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Abstract
Many neurodevelopmental disorders are characterized by impaired functional synaptic plasticity and abnormal dendritic
spine morphology, but little is known about how these are related. Previous work in the Fmr1-/y mouse model of fragile X
(FX) suggests that increased constitutive dendritic protein synthesis yields exaggerated mGluR5-dependent long-term
synaptic depression (LTD) in area CA1 of the hippocampus, but an effect on spine structural plasticity remains to be
determined. In the current study, we used simultaneous electrophysiology and time-lapse two photon imaging to examine
how spines change their structure during LTD induced by activation of mGluRs or NMDA receptors (NMDARs), and how
this plasticity is altered in Fmr1-/y mice. We were surprised to find that mGluR activation causes LTD and AMPA receptor
internalization, but no spine shrinkage in either wildtype or Fmr1-/y mice. In contrast, NMDAR activation caused spine
shrinkage as well as LTD in both genotypes. Spine shrinkage was initiated by non-ionotropic (metabotropic) signaling
through NMDARs, and in wild-type mice this structural plasticity required activation of mTORC1 and new protein
synthesis. In striking contrast, NMDA-induced spine plasticity in Fmr1-/y mice was no longer dependent on acute activation
of mTORC1 or de novo protein synthesis. These findings reveal that the structural consequences of mGluR and metabotropic
NMDAR activation differ, and that a brake on spine structural plasticity, normally provided by mTORC1 regulation of
protein synthesis, is absent in FX. Increased constitutive protein synthesis in FX appears to modify functional and structural
plasticity induced through different glutamate receptors.

Introduction

Structure and function are closely related at all levels
of organization in the nervous system, from circuits to
neurons to individual synapses. Excitatory synapses in the
mammalian brain are predominantly located on dendritic
spines, which act as biochemical compartments that
allow the independent integration of presynaptic inputs.
Synapses can undergo long-term changes in their trans-
mission efficiency depending on the patterns of neuronal
activity and, at the same time, activity can persistently
modify spine morphology [1]. These forms of functional
and structural plasticity are believed to represent the
fundamental building blocks of learning and memory [2]
and they are usually correlated: spines enlarge during
long-term synaptic potentiation (LTP) [3] and shrink
during long-term depression (LTD) [4–6]. The mechan-
isms underlying functional plasticity have been exten-
sively studied, but much less is known about the
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mechanisms of structural plasticity and how both are
interconnected.

Neurodevelopmental disorders like fragile X (FX) syn-
drome are characterized by deficits in functional plasticity
and also by alterations in spine morphology [7]. However,
little is known about how these changes might be related. In
the hippocampus, LTD can be induced by activation of the
NMDA-type glutamate receptor (NMDAR) or metabotropic
glutamate receptor 5 (mGluR5). NMDAR-dependent LTD
(NMDAR-LTD) can be induced by low-frequency synaptic
stimulation (LFS) [8, 9] or by brief application of the
selective agonist NMDA (N-methyl-D-aspartate) [10] and is
associated with shrinkage of dendritic spines [5, 9, 11].
mGluR5-dependent LTD (mGluR-LTD) can be induced by
patterned synaptic stimulation [12] or by application of the
mGluR5 agonist DHPG ((S)-3,5-dihydroxyphenylglycine)
[13, 14]. NMDAR-LTD and mGluR-LTD both occur in
hippocampal area CA1 and are expressed by the inter-
nalization of AMPA receptors [15, 16], but they are
mechanistically distinct and do not show mutual occlusion
[14, 17]. Distinctive properties of mGluR-LTD include a
dependence upon the rapid translation of dendritic mRNAs
[12], but in the Fmr1-/y mouse model of FX lacking the
mRNA-binding protein FMRP, LTD is exaggerated [18]
and no longer sensitive to protein synthesis inhibitors [19].
Interestingly, dendritic spines have also been reported to be
altered in brain tissue from Fmr1-/y rodents and FX patients
[20]. These findings provoke the questions of how spines
might change during mGluR-LTD [21, 22] and how struc-
tural plasticity differs in wild-type (WT) and Fmr1-/y mice.

Therefore, our initial objectives in this study were to
determine: (1) what kind of structural changes in dendritic
spines are associated with mGluR-LTD in the hippo-
campus and (2) whether this structural plasticity is altered
in the Fmr1-/y mouse model of FX. We hypothesized that
mGluR-LTD would show correlated spine shrinkage in
WT mice, as seen in NMDAR-LTD [11], and that this
shrinkage would be exaggerated in the Fmr1-/y model, as
seen in functional mGluR-LTD [18]. Our results, however,
were inconsistent with these predictions. While NMDA
indeed induced synaptic weakening that correlated with
spine shrinkage, LTD induced by mGluR5 activation
failed to correlate with a persistent change in spine struc-
ture in either WT or Fmr1-/y mice.

The dissociation of functional and structural plasticity
following mGluR5 activation inspired additional experi-
ments to differentiate the signaling requirements for
NMDAR-LTD and spine shrinkage. We found that
application of compounds that block ion flux through the
NMDAR completely blocked LTD, but had no effect on
spine shrinkage. On the other hand, compounds that
inhibit the mTORC1 signaling pathway or protein
synthesis had no effect on LTD, but strongly inhibited

spine shrinkage in WT mice. Interestingly, spine shrink-
age in the Fmr1-/y mouse no longer required mTORC1 or
protein synthesis, suggesting increased abundance of a
normally rate-limiting protein for structural plasticity.
Consistent with this interpretation, increasing basal pro-
tein synthesis in WT slices by pre-incubation with an
mGluR5 positive allosteric modulator (PAM) rendered
spine shrinkage in response to NMDA insensitive to a
protein synthesis inhibitor.

Thus, spines shrink in response to “metabotropic”
NMDAR signaling rather than mGluR5, and this effect is
indeed exaggerated in the Fmr1-/y mouse compared with
WT, but only under conditions when protein synthesis is
inhibited. The data suggest that a brake on spine plasticity
provided by regulation of mTORC1-dependent protein
synthesis is missing in FX.

Materials and methods

Animals

Fmr1-/y mice [23] and Thy1-GFP mice [24] were obtained
from Jackson Laboratories, Maine, USA (stock # 003025
and # 011070, respectively). Both strains were backcrossed
onto a C57BL/6J background for at least six generations at
MIT and were subsequently maintained on a congenic
C57BL/6J background by regular additional backcrossing.
Experimental cohorts consisted of male littermates that were
P25-P35 at the time of experiments. Cohorts were obtained
from Thy1-GFP homozygous males × Thy1-GFP homo-
zygous/Fmr1 heterozygous female breeders. Mice were
group housed with littermates and maintained on a 12:12 h
light:dark cycle. All experiments were performed blind to
genotype using age-matched littermate controls during the
light phase. The Institutional Animal Care and Use Com-
mittee at Massachusetts Institute of Technology approved
all experimental techniques.

Hippocampal slices

Animals were deeply anesthetized through isoflurane inha-
lation (AErrane; Baxter Pharmaceuticals) and then decapi-
tated. Acute dorsal hippocampal slices (350 μm thick) were
prepared in ice-cold dissection buffer containing (in mM):
NaCl 87, sucrose 75, KCl 2.5, NaH2PO4 1.25, NaHCO3 25,
CaCl2 0.5, MgCl2 7, ascorbic acid 1.3, and D-glucose 10
(saturated with 95% O2/5% CO2). Immediately after slicing,
the CA3 region was removed. Slices were recovered in
artificial cerebrospinal fluid (ACSF) containing (in mM):
NaCl 124, KCl 5, NaH2PO4 1.23, NaHCO3 26, CaCl2 2,
MgCl2 1 and D-glucose 10 (saturated with 95% O2/5%
CO2) at 32.5 °C for at least 3 h before recording.
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Hippocampal slice culture and gene transfection

Hippocampal organotypic slice cultures were prepared from
postnatal day 6–7 rats as described [25]. Slices were cul-
tured at 35 °C on interface membranes (Millipore) and
fed with MEM media containing 20% horse serum and
(in mM), D-glucose 27, NaHCO3 6, CaCl2 2, MgSO4 2,
HEPES 30, 0.01% ascorbic acid and 1 µg/ml insulin. pH
was adjusted to 7.3 and osmolality to 300–320 mOsm.
Slices were biolistically transfected (BioRad) after 5–7 days
in vitro (DIV) with a plasmid expressing DsRed2 (Clon-
tech) and a plasmid expressing SEP-GluA2 (kind gift of R.
Malinow), both under CAG promoter.

Electrophysiology

Field potential recordings were performed in a submersion
chamber, perfused with ACSF (2–3 ml/min) at 30 °C.
fEPSPs were recorded in CA1 stratum radiatum with
extracellular electrodes filled with ACSF. Baseline respon-
ses were evoked by stimulation of the Schaffer collaterals
at 0.033 Hz with a two-contact cluster electrode (FHC,
Bowdoin, ME) using a 0.2 ms stimulus yielding 40–60% of
the maximal response. Field recordings were filtered at
2 kHz, digitized at 50 kHz and analyzed using pClamp10
(Axon Instruments). The initial slope of the response was
used to assess changes in synaptic strength. Data were
binned per minute and normalized to the baseline and
are presented as group mean ± S.E.M. Functional LTD was
quantified by comparing the average response 50–60 min
after NMDA, low-frequency stimulation (LFS; 1 Hz
15 min), or DHPG application to the average of the last
10 min of baseline. Experiments showing >5% of drift
variation during baseline, calculated by fitting a linear
regression line for the 30 min of baseline, were excluded
from analysis. Paired-pulse facilitation was induced by
applying two pulses at different inter-stimulus intervals.
Facilitation was measured by the ratio of the fEPSP slope of
response to stimulus 2 to stimulus 1.

Two-photon laser-scanning microscopy

Time-lapse fluorescence imaging was carried out simulta-
neously with electrophysiological recordings using a two-
photon microscope (Prairie Technologies Ultima system
attached to an Olympus BX-51WI) equipped with a mode-
lock femtosecond-pulse Ti:Sapphire laser (Chameleon,
Coherent). Green and red fluorescent proteins were simul-
taneously excited at 930 nm. Images were taken with a 60 ×
0.9 NA objective lens, and a digital zoom of ×5.65 every 4
min for the 30 min baseline and up to 1 h after LTD
induction. For organotypic slices, imaging was performed at
DIV 8–9 on primary or secondary dendrites from the

proximal part of the main apical dendrite of CA1 pyramidal
neurons. For both acute and organotypic slice experiments,
well-isolated neurons with moderate GFP signal were
carefully selected, with evident healthy dendritic morphol-
ogy and no signs of fluorescent aggregates. At the end of
each experiment, we reconfirmed that the neuron retained
its healthy dendritic morphology. Data were normalized
to the baseline and are presented as group mean ± S.E.M.
Spine structural plasticity was quantified by comparing the
average response 50–60 min after NMDA or DHPG appli-
cation to the average of the last 10 min of baseline.

