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Accumulation of amyloid-� (A�) and Tau is an invariant fea-
ture of Alzheimer disease (AD). The upstream role of A� accu-
mulation in the disease pathogenesis is widely accepted, and
there is strong evidence showing that A� accumulation causes
cognitive impairments. However, the molecular mechanisms
linkingA� to cognitive decline remain to be elucidated.Herewe
show that the buildup of A� increases the mammalian target of
rapamycin (mTOR) signaling, whereas decreasing mTOR sig-
naling reduces A� levels, thereby highlighting an interrelation
between mTOR signaling and A�. The mTOR pathway plays a
central role in controlling protein homeostasis and hence, neu-
ronal functions; indeed mTOR signaling regulates different
forms of learning and memory. Using an animal model of AD,
we show that pharmacologically restoringmTOR signaling with
rapamycin rescues cognitive deficits and ameliorates A� and
Tau pathology by increasing autophagy. Indeed, we further
show that autophagy induction is necessary for the rapamycin-
mediated reduction in A� levels. The results presented here
provide a molecular basis for the A�-induced cognitive deficits
and, moreover, show that rapamycin, an FDA approved drug,
improves learning and memory and reduces A� and Tau
pathology.

Neurofibrillary tangles (NFTs)2 and amyloid plaques repre-
sent the two major hallmark neuropathological lesions of AD
(1). NFTs are intraneuronal inclusions that are mainly formed
of the hyperphosphorylated microtubule-binding protein Tau
(2–5). In contrast, amyloid plaques accumulate extracellularly
and aremainly composed of a peptide called amyloid-� (A�) (6,
7). Although the key role of A� accumulation in the pathogen-

esis of AD is widely accepted, themolecular pathways by which
A� accumulation leads to cognitive decline and Tau pathology
remain to be elucidated.
The mammalian target of rapamycin (mTOR) is a conserved

Ser/Thr kinase that forms two multiprotein complexes known
as mTOR complex (mTORC) 1 and 2 (8). mTORC1 controls
cellular homeostasis, and its activity is inhibited by rapamycin;
in contrast mTORC2 is insensitive to rapamycin and controls
cellular shape bymodulating actin function (8, 9). By regulating
both protein synthesis and degradation, mTOR plays a key role
in controlling protein homeostasis and hence brain function;
indeed, mTOR activity has been directly linked to learning and
memory (10–13). Additionally, genetic and pharmacological
reduction of mTOR activity has been shown to increase the
lifespan in different organisms including yeast,Drosophila, and
mice (14–19).
mTOR is an inhibitor of macroautophagy, which is a con-

served intracellular system designed for the degradation of
long-lived proteins and organelles in lysosomes (20–22).
Cumulative evidence suggests that an age-dependent decrease
in the autophagy/lysosome system may account for the accu-
mulation of abnormal proteins during aging (23). Macroauto-
phagy (herein referred to as autophagy) is induced when an
isolation membrane is generated surrounding cytosolic com-
ponents, forming an autophagic vacuole, which will eventually
fuse with lysosomes for protein/organelle degradation. The
induction of the isolation membrane is negatively regulated by
mTOR (24). Sixteen autophagy-related proteins (atg) are
involved in the induction of autophagy in a series of ubiquitin-
like reactions during different stages of the autophagosome for-
mation (25–27). In the initial steps, Atg7 and Atg10 facilitate
the binding of Atg12 to Atg5, which is necessary for autopha-
gosome formation (25, 26). Another important step in the auto-
phagosome formation is the activation of LC3-1 (the homo-
logue of Atg8 in yeast). After its activation, LC3-1 is cleaved by
Atg4 to form LC3-II, which is incorporated in the growing
autophagosome membrane and is often used as a marker of
autophagy induction (28, 29). In this study we report the effects
of reducing mTOR signaling on the neuropathological and
behavioral phenotype of the 3xTg-AD mice.

EXPERIMENTAL PROCEDURES

Mice and Rapamycin Administration—The derivation and
characterization of 3xTg-AD mice has been described else-
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where (30). Briefly, two independent transgenes encoding
human APPSwe and the human TauP301L (both under control
of the mouse Thy1.2 regulatory element) were co-microin-
jected into single-cell embryos harvested from homozygous
mutant PS1M146V knock-in (PS1-KI) mice. The 3xTg-AD
and non-Tg mice used in these studies are on a mixed
C57Bl6/129 background. To facilitate delivery, rapamycin
was microencapsulated at a concentration of 2.24 mg/kg as
described previously (14). Food containing empty microcap-
sules was used as the control diet. During the 10-week treat-
ment, mice were given ad libitum access to water and the rapa-
mycin or control diet.
Behavioral Test—Morris watermaze tests were conducted in a

circular tankof 1.5meters indiameter located in a roomwithextra
maze cues. The platform (14 cm in diameter) location was kept
constant for each mouse during training and was 1.5 cm beneath
the surface of the water, which was maintained at 25 °C through-
out the duration of the testing. During 5 days of training, themice
underwent 4 trials a day, alternating among 4 pseudorandom
starting points. If amouse failed to find the platformwithin 60 s, it
was guided to the platform by the researcher and kept there for
20 s. The inter-trial interval was 25 s, during which time each
mousewas returned to its home cage. Probe trialswere conducted
24 h after the last training trial. During the probe trials, the
platform was removed and mice were free to swim in the
tank for 60 s. The training and probe trials were recorded by
a video camera mounted on the ceiling, and data were ana-
lyzed using the EthoVisioXT tracking system.
Protein Extraction,WesternBlot, andELISA—Micewere sac-

