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Activation of autophagy rescues synaptic and cognitive

deficits in fragile X mice
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Fragile X syndrome (FXS) is the most frequent form of heritable
intellectual disability and autism. Fragile X (Fmr1-KO) mice exhibit
aberrant dendritic spine structure, synaptic plasticity, and cogni-
tion. Autophagy is a catabolic process of programmed degradation
and recycling of proteins and cellular components via the lyso-
somal pathway. However, a role for autophagy in the pathophys-
iology of FXS is, as yet, unclear. Here we show that autophagic
flux, a functional readout of autophagy, and biochemical markers
of autophagy are down-regulated in hippocampal neurons of frag-
ile X mice. We further show that enhanced activity of mammalian
target of rapamycin complex 1 (mTORC1) and translocation of
Raptor, a defining component of mTORC1, to the lysosome are
causally related to reduced autophagy. Activation of autophagy
by delivery of shRNA to Raptor directly into the CA1 of living mice
via the lentivirus expression system largely corrects aberrant
spine structure, synaptic plasticity, and cognition in fragile X mice.
Postsynaptic density protein (PSD-95) and activity-regulated
cytoskeletal-associated protein (Arc/Arg3.1), proteins implicated
in spine structure and synaptic plasticity, respectively, are elevated
in neurons lacking fragile X mental retardation protein. Activation
of autophagy corrects PSD-95 and Arc abundance, identifying a
potential mechanism by which impaired autophagy is causally re-
lated to the fragile X phenotype and revealing a previously un-
appreciated role for autophagy in the synaptic and cognitive
deficits associated with fragile X syndrome.
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Fragile X syndrome (FXS) is the most common heritable form
of intellectual disability and is a leading genetic cause of
autism (1-4). Patients with FXS exhibit a complex and de-
bilitating neurological phenotype including impaired cognition
and social interactions, delayed speech, hyperactivity, emotional
lability, attentional deficits, resistance to change, seizures, sleep
disorders, gross motor delays, hypersensitivity to sensory stimuli,
autistic behaviors, and autonomic dysfunction (1-4). In FXS,
expansion of a poly-CGG trinucleotide repeat located in the 5’
UTR of the fragile X mental retardation 1 (Fmrl) gene from
~50 to >200 repeats results in hypermethylation and epigenetic
silencing of the Fmrl gene, causing FXS (5-7). Fragile X mental
retardation protein (FMRP), the gene product of Fmrl, is an
RNA-binding protein implicated in cognitive dysfunction and
autism that tightly regulates the trafficking, localization, and
translation of a vast number of neuronal mRNAs critical to
neural development, synaptic plasticity, and dendritic spine ar-
chitecture (1, 8-10). An effective treatment for fragile X in hu-
mans is still lacking.

Mammalian target of rapamycin (mTOR) is a serine/threonine
kinase that integrates external cues and is a central regulator of
protein synthesis, cell growth, proliferation, survival, and auto-
phagy (11-14). Overactivation of mTOR complex 1 (mTORC1)
at hippocampal synapses is a phenotypic feature of fragile X
humans, mice, and flies (7, 13, 15, 16). In neurons, mTORC1 is
strategically positioned at pre- and postsynaptic sites where it
promotes local protein translation (6-9) and serves as a brake
on autophagy (11-14). Autophagy is a catabolic process that
plays a pivotal role in synaptic remodeling and memory formation
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(17-19). Upon activation, mTOR phosphorylates Unc-51-like
autophagy-activating kinase 1 (ULK-1) at S757, a target of
mTORCI and a well-established antiautophagy site (Fig. 1)
(20). This, in turn, sequesters ULK-1 away from AMP kinase
(AMPK). AMPK phosphorylates and activates ULK-1 at S317.
Upon activation, ULK-1 promotes phosphorylation and activa-
tion of Beclin-1 at S14, a critical step in the nucleation phase of
autophagy (21). Beclin-1 promotes lipidation of LC3-I to gen-
erate its lipidated form LC3-II, enabling elongation of the lim-
iting membrane and the formation of autophagosomes (22).
Autophagosomes act via protein adaptors such as p62 to deliver
proteins and organelles to lysosomes for degradation.

Whereas it is well established that protein translation is ele-
vated in neurons of fragile X mice (7, 10, 13-15, 23, 24), a role
for suppressed autophagy and protein degradation is, as yet,
unclear. The present study was undertaken to examine the pos-
sibility that autophagy, which is negatively regulated by phos-
phorylation of mMTOR on S2448 [(25), but see ref. 26], is reduced
in hippocampal neurons from fragile X mice. We focused on the
hippocampus, which is central to cognition (27, 28). Using a
combination of molecular, electrophysiological, and behavioral
approaches, we found that autophagy is reduced in hippocampal
neurons of fragile X mice and that activation of autophagy
rescues, at least in part, aberrant dendritic spine morphol-
ogy, metabotropic glutamate receptor-dependent long-term
depression (mGluR-LTD), and cognition in fragile X mice.
Moreover, activation of autophagy largely corrects the abun-
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Fig. 1. Schematic of mTOR and autophagy signaling. Upon activation,

mTOR phosphorylates ULK-1 at S757, a target of mTORC1 and a well-
established antiautophagy site. This, in turn, sequesters ULK-1 away from
AMPK, which phosphorylates and activates ULK-1 at S317. Phosphorylation
of ULK-1 at S317 promotes phosphorylation and activation of Beclin-1 at
S14, a critical step in the nucleation phase of autophagy. Beclin-
1 promotes lipidation of LC3-1 to generate its lipidated form LC3-Il, en-
abling elongation of the limiting membrane and formation of autophago-
somes. Lipidation of LC3-l is an ubiquitin-like reaction that requires Atg7.
Autophagosomes act via protein adaptors such as p62 to deliver proteins
and organelles to lysosomes for degradation.

dance of the postsynaptic density protein PSD-95 and the
activity-regulated cytoskeletal-associated synaptic proteins Arc/
Arg3.1 implicated in spine structure and synaptic plasticity. In
summary, these findings document a causal relation between
decreased autophagy and the synaptic and cognitive deficits in
FXS and identify components of the autophagy pathway as po-
tential therapeutic targets for amelioration of the symptoms
of FXS.

Results

Autophagy Is Down-Regulated in Hippocampal Neurons of Fragile X
Mice. Initiation of macroautophagy starts with autophagosome
formation, which depends on the lipidation of LC3-I to generate
its lipidated counterpart LC3-II. Upon lipidation, LC3-II local-
izes to the phagophore membrane, enabling elongation of the
limiting membrane to enclose the substrate and form mature
LC3-IT* autophagosomes (17-19). We assessed autophagosome
formation by two different assays. First, we measured the
abundance of LC3-1 and LC3-II (Fig. 2 A-C) and the LC3-1I/I
ratio (Fig. 2 4 and D) in neurons from fragile X and WT mice.
LC3-II abundance and the LC3-II/I ratio were markedly
diminished in hippocampal neurons from Fmrl-KO mice,
indicating reduced autophagosome synthesis. Second, we examined
the distribution of LC3 in neurons by immunofluorescence. In
neurons, autophagosomes form mainly in dendrites and are
transported to the cell body for degradation (18). Punctate
LC3 immunofluorescence in dendrites affords a measure of
newly formed autophagosomes (Fig. 2E) (18, 29). LC3 puncta
were markedly reduced in dendrites of Fmrl-KO vs. WT neu-
rons, consistent with reduced autophagosome formation (Fig. 2F).

