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Neurobiology of Disease
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It has been recently shown that the Alzheimer’s disease (AD) pathogenic peptide amyloid ␤1– 42 (A␤1– 42) binds to the ␣7 nicotinic
acetylcholine receptor (␣7nAChR) with high affinity and the ␣7nAChR and A␤1– 42 are both found colocalized in neuritic plaques of
human brains with AD. Moreover, the intraneuronal accumulation of A␤1– 42 was shown to be facilitated by its high-affinity binding to the
␣7nAChR, and ␣7nAChR activation mediates A␤-induced tau protein phosphorylation. To test the hypothesis that ␣7nAChRs are
involved in AD pathogenesis, we used a transgenic mouse model of AD overexpressing a mutated form of the human amyloid precursor
protein (APP) and lacking the ␣7nAChR gene (APP␣7KO). We have shown that, despite the presence of high amounts of APP and amyloid
deposits, deleting the ␣7nAChR subunit in the mouse model of AD leads to a protection from the dysfunction in synaptic integrity
(pathology and plasticity) and learning and memory behavior. Specifically, APP␣7KO mice express APP and A␤ at levels similar to APP
mice, and yet they were able to solve a cognitive challenge such as the Morris water maze test significantly better than APP, with
performances comparable to control groups. Moreover, deleting the ␣7nAChR subunit protected the brain from loss of the synaptic
markers synaptophysin and MAP2, reduced the gliosis, and preserved the capacity to elicit long-term potentiation otherwise deficient in
APP mice. These results are consistent with the hypothesis that the ␣7nAChR plays a role in AD and suggest that interrupting ␣7nAChR
function could be beneficial in the treatment of AD.

Introduction
Alzheimer’s disease (AD), with ⬃26,000,000 patients worldwide,
constitutes the most common neurodegenerative disorder. By 2050,
⬃106,000,000 people are expected to suffer from AD if no preventive treatments become available (Brookmeyer et al., 2007).
Evidence suggests that accumulation of the amyloid ␤ protein
(A␤) plays an important and potentially causal role in AD pathogenesis (Selkoe, 1991; Hardy and Higgins, 1992). However, although A␤ is itself cytotoxic, cell death in human brains is not
well correlated with disease progression (Terry et al., 1991). Instead, changes in the density of the presynaptic marker synaptophysin are better correlated with disease progression than A␤
plaque load or cell death (Terry et al., 1991). Moreover, deficits in
synaptic communication and plasticity in transgenic mouse and
rat models with A␤ deposition (Rowan et al., 2003; Saganich et
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al., 2006; Liu et al., 2008) support the idea of the importance of
synaptic health in the development of the disease. Interestingly,
these synaptic changes occur before plaque accumulation, evidence that gives strength to the idea that the soluble nonfibrillary
species of A␤ plays a crucial role in AD pathogenesis.
Currently, little is known about the mechanistic pathway leading downstream from A␤ to synaptic pathology and cognitive
decline. The finding that A␤1– 42 binds to the ␣7 nicotinic acetylcholine receptor (␣7nAChR) with picomolar affinity (Wang et
al., 2000a,b) has led to the hypothesis that the ␣7nAChR subunit
plays a role in AD. This is supported by evidence that (1) A␤1– 42
and ␣7nAChR are both colocalized in neuritic plaques in human
brains with AD; (2) human neuroblastoma cells overexpressing
␣7nAChR are killed by A␤1– 42, whereas ␣7nAChR agonists protected the cells; (3) A␤ inhibits ␣7nAChR-dependent calcium
activation and acetylcholine release (Wang et al., 2000a); (4) internalization of A␤1– 42 is facilitated by its binding to the
␣7nAChR on neuronal cell surfaces, followed by endocytosis of
the resulting complex and its accumulation within the lysosomal
compartment (Nagele et al., 2002); and (5) synaptic transmission
is impaired by A␤-dependent endocytosis of NMDA receptors
after ␣7nAChR stimulation (Snyder et al., 2005). Findings from
Dineley et al. (2001, 2002) further demonstrate that derangement
of hippocampus signal transduction cascades in AD arises when
increased A␤ burden chronically activates the ERK MAPK cascade in an ␣7nAChR-dependent manner, and Wang et al. (2003)
demonstrated in hippocampal synaptosomes and human neuro-
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blastoma cells that ␣7nAChR activation mediates A␤-induced
tau protein phosphorylation. Moreover, although Small et al.
(2007) presented some evidence that A␤1– 42 binds to membrane
lipids but does not bind to the ␣7nAChR, both increases and
decreases in ␣7nAChR number have been reported in AD animal
models and human patients (Bednar et al., 2002; Dineley et al.,
2002; Teaktong et al., 2003; Yu et al., 2005; Counts et al., 2007),
making a stronger case for a relationship between AD pathology
and ␣7nAChR. Finally, a recent finding strongly supports
␣7nAChR as a mediator of A␤-induced pathology in AD by demonstrating that both ␣7nAChR agonists and antagonists can
modulate A␤1– 42-induced tau phosphorylation, possibly by involving GSK-3␤ (Hu et al., 2008).
To test the hypothesis that ␣7nAChRs are involved in AD pathogenesis, we used a transgenic mouse model of AD overexpressing a
mutated form of the human APP (Hsia et al., 1999) on the background of a knock-out (KO) mouse for the ␣7nAChR (OrrUrtreger et al., 1997). Our results support this hypothesis and
pinpoint ␣7nAChR as a potentially important modulator of AD
pathogenesis.

Materials and Methods
Animals
We generated a new line of transgenic mice by mating two established
transgenic lines, PDAPP (J9) and the ␣7nAChR-null mutant (␣7KO)
mouse. PDAPP (J9) has been described previously (Hsia et al., 1999).
Briefly, these mice carry human APP with two familial AD mutations,
Swedish (K670N, M671L) and Indiana (V717F), downstream from the
platelet-derived growth factor ␤ promoter. For genotyping simplicity
and because familial AD caused by APP mutations is inherited in autosomal dominant manner, the transgenic animals used were heterozygous
with respect to the transgene. ␣7KO mice lack exons 8 –10 of the gene
coding for ␣7nAChR (Orr-Urtreger et al., 1997). Thus, our mouse line
was derived by crossing mice heterozygous for the mutated human APP
transgene and for the ␣7 null mutation with mice heterozygous for the ␣7
null mutation. We obtained six different genotypes from these crosses.
We used the following four genotypes for this study: WT (no human
APP, no ␣7 mutation); ␣7KO (homozygous for the ␣7 mutation, no
human APP); APP (heterozygous for human APP, no ␣7 mutation); and
APP␣7KO (heterozygous for human APP, homozygous for the ␣7 mutation). Mice heterozygous for the ␣7 mutation alone and heterozygous
for both human APP transgene and ␣7 mutation were used as breeders
but were not subjected to the experimental manipulations performed in
this study. All mice used for this study had ⬎90% C57BL/6J background
and ⬍10% of the background derived from the original hybrid founders
(DBA/2 and 129/SvEv, used to create APP and ␣7KO mice, respectively).
To ensure comparable variability in background genes across genotypes,
we included mice from 5–10 different litters per genotype. Genotypes
were determined by PCR of tail DNA obtained at weaning and again after
euthanasia for confirmation of genotype. At weaning, mice were also ear
tagged with small metal earrings for identification. Animals were 13–16
months old at the beginning of testing. Both males and females were
used. The same mice used for behavior were used for neuropathological
analysis and electrophysiology but due to unexpected technical problems, behavioral tests were conducted at 13–16 months, whereas electrophysiology and neuropathology were performed at 19 –22 months of age.
In a few cases, for neuropathology assessment and long-term potentiation (LTP) recordings, we included age-matched naive mice (not used
for behavior). Moreover, the only behavior recorded using an independent age-matched group of mice was visual cliff avoidance due to the
need to shave the whiskers and to avoid any influence in other behaviors or
postmortem evaluations from this transient sensory deprivation. Animals
were housed in groups of 2–5 mice in standard cages located in individually
ventilated racks with ad libitum access to regular food pellets and water in a
room with controlled temperature (21 ⫾ 1°C) and humidity (45–55%) and
a 12:12 h light– dark cycle. All animal procedures were in compliance with