LTD induction and pharmacological reagents

NMDAR-dependent LTD was induced by applying NMDA
(20 µM) for 3 min, and mGluR-LTD was induced by apply-
ing R,S-DHPG (50 µM) for 5 min. In pharmacological
pretreatment experiments, slices were pre-incubated with the
respective drug for 40min before the beginning of baseline
recordings, and then kept in bath throughout the entire
experiment (except Supplementary Fig. S5 and Fig. 5d).
NMDA, MK-801 (40 µM) were purchased from Sigma. R,S-
DHPG, D-AP5 (50 µM), 7-CK (100 µM), U0126 (20 µM)
were purchased from Tocris Biosciences. Rapamycin
(20 nM) was purchased from LC labs. Fresh bottles of DHPG
were prepared as a 100× stock in H2O, divided into aliquots
and stored at −20 °C. Fresh stocks were made once a week.
CHX (60 µM) and CDPPB (3-Cyano-N-(1,3-diphenyl-1H-
pyrazol-5-yl)benzamide; 10 µM) were purchased from Tocris
Biosciences. CDPPB was made up weekly in DMSO; CHX
was fresh each experimental day.

Image analysis

For every time point, a series of 512 × 512 pixel XY-
scanned images (Z-Series) was taken every 1 µm of tissue
depth, for 20 µm of depth in total. The maximal fluores-
cence intensity of the Z-Series was summed to obtain a
single collapsed image (Z-stack) for every time point.
During each experiment, 24 Z-stacks were collected 4 min
apart, over 30 min of baseline and 1 h of LTD induction.
These 24 Z-stacks were compiled into a movie montage, to
track fluorescence intensity in the X, Y, and Z dimensions in
each frame. The montage was aligned using the StackReg
function in Fiji/ImageJ (by Rasband, W.S., U. S. National
Institutes of Health) [26]. On average, 15 spines on multiple
dendritic regions were followed throughout the montage.
The only criteria for selection of spines were that their entire
morphology was clearly visible over a dark background
throughout all frames in the movie; they were required to be
located on healthy dendritic regions that were visually
isolated, and to have clearly resolved heads and necks,
irrespective of their size and shape. This way, selected
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spines included diverse sizes and diverse morphologies,
such as thin, thick, or mushroom shapes, but excluding dim
filopodia and stubby spines. Spines were excluded if they
overlapped with neighboring spines or other dendrites in
any frame of the movie. A constant 20 × 20 pixel circular
region of interest (ROI) was outlined around the spine,
including the spine head and half of the spine neck. Within
this ROI, the total integrated fluorescence intensity of the
green and the red channels was calculated using ImageJ.
Intensity values were background-subtracted and corrected
for overall fluorescence fluctuations. The intensity of the
dark background around the cell and spines was manually
tracked at three locations in every frame to ensure the
background ROI did not overlap with any dendrites or
spines. For fluorescence fluctuation calculations, the inten-
sities of five locations along a dendrite were measured and
manually tracked across all frames. The background-
corrected intensities of RFP and GFP signals were taken
to be proportional to spine volume and the amount of fusion
protein [27]. We confirmed that these values yielded similar
results to those obtained from values of spine head area
(data not shown). We only included experiments showing
<7% of drift variation during baseline, calculated by fitting
a linear regression line for the 30 min of baseline.

Biochemistry

To mimic electrophysiology and imaging experiments,
hippocampal slices were prepared as described above and
transferred to sterile incubation chambers (440 µm polyester
mesh, 15 mm insert, Costar 3478). Slices were recovered for
40 min at 32.5 °C followed by room temperature (RT) for
3–5 h in ACSF (saturated with 95% O2/5% CO2). MK-801
(40 µM) was then applied and kept in solution for the
remainder of the experiment. After 30 min of MK-801
incubation, slices were transferred to 32.5 °C and after 15
min, baseline slices were flash frozen in liquid nitrogen.
After another 15 min, other slices were exposed to NMDA
or vehicle for 3 min, and 3 time points after NMDA were
flash frozen: 0, 5, and 15 min (see Supplementary Fig. S6).
All samples were stored at −80 °C until the day of immu-
noblotting. For immunoblotting, chambers containing each
slice were submerged in ice-cold homogenization buffer
A (20 mM Tris base, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1mM EGTA) with phosphatases and proteases cocktail
inhibitors (EMD Millipore set I, 524624, set II, 524625 and
set III, 539134) until thawed. Then, slices were individually
transferred to 1.5 ml microcentrifuge tubes containing 50 µl of
buffer A and stored on ice. Slices were then grinded using a
pellet pestle (Kimble Kontes) for 10 s. This homogenate was
centrifuged at 16,100 × g for 15min and supernatant was then
transferred to a clean tube for immunoblotting. Laemmli
buffer (BioRad) with 2-mercaptoethanol (50 µl total) was

added to each tube and incubated for 5 min at 100 °C to
prepare samples for western blotting. Samples were stored at
−80 °C until electrophoresis day. Protein extracts (30 µl) were
loaded into 4–20% mini-PROTEAN TGX gels (BioRad) and
ran for 55 min at 150V. We then transferred the protein to a
0.2 µm nitrocellulose membrane using the Trans-Blot Turbo
transfer system (BioRad) manufacturer protocol for mixed
molecular weight proteins. Membranes were blocked using
the TBS Odyssey Blocking buffer (Li-cor) for 1 h at RT
followed by incubation of target protein antibody (diluted in
blocking buffer with 0.2% tween 20) overnight at 4 °C. The
next day, membranes were washed 5min 3× at RT using TBS
(BioRad) with 0.1% Tween 20 (TBST). Membranes were
then incubated in secondary antibody corresponding to the
primary antibody species (1:5000 IRDye 800 CM Donkey
anti-Rabbit, 926-32213 or 1:15,000 IRDye 680RD Donkey
anti-Mouse, 926–68072 from Licor) for 1 h at RT. This was
followed by three washes of 5 min in TBST, and then by
another three washes of 5 min in TBS. Images were collected
using ChemiDoc MP auto-exposure user protocol for each
fluorophore (BioRad). Phosphorylated proteins were blotted
first followed by stripping off the membranes using NewBlot
Nitro Stripping Buffer (Licor) and re-blotted for total proteins.
For densitometric analysis (quantification of protein bands),
we used ImageLab version 6.0 (BioRad). Antibodies and
concentrations used: 1:1000 phospho-mTOR (Ser2448, CST
2971), 1:1000 mTOR (CST 2972), 1:1000 phospho-S6
Ribosomal protein (Ser 235/236, CST 4856), 1:1000 S6
Ribosomal protein (CST 2217), 1:1000 phospho-ERK1/2
(Thr202/Tyr204, CST 9101), 1:1000 ERK1/2 (CST 9102).

Statistical analyses

All values are expressed as mean ± S.E.M. Statistical sig-
nificance was set at the 95% confidence level (two-tailed)
and calculated using Prism 7.0 (GraphPad software). Mul-
tiple comparisons (genotype and drug effect) were analyzed
using two-way ANOVA with post-hoc Bonferroni’s test.
Single comparisons were made with paired Student’s t
test to calculate differences between the average of the
50–60 min interval post NMDA/DHPG treatment and the
baseline, and unpaired Student’s t test to calculate differ-
ences between the average of the 50–60 min time interval.
Pharmacological or genetic experiments were statistically
compared with their corresponding vehicle or WT controls.
Experiments were performed blind to the genotype and in
an interleaved manner, each with a different slice but within
the same experimental day. The order of control and
experimental conditions were randomized. Statistics were
performed using N as animal, with each animal represented
by one slice. Variance between genotypes or drug/vehicle
treatment groups were similar for each type of experiment.
For each figure, average time course of mean fEPSPs,
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mean spine volume, or SEP fluorescence was normalized to
baseline.

Results

Dissociation of functional and structural plasticity
during mGluR-dependent LTD

We wanted to simultaneously study structural and func-
tional plasticity associated with the induction of NMDAR-
dependent and mGluR-dependent LTD in hippocampal
neurons. For this purpose, we prepared acute hippocampal
slices from P25–35 Thy1-GFP mice. These mice express
GFP in a random subset of neurons, which allows the clear
visualization of dendritic spines on well-isolated dendrites
[24]. We used two-photon time-lapse fluorescence micro-
scopy to image the apical proximal dendrites in the stratum
radiatum region of CA1 pyramidal neurons (Fig. 1a–c). At
the same time, we placed stimulating and recording elec-
trodes in the region flanking the imaged dendrite (Fig. 1a).
We stimulated the Schaffer collateral axons every 30 s and
recorded extracellular field excitatory postsynaptic poten-
tials (fEPSPs). To induce widespread LTD of excitatory
synapses we used well established chemical induction
protocols. NMDAR-LTD was induced by NMDA (20 μM,
3 min) [10] and mGluR-LTD by bath application of DHPG
(50 μM, 5min) [12]. With area CA3 cut away (Fig. 1a),
direct stimulation of CA1 with a highly selective agonist
enables reproducible induction of each distinct form of LTD
across a large population of synapses. In control experi-
ments with vehicle treatment, both fEPSPs (Fig. 1dA) and
spine volume (Fig. 1dB) were stably maintained over time.
However, as previously reported, application of NMDA
induced a strong long-lasting depression of fEPSPs
(Fig. 1eA) [10], which was accompanied by a correlated
long-lasting reduction of dendritic spine volume (Fig. 1eB)
[11]. Similarly, DHPG treatment induced a robust and
stable depression of fEPSPs [14] (Fig. 1fA), but surpris-
ingly, we did not observe a net reduction of spine volume
up to 1 h following drug application (Fig. 1fB). Additional
analysis of the persistent change in size as a function of
the initial spine size revealed no systematic differences
between populations that could account for our findings:
large and small spines both showed structural shrinkage
after NMDA but not after DHPG or vehicle (Supple-
mentary Fig. S1). Although spine volume changed after
NMDA, neither treatment significantly modified spine
density (data not shown).

