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Physiological and morphological alterations occur with long-term synaptic modifications, such as long-term potentiation (LTP) and
long-term depression (LTD), but whether these two processes are independent or interactive is unclear. It is also unknown whether or
how morphological modifications, like spine remodeling, may contribute to physiological modifications, such as trafficking of glutamate
receptors which underlies, at least partially, the expression of LTP and LTD. In this study, we monitored spine size and synaptic responses
simultaneously using combined two photon time-lapse imaging with patch-clamp recording in acute hippocampal slices. We show that
spine shrinkage and LTD can occur independently of each other. We further show that changes in spine size are unrelated to trafficking
of AMPA receptors (AMPARs) under various conditions: constitutive trafficking of AMPARs, insulin-induced internalization of AM-
PARs, or lateral movement of AMPARs to extrasynaptic sites. Induction of LTD of NMDA receptor-mediated responses (NMDAR-LTD)
is associated with spine shrinkage. Nonetheless, NMDAR-LTD and spine shrinkage diverge in the downstream signaling events, and can
occur independently of each other. Thus, spine shrinkage is not caused by or required for trafficking of glutamate receptors. In a broader
sense, there is a clear dissociation between physiological and morphological expression of LTD. However, inhibition of actin depolymer-
ization blocked the expression of LTD, suggesting that morphologically silent actin remodeling may be involved in the physiological
expression of LTD and different subpopulations of actin filaments undergo changes during LTD.
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Introduction
Persistent synaptic modification is considered to underlie the
developmental refinement of neural circuitry and some forms of
learning and memory. Induction of long-term plasticity triggers
two processes: postsynaptic modifications of AMPA receptors
(AMPARs) (Malinow and Malenka, 2002; Song and Huganir,
2002; Bredt and Nicoll, 2003; Collingridge et al., 2004; Malenka
and Bear, 2004), and changes in the morphology of dendritic
spines (Harris, 1999; Yuste and Bonhoeffer, 2001; Nimchinsky et
al., 2002; Kasai et al., 2003; Segal, 2005). During long-term po-
tentiation (LTP) and long-term depression (LTD), the AMPAR
synaptic responses, and the spine size change in parallel (Engert
and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Matsuzaki et
al., 2004; Nagerl et al., 2004; Zhou et al., 2004). At naive synapses,
the number of synaptic AMPARs is proportional to the size of
spines (Harris, 1999; Nimchinsky et al., 2002; Kasai et al., 2003),
also supports the idea that physiological and morphological
properties may be coregulated by common mechanisms. How-
ever, it remains to be determined whether these seemingly coor-

dinated changes reflect actual interactions between these two
processes.

There are two possible ways that physiological and morpho-
logical modifications can be linked: via a common signaling
mechanism or coupled by a common physical process. We have
shown previously that spine shrinkage and LTD both require
Ca 2� influx through NMDARs and elevated calcineurin activity,
but spine shrinkage lies downstream of cofilin/ADF whereas LTD
requires protein phosphatase 1 (PP-1) activity (Zhou et al.,
2004), suggesting that the pathways diverge. Are spine shrinkage
and LTD coupled physically? With the induction of LTD, de-
phosphorylation and removal of AMPARs occurs. The removal
of AMPARs plays a major role in the expression of LTD (Carroll
et al., 2001; Malinow and Malenka, 2002; Song and Huganir,
2002; Bredt and Nicoll, 2003; Henley, 2003; Collingridge et al.,
2004; Kim and Sheng, 2004; Malenka and Bear, 2004). In addi-
tion, NMDAR-mediated synaptic responses are also reduced
concomitant with the depression of AMPAR responses, and
activity-dependent translocation of NMDARs appears to under-
lie this depression (Montgomery et al., 2005; Morishita et al.,
2005). It remains to be tested whether endocytosis of glutamate
receptors contributes to internalization of membrane (Sheng and
Lee, 2003).

In the current study, we have addressed two questions: (1) are
physiological and morphological expression of LTD independent
processes? (2) Is remodeling of actin cytoskeleton involved in the
expression of LTD? We monitored both synaptic response and
spine morphology simultaneously using combined patch-clamp
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recording and two-photon time lapse imaging in acute hip-
pocampal slices. We show that spine shrinkage and LTD are in-
dependent processes, but morphologically silent actin remodel-
ing is required for the expression of LTD. Thus, distinct types of
actin modifications are involved in the physiological and mor-
phological expression of LTD.

Materials and Methods
Slice preparation and recording procedure. Coronal brain sections (350
�m) were taken from postnatal day 13 (P13)–P17 rat pups (Sprague
Dawley) using a Leica (Nussloch, Germany) VT1000 tissue slicer. Rats
were anesthetized with isoflurane and decapitated, and the brain was
dissected out and immersed in ice-cold artificial CSF (ACSF) containing
(in mM) 110 choline chloride, 25 NaHCO3, 25 D-glucose, 7 MgSO4, 2.5
KCl, 1.25 NaH2PO4, 11.6 sodium ascorbate, 3.1 sodium pyruvate, and
0.5 CaCl2 and bubbled with 95% O2/5% CO2. Slices were allowed to
recover for 30 min at 32°C in ACSF containing (in mM) 127 NaCl, 2.5
KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 D-glucose, 2 CaCl2, and 1 MgCl2.
Then they were transferred to a holding chamber at room temperature.
Recording and imaging were started after at least 1 h of recovery.

Slices were placed in a custom-made recording chamber on the stage
of a custom-made two-photon microscope (modified from BX61W;
Olympus, Tokyo, Japan) and perfused at a rate of 1–2 ml/min with ACSF.
All recording and imaging experiments were performed at 30 –32°C. The
recording pipettes were filled with (in mM) 128 potassium gluconate, 10
NaCl, 10 HEPES, 0.5 EGTA, 2 MgCl2, 4 Na2ATP, 0.4 NaGTP, 15 phos-
phocreatine, and 1 calcein. Picrotoxin (50 �M) was added in ACSF to
inhibit GABAA receptor mediated response. Synaptic inputs were stim-
ulated using a glass pipette with 3 �m opening positioned at �20 –30 �m
away from the imaged spines. CA1 pyramidal neurons in the hippocam-
pus were held in current clamp mode throughout the experiments and
EPSPs were recorded unless mentioned otherwise. Stimulation at 0.05
Hz was used to establish baseline synaptic responses and LTD was in-
duced using a low-frequency stimulus (LFS) of 1 Hz for 15 min. To
isolate NMDA receptor mediated EPSPs, Mg 2� concentration in ACSF
was lowered to 0.2 mM and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (10 �M) was added to block AMPAR mediated responses. Syn-
aptic responses were recorded with Axopatch 700B amplifier and ana-
lyzed with pClamp 9.0 software (Molecular Devices, Sunnyvale, CA).
The initial slope of EPSPs (10 –50%) was used to measure AMPAR-
mediated synaptic responses, whereas the peak amplitude was used to
quantify NMDAR responses.

