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Both the formation of long-term memory (LTM) and late-long-term
potentiation (L-LTP), which is thought to represent the cellular
model of learning and memory, require de novo protein synthesis.
The mammalian target of Rapamycin (mTOR) complex | (mTORC1)
integrates information from various synaptic inputs and its best
characterized function is the regulation of translation. Although
initial studies have shown that rapamycin reduces L-LTP and
partially blocks LTM, recent genetic and pharmacological evidence
indicating that mTORC1 promotes L-LTP and LTM is controversial.
Thus, the role of mMTORC1 in L-LTP and LTM is unclear. To selectively
inhibit mTORC1 activity in the adult brain, we used a “pharmacog-
enetic” approach thatrelies on the synergistic action of a drug (rapa-
mycin) and a genetic manipulation (nTOR heterozygotes, nTOR*'~
mice) on the same target (nTORC1). Although L-LTP and LTM are
normal in mTOR*'~ mice, application of a low concentration of rapa-
mycin—one that is subthreshold for WT mice—prevented L-LTP and
LTM only in mTOR*'~ mice. Furthermore, we found that mTORC1-
mediated translational control is required for memory reconsolida-
tion. We provide here direct genetic evidence supporting the role of
mTORC1 in L-LTP and behavioral memory.
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major goal of cognitive neuroscience is to identify the mo-

lecular and cellular mechanisms underlying learning and
memory. Memory is essential for human experience. The loss of
memory leads to the loss of lasting interactions with other human
beings and ultimately the loss of self. Two general types of memory
storage mechanisms have been described: short-term memory
(STM), which lasts minutes, and long-term memory (LTM), which
lasts days, weeks, or even a lifetime. This temporal distinction in
behavior is reflected in specific forms of synaptic plasticity that
underlie each type of memory, as well as specific molecular re-
quirements. The short-term forms involve covalent modifications
of preexisting proteins, whereas the long-term forms require new
protein synthesis (1-4). At the cellular level, the most studied form
of synaptic plasticity is long-term potentiation (LTP), which refers
to long-lasting increases in synaptic strength (5, 6). Like memory,
LTP occurs in two temporally distinct phases: early LTP (E-LTP),
which is typically induced by a single train of high-frequency (te-
tanic) stimulation, lasts only 1-2 h and depends on modification of
preexisting proteins; and late-LTP (L-LTP), generally induced by
several (typically four) tetanic trains separated by 5-10 min, per-
sists for many hours and requires new protein synthesis (1-4).
Although a small number of genes and proteins that are important
for the formation of long-lasting memories have been identified,
we are far from fully understanding the precise underlying mo-
lecular steps involved in this process.

The Mammalian Target of Rapamycin (mTOR), an evolution-
arily conserved Ser/Thr protein kinase that promotes translation
rates, is not only regulated by nutrients, but is also the central node
of a highly conserved signaling network that integrates information
from various synaptic inputs (1, 7). mTOR forms two distinct
protein complexes. mTOR complex 1 (mTORC1) contains Raptor

www.pnas.org/cgi/doi/10.1073/pnas. 1014715108

(Regulatory Associated Protein of mMTOR), LST8 (also known as
GBL), and PRAS40 and is sensitive to the drug rapamycin (which
directly binds to mMTORCI as a complex with the immunophilin
FKBP12; reviewed in refs. 8-10). mTORCI1 is thought to regulate
mRNA translation through phosphorylation of its downstream
effectors: p70 S6 kinase (S6K) and eIF4E-binding proteins (4E-
BPs; refs. 8-10). In contrast, nTOR complex 2 (mTORC2), which
was only recently discovered, contains SIN1 (SAPK Interacting
protein I), LSTS, and Rictor (Rapamycin-Insensitive Companion
of mTOR), is rapamycin insensitive, and phosphorylates Akt at
Serine 473 (8, 10).