National Institutes of Health (NIH) animal care guidelines, and all protocols
were approved by the Salk Institute animal committee.

General evaluation

To verify the normal development of the novel APP␣7KO mouse line, we
assessed sensory, autonomic, neuropsychiatric, spinocerebellar, muscle,
and lower motor neuron functions using a partial list of the test battery
described in the SHIRPA protocol (Rogers et al., 1997). At 3– 4 months of
age, we measured body weight, body length, body tone, body position
(pelvic elevation, tail elevation), spontaneous activity, transfer arousal
(freezing, initiation of movement, gait, piloerection), startle response,
touch escape, corneal reflex, pinna reflex, toe pinch, provoked biting,
grip strength, wire maneuver, urination, defecation, tremor, and lacrimation as described by Rogers et al. (1997).

Behavior
Learning and memory. Learning and memory was evaluated using the
Morris water maze. Animals were trained to locate an escape platform in
a circular pool (1.16 m diameter) of water made opaque by addition of
nontoxic paint. Performance was evaluated as the time used to reach and
climb onto the platform (latency). Mice were trained for a total of 8 d. To
acclimate the animals to the test conditions, on days 1–3 mice were
trained to locate a visible (cued) platform, a transparent platform submerged 1 cm from the water surface but indicated by a black and white
striped flag attached to a pole such that it was 7 cm above the platform.
Mice received 3 trials per day (10 –15 min intertrial rest interval). The
platform was located in a different position for each of these trials, and
the animals were released from the same position with their heads facing
the wall of the pool. When a mouse found the platform, it was allowed to
stay on it for 15 s. If a mouse did not find the platform within the allotted
60 s time, it was guided gently with a “rescue” black spoon to the platform
and allowed to stay on it for 15 s. After completing each trial, mice were
removed from the pool using the rescue black spoon, dried with a soft
towel, and returned to their home cage. On days 4 – 8, animals were
trained to locate a hidden platform (same as before but with the flag cue
removed), using extramaze visual cues (different-shaped posters hanging
on the walls, a bench, and a computer). Each mouse was given three 60 s
trials per day (10 –15 min intertrial rest interval). In this case, the platform was always located in the same position [the center of the northeast
(NE) quadrant], and the animals were released from different positions
in each trial (the center of the SE, SW, and NW quadrants). Again, when
mice found the platform, they were allowed to stay on it for 15 s. If a
mouse did not find the platform within the allotted 60 s, it was guided
gently with the spoon to the platform and allowed to stay on it for 15 s.
After completing each trial, mice were removed from the pool using the
spoon, dried, and returned to their home cage.
One day after completing this training, each animal was given a 60 s probe
trial to evaluate retention of the task. During the probe test, the platform was
removed, and searching behavior in the target quadrant (quadrant where the
platform was located during hidden training) was measured. Animals were
released from the center of the quadrant opposite to the target quadrant. A
video-tracking system with Ethovision software (Noldus) was used to collect
mouse movement (latency, swim path, distance, and speed).
Animals were excluded from the analysis if they were consistent floaters or if they were unable to follow the rescue black spoon. This happened
more frequently in the APP mice [APP ⫽ 6/16 ⫽ 37.5%; WT ⫽ 4/17 ⫽
23.5%; APP␣7KO ⫽ 4/18 ⫽ 22.2%; and ␣7KO ⫽ 1/17 ⫽ 5.9%; p ⫽ 0.168
using a Fisher’s test).
Motor coordination and balance. Motor coordination and balance were
evaluated by placing mice on a Rotarod (Economex, Columbus Instruments). After 30 s acclimating to the rod in a stationary mode, animals
were trained to stay on for 90 s with the rod rotating at a constant 5 rpm
speed. After this training, the actual test consisted of measuring the latency to fall from the rod rotating at an accelerated speed (from 4 to 40 rpm
over a 6 min period). Mice were given three trials with a 45– 60 min intertrial
rest interval. The average latency to fall from these three trials was used for
comparisons. Mice were returned to their home cage after each trial.
Ambulatory activity. Ambulatory activity was evaluated by placing
mice into an open-field arena for 5 min. The open-field apparatus con-
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sisted of a 43.2 ⫻ 43.2 ⫻ 30 cm arena with two 16-infrared beam arrays,
connected through an interface to a PC running MED Activity program
(Med Associates). The two arrays were located 1 cm from the arena floor,
to record horizontal activity as distance traveled. The arena was located in
a room with dim light. Animals were placed in the center of the arena to
initiate the experiment and returned to their home cage at the end of the
5 min evaluation period.
Visual perception. Visual perception was evaluated using a visual cliff
avoidance test. The visual cliff apparatus evaluates the ability of the
mouse to see the drop-off at the edge of a horizontal surface. We used a
Plexiglas box that was built with a horizontal plane, connected to a vertical drop (50 cm high) connected to a second horizontal plane at a lower
level. Contact paper with a black and white checkerboard pattern covered
all three planes which accentuated the vertical drop-off. A sheet of clear
Plexiglas was placed across the top horizontal plane (30 cm long by 50 cm
wide), extending across the cliff (50 ⫻ 50 cm). Thus there was the visual
appearance of a cliff, but in fact the Plexiglas provided a solid horizontal
surface. A small platform (9 ⫻ 6 cm) was located 1 cm above the Plexiglas
surface halfway over the “cliff” side and halfway over the “safe” side
(horizontal checkered surface). Mice were placed on the platform at the
start of each trial until completing eight successive (stepping down from
platform) trials. We scored as positive (⫹1) when the mouse chose to
step down onto the “safe” side and negative (0) when the mouse chose to
step down onto the “cliff” side. Mice were returned to their home cage
after each trial. To eliminate the confounding factor of sensory information from the whiskers, they were shaved off before starting this experiment (no further behavior test or postmortem evaluation was performed
in mice in which whiskers were shaved off).