For experiments where responses to both synaptic stimulation and
exogenous glutamate application were collected, the same glass pipette
was used to electrically stimulate the presynaptic terminals and puff glu-
tamate onto the same dendritic region containing the stimulated syn-
apses. A picospritzer was used for puffing glutamate with air pressure set
to 10 psi and duration to 20 ms, repeated every 5 min. The recording
pipettes were filled with (in mM) 125 CsMeSO4, 10 TEA, 5 NaCl, 10
HEPES (Na � salt), 4 lidocaine, 1.1 EGTA, 4 ATP (Mg 2� salt), 0.3 GTP
(Na � salt). Neurons were kept under voltage clamp during the entire
recording.

Bolus injection. For the experiments shown in Figure 2, bolus loading
was used to introduce fluorescent dye (calcein) into neurons (Konur and
Yuste, 2004). Whole-cell recording was made at the soma using a patch
pipette containing 5 mM calcein. After 1–3 min of recording, the pipette
was withdrawn slowly from the cell body and the neuron was allowed to
recover. In neurons that survived this procedure, spines were brightly
labeled and the fluorescence was stable for at least 50 – 80 min after dye
loading (supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Imaging started �15 min after dye loading. A second
patch recording was made on the same neuron with internal solution
containing the desired drug or peptide a few minutes after acquisition of
the first set of images. The second set of images was acquired immediately
after obtaining the second whole-cell recording configuration. This pro-
cedure allowed us to obtain a baseline of synaptic response and spine
morphology before the introduction of desired drugs or peptides so that
their effects could be compared in the same neurons.

Image acquisition. Time-lapse imaging was performed on a custom-
made two-photon laser scanning system modified from an Olympus
Fluoview FV 300, driven by a Chameleon two-photon laser (Coherent,
Santa Clara, CA) tuned to 810 nm. Emitted fluorescence scattered at all
directions, and was collected by two photomultiplier tubes (PMTs): one
above and one beneath the sample plane. The bottom PMT collected
fluorescence transmitted through the slice via an oil condenser [numer-
ical aperture (NA), 1.4; Olympus] and the top PMT collected fluores-
cence reflected from the slice through a water-immersion objective
(40�, NA 0.8; Olympus). Signals from both PMTs were electronically
summed to form an image. The two PMTs were placed in the optical path
and adjusted to obtain the maximal brightness of fluorescence. The in-
tensity of laser power at the entry of the microscope was 30 – 40 mw and
monitored continuously. Experiments were performed in the frame-scan
mode.

Imaging procedure was based on our previous work (Zhou et al.,
2004). Images were taken every 15 min at a resolution of 512 � 512 pixels
per frame, and an average of two was used in some experiments. For each
time point, a stack of images covering the entire three-dimensional (3D)
range of the spines was taken with a z-step size �0.5 �m. Two-
dimensional projections of 3D image stacks containing dendritic spines
of interest were used for display. All displayed images were raw data
rather than processed (such as using deconvolution).

Image analysis. Image analysis was performed blind with the person
analyzing the images having no knowledge of the identity of the samples
during the analysis. Spines were distinguished from filopodia (Zhou et
al., 2004) and only spines were analyzed. An automated image analysis
software based on Rayburst algorithm was used to quantify changes in
spine size (Wearne et al., 2005; Rodriguez et al., 2006). No deconvolution
was used before analysis. Images were filtered by blurring with a 3 � 3 �
3 convolution kernel of equal weights before use of the Rayburst algo-
rithm. This has the effect of improving the signal-to-noise ratio of the
data and enhances the function of Rayburst (Rodriguez et al., 2006).
From all the sections, the diameter of a spine with the largest cross-
sectional area was selected and taken as spine size. For mushroom and
thin spines, this procedure measured the maximal width of the spine
head. For a stubby spine, the width of a spine at halfway between the
spine tip and base was taken as its diameter Measurements were per-
formed on all spines in the image field. We found in our previous study
that reduction was observed in the diameter, volume and fluorescence
intensity of the spine head after LFS (Zhou et al., 2004). Thus, we used the
measurement of spine diameter to quantify changes in spine size in this
study for simplicity. We have determined that, in our previous work,
spine diameters fluctuate around the mean values for �10% under rest-
ing condition (Zhou et al., 2004). We also measured the fluorescence
intensity of the spine heads in a few critical experiments to verify our
conclusions based on measurements of the spine diameters. The inte-
grated fluorescence intensity inside a spine head was measured for indi-
vidual spines at different time points and normalized to the fluorescence
intensity of the dendrites from the same image stack to correct for po-
tential changes in excitation (Holtmaat et al., 2005). This fluorescence
intensity is expected to be proportional to the accessible spine volume
(Holtmaat et al., 2005).

Drugs and peptides. All peptide used were obtained from Coast Scien-
tific (San Diego, CA) according to the published sequence and purified
with HPLC. The amino acid sequence of pep2m (or G10, 1 mM), which is
a segment of the C-terminal region of GluR2, is KRMKVAKNAQ. The
D15 peptide (1 mM) corresponds to a stretch of the PRD domain of
dynamin (Dynamin 828 – 42,) and has a sequence of PPPQVPSRPN-
RAPPG. The S3 (or p-cofilin) peptide (0.5 mM) has a sequence of
MAS(p)GVAVSDGVIKVFN. All chemicals were from Sigma (St. Louis,
MO).

Statistical analysis. All data were expressed as a mean � SEM. Paired
Student’s t test was used for time-lapse electrophysiological experiments.
Wilcoxon’s signed ranks test was used for comparisons between time-
lapse imaging experiments, and Mann–Whitney U (Wilcoxon’s rank
sum) test was used for comparison between different conditions for both
electrophysiology and imaging experiments. A minimum criterion of
p � 0.05 was used to determined significance.
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Results
Dendritic spines in acute hippocampal slices from postnatal rat
pups were labeled using a fluorescent dye calcein. Synaptic re-
sponses were evoked by local electrical stimulation of the presyn-
aptic inputs using a glass pipette positioned close to the imaged
spines, and the resulting responses were monitored at the soma.
We have shown previously that under this experimental config-
uration, synapses on the imaged spines were effectively activated
as revealed by Ca 2� imaging on dendritic spines and these re-
sponses contributed to the recorded synaptic responses (Zhou et
al., 2004). Because changes in both synaptic physiology and spine
morphology were simultaneously monitored, one parameter also
served as control for the other to verify the effectiveness of drugs
or peptides under certain conditions.

