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Reducing the mammalian target of rapamycin (mTOR) activ-
ity increases lifespan and health span in a variety of organisms.
Alterations in protein homeostasis and mTOR activity and sig-
naling have been reported in several neurodegenerative disor-
ders, including Alzheimer disease (AD); however, the causes of
such deregulations remain elusive. Here, we show that mTOR
activity and signaling are increased in cell lines stably trans-
fected with mutant amyloid precursor protein (APP) and in
brains of 3xTg-ADmice, an animalmodel ofAD. In addition, we
show that in the 3xTg-AD mice, mTOR activity can be reduced
to wild type levels by genetically preventing A� accumulation.
Similarly, intrahippocampal injections of an anti-A� antibody
reduced A� levels and normalized mTOR activity, indicating
that high A� levels are necessary for mTOR hyperactivity in
3xTg-AD mice. We also show that the intrahippocampal injec-
tion of naturally secreted A� is sufficient to increase mTOR
signaling in the brains ofwild typemice. Themechanismbehind
the A�-induced mTOR hyperactivity is mediated by the pro-
line-rich Akt substrate 40 (PRAS40) as we show that the activa-
tionof PRAS40plays a key role in theA�-inducedmTORhyper-
activity. Taken together, our data show that A� accumulation,
which has been suggested to be the culprit of AD pathogenesis,
causes mTOR hyperactivity by regulating PRAS40 phosphory-
lation. These data further indicate that the mTOR pathway is
one of the pathways by which A� exerts its toxicity and further
support the idea that reducing mTOR signaling in ADmay be a
valid therapeutic approach.

Amyloid plaques and neurofibrillary tangles are hallmark
neuropathological lesions of Alzheimer disease (AD),3 themost
common form of neurodegenerative disorder (1). Neurofibril-
lary tangles are intracellular inclusions formed of hyperphos-

phorylated Tau (2–4). Plaques are extracellular inclusions
mainly formed of a small peptide called amyloid-� (A�) (5, 6).
Clinically, AD is characterized by profound memory loss and
cognitive dysfunction (7). Growing evidence is converging on
soluble A� as a mediator of early cognitive decline in AD (8, 9).
Although the molecular mechanisms underlying A�-induced
cognitive decline remain elusive, soluble A� oligomers have
been shown to alter signal transduction pathways that are key
for learning and memory, suggesting that alterations in such
pathways may underlie the onset of cognitive decline in AD
(10).
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 (11). mTORC1 controls
protein homeostasis; its activity is inhibited by rapamycin, and
it contains mTOR, raptor, proline-rich Akt substrate 40 kDa
(PRAS40), and mLT8. mTORC2, which is insensitive to rapa-
mycin, controls cellular shape by modulating actin function
and contains mTOR, rictor, mLST8, and hSIN (11, 12). In
mTORC1, raptor binds to mTOR substrates and is necessary
for mTOR activity (13). PRAS40 is another mTOR regulatory
protein, which inhibits mTOR by directly binding to it (14, 15).
When PRAS40 is phosphorylated at Thr-246, it detaches from
mTOR, thereby facilitating mTOR activity (14, 15). Several
mTOR functions are executed via its downstream targets,
namely the 70-kDa ribosomal protein S6 kinase I (p70S6K),
which is directly activated by mTOR through phosphorylation
at the Thr-389 site (16–19), and the eukaryotic translation ini-
tiation factor 4E-binding protein 1 (4E-BP1), an inhibitor or
protein translation whose function is reduced when phosphor-
ylated by mTOR (11). Notably, the steady-state levels of
p70S6K phosphorylated at Thr-389 are often used as an indi-
rect measurement of mTOR output as they greatly correlate
with mTOR activity (16, 18, 19).
mTOR activity is physiologically regulated by extracellular

stimuli (e.g. insulin/insulin-like growth factor, cell energy sta-
tus, nutrients, and stress) via different signaling transduction
pathways (11), some of which are modulated by A� (20–24).
Indeed, evidence fromADbrains shows thatmTOR signaling is
selectively increased in neurons predicted to develop neurofi-
brillary tangles and that such an increase correlates with Tau
phosphorylation (25–28). This evidence has led to the hypoth-
esis that the chronic increase inmTOR function occurring dur-
ing agingmay facilitate the development of Tau pathology (27).
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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 andmemory (29–32). Specifically, althoughmTOR
activity is necessary for learning and memory, mTOR hyperac-
tivity is detrimental (33). For example, complete inhibition of
mTOR by rapamycin has detrimental effects on long term
memory facilitation and consolidation in gerbils and Aplysia
californica (31, 32). In contrast, low concentrations of rapamy-
cin improve memory deficits associated with cannabinoid con-
sumption and rescue learning deficits in a mouse model of
tuberous sclerosis, which is characterized by hyperactive
mTOR (29, 30). In summary, there seems to be an optimal win-
dow for mTOR activity that is most beneficial for learning and
memory, and alterations that lead to an increase or decrease in
mTOR signaling outside such an optimal window may have
detrimental effects on learning and memory (34–36).
Recent reports show that pharmacologically or genetically

