8898 • The Journal of Neuroscience, September 28, 2005 • 25(39):8898 – 8902

Brief Communication

Acute ␥-Secretase Inhibition Improves Contextual
Fear Conditioning in the Tg2576 Mouse Model of
Alzheimer’s Disease
Thomas A. Comery,1 Robert L. Martone,1 Suzan Aschmies,1 Kevin P. Atchison,1 George Diamantidis,2 Xiaohai Gong,1
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Transgenic mice (Tg2576) overexpressing the Swedish mutation of the human amyloid precursor protein display biochemical, pathological, and behavioral markers consistent with many aspects of Alzheimer’s disease, including impaired hippocampal function. Impaired, hippocampal-dependent, contextual fear conditioning (CFC) is observed in mice as young as 20 weeks of age. This impairment can
be attenuated after treatment before training with the phosphodiesterase-4 inhibitor rolipram (0.1 mg/kg, i.p.). A rolipram-associated
improvement is also observed in the littermate controls, suggesting that the effect of rolipram is independent of ␤-amyloid. Acute
treatment before training (but not after training or before testing) with the ␥-secretase inhibitor (GSI) N-[N-(3,5-difluorophenacetyl)-Lalanyl]-S-phenylglycine-t-butylester (DAPT), at a dose that reduces brain concentrations of ␤-amyloid (100 mg/kg), attenuates the
impairment in 20- to 65-week-old Tg2576 mice. Importantly, DAPT had no effect on performance of control littermates. These data are
supportive of a role of ␤-amyloid in the impairment of CFC in Tg2576 mice. Furthermore, they suggest that acute treatment with GSI may
provide improved cognitive functioning as well as disease-modifying effects in Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD) is characterized by a progressive decline
in cognitive function and elevated levels of ␤-amyloid and amyloid plaques. ␤-Amyloid (A␤) peptides are produced through
proteolytic cleavages of the amyloid precursor protein (APP) by
␤- and ␥-secretase (Selkoe, 2001). Mutations in APP or the cleavage enzymes have been identified in familial AD populations
(Hardy, 1997). Mutations altering APP processing increase
␤-amyloid level and plaque deposition and produce cognitive
dysfunction at younger ages than observed in sporadic AD.
Transgenic mice (Tg2576) overexpressing a mutated form of the
human APP (Hsiao et al., 1996) show increased A␤40 and A␤42/43
and plaque deposition at 9 –12 months of age (Kawarabayashi et
al., 2001; Terai et al., 2001). Early reports indicated these mice
display behavioral deficits that parallel plaque deposition (Hsiao
et al., 1996; Chapman et al., 1999). However, postmortem studies
in AD patients show poor correlation between ␤-amyloid plaque
deposition and memory function (Berg et al., 1998; Lue et al.,
1999; McLean et al., 1999). Similarly, recent reports suggest that
behavioral deficits observed in mutant APP mice are more tightly
coupled to soluble ␤-amyloid and/or species rather than plaque
Received Feb. 18, 2005; revised June 30, 2005; accepted July 28, 2005.
We thank Drs. Mark Day, Sheree Logue, Peter Reinhart, and Margaret Zaleska for their valuable comments and
critical review of this manuscript.
Correspondence should be addressed to T. A. Comery, Discovery Neuroscience, CN8000, Princeton, NJ 085438000. E-mail: comeryt@wyeth.com.
DOI:10.1523/JNEUROSCI.2693-05.2005
Copyright © 2005 Society for Neuroscience 0270-6474/05/258898-05$15.00/0