We next measured autophagic flux, a functional readout of
lysosomal degradation (17-19, 30). Autophagosomes deliver
proteins and organelles to lysosomes for degradation by means
of cargo adaptor proteins, such as p62 (18). When the final
degradation step is reduced, p62 accumulates. We examined the
abundance of p62 in primary cultures of hippocampal neurons
from Fmrl-KO and WT mice. p62 was markedly increased in
neurons from Fmrl-KO vs. WT mice (Fig. 2 G and H), primarily
in the somata, consistent with the notion that the degradation of
substrate by the autophagy/lysosomal pathway is markedly re-
duced. Similar results were observed in CA1 neurons assessed in
brain sections from Fmrl-KO and WT mice (Fig. 2 I and J).
Collectively, these findings indicate that autophagic flux is down-
regulated in neurons of Fmrl-KO mice.

mTORC1 Activity Is Enhanced in Hippocampal Neurons from Fragile X
Mice. The results thus far suggest that autophagosome formation
and autophagic flux are reduced in hippocampal neurons from
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fragile X mice but do not address the mechanisms underlying this
deficit. Overactivation of mMTORC1 in hippocampal neurons is a
phenotypic feature common to FXS and other autism-like dis-
orders (15, 23). Hippocampal neurons from Fmrl-KO mice ex-
hibit elevated phosphorylation of mTOR at S2448, indicating
overactivation of mTOR (Fig. 34). mTOR-dependent phos-
phorylation of ULK-1 at S757, an antiautophagy site, prevents
assembly of ULK-1 with scaffolding protein Atgl3 and adhesion
protein FIP200 (20) and halts the initiation of autophagy.
Phosphorylation of ULK-1 at S757 was markedly increased in
Fmrl-KO vs. WT neurons, consistent with down-regulated
autophagy, with little or no change in ULK-1 abundance (Fig.
3B). In response to cellular stress, ULK-1 is phosphorylated at
S317 by AMPK to induce the initiation of autophagy (31).
Consistent with this, phosphorylation of ULK-1 at S317 was
decreased in neurons from KO vs. WT mice (Fig. 3C). Moreover,
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Fig. 2. Autophagy is down-regulated in hippocampal neurons of fragile X
mice. (A) Representative Western blots of whole-cell lysates from primary
cultures of hippocampal neurons at DIV 14 from WT and Fmr1-KO mice were
probed for LC3-I and LC3-Il. B-Actin was used as a loading control. (B-D)
Summary data showing LC3-I (B), LC3-II (C), and the LC3-Il/I ratio (D) (nor-
malized to the corresponding WT values). (E) Green immunofluorescence
(LC3* puncta) marks autophagosomes (arrows) localized to MAP-2-labeled
dendrites (red) in neurons from KO and WT mice. (Scale bars, 10 um.) (F)
Summary data showing number of green (LC3") puncta colocalized with red
(MAP2%) in dendrites (normalized to WT group). (G) Images show immu-
nolabeling of p62 together with MAP-2 to mark neurons. p62 staining at
higher magnification is shown in Right panels. (Scale bars, 15 um.) (H)
Summary data (bar graphs) showing fluorescence intensity (normalized to
WT values). (/) Five-week-old male WT and Fmr1-KO mice were killed, and
frozen sections of brain were subjected to immunolabeling with an antibody
to p62 together with an antibody to NeuN to mark neurons. (Scale bars,
25 pm.) (J) Summary data show the calculated intensity (normalized to cor-
responding WT values). *P < 0.05, **P < 0.01. Significance was calculated by
a two-tailed Student’s t test; n = 5 experiments involving independent
batches of neurons cultured from different litters in B-D, F, and H. At least
50 neurons were analyzed for each treatment group in F and H. n = 4 mice
for J. Values reflect mean + SEM.
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Fig. 3. mTORCI1 activity and downstream signals are dysregulated in Fmr1-
KO mice. Primary neurons were cultured from the hippocampus of WT and
Fmri1-KO mice at E18. (A-D) Cell lysates were probed with antibodies to
components of upstream signaling pathways that regulate autophagy and
protein abundance, and phosphorylation status was assessed by Western
blot analysis with phospho-specific antibodies. (A) Phosphorylation of mTOR
at S2448 (antiautophagy site). (B) Phosphorylation of ULK-1 at S757 (anti-
autophagy site). (C) Phosphorylation of ULK-1 at S317 (proautophagy site).
(D) Phosphorylation of Beclin-1 at S14 (proautophagy site). (Upper) Repre-
sentative Western blots. (Lower) Bar graphs show summary data (values
were normalized to the corresponding WT group). p-Actin was used as
loading control. (E) Lysosome fractions and whole-cell lysates were collected
from the hippocampi of 5-wk-old male WT and Fmr1-KO mice. Raptor pro-
tein abundance was assessed in whole-cell lysates (total Raptor) and in ly-
sosomal fractions (lysosomal Raptor) by means of Western blot analysis.
Summary data show total and lysosomal Raptor (normalized to the corre-
sponding values for WT); n = 5 WT and 5 KO mice. (F) Lysosomal Raptor
localization was shown by immunolabeling of Raptor together with a lyso-
somal marker, cathepsin D, in primary hippocampal neurons cultured from
WT and Fmr1-KO mice at DIV 14. Bar graphs show the calculated intensities
of colocalized puncta and total Raptor (normalized to WT). (Scale bars,
8 um.) *P < 0.05, **P < 0.01. Significance was calculated by two-tailed Stu-
dent’s t test; n = 4 experiments involving independent batches of neurons
cultured from different litters. At least 30 neurons were included for each
group in F. Values reflect mean + SEM.

phosphorylation and activation of Beclin-1 at S14, a downstream
target of ULK-1, was markedly reduced in neurons from KO vs.
WT mice, with little or no change in protein abundance (Fig. 3D).
Loss of Beclin-1 phosphorylation halts initiation of autophagy
(21). These findings indicate that overactivated mTORCI signal-
ing imposes a brake on autophagy in the hippocampal neurons of
Fmr1-KO mice.

