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Fragile X syndrome (FXS) is the leading monogenic cause of autism
and intellectual disability. FXS is caused by loss of expression of
fragile X mental retardation protein (FMRP), an RNA-binding protein
that regulates translation of numerous mRNA targets, some of
which are present at synapses. While protein synthesis deficits have
long been postulated as an etiology of FXS, how FMRP loss affects
distributions of newly synthesized proteins is unknown. Here we
investigated the role of FMRP in regulating expression of new
copies of the synaptic protein PSD95 in an in vitro model of synaptic
plasticity. We find that local BDNF application promotes persistent
accumulation of new PSD95 at stimulated synapses and dendrites of
cultured neurons, and that this accumulation is absent in FMRP-
deficient mouse neurons. New PSD95 accumulation at sites of BDNF
stimulation does not require known mechanisms regulating FMRP–
mRNA interactions but instead requires the PI3K-mTORC1-S6K1
pathway. Surprisingly, in FMRP-deficient neurons, BDNF induction
of new PSD95 accumulation can be restored by mTORC1-S6K1 block-
ade, suggesting that constitutively high mTORC1-S6K1 activity oc-
cludes PSD95 regulation by BDNF and that alternative pathways
exist to mediate induction when mTORC1-S6K1 is inhibited. This
study provides direct evidence for deficits in local protein synthesis
and accumulation of newly synthesized protein in response to local
stimulation in FXS, and supports mTORC1-S6K1 pathway inhibition
as a potential therapeutic approach for FXS.
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Fragile X syndrome (FXS), the most common monogenic
cause of autism and mental retardation, is caused by loss of

function of the fragile X mental retardation protein (FMRP)
encoded by the Fmr1 gene. FMRP-deficient mice show abnormal
spatial learning and social behavior, serving as a model for FXS (1–3).
Dendritic spines of FXS patients and of FMRP-deficient mice
exhibit abnormal morphology resembling immature spines during
neuronal differentiation, suggesting impaired spine maturation (4).
Deficits in activity-induced protein synthesis near synapses are

likely to contribute to the pathology of FXS. FMRP is an RNA-
binding protein localized to dendrites in nucleoprotein particles
containing specific mRNAs and ribosome subunits (4). FMRP
has roles in both mRNA transport and translational repression,
and is required for translational induction of a subset of mRNAs
in response to neuronal activity (4, 5). A potential target of
FMRP is the mRNA for PSD95, which is the core protein of the
postsynaptic density and directly anchors neurotransmitter re-
ceptors at the synapse (6). PSD95 protein levels increase in spines
that persistently enlarge after long-term potentiation (LTP) but
not in spines that only transiently enlarge, suggesting a role for
long-term PSD95 accumulation in activity-dependent spine growth
(7). FMRP binds to the 3′ untranslated region (UTR) of the
PSD95 mRNA, increasing its stability (8) and repressing its
translation (9–11). A recent study found that FMRP loss abolished
rapid translational induction of a yellow fluorescent protein
(YFP)-coding sequence flanked by the 5′ and 3′ UTRs of the
PSD95 mRNA by metabotropic glutamate receptor stimulation,

providing evidence for a role of FMRP in acute regulation of
PSD95 mRNA translation (9). However, how this rapid trans-
lational regulation relates to long-term changes in synaptic protein
expression or turnover remained unclear.
In this study, we show that FMRP is required for brain-derived

neurotrophic factor (BDNF)-induced local dendritic expression
of new PSD95 in a cell-autonomous manner. Unexpectedly, a
constitutively repressing mutant of FMRP can substitute for wild-
type protein, suggesting that BDNF can regulate PSD95 synthesis
without acute inhibition of FMRP. Inhibition of the mTORC1-
S6K1 pathway also rescues the FMRP-deficient phenotype, sug-
gesting that hyperactivity of this pathway in the absence of FMRP
occludes PSD95 induction. Lastly, we observed that ERK signal-
ing is required for the rescue of PSD95 induction by mTORC1-
S6K1 pathway inhibition. Interestingly, in contrast, wild-type (WT)
neurons require the mTORC1-S6K1 pathway but not ERK for
PSD95 regulation, indicating that FMRP loss induces a switch in
signaling pathway function. These results provide evidence that
mTORC1-S6K1 pathway inhibition may be useful for correcting
protein synthesis deficits during synaptic plasticity in FXS.

