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DENDRITIC SPINES ARE SPECIALIZED neuronal structures that host
most of the excitatory synapses. They are small protrusions
composed of a head and a neck, distributed along the dendrites.
The spine structures, such as spine length, head volume, and
neck diameter, as well as the spine density, are plastic and can
undergo rapid regulation. For example, spine density and
turnover rate are altered during development (Alvarez and
Sabatini 2007), and the density and morphology of spines are
modulated by sensory experience and learning (Alvarez and
Sabatini 2007; Amaral and Pozzo-Miller 2009; Harms and
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Dunaevsky 2007; Nimchinsky et al. 2002; Roberts et al. 2010).
Therefore, structural plasticity of spines is thought of as an
important cellular mechanism, in addition to long-term functional plasticity of synaptic transmission, for learning and
memory (Alvarez and Sabatini 2007; Muller et al. 2002;
Nikonenko et al. 2002; Nimchinsky et al. 2002; Yuste and
Bonhoeffer 2001).
It has been shown for a decade now that long-term potentiation (LTP) of synaptic strength is associated with either an
increase in spine density (Engert and Bonhoeffer 1999; Maletic-Savatic et al. 1999; Nagerl et al. 2004) or enlargement of
spine head volume (Harvey and Svoboda 2007; Kopec et al.
2006; Matsuzaki et al. 2004; Tanaka et al. 2008; Zhou et al.
2004). In contrast to LTP, low-frequency stimulation (LFS)induced long-term depression (LTD) has been demonstrated to
correlate with rapid spine head shrinkage (Wang et al. 2007;
Zhou et al. 2004) or loss of spines (Nagerl et al. 2004). In
addition, recent studies demonstrate that LFS-LTD is either
associated with retraction of presynaptic boutons, leading to
loss of synapses (Bastrikova et al. 2008; Becker et al. 2008), or
linked to the shrinkage of presynaptic bouton size (Medvedev
et al. 2010). The changes in spine morphology and synaptic
strength seem to occur simultaneously after synaptic stimulation, suggesting an overlap in the signaling cascades for these
two events. However, it is unclear to what extent the two
signaling pathways cross talk with each other or whether these
pathways are merely engaged simultaneously by an upstream
signal. There is evidence suggesting a partial overlap in mechanisms between functional and structural changes during LTD.
For example, although both spine shrinkage and synaptic
depression after LFS depend on activation of N-methyl-Daspartate (NMDA) receptors (NMDARs) and calcineurin, it is
only the synaptic depression that requires the activity of phosphatases 1 and 2A (PP1/PP2A) (Zhu et al. 2000). Furthermore,
whereas inhibiting global actin depolymerization prevents both
spine shrinkage and synaptic depression, specifically interfering with cofilin-targeted actin depolymerization only affects
spine shrinkage (Wang et al. 2007). Most recently, the temporal
order of dephosphorylation and phosphorylation of actin depolymerizing factor (ADF)/cofilin has been shown to control !-amino-3-hydroxy-5-methylisoxazole propionic acid (AMPA) receptor trafficking and spine enlargement, respectively, after chemicalLTP induction (Gu et al. 2010). Another study also showed
evidence of dissociation between synaptic potentiation and increase in spine size controlled by the phosphorylation status of
Ca2!/calmodulin-dependent protein kinase II (CaMKII) (Pi et al.
2010).
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of dendritic spines is highly plastic and can be modified by neuronal
activity. In addition, there is evidence that spine head size correlates
with the synaptic !-amino-3-hydroxy-5-methylisoxazole propionic acid
(AMPA) receptor (AMPAR) content, which suggests that they may be
coregulated. Although there is evidence that there are overlapping
mechanisms for structural and functional plasticity, the extent of
the overlap needs further investigation. Specifically, it is unknown
whether AMPAR levels determine spine size or whether both are
regulated via parallel pathways. We studied the correlation between
spine structural plasticity and long-term synaptic plasticity following
chemical-induced long-term depression (chemLTD). In particular, we
examined whether the regulation of AMPARs, which is implicated
in LTD, is critical for spine morphological plasticity. We used
mutant mice specifically lacking the serine-845 site on the type 1
glutamate receptor (GluR1, or GluA1) subunit of AMPARs (mutants). These mice specifically lack N-methyl-D-aspartate (NMDA)
receptor (NMDAR)-dependent LTD and NMDAR activation-induced AMPAR endocytosis. We found that chemLTD causes a
rapid and persistent shrinkage in spine head volume of hippocampal CA1 pyramidal neurons in wild types similar to that reported in
other studies using low-frequency stimulation (LFS)-induced LTD.