Most of the evidence for mTORCI signaling in L-LTP and
LTM is based on the finding that rapamycin inhibits L-LTP
in mammalian brain slices in vitro (11) and partially blocks
LTM (reviewed in ref. 12). Moreover, mice lacking either the
mTORCI negative regulator 7sc2 or the downstream targets
4e-bp2 and S6k1/2 exhibit altered synaptic plasticity and memory
(13-15). However, several aspects of these results are contro-
versial. First, exceptionally high doses of rapamycin (150 mg/kg)
are required to block contextual LTM in mice (15), whereas,
in humans, blockage of mTORCI signaling with the mTOR
inhibitor everolimus appears to improve (not impair) cognition
(16). Second, it was recently shown that rapamycin does not
block L-LTP in the dentate gyrus in vivo (17). Third, translation
is maintained in the presence of rapamycin (reviewed in ref. 9).
Fourth, rapamycin specifically inhibits mTORCI activity after
a short treatment, but prolonged treatment with rapamycin could
block the activity of mTORC?2 (18). Fifth, genetic deletions that
enhance mTORCI activity, such as Tsc2*'~ mice, Fkbp]Z_/_
mice, or 4e-bp2~~ mice, generate different/contradictory phe-
notypes with regard to plasticity and memory (Fig. S1; refs. 14,
15, and 19). The same is true for genetic and pharmacological
interventions that block mTORCI1 activity (Fig. S1). Sixth, mice
lacking the mTORCI1 downstream target S6k! or S6k2 exhibit
normal L-LTP, suggesting that S6Ks do not control mTORC1
mediated-translation of mRNAs that underlie L-LTP (13). It is
also noteworthy that mice lacking S6ks only exhibit very subtle
memory phenotypes (13). Seventh, whereas mice lacking 4e-bp2,
the other mMTORCI1 downstream target, show impaired L-LTP
and LTM (14), 4E-BP2 (protein) cannot be phosphorylated (and
regulated) by mTORCT in the adult brain (20). Thus, these data
suggest that mTORCI controls protein synthesis (in the brain)
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in a 4E-BP2-indepenent manner. Hence, there is no direct ge-
netic evidence supporting the role of mTORCI in L-LTP and
LTM. We integrate here genetics and pharmacology (pharma-
cogenetics) to selectively inhibit mTORCI, without affecting
mTORC2 activity, and study long-lasting changes in synaptic
strength, learning, and memory. This approach specifically targets
mTORCI function in the brain and provides strong, direct genetic
evidence that mTORCI1 promotes L-LTP, LTM consolidation,
and reconsolidation.

Results

Pharmacogenetic Approach to Selectively Inhibit mTORC1. mTOR
knockout mice (mTOR™~ mice) die in utero (21, 22), and brain-
specific deletion of the mTORCI up-stream regulators Tscl or
Prten results in death within the first postnatal weeks (15, 23).
Thus, the study of mMTORCT signaling in adult animals has been
limited. To overcome this problem, we developed a pharmaco-
genetic approach that is used not only to identify genes and drug
targets, but increasingly for the personalized treatment of major
diseases such as epilepsy, cancer, diabetes, and autism spectrum
disorders (24, 25). This approach is based on the fact that the
response to a given drug is determined by a genetic variation/
mutation (24-28). In addition, pharmacogenetics has been used
to reveal many recessive mutant phenotypes (where the hetero-
zygous mutant allele has no phenotype). Indeed, such hetero-
zygotes exhibit a phenotype only when given a dose of a drug that
has no effect in normal animals. Thus, pharmacogenetics relies
on the synergism between a drug and a genetic manipulation on
the same signaling pathway.

mTOR heterozygous mice (mTOR™™ mice) are viable, of
normal size and weight, develop normally, and are phenotypically
indistinguishable from their WT littermates (21). Furthermore,
no gross structural abnormalities were found in mTOR™'~ mouse
brain, as assessed by Nissl staining and synaptic markers for the
vesicular glutamate transporter 1 (VGLUT1), postsynaptic den-
sity protein 95 (PSD95), and glutamic acid decarboxylase 67
(GADO67; Fig. S2).

To determine whether the mTOR mutation is recessive, WT
and mTOR™'~ mice were analyzed in two forms of Pavlovian fear
conditioning as previously described (29, 30). Contextual fear
conditioning was induced by pairing a context (conditioning
stimulus; CS) with a foot shock (the unconditioned stimulus, US),
whereas in auditory fear conditioning the US was paired with
a tone presentation (the conditioned stimulus, CS). Contextual
fear conditioning involves both the hippocampus and amygdala,
whereas auditory fear conditioning requires only the amygdala
(31). When mice were subsequently exposed to the CS, fear
responses (“freezing”) were taken as an index of the strength of
the CS-US association. WT and mTOR™'~ mice show similar
amounts of freezing before training or when tested 24 h after
training (Fig. 14). Similarly, long-term auditory fear memory is
normal in mTORY'~ mice when determined 24 h after training
(Fig. 1B). Thus, the lack of one copy of mTOR does not impact
auditory or contextual long-lasting fear memories.