Significance

Fragile X syndrome (FXS) is caused by loss of expression of
fragile X mental retardation protein (FMRP), an RNA-binding
protein that has been proposed to regulate local stimulus-
dependent protein synthesis. However, how FMRP loss affects
distributions of newly synthesized proteins remains unclear.
Here, we report that local BDNF application promotes persis-
tent accumulation of new PSD95 at stimulated synapses and
dendrites, and that this accumulation is absent in FMRP-
deficient mouse neurons. We further identify signaling path-
ways important for the protein synthesis abnormalities. These
results provide direct evidence for deficits in local protein
synthesis and accumulation in response to local stimulation in
FXS, and support mTORC1-S6K1 pathway inhibition as a po-
tential therapeutic approach for FXS.
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Results
Expression of New PSD95 in BDNF-Stimulated Dendritic Regions Is
Absent in FMRP-Deficient Neurons. To visualize newly synthesized
PSD95 in living neurons, we fused a TimeSTAMP2:YFP (TS2:YFP)-
coding sequence to the 3′ end of the mouse PSD95-coding se-
quence followed by the full-length 3′ UTR. TS2:YFP consists of
YFP with a loop insertion of a hepatitis C virus (HCV) NS3
protease domain flanked by cognate cleavage sites (12). By
default, the NS3 protease removes itself from YFP immediately
after folding, splitting YFP into two fragments and preventing
chromophore maturation (12). However, in the presence of an
HCV NS3 protease inhibitor such as asunaprevir (ASV), link-
age is preserved and the YFP fluorophore matures (Fig. 1A).
PSD95 protein copies produced after addition of ASV can thus
be distinguished from preexisting copies by protein size on
immunoblots or by fluorescence in live neurons (12).
As we had previously observed that bath stimulation by BDNF

increases global levels of new PSD95 in cultured rat neurons
(12), we first asked whether this response depended on FMRP.
We quantified new PSD95-TS2:YFP produced after BDNF
stimulation in WT or FMRP-deficient mouse neurons. Similar to
previous observations in rat neurons, bath stimulation with
BDNF for 24 h induced new PSD95 protein in WT mouse
neurons, detected as a slower-migrating species by immunoblot.
Interestingly, BDNF also induced new PSD95 proteins in
FMRP-deficient neurons (SI Appendix, Fig. S1), indicating that
FMRP is not required for global induction of new PSD95 over
long timescales after BDNF stimulation.
We next explored whether FMRP might instead be required

for local accumulation of new PSD95 in response to dendritic
BDNF stimulation. To perform dendritic stimulations, we used
microfabricated culture chambers in which two compartments
are separated by a 50-μm-thick barrier traversed by 7-μm-wide
tunnels (12). Neurons transfected with PSD95-TS:YFP reporters
were plated in one compartment and allowed to extend neurites
through the tunnels to the opposite compartment, making con-
tacts with untransfected neurons on both sides (Fig. 1B). With
ASV added to both compartments to visualize new PSD95 dis-
tributions, BDNF can be added to the side opposite the trans-
fected cell bodies to stimulate a portion of dendrite. Entrance of
factors down the tunnel also allows stimulation of dendritic seg-
ments within the tunnels (12). To quantify new PSD95 expression
in stimulated regions in an unbiased manner, we performed ex-
periments blinded to genotype and utilized an automated pipeline
for image analysis. We wrote custom Matlab algorithms to com-
pare TS:YFP signal density in stimulated dendritic segments to
unstimulated segments equidistant from the cell body (SI Appen-
dix, Fig. S2A). To enable the automated neurite tracing required
for accurate TS:YFP signal quantitation, we also constructed a
bidirectional expression plasmid (SI Appendix, Fig. S2B) to coex-
press the PSD95-TS2:YFP reporter with an RFP transfection
marker. This allowed us to avoid using IRES or P2A elements,
whose interactions with the ribosome might affect FMRP regu-
lation or whose presence on the PSD95-TS:YFP mRNA might
interfere with the function of the PSD95 3′ UTR. Thus, the ex-
perimental procedure was carefully designed to assess new protein
distributions in a robust and unbiased manner.
We had previously observed that local dendritic stimulation by