Neuropathology
Tissue processing. Mice were killed by deep anesthesia with isoflurane gas
and decapitation. Brains were removed and divided sagittally. One hemibrain was postfixed in phosphate-buffered 4% paraformaldehyde, pH 7.4, at
4°C for 48 h and sectioned at 40 m with a Vibratome 2000 (Leica) for
neuropathological analysis, while the other hemibrain was snap frozen in an
isopentane/dry ice slurry and stored at ⫺70°C for later protein analysis.
Analysis of neurodegeneration and levels of human APP and A␤. To
evaluate the integrity of the neuronal structure, briefly as previously
described (Mucke et al., 1995; 2000; Rockenstein et al., 2005a), blindcoded 40-m-thick vibratome sections from mouse brains fixed in 4%
paraformaldehyde were immunolabeled with the mouse monoclonal antibodies against synaptophysin (synaptic marker, 1:20, Millipore Bioscience Research Reagents), microtubule-associated protein 2 (MAP2,
dendritic marker, 1:40, Millipore Bioscience Research Reagents), NeuN
(neuronal marker, 1:1000, Millipore Bioscience Research Reagents), or
glial fibrillary acidic protein (GFAP, astroglial marker, 1:500, Millipore
Bioscience Research Reagents). To evaluate the levels of human APP and
amyloid plaque load, briefly as previously described (Rockenstein et al.,
2005a), additional sections were immunostained with a mouse monoclonal antibody against human APP (8E5 clone courtesy of ELAN) or the
mouse monoclonal antibody against A␤ (4G8, 1:600, Senetek), respectively. GFAP primary antibodies were detected using biotinylated antimouse IgG (1:100, Vector Laboratories) and avidin– biotin–peroxidase
complex (Vectastain Kit, Vector Laboratories) used according to the
manufacturer’s recommendations with 3⬘3⬘-diaminobenzidine (Vector
Laboratories) as the chromogen. For all the other primary antibodies,
after overnight incubation, sections were incubated with fluorescein isothiocyanate (FITC)-conjugated horse anti-mouse IgG secondary antibody (1:75, Vector Laboratories), transferred to SuperFrost slides (Fisher
Scientific), and mounted under glass coverslips with anti-fading media
(Vector Laboratories). All sections were processed under the same standardized conditions. The immunolabeled blind-coded sections were serially imaged with the Quantimet 570C system (Leica) or LSCM
(MRC1024, Bio-Rad), and the digitized images were analyzed with the
NIH Image 1.43 program, as previously described (Toggas et al., 1994;
Mucke et al., 1995, 2000). For each mouse, a total of three sections were
analyzed, and for each section, four fields in the frontal cortex and hippocampus were examined. For synaptophysin, MAP2, and A␤, results
were expressed as percentage area of the neuropil occupied by immuno-
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reactive (IR) terminals, dendrites, or deposits, respectively; for GFAP and
human APP immunostaining, levels were expressed as pixel intensity,
and for NeuN, the mean neuronal density was estimated using a modified dissector method essentially as described (Hsia et al., 1999; Masliah
et al., 2000).
We also determined levels of APP, APP products, and A␤ immunoreactivity in homogenates containing dissected cortex plus hippocampus,
by Western blot, as previously described (Rockenstein et al., 2005a,b,
2007). Briefly, 20 g per lane of cytosolic and particulate fractions, assayed by the BCA method (Pierce Biotechnology), were loaded into
4 –12% SDS-PAGE gels and blotted onto polyvinylidene fluoride
(PVDF) membranes. Blots were incubated with antibodies against fulllength (FL) APP (mouse monoclonal, clone 22C11, 1:500, Millipore Bioscience Research Reagents), A␤ (mouse monoclonal, clone 6E10, 1:1000,
Signet Laboratories), and APP C-terminal fragments (CTF-APP, rabbit
polyclonal CT15, 1:1000, courtesy of Dr. E. Koo, University of California,
San Diego, San Diego, CA), followed by secondary antibodies tagged
with horseradish peroxidase (HRP, 1:5000, Santa Cruz Biotechnology)
and visualized by enhanced chemiluminescence and analyzed with a Versadoc XL imaging apparatus (Bio-Rad). Analysis of actin levels was used
as a loading control.
Finally, we determined A␤ levels by ELISA in dissected cortex plus
hippocampus samples, which were sequentially extracted in a two-step
procedure as previously described (Suzuki et al., 1994; Kawarabayashi et
al., 2001). Briefly, samples were sonicated in 2% SDS with protease inhibitors and centrifuged at 100,000 ⫻ g for 1 h at 4°C. The resultant
supernatant was harvested, constituting the SDS-soluble fraction. The
resultant pellet was then extracted in 70% formic acid (FA) and centrifuged, and the resultant supernatant was collected (the FA-soluble fraction). For the sandwich capture ELISA, the following antibodies against
A␤ were used: polyclonal 3160 (anti-A␤1– 40) was used for capture, and
BA-27 (specific for A␤1– 40) and BC-05 (specific for A␤1– 42) were used
for detection.

Electrophysiology
We performed in vitro slice electrophysiology in horizontal hippocampal
slices (400 m). We studied the Schaffer collateral–CA1 synapse using
methods that we and others have published extensively (Swanson and
Heinemann, 1998; Contractor et al., 2003; Armstrong et al., 2006; Saganich et al., 2006). All recordings were done with the experimenter blind
to the genotype. Slices were prepared using standard methods (Contractor et al., 2003). Briefly, animals were anesthetized with isoflurane and
decapitated. Tail biopsies were taken from all mice to confirm genotypes.
To minimize the trauma associated with isolating hippocampal slices, the
brains were removed under ice-cold oxygenated sucrose-slicing artificial
CSF (ACSF) containing the following: 85 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 75 mM sucrose, 0.5 mM
CaCl2, and 4 mM MgCl2, equilibrated with 95% O2/5% CO2, which also
contained the NMDA blockers D,L-APV (10 M) and kynurenic acid (100
M). Slices were incubated at 28°C for 30 min, followed by exchange of
the sucrose-ACSF for an oxygenated sodium incubation-ACSF solution
containing the following: 125 mM NaCl, 2.4 mM KCl, 1.2 mM NaH2PO4,
25 mM NaHCO3, 25 mM glucose, 1 mM CaCl2, and 2 mM MgCl2, in which
slices remained for at least 2 h before recording. Individual slices were
then transferred to the recording chamber and continuously perfused
with an oxygenated sodium recording-ACSF containing 2 mM CaCl2 and
1 mM MgCl2. Extracellular field EPSPs (fEPSPs) were recorded at room
temperature in the stratum radiatum of the CA1 region of hippocampus
with a glass recording pipette filled with oxygenated sodium recordingACSF with 2–3 M⍀ tip resistance, using a MultiClamp 700A amplifier
(Molecular Devices). fEPSPs were evoked using a concentric bipolar electrode (Frederick Haer Company) positioned in the Schaffer collateral/
commissural pathway. Stimuli were controlled by pClamp 9 software
(Molecular Devices) and were generated with an A310 Accupulser coupled to an A360 stimulation isolation unit (Warner Instruments). Data
collection and analysis were performed with pClamp 9 (Molecular Devices), Excel, and SigmaPlot (Microsoft) programs. Basal synaptic transmission was assessed by comparing the input and output relationship of
the fEPSPs recorded. Input was the peak amplitude of the fiber volley,