Although a failure to observe spine shrinkage during
mGluR1-dependent LTD was reported in the cerebellum
[21], this finding was unexpected in the hippocampus
where LTD is dependent on mGluR5 [22]. We therefore

wanted to confirm that in the same preparation in which
DHPG was without effect, NMDA could still induce spine
changes. Thus, we designed an experiment in which
mGluR-LTD was induced first using DHPG, and then
NMDAR-LTD was induced with NMDA, as we monitored
the same population of dendritic spines. This experiment is
feasible because mGluR- and NMDAR-LTD do not
mutually occlude [14, 17]. As expected, we were able to
sequentially induce mGluR-LTD and NMDAR-LTD in the
same population of stimulated synapses, and in agreement
with our initial findings, spine volume decreased after
NMDA; DHPG had a negligible effect (Figs. 1g, S2).
Spine shrinkage induced by NMDA following DHPG
exposure (Fig. 1Gb) appeared to be exaggerated compared
with NMDA alone (Fig. 1eB), but this difference did not
achieve statistical significance.

A trivial reason for why mGluR-LTD induction might
not be accompanied by persistent spine shrinkage is that it
is expressed presynaptically. Although a mechanistically
distinct presynaptic form of mGluR-LTD has been repor-
ted in slices from early postnatal rodents [28], there is a
general consensus that both NMDAR-LTD and mGluR-
LTD are expressed postsynaptically in P25–35 mice.
Nevertheless, to ensure there was no major presynaptic
component in our LTD induction protocols, we monitored
paired pulse facilitation (PPF). LTD that arises from a
reduction in glutamate release probability is accompanied
by increased PPF [29]. No significant difference in PPF
was detected after the application of NMDA or DHPG at
any of the inter-stimulus intervals tested (Supplementary
Fig. S3a, b) and there was no correlation between
LTD magnitude and a change in PPF (Supplementary Fig.
S3c, d). We therefore conclude that both LTD forms are
expressed primarily via postsynaptic mechanisms in our
preparations.

DHPG induces the internalization of AMPA receptors
without shrinking dendritic spines

Chemical induction protocols were used to maximize the
number of synapses affected, and a clear effect on spine
volume was observed after NMDA that correlates with
LTD. However, the absence of lasting structural plasticity
following DHPG conceivably could be due to a failure
to image the appropriate population of spines. As both
NMDAR- and mGluR-LTD are expressed postsynaptically
by the internalization of AMPARs [16, 30], we turned to
organotypic slice cultures and used fluorescently-tagged
AMPAR trafficking as a way to optically measure
the degree of functional LTD at each individual spine.
We transfected cultured hippocampal slices with the
GluA2 subunit of the AMPAR fused to Synapto-Ecliptic-
pHluorine (SEP). This fusion protein is fluorescent when
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receptors are expressed on the plasma membrane, but the
fluorescence is quenched when receptors are internalized
into acidic vesicles [31, 32]. By co-transfecting neurons
with the red fluorescent protein DsRed2 together with
SEP-GluA2 we could simultaneously measure changes in
spine volume and surface expression of AMPARs in
individual spines.

We induced both forms of LTD in these organotypic
slices and obtained results comparable to those observed in

acute slices. In control experiments with vehicle treatment,
both fEPSPs (Fig. 2a) and spine volume (Fig. 2d) were
stably maintained over time. However, NMDA induced
LTD of extracellular field potentials (Fig. 2b) and a sig-
nificant decrease in spine volume (Fig. 2e). Induction of
mGluR-LTD (Fig. 2c), on the other hand, had no net effect
on spine volume (Fig. 2f). Thus, the dissociation of func-
tional and structural plasticity following activation of
mGluR5 was confirmed using two different experimental
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approaches: acute adolescent mouse hippocampal slices
(Fig. 1fB) and cultured rat hippocampal slices (Fig. 2f). We
also tried inducing structural plasticity with DHPG in a
number of additional preparations of rat and mouse hippo-
campus, and mouse visual cortex, and consistently failed to
observe lasting spine shrinkage (Supplementary Fig. S4).

Despite the absence of structural change, we did observe
a significant decrease of SEP fluorescence in dendritic
spines after DHPG application (Fig. 2i, l), indicating that
AMPARs were efficiently removed from the spine surface
following mGluR-LTD induction. Application of NMDA
was also accompanied by a decrease of SEP fluorescence in

dendritic spines (Fig. 2h, k), likely reflecting both AMPAR
internalization and depolarization-induced acidification of
the cytoplasm [33]. In control experiments, we confirmed
that application of vehicle did not result in any appreciable
change in SEP fluorescence (Fig. 2g, j). These results
strongly suggest that mGluR-LTD is expressed post-
synaptically by the internalization of AMPARs in spines
that fail to undergo long-term structural plasticity. Taken
together, these findings indicate that functional postsynaptic
plasticity and spine structural changes are dissociable—one
does not follow automatically from the other.

A metabotropic effect of NMDAR activation elicits
structural but not functional plasticity

Lack of correlation between functional and structural
changes after mGluR5 activation suggests that these two
forms of plasticity are regulated by different intracellular
mechanisms. Similarly, although functional and structural
changes are usually correlated after NMDAR activation,
their intracellular mechanisms have also been shown to
diverge [34]. Recent studies have suggested that in addition
to their ionotropic actions, NMDARs exert metabotropic
effects that contribute to LTD [35, 36]; however, this con-
clusion is controversial [37]. As mGluR-LTD is induced by
a pure metabotropic mechanism, we investigated the iono-
tropic and non-ionotropic (metabotropic) requirements for
functional and structural plasticity following NMDAR
activation.

We first verified that the competitive NMDAR antago-
nist D-AP5 was able to completely prevent both functional
LTD and structural plasticity induced by NMDA appli-
cation (Fig. 3aA, B). This finding confirms that ligand
binding to the glutamate binding sites on the NMDAR is
required for both types of plasticity [10, 11]. To test
whether blocking the ion flux through NMDARs was
sufficient to prevent functional or structural NMDAR-
LTD, we treated hippocampal slices for 60 min with the
open-channel blocker MK-801. This compound blocks ion
flux without affecting glutamate or NMDA binding. We
found that MK-801 pretreatment completely prevented
induction and expression of functional NMDAR-LTD
(Fig. 3bA). Inhibition of LTD was also observed in
experiments in which MK-801 was present only during
baseline stimulation, which would produce activity-
dependent block of synaptic NMDARs only, and in
experiments in which synaptic LFS was used to induce
LTD instead of NMDA application (Supplementary Fig.
S5). However, MK-801 had no effect on induction of spine
structural plasticity (Fig. 3bB). We confirmed this result
with 7-CK, a competitive antagonist for the glycine site on
NMDARs, which also blocks ion flux without affecting
glutamate or NMDA binding. Like MK-801, 7-CK

Fig. 1 Dissociation between functional and structural plasticity
during mGluR-LTD. a Extracellular field recordings and time-lapse
two-photon imaging were simultaneously performed in the CA1
region of acute Thy1-GFP mouse hippocampal slices with CA3
removed to ensure that agonists acted specifically on receptors on CA1
neurons. b Two-photon image of CA1 pyramidal neurons. SO: Stra-
tum Oriens; SP: Stratum Pyramidale; SR: Stratum Radiatum. c Mag-
nified image of the red-squared region in b showing SR proximal
dendrites with dendritic spines. d–g Time-course of averaged fEPSP
slope responses (A) and averaged dendritic spine volume (B) nor-
malized to baseline (dashed lines). Representative fEPSP traces and
images of dendritic spines are shown at 3 time points: 15 min before,
15 and 60 min after LTD induction. Sequential experiments (gA, B)
include two more time points: 90 min and 135 min after induction.
Scale bars apply to all panels. Yellow arrows indicate unaltered spines,
orange arrows indicate shrinking spines. dA Bath application of
vehicle (aCSF, 5 min, gray bars) to hippocampal slices did not alter
fEPSP slope (10 min period immediately before vehicle: 102.38 ±
1.81% of total baseline; 50–60 min period after vehicle: 99.40 ± 7.41%
of total baseline, n= 10 animals; n.s. p= 0.6635, paired t-test). dB
Vehicle did not induce any persistent structural change in spine
volume (before: 99.50 ± 0.48%; after vehicle: 99.70 ± 1.71%, n= 10;
n.s. p= 0.9077, paired t-test). eA Bath application of NMDA (20 µM,
3 min, magenta bar) induced LTD of fEPSPs (10 min period imme-
diately before NMDA: 99.88 ± 1.65% of total baseline; 50–60 min
period after NMDA: 31.78 ± 5.53% of total baseline, n= 9 animals;
****p < 0.0001, paired t-test). eB NMDA induced a long-term
decrease in the volume of spines (before: 99.51 ± 0.68%; after
NMDA: 83.72 ± 5.29%, n= 9; *p= 0.0235, paired t-test). fA A Bath
application of the mGluR agonist DHPG (50 µM, 5 min, blue bar)
induced LTD of fEPSPs (before: 99.39 ± 0.76%; after DHPG: 65.3 0 ±
3.35%, n= 16; ***p < 0.0001, paired t-test). fB DHPG did not induce
any persistent change in spine volume (before: 100.40 ± 0.52%; after
DHPG: 100.30 ± 2.46%, n= 14; n.s. p= 0.9687, paired t-test).
Sequential induction of mGluR-LTD and NMDAR-LTD. gA Appli-
cation of DHPG followed by NMDA induced additional LTD (n= 8;
before: 99.85 ± 1.28%; after DHPG: 65.62 ± 5.28%, ***p= 0.005,
paired t-test; before NMDA: 65.62 ± 5.28% (lower dashed line); after
NMDA: 39.96 ± 7.37% of initial baseline; **p= 0.0022 with respect
to before-NMDA, paired t-test). gB DHPG application did not change
spine volume (before: 101.10 ± 1.10%; after DHPG: 97.78 ± 1.90%;
n.s. p= 0.128, paired t-test) but subsequent NMDA application eli-
cited a robust long-term spine shrinkage in the same population of
spines (before: 97.78 ± 1.90%; after NMDA: 68.94 ± 6.57%; ***p=
0.00066, paired t-test). This subsequent spine shrinkage (volume
decreased by 32.47 ± 6.0%) tended to be more pronounced than the
spine shrinkage caused by the single NMDA application (eB), but this
difference did not achieve statistical significance.
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completely prevented functional LTD (Fig. 3cA) without
affecting structural plasticity (Fig. 3cB). These findings
indicate that spine shrinkage relies on a metabotropic
effect of NMDAR activation, whereas functional LTD
depends on ion flux through the receptor. The fact that
morphology changes in the absence of ion flux rules out
spurious causes of spine shrinkage that might accompany
massive depolarization caused by NMDA.