BDNF induced preferential expression of new PSD95 protein at
synapses in the stimulated regions (12). We now asked whether
this response depends on FMRP. In WT hippocampal neurons,
local BDNF stimulation induced expression of new PSD95 in
stimulated regions as early as 3 h and persisting to 24 h, with
punctate expression patterns suggestive of synaptic localization
(Fig. 1C and Movie S1), as previously observed (12). Intensities
of new PSD95 in the 50-μm segment of dendrites within the
tunnels, which experience a BDNF gradient, were ∼50% higher
than in unstimulated control segments equidistant from the cell
body throughout the entire imaging period (Fig. 1D). Preferential
expression of new PSD95 in dendritic segments located completely
within the stimulated compartment, relative to unstimulated

control regions equidistant from the cell body, could also be
observed, although appearance of signal was delayed compared
with the more proximal segments within the tunnels (SI Ap-
pendix, Fig. S2 C and D). In parallel with WT neurons, we also
imaged neurons from FMRP-deficient mice. Strikingly, in
FMRP-deficient neurons, levels of new PSD95 were similar in
stimulated and unstimulated control dendritic segments
throughout the 24-h imaging period (Fig. 1 C and D and Movie
S2). Amounts of new PSD95 in stimulated regions of FMRP-
deficient neurons were significantly lower than in stimulated
regions of wild-type neurons at all time points for which YFP
signal could be detected (Fig. 1D). These results indicate that
FMRP is required for local dendritic expression of new PSD95
in response to BDNF stimulation.

FMRP Is Required Cell-Autonomously for BDNF-Induced Local New
PSD95 Expression. We asked whether FMRP is required directly
for local BDNF-induced preferential PSD95 expression, or if the
deficit seen in FMRP-deficient neurons is a consequence of in-
direct developmental deficits, such as excitability changes in the
neuronal network (13–16). To address this question, we introduced
FMRP-IRES-RFP and our PSD95-TS2:YFP reporter into a sparse
subset of FMRP-deficient neurons. FMRP expression restored the
ratio of new PSD95 intensity in stimulated dendritic regions versus
unstimulated dendritic regions to levels similar to WT neurons
(Fig. 2 C and D and SI Appendix, Fig. S3). This indicates that
FMRP regulates BDNF-induced local new PSD95 expression in a
cell-autonomous manner and the deficits we observe in new
PSD95 expression are not due to a network effect.
FMRP has multiple important functional regions, including an

N-terminal protein–protein interaction region and two major
RNA-binding regions (17, 18). To identify which aspects of
FMRP function might be critical for BDNF-induced local new
PSD95 expression, we tested the ability of FMRP variants con-
taining different function-altering mutations (Fig. 2A) to rescue
BDNF-induced local new PSD95 expression in KO neurons.
Function was fully rescued with an R138Q mutant deficient in
nucleosome binding (19) (Fig. 2 C and D and SI Appendix, Fig.
S3), indicating that nucleosome interaction is not required for
the ability of neurons to locally regulate new PSD95 expression
and consistent with previous findings that R138Q mainly affects
presynaptic FMRP function (20). In contrast, function was not
fully rescued by FMRP with a deletion of the RGG box that
eliminates binding to RNAs with a G-quadruplex structure and
reduces polyribosome association (21), or by FMRP with an
I304N mutation in the KH2 domain that impedes association
with actively translating polyribosomes (22, 23), suggesting that
FMRP binding to RNAs or polyribosomes is important (Fig. 2 C
and D and SI Appendix, Fig. S3).
A simple model of FMRP function would be that PSD95