8808 • J. Neurosci., July 8, 2009 • 29(27):8805– 8815

and the output was the initial slope of the fEPSP. For each animal, we
measured the fiber volley amplitude and initial slope of the fEPSP responses to a range of stimulation from 200 to 800 A. The input– output
relationship was then calculated by dividing the slope of the fEPSP by the
fiber volley amplitude (from each point along the linear portion on the
response curve) and taking the average value. This input– output value
for each stimulation level was then averaged to give a single measure of
basal synaptic transmission for each slice. For early-phase LTP (E-LTP)
recordings (Sweatt, 1999), 400 m hippocampal slices were prepared as
described above but were incubated at 32°C for 30 min in sucrose-ACSF
followed by a 2 h recovery period in the incubation-ACSF solution before
recording. After a 20 min baseline period, LTP was induced by four tetani
delivered 5 min apart, each at 100 Hz for 1 s (Walsh et al., 2005;
Townsend et al., 2006a,b, 2007). The slope of the fEPSP was monitored
for 60 min and compared with the slope of the field response during the
control period. For late-phase LTP (L-LTP) recordings (Sweatt, 1999),
the slices were incubated at 32°C for 1 h in sucrose-ACSF followed by a
3 h recovery period in the incubation-ACSF solution before recording.
After a 30 min baseline period, LTP was induced as described for earlyphase LTP above. The slope of the fEPSP was monitored for 150 min and
compared with the slope of the field response during the baseline period.

Statistical analysis
For all experiments, experimenters were blind with respect to genotype.
All data were expressed as mean ⫾ SEM. To amplify the group size and
increase reproducibility of the behavioral data, the testing was performed
in two groups with genotype-balanced number and age-matched mice at
different time points, and the data were pooled for analysis. Statistical
analyses were performed with the GB-Stat 9.0 program (Dynamic Microsystems). For water maze analysis of latencies and speed measurements, differences among means were assessed using a two-way ANOVA
with repeated measures for the “session” factor. In this case, “genotype”
was the other factor. For water maze analysis of the probe test, we used a
one-way ANOVA to compare probe measures between the target quadrant and all the other three quadrants within each genotype group. For all
other experiments, differences among means were assessed by genotype
using a one-way ANOVA. Post hoc Fisher’s PLSD, Dunn’s (Bonferroni)
correction, or Dunnett’s tests were performed when appropriate. Null
hypotheses were rejected at the 0.05 level.