reducing mTOR signaling significantly increases lifespan and
health span in mice (37). The role of mTOR signaling in aging
has also been clearly shown in lower organisms (38–42). We
recently showed that pharmacologically reducing mTOR sig-
naling in the brains of 3xTg-AD mice, an animal model of AD,
rescues the A�-induced cognitive decline (43). This improve-
ment in learning and memory was linked to an autophagy-me-
diated reduction in A� and Tau pathology (43). Notably, these
data were also independently confirmed in another mouse
model of AD (44). Considering the role of mTOR in aging and
learning and memory, elucidating the molecular pathways
leading to mTOR deregulation in AD, which is the objective of
this study, may lead to a better understanding of the disease
pathogenesis.

EXPERIMENTAL PROCEDURES

Mice and Surgical Procedures—The derivation and charac-
terization of the 3xTg-AD and the APP/Taumice are described
elsewhere (45, 46).Mice were group-housed and kept on a 12-h
light:12-h dark schedule. All mice were given ad libitum access
to food and water. All animal procedures were in accordance
with the National Institute of Health Guide for the Care and
Use of Laboratory Animals, and all appropriate measures were
taken to minimize pain and discomfort in experimental ani-
mals. Mice were anesthetized with avertin (1.3% tribromoeth-
anol, 0.8% amyl alcohol, given 0.6 ml/25 g of body weight) and
placed in a stereotactic apparatus. Mice received single intra-
hippocampal injections of either 6E10 (2 �g) or conditioned
medium prepared as described below. Solutions were injected
through a 33-gauge injector attached to a 5-�l Hamilton
syringe. The coordinates, with respect to bregma, were �0.34
mmposterior,�2.2mm lateral, and�1mmventral to the skull.
Injections occurred over 5min, after which the cannula was left
in place for an additional 5 min to allow for diffusion. Animals
were kept on a warming pad until they had fully recovered from
anesthesia. To prevent damage to the scalp sutures, mice were
kept in individual cages until they were sacrificed for tissue
processing.
Antibodies, mTOR Activity, and Inhibitors—With the excep-

tion of the anti-APP6E10 antibody (Chemicon,Temecula, CA),

all the other antibodies used here were purchased from Cell
Signaling, Beverly,MA. The Akt inhibitor VII, TAT-Akt-inwas
purchased from Calbiochem. The PIM-1 inhibitor 1 was pur-
chased from Tocris Bioscience (Ellisville, MO). mTOR activity
was measured using the K-LISATM mTOR activity kit (EMD
Chemicals, Gibbstown, NJ) following the manufacturer’s
protocol.
Conditioned Medium—7PA2 cells were grown in DMEM

with 10% fetal bovine serum at 37 °C with humidified environ-
ment (5% CO2) in 75-cm2 cell culture flasks until 90% conflu-
ent. At this time, the mediumwas replaced with 7 ml of serum-
free DMEM for 18 h. Conditioned medium was then
centrifuged to remove debris and frozen at �80 °C. The
medium was concentrated using Amicon Ultra-15 centrifuge
filters (Millipore, Billerica, MA) with a 3000 molecular weight
cut-off.
Protein Extraction, Western Blot, Immunohistochemistry,

and ELISA—Mice were transcardially perfused with PBS. Sub-
sequently, one-half brain was dropped-fixed in 4% paraformal-
dehyde in PBS for 48 h and then transferred to 0.02% sodium
azide in PBSuntil slicing. The other halfwas frozen in dry ice for
biochemical analysis. Frozen brains were homogenized in a
solution of tissue protein extraction reagent (T-PER, Pierce)
containing 0.7 mg/ml pepstatin A supplemented with a Com-
plete mini protease inhibitor tablet (Roche Applied Science)
and phosphatase inhibitors (Invitrogen).
For Western blot, proteins were resolved by 10% Bis-Tris

SDS-PAGE (Invitrogen) under reducing conditions and trans-
ferred to a nitrocellulose membrane as described in Ref. 47.
Densitometric analysis was conducted using the ImageJ soft-
ware 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 using a sandwich ELISA protocol as described in Ref.
48.
For immunohistochemical analysis, 30-�m-thick sections

were obtained using a vibratome slicing system (Leica Micro-
systems,Wetzlar, Germany), and sectionswere stored at 4 °C in
0.02% sodium azide in PBS. Sections were processed as
described in Ref. 49.
Statistical Analyses—Statistical analyses were conducted

usingmultifactor analysis of variance followed by post hoc Bon-
ferroni test to determine individual differences among groups.
Student’s t test was used when suitable.

