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Late-phase long-term potentiation (L-LTP) and long-term memory depend on the transcription of mRNA of CRE-driven genes
and synthesis of proteins. However, how synaptic signals propagate to the nucleus is unclear. Here we report that the CREB
coactivator TORC1 (transducer of regulated CREB activity 1) undergoes neuronal activity-induced translocation from the
cytoplasm to the nucleus, a process required for CRE-dependent gene expression and L-LTP. Overexpressing a dominant-
negative form of TORC1 or down-regulating TORC1 expression prevented activity-dependent transcription of CREB target
genes in cultured hippocampal neurons, while overexpressing a wild-type form of TORC1 facilitated basal and activity-induced
transcription of CREB target genes. Furthermore, overexpressing the dominant-negative form of TORC1 suppressed the
maintenance of L-LTP without affecting early-phase LTP, while overexpressing the wild-type form of TORC1 facilitated the
induction of L-LTP in hippocampal slices. Our results indicate that TORC1 is essential for CRE-driven gene expression and
maintenance of long-term synaptic potentiation.
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INTRODUCTION
Long-term potentiation (LTP) of synaptic transmission is an

attractive cellular mechanism for learning and memory [1,2]. Like

memory, LTP can be divided into two distinct phases, an early-

phase LTP (E-LTP) that depends on the modification of pre-

existing proteins, and a late-phase LTP (L-LTP) that requires

synthesis of mRNAs and proteins [3–5]. The molecular mechan-

isms underlying the formation and consolidation of long-term

memory and plasticity in both invertebrates and vertebrates has

been intensively studied during the last decade [4,6–10]. These

studies established the pivotal role of gene transcription mediated

by CREB family transcriptional factors and its coactivators in

several forms of long-term plasticity and memory in a variety of

species [4,7,8,11–13]. Phosphorylation of CREB at Ser133,

triggered by Ca2+ or cAMP signaling, leads to the recruitment

of its coactivators CBP and p300 to the CRE element and

promotes the transcription of downstream genes [14–18]. The

convergence of cAMP and Ca2+ signals at the level of CREB

Ser133 phosphorylation provides a plausible mechanism for

cooperativity among diverse signals for CREB target gene

transcription and synaptic plasticity. However, recent findings

have challenged this model and argued for the involvement of

additional CREB coactivators in mediating CRE-driven gene

transcription [4,12,16,18]. For example, CREB DNA binding/

dimerization domain (bZIP) contributes significantly to CRE-

mediated gene expression in response to membrane depolarizing

signals, implicating this domain in mediating the association of

CREB with a calcium-regulated coactivator [19]. Several groups

reported that some extracellular stimuli capable of phosphorylat-

ing CREB on Ser-133 fail to induce CREB-dependent gene

expression [12]. Furthermore, studying LTP using CRE-LacZ

reporter mice revealed the discrepancy between CREB phosphor-

ylation status and CRE-driven gene transcription in hippocampal

slice preparation [4]. These findings raised the possible in-

volvement of other coactivators working cooperatively with CREB

for activity-dependent CRE-target gene transcription. Efforts to

identify novel CREB coactivators led to the discovery of

a conserved family of modulators called transducers of regulated

CREB activity (TORCs) [20,21].

Functional TORC genes were identified in Drosophila, mouse

and human genomes. Nuclear translocation of TORCs enhances

CREB-dependent gene transcription via interaction with the bZIP

domain of CREB [22,23], and plays a critical role in controlling

fasting glucose metabolism in mice [24]. To gain insight into the

potential function of TORCs in the central nervous system, we

cloned the TORC isoforms from the adult rat brain and found one

of the isoforms TORC1 is highly expressed in rat hippocampal

neurons. We found that TORC1 undergoes neuronal activity-

dependent nuclear translocation and is required for CREB-target

gene transcription in neurons. Blocking the functional interaction

of TORC1 with CREB prevented the transcription of CRE-driven

gene and L-LTP maintenance, while overexpression of TORC1

lowered the threshold for L-LTP induction. These data indicate

that TORC1 is essential for CRE-driven gene transcription and

maintenance of L-LTP in the hippocampus.
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RESULTS

Expression of TORC1 in rat hippocampal neurons
We cloned the TORC isoforms from the adult rat brain by reverse

transcriptase-dependent polymerase chain reaction (RT-PCR).

Both TORC1 mRNA and protein were highly expressed in the

hippocampus, cerebral cortex, and cerebellum (Figure 1A and 1B),

while TORC2 was mainly expressed in the cerebellum and

TORC3 was undetectable in these three regions (Figure S1).

Sequence analysis revealed that rat TORC1 gene (GenBank

accession: 108865216) contains a 1893-base pair open reading

frame that encodes 630 amino acid residues, with a molecular

weight of approximately 67 kDa. Sequence comparison showed

that TORC1 is highly conserved in human, mouse and rat, with

88% identity at amino acid level (Figure S2). In situ hybridization

study of TORC1 further revealed that TORC1 mRNA was highly

expressed in principal neurons of the rat hippocampus (Figure 1C).

Immunohistochemical staining with an antibody specific for

TORC1 (Figure S3) revealed that TORC1 was almost exclusively

located in the cytoplasm of hippocampal neurons (Figure 1D).

Neuronal activity-dependent nuclear translocation

of TORC1
To study whether the subcellular distribution of TORC1 could be

regulated by neuronal activity, we performed immunostaining of

TORC1 in cultured hippocampal neurons. We observed that

TORC1 was mainly distributed in the cytoplasm of cultured

hippocampal neurons under control condition (Figure 2A).