deposition (Hsia et al., 1999; Dineley et al., 2002; Kotilinek et al.,
2002; Westerman et al., 2002; Van Dam et al., 2003).
Both in vitro and in vivo studies support a relationship between elevated soluble ␤-amyloid and impaired synaptic physiology, including impaired long-term potentiation (LTP) (Vitolo
et al., 2002; Walsh et al., 2002; Wang et al., 2002; Kamenetz et al.,
2003). Furthermore, Vitolo and colleagues (2002) suggest that
soluble ␤-amyloid, via an unidentified receptor/cell-surface protein, inhibits adenylate cyclase and cAMP response elementbinding protein (CREB) phosphorylation, thus disrupting LTP.
The altered signal transduction and synaptic physiology associated with soluble ␤-amyloid suggests that elevations in soluble
␤-amyloid may underlie some of the observed cognitive deficits
in AD. Therefore, targeting the adenylate cyclase pathway to enhance cAMP, as occurs through the inhibition of phosphodiesterase-4 (PDE-4), may modulate the effects of ␤-amyloid and
provide symptomatic treatment of AD.
Dovey and colleagues (2001) have described ␥-secretase inhibitor (GSI) compounds that inhibit cleavage at the C terminal
of ␤-amyloid and decrease levels of ␤-amyloid in vitro without
altering levels of APP. Acute administration of N-[N-(3,5difluorophenacetyl)-L-alanyl]-S-phenylglycine-t-butylester (DAPT)
to mutant APP-overexpressing PDAPP mice produced a 40%
reduction in cortical ␤-amyloid. DAPT provides an excellent tool
to examine the impact of modulating ␤-amyloid levels on cognitive deficits in models of AD. If effective, a GSI could have dual
therapeutic effects in AD; first, a disease-modifying effect via reduced ␤-amyloid levels and a reduction in plaque pathology and

Comery et al. • ␥-Secretase and CFC

downstream neurodegenerative cascades; second, a concomitant
symptomatic effect through inhibition of soluble ␤-amyloid production resulting in a restoration of cAMP levels, LTP, and synaptic function.
Dineley and colleagues (2002) reported that Tg2576 mice
show hippocampal-dependent conditioning deficits beginning at
20 weeks of age. Because this deficit occurs before plaque deposition, elevated soluble ␤-amyloid observed in these younger animals may be responsible for the cognitive dysfunction. Additional behavioral training ameliorated the deficit, suggesting the
impairment could be overcome. Here, we provide the first evidence that a small molecule targeting ␤-amyloid processing will
improve cognition in the Tg2576 mouse model of AD.

