
Neurobiology of Disease

An Increase in Basal BDNF Provokes Hyperactivation of the
Akt-Mammalian Target of Rapamycin Pathway and
Deregulation of Local Dendritic Translation in a Mouse
Model of Down’s Syndrome
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As in other diseases associated with mental retardation, dendrite morphology and synaptic plasticity are impaired in Down’s syndrome
(DS). Both these features of neurons are critically influenced by BDNF, which regulates local dendritic translation through phosphati-
dylinositol 3-kinase-Akt-mammalian target of rapamycin (mTOR) and Ras–ERK signaling cascades. Here we show that the levels of
BDNF and phosphorylated Akt–mTOR (but not Ras–ERK) pathway proteins are augmented in hippocampal dendrites of Ts1Cje mice, a
DS model. Consequently, the rate of local dendritic translation is abnormally high and the modulatory effect of exogenous BDNF is lost.
Interestingly, rapamycin (a Food and Drug Administration-approved drug) restores normal levels of phosphorylated Akt-mTOR pro-
teins and normal rates of local translation in Ts1Cje neurons, opening new therapeutic perspectives for DS. The NMDAR inhibitors APV,
MK-801, and memantine also restore the normal levels of phospho-mTOR in dendrites of Ts1Cje hippocampal neurons. We propose a
model to explain how BDNF-mediated regulation of local translation is lost in the Ts1Cje hippocampus through the establishment of a
glutamatergic positive-feedback loop. Together, these findings help elucidate the mechanisms underlying altered synaptic plasticity
in DS.

Introduction
Down’s syndrome (DS) is produced by a trisomy of human chro-
mosome 21 (HSA21), and it is the most frequent genetic cause of
mental retardation (Antonarakis et al., 2004). As in other mental
retardation diseases, synaptic plasticity and dendritic morphol-
ogy are impaired in DS (Kaufmann and Moser, 2000). The
Ts1Cje mouse is a DS model in which �80 orthologous HSA21
genes are trisomic, including the DS critical region responsible
for memory and learning impairments (Delabar et al., 1993; Beli-
chenko et al., 2009a). Indeed, these mice exhibit altered synaptic
plasticity and morphological dendritic abnormalities (Siarey et
al., 2005; Belichenko et al., 2007).

In neurons, the mammalian target of rapamycin (mTOR) sig-
naling pathway regulates dendritic morphogenesis and synaptic
plasticity, and it represents an interesting candidate that could be
involved in the neuronal pathology of DS. The mTOR pathway
controls the growth and branching of dendrites in cultured hip-

pocampal neurons (Jaworski et al., 2005; Kumar et al., 2005), and
it is implicated in BDNF-mediated synaptic plasticity in the adult
brain, regulating local dendritic translation (Tang et al., 2002;
Santos et al., 2010). In this case, the interaction of BDNF with its
TrkB receptor activates phosphatidylinositol 3-kinase (PI3K),
leading to phosphatidylinositol 3,4,5-trisphosphate (PIP3) syn-
thesis. This PIP3 binds to Akt and promotes its association with
the membrane, where it is phosphorylated (i.e., activated). Accordingly,
Akt can then activate mTOR, which induces the following: (1) phos-
phorylation of the inhibitory protein 4EBP1 that provokes its dissocia-
tion from eIF4E, enabling the latter to interact with eIF4G, a mandatory
step to initiate translation; (2) phosphorylation of p70S6 kinase
(p70S6K), which in turn phosphorylates ribosomal protein S6, en-
hancing the synthesis of translational machinery proteins. Thus,
BDNF regulates the local translation of a series of mRNAs via the
mTOR pathway, including that of �-CaMKII, Arc, Homer2,
Limk1, NMDAR1, and GluR1 (Schratt et al., 2004). Interestingly,
hyperactivation of the mTOR signaling cascade has been re-
ported in mouse models of two mental retardation diseases, tu-
berous sclerosis (Ehninger et al., 2008) and fragile X syndrome
(Sharma et al., 2010).

Here we show that the Akt–mTOR signaling pathway is hy-
peractivated in hippocampal dendrites of trisomic Ts1Cje mice.
In these neurons, exposure to exogenous BDNF failed to further
increase the levels of phosphorylation of Akt, mTOR, p70S6K, S6,
and 4EBP1 proteins, probably due to the high basal levels of
BDNF expression and release in the Ts1Cje hippocampus. Ac-
cordingly, the rates of local dendritic translation were higher in

Received Jan. 2, 2011; revised May 4, 2011; accepted May 5, 2011.
Author contributions: M.L.M. designed research; J.A.T.-M. and A.A.-S. performed research; J.A.T.-M. and M.L.M.

analyzed data; M.L.M. wrote the paper.
This work was supported by the Fundación Ramón Areces (Spain), the Ministerio de Ciencia e Innovación (Insti-

tuto de Salud Carlos III, Spain; Grant PI081401), the Fondation Jérôme Lejeune (France), and the Junta de Andalucía
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the hippocampus of Ts1Cje mice than in wild-type (WT) mice,
and exogenous BDNF failed to augment local mRNA translation
in these trisomic mice. Remarkably, rapamycin restored normal
levels of both phosphorylated mTOR protein and local dendritic
translation in the trisomic hippocampus. Our findings reveal that
BDNF signaling through the Akt–mTOR pathway is impaired in
Ts1Cje hippocampal neurons, and they shed light on the mech-
anisms underlying altered synaptic plasticity in DS. Furthermore,
our results provide a new therapeutic perspective in DS, and
suggest that the use of rapamycin, a Food and Drug Administra-
tion (FDA)-approved drug, may improve the cognitive functions
affected in this disease.

Materials and Methods
Animals. Animals were maintained, handled, and killed in accordance
with national and international laws and policies, and all the protocols
used were approved by the University of Seville Animal Care and Use
Committee. Partially trisomic Ts1Cje mice were obtained from Jackson
Laboratories and maintained on a mixed genetic background as recom-
mended, backcrossing Ts1Cje males to C57BL/6JOlaHsd � C3H/
HeNHsd F1 females (B6C3F1 hybrid females, Harlan). Littermates were
used in all experiments to ensure that the genetic background did not
influence the results.