Surprisingly, we found that although S845A mutant mice display
impaired chemLTD, the shrinkage of spine head volume occurred
to a similar magnitude to that observed in wild types. Our results
suggest that there is dissociation in the molecular mechanisms
underlying functional LTD and spine shrinkage and that GluR1S845 regulation is not necessary for spine morphological plasticity.
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MATERIALS AND METHODS

Animals. Mice expressing YFP in a subset of hippocampal neurons
were purchased from the Jackson Laboratory [YFP-2J line; Jax Mice
strain name: B6.Cg-Tg(Thy1-YFPH)2Jrs/J] and cross-bred with
GluR1-S845A mutants (C57BL6/J background; obtained from the
laboratory of Dr. R. L. Huganir, Johns Hopkins School of Medicine,
Baltimore, MD) (He et al. 2009; Lee et al. 2010; Seol et al. 2007). The
resulting F1 offspring were bred with each other to obtain WT-2J
(wild-type GluR1 and YFP transgene) and S845A-2J mice (GluR1S845A mutation and YFP transgene).
Acute hippocampal slice preparation for electrophysiology and
imaging. Hippocampal slices were prepared from 3- to 4-wk-old
WT-2J and S845A-2J mice following procedures described previously (He et al. 2009). Briefly, under deep anesthesia by halothane or
isoflurane, mice were euthanized by decapitation, and their brains
were removed quickly and transferred to ice-cold dissection buffer
containing the following (in mM): 212.7 sucrose, 2.6 KCl, 1.23
NaH2PO4, 26 NaHCO3, 10 dextrose, 3 MgCl2, and 1 CaCl2 (bubbled
with a mixture of 5% CO2 and 95% O2). A block of hippocampus was
removed and sectioned on a vibratome into 400-"m-thick slices for
field potential recording and imaging and 300-"m-thick slices for
whole cell recording. The slices were recovered for "1 h at room
temperature in artificial cerebrospinal fluid (ACSF; composition in
mM: 124 NaCl, 5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 dextrose, 1.5
MgCl2, and 2.5 CaCl2) bubbled with a mixture of 5% CO2 and 95%
O2 before all other procedures. All procedures for animal use followed
National Institutes of Health guidelines and were approved by the
University of Maryland College Park Institutional Animal Care and
Use Committee.
J Neurophysiol • VOL

Field potential recording from Schaffer collateral synapses in CA1
area. All recordings were done in a submersion-type recording chamber perfused with ACSF (29.5–30.5°C, 2 ml/min). Synaptic responses
were evoked by stimulating the Schaffer collaterals with 0.2-ms
pulses delivered through either concentric bipolar stimulating electrodes (Frederick Haer, Bowdoinham, ME) or double-barreled glass
electrodes (Sutter Instrument, Novato, CA) filled with ACSF and were
recorded extracellularly in the CA1 stratum radiatum. Baseline responses were recorded using half-maximal stimulation intensity at
0.033 Hz. To induce chemLTD, 20 "M NMDA was infused for 3 min
after at least 20 min of stable baseline.
Whole cell recording of AMPAR-mediated miniature excitatory
postsynaptic currents and evoked AMPAR currents. All whole cell
recordings were done in a submersion-type recording chamber perfused with modified ACSF (the same as the regular ACSF, except
with 2.5 mM KCl, 4 mM MgCl2, and 4 mM CaCl2 added to minimize
polysynaptic activation; 29.5–30.5°C, 2 ml/min, bubbled with 5%
CO2-95% O2). The slices were visualized using an upright microscope
(Nikon E600FN) equipped with infrared (IR) oblique illumination.