mRNA is repressed by binding to FMRP and then derepressed in
response to BDNF. FMRP is constitutively phosphorylated at
Ser499, likely by casein kinase II (24), and when phosphorylated
represses the translation of mRNA cargoes (25, 26). Synaptic
activity is believed to relieve this repression via dephosphorylation
of Ser499 by PP2A (27), which also induces destabilization of
FMRP (28). To test the possibility that BDNF induces release of
PSD95 mRNA from FMRP repression, we attempted to rescue
new PSD95 induction in FMRP-deficient neurons with S499D or
S499A mutants of FMRP, which lock FMRP into translation-
repressing and translation-permissive states, respectively (25, 27).
If dephosphorylation of FMRP were the primary mechanism of
BDNF-mediated new PSD95 expression, then neither mutant
would restore BDNF-mediated new PSD95 expression. FMRP
S499A was indeed unable to rescue BDNF-induced local new
PSD95 expression in FMRP-deficient neurons (Fig. 2 C andD and
SI Appendix, Fig. S3). Surprisingly, however, FMRP S499D re-
stored local new PSD95 expression (Fig. 2 B–D and SI Appendix,
Fig. S3). As FMRP S499D cannot be induced to release mRNA
targets by dephosphorylation (10, 25), our results suggest that acute
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dissociation of FMRP from PSD95 mRNAmay not be required for
BDNF-induced local long-term expression of new PSD95.

BDNF-Induced New PSD95 Expression Requires the PI3K-mTORC1-
S6K1 Pathway. The BDNF receptor TrkB activates a variety of
intracellular signaling proteins (SI Appendix, Fig. S4A), including
the phosphatase PP2A (27), extracellular signal-regulated kinase
(ERK), phosphatidylinositol 3-kinase (PI3K) (29, 30), and pro-
tein kinase C (PKC) (31). To understand which signaling path-
way is involved in BDNF-induced local expression of new
PSD95, inhibitors of these proteins or their upstream activators
were added together with ASV to WT hippocampal neurons
expressing the PSD95-TS2:YFP reporter and locally stimulated
with BDNF. The PP2A inhibitor okadaic acid did not impair
local new PSD95 expression (SI Appendix, Fig. S4 C and J). This
is consistent with the earlier finding that phosphomimetic FMRP
S499D restores BDNF-induced local expression of new PSD95 in
FMRP-deficient neurons, and further confirms that dephos-
phorylation of FMRP upon BDNF stimulation is not required
for new PSD95 expression. New PSD95 expression was also not
affected by the pan-PKC inhibitor GF109203X (SI Appendix, Fig.
S4 D and J) or the MAPK/Erk kinase (MEK) inhibitor U0126 (SI
Appendix, Fig. S4 E and J). Interestingly, however, multiple in-
hibitors of the PI3K-mTORC1-S6K1 pathway blocked the effect
of local BDNF. The PI3K inhibitor LY294002 reduced the de-
gree of new PSD95 expression by about 66% (SI Appendix, Fig.
S4 F and J). A similar impairment was observed with the mTOR
inhibitor rapamycin (SI Appendix, Fig. S4 G and J), the S6K1 and
PKC inhibitor Ro31-8820 (SI Appendix, Fig. S4 H and J), and the
selective S6K1 inhibitor PF-4708671 (SI Appendix, Fig. S4 I and
J). Together, these results suggest that BDNF regulates new
PSD95 expression in wild-type neurons via the PI3K-mTORC1-
S6K1 pathway but not via PP2A, ERK, or PKC.