Hippocampal cultures and cell treatments. The hippocampus from
postnatal day 0 (P0) wild-type or trisomic mouse littermates was dis-
sected out in HBSS medium (Invitrogen) and mechanically dissociated
after a 10 min treatment with trypsin (0.2%) at 37°C in DB1 culture
medium (DMEM high glucose with L-glutamine, without sodium pyru-
vate; 10% fetal bovine serum; GlutaMAX; 0.8% glucose; penicillin/strep-
tomycin). The cells were seeded on poly-L-lysine-coated (0.5 mg/ml)
coverslips, and cultured in 24 well plates in Neurobasal A medium (Neu-
robasal A; B27 supplement; GlutaMAX; penicillin/streptomycin). After
48 h in culture, 5-fluoro-2�-deoxyuridine (0.3 mM, Sigma-Aldrich) and
uridine (0.8 mM, Sigma-Aldrich) were added to the culture medium to
inhibit glial growth. At day in vitro (DIV) 12 (or 14 when indicated),
cultures were treated with BDNF (Sigma-Aldrich), rapamycin (Cell Sig-
naling Technology or Sigma-Aldrich), recombinant human TrkB/Fc chi-
mera (TrkB-Fc, R&D Systems), recombinant mouse NGF R /p75 NTR/
TNFRSF16/Fc chimera (p75 NTR-Fc, R&D Systems), APV (Sigma-
Aldrich), memantine (Sigma-Aldrich), or MK-801 (Sigma-Aldrich) as
indicated. Lactate dehydrogenase (LDH) activity in the culture medium
was measured in some experiments, using the Cytotoxicity Detection Kit
(Roche).

Immunochemistry and image analysis. For immunohistochemical
analyses, adult mice were first perfused with PBS and then with 4%
paraformaldehyde in PBS. The brains were dissected out and postfixed
overnight at 4°C with 4% paraformaldehyde in PBS. Coronal vibratome
sections (50 �m) were permeabilized for 10 min at room temperature
with 1% Triton X-100 in PBS, washed in PBS, and blocked for 1 h at room
temperature in the same solution supplemented with 2% bovine serum
albumin (fraction V). Primary antibodies were diluted in the same buf-
fer, and the brain slices were incubated overnight at 4°C.

For immunocytochemistry, neurons were fixed in 4% paraformalde-
hyde in PBS for 20 min and after fixation, washed three times with PBS at
room temperature, and blocked for 30 min at 37°C in PBS, 0.1% Triton
X-100, and 10% fetal bovine serum. The corresponding primary anti-
bodies were diluted in blocking buffer and the cells were incubated over-
night at 4°C. The cells were then washed three times in PBS for 10 min at
room temperature.

Primary polyclonal antisera raised against phospho-mTOR (Ser2448),
phospho-mTOR (Ser2481), phospho-Akt (Ser473), phospho-70S6K
(Thr389), phospho-S6 (Ser235/236), phospho-4EBP1 (Ser65), phospho-
Mnk1 (Thr197/202), phospho-eIF4E (Ser209), or mTOR (all from Cell
Signaling Technology) were used at a concentration of 1:100; antibodies
raised against BDNF and TrkB.T1 [BDNF antibody (N-20):sc-546, and
Trk antibody (C-13):sc-119, Santa Cruz Biotechnology] were used at
concentrations of 1:100 for immunohistochemistry and 1:200 for immu-
nocytochemistry. Monoclonal anti-GluR1 antibody [GluR-1 antibody

Figure 1. mTOR is hyperphosphorylated in Ts1Cje hippocampus. A, Immunohistochemical
detection of phospho-mTOR (Ser2448) protein showing an increased signal in the dendritic
layers (identified as MAP2 positive) of the Ts1Cje when compared with the WT adult hippocam-
pus. The maximal projection of a stacking of confocal images is shown in each case. Scale bars,
600 �m. so, Stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; DG, dentate gyrus;
ml, molecular layer; gc, granule cell layer. B–D, Representative immunocytochemistry images
of phospho-mTOR (Ser2448), phospho-mTOR (Ser2481), and mTOR (total protein), respec-
tively, in WT and Ts1Cje hippocampal neurons at DIV12. MAP2 was used as a dendritic marker.
Scale bars, 60 �m.
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(E-6):sc-13152, Santa Cruz Biotechnology]
was used at a concentration of 1:50. Monoclo-
nal anti-MAP2 (Millipore Bioscience Research
Reagents) or polyclonal anti-MAP2 (Synaptic
Systems) antibodies were used at a concentra-
tion of 1:1000.

Secondary antibodies conjugated to Al-
exa488 (Invitrogen), Cy3, or Cy5 (Jackson
Laboratories) were diluted at a concentration
of 1:1000 and applied for 1 h at room temper-
ature in blocking buffer with 3% fetal bovine
serum but without Triton X-100. The cells or
slices were then washed three times in PBS for
10 min. ProLong Gold antifade reagent (Invit-
rogen) was used on cells or slices for preserving
immunofluorescence.

Images were acquired on an Olympus Flu-
oview FV1000 confocal microscope (objective:
PLAPON 60�; numerical aperture 1.42 for
cultures; objective 10� for tissue slices). For
each tested antibody, two to four independent
hippocampal neuron cultures from wild-type
and Ts1Cje littermates were performed, and
the results from a representative experiment
(i.e., culture) is shown in each case. For each
culture, at least two coverslips containing wild-
type or Ts1Cje neurons, treated or not with the
appropriate reagent, were subjected to the cor-
responding immunocytochemistry, and 4 –11
confocal images were taken per condition (n
represents the number of images, which is
specified in the text or in the corresponding
figure legend; as can be observed in the figures,
each image usually contained one neuron).
Image resolution and size were 16 bits and
1024 � 1024 pixels, respectively.