Next, we studied synaptic transmission in slices from WT
and mTOR™'~ mice. Basal synaptic transmission was not altered
in mTOR™Y'~ mice as determined by the input-output relation of
field excitatory postsynaptic potentials (fEPSPs; as a function
of stimulus intensity), paired-pulse facilitation (PPF), and fiber
volley amplitude (Fig. S3). In agreement with the behavioral data,
protein-synthesis-dependent L-LTP generated by four tetanic
trains of high-frequency stimulation (1, 2) was similar in CAl
hippocampal slices from mTOR*'~ and WT littermates (Fig. 1C).
Taken together, these data indicate that, as in their yeast and
Drosophila counterparts, the TOR mutation in mammals is re-
cessive, with respect to these forms of synaptic plasticity and
memory (32, 33).

Therefore, we took advantage of the synergism between phar-
macology (rapamycin administration) and genetics (mTOR™/~

3792 | www.pnas.org/cgi/doi/10.1073/pnas.1014715108

b

60 mmm WT (n=9)
o,
mm mTOR " (n=10)

% Freezing
w
o

Naive 24 hr

B 199 mmwr(n=9)
mm mTOR ” (n=10)

80
o 60
[=
N
(]
© 40
[T
N
° 20
0

Pre-CS CSs

O

i ® WT (n=8)
: © mTOR " (n=9)

fEPSP slope (% change)

-50 0 50 100 150 200
Time (min)

Fig. 1. Contextual and auditory long-term fear memories and L-LTP are
normal in mTOR*'~ mice. (A) Contextual fear conditioning was determined by
measuring the time spent freezing (as % of total time) before the condi-
tioning (Naive, during 2-min period) and then 24 h after training (during
a 3-min period). (B) Auditory fear memory was determined by measuring the
time spent freezing (as percentage of total time) 24 h after training either
before the onset of the tone (pre-CS, during a 2-min period) or during the
tone presentation (during a 3-min period). (C) Similar L-LTP induced by four
100-Hz trains at 5-min intervals in slices from WT and mTOR*~ mice (LTP mag-
nitude at 30 min, WT 110 + 18%, mTOR*~ 97 + 11%, P> 0.05; LTP magnitude at
220 min, WT 68 + 6%, mTOR"~ 69 + 12%, P > 0.05). Data are means + SEMs.

mice) to specifically suppress mTORCI1 activity in the adult brain.
Given that mTOR™'~ mice lack one copy of mTOR (21), we
predicted that a lower concentration of rapamycin would be re-
quired to block mTORCI1 activity in these mice, compared with
WT mice. Hippocampal slices from WT and mTOR*'~ mice were
pretreated with different concentrations of rapamycin and sub-
sequently stimulated by four tetanic trains of high-frequency
stimulation (HFS), which are known to induce a long-lasting
L-LTP (1, 2) and stimulate mTORCT signaling (1, 7). Consistent
with our hypothesis, a low concentration of rapamycin (10 nM)
was ineffective in CA1 slices from WT mice, but inhibited HFS-
induced mTORCI activity in CA1 slices from mTOR"'~ mice
(Fig. 2 A and B), as determined by measuring phosphorylation of
the mTORCI downstream target S6K1 (at Thr389), which is com-
monly used as readout of mMTORCI activity (8-10). As expected,
rapamycin (10 nM) did not alter the activity of the rapamycin-
insensitive complex mTORC2, as determined by measuring the
phosphorylation of Akt-Ser-473 inmTOR™*'~ CA1 slices (Fig. 2 4
and C), which is used as a readout mTORC?2 activity (34, 35).
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Fig. 2. A low concentration of rapamycin specifically blocks
high-frequency-induced mTORC1 activity, but not mTORC2
activity, only in mTOR*~ mice. (A) CA1-hippocampal slices from