Pyramidal neurons in the CA1 area were visually identified and
patched with a glass pipette (tip resistance of 2.5–5 M#). For
recording of AMPAR-mediated miniature excitatory postsynaptic
currents (mEPSCs), the recording pipette was filled with internal
solution A (120 mM CH3O3SCs, 5 mM MgCl2, 8 mM NaCl, 10 mM
EGTA, 10 mM HEPES, 1 mM QX-314, 0.5 mM Na3GTP, and 2 mM
Mg-ATP, pH 7.25, 290 –300 mosM). In the ACSF, 1 "M TTX, 20
"M bicuculline, and 100 "M D,L-2-amino-5-phosphonovalerate
(APV) were added to isolate AMPAR-mediated mEPSCs. The membrane potential was held at $70 mV, and mEPSCs were recorded
using an Axopatch amplifier (Axon Instruments), digitized at 10 kHz
through a data acquisition board (National Instruments), and stored
using Igor Pro software (WaveMetrics). Data were analyzed using
MiniAnalysis software (Synaptosoft) with a detection threshold set at
three times the root mean square noise. mEPSCs with rise time %3
ms, as well as cells showing a negative correlation between rise time
and amplitude, were excluded because they might reflect dendritic
filtering. Average mEPSC amplitude and frequency were calculated
across groups. To measure the ratio of AMPAR (IAMPAR) to NMDAR
current (INMDAR), we added 20 "M bicuculline to the ACSF to isolate
excitatory synaptic transmission. In addition, 0.5–1 "M adenosine
was added to dampen polysynaptic responses. Double-barreled glass
electrodes filled with ACSF were used as stimulation electrodes to
activate the Schaffer collateral pathway. The neurons were held at
$60 mV to measure IAMPAR and at !40 mV for INMDAR. Only cells
with input resistance #100 M# and series resistance $25 M# with
less than 25% change during the whole recording were analyzed. The
peak amplitude of EPSCs at $60 mV (EPSC$60 mV) was used as the
magnitude of IAMPAR. INMDAR was measured as the amplitude of
EPSC!40 mV at three times the average IAMPAR (i.e., EPSC$60 mV)
decay time constant (%). APV (100 "M) was added at the end of some
experiments to verify that the INMDAR measurement was not contaminated by IAMPAR.
Immunoblot analysis. Whole hippocampus tissue were freshly
collected and sonicated in ice-cold lysis buffer with 10 U/ml protease
inhibitor aprotinin (Sigma) and 1 "M okadaic acid (Sigma). Samples
were then centrifuged at 14,000 rpm for 10 min in a cold room. The
pellets were resuspended with 1 ml of lysis buffer. The prior two steps
were repeated twice while the pellets (after final spin) were resuspended in 1& gel sample buffer [% SDS (wt/vol), 10% glycerol
(vol/vol), and 5% basal medium Eagle (vol/vol) in 0.125 M Tris (pH
6.8)]. Samples were loaded and run on 6% SDS-PAGE gels (10 –15
"g/lane). The gels were then transferred onto the polyvinylidene
difluoride membranes, which were then incubated in blocking buffer
(5% of BSA and 0.1% Tween 20 in PBS, pH 7.4) for about 1 h. Blots
were incubated with specific primary antibodies for 1–2 h at room
temperature or overnight at 4°C, washed in blocking buffer four times
for 5 min each, and incubated in corresponding secondary antibodies
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To further investigate the relationship between long-term
synaptic plasticity and spine structural plasticity, we studied
spine morphological changes after chemical LTD (chemLTD)
induction. ChemLTD shares induction and expression mechanisms similar to those of LFS-LTD (Lee et al. 1998, 2000). The
advantage of using chemLTD over the conventional electrical
stimulation-induced LTD is that, in principle, most synapses
will be depressed by the chemical stimulation. Therefore, it
maximizes the probability of detecting spine changes associated with LTD. Similar to what is reported for LFS-LTD, we
found that chemLTD induction also causes long-term (up to 1
h) spine head shrinkage without affecting the spine density. To
see whether the chemLTD-induced functional and structural
changes are related, we examined chemLTD-induced spine
plasticity in GluR1-S845A mutant mice. These mice have a
specific alanine mutation at the serine-845 residue of the
type 1 glutamate receptor (GluR1) subunit of AMPA receptors (GluA1), which prevents phosphorylation. In particular,
GluR1-S845A mutants lack LFS-LTD (Lee et al. 2010) and
show impairment of chemLTD. To observe spine structures,
we crossed the GluR1-S845A mutants with a line of transgenic mice expressing yellow fluorescent protein (YFP) in a
subset of neurons (YFP-2J line) to generate the S845A-2J
line. Surprisingly, spine head shrinkage comparable to that
seen in wild-type YFP (WT-2J) mice was observed in the
S845A-2J mice after chemLTD induction. Our results suggest dissociation between the modulation of synaptic function and spine morphology. Interestingly, S845A-2J mice
exhibited higher density of spines under basal conditions,
which correlated with alterations in basal synaptic function.