Special precautions were taken for ensuring
accurate quantification of immunofluorescent
signals to be compared in each experiment.
Thus, the confocal settings were adjusted for
each particular experiment to maximize the
dynamic range of pixel intensity for dendritic
labeling of the protein of interest, avoiding sat-
uration of the signal. Saturation was moni-
tored with the confocal software (Fluoview,
Olympus). For each experiment, a set of cover-
slips was especially devoted to confocal setting
adjustments, and they were not used for quan-
tification to avoid errors due to photobleach-
ing effects. Matlab software (Mathworks) was
used to determine the mean pixel intensity for
the corresponding immunofluorescent signal
in dendrites that were identified with MAP2 as
a marker. To do this, the Matlab routine we
developed reads two images that are converted
into matrices: one corresponding to the immu-
nodetection of the protein of interest (red
channel) and the other corresponding to the
immunodetection of MAP2 (green channel).
Images were then normalized to show pixel in-
tensity values ranging from 0 to 1 (where 1 rep-
resents the maximal pixel intensity among the
images to be compared). On the MAP2 image,
a mask containing the somatic region was
manually delineated. Values outside the mask
were converted to 1; inside the mask, values
were converted to 0. The mask matrix was then
multiplied by the normalized MAP2 matrix, el-
ement by element, to eliminate the somatic re-

Figure 2. BDNF signaling through the Akt–mTOR cascade is impaired in dendrites of Ts1Cje hippocampal neurons. The fluorescence
intensity of the indicated immunolabeled proteins was quantified in the dendrites of WT and Ts1Cje hippocampal neurons, in the presence
or absence of BDNF (100 ng/ml for 10 min). A, Significant increases were observed in phospho-Akt (Ser473) in BDNF-treated versus
untreated wild-type cells (*p � 0.019, t test), and in nontreated Ts1Cje versus wild-type cells (**p � 0.005, t test); n � 6. B, Significant
increases in phospho-mTOR (Ser2448) were observed in BDNF-treated versus untreated wild-type cells (**p � 0.010, t test) and in
untreatedTs1Cjeversuswild-typecells(**p�0.010, ttest);n�5– 6.C,Significant increasesinphospho-p70S6K(Thr389)wereobserved
in BDNF-treated versus untreated wild-type cells (**p � 0.008, t test) and in untreated Ts1Cje versus wild-type cells (*p � 0.023, t test);
n � 7– 8. D, Significant increases in phospho-S6 (Ser235/236) were observed in BDNF-treated versus untreated wild-type cells (***p �
0.001, t test) and in untreated Ts1Cje versus wild-type cells (***p � 0.001, t test); n � 7–9. E, Significant increases in phospho-4EBP1
(Ser65) were observed in BDNF-treated versus untreated wild-type cells (**p�0.004, t test) and in untreated Ts1Cje versus wild-type cells
(**p � 0.002, Mann–Whitney test); n � 6. Data are expressed as the mean � SEM. Representative immunocytochemistry images are
shown in each case, and MAP2 was used as a dendritic marker. Scale bars, 60 �m.
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gion. The resulting matrix was then converted
to binary, and multiplied by the red channel
matrix, element by element; the elements of
this matrix different from 0 represent dendritic
pixels, the values being the corresponding pixel
intensity in the red channel. In this way, the
intensity of each pixel in the red channel that
coincided with a MAP2-positive pixel was de-
termined, and the mean pixel intensity was cal-
culated and shown in arbitrary units. Note
that, as confocal settings are different for each
experiment, arbitrary units cannot be com-
pared among different experiments.

Metabolic labeling of synaptoneurosomes.
Hippocampal synaptoneurosomes were iso-
lated and resuspended in synaptoneurosome
buffer as described previously (Troca-Marín et
al., 2010). After preincubation at 37°C for 5
min, they were incubated for 30 min at 37°C in
the presence of EasyTag Express Protein Label-
ing Mix 35S (PerkinElmer), with or without
BDNF (100 ng/ml, Sigma-Aldrich). Where in-
dicated, synaptoneurosomes were preincu-
bated with 20 nM rapamycin (Cell Signaling
Technology or Sigma-Aldrich) for 10 –30 min
before radioactive labeling of proteins.

Samples were pelleted, washed with synap-
toneurosome buffer, subjected to SDS-PAGE,
and transferred to PVDF membranes. The ra-
diolabeled proteins were detected by exposing
the membrane to a BioMax MS film (Kodak)
using a BioMax TranScreen-LE intensifying
screen (Kodak), or using a Cyclone Plus Phos-
phor Imager system (PerkinElmer) for quantification.

As a control, the level of phospho-S6 (Ser235/236) protein in synap-
toneurosome preparations was quantified in Western blots.

Statistical analysis. The quantitative data are presented as the mean �
SEM. The significance for comparisons was calculated using the Student’s t
test (SigmaStat software), and statistical significance was accepted where the
p value was �0.05. The Mann–Whitney rank sum test was used where tests
of normality or equal variance failed.