RESULTS

mTOR signaling is increased in selected neurons of AD
brains (25, 26, 28, 50–52). Considering themajor role ofmTOR
in regulating protein homeostasis (11), unveiling the molecu-
lar pathways leading to its deregulation in AD may lead to a
better understanding of the disease pathogenesis. Commonly,
mTOR activity is indirectly determined by measuring the
steady-state levels of phosphorylated p70S6K and 4E-BP1, two
downstream targets of mTOR (11, 19). Using Western blot
analysis, we measured the levels of p70S6K and 4E-BP1 in the
brains of 3xTg-AD mice as a function of age. Two-month-old
3xTg-AD mice have no detectable neuropathological altera-
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tions in the brain (45). At this age, we found that the levels of
p70S6K and 4E-BP1 were similar between 3xTg-AD mice and
age- and gender-matched non-transgenic (NonTg) mice (n �
6/genotype; Fig. 1, A–C). As the 3xTg-ADmice age, they grad-
ually accumulate A� and Tau pathology in their brains. Specif-
ically, 6-month-old mice are characterized by intraneuronal
accumulation of soluble A� (45, 53). Tau pathology (e.g. soma-
todendritic Tau accumulation and hyperphosphorylation)
starts to become apparent at this age, although to a smaller
degree than intraneuronal A� (45, 48). Intraneuronal A� accu-
mulation and Tau pathology are both significantly higher at 12
months of age when compared with 6-month-old mice (45).
We found that the ratio of the steady-state levels of p70S6K

phosphorylated at Thr-389 over the levels of total p70S6K was
significantly increased in the brains of 6- and 12-month-old
3xTg-ADmicewhen comparedwith age-matchedNonTgmice
(Fig. 1, D, E,G, andH). Similarly, we found that at both ages, the
ratio of 4E-BP1 phosphorylated at Ser-65 over total 4E-BP1was
also increased in the 3xTg-AD mice when compared with age-
and gender-matched NonTg mice (Fig. 1,D, F,G, and I). Nota-
bly,previousreportsclearlyshowthatmTORdirectlyphosphory-
lates p70S6K and 4E-BP1 at Thr-389 and Ser-65, respectively
(16–19). To directly assess mTOR activity in the brains of the
3xTg-AD mice, we measured mTOR enzymatic activity using
an ELISA system (see “Experimental Procedures”). Consistent
with the Western blot data, we found no changes in mTOR

FIGURE 1. mTOR signaling and activity are increased in 3xTg-AD mice. A, representative Western blots of protein extracted from the brains of 2-month-old
3xTg-AD and NonTg mice (n � 6/genotype) and probed with the indicated antibodies. B and C, quantitative analyses of the blots show that the p70S6K
phosphorylation at Thr-389 (indicated as the ratio of total over phosphorylated levels) and 4E-BP1 phosphorylation at Ser-65 (indicated as the ratio of total over
phosphorylated levels) were not significantly different between 3xTg-AD and NonTg mice. D, representative Western blots of protein extracted from the brains
of 6-month-old 3xTg-AD and NonTg mice (n � 6/genotype) and probed with the indicated antibodies. E and F, quantitative analyses of the blots show that the
p70S6K phosphorylation at Thr-389 (indicated as the ratio of total over phosphorylated levels) and 4E-BP1 phosphorylation at Ser-65 (indicated as the
ratio of total over phosphorylated levels) were significantly higher in the brains of the 3xTg-AD mice when compared with NonTg mice (n � 6/genotype).
G, representative Western blots of protein extracted from the brains of 12-month-old 3xTg-AD and NonTg mice (n � 6/genotype) and probed with the
indicated antibodies. H and I, quantitative analyses of the blots show that the p70S6K phosphorylation at Thr-389 (indicated as the ratio of total over
phosphorylated levels) and 4E-BP1 phosphorylation at Ser-65 (indicated as the ratio of total over phosphorylated levels) were significantly higher in the brains
of the 3xTg-AD mice when compared with NonTg mice (n � 6/genotype). J, mTOR enzymatic activity was significantly increased in the brains of 6- and
12-month old 3xTg-AD mice when compared with age- and gender-matched NonTg mice. In contrast, no differences were detected at 2 months of age (n �
6/genotype/time point). Data are presented as means � S.E. *, p � 0.05. **, p � 0.01.
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activity in pre-pathological 2-month-old mice (Fig. 1J); in con-
trast, we found a significant increase at 6 and 12 months of age
when compared with age- and gender-matched NonTg mice
(Fig. 1J). These results clearly indicate that as in AD brains,
mTOR is hyperactive in the 3xTg-AD mice, and such an
increase in mTOR activity mirrors the progression of A� and
Tau pathology previously established in this mouse model of
AD.
Previously, we showed that A� causes mTOR hyperactivity