Structural plasticity requires mTORC1 pathway
activation and de novo protein synthesis

Activation of NMDARs stimulates several signaling kina-
ses, such as Ras and Rap, upstream of ERK (extracellular
signal-regulated kinase). Since ERK1/2 has been implicated
in fragile X [38] and plays a critical role in synaptic plas-
ticity [39] including mGluR-LTD [40], we examined the
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involvement of this signal transduction pathway in func-
tional and structural plasticity during NMDAR-LTD.
We applied the MEK1/2-ERK1/2 inhibitor U0126 1 h
before NMDA treatment and found that neither functional
NMDAR-LTD (Fig. 3dA) nor structural plasticity
(Fig. 3dB) were affected. NMDARs also activate alter-
native intracellular mechanisms including the mTOR
signaling cascade [41–43]. We therefore tested the
involvement of the mTOR pathway in NMDAR-LTD by
applying the mTORC1 inhibitor rapamycin. Rapamycin
had no effect on functional NMDAR-LTD (Fig. 3eA), but
significantly reduced the magnitude of spine shrinkage
produced after NMDA application (Fig. 3eB). Thus,
functional and structural plasticity following NMDA are
doubly dissociable: MK-801 and 7-CK selectively block
one form (LTD), and rapamycin selectively blocks the
other (spine shrinkage).

The mTOR pathway is classically associated with the
control of protein synthesis [44]. Dendritic protein synthesis
is required for mGluR-LTD, the late phases of NMDAR-
LTD and LTP, and regulation of homeostatic plasticity
[12, 45, 46]. Moreover, local protein synthesis is also nee-
ded for the late phase of structural change of dendritic
spines after LTP induction [27, 47]. Therefore, we next
tested the requirement of de novo protein synthesis by
applying the translation inhibitor cycloheximide (CHX) 80
min before NMDA treatment. CHX had no effect on
synaptic transmission or the induction or expression of LTD
(Fig. 3fA), but it significantly reduced spine plasticity
caused by the NMDA application (Fig. 3fB). These data
suggest that structural plasticity of dendritic spines during
NMDAR-LTD is dependent on the ongoing synthesis of
new proteins under the control of the mTORC1 pathway.

These findings motivated us to ask if stimulation of
NMDARs in the absence of ion flux could elicit a detectable
increase in mTORC1 activity during spine plasticity.
NMDA was applied in the presence of MK-801 and slices
were flash frozen at various time points for biochemical
analysis of changes in phosphorylation of either mTOR or
the downstream reporter ribosomal protein S6. There
was no indication of acute activation of this pathway, or
ERK1/2, by NMDA during the early, rapamycin-sensitive
phase of spine shrinkage, although we did see mTOR
phosphorylation increased 15 min after NMDA treatment
(Supplementary Fig. S6). Although we cannot rule out the
possibility that this biochemical assay is insufficiently
sensitive to detect rapid increases in synaptic mTORC1-
dependent protein synthesis, which does not always corre-
late with mTOR or S6 phosphorylation, the data are also
compatible with the alternative hypothesis that constitutive
rather than acutely stimulated protein synthesis is necessary
for rapid spine plasticity.

Signaling requirements for structural plasticity
differ in Fmr1-/y mice

We next examined functional and structural plasticity in the
Fmr1-/y model of fragile X. Under baseline slice imaging
conditions, we observed no difference in Fmr1-/y spine
density compared with WT (5.14 ± 0.23 spines/10 µm in
Fmr1-/y vs 5.46 ± 0.22 in WT, p= 0.312, unpaired t-test)
and a slight but significant increase in spine length (2.42 ±
0.06 µm in Fmr1-/y vs 2.26 ± 0.05 in WT, p= 0.0482,
unpaired t-test), consistent with published findings [7, 48].
However, because mGluR-LTD and protein synthesis are
exaggerated in Fmr1-/y mice, we hypothesized that struc-
tural plasticity would appear following DHPG and possibly
be exaggerated following NMDA. As expected from pre-
vious studies, NMDAR-LTD was no different in the Fmr1-/y

mice and mGluR-LTD was significantly increased [18]

Fig. 2 AMPA receptor internalization is associated with both
mGluR- and NMDAR-LTD. The content of AMPAR in the mem-
brane surface of dendritic spines was monitored by measuring the
fluorescence of SEP fused to the GluA2 subunit. Simultaneous
field recordings and two-photon imaging were performed in the CA1
region of organotypic cultured hippocampal slices (CA3 removed) co-
transfected with DsRed2 and SEP-GluA2. a–c Time-course of aver-
aged fEPSP responses normalized to baseline. Representative fEPSP
traces are shown at three time points: 15 min before, 15 and 60 min
after LTD induction. Scale bar applies to all panels. a Application of
vehicle (aCSF, 5 min, gray bars) did not alter fEPSP slope (10 min
before vehicle: 104.28 ± 3.06% of total baseline; 50–60 min after
vehicle: 105.03 ± 6.28%, n= 4, n.s. p= 0.916, paired t-test). b Bath
application of NMDA (20 µM, 3 min) induced LTD of fEPSPs (10 min
before NMDA: 99.25 ± 1.75% of total baseline; 50–60 min after
NMDA: 75.62 ± 3.25%, n= 6, **p= 0.0023, paired t-test). c Bath
application of DHPG (50 µ, 5 min) induced LTD of fEPSPs (before:
100.5 ± 3.38%; after DHPG: 56.38 ± 9.05%, n= 6; **p= 0.0048,
paired t-test). d–f Time-course of the averaged spine volume
(measured from DsRed2 fluorescence intensity) normalized to base-
line. d Vehicle did not induce any persistent structural change in spine
volume (before: 101.98 ± 0.25%; after vehicle: 95.72 ± 2.79%, n= 4;
n.s. p= 0.096, paired t-test). e Spine volume persistently decreased
upon NMDA application (before: 100.01 ± 1.09%; after NMDA:
71.47 ± 4.14%, n= 6; ***p= 0.0007, paired t-test). f DHPG did not
induce any persistent structural change in spine volume (before: 100.6
± 0.65%; after DHPG: 97.27 ± 8.35%, n= 6; n.s. p= 0.7221, paired
t-test). g–i Time-course of the averaged fluorescence intensity of SEP-
GluA2 in the spine, normalized to baseline. SEP fluorescence does not
change after (g) vehicle application (before: 99.26 ± 2.78%; after
vehicle 93.69 ± 2.86%, n= 4; n.s. p= 0.090, paired t-test), but per-
sistently decreased after (h) NMDA application (before: 98.98 ±
0.77%; after NMDA: 57.37 ± 9.66%, n= 6; **p= 0.0075, paired
t-test) and after (i) DHPG application (before: 99.64 ± 0.90%; after
DHPG: 76.29 ± 7.61%, n= 6; *p= 0.0234, paired t-test). j–k Repre-
sentative two-photon images of segments of secondary apical dendrites
showing DsRed2 (magenta), SEP-GluA2 (green) and merged (yellow)
fluorescence, at three times points (15 min before, 15 after, and 60 min
after vehicle application or LTD induction). Scale bar applies to all
panels. Yellow arrows indicate spines with no change in volume or
AMPAR, orange arrows indicate spines showing AMPAR inter-
nalization or shrinkage, white arrows indicate spines showing AMPAR
internalization but no shrinkage.
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(Fig. 4a, b). However, contrary to our hypothesis, structural
plasticity in the Fmr1-/y mice resembled WT. Spine
shrinkage occurred following NMDA application but not

DHPG, and there was no difference between genotypes
(Fig. 4c, d). As in WT, there was no significant change in
spine density after either treatment (data not shown).
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A peculiar finding in Fmr1-/y mice is that mGluR-LTD,
in addition to being exaggerated, is no longer blocked by
CHX or other protein synthesis inhibitors [19, 49]. A
similar phenotype has been observed in other mouse
models of neurodevelopmental disorders associated with
intellectual disability [50–52]. These findings are usually
interpreted to mean that a protein species, normally lim-
iting for plasticity in WT, is overabundant in the mutant

mice due to increased basal protein synthesis. We there-
fore reexamined the signaling requirements for functional
and structural plasticity following NMDA in the Fmr1-/y

mice. Similar to our findings in WT (Fig. 3dA, eA, fA),
we observed no effect of ERK1/2, mTORC1, or protein
synthesis inhibitors on functional NMDAR-LTD in the
Fmr1-/y mice (Fig. 5aA, bA, cA). Interestingly however,
spine structural plasticity that is normally mTOR-
dependent and protein synthesis-dependent in the WT
(see Fig. 3eB, fB) is no longer sensitive to rapamycin