LTD and spine shrinkage can occur
independently of each other
After LFS (1 Hz for 15 min), significant
reduction was seen in both synaptic re-
sponses (Fig. 1A2) (EPSP slopes were
62.2 � 7.8% of baseline level at 45 min
after LFS; p � 0.001; paired t test; n � 15
cells) and spine diameters (Fig. 1A3)
(spine diameters were 82.2 � 1.6% of
baseline level at 45 min after LFS; p � 0.01;
Wilcoxon’s signed ranks test; n � 76
spines/8 cells), as has been shown previ-
ously (Zhou et al., 2004). We have selected
to use spine diameters as the main param-
eters to quantify changes in spines. To as-
certain that we have the necessary power to
detect moderate change in diameters (20 –
30%), we compared the distribution of
measured spine diameters with the mea-
sured minimum diameters of 0.1 �m flu-
orescent beads. As shown in supplemental
Figure 2 (available at www.jneurosci.org as
supplemental material), the majority of
spines under control conditions are sub-
stantially larger than the beads.

In the first set experiments to address
the relationship between spine shrinkage
and LTD, we asked whether LTD is af-
fected by the absence of spine shrinkage.
To do this, we introduced the synthetic S3
(or p-cofilin) peptide (0.5 mM) through
the recording patch pipette. This peptide
contains a phosphorylated Ser-3 site and
can compete with the endogenous phos-
phorylated cofilin as a substrate for pro-
tein phosphatases (e.g., Slingshot). This
prevents the dephosphorylation and acti-
vation of endogenous p-cofilin (Maekawa
et al., 1999; Niwa et al., 2002) and inhibits
spine shrinkage. Spine shrinkage was ab-
sent in neurons loaded with the S3 peptide
after LFS (Fig. 1B1,B3) (Zhou et al., 2004).
Despite the lack of spine shrinkage, LTD
expressed normally under this condition
(Fig. 1B2) (EPSP slopes were 66.1 � 8.1%
of baseline level at 45 min after LFS; p �
0.001; paired t test; n � 8 cells) and it was
not significantly different from control
LTD shown in Fig. 1A2 ( p � 0.34; Mann–

Whitney U test). This result indicates that LTD does not require
spine shrinkage.

Next, we tested whether the converse is true by blocking LTD
using internal perfusion of the D15 peptide (1 mM). The D15
peptide blocks the interaction between amphiphysin and dy-
namin, and impairs clathrin-mediated endocytosis (Wigge and
McMahon, 1998). We observed an increase in the synaptic re-
sponses and blockade of subsequent induction of LTD by LFS, in
neurons loaded with the D15 peptide (Fig. 1C1). Despite the ab-
sence of LTD, LFS reduced spine size (Fig. 1C2) (spine diameters
were 85.6 � 2.8% of the baseline level at 15 min after LFS; 52
spines/6 cells; p � 0.05; Wilcoxon’s signed ranks test), and the
magnitude of the reduction was similar to that in control neurons
after LFS in Fig. 1A3 ( p � 0.27; Mann–Whitney U test). There

Figure 1. Spine shrinkage and LTD are independent processes. A1, Representative example of both EPSPs (average of 5
consecutive traces) and dendritic spines which were monitored simultaneously before, 30 min and 60 min after LFS (1 Hz for 15
min, 900 pulses). Reduction in both spine size and EPSPs were observed after LFS. The numbers on the images correspond to that
on the plot in A2, indicating when image and voltage traces were acquired. Stable and shrinking spines are indicated by arrows and
arrowheads, respectively. A2, Plot of normalized slope of EPSPs (mean � SEM) showed the expression of LTD after LFS (bar). A3,
Population data showed that LFS induced spine shrinkage. B1, Another sample experiment showing the absence of spine shrink-
age but normal LTD when the S3 (or p-cofilin) peptide was internally loaded into a neuron with the recording patch pipette. Clearly
resolved spines that did not exhibit shrinkage were marked by arrows. B2, Population results from similar experiments showed
that S3 peptide did not block LFS-induced synaptic depression. B3, Population data showed that spine size was not altered (spine
diameters at 45 min after LFS were 100.7 � 4.4% of baseline level; p � 0.81; Wilcoxon’s signed ranks test; n � 46 spines/5 cells)
in neurons loaded with the S3 peptide. C1, Internal loading of the D15 peptide led to enhancement of EPSP and inhibition of
subsequent induction of LTD (EPSP slopes were 102.3 � 8.1% of plateau level at 30 min after LFS; p � 0.87; paired t test; n � 7
cells) with LFS. C2, Changes in spine size did not occur during the period of EPSP enhancement, but spine shrinkage occurred after
LFS. Calibration: A1, 10 mV, 50 ms; A2, 5 mV, 50 ms. Scale bars: A1, A2, 1 �m.
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was a small but short-lasting depression
after LFS in neurons loaded with the D15
peptide, to ensure that spine shrinkage was
not caused by this transient depression, we
repeated these experiments with higher
concentration of the D15 peptide (5 mM)
and observed similar spine shrinkage
whereas synaptic responses rapidly re-
turned to baseline level (supplemental Fig.
3, available at www.jneurosci.org as sup-
plemental material). Thus, these results
demonstrate that activity-dependent spine
shrinkage can occur in the absence of LTD.

We have further examined the distri-
bution of spine diameters before and after
LFS in the same set of spines under three
conditions: in control neurons, in neurons
loaded with the D15 peptide, and in neu-
rons loaded with the S3 peptide (supple-
mental Fig. 2, available at www.jneurosci.
org as supplemental material). There is a
clear leftward shift of the entire distribu-
tion in control and D15 peptide-loaded
neurons, indicating a reduction in spine
size. This shift was absent in neurons
loaded with the S3 peptide, consistent with
a blockade of spine shrinkage. In addition
to spine diameters, we also measured flu-
orescence intensity of spine heads for the
experiments shown in Figure 1. Fluores-
cence intensity of spine heads also ex-
hibited qualitatively similar changes as
spine diameter under three conditions
(supplemental Fig. 4, available at www.
jneurosci.org as supplemental material),
confirming our conclusions based on the
measurement of spine diameter. Together,
our results clearly show that LTD and spine shrinkage are two
independent processes that can occur in the absence of the other.