in Chinese hamster ovary (CHO) cells stably transfected with a
cDNA encoding APP751 containing the V717F familial AD
mutation (known as 7PA2 cells (54)). To determinewhetherA�
accumulation also causes mTOR hyperactivity in vivo, we first
used a genetic approach to prevent A� accumulation in the
brains of the 3xTg-AD mice. We previously reported the gen-
eration of the APP/Taumice, which were obtained by breeding
the 3xTg-AD mice to NonTg mice (45). In doing so, we
replaced the mutant PS1 alleles with its wild type counterpart.
Six-month-old APP/Tau mice have virtually no A� deposits in
the CA1 pyramidal neurons (Fig. 2, A and B) and in other brain
regions (45).Wenext sought to determine the effect of prevent-

ing A� accumulation onmTOR signaling and activity.Western
blot experiments indicate that phosphorylation of p70S6K at
Thr-389 (reported as the ratio of phosphorylated over total pro-
tein levels) was significantly reduced in the APP/Taumice (Fig.
2, C and D), indicating a reduction of mTOR activity. Indeed,
we found that mTOR enzymatic activity was similar between
APP/Tau and NonTg mice (Fig. 2E). Because 6-month-old
APP/Tau mice do not show any A� accumulation, despite no
changes in APP and Tau expression levels with respect to
3xTg-AD mice (45), these data highlight a strong correlation
between A� levels and mTOR hyperactivity.
Recently, it was shown that presenilin 1 (PS1) modulates

autophagy induction (55), which is negatively regulated by
mTOR (11), suggesting a possible interaction between PS1 and
mTOR. We thus sought to determine whether the effects
onmTOR in the APP/Taumice were thoroughlymediated by a
reduction in A� levels or were simply due to the lack of mutant
PS1. To address this question, we stereotaxically injected 2 �g
of the anti-A� antibody 6E10 into the left hippocampi of
6-month-old 3xTg-ADmice. We and others have shown that a
single intrahippocampal injection of anti-A� antibodies is suf-
ficient to remove A� deposits (49, 56, 57). Three days after
injections, we measured A� levels by sandwich ELISA in the
injected hippocampi and used the contralateral uninjected hip-
pocampi as internal controls. Consistent with previous reports,
we found that a single intrahippocampal injection of 6E10 was
sufficient to significantly reduce A� levels (Fig. 3A). To deter-

FIGURE 2. Genetically preventing A� accumulation in 3xTg-AD mice
reduces mTOR activity. A and B, representative microphotographs showing
CA1 pyramidal neurons of 6-month-old 3xTg-AD and APP/Tau mice (n �
6/genotype). Sections were stained with an anti-A� antibody. C, representa-
tive Western blots of protein extracted from the brains of 6-month-old
3xTg-AD and APP/Tau mice (n � 6/genotype) and probed with the indicated
antibodies. D, quantitative analyses of the blots show that p70S6K phosphor-
ylation at Thr-389 (indicated as the ratio of total over phosphorylated levels)
was significantly reduced in the APP/Tau mice when compared with 3xTg-AD
mice. E, mTOR enzymatic activity was significantly reduced in the brains of
6-month-old APP/Tau mice when compared with age-matched 3xTg-AD
mice. Notably, mTOR activity was not statistically significant between NonTg
and APP/Tau mice, suggesting that high A� levels are necessary to induce
mTOR hyperactivity in the 3xTg-AD mice. (n � 6/genotype). Data are pre-
sented as means � S.E. *, p � 0.05.