Results
mTOR is hyperactivated in the hippocampus of adult
Ts1Cje mice
The phosphorylation of mTOR at Ser2448 is a biochemical indi-
cator of its activation (Hay and Sonenberg, 2004) and, hence, we
first examined the phosphorylation state of mTOR in the hip-
pocampus of adult WT and Ts1Cje littermates by immunohisto-
chemistry. Increased phospho-mTOR (Ser2448) labeling was
evident in the dendritic hippocampal layers of Ts1Cje mice when
compared with the WT mice (Fig. 1A). When we quantified the
dendritic (i.e., MAP2-positive) phospho-mTOR (Ser2448) stain-
ing in primary cultures of hippocampal neurons by fluorescent
immunocytochemistry, it was higher in Ts1Cje than in WT neu-
rons after DIV12 (WT: 0.0713 � 0.00747 a.u.; Ts1Cje: 0.2390 �
0.01740 a.u.; n � 4; p � 0.001, t test) (Fig. 1B). By contrast, there
were no significant differences in the amount of phospho-mTOR
(Ser2481) (WT: 0.254 � 0.0352 a.u.; Ts1Cje: 0.278 � 0.0378 a.u.;
n � 7– 8; p � 0.654, t test) (Fig. 1C) or total mTOR protein (i.e.,
phosphorylated and nonphosphorylated) (WT: 0.139 � 0.0286
a.u.; Ts1Cje: 0.111 � 0.0136 a.u.; n � 6; p � 0.402, t test) (Fig.
1D). The PI3K–Akt signaling pathway is responsible for mTOR
phosphorylation at Ser2448 (Hay and Sonenberg, 2004), whereas
Ser2481 is autophosphorylated under conditions of translational
repression (Peterson et al., 2000). Thus, these results suggest that

the PI3K–Akt–mTOR pathway is hyperactivated in dendrites of
Ts1Cje hippocampal neurons.

Impaired BDNF signaling via the Akt–mTOR cascade in
dendrites of Ts1Cje hippocampal neurons
In neurons, BDNF is a key upstream activator of the PI3K–Akt–
mTOR and the Ras–ERK (extracellular signal-regulated kinase)
signaling pathways (Bramham and Wells, 2007; Santos et al.,
2010). BDNF acts via these pathways to promote dendritic
branching, and to regulate dendrite size, as well as the number
and morphology of dendritic spines (Kumar et al., 2005). More-
over, BDNF signaling through the PI3K–Akt–mTOR and Ras–
ERK cascades plays a pivotal role in synaptic plasticity within the
adult nervous system (Santos et al., 2010).

To further analyze the activity of the Akt–mTOR pathway in
Ts1Cje hippocampus, phospho-Akt (Ser473), phospho-mTOR
(Ser2448), phospho-p70S6K (Thr389), phospho-S6 (Ser235/
236), and phospho-4EBP1 (Ser65) levels in dendrites were quan-
tified in primary DIV12 cultures of WT and trisomic neurons in
the presence or absence of BDNF for 10 min. As previously re-
ported (Takei et al., 2004), BDNF increased the phosphorylation
levels of these proteins in the dendrites of WT neurons (Fig. 2).
Interestingly, the basal phosphorylation of all proteins was higher
in the dendrites of Ts1Cje neurons, and their levels were not
further augmented by exposure to exogenous BDNF (Fig. 2).

BDNF signaling through the Ras–ERK cascade activates Mnk1
(mitogen-activated protein kinase integrating kinase 1), which in
turn phosphorylates eIF4E. In contrast to the elements of the
Akt–mTOR pathway, basal levels of phospho-Mnk1 (Thr197/
202) and phospho-eIF4E (Ser209) were similar in the dendrites of
WT and Ts1Cje neurons. Moreover, exposure to BDNF pro-
duced a similar increase in both these phosphoproteins in WT
and Ts1Cje neurons (Fig. 3). Together, these results clearly dem-

Figure 3. BDNF signaling through the Ras–ERK cascade is not altered in dendrites of Ts1Cje hippocampal neurons. The fluo-
rescence intensity of the indicated immunolabeled protein was quantified in the dendrites of WT and Ts1Cje hippocampal neurons,
in the presence or absence of BDNF (100 ng/ml for 10 min). A, Significant increases in phospho-Mnk1 (Thr197/202) were observed
in BDNF-treated versus untreated wild-type cells (**p � 0.008, t test) and in BDNF-treated versus untreated Ts1Cje cells (**p �
0.010, t test). No significant difference was detected between nontreated Ts1Cje and wild-type neurons ( p � 0.618, t test); n �
6. B, Significant increases in phospho-eIF4E (Ser209) were observed in BDNF-treated versus untreated wild-type cells (*p �0.014,
t test) and in BDNF-treated versus untreated Ts1Cje cells (**p � 0.005, t test). No significant difference was detected between
untreated Ts1Cje and wild-type neurons ( p � 0.992, t test); n � 4. Data are expressed as the mean � SEM. Representative
immunocytochemistry images are shown in each case, and MAP2 was used as a dendritic marker. Scale bars, 60 �m.

9448 • J. Neurosci., June 29, 2011 • 31(26):9445–9455 Troca-Marín et al. • Akt-mTOR Hyperactivation in Down’s Syndrome



onstrate that in dendrites of Ts1Cje hippocampal neurons the
Akt–mTOR pathway is constitutively hyperactivated, while the
Ras–ERK pathway remains unchanged.

Intracellular and secreted BDNF are abnormally elevated in
the Ts1Cje hippocampus
The basal hyperactivation of the Akt–mTOR pathway observed
in Ts1Cje neurons suggests that BDNF signaling may be exacer-
bated, reflecting an increase in the level of either BDNF or its
cognate TrkB receptor. Mouse neurons express a 145 kDa, full-
length TrkB isoform (TrkB.FL) and a 95 kDa truncated TrkB
isoform (TrkB.T1), the latter lacking intrinsic tyrosine kinase
activity. This truncated TrkB is the predominant isoform in the
adult hippocampus (Silhol et al., 2005), and interestingly, it has
been shown to affect BDNF signaling via specific downstream
pathways. Thus, overexpression or loss of TrkB.T1 selectively
affects BDNF-mediated Akt activation, but the phosphorylation
of ERK is unaffected (Dorsey et al., 2006). As BDNF signaling via
Akt but not ERK was altered in Ts1Cje neurons, we studied the
expression of the TrkB.T1 isoform using a specific antibody. We
failed to detect differences in the hippocampal distribution of
TrkB.T1 in adult WT and Ts1Cje mice or in its dendritic levels in
cultured hippocampal Ts1Cje and WT neurons (WT: 0.0854 �
0.00775 a.u.; Ts1Cje: 0.0883 � 0.01260 a.u.; n � 8; p � 0.848, t
test) (Fig. 4). By contrast, BDNF immunohistochemistry using
an antibody that recognizes both mature BDNF and its precursor
pro-BDNF clearly demonstrated higher levels of BDNF proteins
in the trisomic hippocampus, particularly in the CA1 strata py-
ramidale and radiatum, and in the granule cell layer of the dentate
gyrus (Fig. 5A). Measurement of BDNF immunofluorescence in
dendrites of DIV12 hippocampal cultures revealed a 1.7-fold in-
crease in Ts1Cje neurons when compared with their WT coun-
terparts (WT: 0.0474 � 0.00723 a.u.; Ts1Cje: 0.0808 � 0.01210
a.u.; n � 8; p � 0.033, t test).