Constitutive trafficking of AMPARs does not alter spine size
In addition to activity-driven internalization, AMPARs also un-
dergo constitutive trafficking in and out of synapses via endocy-
tosis and exocytosis (Carroll et al., 2001; Song and Huganir, 2002;
Bredt and Nicoll, 2003; Collingridge et al., 2004). It is unknown
whether this trafficking of AMPARs is accompanied by changes
in spine size in the form of rapid expansion and shrinkage. In
spines that were imaged under control (nonstimulated) condi-
tions, no persistent changes in spine size were observed (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). However, membrane addition and loss could occur
simultaneously or close in time as AMPARs are continuously
exocytosed and endocytosed. If this were the case, it would have
affected our interpretation of the result in Figure 1C2 in that the
observed spine shrinkage could reflect a return to baseline after
an expansion produced by the sustained blockade of endocytosis
by the D15 peptide.

To address this issue, we inhibited one aspect of constitutive
trafficking, either endocytosis or exocytosis, and continuously
monitored spine size as the remaining unaltered process
proceeded. Internal perfusion of N-ehtylmaleimide (NEM;
1 mM) through the recording patch pipette blocks soluble
N-ethylmaleimide-sensitive fusion (NSF) attachment protein re-

ceptor (SNARE)-dependent exocytosis (Luscher et al., 1999).
This action of NEM is mediated by its inhibition of NSF protein.
Synaptic responses started to decrease �10 min after obtaining
the whole-cell configuration (Fig. 2A) (n � 7 cells), and this
reduction is caused by continuous internalization of AMPARs
through constitutive trafficking (Luscher et al., 1999). Because
the time course is fairly rapid, we used a bolus loading method to
label spines before introducing NEM to neurons (see Materials
and Methods). Only the experiments presented in Figure 2 were
performed using the bolus loading method. After identifying a set
of spines of interest, we repatched the same neuron with a pipette
containing NEM so that we could monitor spine size as NEM
took its effect. No significant change in spine size was observed as
synaptic responses gradually decreased (Fig. 2B) (spine diame-
ters were 97.6 � 1.3% of control level at 45 min after second
whole-cell recording; p � 0.58; Wilcoxon’s signed ranks test; n �
59 spines/6 cells).

NEM has many targets and some of them could play a role in
the process under examined. For example, AMPA-induced inter-
nalization of AMPARs was enhanced by NEM (Luscher et al.,
1999). Thus, we repeated the above experiment using another
manipulation to inhibit exocytosis. We loaded the postsynaptic
neurons with the light chain of botulinum toxin type B (BoTox;
0.5 �M), a neurotoxin that prevents exocytosis by inactivating the
v-SNAREs (Huttner, 1993). This procedure led to a rapid reduc-
tion in the basal synaptic transmission (Fig. 2C), although spine

Figure 2. Constitutive trafficking of AMPARs is not associated with changes in spine size. A, Internal loading of NEM led to
synaptic depression which developed in 20 –30 min (n � 7 cells). Sample EPSP traces were shown at the time points when they
were acquired. B, No significant change in spine size was seen, albeit significant reduction in EPSPs in neurons loaded with NEM
(n � 68 spines/7 cells). C, Internal loading of the light chain of botulinum toxin type B (BoTox) led to a rapid decrease in synaptic
responses, which reached a plateau in �20 min. The EPSP slopes were 55.3 � 8.6% of baseline at 30 min after loading BoTox
(n � 7 cells; p � 0.001; paired t test). D, No significant changes in spine size were observed during the period of rapid synaptic
depression in the BoTox-loaded neurons. E, Internal loading of the D15 peptide enhanced synaptic transmission. F, No change in
spine size was observed during the period of increase in synaptic responses in neurons loaded with the D15 peptide (spine
diameters were 99.3 � 1.3% of the baseline level at 30 min after loading of D15; p � 0.69; Wilcoxon’s signed ranks test; n � 101
spines/7 cells). Note all experiments shown here were performed using the Bolus labeling method. Neurons were loaded with
calcein in the absence of NEM, BoTox, or D15 peptide with the first recording to label spines. After the first set of images were
acquired, patch recording with the second electrode, which contained NEM, BoTox, or the D15 peptide was made in the same
neuron (the bars indicated the onset of the second recording). Synaptic stimulation started at time “0.” Calibration: A, C, E, 5 mV
and 50 ms.
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size was unaltered (Fig. 2D) (spine diameters were 98.9 � 2.6% of
pre-BoTox level at 30 min after loading of BoTox; p � 0.81;
Wilcoxon’s signed ranks test; n � 65 spines/6 cells). Thus, endo-
cytosis of AMPARs through the constitutive pathway is not asso-
ciated with reduction in spine size.

Does constitutive exocytosis cause expansion of spines? To
address this directly, we again used postsynaptic loading of the
D15 peptide to inhibit endocytosis. Again by using bolus labeling,
we monitored spine size as the D15 peptide gradually diffused
into the spines. Spine size was unaltered (Fig. 2F) (n � 64
spines/6 cells) whereas synaptic responses increased dramatically
(Fig. 2E) (n � 6 cells). This lack of changes in spine morphology
is unlikely to be caused by the use of whole-cell recording or
decline of cell health, because (1) LFS-induced spine shrinkage
was reliably observed under the same experimental conditions in
control neurons, and (2) LFS still caused spine shrinkage when
given at the plateau of the D15 peptide’s effect (Fig. 1C2). To-
gether, the above results strongly indicated that constitutive re-
cycling of AMPARs is not associated with changes in spine size.

Insulin-induced endocytosis of AMPARs is not accompanied
by spine shrinkage
The results presented thus far show that activity-dependent or
constitutive internalization of AMPARs occurs in the absence of
spine shrinkage. This finding raises the possibility that AMPAR
internalization may not be coupled to changes in spine size, re-
gardless of the trigger or underlying signaling mechanism. To
determine whether this is the case, we took advantage of the

findings that insulin induces a rapid and
persistent reduction in synaptic response
by stimulating clathrin-mediated internal-
ization of synaptic AMPARs (Beattie et al.,
2000; Lin et al., 2000; Man et al., 2000;
Wang and Linden, 2000; Huang et al.,
2004). The synaptic depression by insulin
and LFS-induced LTD occlude each other,
indicating that they target the same mobile
pool of AMPARs (Man et al., 2000; Wang
and Linden, 2000). However, the insulin-
induced internalization of AMPARs ap-
pears to use a different signaling mecha-
nism than that used by LTD, in that it is
mostly independent of Ca 2� influx and
calcineurin activity (Beattie et al., 2000).