rificed by CO2 asphyxiation and their brains extracted and cut
in half sagitally. For immunohistochemical analysis, one-half
was drop-fixed in 4% paraformaldehyde in phosphate-buffered
saline for 48 h and then transferred in 0.02% sodium azide in
phosphate-buffered saline until slicing. The other half was fro-
zen in dry ice for biochemical analysis. Frozen brains were
homogenized in a solution of tissue protein extraction reagent
(Pierce) containing 0.7 mg/ml of Pepstatin A supplemented
with a complete Mini protease inhibitor tablet (Roche Applied
Science) and phosphatase inhibitors (Invitrogen). The homog-
enized mixtures were briefly sonicated to sheer the DNA and
centrifuged at 4 °C for 1 h at 100,000 � g. The supernatant was
stored as the soluble fraction. The pelletwas re-homogenized in
70% formic acid and centrifuged as above. The supernatant was
stored as the insoluble fraction.
ForWestern blot analyses, proteins from the soluble fraction

were resolved by 10% BisTris SDS-PAGE (Invitrogen) under
reducing conditions and transferred to a nitrocellulose mem-
brane. Themembrane was incubated in a 5% solution of nonfat
milk for 1 h at 20 °C. After overnight incubation at 4 °C with
primary antibody, the blots were washed in Tween 20-TBS
(T-TBS) (0.02% Tween 20, 100 mM Tris, pH 7.5, 150 nM NaCl)
for 20min and incubated at 20 °C with the appropriate second-
ary antibody. The blots were washed in T-TBS for 20 min and
incubated for 5 min with SuperSignal (Pierce) and exposed.
Densitometric analysis was conducted using ImageJ software
from the National Institutes of Health. The protein levels
reported in the figures were obtained as a ratio between the
band intensity for the protein of interest and the band intensity

of �-actin, used as loading control. A�40 and A�42 levels were
measured from the soluble and insoluble fractions using a sand-
wich ELISA protocol as described in Ref. 31.
Immunohistochemistry—For immunohistochemical analy-

sis, 50-�mthick sectionswere obtained using a Leica vibratome
slicing system, and sections were stored at 4°C in 0.02% sodium
azide in phosphate-buffered saline. To quench the endogenous
peroxidase activity, free-floating sections were incubated for 30
min in H2O2. For the A� staining, sections were subsequently
incubated in 90% formic acid for 7 min to expose the epitope.
The appropriate primary antibody was applied, and sections
were incubated overnight at 4 °C. After removing the primary
antibody in excess, sections were incubated in the appropriate
secondary antibody for 1 h at 20 °C. After a final wash of 20min,
sections were developed with diaminobenzidine substrate
using the avidin-biotin horseradish peroxidase system (Vector
Labs, Burlingame, CA). Images were obtained with a digital
Zeiss camera and analyzed with ImageJ.
Cell Culture Experiments—7PA2 cells were a generous gift

from Dr. Edward Koo, University of California, San Diego. Cell
culture methods were adapted from Ref. 32. Briefly, cells were
maintained in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum at 37°C with a humidified environment (5%
CO2 � 95% atmosphere). For Western blot analysis, cells were
grownon 6-well plates to 75% confluence before transfection or
drug administration. Compound E ((2S)-2-{[(3,5-difluorophe-
nyl)acetyl]amino}-N-[(3S)-1-methyl-2-oxo-5-phenyl-2,3-
dihydro-1H-1,4-benxodiazepin-3-yl]propanamide) was pur-
chased fromAlexis Biochemicals (PlymouthMeeting, PA). It is
a potent, selective, non-transition state and non-competitive
�-secretase inhibitor. All the experiments were done at least in
triplicate and independently replicated 3 times.
Antibodies Used and mTOR Activity—The following anti-

bodies were from the indicated sources: rabbit polyclonal anti-
LC3 (Novus Biologicals, Littlelton, CO); anti-Actin (Sigma);
anti-mTOR, phospho-mTOR, Phospho-p70S6K (Thr389),
p70S6K, anti-ATG5, and anti-ATG7 (Cell Signaling, Boston,
MA); anti-Tau HT7 and anti-AT270 (Pierce); anti-A�42
(Invitrogen); 6E10 (Signet, Dedham,MA); anti-TauMC1 was a
gift from Dr. Peter Davies; and anti-Lamp2A (Abcam, Cam-
bridge,MA).mTORactivitywasmeasured using theK-LISATM

mTORActivity Kit (EMDChemicals, Gibbstown, NJ) following
the manufacturer’s protocol.
Statistical Analyses—Statistical analyses were conducted

using multifactor analysis of variance including appropriate
variables or t test when suitable.

RESULTS

A� Impairs mTOR Signaling—To determine the effects of
A� onmTOR signalingwe initially usedChinese hamster ovary
cells stably transfected with a cDNA encoding APP751 contain-
ing the Val717-Phe familial AD mutation known as 7PA2 (33).
These cells produce high levels of A� oligomers, which have
been shown to impair several neuronal functions, including
long-term potentiation and learning and memory (34–36).
Using Western blot analysis we found that the levels of total

and phosphorylated mTOR at Ser2448 were not statistically sig-
nificant between 7PA2 and control cells. In contrast, we found
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that the levels of p70S6K phosphorylated at Thr389 were signif-
icantly increased in 7PA2 cells compared with control Chinese
hamster ovary cells (Fig. 1, A and B). Direct measurement of
mTOR enzymatic activity showed a significant increase in the
7PA2 cells compared with control cells. mTOR function is rou-
tinely determined bymeasuring the steady-state levels of phos-
phorylated p70S6K at Thr389, which is an epitope directly phos-
phorylated by mTOR, because mTOR phosphorylation does
not always correlate with its activity (37–40). Our data support

this dissociation between mTOR phosphorylation at Ser2448
and mTOR activity and clearly show that mTOR function is
increased in 7PA2 cells. Consistent with the increase in mTOR
activity, the phosphorylation levels of the eukaryotic initiation
factor 4E-binding protein 1, a downstream target of mTOR,
were also increased in 7PA2 cells compared with control cells
(supplemental Fig. S1).
To determine whether the increase in mTOR signaling was