Raptor, an obligatory component of mTORCI, is a critical
binding partner of mTOR that facilitates recruitment of sub-
strates such as S6K and is required for the localization of
mTORCI to lysosomes, where it imposes a brake on autophagy
by sequestering ULK-1 (32, 33). We examined the translocation
of Raptor to the lysosomal surface, where it plays a critical role
in suppression of autophagy. Whereas Raptor abundance did not
differ significantly in whole-cell lysates from the hippocampus, it

Yan et al.

was markedly increased in the lysosomal fraction isolated from
the hippocampus of Fmrl-KO vs. WT mice, indicating increased
mTORCI activity (Fig. 3E). Cathepsin D is a lysosomal aspartyl
protease and is widely used as a marker of lysosomes (34). Lo-
calization of Raptor to lysosomes marked by cathepsin D was
elevated in hippocampal neurons from Fmrl-KO vs. WT mice, as
assessed by immunolabeling of neurons (Fig. 3F). Thus, locali-
zation of mTORCI to lysosomes is elevated, enforcing the brake
imposed by mTOR on autophagy, in neurons from Fmrl-
KO mice.

RNAi-Mediated Depletion of Raptor Rescues Autophagy in Fragile X
Mice. The results thus far indicate that elevated mTORCI ac-
tivity and localization of Raptor to lysosomes are associated with
decreased autophagy but do not address a causal relation be-
tween them. Toward this end, we expressed shRNA to Raptor
(shRaptor) directly into the hippocampal CA1 of intact mice and
in hippocampal neurons by means of the lentivirus expression
system (to suppress mTORC1) and assessed autophagic flux by
p62 accumulation and autophagosome formation. Nontargeting
(NT) shRNA, which does not recognize any known vertebrate
sequence, served as a negative control. Validation experiments
performed in vivo revealed that shRaptor injected directly into
the CA1 of WT mice reduced Raptor to ~30% of that of WT
mice expressing NT shRNA (Fig. 44). We reasoned that if
mTORCI suppresses autophagy, then knockdown of Raptor,
which inhibits mMTORCI1 activity, would disinhibit autophagy. We
examined the impact of shRaptor on biochemical markers of
autophagy in hippocampal neurons cultured from Fmrl-KO
mice. shRaptor reduced phosphorylation of ULK-1 at S757
(Fig. 4B) and the abundance of the cargo adaptor protein p62
(Fig. 4C), elevated LC3-II abundance and the LC3-II/I ratio
(Fig. 4D), and increased the number of LC3* autophagosomes in
hippocampal neurons from Fmrl-KO mice (Fig. 4 E and F).
These findings strongly suggest that knockdown of Raptor in-
creases autophagy and that overactivated mTORCI is causally
related to the reduced autophagy observed in Fmrl-KO mice.

Activation of Autophagy Ameliorates Aberrant Spine Morphology of
Fmr1-KO Mice. Hippocampal neurons of fragile X patients and
Fmrl-KO mice exhibit an excess of dendritic spines (27, 35, 36).
To examine a role for impaired autophagy in aberrant spine
morphology, we assessed the impact of shRaptor, which sup-
presses mMTORCI1 and activates autophagy, alone and in the
presence of shAtg7, which suppresses autophagy, on spine
structure and density. Validation experiments performed in vivo
revealed that shRaptor injected directly into the CA1 of Fmrl-
KO mice reduced Raptor to ~42% of that of WT mice ex-
pressing NT shRNA; injection of shRaptor together with
shAtg7 directly into the CA1 reduced Raptor protein to ~50% of
that of WT mice expressing NT shRNA (SI Appendix, Fig. S14).
We first transduced Frmrl-KO mice and WT littermates with
lentivirus carrying GFP and shRaptor or NT shRNA (negative
control) directly into the hippocampal CAl and 7 d later im-
pregnated brains with Golgi and assessed dendritic spine mor-
phology (Fig. 54). Untransfected CA1 neurons (not illustrated)
and GFP* CAl neurons from Fmrl-KO mice expressing NT
shRNA exhibited a higher density of spines than WT littermates
(Fig. 5 A and B, compare bar 2 with bar 1), in corroboration of
work published by us (37) and by others (27, 35, 38). Delivery of
shRaptor directly into the CAl of Fmri-KO mice corrected
spine density on dendrites of pyramidal neurons to nearly that
of WT mice expressing NT shRNA (Fig. 5 A and B, compare
bar 3 with 1). Suppression of mTORCI1 not only disinhibits
autophagy but also reduces protein translation, which may
independently affect spine morphology and soma body size (35,
38, 39), and can potentially inhibit cell growth, proliferation, and
ribosome biogenesis. To distinguish the contribution of auto-
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Fig. 4. Raptor knockdown activates autophagy in neurons from Fmr1-KO
mice. (A) We injected lentivirus carrying nontargeting shRNA (NT, negative
control) or shRNA to Raptor (shRaptor) bilaterally directly into the hippo-
campal CA1 of 5-wk-old male WT mice. One week later, we assessed the
ability of shRaptor to suppress Raptor abundance in whole-cell lysates of
CA1 by Western blot analysis. (Upper) Representative Western blot. (Lower)
Summary data show Raptor abundance in WT mice expressing NT shRNA or
shRaptor (normalized to the value for WT mice expressing NT shRNA). (B-D)
Primary hippocampal neurons cultured from WT and Fmr1-KO mice (DIV 14)
were transduced with lentivirus carrying either NT shRNA (negative control)
or shRaptor. Hippocampal neurons cultured from WT mice expressing NT
shRNA were used as a control. Three days after transduction, the phos-
phorylation status of ULK-1 at Ser757 (antiautophagy site) and p62 and LC3-I
and Il abundance were assessed in whole-cell lysates by means of Western
blot analysis. (Upper) Representative Western blots. (Lower) Summary data
showing p-S757-ULK-1 (B), p62 protein (C), and the LC3-Il and LC3-II/I ratio
(normalized to the corresponding values for neurons from WT mice
expressing NT shRNA) (D). (E) Immunolabeling of LC3* autophagosomes
(green) in dendrites marked by MAP-2 (red). (Scale bars, 10 pm.) (F) Summary
data showing the number of LC3 puncta in dendrites from KO mice
expressing NT or Raptor shRNA (normalized to the corresponding value for
KO mice expressing NT shRNA). p-Actin was used as a loading control. *P <
0.05, **P < 0.01. Statistics were calculated by two-way ANOVA with Tukey's
test. n = 4-5 WT mice in each group for A. Four independent experiments
involving separate batches of neurons cultured from different litters were
analyzed in B-F. At least 50 neurons were analyzed for each treatment
group in F. Values reflect mean + SEM.

phagy to the rescue of spine morphology, we next delivered
lentivirus carrying shRaptor to suppress mTORCI together with
shRNA directed to Atg7 (40-42), an El-like ligase essential for
autophagosome formation, directly into the CAl of Fmri-KO
mice to selectively block autophagy (43). Validation experi-
ments performed in vivo revealed that shAtg7 administered to-
gether with shRaptor reduced Atg7 protein in CAl to ~24% of
that of WT mice expressing NT shRNA (SI Appendix, Fig. S1B).
Expression of shAtg7 together with shRaptor partially reversed
the rescue of spine density by shRaptor, consistent with the
concept that rescue by shRaptor occurs, at least in part, via ac-
tivation of autophagy (Fig. 5 4 and B, compare bar 4 with bar 3).