Blockade of mTOR or S6K1 Restores Local New PSD95 Expression in
FMRP-Deficient Neurons.Multiple studies have established that the
mTORC1-S6K1 pathway is hyperactive in the FMRP-deficient
mouse (5, 32, 33). Given the importance of the mTORC1-S6K1
pathway in local BDNF-induced new PSD95 expression in wild-
type neurons, we asked if hyperactive mTORC1-S6K1 signaling
occludes localized responses to BDNF in FMRP-deficient neu-
rons (Fig. 3A). To test this hypothesis, we applied the mTOR
inhibitor rapamycin, the S6K1/PKC inhibitor Ro31-8820, or the
S6K1 inhibitor PF-4708671 to the dendrites of FMRP-deficient
neurons during BDNF stimulation. Interestingly, we found that
these drugs indeed restored new PSD95 expression (Fig. 3 B–D
and SI Appendix, Fig. S5). In contrast, application of the pan-
PKC inhibitor GF109203X or MEK inhibitor U0126 had no
effect on BDNF-induced local expression of new PSD95 (Fig. 3
C and D and SI Appendix, Fig. S5), demonstrating that the ob-
served rescue is specific to mTORC1-S6K1 inhibition. These
findings support the hypothesis that hyperactive mTORC1-S6K1
signaling in FMRP-deficient neurons causes occlusion of BDNF
responses required for local expression of new PSD95. They also
identify PSD95 as a synaptic protein whose dysregulation in
FMRP-deficient neurons can be corrected by pharmacological
inhibition of the mTORC1-S6K1 pathway.
The ability of mTORC1-S6K1 inhibition to rescue local BDNF-

induced expression of new PSD95 in FMRP-deficient neurons
suggests there are alternative pathways that transduce BDNF sig-
nals to local PSD95 synthesis or accumulation. We thus investi-
gated which pathway is responsible for BDNF-induced PSD95
expression in rapamycin-treated FMRP-deficient neurons. Because

Fig. 1. Local expression of new PSD95 in BDNF-stimulated dendritic regions
is absent in FMRP-deficient neurons. (A) Diagram of the PSD95-TS2:YFP re-
porter. After asunaprevir is added, YFP fluorescence is preserved on new
PSD95 copies. CT, C terminus; NT, N terminus. (B) Compartmentalized culture
system. (B, Top) Superimposed fluorescence and bright-field images showing
a transfected neuron extending dendrites through tunnels in the barrier. (B,
Bottom) Dye added to one side for 24 h demonstrates separation between
compartments and dye diffusion down the tunnels. Barrier width is 50 μm.
(C) New PSD95 in WT or FMRP-deficient neurons after local BDNF stimula-
tion. The bars mark the location of the 50-μm barrier. BDNF was added to
the right chamber. Boxes indicate regions identified and analyzed by the
automated algorithm. Stimulated segments were defined as the 50 μm in

the tunnel, and then control segments were defined in the unstimulated
compartment at an equidistant path length from the cell body. (C, Insets)
Stimulated (s) and control (c) segments. (D) Stimulated/control intensity ra-
tios in FMRP-deficient neurons were significantly lower than in WT neurons
at all times (P = 0.03 by mixed-effect repeated-measures ANOVA; n = 31 WT
and 24 FMRP-deficient neurons). Error bars represent SEM.
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the MEK-ERK pathway regulates protein synthesis in response to
other signals such as mGluR5 stimulation (34), we hypothesized
that it might become important for BDNF induction of PSD95 in
rapamycin-treated FMRP-deficient neurons, in contrast to its dis-
pensability in wild-type neurons. To test this hypothesis, we treated
FMRP-deficient neurons during BDNF stimulation and rapamycin
treatment with U0126. Indeed, U1026 blocked the rescue of local
BDNF-induced PSD95 accumulation by rapamycin in FMRP-
deficient neurons (Fig. 3 C and D and SI Appendix, Fig. S5).
These results indicate that the MEK-ERK pathway is required for
rapamycin-rescued local BDNF-induced PSD95 accumulation in
FMRP-deficient neurons (Fig. 3E).
To obtain further evidence that the MEK-ERK pathway can

mediate BDNF-induced new PSD95 accumulation in FMRP-
deficient neurons, we also examined its involvement in induction of
pan-cellular PSD95 by globally applied BDNF. As demonstrated
earlier, in contrast to the situation in dendrites, new PSD95 levels
in cell lysates are increased by global BDNF in FMRP-deficient