n.s.
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g _ 300 X mm mTORY- . 300 mTOR (stimulated at 0.033 Hz) or tetanized by four trains of 100 Hz
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S § 200 i 5 £ 200 centration of rapamycin (10 nM). Extracts of CA1 regions were
E G % e § prepared 30 min after stimulation, and the phosphorylation of
% £ 100 fg g 0\3 100 S6K (Threonine-389) and Akt (Serine-473) was determined by
‘g_ SET Western blotting. (B and C) Quantification of normalized
phospho-S6K-Thr-389 (B), n = 4 mice (8 slices) per condition;
Rapamycin (10nM) — — + — — + Rapamycin (10nM)  — + and phosphor-Akt-Ser473 (C), n = 4 mice (8 slices) per con-
4X100Hz — + + — + + 4X 100 Hz + + ditions (*P < 0.05).

Similar results were found when slices were incubated with for-
skolin, which also induces protein synthesis-dependent L-LTP
(36, 37) and stimulates mTORCT1 signaling (ref. 36; Fig. S4).
Taken together, these data indicate that this pharmacogenetic
manipulation specifically suppresses mTORCI signaling.

Pharmacogenetic Inhibition of mTORC1 Blocks L-LTP. Late-L'TP gen-
erated by four high-frequency trains is known to be dependent
on de novo protein synthesis (1, 2). Because mTORCI1 is thought
to regulate translation rates ;9, 10), we next examined L-LTP in
slices from WT and mTOR™'~ mice, as previously described (29,
30). If mTORCI1 signaling is crucial for L-LTP, we predicted
that a low concentration of rapamycin (10 nM) would block L-
LTP in slices from mTOR™*'~ mice, but not in slices from WT
mice. Indeed, incubation with a low concentration of rapamycin,
which blocks mTORCT1 signaling only in hippocampal slices from
mTORY~ mice (Fig. 2 and Fig. S4), had no effect on the L-LTP
induced by four tetanic trains in slices from WT mice, but sig-
nificantly blocked L-LTP in hippocampal slices from mTOR™"~
mice (compare Fig. 34 to Fig. 3B). A much higher dose of
rapamycin (1 pM) was necessary to reduce L-LTP in WT slices
(Fig. 3C). These data show that mTORCI activity is crucial for
L-LTP and demonstrate the powerful synergistic effect of the
pharmacological and genetic manipulations operating on the
same target, namely, mTORCI.

Pharmacogenetic Inhibition of mTORC1 Impairs LTM Consolidation.
To ascertain whether mTORC is involved in rapid modulation of
cognitive processing, we examined contextual fear conditioning in
WT and mTOR™*'~ mice treated with rapamycin. Because mem-
ory is more susceptible to disruption immediately after training,
it should be possible to block LTM only in mTOR*~ mice by
administering a low concentration of rapamycin soon after train-
ing. To test this prediction, WT and mTOR™*'~ mice were injected
acutely with a low concentration of rapamycin (40 mg/kg) im-
mediately after Pavlovian fear conditioning training, and LTM
was tested 24 h later (Fig. 44). Accordingly, rapamycin impaired
long-term contextual fear memory in mTOR™'~ mice, but not in
WT mice (Fig. 4B). It should be noted that this concentration of
rapamycin (40 mg/kg) only blocked fear-conditioning-induced
mTORCI activity in the hippocampus (CA1 area) from mTOR™'~
mice, compared with WT littermates (Fig. S5). Because trans-
lation is required only for LTM, but not STM, mice with impaired
mTORCI signaling exhibit deficient LTM consolidation, but
intact STM, when tested 2 h after training (Fig. S6). These data
indicate that mMTORCI1 positively regulates LTM consolidation.

Stoica et al.