Treatment with Leptomycin B (LMB), an inhibitor of nuclear

protein export [25], led to nuclear accumulation of TORC1

(Figure 2B and 2D). This result was further confirmed by

examining the subcellular distribution of EGFP-tagged TORC1

in cultured hippocampal neurons (Figure S4). These data sug-

gested TORC1 undergoes active shuttling between the cytoplasm

and nucleus in these neurons. We then examined the distribution

of TORC1 by modulating neuronal activity. Increasing Ca2+

influx by depolarizing the membrane with high KCl significantly

increased the nuclear staining of TORC1, which was blocked by

Figure 1. Expression pattern and subcellular distribution of TORC1 in rat
hippocampal neurons. (A) Northern blotting analysis of TORC1 mRNA in
the hippocampus, cerebral cortex, cerebellum of adult rat brain. 28S
and 18S RNA were used as a control for RNA loading. (B) Western
blotting of protein extracts from hippocampus, cerebral cortex,
cerebellum of adult rat using TORC1 antibody. Equivalent protein
loading was confirmed by probing the same blots with beta-actin
antibody. (C) In situ hybridization analysis of TORC1 mRNA expression
from coronal section of adult rat brain. (D) Immunohistochemical
analysis of TORC1 subcellular distribution in CA1 region of rat
hippocampal neurons (upper panel), Hochest 33324 was used for
nuclear staining (middle panel), merged image (lower panel). Scale bar:
20 mm.
doi:10.1371/journal.pone.0000016.g001

Figure 2. Activity-dependent TORC1 nuclear translocation in cultured
hippocampal neurons. (A) Representative immunocytochemistry stain-
ing of TORC1 under control condition with lower magnification (left
panels). Hochest was used for nuclear staining. Scale bar: 20 mm. High
magnification of TORC1 staining and Hochest for nuclear staining (right
panels). Scale bar: 20 mm. (B) Representative immunocytochemistry
staining of TORC1 after LMB treatment at lower magnification (left
panels) and high magnification (right panels). (C) Representative
immunocytochemistry staining of TORC1 after treated with KCl,
forskolin, bicuculline and bicuculline plus MK801. (D) Statistical analysis
of TORC1 distribution after the indicated treatments. Error bars indicate
SEM, data in each group were obtained from four independent
experiments. The number associated with each column refers to the
number of neuron analysed in each treatment. **, p , 0.01; ***, p ,
0.001, compared to control group.
doi:10.1371/journal.pone.0000016.g002
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voltage-gated calcium channel blocker CdCl2 (Figure 2C and 2D).

Elevating excitatory synaptic transmission with GABAA receptor

antagonist bicuculline also increased the nuclear accumulation of

TORC1, which was prevented by NMDA receptor antagonist

MK801 (Figure 2C and 2D). These results indicated that Ca2+

influx mediated by voltage-dependent calcium channels and

synaptic NMDA receptors can induce TORC1 nuclear accumu-

lation in hippocampal neurons. Increasing intracellular cAMP

concentration with forskolin also increased TORC1 nuclear

accumulation (Figure 2C and 2D). Taken together, these results

suggest that TORC1 undergoes neuronal activity-dependent

translocation from the cytoplasm to the nucleus in hippocampal

neurons.

Requirement of TORC1 for CRE-driven gene

transcription in neurons
In mammalian cell lines TORCs are essential for CREB-

dependent gene transcription [20]. Activity-dependent nuclear

translocation of TORC1 may be responsible for CREB-mediated

gene transcription in neurons. To manipulate the functional

interaction of TORC1 with CREB, we generated a dominant-

negative form of TORC1 (DN-TORC1) by fusing the N-terminal

44 amino acid of TORC1 with EGFP (Figure S5A), because

previous study demonstrated that the N-terminal of TORC1 is

essential for binding with bZIP domain of CREB [20,21,26]. We

further generated a TORC1 knock-down construct (TORC1-

RNAi), which efficiently knocked down of TORC1 protein as

revealed by cotransfection in cell line (Figure S5B) and

endogenous TORC1 in cultured hippocampal neurons (Figure

S6). Using CRE-dependent luciferase assay, we examined the role

of TORC1 in CREB-driven gene transcription. Transfection of

DN-TORC1 blocked KCl-induced elevation of CRE reporter

gene transcription (Figure 3A). Knockdown of TORC1 also

blocked KCl-induced reporter gene expression (Figure 3A), while

overexpressing the wild-type form of TORC1 (WT-TORC1)

increased both basal and KCl-induced CRE reporter gene

expression (Figure 3A).

To explore the role of TORC1 on endogenous CRE-driven

gene transcription in neurons, we performed semi-quantitative

RT-PCR analysis for the mRNA level of endogenous BDNF, a well

established CREB-targeted gene in neurons [12,18,27]. Neurons

infected with SFV-EGFP control plasmid showed significant

increase of BDNF mRNA level after KCl stimulation (Figure 3B).

Overexpressing DN-TORC1 blocked KCl-induced BDNF gene

transcription (Figure 3B). In contrast, neurons infected with WT-

TORC1 showed significant increase of both basal and KCl-

induced BNDF mRNA level (Figure 3B). All modulations did not

affect the phosphorylation of CREB at Ser133 after KCl

stimulation (Figure 3C and 3D). These results indicated that

TORC1 effectively couples neuronal activity to CREB-dependent

gene expression in hippocampal neurons.

TORC1 nuclear translocation correlates with L-LTP

induction
Previously studies indicated that the expression of L-LTP

correlates with CRE-driven gene transcription, but not CREB

phosphorylation [4,9], suggesting additional CREB coactivator is

required for CRE-target gene expression. We investigated the

subcellular localization of TORC1 in CA1 neurons of acute

hippocampal slices after induction of E-LTP or L-LTP by

stimulating the Schaffer collateral pathway. In unstimulated slices,

TORC1 was distributed in the cytoplasm as revealed by co-

staining with nuclear marker Hochest (Figure 1D). After basal

stimulation at 0.033 Hz for 30 min, the TORC1 distribution

remained largely cytoplasmic (Figure 4A). One train of high-

frequency stimuli at 100 Hz for 1 s (16HFS) that typically induces

E-LTP did not significantly increase the nuclear staining of

TORC1 (Figure 4A and 4C). However, marked nuclear

accumulation of TORC1 was observed in slices after stimulation

with four trains of HFS (46HFS), a typical L-LTP induction

protocol (Figure 4A and 4C). Studies of the phosphorylation level

of CREB after the same stimulation protocols showed that

significant increase of phospho-CREB level was observed in slices

treated with 16HFS (Figure 4B and 4D) but not with 46HFS

(Figure 4B and 4D), as compared with the basal condition

(Figure 4B and 4D). These results indicated that nuclear

accumulation of TORC1, but not CREB phosphorylation,

correlated with L-LTP induction in hippocampal slices.