Fig. 3 Metabotropic action of NMDAR, mTOR pathway and
protein synthesis are required for structural plasticity but not
functional NMDAR-LTD in WT mice. The mechanisms underlying
structural and functional plasticity were studied using simultaneous field
recordings and two-photon imaging of dendritic spines, performed in
stratum radiatum of CA1 in acute slices of WT (Thy1-GFP) mice during
continuous bath application of various pharmacological treatments.
Representative fEPSP traces (vehicle in black, drug in gray) and spine
images during drug application are shown at three time points: 15min
before, 15 and 60min after LTD induction. Scale bars apply to all panels.
Yellow arrows indicate unaltered spines, orange arrows indicate
shrinking spines. a–c Pharmacological study of metabotropic and iono-
tropic NMDAR actions. aA The competitive NMDAR antagonist
D-AP5 (50 µM) blocked functional NMDA-induced LTD (vehicle,
black circles: 37.12 ± 8.44% of baseline, n= 7; D-AP5, white circles:
103.18 ± 2.82%, n= 8; ****p < 0.0001 with respect to vehicle, unpaired
t-test). aB D-AP5 treatment prevented the structural change in dendritic
spine volume following NMDA application (vehicle, black circles:
87.53 ± 3.16%, n= 7; D-AP5, white circles: 98.32 ± 1.58%, n= 8;
**p= 0.0072 with respect to vehicle, unpaired t-test). bA The NMDAR
open-channel blocker MK-801 (40 µM) prevented induction of func-
tional LTD (vehicle, black circles: 55.51 ± 8.10%, n= 9; MK-801, white
circles: 94.83 ± 5.08%, n= 9; ***p= 0.0008 with respect to vehicle,
unpaired t-test). bB Unlike functional NMDAR-LTD, MK-801 treatment
had no effect on spine structural plasticity (vehicle, black circles: 83.40 ±
1.64%, n= 9; MK-801, white circles: 84.20 ± 2.02%, n= 9; n.s. p=
0.7629 with respect to vehicle, unpaired t-test). cA 7-CK (100 µM)
competitively antagonized the NMDAR co-agonist (glycine) site and
blocked expression of functional LTD (vehicle, black circles: 44.56 ±
6.30%, n= 7; 7-CK, white circles: 97.53 ± 4.14%, n= 8; ****p <
0.0001 with respect to vehicle, unpaired t-test). cB, In contrast, 7-CK
treatment had no effect on spine shrinkage (vehicle, black circles:
87.29 ± 2.43%, n= 7; 7-CK, white circles: 81.90 ± 2.91%, n= 8; n.s.
p= 0.1867 with respect to vehicle, unpaired t-test). d–f Pharmacological
study of intracellular signaling pathways. dA The MEK inhibitor U0126
(20 µM) did not affect functional NMDAR-LTD (vehicle, black circles:
51.62 ± 11.08% of baseline, n= 12; U0126, white circles: 67.24 ±
12.58%, n= 11; n.s. p= 0.3602, unpaired t-test), and (dB) did not
alter NMDA-induced dendritic spine shrinkage (vehicle, black circles:
85.92 ± 1.92%, n= 12; U0126, white circles: 83.43 ± 3.02%, n= 11;
n.s. p= 0.4863, unpaired t-test). eA The mTORC1 inhibitor rapamycin
(20 nM) did not affect functional NMDAR-LTD (vehicle, black circles:
44.87 ± 7.75%, n= 10; Rapamycin, white circles: 38.70 ± 5.34%, n=
12; n.s. p= 0.5087, unpaired t-test), but (eB) significantly reduced
the NMDA-induced decrease of spine volume (vehicle, black circles:
84.89 ± 2.45%, n= 10; Rapamycin, white circles: 96.01 ± 1.44%, n=
12, ***p= 0.00059, unpaired t-test). fA The protein synthesis inhibitor
cycloheximide (CHX, 60 µM) did not alter functional NMDAR-LTD
(vehicle, black circles: 37.32 ± 5.50%, n= 14; CHX, white circles:
48.43 ± 6.00%, n= 20; n.s. p= 0.2021, unpaired t-test), but (fB) CHX
treatment significantly reduced the NMDA-induced spine shrinkage
(vehicle, black circles: 85.38 ± 2.88%, n= 14; CHX, white circles:
95.12 ± 2.02%, n= 20; **p= 0.0073, unpaired t-test).
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Fig. 4 Spine structural plasticity is not altered in fragile X mice.
Extracellular field recordings and time-lapse two-photon imaging of
dendritic spines were performed simultaneously in stratum radiatum of
CA1 in acute slices of Fmr1-/y mice interleaved with slices of their WT
littermates (both Thy1-GFP). Comparison of the functional and
structural plasticity induced by bath application of NMDA or DHPG in
both genotypes. Representative fEPSP traces (WT in black, Fmr1-/y in
red) and images of dendritic spines in Fmr1-/y mice are shown at 3 time
points: 15 min before, 15 and 60 min after LTD induction. Scale bars
apply to all panels. Yellow arrows indicate unaltered spines, orange
arrows indicate shrinking spines. a NMDA-induced LTD in hippo-
campus from Fmr1-/y mice was comparable in magnitude to that
observed in WT littermates (WT, black circles: 31.78 ± 5.53%, n= 9;
Fmr1-/y, red circles: 32.97 ± 6.22%, n= 8; n.s. p= 0.8877 with respect
to WT, unpaired t-test). b DHPG-induced LTD in Fmr1-/y mice was
significantly greater than in WT mice (WT, black circles: 65.29 ±
3.35%, n= 16; Fmr1-/y, red circles: 51.25 ± 5.44%, n= 11; *p=
0.0285, unpaired t-test). c NMDA induced a significant shrinkage of
dendritic spines from Fmr1-/y mice similar to WT mice (WT, black
circles: 83.72 ± 5.29%, n= 9; Fmr1-/y, red circles: 88.71 ± 3.31%, n=
8; n.s. p= 0.4492, unpaired t-test). d DHPG did not induce any per-
sistent structural changes in spines from Fmr1-/y or from WT mice
(WT, black circles: 100.32 ± 2.46%, n= 14; Fmr1-/y red circles:
93.364 ± 2.48%, n= 13; n.s. p= 0.3078, unpaired t-test).
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or CHX in the Fmr1-/y mice (Fig. 5aB, bB, cB). Thus, a
structural plasticity phenotype downstream of metabo-
tropic NMDAR activation is uncovered in the presence
of inhibitors of mTORC1-dependent protein synthesis.
This phenotype does not appear to be directly related
to a difference in basal or stimulated mTOR activity in
the slices (Supplementary Fig. S6). Rather, the data sug-
gest that, in FX, the consequences of mTOR pathway
activity are exaggerated due to de-repression of protein
synthesis.

These findings indicate that spine structural plasticity
should be added to the list of synaptic modifications
that require new protein synthesis in WT, but not in
Fmr1-/y mice [19, 53]. Our data in WT mice suggest that
the rate-limiting proteins that gate spine shrinkage at
the time of induction are synthesized downstream of an

mTORC1 signaling pathway. We therefore wondered if a
pretreatment designed to increase the abundance of these
hypothetical “plasticity gating proteins” might render WT
synaptic structural plasticity insensitive to CHX at the time
of induction, similar to what is observed at the Fmr1-/y

synapses. To examine this possibility, we pretreated WT
slices for 60 min with the mGluR5-selective agonist and
positive allosteric modulator CDPPB that has been shown
to stimulate protein synthesis in slices [54] (Fig. 5dA). In
WT CA1, mGluR5 signals via Homer to activate the
phosphoinositide 3-kinase (PI3K)-Akt-mTOR pathway and
initiate translation [55]. This experiment revealed that
NMDA-induced spine shrinkage indeed is no longer CHX
sensitive in WT slices pretreated with CDPPB (Fig. 5dB,
C). These findings are consistent with the model that
mGluR5 and metabotropic NMDARs converge on the
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mTORC1 signaling pathway to regulate abundance of
plasticity gating proteins that are crucial for spine structural
plasticity (Fig. 5dD). Translational de-repression in Fmr1-/y

mice impairs this regulatory mechanism.

Discussion

It is well established that excitatory synapses in the hip-
pocampus of juvenile mice and rats support two major
forms of LTD, one triggered by the activation of
NMDARs and the other by activation of mGluR5 [56].
One distinctive property of mGluR-LTD in WT mice and
rats is a requirement for the rapid translation of mRNAs
localized to CA1 dendrites [12]. However, in Fmr1-/y

mice that lack the translational repressor FMRP, mGluR-
LTD is both increased and no longer protein synthesis-
dependent [18, 19]. These findings suggested that
mGluR5-stimulated protein synthesis is exaggerated
under basal conditions and the checkpoint proteins that
are normally rate-limiting for LTD are overexpressed in
fragile X. In contrast, NMDAR-LTD, for which there is
no requirement in WT for rapid protein synthesis, is
unaffected in the Fmr1-/y mice.

With these data as a foundation, in the current study we
set the goal to test a prediction that structural plasticity of
dendritic spines downstream of mGluR5 is also altered in
fragile X and might contribute to reported differences in
spine morphology [57]. However, our findings were sur-
prising on multiple counts. First, we found that although
LTD was reliably elicited with DHPG in WT (Fig. 1) and
exaggerated in Fmr1-/y mice (Fig. 4), it failed to correlate
with a change in dendritic spine structure, even in experi-
ments in which we confirmed the loss of postsynaptic
AMPARs (Fig. 2). These findings argue that any spine
morphological defects in hippocampus of Fmr1-/y mice are
unlikely to be a direct consequence of altered mGluR-LTD,
as had been conjectured [57]. Second, we discovered that
although NMDA acts at the glutamate-binding sites on
NMDARs (those blocked by D-AP5) to trigger both LTD
and robust spine shrinkage, only LTD is blocked by inhi-
biting current flow through the channel (with MK-801 or 7-
CK) (Fig. 3a–c). Third, we found that the metabotropic
effect of NMDA that manifests as spine shrinkage in the
absence of ion flux is blocked in WT mice by inhibitors of
both mTORC1 and protein synthesis (Fig. 3d–f). Fourth, we
discovered that while NMDAR-LTD and spine shrinkage
appear identical in WT and Fmr1-/y mice under control
conditions, there is no longer a requirement for mTORC1 or
protein synthesis for spine plasticity in the absence of
FMRP (Figs. 4, 5). The data are consistent with the idea
that checkpoint proteins are overexpressed in fragile X, but
now in the novel context of structural plasticity downstream
of metabotropic NMDAR signaling. Consistent with this
hypothesis, boosting basal protein synthesis in WT by pre-
treatment with CDPPB phenocopies FX. Investigation of
metabotropic NMDAR regulation of protein synthesis and
structural plasticity therefore offers the potential to identify
novel therapeutic targets for treatment of fragile X.

Fig. 5 A fragile X structural plasticity phenotype is revealed in the
presence of rapamycin or cycloheximide. The mechanisms under-
lying structural and functional plasticity in fragile X were studied,
similarly to Fig. 3, using extracellular field recordings and time-lapse
two-photon imaging of dendritic spines in stratum radiatum of CA1 in
acute slices of Fmr1-/y mice interleaved with slices of their WT lit-
termates (both Thy1-GFP). a–c Representative fEPSP traces (Fmr1-/y

in red, Fmr1-/y with drug in pink) and images of spines in Fmr1-/y mice
during the application of intracellular signaling inhibitor are shown at
three time points: 15 min before, 15 and 60 min after NMDAR-LTD
induction. Scale bars apply to all panels. Yellow arrows indicate
unaltered spines, orange arrows indicate shrinking spines. aA U0126
(20 µM) did not affect functional NMDAR-LTD in slices from Fmr1-/y