Bath perfusion of insulin (0.5 �M, 10
min) led to a rapid reduction in the
AMPAR-mediated EPSPs that reached a
plateau in 5–10 min (Fig. 3A,B). Despite
this large and persistent reduction in syn-
aptic responses, no significant change in
spine size was observed (Fig. 3A,B) (EPSP
slopes were 53.7 � 1.3% of preinsulin
level, p � 0.001, paired t test, n � 12 cells;
spine diameters were 100.7 � 3.6% of pre-
insulin level at 20 min after insulin perfu-
sion, p � 0.69, Wilcoxon’s signed ranks
test, n � 89 spines/10 cells). However,
changes in spine size might occur in two
possible ways, one as a transient reduction
time-locked to the internalization of
AMPARs, the other as a delayed change
that takes longer time to develop. The
former possibility may reflect the internal-

ization of a patch of membrane associated with endocytosis of
AMPARs (on the order of few minutes which is much shorter
than the interval of our image acquisition), whereas the latter
may be homeostatic in nature to keep the ratio of AMPAR num-
ber and spine size constant, as seen at naive synapses/spines
(Harris, 1999; Nimchinsky et al., 2002; Kasai et al., 2003).

To address the first possibility, we acquired images with a
much higher temporal resolution (every 30 s). As shown in Figure
3C, spine size fluctuated over time which could be caused by
rapid motility of spines (Fischer et al., 1998; Dunaevsky et al.,
1999), but no synchronized reduction in spine size and EPSP
slope was observed. Because insulin-induced synaptic depression
is postsynaptic in nature (Man et al., 2000), the time course of
synaptic depression reflects the time course of removal of
AMPARs from the synapses. Thus, as AMPARs are internalized
there is no concomitant reduction in spine size. Next, we moni-
tored EPSPs and spines for �2 h after insulin application to
examine whether a delayed change in spine size might occur. No
significant changes in spine size were observed in clear contrast to
the sustained synaptic depression (Fig. 3D). Hence, insulin-
induced internalization of AMPARs is not associated with spine
shrinkage, either a transient or a persistent one.

Last, we wondered whether spine shrinkage could still be in-
duced by LFS after the insulin-induced synaptic depression was
stabilized. No further depression of EPSPs was seen after LFS
(Fig. 3E). However, a significant reduction in spine size was ob-
served, comparable to that observed after LFS in control neurons
(Fig. 3E). This result is another demonstration of the dissociation

Figure 3. Insulin-induced synaptic depression is not accompanied with spine shrinkage. A, A sample experiment showing
robust reduction in EPSPs and no change in spine size after bath perfusion of insulin. Clearly resolved spines were marked by
arrows. B, Population data showed no changes in spine size (Œ) at 30 min after insulin application in the presence of significant
synaptic depression (E). C, Images were acquired at higher rate (every 30 s) to capture potentially rapid or transient changes in
spine size. No rapid or transient change in spine size was observed during or shortly after bath application of insulin (Œ; n � 76
spines/7 cells). On the contrary, rapid and persistent decrease in EPSP slopes were seen after insulin application (E). D, Spine size
was stable for �2 h after bath application of insulin (Œ; spine diameters were 96.21 � 2.8% of preinsulin level at 90 min after
insulin application; p � 0.63; Wilcoxon’s signed ranks test; n � 55 spines/4 cells) in the presence of persistent reduction in EPSPs
(E). E, LFS given at the plateau of insulin-induced synaptic depression did not induce additional reduction in EPSPs (E; EPSP
slopes were 94.6 � 6.3% of pre-LFS level at 30 min after LFS; p � 0.15; paired t test; n � 9 cells). However, LFS did cause
significant spine shrinkage (Œ; spine diameters were 81.2 � 3.8% of baseline level at 30 min after LFS; p � 0.01; Wilcoxon’s
signed ranks test; n � 68 spines/7 cells). Calibration: A, 5 mV, 50 ms. Scale bar: A, 1 �m.
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between LTD and spine shrinkage. This observation further con-
firms that the lack of spine shrinkage in response to insulin ap-
plication was not caused by the inability of spines to morph, but
rather that insulin was not the right trigger. Thus, it appears that
the Ca 2� influx associated with LFS, which is not required for
insulin’s effect (Beattie et al., 2000; but see Huang et al., 2004),
triggers depolymerization of actin filaments (Okamoto et al.,
2004) and leads to reduction in spine size.

Trafficking of AMPARs to the extrasynaptic site does not
cause spine shrinkage
In addition to internalization, another way of reducing the syn-
aptic presence of AMPARs is to move them to the extrasynaptic
sites. It has been shown that AMPARs move between synaptic
and extrasynaptic sites under resting condition and at accelerated
rates with activity (Borgdorff and Choquet, 2002; Tardin et al.,
2003). We thus examined what occurs to spine size when
AMPARs translocate via this lateral movement. To do so, we took
advantage of the known effect of another synthetic peptide,
pep2m (or G10). Pep2m blocks the interaction between the
GluR2 subunit of AMPARs and NSF (Song et al., 1998; Luthi et
al., 1999), and reduces synaptic transmission (Song et al., 1998;
Luscher et al., 1999; Luthi et al., 1999). Pep2m also inhibits
AMPAR endocytosis by interfering with the binding of the clath-
rin adaptor AP2 to GluR2 (Lee et al., 2002). Thus, it is thought
that pep2m-induced synaptic depression corresponds to
AMPAR translocation to extrasynaptic sites. Such AMPARs
would not be activated by synaptically released glutamate, but
would be expected to respond to exogenously applied glutamate.

To test whether synaptic AMPARs can be driven to extrasyn-
aptic locations by pep2m, the same glass pipette was used for both
local electrical stimulation (to activate only synaptic receptors)
and for puffing glutamate (1 mM, 10 psi, 20 ms, to activate both
synaptic and extrasynaptic AMPARs) onto the same region of the
dendritic field. As shown in Figure 4A, internal loading of pep2m
(1 mM) caused a gradual and persistent reduction in EPSCs (syn-
aptic response) with no significant change in the puff response.
This result indicates that pep2m reduces the numbers of synaptic
AMPARs without affecting the sum of synaptic and extrasynaptic
AMPARs, consistent with the notion that pep2m causes syn-
aptic AMPARs to move to the extrasynaptic sites. Furthermore,
LFS given at the plateau of the pep2m-induced depression did not
cause any additional reduction in synaptic responses (Fig. 4B).
This result indicates that the same mobile pool of AMPARs is
targeted by LFS and pep2m (Luscher et al., 1999; Luthi et al.,
1999).