Materials and Methods
Subjects. Male Tg2576 mice (Hsiao et al., 1996), expressing a double
mutation (K670N/M671L) of human APP, were obtained from Taconic
(Germantown, NY) and used for subsequent breeding. Transgenic mice
heterozygous for the K670N/M671L transgene were maintained on a
hybrid C57BL/6/SJL background through breeding hemizygous males
with B6SJLF1 females. Genotypes were confirmed by PCR, and animals
homozygous for the retinal degeneration mutation were excluded. Individually housed mice, maintained on a 12 h light/dark cycle, had ad
libitum access to food and water. Studies were performed comparing
heterozygous transgenic (Tg2576) males to age-matched transgenenegative littermates (controls).
␤-Amyloid levels. Male Tg2576 mice (20 weeks of age) were given
vehicle or 100 mg/kg DAPT orally. Brains from saline-perfused mice
(DAPT-treated mice killed 0.5–24 h and vehicle-treated 4 h after dosing)
were homogenized in 10:1 (v/w) cold 5 M guanidine, 50 mM Tris-HCl,
shaken at room temperature 3 h, then stored at ⫺80°. One milligram of
total protein from each sample was mixed with casein buffer, centrifuged,
and immunoprecipitated overnight at 4 o with 6E10 (Signet, Dedham,
MA). Samples were fractionated on Tris-Tricine gels (Bio-Rad, Hercules,
CA), transferred to nitrocellulose (Amersham Biosciences, Arlington
Heights, IL), and immunoblotted with 6E10. ␤-Amyloid was detected
with biotinylated sheep anti-mouse IgG and 35S-labeled streptavidin
(Amersham Biosciences) and visualized with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). For quantification, integrated values for
␤-amyloid in experimental samples were compared with a standard
curve of synthetic amyloid peptide (AnaSpec, San Jose, CA).
Testing apparatus. Contextual fear conditioning (CFC) occurred in
30 ⫻ 24 ⫻ 21 cm operant chambers (Med Associates, Georgia, VT). Each
chamber was equipped with a stainless-steel rod floor through which a
footshock could be administered, two stimulus lights, one house light,
and a solenoid, all controlled by Med-PC (Med Associates) computer
software. The chambers were located in a sound-isolated room in the
presence of red light.
Conditioning. Mice (n ⫽ 8 –12 per genotype per treatment) were
trained and tested on 2 consecutive days (see Fig. 1 A). Training consisted
of placing a subject in a chamber, illuminating stimulus and house lights,
and allowing exploration for 2 min. Afterward, an auditory cue [2 Hz
clicking via the solenoid; conditioned stimulus (CS)] was presented for
15 s. The 2 s footshock [1.5 mAmp; unconditioned stimulus (US)] was
administered for the final 2 s of the CS. This procedure was repeated, and
mice were removed from the chamber 30 s later.
Twenty hours after training, mice were returned to the same chambers
in which training occurred (context), and freezing behavior was recorded
by the experimenter using time sampling (10 s intervals). Freezing was
defined as lack of movement except that required for respiration. At the
end of the 5 min context test, mice were returned to their home cage.
Approximately 1 h later, freezing was recorded in a novel environment
and in response to the cue. The novel environment consisted of modifications including an opaque Plexiglas divider diagonally bisecting the
chamber, a Plexiglas floor, and decreased illumination. Mice were placed
in the novel environment, and time sampling was used to score freezing
for 3 min. The auditory cue (CS) was then presented for 3 min, and
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freezing was again scored. Freezing scores for each subject were expressed
as a percentage for each portion of the test. Memory for the context
(contextual memory) for each subject was obtained by subtracting the
percent freezing in the novel environment from that in the context.
Locomotor activity. Locomotor activity was collected using AccuScan
Instruments (Columbus, OH) activity monitors. Mice (20 weeks of age)
were placed in 20 ⫻ 20 cm fields, and infrared beam breaks were collected
for 30 min. Activity was analyzed using a two-way repeated-measures
ANOVA.
Drug treatment. Rolipram was suspended in 1% methylcellulose at a
concentration of 0.01 mg/ml and administered intraperitoneally 30 min
before training. DAPT was administered orally formulated in corn oil:
ethanol (90:10). For CFC, DAPT was administered 3 h before training for
all experiments, unless otherwise described.
Data analysis. Contextual memory was analyzed using a two-way
ANOVA followed by Fisher’s least significant difference (LSD) pairwise
comparisons of group mean differences using SAS software (SAS Institute, Cary, NC) with an ␣ level of p ⬍ 0.05. The effect of DAPT on
␤-amyloid was analyzed using a one-way ANOVA followed by Fisher’s
LSD comparison to the vehicle-treated group. For presentation purposes, ␤-amyloid level was converted to percent of the vehicle-treated
group. All data are presented as mean ⫾ SEM.