Next we examined the impact of autophagy on spine matu-
ration by classifying spines as stubby and mushroom-shaped
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(mature) or spindly, filopodial-like protrusions (immature), to-
gether with measurement of spine-head width. Untransfected
CA1 neurons (not illustrated) and GFP* CA1 neurons express-
ing NT shRNA from Fmrl-KO mice exhibited a marked de-
crease in the percentage of mushroom or stubby spines and a
marked increase in the percentage of long, filopodial-like pro-
trusions relative to that of WT littermates (Fig. 5C, compare bars
3 and 4 with bars 1 and 2), in corroboration of refs. 27, 28, 36,
and 37. shRaptor restored the percentage of mature spines to
nearly WT levels (Fig. 5C, compare bars 5 and 6 with bars 1 and
2). The rescue afforded by shRaptor was largely reversed by
shRNA to Atg7, a key component of autophagy, indicating that
the rescue of spine morphology by shRaptor occurs largely via
activation of autophagy (Fig. 5C, compare bars 7 and 8 with bars
5 and 6). Finally, shRaptor corrected the smaller head width
observed in Fmrl-KO vs. WT mice (Fig. 5D), an effect signifi-
cantly reduced by shAtg7 (Fig. 5D). Thus, activation of auto-
phagy corrected, at least in part, abnormalities in spine structure
associated with Fmrl-KO mice.

Activation of Autophagy Corrects mGIuR-LTD at CA1 Synapses of
Fragile X Mice. Fmrl-KO mice display exaggerated protein-
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Fig. 5. Activation of autophagy corrects aberrant spine morphology in
Fmr1-KO mice. Five-week-old male Fmr1-KO mice were bilaterally injected in
the hippocampal CA1 with lentiviruses expressing GFP with NT shRNA,
shRaptor alone, or shRaptor together with shRNA to Atg7 (shRaptor +
shAtg7). Age-matched WT male mice expressing NT shRNA were used as
control. One week after injection, brains were subjected to Golgi staining,
and the morphology of all spines located on apical dendrites on CA1
pyramidal neurons was analyzed. (A) Representative images of spine
morphology. (B) Spine number per 10 pm of dendrite. (C) Analysis of stubby/
mushroom and filopodial spine fractions. (D) The head diameter was defined
as the maximum width of the spine head, and spines were classified
according to their head diameter at intervals of 0.1 pm. Values at each in-
terval were calculated, and the cumulative frequency distribution was
plotted. Each point in B represents data from an individual mouse. Values
are shown as mean + SEM. *P < 0.05, **P < 0.01. Statistics were calculated by
two-way ANOVA with Tukey's test; n = 6 mice for each group. Five neurons
per mouse and 200 10-um segments on the apical dendrite from the cell
body to a distance of 130 pm along primary, secondary, and tertiary
branches of CA1 pyramidal neurons were analyzed per group.
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synthesis independent mGluR-LTD at Schaffer collateral-to-
CA1l pyramidal cell (Sch-CAl) synapses (15, 27, 44-46).
Activation of group I mGluRs (mGIuR1/5) with the selective
agonist S-3,5-dihydroxyphenylglycine (DHPG) elicits a form of
homosynaptic LTD (chemical mGluR-LTD) of synaptic trans-
mission at Sch-CAl pyramidal cell synapses that is independent
of NMDA receptor activation (47, 48). We applied DHPG
(100 pM, 5 min) to organotypic hippocampal slices from 4-wk-
old WT and Fmrl-KO mice cultured for 48 h (Fig. 64). In WT
slices, DHPG produced a robust depression of the evoked field
potential (fEPSP) slope to 87.2 + 3.3% of the pre-DHPG
baseline, assessed at 50 min after the induction of LTD (n =
6) (Fig. 6 A and B), consistent with reports by us and by others
(15, 44). In contrast, in slices from Fmrl-KO mice, DHPG
produced a greater LTD (depression of fEPSP to 75.0 + 3.2% of
baseline at 50 min, n = 6, P < 0.05 FmrIl-KO vs. WT) (Fig. 64).
To examine whether impaired autophagy contributes to exag-
gerated mGluR-LTD, we examined mGluR-LTD at CAl syn-
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Fig. 6. Autophagy ameliorates exaggerated mGIuR-LTD and deficit in
cognition in fragile X mice. (A and B) Organotypic hippocampal slices from
4-wk-old male WT and Fmr1-KO mice were cultured for 48 h. Fmr1-KO slices
were transfected with lentivirus carrying NT shRNA, shRaptor, or shRaptor +
shAtg7. WT slices expressing NT shRNA were used as control. Seventy-two
hours after transfection, DHPG-induced mGIuR-LTD was examined. (A) Time
course of mGIuR-LTD. (B) Mean values of the slope of the fEPSP from 50 to
60 min after initiation of DHPG application. Values are shown as mean +
SEM. *P < 0.05, **P < 0.01. Statistics were calculated by two-way ANOVA
with Tukey’s test; n = two or three slices per mouse, and n = 6 mice per
group. (C and D) Five-week-old male Fmr1-KO mice were bilaterally injected
in the hippocampal CA1 with lentiviruses expressing: control NT shRNA,
shRaptor, or shRaptor + shAtg7. Age-matched WT male mice expressing NT
shRNA were used as control. One week after virus injection, visual memory
was assessed by a novel object recognition task. (C) Time spent exploring
novel and familiar objects in the test session. (D) The preference index for
the novel object was calculated as the time spent exploring the novel object
divided by the total time exploring the novel and familiar objects. Values are
shown as mean + SEM. *P < 0.05, **P < 0.01. Statistics were calculated by
two-way ANOVA with Tukey'’s test; n = 10 mice for WT NT group, n = 9 mice
for Fmr1-KO NT group, n = 8 mice for the Fmr1-KO shRaptor group, and n =
8 mice for the Fmr1-KO shRaptor + shAtg7 group. Each point in C represents
data from an individual mouse.

Yan et al.

apses in hippocampal slices cultured from Fmrli-KO mice
expressing shRaptor in the absence or presence of shAtg7.
shRaptor restored mGluR-LTD to a value near that observed
in slices from WT mice expressing NT shRNA (negative con-
trol). Whereas shRaptor corrected mGIluR-LTD at CAl syn-
apses of Fmrl-KO mice to a level near that observed in WT
mice, the rescue was partially reversed in slices from Fmrl-KO
mice expressing shRaptor together with shAtg7 (Fig. 6 A and
B), indicating that activation of autophagy is important to
the rescue.