mice (Fmr1-/y+ vehicle, red circles: 56.22 ± 6.95%, n= 9; Fmr1-/y+
U0126, white circles: 42.69 ± 6.94%, n= 9; n.s. p= 0.1875, unpaired
t-test), nor did it have any effect on NMDA-induced spine shrinkage in
Fmr1-/y mice (aB Fmr1-/y+ vehicle, red circles: 88.01 ± 3.48%, n= 9;
Fmr1-/y+U0126, white circles: 86.60 ± 3.02%, n= 9; n.s. p= 0.7641,
unpaired t-test). bA Rapamycin (20 nM) did not affect functional
NMDAR-LTD in Fmr1-/y mice (Fmr1-/y+ vehicle, red circles: 54.56
± 8.01%, n= 10; Fmr1-/y+ rapamycin, white circles: 38.02 ± 8.67%,
n= 12; n.s. p= 0.1828, unpaired t-test). bB Unlike WT littermates,
rapamycin treatment had no effect on dendritic spine shrinkage
induced by NMDA in Fmr1-/y mice (Fmr1-/y+ vehicle, red circles:
88.19 ± 3.12%, n= 10; Fmr1-/y+ Rapamycin, white circles: 86.92 ±
2.65%, n= 12; n.s. p= 0.7578, unpaired t-test. Two-way ANOVA,
genotype versus treatment, provided significant interaction: F= 6.406,
*p= 0.0154). cA CHX (60 µM) did not alter functional NMDAR-LTD
in Fmr1-/y mice (Fmr1-/y+ vehicle, red circles: 44.41 ± 6.79%, n= 15;
Fmr1-/y+ CHX, white circles: 44.41 ± 5.41%, n= 15; n.s. p= 0.9997,
unpaired t-test). cB Unlike WT littermates, CHX treatment had no
effect on NMDA-induced dendritic spine shrinkage in Fmr1-/y mice
(Fmr1-/y+ vehicle, red circles: 88.25 ± 3.38%, n= 15; Fmr1-/y+
CHX, white circles: 84.98 ± 4.01%, n= 15; n.s. p= 0.5374, unpaired
t-test. Two-way ANOVA, genotype versus treatment, provided sig-
nificant interaction: F= 4.52, *p= 0.0376). dA Experimental timeline
for the application of the mGluR5 positive allosteric modulator
CDPPB and the protein synthesis inhibitor CHX before induction of
NMDAR-LTD in WT slices. dB Representative images of dendritic
spines after application of CHX with or without preincubation with
CDPPB are shown at three time points: 15 min before, 15 and 60 min
after NMDAR-LTD induction. Yellow arrows indicate unaltered
spines, orange arrows indicate shrinking spines. dC Following pre-
incubation with 10 μM CDPPB, the structural changes induced by
NMDA are no longer blocked by 60 μM CHX (vehicle+CHX, black
circles: 97.80 ± 2.14%, n= 9; CDPPB+ CHX, white circles: 84.65 ±
2.51%, n= 8; ***p= 0.0006 with respect to vehicle + CHX, unpaired
t-test). dD Schematic model on how mGluR5 and NMDAR regulate
protein synthesis to gate structural plasticity at CA1 dendritic spines.
According to this model, spine shrinkage requires metabotropic sig-
naling by NMDARs (mNMDAR) and the presence of “plasticity
gating proteins” that are rate-limiting. In WT under normal circum-
stances, the gate is opened by new protein synthesis in response to
mNMDAR activation. In Fmr1-/y mice, this gate is constitutively
open due to translational de-repression. WT can be made to resemble
Fmr1-/y mice when protein synthesis is stimulated by prior continuous
activation of mGluR5 with CDPPB. Activation of mGluR5 alone does
not induce spine shrinkage because it requires the simultaneous acti-
vation of mNMDAR.

4664 A. Thomazeau et al.



No net shrinkage of dendritic spines during mGluR-
LTD

We studied acutely prepared hippocampal slices at an age
(P25-35) when mGluR-LTD is robust, postsynaptically
expressed, dependent upon new protein synthesis in WT,
and exaggerated in Fmr1-/y mice. To induce LTD, we briefly
applied the mGluR5 agonist DHPG [13, 14]. One advantage
of this “chem-LTD” approach, besides high reproducibility
and receptor specificity, is that a large population of
synapses is affected simultaneously. However, despite
confirming in every experiment that LTD was indeed
induced in stratum radiatum, we failed to observe a lasting
net change in the volume of dendritic spines on CA1 pyr-
amidal cell apical dendrites. Similar observations were
made in cultured hippocampal slices in which we confirmed
AMPAR internalization after DHPG treatment in individual
dendritic spines. We also failed to observe structural plas-
ticity after DHPG in acutely prepared Fmr1-/y slices, as well
as cultured slices from rat hippocampus or mouse visual
cortex. Our failure to observe spine shrinkage after DHPG
is not explained by an inability to detect spine plasticity,
as evidenced by the robust effects of NMDA in the
same preparations. We therefore conclude that under
multiple experimental conditions, spine shrinkage does
not accompany LTD triggered by activation of mGluR5 in
the hippocampus. Interestingly, a similar dissociation of
postsynaptic functional and structural plasticity has also
been observed in the cerebellum, where a mechanistically
distinct form of LTD [58] is triggered by activation of
mGluR1 [21].

Our findings appear to conflict with those of a study by
Ramiro-Cortes, et al. [22] in which spine shrinkage was
observed after DHPG in cultured mouse hippocampal sli-
ces. However, a key methodological difference is that in
their experiments DHPG was applied to slices that included
area CA3 as well as CA1. Thus, in addition to direct actions
of the agonist on mGluRs in CA1, there was the possibility
that myriad other mechanisms could be recruited via elec-
trical activity originating in CA3. Indeed, the spine
shrinkage that was observed in CA1 following DHPG was
prevented by application of tetrodotoxin, demonstrating a
requirement for sodium-dependent action potentials. The
most parsimonious explanation for the different findings,
therefore, is that in the study by Ramiro-Cortes et al. DHPG
elicited CA3 spiking activity and the synaptic release of
other factors that drove spine shrinkage. Interestingly, spine
plasticity in that study was also prevented by inhibitors of
protein synthesis (cycloheximide and anisomycin) remi-
niscent of what we observe after NMDA. However, unlike
our observations, the spine plasticity observed by Ramiro-
Cortes was not affected by AP5. These findings may be
reconciled if spiking triggered the release of ligands for

receptors other than mGluR5 and NMDAR on dendritic
spines to drive structural plasticity.

The possible involvement of mGluRs in spine plasticity
was also suggested in another study by Oh, et al. [9] using
cultured slices of rat hippocampus. They found that low-
frequency uncaging of glutamate at identified spines would
induce both LTD and a reduction of spine volume, similar
to what we observe after NMDA in our preparation. Fur-
thermore, both the functional and structural plasticity was
blocked by a competitive antagonist of the glutamate
binding site on NMDARs, consistent with our findings.
However, they found that shrinkage of large (but not small)
spines was additionally inhibited by negative allosteric
modulators (NAMs) of mGluR5 and mGluR1. In contrast,
we were unable to detect a selective vulnerability of
large spines to structural modification following DHPG
(Supplementary Fig. S1). Our data do not exclude the
possibility that mGluR5 or mGluR1 contribute to plasticity
of large spines following activation of NMDARs, but they
do indicate that activation of mGluR5 and mGluR1 alone
(with DHPG) is not sufficient to drive net spine shrinkage
under conditions where LTD is readily demonstrated. Since
Oh et al. found that glutamate uncaging fails to trigger
shrinkage of either large or small spines in the presence of a
selective NMDAR antagonist, their findings and ours are in
good agreement. Our data are consistent with the possibility
that prior exposure to DHPG, which can stimulate new
protein synthesis, may “prime” some spines for shrinkage
after NMDA (cf. Fig. 1eB, gB). This effect is most clearly
observed when structural plasticity is studied in the pre-
sence of CHX (Fig. 5d).

Interestingly, Wiergert and Oertner [59] also failed to
observe rapid spine shrinkage following optogenetic low-
frequency stimulation of Schaffer collateral synapses in
CA1, but did document gradual spine elimination 1–7 days
later. We cannot rule out the possibility that spine shrinkage
or elimination would be observed following DHPG over a
longer time course. However, we can conclude that func-
tional mGluR-LTD precedes by at least 1 h any structural
changes, and therefore that functional and structural plas-
ticity can be dissociated in hippocampal neurons.

LTD induced by NMDA is triggered by ion flux but
spine shrinkage depends on metabotropic NMDAR
signaling

Data accumulated over many years have supported a model
in which homosynaptic LTD is triggered by the modest or
prolonged postsynaptic influx of Ca2+ through NMDARs
[56]. However, this conclusion was challenged by recent
studies in which LTD could still be induced in CA1 by low-
frequency synaptic stimulation in the presence of the open-
channel blocker MK-801 or the glycine site inhibitor 7-CK,
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but was reliably blocked by the competitive glutamate-site
antagonist AP5 [35, 36]. These findings suggested a func-
tional consequence of metabotropic NMDAR activation by
ligand binding that is independent of ion flux, for which
there was some precedent [60, 61]. Subsequent studies
confirmed that the NMDAR undergoes conformational
changes in response to glutamate binding that can alter the
interactions of enzymes tethered to the cytoplasmic domain
of the receptor [62, 63]. However, the conclusion that sig-
naling in the absence of current flow is sufficient to trigger
functional LTD is controversial. Specifically, several
laboratories have observed that NMDAR-LTD is indeed
reliably blocked by MK-801 [37, 64, 65]. In agreement
with these latter studies we found that MK-801 reliably
blocked LTD induced by NMDA (Fig. 3b) or synaptic LFS
(Supplementary Fig. S5b). We obtained similar results
using the glycine-site inhibitor 7-CK which also blocks
current flux without interfering with glutamate binding
to the NMDAR. In addition, chem-LTD was blocked
in experiments in which MK-801 was present only during
baseline stimulation, which would produce activity-dependent
block of synaptic NMDARs only (Supplementary Fig. S5a).
Our observations do not support the hypothesis that meta-
botropic signaling is responsible solely for functional
NMDAR-LTD.

Although ion flux also can play a role in spine shrinkage
in some experimental preparations [66], we found that in the
same slices where MK-801 reliably blocked LTD, it failed to
prevent spine shrinkage after NMDA. Thus, our data support
the conclusion that the structural plasticity that accompanies
LTD is a consequence of non-ionotropic signaling [36].
Metabotropic NMDAR signaling is still a young field, and
there is a great deal left to learn [67]. Several signaling
mechanisms have already been implicated in previous
investigations [36, 61, 63, 68], but we chose to focus here on
pathways implicated in fragile X. We considered the
hypotheses that either mTORC1 [69] or ERK1/2 [38, 40]
signaling was involved in spine structural plasticity.
Although the ERK1/2 pathway inhibitor U0126 had no effect
on functional or structural plasticity, the mTORC1 inhibitor
rapamycin strongly reduced spine shrinkage after NMDA
without affecting functional LTD.

Since mTORC1 is a well-established regulator of new
protein synthesis [44] we examined the effect of cyclo-
heximide and again observed reduced spine plasticity with
no effect on LTD (Fig. 3f). Previous work has established
that de novo protein synthesis is required for the con-
solidation of the late phases of NMDAR-dependent LTP
[70] and LTD [71] as well as for the late consolidation of
structural changes after LTP induction [27, 47]. Our find-
ings show it is also required for the rapid structural changes
that accompany NMDAR-mediated LTD. Interestingly, a
recent study in cultured hippocampal neurons observed that

mTORC1 and protein synthesis are additionally involved in
the early phases of spine enlargement following chemical
induction (with glycine) of NMDAR-dependent LTP [72].
Clearly more work will be required to understand how
NMDAR activation and protein synthesis specifically reg-
ulate spine morphology. One conclusion that fits the
available data is that mTORC1 and protein synthesis play a
permissive “gating” function, rather than an instructive role
in the structural changes that follow NMDAR activation.
This conclusion is consistent with our biochemical finding
that in the absence of ion flux, NMDA does not appear to
stimulate mTORC1 at the early time points when spine
shrinkage is sensitive to rapamycin and cycloheximide.
However, it is also possible that NMDAR-induced spine
shrinkage in WT mice is mediated by mTORC1-eIF4E-
dependent translation that can occur independently of
mTOR or S6 phosphorylation [73, 74]. Settling this ques-
tion will require a high-resolution analysis of protein
synthesis at individual dendritic spines.