Furthermore, unlike wild types, S845A-2J mice displayed a
significant spine loss 1 h after chemLTD.
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were rinsed in PBS (4 & 5 min each) before being placed in blocking
solution [10% normal donkey serum (NDS), 0.2% Triton X-100, and
4% BSA in PBS, pH 7.4] for 1 h. Slices were then incubated in 1:100
rabbit polyclonal green fluorescent protein (GFP) primary antibody
(Santa Cruz Biotechnology) in blocking solution for 2 days at 4°C.
Afterward, slices were rinsed in PBS and incubated in 1:200 Alexa633
goat anti-rabbit IgG secondary antibody (Molecular Probes), diluted
with PBS containing 1.5% NDS for 1 h in the dark at room temperature. The slices were mounted on glass slides (precleaned; VWR)
after a final PBS rinse (4 & 5 min and 1 & 10 min). Dendritic spines
on secondary or tertiary proximal dendrites of CA1 pyramidal neurons
were imaged using a Zeiss LSM 710 confocal microscope with a
&100 oil immersion-objective lens with 1.44 NA. A white-light laser
at 488- and 633-nm wavelengths was used to excite YFP and Alexa633 (used for the GFP staining), respectively. Images were normalized across groups by half-saturating the dendrite in both channels.
The Zeiss LSM 710 software digitized and recorded z-stack images of
dendritic spines with x/y/z resolution of 0.055 & 0.055 & 0.36
"m/pixel. The images were analyzed using Volocity software (Improvision). Same sets of spines on each dendritic segment, at least 10
"m in length, were selected separately in red and green channels with
the magic wand tool (signal detection tolerance set at 35%). Spine
volumes were obtained from voxel information calculated by the
Volocity software.
RESULTS

ChemLTD causes rapid shrinkage of the spine head without
affecting the spine density of CA1 pyramidal neurons. In acute
hippocampal slices, application of 20 "M NMDA for 3 min
reliably produces LTD of Schaffer collateral inputs onto CA1
pyramidal neurons (Kameyama et al. 1998; Lee et al. 1998).
This chemical-induced LTD is ideally suited to study spine
morphological changes associated with synaptic plasticity,
compared with LFS-induced LTD, because most synapses in a
slice are likely to undergo LTD. To visualize dendritic spines,
we used transgenic mice expressing YFP in a subset of CA1
pyramidal neurons (YFP-2J line; Jackson Laboratory). The
magnitude of chemLTD elicited in 3-wk-old YFP-2J mice was
similar to that in age-matched regular wild types (WT: 73 )
6.2%, n ' 10; YFP-2J: 74 ) 10.7%, n ' 2; percentage of
baseline at 80 min post-NMDA); hence the data were averaged
together (72.70 ) 5.29% of baseline at 80 min post-NMDA,
n ' 12; Fig. 1A).
ChemLTD occludes LFS-LTD (Lee et al. 1998), suggesting
that their underlying mechanisms overlap, at least to some
degree (Kameyama et al. 1998). To understand the relationship
between LTD and spine morphology, we induced chemLTD in
acute hippocampal slices prepared from 3- to 4-wk-old YFP-2J
mice. After recovering in normal ACSF for various durations
(0, 30, and 60 min), the slices were fixed and imaged using a
confocal microscope (Fig. 1B). We found that chemLTD
induction produced a rapid and persistent shrinkage of spine
head volume (about 30% reduction after chemLTD induction; P ( 0.001; Fig. 1, C1 and C2) without altering spine
density (Fig. 1D).