Activation of Autophagy Rescues Impaired Cognition in Fmr1-KO
Mice. Fmrl-KO mice display deficits in visual memory (46, 49,
but see ref. 50). We next examined the impact of autophagy on
cognition in Fmrl-KO mice. To this end, we delivered lentivirus
carrying NT shRNA, shRaptor, or shRaptor together with
shAtg7 directly into the CAl of WT and FmrI-KO mice and 7 d
later subjected mice to the novel object recognition assay (Fig. 6
C and D). The novel object recognition task assesses visual
memory and takes advantage of the innate tendency of WT mice
to spend more time exploring a novel object than a familiar one.
Whereas WT mice expressing NT shRNA spent more time ex-
ploring the novel object (73.5 + 3.2 s with the novel object vs.
48.0 + 4.3 s with the familiar object), Frnrl-KO mice expressing
NT shRNA spent approximately equal times exploring the novel
and familiar object (novel object, 76.1 + 3.3 s vs. familiar object,
77.8 £ 2.5 s) (Fig. 6C), indicating, in corroboration of findings of
others (27, 36), that FmrI-KO mice had no preference for the
novel object (Fig. 6D). Fmrl-KO mice expressing shRaptor spent
more time exploring the novel object than the familiar object
(Fig. 6C), indicating a preference for the novel object compa-
rable to that of WT mice (Fig. 6D). shRaptor, which suppresses
mTORCI activity and thereby disinhibits autophagy, rescued
visual memory in Fmrl-KO mice. Fmrl-KO mice expressing
shRaptor together shAtg7 spent approximately equal time ex-
ploring novel and familiar objects (Fig. 6C), indicating little
preference for the novel object (Fig. 6D). Thus, shAtg7, which
inhibits autophagy, reversed, at least in part, the rescue by
shRaptor, as is consistent with a mechanism in which increased
autophagy is important for the rescue of cognition by shRaptor.

Reduced Protein Degradation via the Autophagy/Lysosomal Pathway
Is Critical to Fragile X Pathology. The results thus far indicate that
activation of autophagy in neurons lacking FMRP rescues spine
morphology, mGluR-LTD, and cognitive defects in Fmrl-KO
mice but do not address the mechanism by which this occurs.
A mechanism implicated in the defects in spine morphology,
exaggerated mGluR-LTD at CA1 synapses, and impaired cog-
nition associated with fragile X is the overabundance of synaptic
proteins in neurons (1, 8, 9). The correct amounts of proteins at
synaptic sites are maintained by a fine balance between protein
synthesis and protein degradation. In neurons, autophagy plays
an important role in protein degradation and the structural
remodeling of synapses (51). Molecules such as p62, which bind
cargo and components of the autophagic machinery, recognize
and bind ubiquitinated proteins, enabling their engulfment by
autophagosomes targeted for degradation (17). Reduced auto-
phagy in brains from humans diagnosed with autism is associated
with an accumulation of ubiquitinated proteins (41).
Hippocampal neurons from Fmrl-KO mice exhibited an ac-
cumulation of ubiquitinated protein aggregates (Fig. 74 and B),
which colocalized with p62 (Fig. 7 A and C), relative to that of
WT neurons (Fig. 7 A-C), indicating that autophagy is involved
in this accumulation of ubiquitinated proteins. A hypothesis
under consideration is that a subset of synaptic proteins such as
Arc and PSD-95 is degraded not only by the ubiquitin-based
proteasomal degradation pathway but also by the autophagy/
lysosomal pathway. Indeed, neurons from Frwrl-KO mice exhibi-
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Fig. 7. Accumulation of ubiquitinated proteins in hippocampal neurons
from fragile X mice. (A) Primary cultures of hippocampal neurons (DIV 14)
from WT and Fmri1-KO mice were immunolabeled with antibodies against
ubiquitin, p62, and the neuronal marker MAP-2. (Scale bars, 10 pm.) (B and
C) Bar graphs show density of ubiquitin puncta per soma (B) and density of
puncta colabeled for p62 and ubiquitin per soma (C), each normalized to the
corresponding WT value. (D and E) Protein in whole-cell lysates of primary
hippocampal neurons from WT and Fmr1-KO mice was immunoprecipitated
with an antibody to ubiquitin. Whole-cell lysates (Input) and immunopre-
cipitates (IP) were probed for PSD-95 (D) and Arc (E). (Top) Representative
blots. (Middle) Summary data for input. (Bottom) Summary data for pre-
cipitate. All summary data were normalized to the corresponding values for
vehicle-treated neurons. *P < 0.05, **P < 0.01. Statistics were calculated by a
two-tailed Student’s t test. n = 4 independent experiments from different
batches of neurons; a minimum of 50 neurons per batch for each treatment
group were analyzed in B and C. Values reflect mean + SEM.

ted markedly elevated abundance of both total and ubiquitinated
PSD-95 (Fig. 7D) and Arc (Fig. 7E), indicating that ubiquiti-
nated PSD-95 and Arc accumulate and are not degraded effi-
ciently in Fmrl-KO neurons. In corroboration of work by others
(52), treatment of WT neurons with the proteasomal inhibitor
lactacystin increased the abundance of both total and ubiquiti-
nated PSD-95 (Fig. 84) and Arc (Fig. 8B). Treatment of neurons
with an inhibitor of autophagosome formation, 3-methyladenine
(3-MA), and/or the lysosomal inhibitor leupeptin with ammo-
nium chloride also induced striking accumulation of both total
and ubiquitinated PSD-95 (Fig. 84) and Arc (Fig. 8B), consistent
with the concept that not only the proteasomal pathway but also
the autophagy/lysosomal pathway is important to the degrada-
tion of at least a subset of synaptic proteins.

Neurons from Fmrl-KO mice exhibited markedly elevated
PSD-95 and Arc protein abundance relative to that of WT
neurons. This is significant in that PSD-95 is a synaptic scaf-
folding protein which, when improperly degraded, contributes to
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the overabundance of immature spines in hippocampal neurons
of FmrI-KO mice (52), and Arc is an immediate early gene that
interacts with dynamin and endophilin to facilitate endocytosis of
AMPA receptors and, when dysregulated, is implicated in ab-
errant mGluR-LTD at CA1 synapses and memory consolidation
in Fmrl-KO mice (53-55). In Fmrl-KO neurons, shRaptor,
which inhibits translation and activates autophagy, reduced PSD-
95 and Arc protein abundance to levels near those of WT neu-
rons (Fig. 8 C and D). Coexpression of shRaptor with shAtg7 in
Fmr1-KO neurons partially diminished the reduction in PSD-
95 and Arc afforded by shRaptor, consistent with a substantial
role for the autophagy/lysosomal pathway in the degradation of
these synaptic proteins.