mediated by A� or APP, we treated 7PA2 and control cells with

FIGURE 1. A� increases mTOR signaling in 7PA2 cells. A, representative Western blots of proteins extracted from control or 7PA2 cells and probed with total
and phospho-specific anti-mTOR and p70S6K antibodies. B, densitometric analysis of the blots (normalized to �-actin) showed that the levels of total and mTOR
phosphorylated at Ser2448 were similar between control and 7PA2 cells. Although the levels of total p70S6K were also similar between control and 7PA2 cells,
the steady-state levels of p70S6K phosphorylated at Thr389 (p70S6K-Thr389) were significantly higher in 7PA2 cells (n � 9; horizontal line). C, representative
Western blots of proteins extracted from 7PA2 cells treated with the �-secretase inhibitor Compound E (ComE) or vehicle. The horizontal line shows the levels
pf mTOR activity in control. D, densitometric analysis (normalized to �-actin) shows that blocking A� production does not alter total mTOR and p70S6K levels
but significantly decreases the steady-state levels of phosphorylated mTOR and p70S6K at Ser2448 and Thr389, respectively (n � 9). E, mTOR enzymatic activity
is significantly higher in 7PA2 compared with control cells. Blocking A� production with compound E restores mTOR activity (n � 9). For all the experiments
shown here, cells were grown in triplicate in three independent experiments; thus, we analyzed a total of 9 samples for each cell line. Data are presented as
mean � S.E. Protein levels are expressed as arbitrary units. * indicates p � 0.05; ** indicates p � 0.01.
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the �-secretase inhibitor compound E (200 nM) for 24 h.
Although blockingA� production had no effect on totalmTOR
andp70S6K, it reduced the levels of phosphorylatedmTORand
p70S6K (Fig. 1, C and D). Furthermore, we found that mTOR
enzymatic activity was restored by blocking A� production
(Fig. 1E). Notably, compound E had no effect on mTOR signal-
ing in Chinese hamster ovary cells (data not shown). Taken
together, these data show that the increase in mTOR signaling
in 7PA2 cells is mediated by A� and not APP. These data are
consistent with reports showing that A� increases the phos-
phatidylinositol 3-kinase (PI3K)-AKT pathway (41–44), which
is one of the signal transduction pathways known to increase
mTOR activity (8).
Our data indicate thatA� enhancesmTOR signaling in 7PA2

cells as determined by the increase inmTOR enzymatic activity
and the increase in the steady-state levels of phosphorylated
p70S6K at Thr389, a site directly phosphorylated by mTOR
(reviewed inRef. 40).Wenext sought to determine the effects of
inhibiting mTOR function on A� levels. Toward this end, we
treated 7PA2 cells with different concentrations of the mTOR
inhibitor, rapamycin, for 24 h. As shown in Fig. 2, A and B, all
three concentrations of rapamycin usedwere sufficient to dras-
tically reduce phosphorylation of p70S6K at Thr389 andmTOR
activity (Fig. 2, A–C), further confirming that the steady-state
levels of phosphorylated p70S6K at this residue mirror mTOR
activity. More importantly, we also found that rapamycin sig-
nificantly reduced intracellular A� levels in 7PA2 cells as deter-

mined by ELISAmeasurements (Fig. 2D). Notably, whereas 0.5
�g/ml of rapamycin were sufficient to completely abolish
p70S6K phosphorylation and significantly reducemTOR activ-
ity (Fig. 2, A–C), the biggest decrease in A� levels was detected
when rapamycin was used at a much higher concentration (50
�g/ml; Fig. 2D). Further studies are needed to determine
whether this dissociation is due to different technique sensitiv-
ity (e.g.Western blots and A� ELISA), or whether high concen-
trations of rapamycin may also reduce A� levels by other
mTOR-independent mechanisms. Overall, these data indicate
that there is an interrelation between A� and mTOR signaling.
To better understand the interrelation between mTOR and

A� in vivo, we measured mTOR signaling in different brain
regions of 6- and 12-month-old 3xTg-ADmice. At 6months of
age, these mice show robust intraneuronal A� immunoreactiv-
ity, which is associated with the onset of cognitive decline (30,
45, 46). At 12 months of age, extracellular A� deposits can be
detected in the CA1/subiculum area (30, 45). Somatodendritic
phosphorylated Tau is also apparent at both ages (30, 45).
Although the levels of total and phospho-mTOR were similar
between 3xTg-AD and non-Tg mice in all brain regions ana-
lyzed at both 6 and 12months of age (Fig. 3,A–F), we found that
the levels of phosphorylated p70S6K at Thr389 were signifi-
cantly higher in the hippocampus and cortex of 6- and
12-month-old 3xTg-ADmice compared with age- and gender-
matched non-Tg mice, whereas total levels of p70S6K were
unchanged (Fig. 3, A–D). In contrast, the levels of phospho-