FIGURE 3. Lowering A� levels reduces mTOR activity. 6E10 was stereotaxi-
cally injected into the left hippocampi of 6-month-old mice (n � 6). The right
uninjected hippocampi were used as internal controls. A, sandwich ELISA
measurements show that A� levels were significantly reduced in the ipsilat-
eral (Ipsi) hippocampi (receiving 6E10) when compared with the contralateral
(Contra) uninjected hippocampi (n � 6). B, representative Western blots of
protein extracted from the left hippocampi of 6-month-old 3xTg-AD injected
with 6E10 (ipsilateral) and the right hippocampi used as internal control (con-
tralateral; n � 6) and probed with the indicated antibodies. C, quantitative
analyses of the blots show that reducing A� levels with 6E10 lowered p70S6K
phosphorylation at Thr-389 (indicated as the ratio of total over phosphory-
lated levels) in the ipsilateral hippocampi (receiving the anti-A� antibody). No
changes were detected in the contralateral hippocampi. D, mTOR enzymatic
activity was significantly reduced in the hippocampi of 6-month-old 3xTg-AD
mice receiving 6E10 when compared with contralateral uninjected hip-
pocampi. (n � 6/group). Data are presented as means � S.E. *, p � 0.05. **,
p � 0.01.
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mine the effects of immunologically reducing A� on mTOR
signaling, wemeasured the steady-state levels of total and phos-
phorylated p70S6K by Western blot. We found that reducing
A� levels led to a significant reduction in p70S6K phosphory-
lation (Fig. 3, B and C). Additionally, we found that mTOR
enzymatic activity was significantly lower in the injected hip-
pocampiwhen comparedwith the contralateral uninjected hip-
pocampi (Fig. 3D), strongly suggesting that in 3xTg-AD mice,
high levels of A� are necessary to induce mTOR hyperactivity
and that themTOR hyperactivity is not simply due to the to the
effects of mutant PS1 on autophagy.
To further understand the relation between A� and mTOR

and to determine whether A� is sufficient to increase mTOR
signaling in vivo, we took advantage of the 7PA2 cell line. The
7PA2 cells secrete A� oligomers into the culture medium (54),
which have been shown to impair several neuronal functions,
including long term potentiation and learning and memory
(58–60). Conditioned medium (CM) from 7PA2 and untrans-
fected CHO cells was obtained as described under “Experimen-
tal Procedures” and concentrated using Amicon Ultra-15 cen-
trifuge filters. To determine the effects of naturally secreted A�
on mTOR, we injected 7PA2 CM into the left hippocampi of
NonTg mice. The right, uninjected hippocampi were used as
internal controls. Mice were sacrificed 24 (n � 4) and 72 (n �
10) h after injection, and their hippocampi were processed for
biochemical analysis. Six additional NonTg mice were injected
with concentrated conditioned medium obtained from
untransfected CHO cells (n � 6).We found that mTOR signal-
ing (as determined by the levels of phosphorylated p70S6K) and
activity were unaltered between ipsilateral and contralateral
hippocampi, 24 h after A� injection (data not shown). In con-
trast, we found a significant increase in p70S6K phosphoryla-
tion and in mTOR activity in the hippocampi of mice injected
with 7PA2 CM and sacrificed 72 h after injections, when com-
pared with mice injected with CHOCM (Fig. 4,A–C). Notably,
mice receiving CHOCMunderwent the same amount of stress
when compared with mice injected with 7PA2 CM, suggesting
that the effects onmTORcould not simply be due to an increase
in stress in thesemice. To confirm that the effect onmTORwas
due to A�, concentrated 7PA2 CM was immunodepleted with
6E10 prior to the intrahippocampal injections. Six mice were
injected with the immunodepleted medium and sacrificed 72 h
later.We found that immunodepleted 7PA2 CMhad no effects
on the p70S6K phosphorylation and mTOR enzymatic activity
(Fig. 4, A–C). Taken together, our data suggest that high A�
levels are both sufficient andnecessary to increasemTORactiv-
ity in the brains of 3xTg-AD mice.
Physiologically, mTOR activity is regulated by several pro-

teins, including the PRAS40, which inhibits mTOR by directly
binding to it (14, 15). Specifically, insulin signaling facilitates
the Akt-mediated phosphorylation of PRAS40 at Thr-246.
Once phosphorylated, PRAS40 detaches from mTOR, thereby
facilitating mTOR activity (14, 15). To determine whether the
insulin/PRAS40 pathway is involved in A�-induced mTOR
hyperactivity, we first measured the levels of the insulin recep-
tor substrate 1 (IRS1) phosphorylated at Ser-616 (herein
referred to phospho-IRS1). We found that the levels of phos-
pho-IRS1 are increased in the brains of the 3xTg-AD mice but