Noel et al. (1999) showed that surface AMPAR were reduced
in pep2m expressing neurons using ELISA. This discrepancy be-
tween their and our results could be explained by the level and
duration of pep2m present in the neurons. Noel et al. (1999) used
an inducible adenoviral vector to overexpress the pep2m peptide,
and neurons were infected for a total of 40 h and induced with
doxycycline for 16 h. Conceivably, this might have led to a much
longer and probably higher concentration of pep2m in the neu-
rons than did with our acute loading. This suggestion is consis-
tent with the observation of Lee et al. (2002), who also did not
observe any effect of expressing pep2m on the total surface ex-
pression of endogenous AMPA receptors. Lee et al. (2002) used
EGFP-peptide fusions for 16 –24 h infection which could have led
to a lower and shorter elevation in pep2m level than that by Noel
et al (1999).

We next monitored spine size during the pep2m-induced
run-down of synaptic responses. The baseline spine size was de-

termined before the onset of synaptic stimulation, and pep2m
should not affect synaptic transmission at this time because its
induction of synaptic depression is activity dependent (Luscher
et al., 1999). No significant reduction in spine size was observed
at the plateau of synaptic depression (Fig. 4C) (101.8 � 3.6% of
baseline at 20 min after stimulation; p � 0.29; Wilcoxon’s signed
ranks test; n � 65 spines/7 cells), indicating that lateral move-
ment of AMPARs can occur independently of spine shrinkage.
However, LFS given at the plateau of pep2m-induced depression
significantly reduced spine size (Fig. 4C) (80.5 � 2.6% of baseline
at 30 min after LFS; p � 0.05; Wilcoxon’s signed ranks test), and
the magnitude of reduction is comparable to that in control neu-
rons. Thus, spine shrinkage is not linked to trafficking of AM-
PARs via either internalization or lateral movement.

Spine shrinkage associated with NMDAR-LTD
During LFS, depression of NMDAR-mediated synaptic responses
(NMDAR-LTD) occurs in conjunction with the depression of
AMPAR-mediated synaptic responses (AMPAR-LTD) (Xiao et

Figure 4. Trafficking of AMPARs induced by pep2m (or G10) does not cause spine shrinkage.
A, Internal loading of the pep2m peptide caused depression of synaptic responses (E; peak
EPSC amplitudes were 53.9 � 6.6% of baseline level at 35 min after synaptic stimulation; p �
0.001; paired t test). However, responses to puffed glutamate was not altered in that both the
peak (Œ; 110.2 � 15.3%; p � 0.49) and area (e; 104.6 � 24.3%; p � 0.37; paired t test, at
35 min after synaptic stimulation; n � 4 cells) of glutamate-evoked response were not affected
by pep2m. Neurons were held in voltage-clamp mode at �70 mV during these experiments
and EPSCs were recorded. B, Synaptic depression caused by pep2m occluded the subsequent
induction of LTD by LFS (EPSP slopes were 96.9 � 10.4% of the level of the pep2m plateau; p �
0.78; paired t test; n � 7 cells). C, Spine shrinkage did not occur during the rapid synaptic
depression but occurred after LFS. Calibration: A, left, 50 pA, 20 ms; right, 100 pA, 200 ms; B, 10
mV, 50 ms.
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al., 1994; Selig et al., 1995; Montgomery et al., 2005). This
NMDAR-LTD was shown previously to require changes in the
cytoskeleton, although it is unknown whether this is equivalent to
spine shrinkage (Morishita et al., 2005). Thus, there is a possibil-
ity that this NMDAR-LTD may be casually linked to spine
shrinkage. If this is the case, then we would expect spine shrink-
age to be absent when NMDAR-LTD does not occur. Consistent
with this, we found that insulin did not alter NMDAR responses
(Fig. 5A) or spine size (Fig. 5B). In these experiments, the EPSPs
mediated by NMDARs were isolated by lowering the concentra-
tion of Mg 2� in the ACSF (to 0.2 mM) and by inhibiting AMPAR
using a selective blocker CNQX (10 �M) (Selig et al., 1995).

To study the relationship between spine shrinkage and
NMDAR-LTD directly, we first examined whether spine shrink-
age occurs when NMDAR-LTD was induced in isolation. Stimu-

lation of synaptic inputs with LFS led to a
large and persistent reduction in spine
head size (Fig. 5C,E) (spine diameters were
83.5 � 1.8% of baseline level at 45 min
after LFS; p � 0.001; Wilcoxon’s signed
ranks test; n � 87 spines/8 cells), together
with NMDAR-LTD (Fig. 5C,D) (the peak
amplitude of NMDA-EPSPs were 51.2 �
10.2% of baseline level; p � 0.01; paired t
test; n � 7 cells). We found that this
NMDAR-LTD was not affected by internal
loading of the D15 peptide (Fig. 5F), indi-
cating that it is not mediated by clathrin-
dependent endocytosis and could have
contributed to spine shrinkage shown in
Figure 1C2. Spine shrinkage occurred nor-
mally in neurons loaded with the D15 pep-
tide after LFS (Fig. 5G).

Although AMPAR-LTD might also oc-
cur with NMDAR-LTD, because AMPAR-
LTD does not cause spine shrinkage, the
shrinkage we observed would be caused by
either expression of NMDAR-LTD or LFS.
Thus, we investigated whether NMDAR-
LTD and spine shrinkage share the same
signaling events. Our previous work
showed that LFS-induced spine shrinkage
requires activation of calcineurin but not
PP-1 (Zhou et al., 2004). In neurons
loaded with cyclosporine A (CsA; 100 �M),
a potent calcineurin blocker, both
NMDAR-LTD (Fig. 6A) and spine shrink-
age (Fig. 6B) were inhibited. However, in-
hibition of PP-1 through postsynaptic
loading of oakadaic acid (OA, 1 �M)
blocked NMDAR-LTD (Fig. 6C) (NMDA-
EPSP peaks were 89.7 � 18.8% of baseline
level at 30 min after LFS; p � 0.75; paired t
test; n � 6 cells) but did not prevent spine
shrinkage (Fig. 6D) (spine diameters were
83.2 � 1.2% of baseline level at 30 min
after LFS; p � 0.05; Wilcoxon’s signed
ranks test; n � 69 spines/6 cells). These
results indicate that NMDAR-LTD and
spine shrinkage diverge in the downstream
targets and spine shrinkage can occur in
the absence of movement of NMDARs.
Does NMDAR-LTD require spine shrink-

age? NMDAR-LTD was normal in neurons loaded with the S3
peptide (Fig. 6E) (NMDA-EPSP peaks were 57.2 � 10.7% of
baseline level at 30 min after LFS; p � 0.01; paired t test; n � 8
cells) when spine shrinkage was inhibited (Fig. 6F), indicating
that NMDAR-LTD can occur in the absence of spine shrinkage.