Results
All progeny generated from the cross between the original
PDAPP (J9) line and Acra7KO line, named here as APP,
APP␣7KO, ␣7KO, and the WT siblings, appear normal at young
ages, as shown previously for the parental lines (Orr-Urtreger et
al., 1997; Paylor et al., 1998; Hsia et al., 1999). The progeny
showed a Mendelian distribution and normal survival at the embryonic, perinatal, and adult stages. Furthermore, these mice
grow normally, and showed a normal development as deduced
from a general evaluation made at 3– 4 months of age to assess
sensory, autonomic, neuropsychiatric, spinocerebellar, muscle,
and lower motor neuron functions by testing several parameters
as reported in the SHIRPA protocol (Rogers et al., 1997). The
progeny showed normal body weight, body length, body tone,
body position (pelvic elevation, tail elevation), spontaneous activity, transfer arousal (freezing, initiation of movement, gait,
piloerection), startle response, touch escape, some reflexes (corneal reflex, pinna reflex, toe pinch, provoked biting), grip
strength, wire maneuver, urination, defecation, tremor, and lacrimation (data not shown).
Deficits in learning and memory in APP mice are improved in
APP␣7KO mice
Several studies have shown behavioral learning deficits in transgenic mice models of AD. The PDAPP J9 line was used to generate the mice for this study. Raber et al. (2000) reported a learning
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deficit by 6 months of age when this line was tested in the Morris
water maze probe trial after the mice learned to find a visible and
hidden platform. We further characterized the learning abilities
of these APP-overexpressing mice at later ages and compared
performances with APP littermates lacking functional ␣7nAChR
(APP␣7KO). ␣7KO and WT mice littermates were used as controls. As expected, 13- to 16-month-old APP mice performed
very poorly in all versions of the Morris water maze tested: visible,
hidden, and probe trials. However, interestingly, APP␣7KO mice
solved the different versions of this test significantly better than
the APP mice (Fig. 1 A, B), reaching levels similar to ␣7KO and
WT controls. We initiated the training using a visible platform to
give the animals a chance to acclimate to test conditions: swimming, climbing to the platform, handling by introducing and
retrieving the animals from the water tank and guiding the animals to the platform when they do not find it themselves. As
shown in Figure 1 A, all groups learned to locate the visible platform in the course of 3 d (3 trials per day) measured as the
reduction in the latency to climb the visible platform (F(2,106) ⫽
14.899; p ⬍ 0.0001; repeated measures for session factor of a
two-way ANOVA; Fisher’s LSD post hoc test revealed the following significant differences for each individual group: both APP
and APP␣7KO day 3 vs day 1, p ⬍ 0.05; WT day 3 vs day 1, p ⬍
0.01; ␣7KO day 2 and day 3 vs day 1, p ⬍ 0.05 and p ⬍ 0.01
respectively). Conversely, when comparing the performances
among the different genotypes, there is a significantly poorer
performance by the APP mice than by all three other genotypes: WT,
␣7KO, and most importantly, APP␣7KO (Fig. 1A) (F(3,52) ⫽ 10.316;
p ⬍ 0.0001; genotype factor of a two-way ANOVA; p ⬍ 0.01 vs
␣7KO and p ⬍ 0.05 vs WT or APP␣7KO in the last session day by
post hoc Fisher’s LSD test).
We continued the training using the hidden platform version
of the test. The animals must use spatial navigation abilities to
locate this hidden escape platform by using extramaze cues. In
this case, contrary to the previous visible platform training, APP
mice did not show improvement in the time needed to find the
hidden platform over successive sessions (Fig. 1 A). Conversely,
APP␣7KO mice showed a significant reduction in the latency to
reach the platform in the last two sessions of the test that was
comparable to values obtained by the control WT and ␣7KO
mice (Fig. 1 A) (F(4,212) ⫽ 12.532; p ⬍ 0.0001; repeated measures
for session factor of a two-way ANOVA; Fisher’s LSD post hoc test
revealed nonsignificant progress for APP, while it showed significant improvement for the other three genotypes: APP␣7KO days
4 and 5 vs day 1, p ⬍ 0.01; WT day 5 vs day 1, p ⬍ 0.01; and ␣7KO
day 2 vs day 1, p ⬍ 0.05 and days 3, 4, and 5 vs day 1, p ⬍ 0.01).
When assessing differences between genotypes for this hidden
version of the Morris water maze, APP-overexpressing mice lacking functional ␣7nAChR (APP␣7KO mice), similar to control
groups, showed a striking rescue of the performance deficits observed in APP animals (F(3,52) ⫽ 14.482; p ⬍ 0.0001; genotype
factor of a two-way ANOVA; p ⬍ 0.01 for sessions 3 and 5 and
p ⬍ 0.05 for session 4 between APP␣7KO and APP by Fisher’s
LSD post hoc test).
We also performed a probe trial 24 h after completing the
visible and hidden platform training to evaluate retention of the
learning. As expected by the observation that APP animals were
not able to learn the spatial version of the test, they also showed
no retention of the target quadrant (the quadrant where the platform was located during the hidden version of training); instead,
they showed preference for the quadrant where they were released for the probe trial (opposite quadrant) (Fig. 1 B). On the
other hand, APP␣7KO mice similar to WT and ␣7KO mice
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Figure 1. Deletion of the ␣7nAChR prevents learning and memory deficits observed in APP-overexpressing animals. Water
maze performance was evaluated in mice at 13–16 months of age. Mice were tested for a total of 9 d. A, From days 1 to 3, visible
platform training was performed to acclimatize the animals to the test conditions and from days 4 to 8; the animals were trained
with a hidden platform to test spatial learning abilities. We measured latency to reach the platform. APP mice showed significant
spatial learning impairments as a lack of improvement in five consecutive hidden platform sessions ( p ⬎ 0.05), compared with
APP mice lacking functional ␣7nAChR at levels similar to controls, WT and ␣7KO mice. For simplification, significant differences
between groups are only shown for the last day of spatial learning (**p ⬍ 0.01 vs all 3 other groups). Note also that although APP
mice significantly improved their performance in the visible platform version of the Morris water maze test ( p ⬍ 0.05, day 3 vs day
1), they needed more time to reach the platform than all the other three genotypes (**p ⬍ 0.01 vs ␣7KO and *p ⬍ 0.05 vs WT or
APP␣7KO in the last session day). B, On day 9, memory was evaluated with a probe test as the frequency the target quadrant was
visited in relation to the other three quadrants. Deletion of the ␣7nAChR rescued the memory deficit observed in APPoverexpressing animals and reached values similar to controls, WT and ␣7KO, as shown by a significant increase in frequency to
enter the target quadrant (**p ⬍ 0.01 vs all 3 other quadrants). Note the inverse frequency in quadrant preference observed in APP
mice ( ##p ⬍ 0.01 vs target quadrant and #p ⬍ 0.05 vs left and right quadrants). C–F, Motor (C, swim speed; D, rotarod; E, open
field) and visual (F, visual cliff test) abilities are not significantly affected in APP mice, suggesting that performance deficits in all
aspects of the Morris water maze test are consequence of affected learning and memory mechanisms (see Results for details on
each of these four evaluations, especially the complex swim speed analysis). Differences among means were assessed by twofactor (training session and genotype) ANOVA with repeated measures for the training block factor or one-factor (genotype or
quadrant) ANOVA followed by post hoc multiple-comparisons Fisher’s test. Mean values ⫾ SEM are shown.

showed a significant retention of the target quadrant, evaluated as
the frequency to enter in the target quadrant versus the frequency
to enter any of the other three quadrants ( p ⬍ 0.01; Fisher’s LSD
test after significant one-way ANOVA for each individual group)
(Fig. 1 B).
Because motor and visual functions are crucial for performance in the Morris water maze task, we evaluated several related
parameters. Figure 1C shows the swim speed across the nine water maze sessions for all groups. During the spatial version of the
task (hidden platform and probe trials, days 4 –9), the differences

in speed between genotypes were not significant (hidden: F(3,52) ⫽ 1.171; p ⫽ 0.33;
and probe: F(3,52) ⫽ 2.61; p ⫽ 0.062). During the visible platform version of the test,
swim speed was similar between APP and
WT mice, but higher speeds were observed for APP␣7KO and ␣7KO mice
(APP vs APP␣7KO mice, p ⬍ 0.01 for sessions 1 and 2, and p ⬍ 0.05 for session 3;
and APP vs ␣7KO mice, p ⬍ 0.01 for all
three sessions). Curiously, the only significant differences in swim speed were observed in the visible version of the test, in
which all the genotypes showed significant learning (Fig. 1 A), but conversely, no
significant differences were detected in
the hidden and probe versions of the task,
in which the APP mice were the only genotype that did not learn or retain the task
(Fig. 1 A, B). Thus, it seems unlikely that
swim speed variation accounts for the
learning and memory disparities displayed by these groups of mice. In addition, we challenged the animals on the
rotarod as an independent measure of
motor coordination and balance (a crucial ability for swimming), and in the open
field for locomotor activity. All the genotypes performed similarly in the rotarod
(Fig. 1 D) (latency to fall, F(3,50) ⫽ 1.464;
p ⫽ 0.24; one-way ANOVA) and openfield tests (Fig. 1 E) (distance traveled,
F(3,50) ⫽ 1.640; p ⫽ 0.19; one-way
ANOVA), suggesting their general motor
functions are not impaired. Furthermore,
although all genotypes learned the visible
version of the Morris water maze, some
performance differences were still observed (Fig. 1 A); thus, we further analyzed
visual perception using an independent
task. Using the visual cliff avoidance test,
we did not detect any difference between
genotypes in the ability to detect a virtual
drop-off (F(3,24) ⫽ 0.336; p ⫽ 0.80) (Fig.
1 F). This test was done using an agematched group of mice.
These behavioral results demonstrate
that the ␣7nAChR deletion in the background of APP overexpression in mice
rescues the cognitive deficits observed in
the APP-overexpressing mouse model of
AD, consistent with the hypothesis that
the ␣7nAChR play a role in AD.