not in the APP/Tau mice when compared with NonTg mice
(Fig. 5,A andB). This is consistent with results showing that A�
oligomers increase phospho-IRS1 levels in primary neurons
(61). Considering this and other evidence indicating that A�
oligomers alter brain insulin signaling (61–63), we next tested
whether PRAS40 phosphorylation plays a role in the A�-in-
duced deregulation in mTOR activity. We first measured the
levels of total and phosphorylated PRAS40 in 7PA2 cells and
found that PRAS40 phosphorylation at Thr-246 was signifi-
cantly higher in 7PA2 cells (Fig. 5, C and D). To determine
whether these alterations were also present in vivo, we mea-
sured PRAS40 levels in the brains of 6-month-old mice. Con-
sistent with the data from 7PA2 cells, we found that PRAS40
phosphorylation was significantly higher in 3xTg-AD mice
when compared with age- and gender-matched NonTg mice
(n � 6/genotype; Fig. 5, E and F).
The data presented suggest that theA�-induced alteration in

mTOR activity in the 7PA2 cells and in the 3xTg-ADmice may
be mediated by PRAS40 phosphorylation, which is physiologi-
cally phosphorylated by Akt and by the protein kinase PIM-1
(64, 65). To better understand the role of PRAS40 in the
A�-mediated mTOR hyperactivity, we injected concentrated

FIGURE 4. Soluble A� is sufficient to increase mTOR activity. A, represen-
tative Western blots of protein extracted from the hippocampi of 2-month-
old NonTg mice stereotaxically injected with concentrated CM from CHO or
7PA2 cells (n � 6/group). Six additional mice were injected with 7PA2 CM that
were precleared of A� with 6E10. B, quantitative analyses of the blots indicate
that injection of CHO CM or precleared 7PA2 CM did not significantly change
the phosphorylation of p70S6K at Thr-389 (indicated as the ratio of total over
phosphorylated levels). In contrast, injections of 7PA2 CM (highly enriched in
soluble A� oligomers) significantly increased p70S6K phosphorylation at Thr-
389. C, mTOR enzymatic activity was significantly increased in the hip-
pocampi of 2-month-old NonTg mice injected with 7PA2 CM when compared
with the hippocampi of mice injected with CHO CM or precleared 7PA2 CM
(n � 6/group). Data are presented as means � S.E. *, p � 0.05.
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7PA2 CM into the left hippocampi of NonTg mice in the pres-
ence or absence of the Akt inhibitor VII, TAT-Akt-in and the
PIM-1 inhibitor 1 (n � 6/group). The right uninjected hip-
pocampi were used as internal controls. Additionally, mice
were also injected with CHO CM. Three days after the injec-
tions,wemeasured thesteady-state levelsof total andphosphor-
ylated PRAS40. We found that PRAS40 phosphorylation at
Thr-246 was significantly higher in the hippocampi of mice
injected with 7PA2 CM when compared with mice injected
with CHO CM (Fig. 6, A and B). However, 7PA2 CM injected
with the Akt inhibitor VII, TAT-Akt-in failed to increase
PRAS40 phosphorylation (Fig. 6,A and B). Similarly, 7PA2 CM
injected in the presence of the PIM-1 inhibitor 1 was not suffi-
cient to increase PRAS40 phosphorylation (Fig. 6, A and B).
Most important, althoughmTORenzymatic activitywas signif-
icantly higher in the hippocampi receiving 7PA2 CM when
compared with the hippocampi injected with CHO CM, we

found that 7PA2 CM did not significantly increase mTOR sig-
naling in the presence of the Akt inhibitor VII, TAT-Akt-in or
the PIM-1 inhibitor 1.
Inhibition of AKT leads to reduced PRAS40 phosphorylation

and reduced mTOR activity. AKT can also regulate mTOR
activity by phosphorylating tuberous sclerosis protein 1 (TSC-
1). To determine whether the AKT effects onmTOR could also
be due to this pathway, we assessed how the levels of TSC-1
phosphorylation change in relation to A� levels.We found that
in NonTg, 3xTg-AD, and APP/Tau mice, phosphorylation of
TSC-1 was not statistically significant, strongly suggesting that
the effects of A� on mTOR are not mediated by the AKT/
TSC-1 pathways. Although we cannot exclude that inhibition
of Akt and PIM-1 may block the A�-induced mTOR hyperac-
tivity by different pathways, taken together, the data presented
here strongly indicate a primary role for PRAS40 phosphoryla-
tion in the A�-mediated mTOR hyperactivity.