Depolymerization of actin is required for LTD
Depolymerization of actin filaments is known to occur with LFS
(Okamoto et al., 2004). Because one consequence of actin depo-
lymerization, spine shrinkage, is clearly not causally linked to
LTD, does depolymerization of actin play any role in LTD at all?
To address this question, we blocked depolymerization of actin
by internal perfusion of jasplakinolide (Jasp; 2 �M), a potent
inhibitor of actin depolymerization. Baseline synaptic transmis-
sion was not affected by Jasp (Fig. 7A) (Xiao et al., 2001). How-

Figure 5. Induction of NMDAR-LTD leads to spine shrinkage. A, Bath perfusion of insulin did not alter NMDA-EPSPs, which was
isolated using ACSF containing low Mg 2� (0.2 mM) and CNQX (10 �M) (n � 9 cells). B, Spine size was also not altered by bath
application of insulin (n�75 spines/7 cells). C, A sample experiment showing that both NMDA-EPSPs and spine size were reduced
by LFS. Representative examples of NMDA-EPSPs (average of 5 consecutive traces) are also shown. Stable and shrinking spines are
indicated by arrows and arrowheads, respectively. D, Population data showed that LFS induced significant and persistent reduc-
tion in NMDAR-EPSPs. E, Long-lasting reduction in spine size was also observed after LFS. F, Internal loading of the D15 peptide did
not affect baseline NMDAR-EPSPs and LFS-induced NMDAR-LTD (peak amplitudes of NMDA-EPSPs were 49.1�10.2% of baseline
level at 45 min after LFS; p � 0.05; paired t test; n � 5 cells). G, Spine size was not altered by internal loading of the D15 peptide,
but was reduced after LFS (spine diameters were 83.2 � 2.4% of baseline level at 45 min after LFS; p � 0.05; Wilcoxon’s signed
ranks test; n � 48 spines/5 cells). This reduction was not different from the controls in E ( p � 0.94, Mann–Whitney U test).
Calibration: C, 2 mV, 50 ms. Scale bar, 1 �m.
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ever, LFS was ineffective in inducing LTD
(Fig. 7A) (EPSP slopes were 96.3 � 16.0%
of baseline level at 30 min after LFS; p �
0.68; paired t test; n � 8 cells). This result
indicates that actin depolymerization
plays some role in the expression of LTD.
Internal loading of Jasp also impaired the
expression of NMDAR-LTD (Fig. 7C).
The effectiveness of Jasp on inhibiting ac-
tin depolymerization is confirmed by the
lack of changes in spine size after the in-
duction of NMDAR-LTD (Fig. 7B). The
fact that Jasp blocked both LTD and spine
shrinkage whereas the S3 peptide only im-
paired spine shrinkage is consistent with
Jasp inhibiting the depolymerization of all
actin filaments whereas S3 peptide selec-
tively inhibits cofilin targets. Together, our
results support that a limited form of actin
remodeling that is morphological silent is
involved in or even required for the de-
pression of both AMPAR- or NMDAR-
mediated synaptic responses.

Discussion
In this study, we present strong evidence
that modifications of synaptic physiology
and spine morphology are independent
processes and dissociable. Specifically,
trafficking of both AMPARs and
NMDARs are not casually linked to the re-
duction in spine size, regardless of these
trafficking being constitutive, activity-driven or chemically in-
duced. However, actin depolymerization, likely triggered by
Ca 2� influx during the induction of LTD, is required for both
synaptic depression and spine shrinkage. Thus, distinct types of
actin remodeling are set in motion with the induction of LTD,
and they play different roles in the expression of physiological
and morphological modifications associated with LTD.

Dissociation between physiological and
morphological modifications
Our results demonstrate a clear dissociation between spine
shrinkage and both AMPAR- and NMDAR-LTD. Morishita et al.
(2005) have examined the effect of S3 peptide on AMPAR- and
NMDAR-LTD, induced by 5 Hz � 3 min synaptic stimulation
and showed that NMDAR-LTD, but not AMPAR-LTD, was in-
hibited by the S3 peptide. It is unclear what accounts for the
discrepancy between these results on the NMDAR-LTD. One
possibility could be that different signaling mechanisms associ-
ated with NMDAR-LTD are invoked, because our NMDAR-LTD
requires activity of both calcineurin and PP-1 whereas theirs only
requires PP-1. Because spine morphology was not examined by
Morishita et al. (2005), it remains to be tested whether spine
shrinkage occurs with their NMDAR-LTD and what effect the S3
peptide has.

We have extended the dissociation between LTD and spine
shrinkage by showing that reduction in the AMPAR-mediated
synaptic responses can occur independently of reduction in spine
size, in the situations where endocytosis of AMPARs via consti-
tutive trafficking or driven by insulin, as well as trafficking to the
extrasynaptic sites induced by the pep2m peptide, do not cause
spine shrinkage. In other words, under certain conditions, coor-

dinated changes in receptor number and spine size, as seen with
LTD, is not preserved. A previous study by Sdrulla and Linden
(2007) showed that LTD induction does not lead to changes in
spine morphology in the cerebellar Purkinje cells, indicating the
independence of these two processes may be further extended to
the GABAergic neurons. Hence, it is clear from a cell biology
point of view, that the number of synaptic AMPARs and size of
spines are controlled by independent mechanisms, at least on a
short time scale. It is possible that the matching observed between
receptor number and spine size at naive synapses may be a con-
sequence of long-term homeostatic adjustment, occurring on a
time scale of hours to days, because we did not observe any
changes in spine size 2 h after insulin-induced LTD had stabilized
(Fig. 3D).