FIGURE 2. Rapamycin reduces A� levels in 7AP2 cells. A, representative Western blots of proteins extracted from 7PA2 cells treated with different concen-
trations of rapamycin for 24 h. B, densitometric analysis of the blots (normalized to �-actin) shows that rapamycin had no effect on total p70S6K levels but
completely blocked phosphorylation of p70S6K at Thr389 (n � 9; horizontal line). C, rapamycin rescued the increased mTOR enzymatic activity in 7PA2 cells (n �
9). The horizontal line shows the levels of mTOR activity in control. D, sandwich ELISA measurements of proteins extracted from 7PA2 cells treated with
rapamycin show that at all concentrations used, rapamycin significantly decreased the A�42 levels (n � 9). All the experiments shown here were done in
triplicates in three independent experiments; thus, we analyzed a total of 9 samples for each cell line, for each specific condition. Data are presented as mean �
S.E. Protein levels are expressed as arbitrary units. * indicates p � 0.05; ** indicates p � 0.01.
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FIGURE 3. mTOR signaling is increased in the cortex and hippocampus of 3xTg-AD mice. A, representative Western blots of protein extracted from the hippocampus of
6- and 12-month-old 3xTg-AD and non-Tg mice and probed for total and phospho-mTOR and p70S6K. B, densitometric analysis (normalized to �-actin) shows that at both
agesthelevelsoftotalandphospho-mTORandtotalp70S6Kweresimilarbetween3xTg-ADandnon-Tgmice.Incontrast,thelevelsofphosphorylatedp70S6Karesignificantly
higherin3xTg-ADmicecomparedwithage-andgender-matchednon-Tgmice(6micepereachgenotypewereanalyzed).C,representativeWesternblotsofproteinextracted
fromthecortexof6-and12-month-old3xTg-ADandnon-Tgmiceandprobedfortotalandphospho-mTORandp70S6K. D,densitometricanalysisoftheblots (normalizedto
�-actin) shows that at both ages the levels of total and phospho-mTOR and total p70S6K were similar between 3xTg-AD and non-Tg mice. In contrast, the levels of phos-
phorylated p70S6K are significantly higher in 3xTg-AD mice compared with age- and gender-matched non-Tg mice (6 mice per each genotype were analyzed). E, represen-
tative Western blots of protein extracted from the cerebellum of 6- and 12-month-old 3xTg-AD and non-Tg mice and probed for total and phospho-mTOR and p70S6K.
F, densitometric analysis of the blots (normalized to �-actin) shows that at both ages the levels of total and phospho-mTOR and total and phospho-p70S6K were similar
between 3xTg-AD and non-Tg mice (6 mice per each genotype were analyzed). G–I, mTOR enzymatic activity was significantly increased in the cortex and hippocampus of 6-
and12-month-old3xTg-ADmicecomparedwithage-andgender-matchednon-Tgmice. Incontrast,nodifferencesweredetectedinthecerebellum(6mice/eachgenotype
were analyzed). Data are presented as mean � S.E. * indicates p � 0.01. Protein levels are expressed as arbitrary units.
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p70S6Kwere unaltered in the cerebellum of the 3xTg-ADmice
(Fig. 3E), a brain region with no A� pathology. Consistent with
the levels of phospho-p70S6K, mTOR activity was also
increased in the hippocampus and cortex of 3xTg-AD com-
pared with non-Tg mice, although no changes were found in
the cerebellum (Fig. 3, G–I). Taken together, these results
strongly suggest that the build-up of A� increases mTOR sig-
naling and, more importantly, are consistent with reports
showing an increase in mTOR signaling in human brains
affected by AD (47–51).
Rapamycin Rescues Early Learning and Memory Deficits—

We next sought to determine whether the increase in mTOR
signaling contributes to the neuropathological and cognitive
phenotype of the 3xTg-AD mice. Toward this end, 6-month-
old 3xTg-AD (n � 16) and age- and gender-matched non-Tg
mice (n � 14) were fed rapamycin-containing food (2.24
mg/kg) for 10 weeks. As controls, 3xTg-AD (n � 14) and
non-Tg mice (n � 13) were fed a control diet. At this age, the
3xTg-ADmice present early learning and memory deficits (45,
52). We carefully monitored the general health of mice
throughout the course of treatment and did not observe any
adverse effects or significant changes in theirweight gain (Table
1). At the end of treatment, rapamycin levels in the blood were
assessed by high performance liquid chromatography, and as
expected, the levels of rapamycin in the blood of themice on the
control dietmicewere belowdetection. In contrast, the levels of
rapamycin in the 3xTg-AD and non-Tg mice fed rapamycin
were 16.13 � 2.57 and 14.23 � 1.46 ng/ml, respectively, which
was not statistically significant (p � 0.05).

To determine the effect of chronic rapamycin administration
on learning and memory, we used the spatial reference version
of the Morris water maze, a task mainly dependent on the hip-
pocampus. This task was selected because at this age the neu-
ropathological phenotype in 3xTg-AD mice is most severe in
the hippocampus (30, 53). During the last week of treatment,
mice received 4 training trials per day for 5 days to find the
location of a hidden platform. Although the non-Tg mice
treatedwith rapamycin performed similarly to non-Tg controls
(escape latency at day 5 of 18.8 � 6.5 and 20.7 � 5.9 s, respec-
tively; Fig. 4A), the 3xTg-AD treated with rapamycin per-
formed significantly better than 3xTg-AD mice on the control
diet after 5 days of training (escape latency at day 5 of 15.3� 4.3
and 29.7 � 4.8 s, respectively; Fig. 4A). Notably, the 3xTg-AD
mice on rapamycin performed as well as both non-Tg groups
(Fig. 4A). To determine the effects of rapamycin on memory,
the platform was removed from the maze and probe trials were
conducted 24 h following the last training trial. We found that
under the experimental conditions used here, chronic rapamy-
cin administration rescued the earlymemory deficits present in

the 3xTg-AD mice, as indicated by the significantly decreased
latency to cross the platform location of the 3xTg-AD mice
treated with rapamycin compared with the 3xTg-AD on the
control diet (Fig. 4B). Moreover, the number of platform loca-
tion crosses and the time spent in the target quadrant was sig-
nificantly increased in rapamycin-treated 3xTg-AD compared
with 3xTg-ADmice on the control diet (Fig. 4, C andD). Over-
all, the 3xTg-AD mice treated with rapamycin performed sim-
ilarly to the non-Tg groups in all probe trials (Fig. 4, A–D).
Finally, under the conditions used here, rapamycin had no
effect on learning ormemory retention in the non-Tgmice (Fig.
4,A–D). Notably, rapamycin did not alter the swimming ability
of all mice used as indicated by similar swimming speeds and
percentage of time spent floating among the four different
groups (Fig. 4, E and F). Overall, these data indicate that rapa-
mycin administration rescued the early learning and memory
deficits in the 3xTg-AD mice, and thus highlight the potential
therapeutic efficacy of rapamycin.
Rapamycin Restores Phospho-p70S6K Levels and Rescues A�

and Tau Pathology—At the end of the behavioral assessment,
the mice were euthanized and their brains isolated and pro-
cessed for neuropathological and biochemical evaluation.
Because mTOR signaling is altered in 3xTg-AD mice (Fig. 3)
and because rapamycin is a well known mTOR inhibitor, we
first determined the effect of chronic rapamycin administration
onmTOR signaling. Although rapamycin had no effect on total
and phospho-mTOR levels (Fig. 5, A and B) and on total
p70S6K levels (Fig. 5, A and C), the steady-state levels of phos-
phorylated p70S6K at Thr389 were significantly reduced in the
brains of the rapamycin-treatedmice comparedwith genotype-
matched mice on the control diet, as detected by Western blot
analysis (Fig. 5, A and C). We next measured mTOR enzymatic
activity and found that rapamycin significantly reducedmTOR
activity in the brains of non-Tg and 3xTg-AD mice (Fig. 5D).
Most notably, the levels of phosphorylated p70S6K in rapamy-
cin-treated 3xTg-AD mice were similar to those of non-Tg
mice (Fig. 5D), indicating that under these experimental condi-
tions, rapamycin restored the elevated mTOR activity in
3xTg-AD mice without completely blocking it. This finding is
highly relevant as it has been shown that mTOR signaling is
necessary for learning andmemory (see “Discussion”). Notably,
partial blockage of mTOR activity by rapamycin may be due to
the concentration of rapamycin used or the amount of rapamy-
cin that crosses the blood-brain barrier. Nevertheless, other
reports have shown that treating mice with increased mTOR
activity with a rapamycin analog does not block mTOR activity
but restores it to wild type levels (54), consistent with the find-
ings reported here.

TABLE 1
Percent of body weight change during rapamycin administration
The table shows the average body weight of each group of mice per each week of treatment. No statistical differences were detected.

Mice Treatment
%Weight change during the 10 weeks of treatment

1 2 3 4 5 6 7 8 9 10

3xTg-AD (n � 16) Rapamycin 0 �2.52 � 1.18% 1.55 � 1.28% 0.92 � 1.01% 5.12 � 1.47% 3.54 � 1.69% 5.65 � 2.51% 7.97 � 1.57% 9.45 � 2.68% 10.69 � 2.17%
3xTg-AD (n � 14) Control 0 �1.41 � 0.85% 2.04 � 1.36% 2.36 � 1.17% 3.67 � 1.06% 2.80 � 1.37% 4.65 � 1.22% 7.20 � 1.38% 9.46 � 1.05% 9.24 � 1.66%
Non-Tg (n � 14) Rapamycin 0 1.40 � 0.74% 5.88 � 1.20% 5.72 � 0.93% 7.78 � 0.99% 6.40 � 1.05% 7.68 � 1.08% 11.58 � 1.31% 13.53 � 1.42% 13.71 � 1.71%
Non-Tg (n � 13) Control 0 �0.87 � 0.45% 0.78 � 0.83% 0.87 � 0.84% 3.58 � 0.96% 4.51 � 0.98% 5.84 � 1.07% 8.56 � 1.47% 9.67 � 1.43% 13.72 � 2.00%
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To determine the consequences of rapamycin treatment on
A� deposition, we immunostained sections from treated and
untreated 3xTg-ADmice with different anti-A� antibodies. At
8months of age, the homozygous 3xTg-ADmice typically show
widespread intraneuronal A� accumulation in various brain
regions with the hippocampus being the most severely affected
region. Following rapamycin treatment, we observed a marked
reduction in intracellular A� immunoreactivity in the CA1-
pyramidal neurons of the hippocampus (Fig. 6,A–D). To quan-
titatively assess the effect of rapamycin on A� levels, we next
assayed the brains of treated and untreated 3xTg-AD mice by
sandwich ELISA. Although rapamycin had no effect on soluble
A�40 levels (Fig. 6E), it significantly decreased A�42 levels by

32.78 � 6.68% (Fig. 6E). Note, at this age the levels of insoluble
A� were not detectable. Consequently, the amelioration of A�
immunoreactivity in the hippocampus of the rapamycin-
treated 3xTg-AD mice is probably due to a selective reduction
in A�42 levels. This finding is consistent with previous data
showing that A� pathology in 3xTg-AD mice is highly depen-
dent on A�42 levels (45, 55).

In addition to A� accumulation, 3xTg-AD mice develop an
age-dependent accumulation of phosphorylated and aggre-
gated Tau. Specifically, at 8 months of age the 3xTg-AD mice
show somatodendritic accumulation of the phosphorylated sol-
uble Tau species in CA1 pyramidal neuron (30, 56). Following
rapamycin administration, we observed a marked reduction in

FIGURE 4. Rapamycin rescues early learning and memory deficits in the 3xTg-AD mice. 3xTg-AD and non-Tg mice treated or untreated with
rapamycin were evaluated in the spatial reference version of the Morris water maze. A, all groups showed significant improvements over the 5 days of
training. However, the escape latency of 3xTg-AD mice on rapamycin after 5 days of training was significantly lower than the 3xTg-AD on the control diet
(p � 0.044). B–D, reference memory, tested 24 h after the last training trial, was significantly improved in 3xTg-AD mice on the rapamycin diet compared
with 3xTg-AD mice on the control diet in all probe-trial measurements conducted. Notably, the 3xTg-AD mice on rapamycin performed as well as the
non-Tg groups. E and F, swimming speed and percentage of time spent floating was not significant across the four groups of mice. Data are presented
as mean � S.E. ** indicates p � 0.01.
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Tau immunoreactivity using anti-Tau antibodies AT270 and
MC-1, which recognize Tau phosphorylated at Thr181 and a
conformational change of Tau that is thought to occur early in
the disease process, respectively (Fig. 7,A–D).Notably, whereas
MC1-positive neurons start to be apparent at this age in the
hippocampi of 3xTg-AD mice, no MC1-positive neurons were
detected in rapamycin-treated mice, where only background
staining was present (Fig. 7,C andD). The reduction in levels of
AT270 was also confirmed by Western blot analysis (Fig. 7, E
and F). The modest but significant decrease in AT270 levels in
theWestern blot can appear to be inconsistent with themarked
decrease in AT270 levels detected by immunohistochemistry
(Fig. 7,A, B, E, and F). However,Western blot analysis shows an
average of AT270 levels in the whole brain, whereas immuno-
histochemistry shows the selective changes in the CA1 pyram-
idal neurons. Indeed, in the amygdala the levels of AT270 were
significantly decreased in 3xTg-AD mice on rapamycin com-
pared with 3xTg-AD mice on the control diet, but the changes
were not as robust as in the hippocampus (data not shown). The
reason beyond these apparent differential effects of rapamycin
on AT270 levels in different brains regions remain to be
established.