DISCUSSION

Strong evidence from yeast, Drosophila, and worms consis-
tently shows that reducing mTOR activity extends lifespan
(38–42). Recently, these data have been replicated in mam-
mals, with reports that pharmacologically reducing mTOR
with rapamycin increases lifespan in mice (37). Further sup-
porting the role of mTOR signaling in aging, deletion of the
S6K1 gene, which encodes for the p70S6K protein, increases
lifespan and health span in mice (66). Although the effects of
increasing mTOR activity and signaling on lifespan remain to
be established, evidence shows that hyperactive hippocampal
mTOR signaling leads to deficits in long term potentiation and
learning and memory (29, 43). Thus, it is tempting to speculate
that chronically higher mTOR activity may have detrimental
effects on lifespan and health span. Here, we provide compel-
ling evidence that soluble A� increasesmTOR activity.We first
show that mTOR is hyperactive in the brains of the 3xTg-AD
mice and that mTOR activity can be brought to baseline levels
by reducing or preventing A� accumulation, indicating that
high A� levels are necessary for mTOR hyperactivity in the
3xTg-ADmice.We further show that soluble A� oligomers are
sufficient to cause mTOR hyperactivity in NonTg mice. Con-
sidering that mTOR activity increases as a function of age (67),
the presence of high A� levels may exacerbate the age-depen-
dent increase in mTOR activity and the associated cognitive
decline. Along these lines, high levels of mTOR signaling have
been reported in AD brains (25, 27, 50–52). Thus, together
these data suggest that one way by which A� can exert its tox-
icity is by increasing mTOR activity.
A series of in vitro studies has shown that A� increases PI3K/

Akt pathway (20–23), which is one of the pathways that regu-
late mTOR signaling (11). Here, we extend those data and
report the novel finding that naturally secreted soluble A�
increasesmTORactivity and signaling in vivo.We further iden-
tify PRAS40 as a molecular link between A� accumulation and
mTOR hyperactivity. Toward this end, when PRAS40 is phos-
phorylated by Akt or PIM-1 at Thr-246, it does not bind to
mTOR and hence release its inhibitory effects on mTOR activ-
ity (14, 15, 65). Our data strongly support the conclusion that
PRAS40 phosphorylation plays a key role in the A�-induced

FIGURE 5. Phosphorylation of PRAS40 is significantly increased in the
hippocampi of 3xTg-AD mice. A, representative Western blots of protein
extracted from 6-month-old NonTg, 3xTg-AD, and APP/Tau mice and probed
with the indicated antibodies (n � 6/genotype). B, quantitative analysis of the
blots indicates that the ratio pIRS1/IRS1 was significantly increased in
3xTg-AD mice when compared with NonTg mice and APP/Tau mice. No dif-
ference was detected between the NonTg and APP/Tau mice. C, representa-
tive Western blots of protein extracted from 7PA2 and control (CTL) CHO cells
and probed with the indicated antibodies (n � 6/group). D, quantitative anal-
yses of the blots indicate that phosphorylation of PRAS40 at Thr-246 (indi-
cated as the ratio of total over phosphorylated levels) was significantly
increased in the 7PA2 cells when compared with control cells. E, representa-
tive Western blots of protein extracted from the hippocampi of 6-month-old
3xTg-AD and NonTg mice and probed with the indicated antibodies (n �
6/group). F, quantitative analyses of the blots indicate that phosphorylation
of PRAS40 at Thr-246 (indicated as the ratio of total over phosphorylated
levels) was significantly increased in the hippocampi of the 3xTg-AD mice
when compared with NonTg mice. Data are presented as means � S.E. *, p �
0.05. **, p � 0.01.
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mTOR hyperactivity. Thus, taken together, these data indicate
that A� accumulation increases the activity of the PI3K/Akt
pathways, leading to PRAS40 phosphorylation and mTOR
hyperactivity. This hypothesis is consistent with data showing
that insulin signaling, which is altered by A� oligomers (61–
63), increasesmTORactivity by increasingAkt-mediated phos-
phorylation of PRAS40 (14, 15). Notably, we showed that in
6-month-old 3xTg-AD mice, A� increases the levels of phos-
pho-IRS1, which is consistent with previous reports frommice
and human brains (61, 68). When IRS1 is phosphorylated at
Ser-616, its activity is reduced. Nevertheless, it has previously
been shown that AKT activity can occur even in low IRS1 activ-
ity. Further studies are necessary to determine whether the
increase in phospho-IRS1 levels is directly caused by A� or
whether it occurs as a consequence of mTOR hyperactivity.
Toward this end, a negative feedback loop in which mTOR
phosphorylates IRS1 at Ser-616 has been identified (69).
mTOR is a negative regulator of autophagy, a conserved