Figure 3. Requirement of TORC1 for CRE-driven gene transcription in
cultured hippocampal neurons. (A) Statistical analysis of CRE-luciferase
activity from neurons transfected with indicated plasmids that were left
unstimulated or stimulated with high KCl. (B) Statistical analysis of BDNF
mRNA level from EGFP, WT-TORC1, DN-TORC1 infected hippocampal
neurons that were left unstimulated or stimulated with high KCl,
GAPDH mRNA of each sample was used as loading control. (C)
Representative Western blotting analysis of phospho-CREB (P-CREB)
level from EGFP, WT-TORC1, DN-TORC1 infected neurons that were left
unstimulated or stimulated with high KCl for 5 min. Protein loading was
confirmed by probing the same blot with CREB antibody. (D) Statistical
analysis of phospho-CREB (P-CREB) level from EGFP, WT-TORC1, DN-
TORC1 infected neurons from four independent experiments. *, p ,
0.05, compared to non-stimulated control group. In both (A) and (B),
data were obtained from three independent experiments, each of
which was conducted in triplicate. Error bars indicate SEM. *, p , 0.05;
**, p , 0.01, compared to non-stimulated EGFP group.
doi:10.1371/journal.pone.0000016.g003
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Requirement of TORC1 for L-LTP maintenance
To investigate the role of TORC1 in synaptic plasticity of

hippocampus, we sterotaxically injected viruses expressing EGFP,

WT-TORC1, or DN-TORC1 into the CA1 region of the rat

hippocampi. Acute hippocampal slices were prepared 1 d post-

infection and electrophysiological recordings were performed in

a double-blinded manner. To minimize the contribution of non-

specific presynaptic effects, we used only slices in which CA1 but

not CA3 neurons were highly infected as shown in Figure 5A. The

input-output relationship between uninfected and infected slices

did not differ (Figure 5B). Presynaptic paired pulse ratio did no

differ between uninfected and infected slices either (Figure S7).

These results suggested that viral-mediated infection does not

significantly change basal synaptic properties. This result is

consistent with previous electrophysiological studies using SFV

mediated gene delivery strategy [28–31]. We did not observe

significant difference between control and DN-TORC1 infected

slices in E-LTP induced by 16HFS (Figure 5D). However, L-LTP

induced by 46HFS was completely abolished in DN-TORC1

infected slices (Figure 5C), while EGPF infected slices show normal

L-LTP as compared with non-infected control slices. Interestingly,

16HFS, which typically induces E-LTP in control slices, evoked

LTP with an enhanced and sustained long-lasting phase in slices

infected with WT-TORC1 (Figure 5D). These results suggest that

TORC1 is required for the maintenance of L-LTP. Furthermore,

overexpression WT-TORC1 most likely lowered the threshold for

L-LTP induction.

DISCUSSION
The principal findings of this study are fivefold: 1) the CREB

coactivator TORC1 was highly expressed in adult hippocampal

neurons; 2) TORC1 underwent neuronal activity-dependent

nuclear translocation in responding to elevated intracellular Ca2+

and cAMP; 3) TORC1 was required for activity-dependent

neuronal CRE-target gene transcription; 4) TORC1 nuclear

translocation, but not CREB phosphorylation, correlated with L-

LTP induction; 5) TORC1 is required for L-LTP maintenance in

rat hippocampus.

TORCs were recently identified as CREB coactivators from

human cell lines [20,22]. Different isoforms of TORCs, TORC1,

TORC2 and TORC3 have differential expression pattern in

Figure 4. TORC1 nuclear translocation correlates with L-LTP induction.
(A). Immunohistochemical staining of TORC1 after basal stimulation
(upper panel), 16HFS (middle panel) and 46HFS (lower panel). (B)
Immunohistochemical staining of phospho-CREB (P-CREB) after basal
stimulation (upper panel), 16HFS (middle panel) and 46HFS (lower
panel). Scale bar, 20 mm. (C). Quantitative analysis of TORC1 immuno-
histochemical staining after indicated stimulation. (D) Quantitative
analysis of phospho-CREB level after indicated stimulation. In both (C)
and (D), data were obtained from at least eight slices collected from
three independent experiments. *, p , 0.05; **, p , 0.01 relative to
basal group.
doi:10.1371/journal.pone.0000016.g004

Figure 5. Requirement of TORC1 for L-LTP in hippocampal slices. (A)
Representative picture of EGFP infected slice used in electrophysiolog-
ical recordings. Scale bar: 100 mm. (B) Statistical analysis of input-output
ratio from control slices and slices infected with DN-TORC1 or WT-
TORC1. (C) DN-TORC1 but not EGFP infection blocked the maintenance
of L-LTP as compared with EGFP infected slices and non-infected
control slices (percent baseline, at 3 h, DN-TORC1 = 109.2% 6 6.5 vs
EGFP = 178.3 6 10.2 and Control = 176.9 % 6 13.4). (D) WT-TORC1
infection switched E-LTP into L-LTP, DN-TORC1 infection did not affect
E-LTP (at 3 h, WT-TORC1 = 145.6 % 6 10.7 vs Control = 102.8 % 6 6.2
and DN-TORC1 = 103.0 6 7.5). Scale bar: 300 mV, 10 ms. In both (C) and
(D), representative fEPSP traces taken at the times indicated (1 and 2)
are shown at top, arrows indicate the time of HFS.
doi:10.1371/journal.pone.0000016.g005
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human tissue by cDNA microarray study [21], in contrast to the

ubiquitous expression pattern of CREB [17], suggesting that

TORCs regulate the function of CREB in stimulus/tissue-specific

manner. Indeed, recent study of TORC2 revealed its critical role

in regulating glucose homeostasis in liver tissue [24]. In the present

study, we examined the expression pattern of TORCs in the

central nervous system. We found that TORC1 is highly expressed

in the central nervous system; TORC2 was enriched in the

cerebellum, while TORC3 was not detectable in the brain. We

showed TORC1 was required for CRE-driven gene transcription

in the hippcampal neurons.

In the central nervous system, activity-dependent expression of

CRE-driven genes is important for neuronal development,

synaptic plasticity, and memory formation [4,8,12,32], as well as

for pathological states, such as drug addiction [33]. The

transcriptional factor CREB has been proposed as a molecular

switch in hippocampal synaptic plasticity [8,11]. The expression of

L-LTP correlates with increased CRE-dependent gene expression,

as monitored via the activity of a CRE-driven lacZ reporter

construct in transgenic mice [4]. LTP and long-term memory was

defective in mice homozygous for a genetic deletion of ad isoforms

of CREB [8]. Furthermore, expressing a constitutively active form

of VP16-CREB facilitated the induction of L-LTP via activation of

the transcription of CRE-driven genes [9,34]. However, other

studies failed to demonstrate impairments of L-LTP in CREB

mutant mice [35,36]. In addition, transgenic mice overexpressing

a dominant-negative mutant of CREB in amygdala did not show

any deficit in LTP or memory [37]. It could be that the role of

CREB in LTP may be sensitive to gene dosage and genetic

background, and other genes can compensate for loss of CREB in

CREB mutant mice [38]. In fact, the CREB partial knockout mice

show strong upregulation of other CRE binding transcription

factors [39,40]. Our findings that TORC1 is required for L-LTP

in acute hippocampal slices suggest that CREB-mediated gene

expression is critical for L-LTP because CREB is the only

identified partner for TORCs. It is also possible that TORC1

works through some other transcriptional factors besides CREB

for CRE-target gene expression and L-LTP. For this issue, it

would be interesting to examine the role of TORC1 in L-LTP in

mice without functional CREB in future experiments.