BDNF and pro-BDNF are secreted by the dendrites of hip-
pocampal neurons in an activity-dependent manner, exerting
modulatory effects on synaptic plasticity (Waterhouse and Xu,
2009). As intracellular dendritic levels of BDNF proteins were
higher in the trisomic hippocampus, the hyperactivation of
the Akt–mTOR cascade observed could reflect greater den-
dritic release of BDNF proteins in basal conditions. Hence, we
hypothesized that extracellular application of cell membrane-
impermeable scavengers specifically targeting mature BDNF
(TrkB–Fc) or pro-BDNF (p75 NTR–Fc) could attenuate the ob-
served mTOR hyperactivation. Accordingly, incubation of
Ts1Cje neurons with TrkB-Fc for 24 h restored normal den-
dritic levels of phospho-S6 (Ser235/236) protein, taken as a
readout of mTOR activity (Fig. 5 B, D). Similar results were
obtained when cells were incubated with the p75 NTR-Fc (Fig.
5C,E).

To rule out the possibility that the increase in BDNF proteins
in the Ts1Cje culture medium was due to increased cell lysis, and
the subsequent release of BDNF and pro-BDNF from dead cells,
we measured the time course of LDH activity in the culture me-
dia. No differences were detected between WT and Ts1Cje cul-
tures (Fig. 5F).

Together, the above results suggests that the hyperph-
osphorylation of proteins of the Akt–mTOR signaling path-
way in Ts1Cje hippocampal dendrites is indeed sustained
by the exacerbated release of BDNF and pro-BDNF in basal
conditions.

Rapamycin restores normal levels of mTOR (Ser2448)
phosphorylation in dendrites of Ts1Cje hippocampal neurons
Rapamycin is a specific inhibitor of mTOR that is used as an
antirejection drug in kidney transplants and is approved for the
treatment of cardiovascular diseases (Tsang et al., 2007). Rapa-
mycin was capable of counteracting the hyperphosphorylation of
dendritic mTOR in Ts1Cje hippocampal neurons, and both
short-term (10 min) and long-term (24 h) exposure to rapamycin
significantly reduced the levels of phosphorylated dendritic
mTOR (Ser2448) to values similar to those observed in WT neu-
rons (Fig. 6).

Regulation of local dendritic mRNA translation by BDNF is
lost in Ts1Cje hippocampus, and rapamycin treatment
restores normal levels of local translation
As indicated, BDNF signaling through the Akt–mTOR pathway
modulates synaptic plasticity by activating local dendritic mRNA
translation. Metabolic labeling of synaptoneurosomes is a widely
used approach to analyze local translation (Rao and Steward,
1991; Bagni et al., 2000; Schratt et al., 2004; Troca-Marín et al.,
2010), and, thus, we isolated hippocampal synaptoneurosomes
from WT and Ts1Cje adult littermates to quantify the effect of
Akt-mTOR hyperactivation on local Ts1Cje dendritic transla-
tion. In WT synaptoneurosomes, dendritic protein synthesis was

Figure 4. TrkB.T1 expression is unchanged in the Ts1Cje hippocampus. A, Immunohisto-
chemical detection of TrkB.T1 protein showing similar levels of expression in the Ts1Cje and WT
adult hippocampus. The maximal projection of a stacking of confocal images is shown in each
case. Scale bars, 600 �m. so, Stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; DG,
dentate gyrus; ml, molecular layer; gc, granule cell layer. B, Representative immunocytochem-
istry images of TrkB.T1 in WT and Ts1Cje hippocampal neurons at DIV12. MAP2 was used as a
dendritic marker. Scale bars, 60 �m.
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induced by BDNF, as evident by analyzing the metabolic 35S-
Met/Cys labeling, and this effect was attenuated in the presence of
rapamycin (Fig. 7A,B). A higher basal level of protein synthesis
was detected in Ts1Cje synaptoneurosomes, which was not af-
fected by the addition of BDNF. Nevertheless, rapamycin re-
duced the rate of local translation in Ts1Cje synaptoneurosomes
to a level similar to that seen in WT controls (Fig. 7A,B).

To corroborate these results, we analyzed the local translation
of the AMPA receptor subunit GluR1, a well described dendritic
mRNA locally translated and regulated by BDNF through the
Akt–mTOR pathway (Schratt et al., 2004; Slipczuk et al., 2009).
The amount of GluR1 protein in dendrites of hippocampal neu-
rons was estimated by quantifying the immunocytochemical flu-
orescent signal, and as expected, exposure to BDNF (10 min)
increased the amount of dendritic GluR1 protein in WT hip-
pocampal neurons (Fig. 7C,D). By contrast, Ts1Cje neurons ex-
hibited a higher basal level of dendritic GluR1 protein, which was
not further augmented by exposure to exogenous BDNF. Re-
markably, the dendritic levels of GluR1 protein diminished in the
presence of rapamycin to reach values similar to those measured
in WT neurons (Fig. 7C,E).

Together, these results demonstrate that Ts1Cje hippocampal
neurons have lost the capacity to detect and respond to variations
in the levels of BDNF, probably due to their high basal extracel-
lular levels, which provokes increased and deregulated local
translation of dendritic mRNAs. Moreover, the restorative effects
of rapamycin on local dendritic translation in the Ts1Cje hip-
pocampus shed light on an important new therapeutic possibility
in DS.