intracellular system designed for the degradation of long lived
proteins and organelles in lysosomes (70–72). Although the
role of autophagy in AD is not well understood and contradict-
ing reports have been published, it has been suggested that
autophagy can facilitate A� and Tau turnover (e.g. (43, 73, 74).
Thus, we propose that A� accumulation increases mTOR sig-
naling, which in turn further facilitates the buildup of A� and
Tau, thereby exacerbating cognitive decline. The data pre-
sented here showing that A� accumulation increases mTOR
signaling, and our previous results showing that decreasing
mTOR signaling in the brains of the 3xTg-AD mice decreases
A� and Tau levels by increasing autophagy induction strongly
support this view.
We have previously shown that A� accumulation facilitates

Tau pathology and that this can occur via differentmechanisms

(45, 49, 75–77). Here, we propose that A� may also facilitate
Tau accumulation by increasing mTOR activity. Indeed, a
direct link between Tau and mTOR has been proposed by dif-
ferent laboratories. For example, PI3K/mTOR signaling regu-
latesTauphosphorylation (24), andmTORactivation enhances
Tau-induced neurodegeneration in a Drosophila model of
tauopathies (78). Further strengthening the mTOR/Tau link
are the data resulting from investigations of AD brains showing
that mTOR signaling is selectively increased in neurons pre-
dicted to develop neurofibrillary tangles and that such an
increase correlates with Tau phosphorylation (25–28). This
evidence has led to the hypothesis that the chronic increase in
mTOR function occurring during aging may facilitate the
development of Tau pathology (27).
Although the role of A� in the onset of cognitive decline in

AD is widely accepted, the molecular mechanisms underlying
the A�-induced cognitive deficits remain elusive. Considering
the reports showing that mTOR hyperactivity has detrimental
effects on learning andmemory (29, 43) and the data presented
here, it is plausible that one way by which A� accumulation
causes memory deficits is by increasing mTOR signaling.
Toward this end, we have previously shown that pharmacolog-
ically reducing mTOR activity with rapamycin in the 3xTg-AD
mice to NonTg levels rescued early cognitive deficits and
decreased A� and Tau levels (43). Notably, these data were
independently replicated in another mouse model of AD (44)
and indicate that rapamycin may have valid therapeutic prop-
erties to ameliorate AD pathology. It should be pointed out,
however, that there is growing evidence that rapamycin may
also have effects independent of mTOR (79–82). For example,
rapamycin suppresses mTOR-dependent translation of some
classes of mRNAs but not others (83). Additionally, rapamycin
binds to L-type voltage-dependent Ca2� channels, and it is

FIGURE 6. PRAS40 phosphorylation plays a key role in the A�-mediated increase in mTOR activity. A, representative Western blots of protein extracted
from the hippocampi of 2-month-old NonTg mice stereotaxically injected with concentrated CM from CHO and 7PA2 cells in the presence or absence of the Akt
inhibitor VII, TAT-Akt-in (Akt inh) or the PIM-1 inhibitor 1 (PIM-1 inh) (n � 6/group). B, quantitative analyses of the blots indicate that injection of 7PA2 CM
significantly increased PRAS40 phosphorylation (indicated as the ratio of total over phosphorylated levels). However, when 7PA2 CM was injected with the Akt
or PIM-1 inhibitors, PRAS40 phosphorylation levels were significantly reduced when compared with baseline levels (mice injected with CHO CM), indicating
that the inhibitor was able to block PRAS40 in vivo. C, mTOR enzymatic activity was significantly increased in the hippocampi of 2-month-old NonTg mice
injected with 7PA2 CM when compared with the hippocampi of mice injected with CHO CM, 7PA2 CM � Akt inhibitor VII, TAT-Akt-in, and 7PA2 CM � PIM-1
inhibitor 1 (n � 6/group), suggesting that PRAS40 phosphorylation is necessary for the A�-induced increase in mTOR activity. D, representative Western blots
of protein extracted from the hippocampus of 6-month-old mice and probed with the indicated antibodies. E, quantitative analyses of the blots indicate that
the phosphorylation levels of TSC-1 were similar between the three groups of mice. Data are presented as means � S.E. *, p � 0.05. **, p � 0.01.
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thought that this binding may mediate some of the neuropro-
tective properties of rapamycin (84). The data presented here
suggest that an alternative way to reduce mTOR signaling is by
modulating PRAS40 phosphorylation.
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