A fragile X spine plasticity phenotype is revealed
when mTORC1 or protein synthesis are inhibited

In WT mice, mGluR-LTD is considered to be a sensitive
functional measure of local protein synthesis. Thus, the
finding that mGluR-LTD is exaggerated in Fmr1-/y mice fit
nicely with the view that FMRP acts as a repressor of
mRNA translation: increased mGluR5-dependent protein
synthesis begets increased LTD [18]. Nevertheless,
although this fragile X phenotype is reproducible, it can be
subtle under control conditions (e.g., Fig. 4). However, the
difference between WT and Fmr1-/y is greatly accentuated
when protein synthesis is blocked acutely with various
translation inhibitors [19, 69]. A similar phenotype was
subsequently shown in other mouse models of genetically
defined intellectual disability when mGluR-LTD was
studied in the presence of protein synthesis inhibitors
[50–52]. The first working hypothesis proposed to account
for these interesting findings was that there exist “LTD
proteins”, normally under tight translational regulation via
mGluR5 signaling, that are constitutively overexpressed in
fragile X and related disorders. This concept was revised
when it was discovered that the phenomenon of LTP
priming, also linked to rapid mGluR5-dependent protein
synthesis in WT, was likewise rendered insensitive
to protein synthesis inhibitors in Fmr1-/y mice [53].
Although the polarity of the modification was different, the
implication again was that some rapidly turned over
“plasticity-gating proteins” are necessary for various types
of activity-dependent functional plasticity in WT animals,
and these are overabundant in Fmr1-/y mice.

The current findings now suggest a further modification
of the concept to include NMDAR-dependent structural
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plasticity (Supplementary Fig. S7). We found that whereas
spine plasticity after NMDA is substantially inhibited by
rapamycin and cycloheximide in WT (Fig. 3), these treat-
ments have no effect in Fmr1-/y mice (Fig. 5). These find-
ings underscore the conclusion that synaptic phenotypes in
the Fmr1-/y mice are not a consequence of altered glutamate
signaling per se, but due to defective regulation of activity-
dependent protein synthesis. Identification of proteins at
synapses that can be substantially depleted by acute inhi-
bition of protein synthesis and are necessary co-factors for
functional and structural plasticity in WT mice may yield
important insights into the pathophysiology of fragile X and
related developmental disorders. Further, our data indicate
that metabotropic NMDAR signaling might be an interesting
target of opportunity for development of novel therapeutics
to correct synaptic pathophysiology in fragile X [75].

Acknowledgements We thank Drs. W Xu, Y Hayashi, P Gorostiza
and current and former Bear Lab members, especially J Coleman, A
Chubykin, D Tian, A Heynen, E Sklar, and S Harshbarger. MB was
supported by a “Beatriu de Pinós” fellowship (AGAUR, “Generalitat
de Catalunya”), a FRAXA Foundation fellowship, and a Marie Curie
Reintegration Grant (H20020-MSCA-IF). This work was supported by
RO1MH106469 to MFB and the Picower Institute Innovation Fund.

Author contributions AT, MB, and MFB designed research; AT, MB,
SAB, and HDC performed research; AT, MB, SEP, SAB, and HDC
analyzed data; AT, MB, SEP, HDC, and MFB wrote the paper; MFB
supervised the project. The authors declare no conflict of interest.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Bosch M, Hayashi Y. Structural plasticity of dendritic spines. Curr
Opin Neurobiol. 2012;22:383–8.

2. Caroni P, Donato F, Muller D. Structural plasticity upon learning:
regulation and functions. Nat Rev Neurosci. 2012;13:478–90.

3. Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural
basis of long-term potentiation in single dendritic spines. Nature.
2004;429:761–6.

4. Nagerl UV, Eberhorn N, Cambridge SB, Bonhoeffer T. Bidirec-
tional activity-dependent morphological plasticity in hippocampal
neurons. Neuron. 2004;44:759–67.

5. Zhou Q, Homma KJ, Poo MM. Shrinkage of dendritic spines
associated with long-term depression of hippocampal synapses.
Neuron. 2004;44:749–57.

6. Okamoto K, Nagai T, Miyawaki A, Hayashi Y. Rapid and
persistent modulation of actin dynamics regulates postsynaptic
reorganization underlying bidirectional plasticity. Nat Neurosci.
2004;7:1104–12.

7. Grossman AW, Elisseou NM, McKinney BC, Greenough WT.
Hippocampal pyramidal cells in adult Fmr1 knockout mice exhibit
an immature-appearing profile of dendritic spines. Brain Res.
2006;1084:158–64.

8. Dudek SM, Bear MF. Homosynaptic long-term depression in area
CA1 of hippocampus and effects of N-methyl-D-aspartate recep-
tor blockade. Proc Natl Acad Sci USA. 1992;89:4363–7.

9. Oh WC, Hill TC, Zito K. Synapse-specific and size-dependent
mechanisms of spine structural plasticity accompanying synaptic
weakening. Proc Natl Acad Sci USA. 2013;110:E305–312.

10. Lee HK, Kameyama K, Huganir RL, Bear MF. NMDA induces
long-term synaptic depression and dephosphorylation of the
GluR1 subunit of AMPA receptors in hippocampus. Neuron. 1998;
21:1151–62.

11. He K, Lee A, Song L, Kanold PO, Lee HK. AMPA receptor
subunit GluR1 (GluA1) serine-845 site is involved in synaptic
depression but not in spine shrinkage associated with chemical
long-term depression. J Neurophysiol. 2011;105:1897–907.

12. Huber KM, Kayser MS, Bear MF. Role for rapid dendritic protein
synthesis in hippocampal mGluR-dependent long-term depres-
sion. Science. 2000;288:1254–7.

13. Palmer MJ, Irving AJ, Seabrook GR, Jane DE, Collingridge GL.
The group I mGlu receptor agonist DHPG induces a novel form of
LTD in the CA1 region of the hippocampus. Neuropharmacology.
1997;36:1517–32.

14. Huber KM, Roder JC, Bear MF. Chemical induction of mGluR5-
and protein synthesis-dependent long-term depression in hippo-
campal area CA1. J Neurophysiol. 2001;86:321–5.

15. Beattie EC, Carroll RC, Yu X, Morishita W, Yasuda H, von
Zastrow M, et al. Regulation of AMPA receptor endocytosis by a
signaling mechanism shared with LTD. Nat Neurosci. 2000;3:
1291–300.

16. Snyder EM, Philpot BD, Huber KM, Dong X, Fallon JR, Bear
MF. Internalization of ionotropic glutamate receptors in response
to mGluR activation. Nat Neurosci. 2001;4:1079–85.

17. Casimiro TM, Sossa KG, Uzunova G, Beattie JB, Marsden KC,
Carroll RC. mGluR and NMDAR activation internalize distinct
populations of AMPARs. Mol Cell Neurosci. 2011;48:161–70.

18. Huber KM, Gallagher SM, Warren ST, Bear MF. Altered synaptic
plasticity in a mouse model of fragile X mental retardation. Proc
Natl Acad Sci USA. 2002;99:7746–50.

19. Nosyreva ED, Huber KM. Metabotropic receptor-dependent long-
term depression persists in the absence of protein synthesis in the
mouse model of fragile X syndrome. J Neurophysiol. 2006;95:
3291–5.

20. Grossman AW, Aldridge GM, Weiler IJ, Greenough WT. Local
protein synthesis and spine morphogenesis: fragile X syndrome
and beyond. J Neurosci. 2006;26:7151–5.

21. Sdrulla AD, Linden DJ. Double dissociation between long-term
depression and dendritic spine morphology in cerebellar Purkinje
cells. Nat Neurosci. 2007;10:546–8.

Dissociation of functional and structural plasticity of dendritic spines during NMDAR and. . . 4667

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


22. Ramiro-Cortes Y, Israely I. Long lasting protein synthesis- and
activity-dependent spine shrinkage and elimination after synaptic
depression. PLoS One. 2013;8:e71155.

23. The Dutch-Belgian Fragile X Consortium. Fmr1 knockout mice: a
model to study fragile X mental retardation. Cell. 1994;78:23–33.

24. Feng G, Mellor RH, Bernstein M, Keller-Peck C, Nguyen QT,
Wallace M, et al. Imaging neuronal subsets in transgenic mice
expressing multiple spectral variants of GFP. Neuron. 2000;28:
41–51.

25. Bosch M, Castro J, Sur M, Hayashi Y. Photomarking relocaliza-
tion technique for correlated two-photon and electron microcopy
imaging of single stimulated synapses. Methods Mol Biol. 2017;
1538:185–214.

26. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M,
Pietzsch T, et al. Fiji: an open-source platform for biological-
image analysis. Nat Methods. 2012;9:676–82.

27. Bosch M, Castro J, Saneyoshi T, Matsuno H, Sur M, Hayashi Y.
Structural and molecular remodeling of dendritic spine substructures
during long-term potentiation. Neuron. 2014;82:444–59.

28. Bolshakov VY, Siegelbaum SA. Postsynaptic induction and
presynaptic expression of hippocampal long-term depression.
Science. 1994;264:1148–52.

29. Tan Y, Hori N, Carpenter DO. The mechanism of presynaptic
long-term depression mediated by group I metabotropic glutamate
receptors. Cell Mol Neurobiol. 2003;23:187–203.

30. Carroll RC, Beattie EC, Xia H, Luscher C, Altschuler Y, Nicoll RA,
et al. Dynamin-dependent endocytosis of ionotropic glutamate
receptors. Proc Natl Acad Sci USA. 1999;96:14112–7.

31. Sankaranarayanan S, De Angelis D, Rothman JE, Ryan TA. The
use of pHluorins for optical measurements of presynaptic activity.
Biophys J. 2000;79:2199–208.

32. Ashby MC, De La Rue SA, Ralph GS, Uney J, Collingridge GL,
Henley JM. Removal of AMPA receptors (AMPARs) from
synapses is preceded by transient endocytosis of extrasynaptic
AMPARs. J Neurosci. 2004;24:5172–6.

33. Rathje M, Fang H, Bachman JL, Anggono V, Gether U, Huganir
RL, et al. AMPA receptor pHluorin-GluA2 reports NMDA receptor-
induced intracellular acidification in hippocampal neurons. Proc Natl
Acad Sci USA. 2013;110:14426–31.