neurons even without inhibition of the TOR-S6K1 pathway (SI
Appendix, Fig. S1), suggesting that a substantial fraction of PSD95
mRNA in the cell is not being translated at maximal rates but can
be induced. This fraction likely resides in the cell body, as the
majority of new PSD95 is found in the cell body (Fig. 1C). We
found that, while global BDNF stimulation of FMRP-deficient
neurons again robustly increased whole-cell levels of new PSD95
in the absence of pathway inhibition, this failed to occur whenMEK
or ERK was blocked (SI Appendix, Fig. S6). These findings provide
further evidence that the MEK-ERK pathway can mediate BDNF-
induced expression of new PSD95 in FMRP-deficient neurons
when induction is not occluded by high basal translation rates.

Discussion
In the nervous system, protein synthesis is induced by neuronal
activity and is required for memory consolidation in animals
(35). Inhibition of protein synthesis blocks late-phase long-term
potentiation of synaptic transmission (36), a synaptic mechanism
for long-term memory (34), and at least some of the proteins
critical for LTP are synthesized locally (37). BDNF is necessary
and sufficient to induce long-lasting synaptic plasticity in brain
slices (38, 39), and thus BDNF stimulation serves as a useful model
for synaptic plasticity. In this study, using the TimeSTAMPmethod
to specifically visualize newly synthesized copies of PSD95, we find
that FMRP is required in a cell-autonomous manner for long-term
dendritic expression of new PSD95 following local BDNF stimu-
lation. Furthermore, we find that BDNF induction of local new
PSD95 occurs via mTORC1-S6K1 signaling in WT neurons, and
that mTORC1-S6K1 inhibition can restore the ability of FMRP-
deficient neurons to respond to BDNF by increasing local ex-
pression of new PSD95.
Unexpectedly, known mechanisms for rapid regulation of

FMRP function do not appear to mediate BDNF-induced local
expression of new PSD95. A phosphomimetic S499D mutant of
FMRP restores the response of new PSD95 to local BDNF stim-
ulation, indicating that FMRP dephosphorylation at Ser499 is not
required. PP2A, which dephosphorylates Ser499 (27, 40, 41), is also
not required for BDNF-induced local expression of new PSD95 in
WT neurons. However, it is possible that TrkB regulates FMRP via
other mechanisms. For instance, FMRP–mRNA interactions are
also regulated by arginine methylation, and FMRP subcellular lo-
calization can be influenced by synaptic activity (42, 43).
Interestingly, FMRP appears to be required for dendritic ex-

pression of new PSD95 following local BDNF stimulation, while
global expression of new PSD95 in response to bath BDNF
stimulation is unaffected by FMRP loss. These contrasting find-
ings with global vs. local BDNF stimulation underscore the utility
of visualizing distributions of newly synthesized proteins. There
are several possible explanations for why PSD95 induction could
be occluded in dendrites but not cell bodies of FMRP-deficient
neurons. For example, up-regulated mTORC1-S6K1 pathway
components could be preferentially localized to dendrites, or
negative regulators could be more effective in cell bodies. Alter-
natively, mTORC1-S6K1 hyperactivity may not saturate down-
stream responses in the cell body due to higher substrate
abundance. Indeed, in the brain, S6K1 is predominantly expressed
in cell bodies and nearly undetectable in tissue regions composed
of dendrites (44, 45).

mTORC1/S6K1 Inhibition as a Potential Therapeutic Approach for FXS.
Hyperactivity of the PI3K-mTORC1-S6K1 pathway has been
linked to excessive translation in FXS (33, 46). Interestingly, ge-
netic elimination of S6K1 ameliorated synaptic and behavioral
phenotypes in FMRP-deficient mice, suggesting that S6K1 in-
hibition may be useful for treating FXS (32). In the course of this
work, pharmacological S6K1 inhibition was found to reverse social
and behavioral phenotypes of FMRP-deficient mice as well (47).
Our finding that blockade of either mTORC1 or S6K1 restores
local activity-dependent new protein synthesis in FMRP-deficient
neurons provides a possible mechanistic explanation for the benefit
of S6K1 inhibition in FXS.