Pharmacogenetic Inhibition of mTORC1 Impairs LTM Reconsolidation.
Recent reports have challenged the prevailing viewpoint that
a consolidated memory is stable and immune to disruption by
showing that, when a consolidated memory is reactivated, it is
labile and needs to be restabilized with newly synthesized pro-
teins (38, 39). This process, named “reconsolidation” (40, 41),
has been demonstrated in species that range from sea slugs to
humans (39). Because mTORC]1 regulates protein synthesis, we
wondered whether mTORCI regulates the synthesis of proteins
required for reconsolidation (40, 42). To this end, animals were
trained using a reconsolidation protocol, which is a minor variant
of common consolidation protocols (Fig. 54). Briefly, WT and
mTOR™Y'~ mice were subjected to the standard contextual fear
conditioning protocol as previously described (29, 30), and
returned to their home cage for 2 d, in order for the memory
trace to consolidate. Two days after training, both groups re-
ceived a 5-min reactivation session in which the CS is presented,
thus initiating the process of reconsolidation. Application of
a low dose of rapamycin (40 mg/kg) to mTORY'~ mice imme-
diately after the reactivation period resulted, 2 h later, in a nor-
mal protein-synthesis-independent postreactivated STM analog,
called postreactivation STM (PR-STM). By contrast, the same
concentration of rapamycin impaired long-term analog, defined
as postreactivation LTM (PR-LTM), when tested 22 h later (Fig.
5B). It is noteworthy that rapamycin had no effect on WT mice,
indicating that rapamycin specifically inhibited mTORCI activity
in mTOR™'~ mice during memory reconsolidation. Importantly,
in the absence of memory reactivation, rapamycin had no effect
on memory in mTOR*~ ‘mice (Fig. S7), consistent with the idea
that only the reactivated memories return to a labile state and
need to be reconsolidated in a mTORCI1-dependent manner.

Discussion

mTORCI is activated by a variety of synaptic signals (e.g., glu-
tamate and neurotrophins), which are thought to lead to protein-
synthesis-dependent changes in synaptic strength and LTM (1,
7). Thus, mTORCI, which was identified in studies aimed at
defining the molecular target of the antiproliferative drug rapa-
mycin (10, 43, 44), serves as a “master” regulator that integrates
information from various synaptic inputs to produce an appro-
priate translational output. However, whether mTORCI1 plays a
role in memory consolidation remains unclear. As recently dis-
cussed by Gkogkas et al. (45), it is virtually impossible to predict
the impact of mutations which enhance or decrease mTORCI1
activity on L-LTP and memory (e.g., although FkbpI2 and Tsc2
mutations both enhance mTORCI activity, they exhibit com-
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Fig. 3. A low concentration of rapamycin selectively blocks L-LTP only in
slices from mTOR*'~ mice. Rapamycin (10 nM) blocked L-LTP in slices from
mTOR*~ mice (LTP magnitude at 30 min, vehicle 77 + 11%, rapamycin 69 +
18%, P > 0.05; LTP magnitude at 220 min, vehicle 76 + 12%, rapamycin 9 +
14%, P < 0.01; B), but not the L-LTP-induced by four tetanic trains in WT
slices (LTP magnitude at 30 min, vehicle 108 + 16%, rapamycin 90 + 10%, P >
0.05; LTP magnitude at 220 min, vehicle 84 + 6%, rapamycin 86 + 8%, P >
0.05; A). (C) In WT slices, a much higher concentration of rapamcyin (1 pM)
was required to block L-LTP (LTP magnitude at 20 min, vehicle 96 + 15%,
rapamycin 86 + 18%, P < 0.05; LTP magnitude at 220 min, vehicle 83 + 11%,
rapamycin 33 + 10%, P > 0.05). Horizontal bars indicate the period of in-
cubation with rapamycin.

pletely different phenotypes for LTP and memory, see Fig. S1).
Unfortunately, not only are the genetic data controversial, but the
pharmacological data are also questionable: (i) rapamycin, like
any drug, might have off-target effects; (i) rapamycin treatment
could also block mTORC?2 activity (46); (iii) although rapamycin
blocks L-LTP in vitro, it fails to do so in vivo in the dentate gyrus
(17). Strikingly, a recent (and currently the only) study in humans
shows that pharmacologically blocking mTORCI enhances (not
reduces) cognition (16). Taken together, these data demonstrate
that the role of mTORCI in synaptic plasticity and memory
consolidation is far from clear. Given that mMTORCI signaling is
altered in a variety of neurological disorders (12) and its in-
hibition appears to enhance longevity (47), it is crucial to de-
termine whether mTORCI1 enhances, impairs, or has no effect
on L-LTP and LTM. Two different approaches could be used to
answer this question: genetics or pharmacology. Unfortunately,
the use of genetics alone is not desirable because loss of mMTOR