The results thus far indicate that PSD-95 and Arc are de-
graded, at least in part, by the autophagy/lysosomal pathway but
do not provide anatomical evidence of autophagy-mediated
degradation. Toward this end, we imaged PSD-95 and Arc in
LC3" autophagosomes in dendrites of WT and Fmrl-KO hip-
pocampal neurons. RNAi-mediated knockdown of Raptor in-
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Fig. 8. Synaptic proteins PSD-95 and Arc are degraded via the autophagy/
lysosomal pathway. (A and B) Primary cultures of hippocampal neurons were
treated with vehicle, 5 pM lactacystin, 2.5 mM 3-MA, or 10 mM NH,4Cl with
50 pM leupeptin (Lyso inhi) for 6 h. Lysates were extracted and immuno-
precipitated with an antibody to ubiquitin. Whole-cell lysates (Input) and
immunoprecipitates (IP) were probed for PSD-95 (4) and Arc (B). (Top)
Representative blots. (Middle) Summary data for input. (Bottom) Summary
data for precipitate. All summary data were normalized to vehicle. (C and D)
Primary cultures of hippocampal neurons from WT and Fmr1-KO mice were
transfected with lentiviruses expressing control NT shRNA, shRaptor, or
shRaptor + shAtg7. WT neurons expressing NT shRNA served as control.
Seventy-two hours after transfection, lysates were subjected to Western
blots and probed for PSD-95 (C) and Arc (D). (Upper) Representative blots.
(Lower) Summary data (normalized to vehicle). p-Actin served as loading
control. *P < 0.05, **P < 0.01, N. S., no significant difference. Statistics were
calculated by two-way ANOVA with Tukey’s test. All data were calculated
from four independent experiments from different batches of neurons.
Values reflect mean + SEM.
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creased the number of LC3" autophagosomes, consistent with
activation of autophagy, and reduced PSD-95 and Arc puncta in
dendrites of hippocampal neurons (SI Appendix, Figs. S2 and
S3). Moreover, colocalization of PSD-95 and Arc puncta with
LC3 puncta was increased (SI Appendix, Figs. S2 and S3), con-
sistent with targeting of PSD-95 and Arc to the autophagy/lyso-
somal pathway for degradation. In FmrI-KO neurons expressing
shRaptor together with shAtg7, the number of LC3*-stained
puncta was greatly diminished, PSD-95 and Arc abundance was
increased, and colocalization of PSD-95 and Arc puncta with
LC3 puncta was diminished, consistent with a decrease in
autophagy-dependent degradation (SI Appendix, Figs. S2 and
S3). shRNA to Atg7 with shRaptor increased PSD-95 and Arc
puncta to nearly that in Fmrl-KO mice expressing NT shRNA
while reducing the colocalization of PSD-95 and Arc puncta with
LC3 puncta, indicative of reduced autophagy-dependent degra-
dation (SI Appendix, Figs. S2 and S3). These findings strongly
suggest that PSD-95 and Arc are degraded, at least in part, via
the autophagy/lysosomal pathway.

Discussion

In this study we demonstrate that autophagic flux, a functional
readout of autophagy, and biochemical markers of autophagy are
decreased in hippocampal neurons of Fmrl-KO mice. We fur-
ther show that in neurons lacking FMRP, mTORC1, which im-
poses a brake on autophagy, is overactivated and reduces
autophagy. RNAi-mediated depletion of Raptor, a critical
binding partner of mTOR and a defining component of
mTORCI, activates autophagy in Frmrl-KO neurons and thereby
rescues, at least in part, aberrant spine morphology, synaptic
function, and cognition in Fmrl-KO mice. Rescue by shRaptor
was significantly reversed by shRNA directed to Atg7, a key
component of the autophagy/lysosomal pathway (Fig. 1). These
findings establish a causal relation between down-regulated
autophagy and cognitive defects in fragile X mice. We also
show that the synaptic scaffolding protein PSD-95, critical to
spine morphology, and the immediate early gene Arc, critical to
mGIluR-LTD at CAl synapses, are degraded, at least in part, via
the autophagy/lysosomal pathway. Whereas it is well established
that elevated translation contributes to elevated PSD-95 and Arc
(2), these findings document an additional role for decreased
protein degradation. Although there are undoubtedly numerous
other proteins that are dysregulated due to reduced autophagy in
hippocampal neurons of fragile X mice, these findings provide a
potential mechanism by which down-regulated autophagy can
lead to aberrant spine structure and synaptic plasticity at
CALl synapses and, by inference, cognition in fragile X mice.

We propose a model in which autophagy is critical for main-
taining the correct balance between protein synthesis and deg-
radation at the synapse in hippocampal neurons of WT mice. In
neurons lacking FMRP, overactivation of mTOR suppresses
autophagy, which in turn leads to reduced degradation of a
subset of synaptic proteins. Synaptic proteins such as PSD-95 and
Arc are elevated, leading to an overabundance of filopodial-like
spines, exaggerated mGIuR-LTD, and, by inference, impaired
cognition. Acute knockdown of Raptor, a binding partner of
mTOR critical to mTORCI1 activity, activates autophagy, thereby
enabling autophagy-dependent degradation of synaptic proteins
such as PSD-95 and Arc. This, in turn, corrects spine morphol-
ogy, mGluR-LTD at CA1 synapses, and, by inference, cognition
in Fmrl-KO mice. These findings identify a previously un-
appreciated role for autophagy in the aberrant synaptic plasticity
and cognition observed in fragile X mice and suggest drugs
that activate autophagy as a potential therapeutic strategy to
ameliorate the sensory and cognitive deficits associated with
fragile X.

Whereas Huber and coworkers (52) report that the E3 ligase
Mdm?2 ubiquitinates PSD-95 and, together with myocyte en-
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hancer factor-2 (Mef2) and protocadherinl0 (Pcdhl0), targets
PSD-95 to the proteasome for degradation, thereby enabling
synapse elimination assessed by recording of miniature EPSCs,
we show that PSD-95 is degraded by both the proteasomal and
autophagy/lysosomal pathways and that down-regulated auto-
phagy is causally related to elevated PSD-95 and aberrant spine
morphology assessed by imaging of Golgi-impregnated neurons.
Our findings suggest that autophagy is a mechanism by which
MEF2 might promote synapse elimination in WT neurons.
Whereas Sulzer and coworkers (41) show that overactivated
mTOR signaling suppresses autophagy in the brain of TscI*/~
and Tsc2*~ mice during postnatal development and that re-
duced autophagy is causally linked to impaired pruning of spines
on dendrites of cortical layer V pyramidal neurons and autism-
relevant behaviors in these mice, we report that reduced auto-
phagy is causally related to an overabundance of long, filopodial-
like spines on dendrites of hippocampal neurons, exaggerated
mGIuR-LTD at CALl synapses, and impaired cognition in fragile
X mice.

It is widely accepted that elevated protein translation in the
hippocampus of Fmrl-KO mice is causally related to major
fragile X phenotypes (7, 10, 13-15, 23, 24) and that blunting of
protein translation can rescue aberrant spine morphology, syn-
aptic function, and cognitive deficits in fragile X mice (27). In
Fmr1-KO mice, knockout of p70 ribosomal S6 kinase, a down-
stream effector of mMTORCI1 and regulator of protein translation,
rescues aberrant morphology of dendritic spines on hippocampal
neurons and cognitive deficits (27). Reduction of eIF4E phos-
phorylation by genetic deletion of MNK1 or MNK2 in Fmrl-KO
mice rescues aberrant spine morphology, enhanced mGluR-
LTD, and behavioral deficits (56). Inhibition of ERK1/2 in the
hippocampus or its downstream effector RSK in cortex corrects
elevated protein synthesis in Fmr/-KO mice and reduces the
susceptibility of the mice to audiogenic seizures (57, 58). Genetic
ablation and acute knockdown of cytoplasmic polyadenylation
element-binding protein 1 (CPEB1) in FmrI-KO mice amelio-
rates exaggerated mGluR-LTD and spine defects at CAl syn-
apses in the hippocampus, aberrant social behaviors, and
impaired working memory (59).