Neuropathology in the APP mice model of AD is ameliorated
by deleting the ␣7nAChR subunit despite similar levels of
APP, A␤ expression, and plaque formation
Consistent with previous reports on the PDAPP mouse model of
AD (Games et al., 1995; Hsia et al., 1999; Esposito et al., 2006), we
found a marked reduction in the synaptic terminal marker synaptophysin both in frontal cortex (F(3,25) ⫽ 21.558; p ⬍ 0.0001)
and hippocampus (F(3,25) ⫽ 28.442; p ⬍ 0.0001) in 19- to 22month-old APP mice ( p ⬍ 0.01 vs both controls, WT and ␣7KO,
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Figure 2. Deletion of the ␣7nAChR ameliorates the neuropathology observed in APPoverexpressing animals. Immunohistochemistry for the synaptic terminal marker synaptophysin, the dendritic marker MAP2, and the astrogliosis marker GFAP was evaluated in the frontal
cortex and hippocampus of 19- to 22-month-old mice. A, A significant reduction in synaptophysin was observed in both cortex and hippocampus of APP mice compared with APP␣7KO
mice ( p ⬍ 0.01). B, MAP2 was also markedly reduced in APP mice in both cortex and hippocampus compared with the normal or nearly normal levels in the cortex ( p ⬍ 0.01) and
hippocampus ( p ⬍ 0.01 vs APP but also p ⬍ 0.05 vs controls, WT and ␣7KO) of APP␣7KO
mice, respectively. C, We also measured astrogliosis in frontal cortex and hippocampus using
GFAP immunoreactivity as a marker. Immunoreactivity levels were significantly elevated in
frontal cortex in APP mice ( p ⬍ 0.01 vs controls, WT or ␣7KO). In contrast, GFAP immunoreactivity levels were only partially increased in the APP␣7KO mice, not reaching statistical significance compared with WT or ␣7KO controls or APP mice ( p ⬎ 0.05). In the hippocampus,
APP␣7KO mice showed GFAP immunoreactivity values similar to the control groups, while
GFAP immunoreactivity levels in the APP group tended ( p ⫽ 0.063) to be higher. Differences
among means were assessed by one-way (genotype) ANOVA followed by post hoc multiplecomparisons Fisher’s test. Mean values ⫾ SEM are shown.
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in both areas) (Fig. 2 A). However, in APP␣7KO mice, a significant preservation of synaptophysin-positive terminals was
observed in both brain regions ( p ⬍ 0.01) (Fig. 2 A) (see also
supplemental Fig. 1, available at www.jneurosci.org as supplemental material). Consistent with previous publications (Games
et al., 1995; Hsia et al., 1999; Esposito et al., 2006), we found a
marked reduction in the MAP2-immunoreactive dendrites in
both frontal cortex (F(3,31) ⫽ 11.145; p ⬍ 0.0001) and hippocampus (F(3,31) ⫽ 11.954; p ⬍ 0.0001) in APP mice ( p ⬍ 0.01 vs both
controls, WT and ␣7KO, in both areas) (Fig. 2 B). However, in
APP␣7KO mice, a significant preservation of MAP2 expression
was observed in both brain regions ( p ⬍ 0.01) (Fig. 2 B) (see also
supplemental Fig. 2, available at www.jneurosci.org as supplemental material), although the levels of MAP2 immunoreactivity
were still lower than those of the control mice in the hippocampus ( p ⬍ 0.05 vs controls, WT and ␣7KO) (Fig. 2 B). We also
measured astrogliosis in frontal cortex and hippocampus using
GFAP immunoreactivity as a marker. As shown in Figure 2C,
GFAP immunoreactivity levels were significantly elevated in
frontal cortex in APP mice (F(3,31) ⫽ 4.047; p ⫽ 0.0165; with p ⬍
0.01 vs either control, WT or ␣7KO) (see also supplemental Fig.
3, available at www.jneurosci.org as supplemental material).
GFAP immunoreactivity levels detected in the frontal cortex of
APP␣7KO mice were between the normal GFAP immunoreactivity values observed in WT and ␣7KO controls and the elevated
GFAP immunoreactivity detected in APP mice, not reaching statistical significance ( p ⬎ 0.05 vs any other group) (Fig. 2C). In
the hippocampus, APP␣7KO mice showed GFAP immunoreactivity values similar to the control groups, while GFAP
immunoreactivity levels in the APP group tended (F(3,31) ⫽
2.726; p ⫽ 0.063) to be higher although not statistically significant (Fig. 2C).
In addition, we evaluated the possibility of neuronal loss in
frontal cortex and hippocampus. This is a controversial issue with
conflicting results among the different AD transgenic mouse
models studied (for review, see Duyckaerts et al., 2008). We measured NeuN immunoreactivity, and although there is a trend for
a reduction in the number of NeuN⫹ neurons in APP mice, the
differences did not reach statistical significance (data not shown).
Moreover, we compared the levels of glutamate receptor subunits in hippocampus plus cortex since it has been previously
described that activation of ␣7nAChR is necessary for A␤induced NMDA receptor endocytosis (Snyder et al., 2005). Although no change in the total glutamate receptor subunit NR1
and NR2b proteins was reported in Snyder’s paper (2005), the
experiments there were performed under an acute exposure (1 h)
of A␤1– 42 peptide, a situation extremely different from a chronic
exposure to A␤ as it occurs in our animal model. Thus, we
thought relevant to measure total NR1 and NR2b receptor proteins in our mice. We hypothesized that chronic in vivo exposure
to A␤ species in our experimental animals would lead to differential degree of glutamate receptor subunit internalization with
subsequent differences in the turnover rate of glutamate receptor
subunits. This could be reflected as a change in total receptor
protein when comparing mice with and without ␣7nAChRs.
Therefore, we measured levels of NR1 and NR2b glutamate receptor subunits in brain homogenates of hippocampus plus cortex by Western blot, and we found no differences for either of the
subunits between the four experimental groups used here. These
results are shown in supplemental Figure 5 (available at www.
jneurosci.org as supplemental material).
Although this result suggests that changes in NMDA receptor
populations are not responsible for the beneficial effects of the
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ferences from WT mice ( p ⬎ 0.05). Analysis of the last 10 data points recorded
(one every 40 s) corresponding to the interval going from 60 to 66 min after LTP
induction, demonstrated a 226 ⫾ 35%
(n ⫽ 5/3, 5 slices from 3 animals) increase
in the average fEPSP slope in WT animals
compared with a 146 ⫾ 9% (n ⫽ 6/3) increase in APP mice (Fig. 4 A). In contrast,
we did not see a significant reduction in
LTP in APP␣7KO (172 ⫾ 13%; n ⫽ 8/4)
or ␣7KO (179 ⫾ 11%; n ⫽ 7/4) mice compared with control WT mice (Fig. 4 A).
Although the 26 and 33% increase in the
LTP measured in APP␣7KO and ␣7KO
mice, respectively, was not significant
compared with APP mice in this E-LTP
experiment, the magnitude of the effect
may be an underestimate since the data
include only those animals in which acceptable recordings were obtained. A
strikingly high proportion of aged APP
Figure 3. APP and APP␣7KO mice express same levels of A␤ and APP in cortex and hippocampus. We assessed the levels of A␤ mice did not produce good brain slices for
and APP expression using Western blot (A, B), immunohistochemistry (C, D), and ELISA (see supplemental Fig. 5, available at recordings and analysis of the data. Only 3
www.jneurosci.org as supplemental material) methods, and the results revealed no differences between APP and APP␣7KO mice of 7 APP mice (42.9%) yielded slices with
recordings that could be included in the
( p ⬎ 0.05). In A and B, results are shown for dissected cortex plus hippocampus. Mean values ⫾ SEM are shown.
data analysis. Conversely, APP␣7KO mice
had a high proportion of good slices and
␣7nAChR loss of function in our AD mouse model, it will still be
recordings (4 of 5 mice ⫽ 80.0%), similar to the slice recordings
important to know whether NMDA receptor surface expression
from ␣7KO (4 of 4 mice ⫽ 100.0%) or WT mice (3 of 4 mice ⫽
is increased in APP␣7KO mice and whether such an increase
75.0%) (Fig. 4 A, table inset). This larger variability in the ability
might underlie the synaptoprotective effect of ␣7nAChR deletion
to obtain quality recordings from APP mice is likely a reflection of
in APP transgenic mice. Unfortunately at this moment, technical
the larger neurodegeneration observed in this group (Fig. 2),
restrictions preclude us from accurately measuring proportions
which might lead to less viable brain tissue slices and/or more
of intracellular/extracellular NMDA receptor proteins or
numerous “dead spots” [silent areas between recordable areas;
NMDA-mediated currents in aged brain slices; thus, this potensee Larson et al. (1999)].
tial mechanism warrants further exploration.
We also recorded basal synaptic transmission at the Schaffer
Finally, we assessed the levels of A␤ and APP expression using
collateral to CA1 synapse in a different set of age-matched mice,
immunohistochemistry, Western blot, and ELISA methods, and
but found no significant differences in the baseline input– output
the results revealed no differences between APP and APP␣7KO
slopes (I/O; fEPSP vs fiber volley) between all the four different
mice ( p ⬎ 0.05) (Fig. 3) (see also supplemental Figs. 4, 5, availgenotypes (Fig. 4 B).
able at www.jneurosci.org as supplemental material), suggesting
Last, we examine L-LTP because the APP␣7KO and the ␣7KO
that the amelioration in behavioral performance and partial neumice appear to be returning to baseline quicker than the WT mice
roprotection are independent of A␤ levels, plaque load, or APP
and with a more parallel slope to APP mice in the LTP traces in
processing.
Figure 4 A (E-LTP). Thus, we wanted to examine LTP at a time
Taking together, these pathology results demonstrate that depoint (longer than 2 h) that may engage synaptic processes inletion of the ␣7nAChR in the APP-overexpressing mouse model
volved in long-term memory storage (Sweatt, 1999) and may be a
of AD prevents synaptic loss observed in the APP mice, consistent
better correlate to the long-term memory processes examined by
with the hypothesis that the ␣7nAChR subunit plays a role in AD.
the Morris water maze task. To this end, we used a different set of
age-matched mice that were naive to behavioral testing. In addiDeficits in LTP in APP mice are absent in APP␣7KO mice
tion, we took great care in handling the tissue to obtain slices that
LTP in the CA1 region of the hippocampus is extensively studied
remained healthy for the longer recording time. By increasing the
and is thought to underlie the experience-dependent modificaincubation time at heated temperature, and the overall recovery
tion of behavior (Malenka and Bear, 2004). There is now substantime after slicing (see Materials and Methods section), we were
tial evidence showing deficits in synaptic plasticity in many
able to record from 1 slice per animal for 150 min following a
different AD mouse models (Chapman et al., 1999; Larson et al.,
longer baseline period (30 min). Figure 5 shows that APP mice
1999; Giacchino et al., 2000; Oddo et al., 2003; Saganich et al.,
were the only group incapable of maintaining LTP at the late
2006), albeit not all (Hsia et al., 1999). We found that aged APP
phase. After a significant induction of posttetanic potentiation), a
mice had significant deficits in E-LTP at the Schaffer collateral–
weak LTP was holding for the first 30 min ( p ⬍ 0.05; by DunCA1 synapse compared with WT control mice [p ⬍ 0.05 by
nett’s post hoc test after a significant one-way repeated-measures
Dunn’s (Bonferroni) correction post hoc test after a significant
ANOVA: F(4,25) ⫽ 2.761; p ⫽ 0.047) but then gradually and
one-way ANOVA: F(3,25) ⫽ 3.291; p ⫽ 0.0396]. Conversely,
steadily returned to baseline. Conversely, APP␣7KO mice mainAPP␣7KO and ␣7KO mice groups did not show significant diftained an appreciable potentiation for the entire 2.5 h of record-
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Figure 5. Deletion of ␣7nAChR in APP-overexpressing mice elicits a normal sustained latephase LTP compared with the decay observed in APP-overexpressing littermates at the Schaffer
collateral to CA1 synapse. After a 30 min baseline, LTP was induced by four tetani delivered 5
min apart, each at 100 Hz for 1 s. fEPSPs were monitored for 150 min after tetanus. LTP in APP
animals was short lived during an early phase and rapidly decayed to baseline levels after 1 h. In
contrast to APP mice, early and late LTP are normal in APP␣7KO mice with no signs of decay and
with potency similar to controls, WT and ␣7KO mice, for the entire 150 min recorded. Mean
values ⫾ SEM are shown.