3794 | www.pnas.org/cgi/doi/10.1073/pnas.1014715108
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Fig. 4. A low concentration of rapamycin that is subthreshold for WT mice
impairs contextual long-term fear memory in mTOR*'~ mice. (A) Scheme of
the experimental protocol. (B) WT and mTOR*~ mice were administered ei-
ther vehicle or rapamycin (40 mg/kg) immediately after training. Rapamycin
(40 mg/kg) significantly decreased contextual freezing only in mTOR*~ mice.
Contextual fear conditioning was determined by measuring the time spent
freezing (as percentage of total time) before the conditioning (Naive, during
a 2-min period) and then 24 h after training (during a 5-min period). Data are
means + SEMs (*P < 0.05).

or its up-stream regulators in the brain is lethal (15, 21, 48).
Furthermore, the specificity of rapamycin can only be measured
in a mTOR knockout background. Thus, because the mTOR
mutation is lethal and the knockout mice are not available, it is
impossible to determine whether rapamycin’s action in the brain
is due to inhibition of mMTORCI1 or some other off-target action.
Inspired by the work of Silva and colleagues (49), we developed
a method based on the powerful synergistic action of genetics
and pharmacology to “directly” and “specifically” inhibit
mTORCI activity in the brain. Several advantages are inherent
to this methodology. First, we can control the specificity of the
drug because, at the concentrations used, it has no effect on WT
mice but blocks the activity of mTORC1, L-LTP, and LTM in
mTOR™™ mice (Fig. 2 and Figs. S4 and S5). Hence, rapamycin
action on the mTOR™*™ mice is due to selective inhibition of
mTORCI. Second, the effect of rapamycin on mTORCI is both
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Fig. 5. A low concentration of rapamycin that is subthreshold for WT mice
impairs LTM reconsolidation in mTOR™~ mice. (A) Scheme of the experi-
mental protocol. (B) Animals were trained as described in Fig. 4. Two days
after training, memory was reactivated, and WT and mTOR*~ mice were
administered either vehicle or rapamycin (40 mg/kg) immediately after
reactivation. Contextual fear conditioning was determined by measuring the
time spent freezing (as pecentage of total time) before the conditioning
(Naive, during a 2-min period), during reactivation (during a 5-min period),
2 h (PR-STM, during a 5-min period) and 22 h (PR-LTM, during a 5-min pe-
riod) after reactivation.
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direct and selective because rapamycin forms a complex with
FKBP12, which directly binds to and inhibits mTORCI1 (50-53)
but not mTORC?2 signaling (Fig. 2). A selective inhibition of
mTORCI1 signaling is important because the other mTOR
complex, mTORC?2, which is thought to regulate actin dynam-
ics, could also play a role in synaptic plasticity and memory
storage. Finally, we selectively inhibited mTORCI1 in the adult
brain in vitro and in vivo with high temporal specificity. Thus,
the use of this pharmacogenetic approach is an innovative
procedure, because no other genetic manipulation that specif-
ically and directly inhibits mTORCI in the brain has yet been
described. It is noteworthy that the increased sensitivity of
mTOR mutants to a given dose of rapamycin is an evolution-
arily conserved property that has also been found in Drosophila
and yeast (32, 33). Therefore, by using this methodology, we
conclusively determined the direct role of mMTORCI1 in protein
synthesis-dependent plasticity and memory consolidation.

A key finding in our study is that inhibition of mTORCI1 sig-
naling also blocks memory reconsolidation. It should be noted that
reconsolidation studies are technically challenging in knockout or
transgenic mice because these mice are usually unable to consol-
idate their memory. Therefore, it is impossible to determine
whether an already impaired consolidated memory undergoes
reconsolidation. Our pharmacogenetic approach provides a major
opportunity to circumvent this problem. In addition, because most
mutations are recessive, our data raise the interesting possibility
that pharmacogenetics could be widely used to study memory
reconsolidation in mice with recessive mutations. In addition, the
finding that memories that return to a labile state and need to be
reconsolidated are dependent on mTORCI has important impli-
cations for the treatment of some mental illnesses, such as post-
traumatic stress disorder.