To better quantify the changes in Tau, we also measured
soluble and insoluble Tau levels by sandwich ELISA and found
that rapamycin selectively decreased soluble Tau levels without
affecting insoluble Tau levels (Fig. 7G). The selective reduction
of soluble Tau, without changes in insoluble Tau, is consistent
with the data showing that aggregated Tau is independent of
soluble Tau; indeed it has been shown that suppression of
transgenic Tau expression does not alterNFTs accumulation in
an inducible mouse model of tauopathies (57). Similarly, previ-
ous reports indicate that A� immunization is sufficient to
reduce soluble but not insoluble Tau levels in 3xTg-AD mice
(55, 58). Taken together, these data indicate that early Tau
pathology in 8-month-old 3xTg-AD mice is significantly
decreased after rapamycin administration.
Autophagy Mediates the Rapamycin Effects on A� and Tau

Pathology—The rapamycin-mediated changes in A� and Tau
may be due to either a decrease in their production or an
increase in their degradation. To elucidate the mechanism
responsible for the reduction in A� and Tau following rapamy-
cin administration, we initially determined whether the
decrease in A� levels was due to changes in its production.
Toward this end, we compared the steady-state levels of APP,

FIGURE 5. Rapamycin restores mTOR signaling in the brains of the 3xTg-AD mice. A, representative Western blots probed for total and phosphorylated
mTOR and p70S6K antibodies. B and C, densitometric analysis of the blots (normalized to �-actin) indicated, that while the levels of total and phospho-mTOR
and the levels of total p70S6K were similar among all the groups, rapamycin restored the steady-state levels of phosphorylated p70S6K (n � 8/genotype/drug
treatment). D, rapamycin administration significantly reduced mTOR enzymatic activity in both non-Tg and 3xTg-AD mice. Notably, mTOR activity in the
rapamycin-treated 3xTg-AD mice was similar to non-Tg mice on the control food (n � 8/genotype/drug treatment). Data are presented as mean � S.E. Protein
levels are expressed as arbitrary units. * indicates p � 0.01. CTL, control.
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C99, and C83 between treated and untreated 3xTg-AD mice.
Fig. 8 shows that the levels of these peptides are similar
between the two groups, indicating that rapamycin does not
affect APP processing and therefore A� production. Simi-
larly, we found that the steady-state levels of the Tau trans-
gene are not altered by rapamycin (Fig. 8, A and C). Taken
together, these results indicate that the decrease in A� and
Tau levels following rapamycin administration is not due to
changes in their production.
mTOR is a negative regulator of autophagy, a well con-

served cellular process involved in degradation of long-lived
proteins and organelles (20). Several lines of evidence indi-
cate that decreasing mTOR function directly increases auto-
phagy induction (24). Thus, we next sought to determine
whether the rapamycin effects on A� and Tau weremediated
by an increase in autophagy. Toward this end, we measured
the levels of autophagy-related proteins Agt7 and the Atg5/
Atg12 complex (which are necessary for autophagy induc-
tion) and LC3-II, which is derived from LC3-I during auto-

phagy induction and incorporated
into the growing membrane of
autophagosomes, and is therefore
a good indicator of autophagy
induction (25–27). We found that
the levels of Atg7 and the Atg5-
Atg12 complex were significantly
increased in the brains of the rapa-
mycin-treated 3xTg-AD mice com-
pared with 3xTg-AD mice on the
control diet (Fig. 9, A–C). Further-
more,Western blot analysis showed
that the levels of LC3-II were 1.6
times higher following rapamycin
administration, whereas the levels
of LC3-I remained unchanged (Fig.
9, A, D, and E). Although further
studies are needed to understand
why the levels of LC3I did not
change in relation to the increase in
LC3II levels, the data presentedhere
are consistent with previous reports
showing that A� increases LC3II
levels without altering LC3I (59, 60).
To better understand the role of
autophagy pathways in the reduc-
tion of A� and Tau, we conducted
confocal microscopy experiments
and found that Tau and A� immu-
noreactivity colocalize with the
lysosomal marker Lamp2A (Fig. 9,
F and G), further suggesting that
both A� and Tau are targeted to
lysosomes. Specifically, we found
that in the brains of the 3xTg-AD
mice treated with rapamycin,
63.84 � 11.51 and 55.32 � 8.58%
of the Lamp2A staining colocal-
izes with A� and Tau, respectively.

This is significantly higher that the 3xTg-AD mice on the
control diet where only 21.15 � 5.26 and 19.27 � 7.29% of
Lamp2A staining colocalizes with A� and Tau, respectively.
Taken together, these data show a strong correlation
between the increase in autophagy and the decrease in A�
and Tau. Thus, it is tempting to speculate that in the
3xTg-ADmice, rapamycin decreases A� and Tau by increas-
ing autophagy induction.
To better understand the relationship among rapamycin,

A�, and autophagy, we conducted new experiments using
7PA2 cells. Specifically, cells were treated for 24 hwith rapamy-
cin (0.5 �g/ml) in the presence or absence of the autophagy
inhibitor, 3-methyladenine (10 �g/ml). Sandwich ELISA mea-
surements indicated that rapamycin significantly decreased
intracellular A�42 levels (Fig. 10). In contrast, in the presence of
the autophagy inhibitor 3-methyladenine, rapamycin failed to
significantly decrease intracellularA�42 levels (Fig. 10), indicat-
ing that autophagy induction is necessary for the rapamycin-
mediated decrease in A� levels.

