1–42 + 10 mM CaEDTA (CaE) in saline (n = 5). c, d
Quantitation of intracellular Zn2+ levels in the dentate granule cell layer
(GCL) determined with intracellular ZnAF-2, which is represented by the

ratio to the control (n = 8) without 25 μM Aβ in saline expressed as
100%. *p < 0.05 vs. control, #p < 0.05 vs. Aβ1–42. e A rat was placed in
the joint (triangle) area of the Y-maze and allowed to explore two identical
arms. One day later, the rat was placed in the same manner in the two
arms with two identical objects. Two days later, vehicle (n = 9), Aβ1–42

(25 μM, n = 6), Aβ1–42 + CaEDTA (10 mM, n = 7), and Aβ1–42 + ZnAF-
2DA (100 μM, n = 5) in vehicle (2 μl) were bilaterally injected into
the dentate gyrus via injection cannulae. One day later, the test
was performed in the Y-maze with one novel arm in the presence
of a novel object. *p < 0.05 vs. control; #p < 0.05, ##p < 0.01 vs.
Aβ1–42 (Tukey’s test)
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defining a time window permissive for synaptic plasticity.
Glucocorticoid-induced rapid increase in intracellular Zn2+

decreases phosphorylated CaMKII level, resulting in attenu-
ating LTP induction [41]. Zn2+ concentrates in the postsynap-
tic density (PSD) and is able to influence the recruitment of
ProSAP/Shank proteins to PSDs in a family member-specific
manner during the course of synaptogenesis, synapse matura-
tion, and structural plasticity [42]. MT-III is an actin-binding
protein [43] and participates in actin polymerization in epider-
mal growth factor-treated astrocytes, which requires Zn2+

[44]. Therefore, synaptic Zn2+ homeostasis is critical for plas-
tic changes in synaptic function and structure. It is possible
that F-actin formation, which may be sensitive to intracellular
Zn2+ dysregulation [28], is disturbed by increase in Zn2+ re-
leased from Aβ1–42 in dentate granule cells, resulting in not
only anterograde amnesia [26, 27] but also retrograde
amnesia.

It is estimated that Zn-Aβ1–42 oligomers formed in the
extracellular compartment becomemore toxic in dentate gran-
ule cells than extracellular Zn2+ because Zn-Aβ1–42 is more
rapidly taken up into dentate granule cells than extracellular
Zn2+ [27]. To assess the difference in synapse toxicity, ZnCl2
and Aβ were locally injected into the dentate gyrus of freely

moving rats. Space recognition memory via maintained LTP
were impaired by local injection of 250 μM ZnCl2 (2 μl), but
not by local injection of 50 μM ZnCl2 (2 μl). In contrast,
maintained LTP was impaired by injection of either Aβ1–40

or Aβ1–42 (25 μM, 2 μl) into the dentate gyrus. The involve-
ment of Zn2+ dynamics in Aβ-induced impairments of main-
tained LTP and memory was assessed using extracellular and
intracellular Zn2+ chelators. Aβ1–40-induced impairment of
maintained LTP was rescued by co-injection of CaEDTA,
but not by co-injection of ZnAF-2DA, suggesting that Aβ1–

40 impairs maintained LTP via no increase in intracellular
Zn2+, which was also confirmed by no increase in intracellular
ZnAF-2 fluorescence. Although Aβ1–40 has lower affinity for
Zn2+ than Aβ1–42 (Kd of Aβ1–40 = 0.1–60 μM; Kd of Aβ1–

42 = ~ 3–30 nM) [27, 45], it is estimated that micromolar Aβ1–

40 captures Zn
2+ in the extracellular compartment and impairs

maintained LTP via the undefined action of extracellular Zn-
Aβ1–40. Huang et al. report that extracellular Zn