Finally, our findings could also have implications for the study
of aging. Recent studies have identified both mTORCI1 and
translational control as conserved longevity pathways: Reduced
mTORCI signaling and protein synthesis increase longevity (47,
54). In our experiments, administration of rapamycin (40 mg/kg)
immediately after training blocked mTORCI activity and con-
textual LTM in mTOR™'~ mice, but not in WT mice (Fig. 4 and
Fig. S5), and a much higher dose of rapamycin (150 mg/kg)
appears to be required to block contextual LTM in WT mice (15).
These findings are in contrast to those of Blundell et al. (55), who
reported that systemic administration of rapamycin reduced
LTM. The reason for the discrepancy between their data and our
data is not immediately clear, but possible explanations are dif-
ferences in the age of the animals, the behavioral procedure, and
the timing of administration of the drug. Indeed, intra-CAl in-
fusion of rapamycin 15 min before training, but not immediately
after training, blocks inhibitory avoidance-induced LTM, in-
dicating that the time of injection of rapamycin is crucial (56). We
also hypothesize that slow penetration of the blood-brain barrier
could account for the much weaker effects observed in vivo than
in vitro, as indicated by direct tests of mTOR activity in brain
tissue (15). Therefore, we speculate that low systemic doses of
rapamycin, which would only moderately inhibit mMTORCI1 in the
brain, might extend life span without disturbing LTM.

In conclusion, we provide here strong direct genetic evidence
that mTORC1 is crucially involved in long-term changes in syn-
aptic strength and memory.

Materials and Methods

mTOR*'~ Mice. mTOR*'~ mice were generated as previously described (21).
Mice were weaned at the third postnatal week and genotyped by PCR. The
mutant and corresponding WT alleles are detected by a three-primer PCR
assay: Oligo1 (5'-TTCATTCCCTTGAAAGCCAGTCTCACC-3), Oligo-2 (5'-GCTCT-
TGAGGCAAATGCCAGTATCACC-3), Oligo-3 (5'-TCATTACCTTCTCATCAGCCA-
GCAGTT-3'). All experiments were performed on 12- to 20-wk-old mice. The
mice were kept on a 12-h light/dark cycle, and the behavioral experiments
were always conducted during the light phase of the cycle. The mice had
access to food and water ad libitum, except during tests. Animal care and
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experimental procedures were approved by the Animal Care committees of
Baylor College of Medicine.

Rapamycin. For the ex vivo electrophysiological experiments, rapamycin (LC
Laboratories) was initially dissolved in DMSO and used at concentrations of
10 nM and 1 uM. Hippocampal slices were perfused with rapamycin (or ve-
hicle) for 45 min before tetanization and after at least 30 min of stable re-
cording. For the in vivo behavioral experiments, rapamycin was first dissolved
in 100% ethanol, stored at —20°C and freshly dissolved in an aqueous solu-
tion of 4% Tween 80 and 4% PEG 400 immediately before use. Rapamycin
(or vehicle) was injected intraperitoneally (i.p.) immediately after fear con-
ditioning training or reactivation, at a dose of 40 mg/kg.

Field Recordings. Horizontal hippocampal slices (350 pm) were cut from
brains of WT or and mTOR*'~ mice in 4 °C artificial cerebrospinal fluid (ACSF)
and kept in ACSF at room temperature for at least 1 h before recording.
Slices were maintained at 28-29 °C in an interface-type chamber perfused
with ACSF containing 124 mM NaCl, 2 mM KCl, 1.3 mM MgSO,4, 2.5 mM
CaCly, 1.2 mM KH,PO,4, 25 mM NaHCOs, and 10 mM glucose (2-3 mL/min),
aerated with 95% O, and 5% CO,. Bipolar stimulating electrodes were
placed in the CA1 stratum radiatum to stimulate Schaffer collateral and
commissural fibers. Field potentials were recorded using ACSF-filled micro-
pipettes. The recoding electrodes were placed in the stratum radiatum for
fEPSPs, and in the stratum pyramidale for population spikes. The stimulus
strength of the 0.1-ms pulses was adjusted to evoke 30-35% of maximal
response for fEPSPs. A stable baseline of responses was established for at
least 30 min. Tetanic LTP was induced by applying four trains of high-
frequency stimulation (100 Hz, 1 s) separated by 5-min intervals. To reduce
day-to-day variability, whenever possible, simultaneous recordings (in the
same chamber) were obtained from WT and mTOR*~ mice treated with
rapamycin or vehicle. Statistical analysis was performed using the t test
and two-way ANOVA. All data are presented as means + SEM, and n indi-
cates the number of slices and mice.