The NMDAR inhibitors APV, MK-801, and memantine
restore normal levels of mTOR (Ser2448) phosphorylation in
dendrites of Ts1Cje hippocampal neurons
Increased release of BDNF proteins from Ts1Cje hippocampal
dendrites could result in augmented glutamatergic activity, due
to enhanced presynaptic glutamate release (Lessmann et al.,
1994; Jovanovic et al., 2000) and/or increased NMDAR signaling
(Jarvis et al., 1997; Suen et al., 1997; Levine et al., 1998; Lin et al.,
1998). In turn, an increased glutamatergic activity could poten-
tiate the dendritic BDNF secretion (Korte, 2008; Tanaka et al.,
2008). This loop could explain the Akt-mTOR hyperactivation
observed in Ts1Cje hippocampal dendrites.

To test this idea, the effect of APV, MK-801, and memantine
on mTOR phosphorylation was investigated. APV is a competi-
tive antagonist of NMDAR, whereas MK-801 and memantine are
high- and moderate-affinity NMDAR channel blockers, respec-
tively. Treatment of Ts1Cje hippocampal neurons with APV,
MK-801, or memantine for 10 min or 2 h significantly reduced
the levels of phosphorylated dendritic mTOR (Ser2448) to values
similar to those observed in WT neurons (Fig. 8), suggesting that

Figure 5. Basal BDNF levels are increased in the Ts1Cje hippocampus. A, Immunohistochemical
detection of BDNF proteins (mature and pro-BDNF) showing an increase in the dendritic layers (iden-
tified as MAP2 positive) of Ts1Cje versus WT adult hippocampus. Stronger BDNF expression in somatic
layers (stratum pyramidale and granule cells) is also appreciable. The maximal projection of a stacking
of confocal images is shown in each case. Scale bars, 600�m. so, Stratum oriens; sp, stratum pyrami-
dale; sr, stratum radiatum; DG, dentate gyrus; ml, molecular layer; gc, granule cell layer. B, Quantifi-
cation of phospho-S6 (Ser235/236) fluorescence intensity in dendrites of WT and Ts1Cje hippocampal
neurons at DIV12, in the presence or absence of the BDNF scavenger TrkB-Fc (1 �g/ml for 24 h), as
indicated.AsignificantdecreasewasobservedinTrkB-Fc-treatedversusuntreatedTs1Cjecells(n�9;
***p � 0.001, t test). Ts1Cje neurons exhibited increased dendritic labeling when compared with
wild-typeneuronsinbasalconditions(n�9 –11;***p�0.001,ttest).Thedataareexpressedasthe
mean�SEM. C, Quantification of phospho-S6 (Ser235/236) fluorescence intensity in dendrites of WT
and Ts1Cje hippocampal neurons at DIV12, in the presence or absence of the pro-BDNF scavenger
p75 NTR-Fc (1 �g/ml for 24 h), as indicated. A significant decrease was observed in Ts1Cje neurons

4

incubated with p75 NTR-Fc versus untreated Ts1Cje cells (n � 9 –11; **p � 0.001, t test). Data
for wild-type and Ts1Cje neurons in basal conditions are the same as in B, as both experiments
were done in parallel on neurons coming from the same culture experiment. Data are expressed
as the mean � SEM. D, E, Representative phospho-S6 (Ser235/236) immunocytochemistry
images of experiments summarized in B and C, respectively. MAP2 was used as a dendritic
marker. Scale bars, 60 �m. F, Time course of LDH activity in the culture media of WT and Ts1Cje
hippocampal neurons. LDH activity was measured at the indicated day in vitro. For the sake of
comparison, LDH was also measured in cell lysates at DIV12 (DIV12 cells). No significant differ-
ences were detected between cultures of WT and Ts1Cje hippocampal neurons, indicating that
cell lysis was similar in both cases. Data are expressed as the mean activity in two different
culture plates � SD.
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enhanced glutamatergic activity through NMDAR is necessary to
sustain Akt-mTOR hyperactivation in Ts1Cje hippocampus.

Discussion
In neurons, BDNF signaling through the mTOR pathway is in-
volved in dendritic branching and synaptic plasticity, two key
processes that are impaired in DS (Kaufmann and Moser, 2000;
Siarey et al., 2005; Belichenko et al., 2007). We found that the
PI3K–Akt–mTOR pathway is hyperactivated in the dendrites of
hippocampal neurons from trisomic Ts1Cje mice, in agreement
with previous reports of increased total hippocampal phospho-
Akt protein in Ts65Dn mice (Siarey et al., 2006), another widely
used DS model. Most importantly, we found that trisomic neu-
rons lose the capacity to respond to exogenous BDNF and that
this trophic factor is overexpressed in the Ts1Cje hippocampus.
Interestingly, a recent study of BDNF plasma levels in Down’s
syndrome patients reported a fivefold increase when compared
with control individuals (Dogliotti et al., 2010). As BDNF readily
crosses the blood– brain barrier (Pan et al., 1998), this probably
reflects an increased level of BDNF in the DS brain.