34. Wang XB, Yang Y, Zhou Q. Independent expression of synaptic
and morphological plasticity associated with long-term depres-
sion. J Neurosci. 2007;27:12419–29.

35. Nabavi S, Kessels HW, Alfonso S, Aow J, Fox R, Malinow R.
Metabotropic NMDA receptor function is required for NMDA
receptor-dependent long-term depression. Proc Natl Acad Sci
USA. 2013;110:4027–32.

36. Stein IS, Gray JA, Zito K. Non-Ionotropic NMDA receptor sig-
naling drives activity-induced dendritic spine shrinkage. J Neu-
rosci. 2015;35:12303–8.

37. Babiec WE, Guglietta R, Jami SA, Morishita W, Malenka RC,
O’Dell TJ. Ionotropic NMDA receptor signaling is required for
the induction of long-term depression in the mouse hippocampal
CA1 region. J Neurosci. 2014;34:5285–90.

38. Osterweil EK, Krueger DD, Reinhold K, Bear MF. Hypersensi-
tivity to mGluR5 and ERK1/2 leads to excessive protein synthesis
in the hippocampus of a mouse model of fragile X syndrome.
J Neurosci. 2010;30:15616–27.

39. Kelleher RJ 3rd, Govindarajan A, Tonegawa S. Translational
regulatory mechanisms in persistent forms of synaptic plasticity.
Neuron. 2004;44:59–73.

40. Gallagher SM, Daly CA, Bear MF, Huber KM. Extracellular
signal-regulated protein kinase activation is required for metabo-
tropic glutamate receptor-dependent long-term depression in hip-
pocampal area CA1. J Neurosci. 2004;24:4859–64.

41. Cammalleri M, Lutjens R, Berton F, King AR, Simpson C,
Francesconi W, et al. Time-restricted role for dendritic activation

of the mTOR-p70S6K pathway in the induction of late-phase
long-term potentiation in the CA1. Proc Natl Acad Sci USA.
2003;100:14368–73.

42. Tang SJ, Reis G, Kang H, Gingras AC, Sonenberg N, Schuman
EM. A rapamycin-sensitive signaling pathway contributes to long-
term synaptic plasticity in the hippocampus. Proc Natl Acad Sci
USA. 2002;99:467–72.

43. Vickers CA, Dickson KS, Wyllie DJ. Induction and maintenance of
late-phase long-term potentiation in isolated dendrites of rat hippo-
campal CA1 pyramidal neurones. J Physiol. 2005;568(Pt 3):803–13.

44. Klann E, Dever TE. Biochemical mechanisms for translational
regulation in synaptic plasticity. Nat Rev Neurosci. 2004;5:931–42.

45. Kauderer BS, Kandel ER. Capture of a protein synthesis-
dependent component of long-term depression. Proc Natl Acad
Sci USA. 2000;97:13342–7.

46. Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC, Schuman EM.
Miniature neurotransmission stabilizes synaptic function via tonic
suppression of local dendritic protein synthesis. Cell. 2006;125:
785–99.

47. Tanaka J, Horiike Y, Matsuzaki M, Miyazaki T, Ellis-Davies GC,
Kasai H. Protein synthesis and neurotrophin-dependent structural
plasticity of single dendritic spines. Science. 2008;319:1683–7.

48. Pop AS, Levenga J, de Esch CE, Buijsen RA, Nieuwenhuizen IM,
Li T, et al. Rescue of dendritic spine phenotype in Fmr1 KO mice
with the mGluR5 antagonist AFQ056/Mavoglurant. Psycho-
pharmacology. 2014;231:1227–35.

49. Hou L, Antion MD, Hu D, Spencer CM, Paylor R, Klann E.
Dynamic translational and proteasomal regulation of fragile X
mental retardation protein controls mGluR-dependent long-term
depression. Neuron. 2006;51:441–54.

50. Tian D, Stoppel LJ, Heynen AJ, Lindemann L, Jaeschke G, Mills
AA, et al. Contribution of mGluR5 to pathophysiology in a mouse
model of human chromosome 16p11.2 microdeletion. Nat Neu-
rosci. 2015;18:182–4.

51. Bozdagi O, Sakurai T, Dorr N, Pilorge M, Takahashi N, Buxbaum
JD. Haploinsufficiency of Cyfip1 produces fragile X-like pheno-
types in mice. PLoS One. 2012;7:e42422.

52. Barnes SA, Wijetunge LS, Jackson AD, Katsanevaki D, Osterweil
EK, Komiyama NH, et al. Convergence of hippocampal patho-
physiology in Syngap+/− and Fmr1-/y mice. J Neurosci. 2015;
35:15073–81.

53. Auerbach BD, Bear MF. Loss of the fragile X mental retardation
protein decouples metabotropic glutamate receptor dependent
priming of long-term potentiation from protein synthesis. J Neu-
rophysiol. 2010;104:1047–51.

54. Stoppel LJ, Auerbach BD, Senter RK, Preza AR, Lefkowitz RJ,
Bear MF. beta-Arrestin2 couples metabotropic glutamate receptor
5 to neuronal protein synthesis and is a potential target to treat
fragile X. Cell Rep. 2017;18:2807–14.

55. Ronesi JA, Huber KM. Homer interactions are necessary for
metabotropic glutamate receptor-induced long-term depression
and translational activation. J Neurosci. 2008;28:543–7.

56. Malenka RC, Bear MF. LTP and LTD: an embarrassment of
riches. Neuron. 2004;44:5–21.

57. Bear MF, Huber KM, Warren ST. The mGluR theory of fragile X
mental retardation. Trends Neurosci. 2004;27:370–7.

58. Hirano T. Long-term depression and other synaptic plasticity in the
cerebellum. Proc Jpn Acad Ser B Phys Biol Sci. 2013;89:183–95.

59. Wiegert JS, Oertner TG. Long-term depression triggers the
selective elimination of weakly integrated synapses. Proc Natl
Acad Sci USA. 2013;110:E4510–4519.

60. Yang L, Mao L, Tang Q, Samdani S, Liu Z, Wang JQ. A novel
Ca2+-independent signaling pathway to extracellular signal-
regulated protein kinase by coactivation of NMDA receptors
and metabotropic glutamate receptor 5 in neurons. J Neurosci.
2004;24:10846–57.

4668 A. Thomazeau et al.



61. Vissel B, Krupp JJ, Heinemann SF, Westbrook GL. A use-
dependent tyrosine dephosphorylation of NMDA receptors is inde-
pendent of ion flux. Nat Neurosci. 2001;4:587–96.

62. Aow J, Dore K, Malinow R. Conformational signaling required
for synaptic plasticity by the NMDA receptor complex. Proc Natl
Acad Sci USA. 2015;112:14711–6.

63. Dore K, Aow J, Malinow R. Agonist binding to the NMDA
receptor drives movement of its cytoplasmic domain without ion
flow. Proc Natl Acad Sci USA. 2015;112:14705–10.

64. Crozier RA, Wang Y, Liu CH, Bear MF. Deprivation-induced
synaptic depression by distinct mechanisms in different layers of
mouse visual cortex. Proc Natl Acad Sci USA. 2007;104:1383–8.

65. Kollen M, Dutar P, Jouvenceau A. The magnitude of hippocampal
long term depression depends on the synaptic location of activated
NR2-containing N-methyl-D-aspartate receptors. Neuroscience.
2008;154:1308–17.

66. Hayama T, Noguchi J, Watanabe S, Takahashi N, Hayashi-Takagi
A, Ellis-Davies GC, et al. GABA promotes the competitive
selection of dendritic spines by controlling local Ca2+ signaling.
Nat Neurosci. 2013;16:1409–16.

67. Dore K, Stein IS, Brock JA, Castillo PE, Zito K, Sjostrom PJ.
Unconventional NMDA receptor signaling. J Neurosci. 2017;
37:10800–7.

68. Krapivinsky G, Krapivinsky L, Manasian Y, Ivanov A, Tyzio R,
Pellegrino C, et al. The NMDA receptor is coupled to the ERK

pathway by a direct interaction between NR2B and RasGRF1.
Neuron. 2003;40:775–84.

69. Sharma A, Hoeffer CA, Takayasu Y, Miyawaki T, McBride SM,
Klann E, et al. Dysregulation of mTOR signaling in fragile X
syndrome. J Neurosci. 2010;30:694–702.

70. Frey U, Krug M, Reymann KG, Matthies H. Anisomycin, an
inhibitor of protein synthesis, blocks late phases of LTP phenomena
in the hippocampal CA1 region in vitro. Brain Res. 1988;452:
57–65.

71. Manahan-Vaughan D, Kulla A, Frey JU. Requirement of
translation but not transcription for the maintenance of long-
term depression in the CA1 region of freely moving rats.
J Neurosci. 2000;20:8572–6.

72. Henry FE, Hockeimer W, Chen A, Mysore SP, Sutton MA.
Mechanistic target of rapamycin is necessary for changes in
dendritic spine morphology associated with long-term potentia-
tion. Mol brain. 2017;10:50.

73. Hoeffer CA, Klann E. mTOR signaling: at the crossroads of
plasticity, memory and disease. Trends Neurosci. 2010;33:67–75.

74. Showkat M, Beigh MA, Andrabi KI. mTOR signaling in protein
translation regulation: implications in cancer genesis and therapeutic
interventions. Mol Biol Int. 2014;2014:686984.

75. Toft AK, Lundbye CJ, Banke TG. Dysregulated NMDA-receptor
signaling inhibits long-term depression in a mouse model of fragile
X syndrome. J Neurosci. 2016;36:9817–27.

Dissociation of functional and structural plasticity of dendritic spines during NMDAR and. . . 4669


	Dissociation of functional and structural plasticity of dendritic spines during NMDAR and mGluR-dependent long-term synaptic depression in wild-type and fragile X model mice
	Abstract
	Introduction
	Materials and methods
	Animals
	Hippocampal slices
	Hippocampal slice culture and gene transfection
	Electrophysiology
	Two-photon laser-scanning microscopy
	LTD induction and pharmacological reagents
	Image analysis
	Biochemistry
	Statistical analyses

	Results
	Dissociation of functional and structural plasticity during mGluR-dependent LTD
	DHPG induces the internalization of AMPA receptors without shrinking dendritic spines
	A metabotropic effect of NMDAR activation elicits structural but not functional plasticity
	Structural plasticity requires mTORC1 pathway activation and de novo protein synthesis
	Signaling requirements for structural plasticity differ in Fmr1-/y mice

	Discussion
	No net shrinkage of dendritic spines during mGluR-LTD
	LTD induced by NMDA is triggered by ion flux but spine shrinkage depends on metabotropic NMDAR signaling
	A fragile X spine plasticity phenotype is revealed when mTORC1 or protein synthesis are inhibited
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