Behavioral Learning. The experimenter was blind to the genotype for all
behavioral tests. Mice were first handled for 5-10 min for 2 d and then
habituated to the conditioning chamber for 20 min twice a day for 2 d. On
the training day, after 2 min in the conditioning chamber, mice received two
pairings of a tone (2,800 Hz, 85 db, 30 s) with a coterminating foot-shock
(0.7 mA, 2 s). Mice remained in the chamber for 1 additional min and then
were returned to their home cages. Mice were tested 2 and 24 h after
training for “freezing” (immobility with the exception of respiration) in re-
sponse to the tone (in a chamber to which they had not been conditioned)
and to the training context (training chamber). For auditory fear condi-
tioning, mice were placed in the chamber and freezing responses were
recorded during the initial 2 min (pre-CS period) and during the last 3 min
when the tone was played. Mice were returned to their cages 30 s after the
end of the tone. For testing contextual fear conditioning, mice were re-
turned to the conditioning chamber for 5 min.

For reconsolidation experiments, mice were handled and habituated
as described above. After a 2-min acclimatizing period, they received two
pairings of a tone (2,800 Hz, 85 db, 30 s) with a coterminating foot-shock
(0.7 mA, 25) and were returned to their home cages. Two days later, mice were
placed into the same context and given a 5-min presentation of the CS
(reactivation) to measure the expression of their consolidated memory. Ani-
mals were injected with either rapamycin (40 mg/kg) or vehicle immediately
after the retention test and tested 2 h (PR-STM) and 22 h (PR-LTM) after
memory reactivation for “freezing” during a 5-min period. The percentage
of total time during which freezing occurred was taken as an index of
learning and memory. Statistical analysis was based on repeated-measures
ANOVA, and between-group comparisons by Tukey’s Test.

Immunohistochemistry and Western Blotting. For Western blotting, slices
were cut as above and incubated for at least 1 h at room temperature in
oxygenated (95% O/5% CO,) ACSF. Hippocampal slices were then separated
into groups and equilibrated for 1 h at 28-29 °C in ACSF before treatment.
Slices were pretreated with rapamycin (10 nM) for 10 min and then treated
with Forskolin (Sigma) at a final concentration of 50 uM for 10 min before
being snap-frozen over dry ice. In all instances, slices were treated with
vehicle as a control. Frozen slices were briefly thawed for microdissection of
area CA1 and then suspended into homogenizing buffer containing (40 mM
Tris-HCI/275 mM NaCl/20% glycerol/2% lgepal/1% Triton X-100/50 mM NaF/2
mM Na3V04/25 mM -glycerophosphate/T mM PMSF/20 pg/mL pepstatin/20
ug/mL aprotinin). A total of 50 ug of protein per sample were resolved on
SDS/PAGE (15%) and transfered onto nitrocellulose membranes (Millipore).
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Membranes were blocked in 5% powdered milk in Tris-buffered saline with
0.1% Tween 20 (TBS-T) for 1 h, followed by incubation with primary antibodies
overnight at 4 °C. Antibodies against phospho S6K1-Thr-389, phospho-Akt-
Ser-473, Total-S6K, and B-actin were purchased from Cell Signaling Tech-
nology. Membranes were then washed with TBS-T three times and incu-
bated with horseradish peroxidase-coupled secondary antibody for 1-2 h at
room temperature, washed again three times, and treated with enhanced
chemiluminescence before detection on X-ray film.

For immunohistochemistry, mice were deeply anesthetized and perfused
intracardially with 4% paraformaldehyde (PFA) in an ice-cold 0.1 M phos-
phatase buffer solution (PBS). Brains were removed from the skull and stored
in a 4% PFA solution overnight (at 4 °C). Horizontal sections (40 pm) were cut
on a microtome (Leica VFT1000S, Germany). Free-floating method was used
while rinsing between steps. Sections were first placed in a blocking solution
(5% BSA/0.3% Triton/ 4% normal goat serum in PBS) at room temperature
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