The molecular mechanisms whereby synaptic signals propagate

to the nucleus to maintain genes expression for synaptic

potentiation were unclear. Previous studies indicates that nuclear

translocation of phospho-MAP kinase and calmodulin contributes

to CREB phosphorylation in cultured hippocampal neuron and

slices [41–45]. Phosphorylation of CREB and the recruitment its

coactivators CBP and p300 to the CRE element, promote the

transcription of downstream genes [14–18]. The convergence of

cAMP and Ca2+ signals at the level of CREB Ser133

phosphorylation provides a plausible mechanism for cooperativity

among diverse signals for CRE-target gene expression and L-LTP.

However several groups reported that some extracellular stimuli

capable of phosphorylating CREB at Ser-133, fail to induce

CREB-dependent gene expression [12,46]. Previous study [4] and

our data revealed discrepancy in CREB phosphorylation between

16HFS and 46HFS in hippocampal slices. It is possible that

46HFS activated protein phosphatase that dephosphorylates

CREB due to prolonged strong synaptic activity-induced calcium

influx, while only very little phosphatase was activated after

16HFS. In fact, previous work indicated that the duration of

CREB phosphorylation could be regulated by protein phospha-

tases, depending on the stimulation pattern [47,48] and the sites of

calcium entry. For example, calcium influx via NMDA receptor

could dephosphorylate KCl-induced CREB phosphorylation [49].

Synaptic and extrasynaptic NMDA receptors have opposite roles

on CREB phosphorylation [50]. Our findings suggest that nuclear

translocation of the CREB coactivator TORC1 is required for

neuronal activity-dependent CRE-target gene expression. More-

over, TORC1 nuclear accumulation, but not CREB phosphory-

lation, correlated with L-LTP induction. Taken together, these

findings suggest that CREB has to recruit TORC1 to initiate

CRE-target gene expression beside Ser133 phosphorylation.

In summary, our results suggest that TORC1 acts as the

coincidence detector for sensing intracellular Ca2+ and cAMP

changes in neurons and is translocated to the nucleus to support

persistent CREB-target gene transcription. These results may

provide an alternative mechanism to explain the discrepancy

between transient CREB phosphorylation and persistent CRE-

driven gene transcription. We demonstrated that TORC1 is

a critical component for activity-dependent CREB target gene

expression and the maintenance of L-LTP in the hippocampus.

MATERIALS AND METHODS

TORC1 gene cloning and constructs preparation
To clone Rat TORC1 coding sequence, a pair of degenerative

primers is designed according to mouse TORC1 (Genbank

accession: BC080308): Forward: 59- ATGGCGACTTCGAACA-

ATCCGCGGA -39; Reverse, 59- TCACAGGCGGTCCATTC-

GGAAGGT -39. Using above primers, a cDNA sequence was

amplified by RT-PCR using hippocampal total RNA from adult

male Sprague-Dawley (SD) rat brain, and inserted into pGEM-T

easy vector to generate pGEM-rTORC1. A verified sequence has

been submitted into NCBI database (GenBank accession:

108865216). To clone N-terminal tagged Flag-TORC1, a frag-

ment was amplified using pGEM-rTORC1 as template and

inserted into pcDNA3 between HindIII- and EcoRI, and it was

named pcDNA3-flag-rTORC1. To clone TORC1-GFP fusion

protein expression construct, TORC1 coding sequence was

amplified from pGEM-rTORC1 and inserted into pEGFP-N1

vector (Clontech) between HindIII and EcoRI to generate

prTORC1-EGFP. For dominant negative TORC1 expression,

a N-terminal 44 amino acid coding sequence was inserted into

pEGFP-N1 between EcoRI and HindIII as described [22] to

generate pN44-rT1-EGFP. The primers for pcDNA3-flag-

rTORC1 are: Forward, 59-CCCAAGCTTATGGATTACAAGG-

ATGACGACGATAAGGCGACTTCGAACAATCCGCGGA-39;

Reverse, 59-CCGGAATTCTCACAGGCGGTCCATTCGGAA-

39. Primers for prTORC1-EGFP are: Forward, 59-GCCCAAG-

CTTATGGCGACTTCGAACAATCCGCG-39; Reverse, 59-

CCGGAATTCGCAGGCGGTCCATTCGGAAGGT-39.

TORC1 RNAi preparation
To screen RNAi targeting sequence, three hairpin DNA oligos

targeting rat TORC1 (Shanghai Genechem Co., Ltd. China) as

well as a control hairpin DNA targeting luciferase were cloned into

pLVTHM vector (kindly gift from Dr. Trono). For knockdown

efficiency test, pLVTHM-shRNA was co-transfected with target-

ing DNA pcDNA3-flag-rTORC1 (ratio, 3:1) into BHK-21 cell.

Forty eight hours later, cells were harvested and lysed for Western

blotting analysis. One of the most efficient shRNA sequence (22-

mer sequence, 59-CCGACATCATGGGCTTGTGGAC-39) was

used in functional assays in this paper.

Virus vectors and packaging of virions
The Semliki Forest Virus (SFV)-based vector and helper vector

were kindly provided by Dr. Kenneth Lundstrom (Hoffmann La

Roche, Basel). To construct pSFV(pd)-EGFP, a DNA fragment

Requirement of TORC1 for L-LTP
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encoding enhanced green fluorescent protein (EGFP; Clontech,)

was amplified by PCR and digested to generate a 59 Xho I and 39

Spe I sites, and inserted into pSFV(pd) vector. The DNA fragment

encoding full-length rat torc1 and 44 amino acids in N-termini of

rat torc1 were amplified by PCR to generate 59 SpeI and 39 Not I

sites, and then inserted into pSFV(pd)-EGFP vector to produce

pSFV(pd)–TORC1-EGFP and pSFV(pd)-DN-T1-EGFP. Virus

packaging was performed as previously described [51].