In the present study, we find that a substantial fraction of the
rescue afforded by shRaptor is attenuated by coadministration of
shRNA to the autophagy factor Atg7, suggesting that not only
elevated protein translation but also reduced protein degrada-
tion via the autophagy/lysosomal pathway contributes to synaptic
phenotypes in FXS. In the case of some Fmrl-KO phenotypes,
coadministration of shAtg7 appeared to reverse the rescue
afforded by shRaptor, possibly because, in addition to its striking
inhibition of autophagy, shAtg7 also directly or indirectly affects
protein translation (60, 61). For example, macroautophagy de-
grades components of the translational machinery, including
factors involved in the initiation and elongation of protein
translation (60, 61). Thus, pharmacological inhibition or RNAi-
mediated acute knockdown of autophagy would be expected to
increase protein translation, although it decreases substrate
availability for protein synthesis (60, 61). In this way, shAtg7 not
only reverses the activation of autophagy but also promotes
translation. This may explain why, in several experiments, co-
administration of shAtg7 appears to substantially reverse the
rescue afforded by shRaptor. Our findings are consistent with
a scenario in which both elevated protein translation and re-
duced autophagy contribute to the cognitive deficits associ-
ated with FXS.

Autophagy is a key regulator of cell growth, differentiation,
and survival (17-19). In neurons, autophagy plays a pivotal role
in synaptic remodeling, synaptic plasticity, and memory forma-
tion (18, 51). In the present study, we identify a mechanism by
which reduced autophagy is causally related to the over-
abundance of dendritic spines on hippocampal neurons in a
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mouse model of FXS. Our findings, together with those of Sulzer
and coworkers, add autism spectrum disorders (ASDs) to the
growing list of brain disorders in which down-regulated auto-
phagy is an important factor.

In summary, the present study links aberrant mTORC1 and
autophagy signaling to cognitive deficits of FmrI-KO mice.
These findings reveal a role for autophagy as a therapeutic target
for FXS. Given that aberrant mTORCI activity has been noted
in different populations of neurons at different stages of devel-
opment of Fmrl-KO mice, reduced autophagy in brain regions
other than hippocampus may also serve as therapeutic targets for
the amelioration of the symptoms associated with fragile X.
Importantly, aberrant mTORCT signaling is implicated not only
in FXS but also in other disorders such as Rett syndrome, neu-
rofibromatosis type 1, and tuberous sclerosis complex (13, 62) in
which mTOR signaling is dysregulated. Thus, findings in the
present study indicate components of the autophagy pathway as
therapeutic targets not only for FXS but also other for ASDs.

Materials and Methods

Animals. FVB.129P2-Pde6b* Tyr“" Fmr1*™'%/) (Fmr1-KO) mice and
FVB.129P2-Pde6b™ Tyr“"h/AntJ (WT) mice were obtained from The Jackson
Laboratory as described (25). All mice were housed in a standard, pathogen-
free animal facility with a 12-h/12-h light/ dark cycle, and only male mice
were used. Genotyping was performed using standard PCR techniques as
described (63). Animal protocols were approved by the Institutional Animal
Care and Use Committee of the Albert Einstein College of Medicine.

Vectors and Lentivirus. Oligonucleotides with the following nucleotide se-
quences were cloned for Raptor shRNA: CCGGGCCCGAGTCTGTGAATG-
TAATCTCGAGATTACATTCACAGACTCGGGCTTTTTG (64) and Atg7 shRNA:
GATCCCCGCAGCTCATTGATAACCATTTCAAGAGAATGGTTATCAATGAG-
CTGCTTTTTC (43). The NT shRNA sequence ATCTCGCTTGGGCGAGAGT
was used as control. Raptor and NT shRNAs were cloned into the pGIPZ
vector containing GFP. Atg7 shRNA was cloned to the pLenti vector carrying
mCherry. High-titer lentiviral stocks were produced by calcium phosphate-
mediated transfection of HEK293T cells with viral plasmids together with
helper plasmids and were purified via ultracentrifugation as described (65—
68). Viral titers were determined by transducing HelLa cells. GFP and mCherry
fluorescence was examined by flow cytometry (Becton Dickinson LSR Il flow
cytometer) 72 h after transduction. Final virus titer was diluted to 2 x 10°
transducing units/pL.

Cell Culture, Viral Transduction, and Immunocytochemistry. Primary cultures of
hippocampal neurons were prepared from embryonic day 18 (E18) mice and
were maintained in Neurobasal medium with B-27 supplementation and
GlutaMAX (Invitrogen) as described (37). Neuronal cultures were maintained
for 14 d before use. For immunocytochemistry, neurons were fixed with 4%
paraformaldehyde (PFA), blocked with serum from the appropriate species,
and subjected to reaction with primary antibodies, followed by reaction
with Alexa Fluor 488-, 555-, or 647-conjugated secondary antibodies (Invi-
trogen). DAPI staining was used to reveal all cells in the section. At least
three coverslips per group and multiple areas per slide selected on a random
basis were used for counting analysis. Consecutive z-section images were
acquired with a Leica SP5 confocal microscope (63x objectives). Images taken
at 0.6-um depth intervals were averaged four times and processed using
Image) software (NIH). Labeled neurons were selected randomly for quan-
tification. The integrated puncta intensity for a given neuron was quantified
and normalized to the area of the cell body. To make comparisons between
experiments involving different batches of neurons or different cohorts of
animals, we used the same immunochemistry procedure and included all
control and treatment groups in each preparation. Moreover, laser settings
of the microscope were uniform across all preparations.

In Vivo Virus Injection. Mice were placed in a stereotaxic frame (Kopf In-
struments), anesthetized with 4% isoflurane, and maintained in anesthesia
with 1.5% isoflurane as described (58, 65, 66). Before injection, the incision
site was scrubbed with Betadine (Purdue), and a small burr hole was drilled
in the skull. Concentrated viral solution (0.5 uL) was injected into the right
and left CA1 by means of a 10-pL Hamilton syringe with a 26-gauge needle
driven by a Quintessential Stereotaxic Injector (Stoelting Company) at a flow
rate of 0.2 pl/min. The injection site was defined by the following coordi-
nates: 2 mm posterior to bregma, 1.5 mm below the surface of the skull, and
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1.8 mm lateral to the midline (65, 66). The needle was left in place for an
additional 2 min and then was withdrawn gently. The incision was closed
with cyanoacrylate glue. After injection, animals were placed in a heated
cage to recover.