2+ induces the
reversible oligomerization of Aβ1–40 via forming salt bridges
between peptide subunits [46]. It is reported that the produc-
tion ratio of Aβ1–40 to Aβ1–42 is a ratio of 10:1 [47].
Maintained LTP and memory retention might be impaired
by Aβ1–40 via a mechanism that involves extracellular Zn2+.
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Fig. 5 Aβ1–42-induced impairment of maintained LTP and its rescue by a
MT inducer. a Two hours after LTP induction, vehicle and
dexamethasone sodium phosphate (DEX, 10 mg/kg) in vehicle was i.p.
injected into rats once a day for 2 days. Twenty-four hours later, vehicle
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tion cannula attached to a recording electrode into the dentate gyrus at the
rate of 0.25 μl/min for 8 min as indicated by the arrow. b Each bar and

line (the mean ± SEM) represent PS amplitude 6 d after LTP induction.
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Aβ1–42-induced impairment of memory retention via main-
tained LTP was rescued by co-injection of either CaEDTA or
ZnAF-2DA, consistent with suppression of Aβ1–42-induced in-
crease in intracellular Zn2+ with CaEDTA. The present study
indicates that maintained LTP and memory are impaired by
Aβ1–42-induced rapid Zn2+ influx into dentate granule cells.
Aβ can bind up to 2.5 mol of Zn2+ in vitro [48]. When Zn2+ is
ferried by Aβ1–42 into dentate granule cells, the ferry transports
Zn2+ at high speed (capacity) compared with free Zn2+ without
the ferry. Taken together, the present data indicate that Zn-Aβ1–42

is more rapidly taken up into dentate granule cells than free Zn2+

when extracellular Zn2+ is captured with Aβ1–42. When Aβ1–42

concentration reaches high picomolar (100~500 pM) in the ex-
tracellular compartment of the dentate gyrus, in vivo LTP induc-
tion is attenuated [27], suggesting that the interplay between high
picomolar Aβ1–42 and extracellular Zn

2+ leads to rapid Zn-Aβ1–

42 uptake into dentate granule cells via an undefined mechanism.
Formation and propagation of misfolded aggregates of

Aβ1–42, rather than of Aβ1–40, may contribute to AD patho-
genesis, although structure of misfolded aggregates of Aβ1–42

is not well understood [49]. C-Terminal carboxylate anion of
Aβ1–42 forms the C-terminal hydrophobic core, which accel-
erates neurotoxic oligomerization [50]. C-Terminal Ala42,
which is absent in Aβ1–40, forms a salt bridge with Lys28 to
create a self-recognition molecular switch that is the Aβ1–42-
selective self-replicating amyloid-propagation machinery
[51]. Extracellular Zn2+ rapidly enhances the aggregation
property of Aβ1–42. Characteristics of rapid Zn-Aβ1–42 uptake
into dentate granule cells might contribute to vulnerability of
the dentate gyrus to aging and also AD [52, 53].

Aβ1–42-induced impairment of maintained LTP was res-
cued by the preinjection of dexamethasone, which blocked
Aβ1–42-induced increase in intracellular Zn

2+ in dentate gran-
ule cells. Intracellular Zn2+ dysregulation in dentate granule
cells may impair hippocampus-dependent memory. The po-
tential for metal chelation-based drug therapy using
clioquinol, a copper/zinc ionophore and PBT2, a second-
generation 8-hydroxyquinoline analog has been reported for
AD [54, 55]. In contrast, MTs are non-toxic and functional as
endogenous Zn2+ chelators, suggesting that MT induction
may be an attractive strategy for defending Aβ1–42-induced
cognitive decline in the normal brain.

In conclusion, the present study indicates that Aβ1–42-in-
duced Zn2+ influx into dentate granule cells, which more read-
ily occurs than free Zn2+-induced Zn2+ influx, attenuates main-
tained LTP followed by retrograde amnesia. Furthermore,
Aβ1–42-induced retrograde amnesia was rescued by control-
ling the increase in toxic Zn2+ released from Aβ1–42 in dentate
granule cells by Zn2+ chelators or metallothionein synthesis.
Therefore, controlling intracellular Zn2+ dysregulation may be
a strategy for defending AD pathogenesis.
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