Fig. 2. Translational repression by FMRP is required cell-autonomously for
BDNF-induced local expression of new PSD95. (A) Diagram of FMRP protein
interactions disrupted by mutations. KH, heterogeneous nuclear ribonu-
cleoprotein K homology domain; T, Tudor domain. (B) Representative im-
ages of new PSD95 in FMRP-deficient neurons expressing RFP only (Left) or
FMRP S499D (Right) 21–24 h after local BDNF stimulation. The black bars
above the images indicate the location of the barrier and provide a 50-μm
scale bar. BDNF was applied to the right of the barrier. Boxes indicate
stimulated and equidistant control regions identified and analyzed by the
automated algorithm. (C) Representative stimulated and control regions for
each transfected FMRP variant. Whole-neuron images are in SI Appendix,
Fig. S3. (D) Relative intensities of stimulated versus unstimulated control
dendritic segments. Error bars represent SEM. Untransfected, n = 10 neu-
rons; WT, n = 11 neurons, *P = 0.008; R138Q, n = 14 neurons, *P = 0.01;
ΔRGG, n = 21 neurons, P = 0.11; I304N, n = 17 neurons, P = 0.18; S499A, n =
13 neurons, P = 0.58; S499D, n = 15 neurons, *P = 0.005 [each condition vs.
untransfected by Student’s t test with Tukey’s correction, after ANOVA test
with F (6, 95) = 5.77, P = 3.7 × 10−5].
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The utility of mTORC1 suppression has been questioned in a
recent finding that 40 d of rapamycin treatment did not ame-
liorate behavioral phenotypes of FMRP-deficient mice (48).
However, chronic administration of rapamycin can be expected
to have deleterious effects in vivo, as mTORC1 regulates a va-
riety of cellular processes that are required for ongoing neuronal
health including transcription, autophagy, protein degradation,
and lipid production (49). In addition, chronic rapamycin treat-
ment can inhibit mTORC2, which is required for normal cyto-
skeletal regulation and learning (49). These various effects of
rapamycin could thus counteract any benefits from reducing
dendritic protein synthesis. In contrast, treatment with S6K1
inhibition may be more beneficial by specifically targeting ab-
normal protein synthesis (47). Another recent study found that
inhibition of the specific PI3K isoform p110β can ameliorate
FXS behavioral symptoms (50), suggesting that specific in-
hibition of p110β-driven mTOR activity could also be more
beneficial than inhibiting all mTOR signaling.
How is the MEK-ERK pathway able to link TrkB to PSD95

synthesis in FMRP-deficient neurons when mTOR or S6K1 is
inhibited? FMRP-deficient mice exhibited more sensitive ERK
activation by TrkB (51), and higher phosphorylation of ribo-
somal protein S6 by ERK (52). Thus, stronger coupling of TrkB
to the translational machinery could enable BDNF induction of
new PSD95 synthesis, once excessive basal translation from
mTORC1-S6K1 hyperactivity is corrected.

Improving and Extending Visualization of New Proteins. A limitation
of the current experiments is that the new copies of PSD95 being
visualized derive from an introduced PSD95-TS2:YFP reporter
gene. This gene contains the complete sequence of the most
common PSD95 mRNA isoform, including the 5′ and 3′ untrans-
lated regions, so that its translation should be representative of
endogenous PSD95 mRNA. The introduced reporter increases the
total amount of PSD95 mRNA, which could alter either basal or
induced rates of PSD95 synthesis. However, the observation of
local induction of new PSD95-TS2:YFP reporter protein by BDNF
in wild-type neurons suggests that any changes are not substantial
enough to occlude stimulus-dependent translational induction.
Nevertheless, we are currently producing mice in which the
TS2:YFP tag will be recombined in-frame at the 3′ end of the
endogenous PSD95 gene; this will allow time-specific visualization
of new PSD95 proteins while preserving native levels of PSD95
mRNA and protein.
Finally, our results raise the possibility that the molecular

phenotype of deficient local protein expression may be a useful
assay for identifying potential therapies for FXS. As a synaptic
protein whose dysregulation in FMRP-deficient neurons can be
corrected by small-molecule drugs, PSD95 may be a useful in-
dicator of functioning local protein synthesis pathways. It will be
interesting to determine if other dendritically synthesized pro-
teins are also regulated locally by BDNF and dysregulated in