Mice lacking GluR1-S845 phosphorylation have altered synaptic transmission and spine morphology. After confirming
that chemLTD causes long-term spine morphological changes
along with synaptic depression, we wanted to further test
whether both changes are regulated by the same or independent
signaling pathways. Specifically, we wanted to test the role of
GluR1-S845 dephosphorylation in spine structural plasticity,
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at room temperature for 1 h. Enhanced chemifluorescence substrate
(ECF; Amersham) was used to develop the blots after the membranes
were washed four times with blocking buffer. ECF blots were scanned
using a Versadoc 3000 gel imaging system (Bio-Rad). Alternatively,
the ECLplex system (GE Health) was used, in which the blots were
scanned on a Typhoon Trio (GE Health). The digitized fluorescence
signals were quantified.
Laser scanning confocal microscopy of fixed tissues and image
analysis. After recovery from chemLTD induction (all groups were
kept in the incubation chamber for the same amount of time), acute
hippocampal slices were placed in 4% paraformaldehyde at 4°C
overnight and transferred to sterilized 30% sucrose (in PBS, pH 7.4)
overnight before being resectioned into 40-"m slices using a freezing
microtome (Leica). The resectioned slices were collected in a cryoprotectant solution (20% sucrose and 30% ethylene glycol in sodium
phosphate buffer, pH 7.4) and kept at $20°C until use. Before
imaging, slices were rinsed in PBS, mounted on glass slides (precleaned; VWR), and air-dried in the dark. The slides were coverslipped with Prolong mounting solution (Molecular Probes) and
sealed with nail polish. Dendritic spines on secondary or tertiary
proximal dendrites of CA1 pyramidal neurons were chosen and
imaged using a Zeiss LSM 510 confocal microscope with a &100
oil-immersion objective lens with 1.44 numerical aperture (NA). A
488-nm-wavelength laser was used to excite YFP, and three-dimensional (3D) images with x/y/z resolution as 0.06 & 0.06 & 0.27
"m/pixel were digitized and recorded using Zeiss LSM 510 software.
The z-stack images of dendritic spines were used to reconstruct a 3D
image and were analyzed using Volocity software (Improvision).
Only dendritic protrusions with length $4 "m were counted as spines.
The spine density was calculated as the number of spines per 10-"m
dendritic segment.
Two-photon microcopy of dendritic spines in acute hippocampal
slices. After at least 1 h of recovery, acute hippocampal slices (300
"m thick) were transferred to the imaging chamber perfused with
ACSF. Because of the configuration of the setup, the experiment was
performed at room temperature on an Ultima IV two-photon microscope (Prairie Technologies) using 880-nm excitation wavelength.
The spines located on the secondary or tertiary dendrites of CA1
pyramidal neurons were imaged using a &40 lens (Olympus; NA 0.8).
Z-stack images were taken every 5 min during the 20- to 30-min
baseline and every 10 min after chemLTD induction. The x/y/z
resolution was either 0.029 & 0.029 & 0.3 or 0.058 & 0.058 & 0.3
"m/pixel; the resolution of images within a single experimental
session was kept constant.
Image analysis. All images were analyzed using Volocity software
(Improvision). Confocal images were analyzed mainly by manually
selecting the spines using the lasso tool (tolerance of signal detection
at 40%). The spines in two-photon images were selected using the
magic wand function of Volocity software. The tolerance of signal
detection was varied (30 –90%) to select some of the small spines for
analysis, but the detection threshold for each spine was kept constant
for all time points. The representative images shown are 3D views of
the stacked images. The spine head volume was calculated by Volocity software using the voxel (volume pixel) information. Both spine
density and spine head volume were averaged within groups and
compared between different groups using ANOVA or Student’s t-test
as appropriate. A subset of dendrites (n ' 12 dendritic segments
containing 332 spines) was subjected to “blind” analysis, and the
values displayed a high degree of correlation with those of the
“nonblind” analysis [Pearson’s correlation coefficient, r(10) ' 0.8,
P ( 0.01]. This verifies that there was no bias introduced to the image
analyses.
Immunostaining of YFP and confocal microscopy imaging. Hippocampal slices from WT-2J mice were prepared and fixed as described above. Slices were resectioned to 20-"m thickness using a
freezing microtome (Leica), collected in cryoprotectant, and stored at
$20°C until use. On the day of primary antibody incubation, slices
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because this site has been implicated in NMDAR-dependent
LTD (Kameyama et al. 1998; Lee et al. 1998, 2000, 2010) and
regulated AMPAR endocytosis (Ehlers 2000; He et al. 2009;
Lee et al. 2003; Man et al. 2007). Because the level of synaptic
AMPAR is reported to correlate with spine size (Baude et al.