What are the functions of spine shrinkage? It remains to be
tested whether spine shrinkage contributes to spine elimination
seen hours after LFS (Nagerl et al., 2004) or after long incubation
with the amyloid � peptide (Shankar et al., 2007). Alternatively,
the disparities between physiological and morphological modifi-
cations might incur different functional consequences. Here, we
suggest that coordinated changes in synaptic receptor number
and spine size may be important to endow synapses with the
capacity to undergo bidirectional changes. In other words, spine
shrinkage may be a prerequisite for the reversal of LTD. Consis-
tent with this idea, spine shrinkage is reversed with the reversal of
LTD and actin polymerization is required for this reversal (Zhou
et al., 2004; Chen et al., 2004; Yang and Zhou, unpublished ob-
servation). It is clear that understanding the relationship between
synaptic function (number of synaptic receptors) and spine
structure (spine size), and how this relationship can be regulated
under physiological and pathological conditions, is crucial to our

Figure 6. NMDAR-LTD and spine shrinkage are independent processes. A, Inhibition of calcineurin signaling by internal load-
ing of CsA, an inhibitor of protein phosphotase 2B, inhibited NMDAR-LTD (NMDA-EPSP peak amplitudes were 95.9 � 10.2% of
baseline level at 30 min after LFS; p � 0.82; paired t test; n � 12 cells). B, Spine shrinkage was also blocked by internal loading
of cyclosporine A (spine diameters were 103.0 � 3.7% of baseline level at 30 min after LFS; p � 0.81; Wilcoxon’s signed ranks
test; n � 81spines/7 cells). C, D, Inhibiting PP-1 signaling by internal loading of okadaic acid (OA) abolished both NMDAR-LTD (C)
and LFS-induced spine shrinkage (D). E, Internal loading of the S3 peptide did not affect NMDAR-LTD. F, Spine shrinkage was
inhibited by internal loading of the S3 peptide (spine diameters were 101.6�3.4% of baseline level at 30 min after LFS; p�0.05;
Wilcoxon’s signed ranks test; n � 63 spines/6 cells).
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comprehension of the function and plasticity of glutamatergic
synapses and dendritic spines.

Diverse functions of actin remodeling
If a reduction in spine size is the only consequence of actin re-
modeling, we would expect that internal loading of Jasp which
inhibits actin depolymerization not to affect LTD. However, the
expression of LTD was completely abolished by Jasp. It remains
to be determined whether LFS-induced LTD requires activity
dependent changes in the actin cytoskeleton or constitutive actin
dynamics because both of them are abolished by Jasp (Star et al.,
2002). There are at least two possible mechanisms by which actin

depolymerization could contribute to LTD: (1) by mediating
AMPAR trafficking, (2) by permitting trafficking of key signaling
molecules/complex. We will discuss these possibilities in turn.

Previous evidence suggests that AMPARs appear to move to
extrasynaptic sites before their internalization (Ashby et al., 2004;
Collingridge et al., 2004). It is possible that this lateral movement
of receptors may require actin depolymerization. This notion is
consistent with our observation that NMDAR-LTD is absent in
neurons loaded with Jasp. This NMDAR-LTD appears to require
translocation of NMDAR to the extrasynaptic sites because it is
unaffected by inhibition of endocytosis (Fig. 5F) (Morishita et al.,
2005). This function of actin can be either active in that actin
serves as a transport system (Serge et al., 2003) or passive in that
they permit diffusion of receptors. In addition to lateral move-
ment, actin may also contribute to endocytosis, as has been
shown recently (Merrifield et al., 2005). Actin depolymerization
may also permit diffusion of key signaling molecules into spines
to gain access to their synaptic targets (Ouyang et al., 2005). Actin
filaments are enriched in the spine neck and may act as a barrier
keeping large signaling molecules out of the spines (Allison et al.,
1998; Kim and Lisman, 1999). LFS-induced actin depolymeriza-
tion may temporarily remove the barrier allowing molecules,
such as PP-1, to diffuse into spines (Morishita et al., 2001).
Furthermore, actin depolymerization may allow A-kinase-
anchoring protein 79/150 and protein kinase A to leave synapses.
As a result, the function of calcineurin and PP-1 could be favored
over the kinases, keeping AMPARs dephosphorylated and inter-
nalized (Dell’Acqua et al., 2006).

It is possible that distinct populations of F-actin, defined by
their subcellular locations and regulation, differentially contrib-
ute to neuronal functions (Halpain et al., 1998; Capani et al.,
2001; Horne and Dell’Acqua, 2007). Our results provide strong
support for such diversity in the actin population. We suggest
that at least two principal F-actin populations exist, based on
their functions: one to regulate spine size and the other to support
the trafficking of receptors or signaling molecules. The actin pop-
ulation that responds to cofilin/ADF activity may be concen-
trated at the active zone periphery where cofilin was shown to be
present (Racz and Weinberg, 2006). If this were the case, it would
indicate that spine shrinkage may predominantly target this zone.
The location of other F-actin population(s) is unclear and may
largely depend on the localization of the molecules being
translocated.

There are some outstanding questions raised by the current
study: (1) how are AMPARs tethered at synapses when endocy-
tosis is inhibited? A surprising result is that in the D15 peptide-
loaded neurons, the AMAPR mediated synaptic responses were
�200% of the resting level while spine size was �80% in diameter
(or 60% in volume), after LFS (Fig. 1C). This indicates that far
more AMPARs can be fitted into a smaller spine, and these addi-
tional receptors are likely to be contained within or near PSDs
because they respond to the synaptically released glutamate.
Where are these additional AMPARs added and how are they
anchored? If spines can accommodate more AMPARs, what lim-
its the number at resting conditions? (2) If diffusion underlies the
lateral movement of AMPARs to extrasynaptic sites, is it unidi-
rectional? Alternatively, is there any downstream events making
this unidirectional? Trapping internalized AMPARs, such as by
dephosphorylation (Brown et al., 2005), may serve such a pur-
pose. (3) Is persistent structural remodeling required for the sta-
ble expression of synaptic modification? Can morphological
changes serve any meaningful functions unrelated to physiolog-
ical changes? Although we suggest that spine remodeling may be

Figure 7. Actin depolymerization is required for both AMPAR-LTD and NMDAR-LTD. A, In-
ternal loading of Jasp did not affect basal synaptic transmission but blocked LFS-induced AMPA-
LTD. B, Spine shrinkage was abolished by internal loading of Jasp. A sample experiment (B1)
and population data (B2) showed that spine size was unaltered by LFS in neurons loaded with
Jasp (spine diameters were 103.6 � 1.1% of baseline level at 30 min after LFS; p � 0.19;
Wilcoxon’s signed ranks test; n � 51 spines/5 cells). Clearly resolved spines were marked by
arrows. C, NMDAR-LTD was also absent in neurons loaded with Jasp (NMDA-EPSP peaks were
94.6 � 5.1% of baseline level at 30 min after LFS; p � 0.21; paired t test; n � 8 cells). Scale bar,
1 �m.
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important in maintaining the reversibility of synaptic modifica-
tion, this has yet to be tested. It also remains to be tested whether
spine shrinkage may affect the stability of synapse and spine on a
much longer time scale.

In summary, our results demonstrate a clear disconnection
between physiological and morphological plasticity, which could
be evident even at the level of subpopulations of actin filaments.
But yet, remodeling of spines may play at least a permissive role in
the expression of synaptic modification.
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