Primary neuronal culture, transfection, and

stimulation
Hippocampal neuron cultures were prepared from E18 SD rat

embryos and maintained for 15–21 d in vitro (DIV) as previously

described [29]. For BDNF mRNA analysis, neurons at DIV 5–6

were infected with activated virions as indicated. After 16–18 h

infection, neurons were stimulated with 50 mM KCl for 4 h, then

collected for RT-PCR. For immunocytochemical study, neurons

at DIV 14–15 were stimulated either with agonists or in

combination with antagonists as follows: KCl (70 mM), CdCl2
(50 mM) for 5 min, forskolin (25 mM) for 15 min, bicuculline

(50 mM), MK-801 (10 mM ) for 30 min, LMB (10 ng/ml ) for 1 h.

Semi-quantitative RT-PCR analysis
For culture assay, total RNA of SFV-infected DIV 6–7

hippocampal neurons were extracted with TRIzol reagent

(Invitrogen). 1.5 mg total RNA was reverse transcribed, and

1/20 of the RT products were used for PCR amplification. For

TORC1 tissue expression pattern assay, total RNA from the

cerebral cortex, hippocampus, and cerebellum of SD rat were

extracted and used for RT-PCR. Primers used are: BDNF,

Forward, 5-ACGGTCACAGTCCTGGAGAAA -39, Reverse,

59- TTGGGTAGTTCGGCATTGCGA –3; TORC1, Forward:

59-GCACAACCAGAAGCAGGCG-39, Reverse: 59-CAGGAC-

TTGGGCCTGGAAC-39; GAPDH, Forward, 59- ATGCCCC-

CATGTTTGTGATGG -39, Reverse, 59- TGGTCATGAGCC-

CTTCCACGA -3. BDNF mRNA level in each lane was

normalized with GAPDH mRNA and quantified with Image-

Quant 5.2 (GE Healthcare).

In Situ Hybridization
In situ hybridization was performed as previously described [52].

Briefly, SD rats were deeply anaesthetized and perfused with 4%

paraformaldehyde in 0.1 M phosphate buffer saline (DEPC-PBS;

pH 7.4). The whole brains were removed and placed into 4%

paraformaldehyde in 0.1 M phosphate buffer (DEPC-PBS;

pH 7.4) for 4 hours. Brains were dehydrated in gradient of

sucrose (15%, 30%, dissolved with DEPC-PBS). Brains were cut

into 20 mm thin coronary slices in 220uC with Cryostat CM1900

(Leica, Germany) and mounted onto no-RNAase silane-coated

slides (Fisher Scientific, USA), stored at 220uC.The PCR products

of rat TORC1 (forward: 59-GCACAACCAGAAGCAGGC-3,

Reverse:59-CAGGACTTGGGCCTGGAAC-39) were ligated

with pGEM-T Easy vector. The plasmid were linearized for in

vitro RNA transcription to prepare antisense and senese DIG-

RNA probes using a SP6/T7 transcription kit (Roche). Hybrid-

ization was performed following the standard protocol, anti-DIG-

AP-Fab fragments, NBT/BCIP (Boehringer Mannheim) were

used for detection.

CRE-dependent luciferase reporter assay
For all reporter experiments, firefly luciferase plasmid pTAL-Cre

(Clonetech) were cotransfected with the RL-SV40 vector (Pro-

mega), which expresses Renilla luciferase as an internal control,

using calcium phosphate transfection into cultured hippocampal

neuron at DIV 4–5 as previously described [53]. Forty hours

following transfection, neurons were stimulated with KCl (50 mM)

for 8 h. The luciferase assays were performed using a Dual

Luciferase Assay kit (Promega) according to the manufacturer’s

instructions.

Antibodies preparation and reagents
All reagents were purchased from Sigma unless otherwise indicated.

TORC1- and TORC3-antisera were raised against human TORC1

peptide (551–650) and TORC3 peptide (480–619), respectively.

Because these antisera have cross-reaction with both TORC1 and

TORC3, the IgG was purified from the anti-TORC1 serum using

the TORC3 peptide. The resultant anti-TORC1/3 IgG could

recognize both TORC1 and TORC3 with equal efficiency. The

above peptides were prepared as GST-fusion peptides in E. coli

using a pGEX-6P3 expression vector and cleaved from GST by

PreScission Protease (Amersham Biosciences).

Northern Blotting
Total cellular RNA was extracted from hippocampus, cerebral

cortex and cerebellum of adult rats by using the TRIzol reagent

(Invitrogen). RNA (20 mg) from each sample was loaded onto

a 1.5% agarose/formaldehyde gel, transferred to a nylon

membrane (Amersham) after electrophoresis, and hybridized with

32P-labeled cDNA probes spanning 48 nt to 647 nt in the coding

sequence of TORC1. Equivalent loading of RNA in all lanes were

confirmed by 28S and 18S RNA.

Western Blotting
Brain tissues or cultured neurons were lysed and protein

concentrations were determined by the Lowry method. Approx-

imately 10,20 mg of each sample was loaded onto each lane and

size-fractionated on 9% SDS-PAGE. After electrotransfer, mem-

brane was blocked with 5% milk in 0.05% Tween-20 for 1 h. The

blots were probed with antibodies diluted as follows: rabbit anti-

TORC1/3 (1:4000), rabbit anti-phospho-CREB (1:1000; Cell

Signaling Technology), rabbit anti-CREB (1:1000; Cell Signaling

Technology), and mouse anti-Actin (1:5000; Santa Cruze Bio-

technology) antibodies. Goat anti-rabbit or mouse IgG coupled to

HRP (1:5000; Amersham) were used as the secondary antibodies.

Bands were visualized by ECL plus Western blotting detection

system (Amersham). Prestained proteins (17 to 108kDa; RYM-

TECH) were used as marker. Quantitative analysis of phosphor-

CREB level was performed by normalizing to total CREB level

using ImageQuant 5.2 (GE Healthcare).