Figure 4. Deletion of ␣7nAChR prevents LTP deficits observed in APP-overexpressing mice
at the Schaffer collateral to CA1 synapse. A, After a 20 min baseline, LTP was induced by four
tetani delivered 5 min apart, each at 100 Hz for 1 s. fEPSPs were monitored for 60 min after
tetanus. LTP in APP animals was significantly lower than in the control WT group (*p ⬍ 0.05).
In contrast to APP mice, LTP was normal (no significant differences vs WT) in APP␣7KO and
␣7KO mice groups. The magnitude of this effect may be an underestimate since the data
include only those animals in which we could obtain acceptable recordings, and a strikingly high
proportion of APP mice did not produce acceptable recordings (see table inset). Differences
among means were assessed by one-way (genotype) ANOVA followed by post hoc Dunn’s (Bonferroni) correction. B, Basal synaptic transmission was also recorded at the same synapse in a
different set of age-matched mice, but no significant differences in the I/O slopes (fEPSP vs fiber
volley) between all the four different genotypes were found. Mean values ⫾ SEM are shown.

ing with no signs of decay, similar in potency and shape to WT
and ␣7KO controls. To determine the effects of genotype and
potentiation over time, the data were pooled into six 30 min
blocks for statistical analysis.
This remarkable finding, namely, the absence of significant
deficits in both early- and late-phase LTP in APP␣7KO mice,
even in the presence of levels of A␤ and plaques as high as
those of APP mice, is consistent with the conclusion that inactivating functional ␣7nAChR reverses the deficits in the
mouse model of AD.