Results
Age-associated cognitive impairment
Consistent with previous reports, Tg2576 mice demonstrated a
robust deficit in contextual fear conditioning by 20 weeks of age
(Fig. 1 B) (Corcoran et al., 2002; Dineley et al., 2002). Two-way
ANOVA revealed a significant main effect of genotype (F(1,80) ⫽
12.354; p ⬍ 0.001) and age (F(3,80) ⫽ 3.113; p ⬍ 0.05); however,
the interaction was not significant (F(3,80) ⫽ 1.759). No significant difference in contextual memory was observed in 8- to 12week-old mice. In contrast, Tg2576 mice tended to perform
worse than controls beginning at 16 weeks of age ( p ⫽ 0.054)
with the difference becoming significant at 20 weeks ( p ⬍ 0.05).
No significant effect of genotype was observed in hippocampalindependent cue conditioning (data not shown). Consistent with
results reported by Dineley et al. (2002), additional training (five
US:CS pairs) produced significant contextual memory in 20week-old, but not 36-week-old, Tg2576 mice (data not shown).
Tg2576 mice (20 weeks of age), tested at intervals shorter than
the standard 20 h between training and testing, were able to display contextual conditioning that was not significantly different
from controls (Fig. 1C). The two-way ANOVA revealed a significant main effect of genotype (F(1,47) ⫽ 5.452; p ⬍ 0.05) and no
significant effect of training interval (F(2,47) ⫽ 1.391) or interaction (F(2,47) ⫽ 1.154). Planned comparisons revealed a significant
difference between control and Tg2576 mice at the 20 h interval
( p ⬍ 0.05), whereas neither the 1 nor 6 h interval resulted in a
significant difference between the genotypes.
No difference between genotypes was observed in activity
(control, 15,424 ⫾ 741; Tg2576, 17,486 ⫾ 1952 counts).
Cognitive enhancing effect of PDE-4 inhibition
The PDE-4 inhibitor rolipram, administered 30 min before training, improved conditioning in Tg2576 mice at both 24 and 36
weeks of age (Fig. 2). At 24 weeks, a significant main effect of
genotype (F(1,28) ⫽ 25.906; p ⬍ 0.001) and treatment (F(1,28) ⫽
12.57; p ⬍ 0.01) were observed; however, the interaction was not
significant (F(1,28) ⫽ 0.835). Rolipram-treated Tg2576 mice had
contextual memory scores that were not different from vehicletreated controls, indicating memory for the context. However,
the increase over vehicle-treated Tg2576 mice did not reach statistical significance ( p ⬍ 0.1). At 36 weeks of age, significant main
effects of genotype (F(1,28) ⫽ 14.678; p ⬍ 0.001) and treatment
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the Tg2576 mice compared with vehicle-treated Tg2576 mice
( p ⬍ 0.05), resulting in contextual memory scores that were not
different from vehicle-treated controls. Consistent with the effect
of PDE-4 inhibition on cognitive tasks reported by others (Imanishi et al., 1997; Barad et al., 1998), rolipram significantly improved contextual conditioning in the 24-week-old controls
( p ⬍ 0.05). No effect on ␤-amyloid level was observed ( p ⫽
0.465) in brains of 20-week-old Tg2576 mice 30 min after treatment with rolipram (0.1 mg/kg). These data suggest that the
rolipram-induced improvements in contextual memory are independent of changes in ␤-amyloid levels.
GSI and ␤-amyloid lowering
An oral dose of 100 mg/kg of DAPT in Tg2576 mice resulted in
reductions in brain levels of A␤40 (F(6,48) ⫽ 10.912; p ⬍ 0.0001)
and A␤42 (F(6,48) ⫽ 3.706; p ⬍ 0.005) (Fig. 3A). Significant reductions were observed in A␤40 1– 8 h and A␤42 4 – 8 h after dosing
relative to vehicle-treated Tg2576 mice. Levels of A␤ were no
longer reduced 24 h after drug administration. Figure 3B indicates the period of reduced levels of ␤-amyloid relative to the
various training and testing procedures.

Figure 1. A, Schematic representation of CFC procedure. Training consisted of two cue:
footshock pairings during an ⬃5 min exposure to the context. Testing, unless otherwise indicated, began 18 –20 h after training. B, Tg2576 mice display impaired memory for context after
fear conditioning beginning as early as 20 weeks of age with a trend for an impairment observed
at 16 weeks (*p ⬍ 0.05; #p ⫽ 0.054 vs control). C, Contextual memory was impaired at 20 h
(*p ⬍ 0.05 vs control) but not at 1 or 6 h after training in 20-week-old Tg2576 mice. Error bars
represent SEM.

Figure 2. Rolipram significantly improved conditioning in 36-week-old Tg2576 mice with a
trend observed in 24 weeks, such that conditioning not significantly different from vehicletreated controls. Rolipram increased contextual memory scores in the 24-week-old controls.
Brackets denote group mean comparisons (*p ⬍ 0.05; #p ⬍ 0.1). Error bars represent SEM.

(F(1,28) ⫽ 6.787; p ⬍ 0.05) were observed; however, the interaction was not significant (F(1,28) ⫽ 2.423). At 36 weeks, rolipram
produced a significant improvement in contextual memory in