Immunostaining
Slice Immunohistochemical experiments were performed as

previously described [43]. Hippocampal slices were prepared

and treated with tetanic stimulation as indicated in the

electrophysiological experiments. Thirty min after each treatment,

slices were fixed in ice-cold 4% paraformaldehyde for 60 min,

permeailized in 0.3% Triton X-100 for 60 min, blocked with 10%

goat serum for 60 min. Slices were then incubated with rabbit

anti-phospho-CREB (1:200 Cell Signaling Technology), or rabbit

anti-TORC1/3 IgG (1:500) in 10% goat serum in PBS at 4uC for

36 h. After thoroughly wash with PBS, slices were probed with

Alex 488 conjuated goat anti-rabbit secondary antibody at 4uC for

36 h (1:2000, Molecular probes). The slices were viewed using

a Zeiss two photon laser confocal-scanning system (Zeiss LSM

510). Images were taken using a 406water immersion objective
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with a numerical aperture of 0.8. Each image was collected by

averaging four scans. For Immunocytochemical staining in

cultured hippocampal neurons, neurons were fixed in ice-cold

4% paraformaldehyde, permeabilized in 0.1% Triton X-100 and

blocked in 5% goat serum in PBS. The primary anti-TORC1/3

antibody (1:4000) and Alex 488 conjuated goat anti-rabbit

secondary antibody (1:5000) were used for experiments, Hochest

33342 (Sigma) was used to validate the morphological identifica-

tion of nuclei. Image were taken using a 406oil immersion

objective with a numerical aperture of 1.3. Immunofluorescence

intensity ratio of nuclear to cytosol (N/C fluorescence ratio) both

in hippocampal slices and cultured hippocampal neurons were

analysed as previously described [54], the fluorescence intensity

per unit area in the nucleus versus cytosol was counted by the

Image Pro Plus software (Media Cybernetics).

Animal stereotaxic surgery
The use and care of animals in this study is approved by the

Institutional Animal Care and Use Committee of the Institute of

Neuroscience. Postnatal day 21–28 SD rats (45–65 g) were fully

anesthetized with 5% Choral Hydrate and prepared for

stereotaxic injection as previously described [28]. Activated virons

(1 ml) were infused into the hippocampus of rats unilaterally

(23 mm posterior to bregma, 21.8 mm lateral to the midline)

using a stainless steel cannula (Plastic One) at a depth of 2.9 mm

and controlled with a Harvard Apparatus pump at a flow rate of

0.1 ml/min.

Slice preparation and electrophysiology recording
Hippocampal slices were prepared 18,24 h after infection as

described [28]. Briefly, rats were deeply anaesthetized, brains were

rapidly removed and transverse hippocampal slices (400 mm

thickness) were cut using a vibrating blade microtome (Leica VT

1000S) in ice-cold artificial cerebrospinal fluid (ACSF containing

119 mM NaCl, 2.3 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2,

26.2 mM NaHCO3, 1 mM NaH2PO4, and 11 mM glucose) that

was bubbled continuously with carbogen (95%O2/5%CO2). After

equilibration for 60 min at 34uC, slices were transferred to

a submerged chamber perfused continuously with arbogenated

ACSF containing bicuculline (10 mM) at 30uC via an automatic

temperature cotronller (Warner Instrument Corporation). Re-

cording of fEPSP in the CA1 region of infected hippocampal slices

were performed as previously described [9,42]. Both the

stimulating and recording electrodes (filled with ACSF) were

placed in the stratum radiatum of CA1 area. Excitatory

postsynaptic responses were evoked by stimulating the Schaffer

collateral commissural pathway via a constant current pulse

(0.05 ms) delivered by Master-8 stimulator (AMPI) through

a stainless bipolar electrode (100 mm diameter). The stimulation

intensity (0.05 ms duration) was adjusted to give fEPSP slopes

approximately 40% of the maximum, and baseline responses were

elicited once per minute at this intensity. L-LTP was produced

with four 100 Hz one sec tetani presented at 5 min intervals. E-

LTP was produced with one 100 Hz one sec tetanus. Slopes of

fEPSP were plotted every 5 min by averaging five consecutive

slopes. Only one slice from each rat was used for recording, ‘‘n’’

indicates the number of slices. Data analyses were performed using

Clampfit 8.0 and IGOR PRO version 4.09 (WaveMetrics).

Statistical analysis
Statistical data are given as mean 6 SEM. The significance of

differences was determined using Student’s t test as compared to

control group using Prism 4.0 software.

SUPPORTING INFORMATION

Figure S1 Expression pattern of TORCs in adult rat brain

regions. (A). RT-PCR analysis of TORC1, TORC2 and TORC3

mRNAs in adult rat hippocampus, cerebral cortex and cerebel-

lum. (B) Western blotting analysis of TORC2 protein in adult rat

hippocampus, cerebral cortex and cerebellum.

Found at: doi:10.1371/journal.pone.0000016.s001 (0.11 MB

DOC)

Figure S2 Sequence alignment of human (hTORC1), mouse

(mTORC1) and rat (rTORC1) TORC1 protein. Characters in

yellow indicate the conserved amino acid in all three species,

characters in blue indicates the conserved amino acid in two of

three species.

Found at: doi:10.1371/journal.pone.0000016.s002 (2.22 MB

DOC)

Figure S3 Specificity of TORC1 antibody. TORC1 over-

expression panel indicated the lysate from BHK-21 cells over-

expressed with TORC1 plasmid. A full blot was presented with

a protein marker ranging from 17 to 108 kDa.

Found at: doi:10.1371/journal.pone.0000016.s003 (0.61 MB

DOC)

Figure S4 Representative image of EGFP-tagged TORC1 in

cultured hippocampal neurons 16 hrs after infection with EGFP

tagged WT-TORC1. (A) Non-treated control neurons. (B) LMB

treated neuorns. Scale bar: 20 mm.

Found at: doi:10.1371/journal.pone.0000016.s004 (0.70 MB

DOC)

Figure S5 Schematic graph of DN-TORC1 construction and

TORC1 RNAi efficiency examination. (A) Generation of a DN-

TORC1 by fusing the 44 amino acids from N-terminal CREB

binding domain of TORC1 with a full length EGFP. (B) Western

blotting analysis of lysate from TORC1 overexpressed BHK-21

cells co-transfected with either control scramble shRNA or

TORC1 shRNA. Blot was probed with anti-TORC1 antibody,

stripped and re-probed with beta-actin antibody as loading

control.

Found at: doi:10.1371/journal.pone.0000016.s005 (0.18 MB

DOC)

Figure S6 TORC1 RNAi efficiency examination in primary

cultured hippocampal neuron. (A) Anti-TORC1 staining of

hippocampal neurons transfected with control scramble shRNA.

(B) Anti-TORC1 staining of hippocampal neurons transfected

with TORC1 shRNA. In both (A) and (B), neurons were fixed for

staining 72 hrs after transfection, transfected neurons were

indicated by EGFP fluorescence. Scale bar: 20 mm.

Found at: doi:10.1371/journal.pone.0000016.s006 (2.86 MB

DOC)

Figure S7 Comparison of Paired pulse ratio (PPF) from control

slices and slices infected with DN-TORC1 or WT-TORC1.