FIGURE 6. Rapamycin reduces A�42 levels and deposition. A–D, representative microphotographs depicting
CA1 pyramidal neurons of treated and untreated 3xTg-AD mice stained with an anti-A�42 antibody. Sections
from 8 different 3xTg-AD mice on rapamycin were compared with sections from 8 different 3xTg-AD on the
control diet. Panels C and D are higher magnification views of panels A and B, respectively. E, rapamycin
selectively decreased soluble A�42 levels as measured by sandwich ELISA. Proteins were obtained from 8
different 3xTg-AD mice on rapamycin and 8 different 3xTg-AD mice on the control diet. Data are presented as
mean � S.E. Scale bar is 100 �m for A and B and 12.5 �m for C and D. * indicates p � 0.02.
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DISCUSSION
It is widely accepted that A� plays a central role inADpatho-

genesis; however, the molecular links between A� and cogni-
tive impairment remain elusive. Our data highlight mTOR as a

molecular link between A� accumulation and cognitive dys-
function. Indeed, here we provide the first evidence showing
that A� accumulation alters mTOR function, which has been
directly linked to learning andmemory. Specifically, it has been

FIGURE 7. Rapamycin administration significantly decreases Tau pathology. A and B, representative microphotographs of CA1 pyramidal neurons stained
with the anti-Tau antibody AT270, which recognizes Tau phosphorylated at Thr181, clearly indicate a decrease in AT270 immunoreactivity in mice treated with
rapamycin. Sections from 8 different 3xTg-AD mice on rapamycin were compared with sections from 8 different 3xTg-AD mice on the control diet. C and D,
serial sections from those shown in panels A and B were stained with the conformational-specific anti-Tau antibody MC1. Note the lack of MC1-positive neurons
in the treated mice, where only background staining was detected. Sections from 8 different 3xTg-AD mice on rapamycin were compared with sections from
8 different 3xTg-AD mice on the control diet. E, representative Western blots of protein extracted from brains of 3xTg-AD mice and probed with the phospho-
specific, anti-Tau antibody AT270 and with �-actin as a loading control. F, densitometric analysis of the blots (normalized to �-actin) indicates that rapamycin
significantly reduced the steady-state levels of phosphorylated Tau at Thr181 (p � 0.006). Proteins were obtained from 8 different 3xTg-AD mice on rapamycin
and 8 different 3xTg-AD mice on the control diet. G, ELISA measurements show that the levels of soluble Tau were significantly reduced in the brains of
rapamycin-treated mice (p � 0.01). No changes were detected for insoluble Tau levels (p � 0.05). Proteins were obtained from 8 different 3xTg-AD mice on
rapamycin and 8 different 3xTg-AD mice on the control diet. Data are presented as mean � S.E. Scale bar is 100 �m for A and B and 400 �m for C and D. CTL,
control.

FIGURE 8. APP and Tau expression levels are not affected by rapamycin. A, representative Western blots of proteins extracted from the brains of treated and
untreated 3xTg-AD mice. B, densitometric analysis of the blots (normalized to �-actin) indicates that the steady-state levels of APP and the two major
C-terminal fragments (C99 and C83) were not altered by rapamycin. C, similarly, the steady-state levels of the human Tau transgene remained unchanged after
rapamycin administration. For the experiments presented here, proteins were obtained from 8 different 3xTg-AD mice on rapamycin and 8 different 3xTg-AD
mice on the control diet (CTRL). Data are presented as mean � S.E. Protein levels are expressed as arbitrary units.
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reported that hyperactive hippocampal mTOR signaling leads
to long-term potentiation and learning and memory deficits in
an animal model of tuberous sclerosis, which can be rescued by
treating the mice with rapamycin, an mTOR inhibitor (10).
Along these lines, low concentrations of rapamycin improve
memory deficits associated with cannabinoids consumption
(11). It should be pointed out, however, that a complete inhi-
bition of mTOR signaling has been shown to have detrimen-

tal effects on long-term memory facilitation and consolida-
tion in gerbils and Aplysia californica (12, 13). Nevertheless,
consistent with our data showing that reduction of mTOR
signaling in non-Tg mice has no effect on learning and mem-
ory, it has been shown that rapamycin at low concentrations
has no effects on different behavioral tests in wild type mice
while reducing mTOR signaling (10, 11). It is tempting to
speculate that there may be a window of mTOR signaling
that is optimal for learning and memory and alterations that
would lead to an increase or decrease in mTOR signaling
outside such an optimal window may have detrimental
effects on learning and memory (61–63).
mTOR activity is physiologically regulated by extracellular

stimuli (insulin/insulin-like growth factor, cell energy status,
nutrients, and stress) via different signaling transduction path-
ways (8), some of which have been shown to be modulated by
A�, including the PI3K-Akt signaling transduction pathway
(41–44). Toward this end, independent studies conducted in
primary neurons andmicroglia and in a variety of immortalized
cell lines have shown that A� increases the PI3K-Akt pathway
(41–44), which is one of the pathways that regulate mTOR
signaling (8). For example, Bhaskar and colleagues (41) found
that A� oligomers, but not monomers, increase PI3K-AKT-
mTOR signaling in primary neurons. Although further studies
are needed to precisely define how A� accumulation leads to

FIGURE 9. Rapamycin increases autophagy induction. A, representative Western blots of proteins extracted from the brains of treated and untreated
3xTg-AD mice. B and C, densitometric analysis of the blots (normalized to �-actin) indicates that rapamycin significantly increased the steady-state levels of
Atg7 and the Atg5�Atg12 complex. D and E, although rapamycin did not change the levels of LC3I, it significantly increased the steady-state levels of LC3II. F and
G, confocal microscopy analysis of sections from 3xTg-AD-treated mice shows that both Tau and A� co-localize with the lysosomal protein Lamp2A. Proteins
and brain sections used for the data presented here were obtained from 8 different 3xTg-AD mice on rapamycin and 8 different 3xTg-AD mice on the control
diet. Data are presented as mean � S.E. Protein levels are expressed as arbitrary units. * indicates p � 0.01; ** indicates p � 0.05.