BDNF is secreted from dendrites in an activity-dependent man-
ner. In glutamatergic synapses, postsynaptically released BDNF ap-
pears to act in synergy with presynaptically released glutamate in the
context of memory consolidation, inducing local dendritic mRNA
translation that in turn modifies synaptic efficacy (Korte, 2008;
Tanaka et al., 2008). Both pro-BDNF and mature BDNF are secreted
by neurons, pro-BDNF being the primary form released from den-

drites (Yang et al., 2009). This pro-BDNF is
cleaved extracellularly by tPA/plasmin
and matrixmetalloprotease-7 (Water-
house and Xu, 2009). Indeed, incuba-
tion of cultured Ts1Cje hippocampal
neurons with the BDNF scavenger
TrkB-Fc restored the phosphorylation
levels of proteins in the dendritic Akt–
mTOR pathway to those observed in
WT controls, suggesting that extracellular
levels of active BDNF were abnormally
high. Interestingly, the extracellular appli-
cation of p75 NTR-Fc, a cell membrane-
impermeable scavenger of pro-BDNF,
also reduces the phosphorylation of pro-
teins in the dendritic Akt–mTOR pathway
in Ts1Cje neurons to levels similar to that
found in WT controls. Sequestering pro-
BDNF with p75 NTR-Fc probably inhibits
its cleavage by extracellular proteases,
thereby decreasing the availability of ma-
ture BDNF to maintain the Akt–mTOR
cascade hyperactive in Ts1Cje hippocam-
pal neurons. These observations may ex-
plain why exogenous BDNF failed to
further increase the phosphorylation of
proteins in the Akt–mTOR pathway in
dendrites of Ts1Cje neurons.

Surprisingly, the Ras–ERK signaling
pathway, also under the control of BDNF
through TrkB receptors, was not hyperac-
tivated in Ts1Cje hippocampus. Although
the basis for this observation remains to
be established, some hypotheses can be an-
ticipated. Thus, it is well known that acti-
vated TrkB receptors generate attachment
sites for Shc, which binds to the intermedi-

ary protein Grb2. This protein can recruit the guanine nucleotide
exchange factor Sos to the membrane, resulting in Ras–ERK activa-
tion, or can bind Gab proteins to activate the PI3K-Akt–mTOR cas-
cade (Segal, 2003). Because �80 genes are in trisomy in Ts1Cje,
overexpression of these genes could affect many different signaling
pathways and, for example, modify the relative levels of different
TrkB partners (e.g., Sos or Gab proteins), leading to a differential
perturbation of the TrkB-downstream cascades.

Other possible explanation is related to signaling through
lipid rafts. It has been shown that BDNF rapidly recruits TrkB
receptor from nonraft regions to cholesterol-rich lipid rafts (Su-
zuki et al., 2004). Interestingly, differential activation of ERK and
Akt has been found in lipid rafts upon BDNF-TrkB interaction
(Suzuki et al., 2004). Taking into account that BDNF elicits cho-
lesterol synthesis in neurons, increasing the cholesterol amount
in rafts, but not in nonraft membrane domains (Suzuki et al.,
2007), and that BDNF is overexpressed in Ts1Cje hippocampal
neurons as shown in this work, it is possible that raft and nonraft
domains are altered in Ts1Cje neuronal membranes, leading to a
differential activation of Akt–mTOR and Ras–ERK cascades.

In agreement with the fact that BDNF activates the mTOR
pathway to induce the local translation of dendritic mRNAs
(Bramham and Wells, 2007; Santos et al., 2010), local dendritic
translation is elevated in the Ts1Cje hippocampus when com-
pared with WT controls. The addition of exogenous BDNF does
not further enhance local translation, as corroborated by analyz-

Figure 6. Rapamycin restores mTOR activity in hippocampal Ts1Cje neurons. A, B, Phospho-mTOR (Ser2448) fluorescence
intensity was quantified in dendrites of WT and Ts1Cje hippocampal neurons at DIV12 in the presence or absence of rapamycin
(rapa, 20 nM) for 10 min (A) or 24 h (B), as indicated. Rapamycin produced a significant decrease in the Ts1Cje neurons (10 min:
***p � 0.001; 24 h: **p � 0.002, t test), while only a slight decrease was observed in wild-type cells treated with rapamycin for
24 h (*p � 0.022, Mann–Whitney test). As expected, Ts1Cje neurons exhibited stronger dendritic labeling than wild-type neurons
in basal conditions (10 min: **p � 0.002, t test; 24 h: ***p � 0.001, Mann–Whitney test). Data are expressed as the mean � SEM
(n � 7–11). Representative immunocytochemistry images are shown in each case, and MAP2 was used as a dendritic marker.
Scale bars, 60 �m.

Troca-Marín et al. • Akt-mTOR Hyperactivation in Down’s Syndrome J. Neurosci., June 29, 2011 • 31(26):9445–9455 • 9451



ing the dendritic expression of the GluR1
AMPA receptor subunit, encoded by a
dendritic mRNA regulated by BDNF via
the Akt–mTOR cascade (Schratt et al.,
2004). As seen with proteins in the mTOR
pathway, basal GluR1 protein is more
abundant in dendrites of hippocampal
Ts1Cje neurons than in WT controls.
Moreover, GluR1 protein levels remain
unchanged upon addition of exogenous
BDNF. Together, these findings support
the hypothesis that neurons of the Ts1Cje
hippocampus lose their ability to respond
to exogenously added BDNF. Hence, in
combination with existing data, we pro-
pose a model to explain the loss of BDNF-
mediated regulation of local translation in
the Ts1Cje hippocampus, shedding light
on the potential mechanisms underlying
altered synaptic plasticity in DS (Fig. 9).