Golgi Staining, Spine Morphology, Immunolabeling, and Histology. To image
spine morphology, we used an FD Rapid Golgi stain Kit (FD Neuro-
technologies) as described (37). In brief, mouse brains were collected, quickly
rinsed, immersed in Golgi impregnation solution, which includes fixation,
and stored in the dark at room temperature for 2 wk. Brains were then
transferred and stored in solution C for 72 h at 4 °C and were cut into 200-
mme-thick sections by means of a Leica cryostat at —20 °C. Sections were
transferred to cold SuperFrost Plus microscope slides (Fisher Scientific),
rinsed, dehydrated, and cleared according to the manufacturer’s instruc-
tions. Spines on apical dendrites of hippocampal CA1 pyramidal neurons
were imaged by means of an Olympus brightfield microscope using Neu-
rolucida software (MBF Bioscience) with a 100x oil immersion lens. Dendritic
spine density was determined by counting the total number of spines along
the apical dendrite from the soma to a 130-um distance on primary, sec-
ondary, and tertiary branches. Spine-head width was measured, and spines
were classified as filopodial-like or mushroom-like in all imaged neurons by
means of a categorization macro in Neurolucida software, which excludes
branched and detached spines, as described (27, 37).

Immunochemistry was performed on frozen brain sections from fragile X
and WT mice as described. Mice were anesthetized and transcardially per-
fused with 4% PFA, and brains were removed, postfixed for 24 h, and
infiltrated with 20-30% sucrose. Brain sections (20 pm thick) were blocked
with serum from the appropriate species, treated with primary antibodies,
and then reacted with Alexa Fluor 488 or 555 secondary antibodies (Invi-
trogen). Naive IgG of the appropriate species was used as a negative control.
DAPI staining was used to reveal all cells in brain sections. Images were ac-
quired using a confocal microscope.

Organotypic Slice Culture and Electrophysiological Recordings. Organotypic
hippocampal slices were cultured from Fmr1-KO mice and WT littermates at
4 wk of age and were transduced with lentivirus carrying NT shRNA,
shRaptor, or shRaptor together with shRNA to Atg7 at day in vitro (DIV)
3 and were recorded at DIV 6-8 as described (27, 44, 45). The investigator
was blind to the genotype and treatment. Baseline slope was calculated
from the mean values recorded for 20 min before drug application. LTD was
induced by a single application of 100-uM DHPG for 5 min and was measured
as the change in the response at 50-60 min after initiation of drug appli-
cation. Slices were visualized using an infrared differential interference
contrast Zeiss microscope. Data were acquired with a Multiclamp 700B am-
plifier (Molecular Devices) and analyzed by Igor Pro software (WaveMetrics).

Immunoprecipitation. Primary neurons were homogenized in ice-cold lysis
buffer as described (15). Homogenates were incubated with anti-ubiquitin
(1:100) (Santa Cruz) antibody and were gently shaken overnight at 4 °C.
Supernatant with antibody was added to a slurry of I9G bound to agarose
beads (Protein A/G, Pierce) and was incubated with rocking at 25 °C for 2 h.
Efficiency of the immunoprecipitation was determined by comparing the
abundance of immunoprecipitated protein in the supernatant and in wash
fractions obtained from the procedure.

Lysosome Isolation and Western Blotting. Lysosomes were isolated from
mouse hippocampus by means of a Lysosome Enrichment Kit (Thermo Sci-
entific). Briefly, tissues were homogenized and centrifuged at 850 x g for
2 min. Pellets were isolated, vortexed, resuspended, and centrifuged
according to the manual. Supernatant fractions were subjected to gradient
ultracentrifugation at 145,000 x g for 2 h at 4 °C. Lysosomal fractions were
collected, resuspended in PBS buffer, and centrifuged at 12,000 x g for 5 min
at 4 °C; lysosomal proteins were collected from the supernatant.

Hippocampal tissue was homogenized in lysis buffer supplemented with
proteinase inhibitors and centrifuged at 12,000 x g for 10 min at 4 °C to
collect whole-cell proteins in the supernatant. Primary neurons were lysed
and centrifuged as above, except that centrifugation was for 5 min. Protein
concentrations were measured, and Western blots were performed as
described (69). Band densities were normalized to p-actin (as a loading
control) and then to WT values. Band densities were quantified using
Imagel software.

Primary antibodies used for Western blotting included rabbit anti-LC3-I/Il
(Novus), rabbit anti-p62 (MBL), rabbit anti-Raptor (Cell Signaling), rabbit
anti-Arc (Cell Signaling), rabbit anti-PSD-95 (Millipore), mouse anti-mTOR
(Cell Signaling), rabbit anti-p-mTOR (52448) (Cell Signaling), rabbit anti-p-
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ULK-1 (S757) (Cell Signaling), rabbit anti-p-ULK-1 (5317) (Cell Signaling),
rabbit anti-ULK-1 (Cell Signaling), rabbit anti-p-Beclin-1 (S14) (Cell Signal-
ing), rabbit anti-Beclin-1 (Cell Signaling), mouse anti-ubiquitin (Enzo), rabbit
anti-Atg7 (Cell Signaling), and mouse anti-g-actin (Sigma). Antibodies for
LC3-I/Il, p62, Raptor, Arc, PSD-95, and ubiquitin were used for immunocy-
tochemistry with primary antibodies of chicken anti-MAP-2 (Millipore) and
rat anti-cathepsin D (R&D Systems). Primary antibodies of p62 and mouse
anti-NeuN (Millipore) were used for immunochemistry of brain sections.

Novel Object Recognition Test. The novel object recognition task was con-
ducted in an isolated arena (50 cm long x 50 cm wide x 40 cm high). Five-
week-old Fmr1-KO mice and WT littermates were used in this study. The
investigator was blind to the genotype. For three consecutive days before
the testing day, animals were allowed to explore the empty arena in which
the task was to be performed for 10 min. On the fourth day (training and
familiarization session) the mouse was placed in the center of the arena
between and equidistant from two identical objects and was allowed to
explore freely for 10 min. The time the mouse spent exploring each object
was recorded. The mouse was then placed in a holding cage for 24 h. The
next day (test session), one of the objects was replaced with a novel object.
The mouse was placed in the arena for an additional 10 min, and the time
spent exploring each object was recorded. Mice that did not spend a mini-
mum of 10 s investigating one or both objects were excluded from the study.
The preference index was calculated by dividing the time (in seconds) spent
exploring the novel object by the total time spent exploring the two objects.
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A preference index >0.5 indicates an ability to discriminate the novel object
from the familiar object. Exploration was defined as orienting the nose to-
ward the object and approaching the object to a distance <2 cm between
the nose and the object. Resting, grooming, or sitting on the object was not
considered as exploration.

Statistical Analysis. Data are presented as means + SEM. The Kolmogorov-
Smirnov test was used to analyze normal distribution of data. The Student’s
t test (unpaired, two-tailed) was used for two-group comparisons, and two-
way ANOVA followed by a Tukey’s test was used for experiments involving
more than two groups. Unless otherwise indicated, n = the number of ani-
mals used in the analysis. Statistical significance was defined as P < 0.05. The
statistics are listed in tables in S/ Appendix.
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