Fig. 3. Inhibition of mTOR or S6K1 rescues BDNF-induced new PSD95 accumulation in FMRP-deficient neurons. (A) Proposed model of mTORC1-S6K1
pathway hyperactivity in FMRP-deficient neurons, occluding induction of local protein synthesis by stimuli. (B) Representative images of new PSD95 in
FMRP-deficient neurons 21–24 h after local BDNF stimulation with DMSO (Left) or 10 μM S6K1 inhibitor PF-4708671 (Right). The black bars above the images
indicate the location of the barrier and provide a 50-μm scale bar. BDNF was applied to the right of the barrier. Boxes indicate stimulated and equidistant
control regions identified and analyzed by the automated algorithm. (C) Representative stimulated and control regions of neurons with DMSO, 2 μM pan-PKC
inhibitor GF109203X, 20 μM MEK inhibitor U0126, 10 μMmTORC1 inhibitor rapamycin, 2 μM S6K1/PKC inhibitor Ro31-8820, 10 μM S6K1 inhibitor PF-4708671,
or 10 μM rapamycin + 20 μM U0126 added to the stimulated dendrites together with BDNF. (D) Relative intensities of stimulated versus unstimulated control
dendritic segments. Error bars represent SEM. DMSO, n = 12 neurons; GF109203X, n = 10 neurons, P = 0.35; U0126, n = 13 neurons, P = 0.67; rapamycin, n = 16
neurons, *P = 0.001; Ro31-8820, n = 12 neurons, *P = 0.0005; PF-4708671, n = 11 neurons, *P = 0.02; rapamycin + U0126, n = 13 neurons, P = 0.13 [each
condition vs. DMSO by Student’s t test with Tukey’s correction, after ANOVA test with F (6, 81) = 5.67, P = 5.9 × 10−5]. The difference between rapamycin and
rapamycin + U0126 was also statistically significant (*P = 0.01). (E) Proposed treatment model for FXS.
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FMRP-deficient neurons, and if mTORC1 or S6K1 inhibition
can also rescue these defects in FMRP-deficient neurons.

Materials and Methods
Neuronal Cultures. For cultures of neurons for local BDNF stimulation, com-
partmentalized chambers were fabricated as previously described (12). A P0
rat glia feeder layer was plated into the chambers, followed 1–3 d later by P0
neurons from WT mice (C57BL/6J; 000664; Jackson Laboratory) or FMRP-
deficient mice (B6.129P2-Fmr1tm1Cgr/J; 003025; Jackson Laboratory) electro-
porated with a PSD95-TS2:YFP reporter construct. Animal procedures were
approved by the Stanford Institutional Animal Care and Use Committee.
More details of the chambers, animals, and culture procedures are provided
in SI Appendix.

Microscopy and Immunoblotting. Experiments were performed at 14–18
d in vitro. For live microscopy, cultures were imaged at 33 °C by confocal

microscopy in a CO2-independent medium during incubation in ASV to
preserve YFP fluorescence on new copies of PSD95, with stimulation by BDNF
in one chamber, without or with pharmacological inhibitors of signaling
pathways. Images were acquired blinded and analyzed in an automated
manner. For immunoblotting, asunaprevir, pharmacological inhibitors, and
BDNF were applied to neuronal cultures in 12- or 24-well plates, and cultures
were maintained in neuronal culture media under 5% CO2 in a tissue-culture
incubator until lysis. More details of time-lapse microscopy, automated analysis,
statistical plan, chemicals, and immunoblotting are provided in SI Appendix.
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