Representative superimposed traces of PPF from Ctrl slice (A),

WT-TORC1 slice (B) and DN-TORC1 slice (C). (D) Statistical

analysis of PPF from these slices. Data were presented as the mean

{plus minus} SEM of the facilitation of the second response

relative to the first response. Scale bar: 200 mV, 50 ms.

Found at: doi:10.1371/journal.pone.0000016.s007 (0.76 MB

DOC)

ACKNOWLEDGMENTS
We thank Dr. Mu-ming Poo for critical comments on the manuscript and

Dr. Kenneth Lundstrom for SFV constructs.

Requirement of TORC1 for L-LTP

PLoS ONE | www.plosone.org 7 December 2006 | Issue 1 | e16



Author Contributions

Conceived and designed the experiments: YZ ZX HW. Performed the

experiments: YZ SL HW QC XC JZ QC. Analyzed the data: YZ HW.

Contributed reagents/materials/analysis tools: HT. Wrote the paper: YZ

ZX HW

REFERENCES
1. Lynch MA (2004) Long-term potentiation and memory. Physiol Rev 84:

87–136.

2. Martin SJ, Grimwood PD, Morris RG (2000) Synaptic plasticity and memory:

an evaluation of the hypothesis. Annu Rev Neurosci 23: 649–711.

3. Montarolo PG, Goelet P, Castellucci VF, Morgan J, Kandel ER, et al. (1986) A

critical period for macromolecular synthesis in long-term heterosynaptic

facilitation in Aplysia. Science 234: 1249–54.

4. Impey S, Mark M, Villacres EC, Poser S, Chavkin C, et al. (1996) Induction of

CRE-mediated gene expression by stimuli that generate long-lasting LTP in area

CA1 of the hippocampus. Neuron 16: 973–82.

5. Nguyen PV, Abel T, Kandel ER (1994) Requirement of a critical period of

transcription for induction of a late phase of LTP. Science 265: 1104–7.

6. Kaang BK, Kandel ER, Grant SG (1993) Activation of cAMP-responsive genes

by stimuli that produce long-term facilitation in Aplysia sensory neurons.
Neuron 10: 427–35.

7. Yin JC, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, et al. (1994) Induction

of a dominant negative CREB transgene specifically blocks long-term memory in

Drosophila. Cell 79: 49–58.

8. Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva AJ (1994)

Deficient long-term memory in mice with a targeted mutation of the cAMP-

responsive element-binding protein. Cell 79: 59–68.

9. Barco A, Alarcon JM, Kandel ER (2002) Expression of constitutively active

CREB protein facilitates the late phase of long-term potentiation by enhancing

synaptic capture. Cell 108: 689–703.

10. Alarcon JM, Malleret G, Touzani K, Vronskaya S, Ishii S, et al. (2004)

Chromatin acetylation, memory, and LTP are impaired in CBP+/2 mice:

a model for the cognitive deficit in Rubinstein-Taybi syndrome and its

amelioration. Neuron 42: 947–59.

11. Frank DA, Greenberg ME (1994) CREB: a mediator of long-term memory from

mollusks to mammals. Cell 79: 5–8.

12. Lonze BE, Ginty DD (2002) Function and regulation of CREB family
transcription factors in the nervous system. Neuron 35: 605–23.

13. Silva AJ, Kogan JH, Frankland PW, Kida S (1998) CREB and memory. Annu

Rev Neurosci 21: 127–48.

14. Chawla S, Hardingham GE, Quinn DR, Bading H (1998) CBP: a signal-

regulated transcriptional coactivator controlled by nuclear calcium and CaM

kinase IV. Science 281: 1505–9.

15. Radhakrishnan I, Perez-Alvarado GC, Parker D, Dyson HJ, Montminy MR, et
al. (1997) Solution structure of the KIX domain of CBP bound to the

transactivation domain of CREB: a model for activator:coactivator interactions.

Cell 91: 741–52.

16. Kornhauser JM, Cowan CW, Shaywitz AJ, Dolmetsch RE, Griffith EC, et al.
(2002) CREB transcriptional activity in neurons is regulated by multiple,

calcium-specific phosphorylation events. Neuron 34: 221–33.

17. Shaywitz AJ, Greenberg ME (1999) CREB: a stimulus-induced transcription
factor activated by a diverse array of extracellular signals. Annu Rev Biochem

68: 821–61.

18. Mayr B, Montminy M (2001) Transcriptional regulation by the phosphoryla-

tion-dependent factor CREB. Nat Rev Mol Cell Biol 2: 599–609.

19. Sheng M, Thompson MA, Greenberg ME (1991) CREB: a Ca(2+)-regulated

transcription factor phosphorylated by calmodulin-dependent kinases. Science

252: 1427–30.

20. Iourgenko V, Zhang W, Mickanin C, Daly I, Jiang C, et al. (2003) Identification

of a family of cAMP response element-binding protein coactivators by genome-

scale functional analysis in mammalian cells. Proc Natl Acad Sci U S A 100:

12147–52.

21. Conkright MD, Canettieri G, Screaton R, Guzman E, Miraglia L, et al. (2003)

TORCs: transducers of regulated CREB activity. Mol Cell 12: 413–23.

22. Bittinger MA, McWhinnie E, Meltzer J, Iourgenko V, Latario B, et al. (2004)
Activation of cAMP response element-mediated gene expression by regulated

nuclear transport of TORC proteins. Curr Biol 14: 2156–61.

23. Screaton RA, Conkright MD, Katoh Y, Best JL, Canettieri G, et al. (2004) The

CREB coactivator TORC2 functions as a calcium- and cAMP-sensitive
coincidence detector. Cell 119: 61–74.

24. Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, Jeffries S, et al. (2005) The

CREB coactivator TORC2 is a key regulator of fasting glucose metabolism.
Nature 437: 1109–11.

25. Kudo N, Matsumori N, Taoka H, Fujiwara D, Schreiner EP, et al. (1999)

Leptomycin B inactivates CRM1/exportin 1 by covalent modification at

a cysteine residue in the central conserved region. Proc Natl Acad Sci U S A 96:
9112–7.

26. Wu L, Liu J, Gao P, Nakamura M, Cao Y, Shen H, Griffin JD (2005)

Transforming activity of MECT1-MAML2 fusion oncoprotein is mediated by

constitutive CREB activation. Embo J 24: 2391–402.

27. Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME (1998) Ca2+
influx regulates BDNF transcription by a CREB family transcription factor-
dependent mechanism. Neuron 20: 709–26.