GSI and cognitive impairment
Acute administration of DAPT 3 h before training resulted in
improved contextual memory in Tg2576 mice (Fig. 3C). At 20
weeks, a significant main effect of genotype (F(1,29) ⫽ 8.588; p ⬍
0.05) was observed; however, neither the treatment main effect
(F(1,29) ⫽ 1.213) nor the interaction (F(1,29) ⫽ 3.278) were significant. Vehicle-treated Tg2576 mice displayed no contextual conditioning and had memory scores significantly different from
those observed in vehicle-treated controls ( p ⬍ 0.05). In contrast, DAPT-treated (100 mg/kg) Tg2576 mice had memory
scores that were not significantly different from those observed in
the 20-week-old DAPT-treated controls ( p ⫽ 0.4124) and displayed a significant increase relative to vehicle-treated Tg2576
mice ( p ⬍ 0.05). In 36- and 54-week-old mice, significant groupby-treatment interactions were observed (36-week-old, F(1,28) ⫽
5.751, p ⬍ 0.05; 54-week-old, F(1,26) ⫽ 4.465, p ⬍ 0.05). At both ages,
DAPT-treated Tg2576 mice displayed significantly greater contextual memory than vehicle-treated Tg2576 mice ( p ⬍ 0.05) and were
not significantly different from DAPT-treated controls. In 65-weekold mice, as a result of animal availability, vehicle-treated Tg2576
were not tested. No significant difference was observed between control and Tg2576 mice treated with DAPT (F(1,18) ⫽ 1.212). No effect
of DAPT was observed in controls at any age.
DAPT administered immediately after training or 2 h before
testing had no effect on contextual memory (Fig. 3D). A significant main effect of genotype was observed (F(1,52) ⫽ 26.784; p ⬍
0.0001) with no main effect of treatment (F(2,52) ⫽ 0.947) or
interaction (F(2,52) ⫽ 0.002). Tg2576 mice treated with DAPT
displayed significant impairments in contextual memory after
both treatment regimens ( p ⬍ 0.05) comparable with what is
observed in Tg2576 mice dosed with vehicle immediately after
training. No significant differences in contextual memory were
observed across treatment conditions in controls.