In this model, a positive-feedback loop is
established between presynaptic and post-
synaptic elements in which exacerbated se-
cretion of pro-BDNF and BDNF from
Ts1Cje dendrites increases NMDAR-
dependent glutamatergic activity through
enhanced presynaptic glutamate release
(Lessmann et al., 1994; Jovanovic et al.,
2000) and increased phosphorylation of
postsynaptic NMDAR subunits (Suen et al.,
1997; Lin et al., 1998). This in turn increases
the probability of NMDA receptor channel
opening (Jarvis et al., 1997; Levine et al.,
1998). Increased BDNF release from
Ts1Cje dendrites potentiates local mTOR-
mediated translation of dendritic mRNAs,
including that encoding the AMPA receptor
subunit, GluR1 (Schratt et al., 2004; data
herein). This modification in expression
contributes to the increase in excitatory ac-
tivity and probably increases dendritic levels
of BDNF in Ts1Cje hippocampal neurons
(Tongiorgi et al., 1997; Righi et al., 2000; Oe
and Yoneda, 2010). The enhanced glutama-
tergic activity at Ts1Cje dendrites potenti-
ates BDNF secretion (Korte, 2008; Tanaka
et al., 2008). In these basal conditions of hy-
peractivation, the hippocampal Ts1Cje syn-
apses reach a state of “saturation,” losing the
capacity to respond to further increases in
BDNF activity. We recently demonstrated
that the local dendritic translation of
DSCAM, a gene in the DS critical region, is regulated by NMDAR-
mediated synaptic activity, and that basal levels of dendritic DSCAM
in Ts1Cje hippocampal neurons are similar to those found in
NMDA-activated wild-type neurons. Although addition of NMDA
to Ts1Cje neurons does not further augment dendritic DSCAM,
NMDAR signaling is required to maintain DSCAM protein levels
above those seen in wild-type neurons under basal conditions, indi-
cating that glutamatergic activity is higher under basal conditions
(Alves-Sampaio et al., 2010). We found that APV, MK-801, and
memantine, three different inhibitors of NMDARs, were able to re-
store the normal levels of dendritic phospho-mTOR (Ser2448) in

Ts1Cje neurons. APV is a competitive antagonist for glutamate
binding to the NR2 subunit of NMDAR; MK-801 and memantine
are uncompetitive channel blockers that need prior activation of the
NMDAR by glutamate to mediate the blockade action (Chen and
Lipton, 2006). Thus, these results support the glutamatergic
positive-feedback loop hypothesis we propose (Fig. 9).

Interestingly, this scenario is in agreement with previous stud-
ies suggesting increased glutamatergic activity in Ts65Dn mice.
Indeed, in this DS model some hippocampal-dependent cogni-
tive deficits are rescued by memantine (Costa et al., 2008; Rueda
et al., 2010; Lockrow et al., 2011). Enhanced glutamatergic activ-

Figure 7. Local dendritic translation increases in the Ts1Cje hippocampus. A, Radioactive, neosynthesized proteins in WT and
Ts1Cje hippocampal synaptoneurosomes incubated with 100 ng/ml BDNF or 20 nM rapamycin (rapa) for 30 min, or in control
conditions (CTR), as indicated. As a control, the level of phospho-S6 (Ser235/236) was determined in Western blots of each
condition. Images correspond to a representative experiment; some lanes between WT and Ts1Cje samples were removed. B, The
radioactivity incorporated into neosynthesized proteins was quantified in WT and Ts1Cje hippocampal synaptoneurosomes incu-
bated with 100 ng/ml BDNF or 20 nM rapamycin (rapa), or in control conditions, as shown in A. The data are expressed as the
mean � SEM (n � 2). C, Representative GluR1 immunocytochemistry of an experiment similar to those summarized in D and E.
MAP2 was used as a dendritic marker. Scale bars, 60 �m. D, The intensity of GluR1 fluorescence was quantified in dendrites of WT
and Ts1Cje hippocampal neurons at DIV14 in the presence or absence of BDNF (100 ng/ml for 10 min), as indicated. Significant
increases were observed in BDNF-treated versus untreated wild-type cells (n � 6; **p � 0.004, Mann–Whitney test) and in
untreated Ts1Cje versus wild-type cells (n � 6; *p � 0.026, t test). The data are expressed as the mean � SEM. E, The intensity of
GluR1 fluorescence was quantified in dendrites of WT and Ts1Cje hippocampal neurons at DIV12 in the presence or absence of
rapamycin (20 nM for 10 min), as indicated. A decrease was observed both in wild-type and Ts1Cje neurons treated with rapamycin
(**p � 0.002 for wild-type neurons, t test; ***p � 0.001 for Ts1Cje neurons, Mann–Whitney test; n � 9 –10). Similarly to results
shown in D, untreated Ts1Cje neurons exhibited stronger dendritic labeling than untreated wild-type neurons (***p � 0.001, t
test). The data are expressed as the mean � SEM.
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ity could also explain the reported increases in inhibitory
GABAergic synapses in the dentate gyrus of the hippocampus in
Ts65Dn, Ts1Cje, and Ts1Rhr DS mice (Belichenko et al., 2007,
2009b). Indeed, these increases are thought to represent a com-
pensatory response to undefined cellular events provoking a per-
sistent increase in excitatory neurotransmission in these mice
(Belichenko et al., 2009b). Remarkably, although BDNF en-
hances excitatory neurotransmission, it potentiates GABAergic
inhibition in the epileptic brain (Koyama and Ikegaya, 2005).
Furthermore, DS patients have a greater propensity to develop
epilepsy (Pueschel et al., 1991), and, thus, the glutamatergic
positive-feedback loop model (Fig. 9) may also be relevant to the
development of epilepsy in DS patients.

It is important to stress that the effects of BDNF on synaptic
physiology are extremely complex, as BDNF influences the for-
mation, maturation, and plasticity of both glutamatergic and
GABAergic synapses (Gottmann et al., 2009), and it is a key reg-
ulator of homeostatic plasticity (Turrigiano, 2008).

Finally, we found that rapamycin, an FDA-approved drug,
restores the levels of phosphorylated proteins in the Akt–mTOR
pathway in dendrites of hippocampal Ts1Cje neurons, as well as
normal levels of local dendritic translation. Interestingly, the
mTOR pathway is hyperactivated in murine models of at least
two other mental retardation diseases, tuberous sclerosis (Eh-
ninger et al., 2008) and fragile X (Sharma et al., 2010), and it is
emerging as a potential drug target to restore cognitive impair-

ment in mental retardation. In fact, rapa-
mycin rescues the behavioral deficits and
those associated with synaptic plasticity in
the tuberous sclerosis mouse model
Tsc2�/	 (Ehninger et al., 2008). Studies
into the capacity of rapamycin to reverse
learning deficits in Ts1Cje mice are cur-
rently underway.
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