28. Marie H, Morishita W, Yu X, Calakos N, Malenka RC (2005) Generation of
silent synapses by acute in vivo expression of CaMKIV and CREB. Neuron 45:

741–52.

29. Park M, Penick EC, Edwards JG, Kauer JA, Ehlers MD (2004) Recycling

endosomes supply AMPA receptors for LTP. Science 305: 1972–5.

30. Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, et al. (2000) Driving
AMPA receptors into synapses by LTP and CaMKII: requirement for GluR1

and PDZ domain interaction. Science 287: 2262–7.

31. Shi SH, Hayashi Y, Petralia RS, Zaman SH, Wenthold RJ, et al. (1999) Rapid

spine delivery and redistribution of AMPA receptors after synaptic NMDA

receptor activation. Science 284: 1811–6.

32. Xing J, Kornhauser JM, Xia Z, Thiele EA, Greenberg ME (1998) Nerve growth

factor activates extracellular signal-regulated kinase and p38 mitogen-activated
protein kinase pathways to stimulate CREB serine 133 phosphorylation. Mol

Cell Biol 18: 1946–55.

33. Carlezon WA Jr, Thome J, Olson VG, Lane-Ladd SB, Brodkin ES, et al. (1998)
Regulation of cocaine reward by CREB. Science 282: 2272–5.

34. Barco A, Patterson S, Alarcon JM, Gromova P, Mata-Roig M, et al. (2005) Gene
expression profiling of facilitated L-LTP in VP16-CREB mice reveals that

BDNF is critical for the maintenance of LTP and its synaptic capture. Neuron
48: 123–37.

35. Balschun D, Wolfer DP, Gass P, Mantamadiotis T, Welzl H, et al. (2003) Does

cAMP response element-binding protein have a pivotal role in hippocampal
synaptic plasticity and hippocampus-dependent memory? J Neurosci 23:

6304–14.

36. Pittenger C, Huang YY, Paletzki RF, Bourtchouladze R, Scanlin H, et al. (2002)

Reversible inhibition of CREB/ATF transcription factors in region CA1 of the

dorsal hippocampus disrupts hippocampus-dependent spatial memory. Neuron
34: 447–62.

37. Rammes G, Steckler T, Kresse A, Schutz G, Zieglgansberger W, et al. (2000)
Synaptic plasticity in the basolateral amygdala in transgenic mice expressing

dominant-negative cAMP response element-binding protein (CREB) in fore-
brain. Eur J Neurosci 12: 2534–46.

38. Gass P, Wolfer DP, Balschun D, Rudolph D, Frey U, et al. (1998) Deficits in

memory tasks of mice with CREB mutations depend on gene dosage. Learn
Mem 5: 274–88.

39. Blendy JA, Kaestner KH, Schmid W, Gass P, Schutz G (1996) Targeting of the
CREB gene leads to up-regulation of a novel CREB mRNA isoform. Embo J 15:

1098–106.

40. Hummler E, Cole TJ, Blendy JA, Ganss R, Aguzzi A, et al. (1994) Targeted
mutation of the CREB gene: compensation within the CREB/ATF family of

transcription factors. Proc Natl Acad Sci U S A 91: 5647–51.

41. Deisseroth K, Heist EK, Tsien RW (1998) Translocation of calmodulin to the

nucleus supports CREB phosphorylation in hippocampal neurons. Nature 392:

198–202.

42. Lu YF, Kandel ER, Hawkins RD (1999) Nitric oxide signaling contributes to

late-phase LTP and CREB phosphorylation in the hippocampus. J Neurosci 19:
10250–61.

43. Patterson SL, Pittenger C, Morozov A, Martin KC, Scanlin H, et al. (2001)

Some forms of cAMP-mediated long-lasting potentiation are associated with
release of BDNF and nuclear translocation of phospho-MAP kinase. Neuron 32:

123–40.

44. Deisseroth K, Mermelstein PG, Xia H, Tsien RW (2003) Signaling from synapse

to nucleus: the logic behind the mechanisms. Curr Opin Neurobiol 13: 354–65.

45. Josselyn SA, Nguyen PV (2005) CREB, synapses and memory disorders: past

progress and future challenges. Curr Drug Targets CNS Neurol Disord 4:

481–97.

46. Bonni A, Ginty DD, Dudek H, Greenberg ME (1995) Serine 133-phosphor-

ylated CREB induces transcription via a cooperative mechanism that may
confer specificity to neurotrophin signals. Mol Cell Neurosci 6: 168–83.

47. Liu FC, Graybiel AM (1996) Spatiotemporal dynamics of CREB phosphory-

lation: transient versus sustained phosphorylation in the developing striatum.
Neuron 17: 1133–44.

48. Bito H, Deisseroth K, Tsien RW (1996) CREB phosphorylation and
dephosphorylation: a Ca(2+)- and stimulus duration-dependent switch for

hippocampal gene expression. Cell 87: 1203–14.

49. Sala C, Rudolph-Correia S, Sheng M (2000) Developmentally regulated NMDA
receptor-dependent dephosphorylation of cAMP response element-binding

protein (CREB) in hippocampal neurons. J Neurosci 20: 3529–36.

50. Hardingham GE, Fukunaga Y, Bading H (2002) Extrasynaptic NMDARs

oppose synaptic NMDARs by triggering CREB shut-off and cell death
pathways. Nat Neurosci 5: 405–14.

Requirement of TORC1 for L-LTP

PLoS ONE | www.plosone.org 8 December 2006 | Issue 1 | e16



51. Zhu DY, Liu SH, Sun HS, Lu YM (2003) Expression of inducible nitric oxide

synthase after focal cerebral ischemia stimulates neurogenesis in the adult rodent
dentate gyrus. J Neurosci 23: 223–9.

52. Ding YQ, Marklund U, Yuan W, Yin J, Wegman L, Ericson J, et al. (2003)

Lmx1b is essential for the development of serotonergic neurons. Nat Neurosci 6:
933–8.

53. Xia Z, Dudek H, Miranti CK, Greenberg ME (1996) Calcium influx via the

NMDA receptor induces immediate early gene transcription by a MAP kinase/
ERK-dependent mechanism. J Neurosci 16: 5425–36.

54. Dzeja PP, Bortolon R, Perez-Terzic C, Holmuhamedov EL, Terzic A (2002)

Energetic communication between mitochondria and nucleus directed by
catalyzed phosphotransfer. Proc Natl Acad Sci U S A 99: 10156–61.

Requirement of TORC1 for L-LTP

PLoS ONE | www.plosone.org 9 December 2006 | Issue 1 | e16