Discussion
The data presented in this report demonstrate that acute treatment with the GSI DAPT is associated with improved contextual
fear conditioning in a transgene-specific manner in the Tg2576
model of AD, but only when given before training. In addition, an
acute pharmacological manipulation (PDE-4 inhibition) that
does not alter brain levels of ␤-amyloid improves conditioning in
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only in Tg2576 mice. This improvement is
observed even at ages when plaques have
been reported to be present in the hippocampus of these mice (Hsiao et al.,
1996). The acute nature of this effect on
cognition, the limited time frame in which
inhibition of ␥-secretase is required, and
the transgene-specific nature of these effects suggests ␤-amyloid contributes to the
cognitive dysfunction in Tg2576 mice. In
addition to effects on ␤-amyloid, GSI can
affect other proteins, such as Notch
(Selkoe, 2001; Presente et al., 2004) and
DCC␣ (Parent et al., 2005), implicated in
learning and memory. Indeed, loss of presenilin function, a component of
␥-secretase, has been shown to result in
impaired memory and synaptic plasticity
(Saura et al., 2004). However, because our
Figure 3. A, Oral DAPT (100 mg/kg) in 20-week-old Tg2576 mice produced a significant reduction in A␤40 and A␤42 at 1– 8 current results indicate that DAPT only
and 4 – 8 h, respectively (*p ⬍ 0.05 vs vehicle treatment). B, Schematic representation of the effect of drug treatment (triangle) improves cognitive performance in
on brain levels of ␤-amyloid levels relative to CFC training and testing. Drug treatment before training results in ␤-amyloid Tg2576 animals and has no effect on conreductions during and after the training session but not during the testing session. Drug treatment immediately after training trols, the impact of DAPT in this learning
results in ␤-amyloid reduction during the retention interval. Treatment before testing decreased ␤-amyloid at the time of
paradigm does not appear to be mediated
testing, with the usual elevated levels during training and the retention interval. C, Acute treatment with DAPT (100 mg/kg, orally)
by non-␤-amyloid mechanisms (i.e., via
3 h before training improved conditioning in Tg2576 mice from 20 to 65 weeks of age. DAPT-treated Tg2576 mice at 20, 36, and
54 weeks of ages had contextual memory scores significantly greater than vehicle-treated Tg2576 and not significantly different changes in Notch or DCC␣ processing).
In vitro and in vivo studies provide evifrom DAPT-treated controls. No effect of DAPT was observed on the performance of controls at any age. Vehicle-treated Tg2576
mice demonstrated a significant impairment at all ages tested. Brackets denote group mean comparisons (*p ⬍ 0.05). D, dence for a role of soluble ␤-amyloid in
Twenty-week-old Tg2576 mice treated with vehicle immediately after training displayed significant impairments in contextual altering synaptic function. Wang et al.
memory (*p ⬍ 0.05 vs controls). DAPT (100 mg/kg, orally) administered either after training (lowering ␤-amyloid during the (2002) have demonstrated that soluble
retention interval) or 2 h before testing (lowering ␤-amyloid during testing) failed to attenuate the contextual memory deficit in ␤-amyloid impairs LTP in a hippocampal
the Tg2576 mice (*p ⬍ 0.05 vs controls). Error bars represent SEM.
slice. Furthermore, Walsh et al. (2002)
suggest that the effects are a function of
both Tg2576 and control mice, similar to the effect of additional
small oligomers of ␤-amyloid rather than monomers. Specifically,
training. Finally, a previous finding of a cognitive deficit in
LTP disruption is not affected by the addition of insulin-degrading
Tg2576 mice detected using the contextual fear conditioning
enzyme, which selectively degrades ␤-amyloid monomers, but is
reversed by GSI at concentrations that selectively inhibit multimeric
model, in the absence of locomotor activity changes, was repli␤-amyloid. In addition, soluble oligomeric ␤-amyloid is reported to
cated and extended by evaluating mice at more advanced ages.
be necessary and sufficient to rapidly and transiently impair learning
Inhibition of PDE-4 has been demonstrated to increase cAMP
(Cleary et al., 2005).
levels, activate PKA, and increase the levels of activated CREB, all
A number of recent reports have demonstrated reduced
of which are associated with the late phase of LTP, synaptic plas␤-amyloid, plaque load, and improved cognitive function after
ticity, and long-term memory (for review, see Silva et al., 1998;
long-term experimental manipulations, particularly in very old
Bozon et al., 2003). In vivo, rolipram has been demonstrated to
transgenic animals (Ray et al., 2000; Dodart et al., 2002; Kotilinek
ameliorate the cognitive deficits induced by scopolamine as well
et al., 2002; Matsuoka et al., 2003). The current results suggest
as improve retention in cognitively intact animals and other AD
that short-term, relatively modest decrease in ␤-amyloid is suffitransgenic models using contextual fear conditioning (Barad et
cient to allow normal synaptic function and thus memory encodal., 1998; Zhang and O’Donnell, 2000; Gong et al., 2004). The
ing in Tg2576 mice. Neutralizing antibodies, able to bind synapcognitive improvements in the Tg2576 mice described here after
totoxic oligomeric species of ␤-amyloid, are reported to rapidly
rolipram treatment or after additional training clearly indicate
reverse LTP deficits in vivo (Klyubin et al., 2005). In addition,
that the learning and memory system, although impaired, is inacute administration of an antibody producing a rapid decrease
tact in these animals. The more robust improvement in Tg2576
in brain levels of ␤-amyloid is reported to improve performance
performance, compared with controls, after rolipram treatment
on object recognition and hole-board cognition tasks in mouse
at 36 weeks, coupled with the data from Vitolo and colleagues
AD models (DeMattos et al., 2001; Dodart et al., 2002). Thus,
(2001), suggesting a direct effect of ␤-amyloid on the cAMP signaling pathway, indicates that the cognitive dysfunction associated with
soluble ␤-amyloid within the brain may be playing a critical role
in the cognitive impairment in AD, as modeled in these transAD may be particularly sensitive to the inhibition of PDE-4. Howgenic animals. Moreover, different approaches to lowering or
ever, the effect on control performance suggests that these improvesequestering ␤-amyloid may yield effective cognitive therapies.
ments are, at least partially, independent of ␤-amyloid and therefore
are more consistent with symptomatic rather than diseaseIn summary, the current results are consistent with the hymodifying therapeutic approaches (e.g., GSI).
pothesis that at least some of the cognitive impairments observed
In contrast to the genotype-independent cognitive improvein AD are associated with soluble ␤-amyloid, occur before plaque
deposition, and may be reversed by acute pharmacological treatments described above, acute inhibition of APP cleavage with a
ment. These pharmacological approaches could target downGSI during learning and consolidation improved performance
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stream signal transduction pathways, as occurs with the PDE-4
inhibitor, or directly modulate ␤-amyloid, as seen with the GSI.
In addition, the acute effect of GSI on cognition in the Tg2576
animal model suggests that improved cognitive function in AD
patients may be the earliest indication of therapeutic efficacy of
disease modifying strategies in the clinic.
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