FIGURE 10. Autophagy is necessary for the rapamycin-mediated decrease
in A� levels. 7PA2 cells were treated with various concentrations of rapamy-
cin as indicated for 24 h. At the end of the treatment, proteins were extracted
and soluble A�42 levels were measured by ELISA. Although rapamycin admin-
istration significantly decreased A�42 levels (p � 0.05), blocking autophagy
with 3-methyladenine (3-MA) prevented the rapamycin-induced decrease in
A�42 levels. All experiments shown were done in triplicate in three independ-
ent experiments; thus, we analyzed a total of 9 samples for each cell line, for
each specific condition. Data are presented as mean � S.E.
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the increase in mTOR signaling, these reports offer a possible
molecular link between A� accumulation andmTOR function.
It is clear, however, that the role of mTOR in AD is very com-
plex; although it is established that in human AD brains mTOR
signaling is increased, especially in neurons predicted to
develop Tau pathology, diverging results have been published
on the effects of A� onmTOR signaling in cell lines. For exam-
ple, A� application to differentiated N2A neuroblastoma cells
following 10% serum deprivation significantly decreases the
levels of phosphorylated p70S6K (64), whereas differentiated
human SH-SY5Y cells exposed to A�42 show an increase in
phosphorylation levels of p70S6K (65). Our data showing an
increase in p70S6K phosphorylation in 7PA2 cells are consis-
tent with the latter but appear to be conflicting with the effects of
A� onN2A cells. It should be noted that the changes in p70S6K
in the N2A cells were the result of two concomitant stressors,
acute serum deprivation and the acute application of high con-
centrations (20 �M) of aggregated A�. In contrast, the 7PA2
cells used for our experiments are chronically exposed to low
levels of naturally produced A� oligomers. All these findings
are consistent with the idea that different stressors may have
opposite effects on mTOR in different cells or cell types, some
of which may undergo cell death and some neurofibrillary
degeneration (reviewed in Ref. 51).
mTOR regulates protein homeostasis, by controlling the bal-

ance between protein synthesis and degradation (8). One way
that mTOR controls protein turnover is by inhibiting autoph-
agy induction (24). In this study, we provide compelling evi-
dence showing that autophagy induction is necessary of the
rapamycin-mediated decrease in A� levels. Theworkingmodel
that emerges from these studies is that A� accumulation
increases mTOR signaling, which in turn may further increase
A� accumulation by blocking autophagy. The role of autophagy
in AD is not well understood and contradicting reports have
been published. For example, it has been reported that autoph-
agic vacuoles may be a source of A� production and that auto-
phagic vacuoles accumulate in AD brains and in APP/PS1
transgenic mice, thus suggesting that an increase in autophagy
may lead to a further accumulation of A� (64, 66, 67). In con-
trast, other reports show that autophagy protects neurons from
A� toxicity (59, 60, 68, 69). Along these lines, Wyss-Coray and
colleagues (60) showed that increasing autophagy by overex-
pressing beclin-1, a key protein involved in autophagy induc-
tion, reducesA� deposits in a transgenicmodel of AD. To com-
plicate this apparent contradiction, it has been shown that
mTOR function, which negatively regulates autophagy, is
increased in selected neurons of ADbrains that are predicted to
develop Tau pathology, suggesting that chronic high levels of
mTOR signaling (and hence low levels of autophagy) may be
detrimental in AD brains (47–51). Our data support the theory
that an increase in autophagy may have a beneficial effect on
AD pathogenesis.
Recent evidence indicates that Tau phosphorylation is

controlled by PI3K/mTOR signaling (70). Further strength-
ening the mTOR/Tau link is the data arising from studies of
AD brains showing that mTOR signaling is selectively
increased in neurons predicted to develop NFTs and that
such an increase correlates with Tau phosphorylation (49,

51, 71). This evidence has led to the hypothesis that the
chronic increase in mTOR function occurring during aging
may facilitate the development of Tau pathology (51). These
data, together with our data showing that A� accumulation
increases mTOR signaling, suggest that one mechanism by
which A� may facilitate Tau pathology is by increasing
mTOR signaling. Although the increase in autophagy
detected following rapamycin administration may also
account for the decrease in Tau pathology, we have previ-
ously shown that in 3xTg-AD mice, Tau pathology is highly
dependent on A� levels (45, 55). Thus, it remains to be deter-
mined whether the effects of rapamycin on Tau are due to a
direct interaction between mTOR and Tau or are indirectly
mediated by a decrease in A� levels. Moreover, previous
reports have shown that Tau phosphorylation may be
increased by A�-induced inflammation (72). Considering
that rapamycin is an immunosuppressant, it is possible this
property of rapamycin may also account for some of the
effects on Tau pathology. However, at the ages used for these
studies, the 3xTg-AD mice do not show any detectable
inflammatory response (72), hence it is likely that the anti-
inflammatory properties of rapamycin do not play a role in
the underlying molecular mechanism leading to the reduc-
tion of A� and Tau pathology and the amelioration of the
cognitive deficits.
The mode of cell death in AD is still an unresolved issue. One

theory that has been proposed is that neurodegeneration may
occur after selective neurons undergo cell-cycle re-entry that
eventually would lead to cell death by apoptosis (73). It is possible
that hyperactivemTORdetected in a specific subset of neurons in
ADbrainsmayplayarole incell cycle re-entryandapoptosis inAD
(51). The role of mTOR in apoptosis, however, appears to be
dependent on different factors, as mTOR can activate both pro-
and anti-apoptotic pathways. For example, there is evidence that
mTORcan activate p53 and other pro-apoptotic proteins (74, 75).
In contrast, it has been shown that rapamycin reduces tumor
growth by inducing apoptosis (76). Thus, although our studies in
the3xTg-ADmice show that reducingmTORsignalinghas aben-
eficial effecton learningandmemory, further studiesarenecessary
to assess whether modulation of this pathwaymaybe a valid ther-
apeutic target for AD.
In summary, we provide compelling evidence showing an

interrelationship betweenmTOR signaling andAD-like neuro-
pathology in 3xTg-ADmice. Specifically, our data point toward
mTOR as a molecular link between A� accumulation and cog-
nitive dysfunction. Finally, we show that rapamycin, in addition
to extending life span (14), ameliorates the AD-like pathology
in 3xTg-AD mice.
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