Discussion
We have shown that despite the presence of high amounts of A␤
and amyloid deposits, deletion of the ␣7nAChR subtype in the
mouse model of AD leads to protection from the dysfunction in
synaptic integrity (pathology and plasticity) and learning and
memory behavior. Specifically, APP␣7KO mice express APP and

A␤ at levels similar to APP mice and yet were able to solve a
cognitive challenge such as the Morris water maze test significantly better than APP mice and reach comparable performance
as control groups. Moreover, deletion of the ␣7nAChR subtype
protected the brain from loss of the synaptic markers synaptophysin and MAP2, reduced gliosis, and preserved LTP that is
otherwise defective in APP mice. These results are consistent with
the hypothesis that the ␣7nAChR plays a role in AD and suggests
that interrupting ␣7nAChR function could be beneficial in the
treatment of AD.
Whether the beneficial effects of the ␣7nAChR loss of function is attributable to decreased intracellular A␤ or other mechanisms cannot be ascertained from the experiments in this study;
however, in the last few years, several groups have provided evidence in transgenic rat (Echeverria et al., 2004) and mouse (Oddo
et al., 2003; Casas et al., 2004; Billings et al., 2005; Zerbinatti et al.,
2006; Knobloch et al., 2007) AD models and human patients with
AD (D’Andrea et al., 2001; D’Andrea et al., 2002; Nagele et al.,
2002) and Down syndrome (Gyure et al., 2001; Mori et al., 2002)
implicating intracellular A␤ in the pathogenesis of AD, including
its relationship to extracellular amyloid plaques as well as deleterious effects on synaptic function and learning and memory [for
review, see Gouras et al. (2005), D’Andrea and Nagele (2006),
and LaFerla et al. (2007)]. Specifically, the work of Nagele et al.
(2002), suggested that the internalization of A␤1– 42 is facilitated
by its high-affinity binding to the ␣7nAChRs on neuronal cell
surfaces, followed by endocytosis of the resulting complex and its
accumulation within the lysosomal compartment provoking intracellular toxicity. Our results showing that in the presence of
similar amounts of amyloid plaques and extracellular A␤, deletion of the ␣7nAChR subtype improved many aspects of cognitive, pathological, and neurophysiological deficits otherwise seen
in APP mice, are consistent with the work of Nagele et al. (2002).
Another potential mechanism underlying the beneficial effects of the ␣7nAChR loss of function in APP-overexpressing
mice is a possible A␤-induced NMDA receptor endocytosis mediated by the activation of ␣7nAChR, as was shown in cortical
neuron cultures by Snyder et al. (2005). Similar to Snyder’s paper,
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we found no change in the total glutamate receptor subunits NR1
and NR2b proteins even though the Snyder experiments were
performed under an acute exposure (1 h) of A␤1– 42 peptide, a
situation extremely different from the chronic exposure to A␤ in
our animal model. Although this result suggests that changes in
NMDA receptor population are not responsible for the beneficial
effects of the ␣7nAChR loss of function in our AD mouse model,
it will still be important to ascertain whether NMDA receptor
surface expression is increased in APP␣7KO mice and whether
such an increase might underlie the synaptoprotective effect of
␣7nAChR deletion in APP transgenic mice. Unfortunately, at this
moment, technical restrictions preclude us from accurately measuring the proportions of intracellular versus extracellular
NMDA receptor proteins or NMDA-mediated currents in aged
brain slices; thus, this potential mechanism warrants further
exploration.
Fodero et al. (2004) recently reported that ␣7nAChRs mediate
an A␤1– 42-induced increase in the level of acetylcholinesterase in
primary cortical neurons, an effect opposite to the current rationale for the use of the first class of drugs, only moderately effective but approved for the treatment of AD symptoms, inhibitors
of acetylcholinesterase. Moreover, the other class of drugs approved for the treatment of AD represented by memantine, a
use-dependent calcium channel blocker of the glutamate NMDA
receptor, was recently shown to more potently block ␣7nAChRs
than NMDA receptors in rat hippocampal neurons (Aracava et
al., 2005; Banerjee et al., 2005), providing some extra evidence
supporting the potential beneficial effect of antagonizing
␣7nAChRs.
Together, our data suggest that blocking the ␣7nAChR with
an antagonist could lessen some of the symptoms of AD. This
proposal of blocking ␣7nAChR in a disease characterized for
cognitive decline is controversial in view of the evidence of cognitive improvement using ␣7nAChR agonists (Mazurov et al.,
2006; Cincotta et al., 2008; Tietje et al., 2008). However, some
effects of ␣7nAChR agonists can be mimicked by selective
␣7nAChR antagonists (Fujii et al., 2000; Ferchmin et al., 2003;
Hu et al., 2007). The fast desensitization of ␣7nAChRs after its
activation (Fenster et al., 1999; Mike et al., 2000; Quick and
Lester, 2002; Gay et al., 2008) makes it difficult to distinguish
between truly agonistic and antagonistic effects of an ␣7nAChRtargeted drug. In fact, it is not clear whether the cognitive enhancing effects are the result of receptor activation per se or
activation-induced receptor desensitization (Banerjee et al.,
2005).
Moreover, the suggestion driven by our data that deleting the
␣7nAChR could lessen some of the symptoms of AD may sound
controversial with recent data from Octavio Arancio’s group suggesting that ␣7nAChR activation is necessary for LTP enhancement by picomolar concentration of A␤ (Puzzo et al., 2008).
However, the involvement of ␣7nAChRs in the enhancing effects
of A␤ on synaptic plasticity and memory were only performed
using the low dose of A␤ preparation (⬃200 pM), which is close to
the concentration found in the normal brain (Pawlik et al., 2004;
Yao et al., 2004; Schmidt et al., 2005). That report also demonstrated the well established opposite effect caused by high levels of
A␤1– 42 (⬃200 nM), namely an impairment of LTP and memory,
but unfortunately, the involvement of ␣7nAChRs in the detrimental effects of A␤ on synaptic plasticity and memory was not
explored. Results published by Snyder et al. (2005) represent an
example of the detrimental effects of high concentration of A␤ (1
mM), which are also thought to be mediated by ␣7nAChRs.
Therefore, together these results by Puzzo et al. (2008) and Sny-
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der et al. (2005) and our findings seem to confirm a close interaction between A␤ and ␣7nAChRs that could turn from positive
effects in a normal physiological state (low concentration of A␤)
to detrimental effects in pathological conditions (high concentration of A␤) like Alzheimer’s disease.
In summary, the results presented in this paper demonstrate
that the ␣7nAChR knock-out mutation rescues a significant part
of the human APP-overexpressing phenotype. Thus, the
␣7nAChR contributes to both the pathology and behavioral deficits observed in the APP-overexpressing mouse. These results
are consistent with the hypothesis that the ␣7nAChR plays a role
in AD and suggests that blocking the ␣7nAChR could alleviate
some symptoms of AD.
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