1995; Harris and Stevens 1989; Lendvai et al. 2000; Matsuzaki
et al. 2001; Nusser et al. 1998), we hypothesized that in the
absence of the GluR1-S845 phosphorylation site, which prevents NMDA-induced endocytosis of AMPARs (Man et al.
2007), we would interfere with spine shrinkage following
chemLTD. To test this, we investigated chemLTD-induced
spine structural plasticity in the S845A mutant mice, which
lack LFS-induced LTD (Lee et al. 2010), likely due to destabilization of GluR1 homomers (He et al. 2009). To visualize
spine morphology, we crossed S845A mutants with YFP-2J
J Neurophysiol • VOL

transgenic mice and obtained mice with both the GluR1-S845A
mutation and the YFP transgene (S845A-2J). The production
of S845A-2J mice was confirmed by polymerase chain reactions using primers specific to GluR1-S845A mutation and the
YFP transgene (data not shown) and was further tested for
protein expression using immunoblot analysis (Fig. 2A). First,
we used the S845A-2J (mouse carrying homozygous GluR1S845A knockin mutation and a YFP transgene) to compare the
spine morphology under basal conditions with that of WT-2J
(mouse carrying wild-type GluR1 gene and a YFP transgene).
Interestingly, S845A-2J mice exhibited higher basal spine
density compared with WT-2J mice (P ( 0.007, Student’s
t-test; Fig. 2, B1 and B2), but the average spine head volume
and the distribution of spine head size were not affected
(Fig. 2B3).
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Fig. 1. Chemical long-term depression (chemLTD) induction is associated with a rapid and persistent shrinkage of spine head volume. A: chemLTD induced by
3-min infusion of 20 "M N-methyl-D-aspartate (NMDA) caused a long-lasting synaptic depression as measured by extracellular field potential (FP) recordings.
P ( 0.0005, paired t-test. B: 2 sets of representative spine images taken from control (CTL) and chemLTD-induced slices. ChemLTD-induced slices were fixed
at specified times as noted. Each projected 3-dimensional image was obtained by reconstruction of 15–30 sections taken at 0.27-"m z-axis intervals. C1: average
spine head volume was immediately reduced after chemLTD induction and persisted up to 1 h. Normalized spine head volume (normalized to the average of
control spines from each mouse) shows about 30% reduction after chemLTD induction [CTL: 99.18 ) 5.01% (0.18 ) 0.01 "m3), 578 spines from 15 dendritic
segments; 0 min post-NMDA: 73.46 ) 5.30% (0.14 ) 0.01 "m3), 568 spines from 12 dendrites; 30 min post-NMDA: 67.69 ) 4.06% (0.12 ) 0.01 "m3), 636
spines from 18 dendrites; 60 min post-NMDA: 69.32 ) 3.60% (0.13 ) 0.01 "m3), 589 spines from 12 dendrites; experiments repeated on hippocampal slices
from 3 mice]. ANOVA: F(3,59) ' 11.115, P ( 0.0001. *P ( 0.001. C2: cumulative probability curves of spine head volume for the chemLTD-induced groups
(shaded lines) are all shifted to smaller values compared with the CTL curve (solid line). P ( 0.0001, Kolmogorov-Smirnov test. D: density of spines was not
significantly altered up to 1 h post-chemLTD induction (spine number per 10-"m segment of dendrite: CTL: 14.22 ) 0.62; 0 min post-NMDA: 15.22 ) 1.06;
30 min post-NMDA: 13.55 ) 0.59; 60 min post-NMDA: 13.44 ) 0.68; n ' same as in C1).
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The change in basal spine density implies that S845A-2J
mice may have altered basal synaptic transmission. To test this,
we measured AMPAR-mediated mEPSC from both S845A
mutant (homozygote, HM) and WT mice. The average mEPSC
amplitude was larger in the S845A mutants (WT: 9.43 ) 0.34
pA, n ' 10; HM: 12.70 ) 0.64 pA, n ' 8; P ( 0.001,
Student’s t-test; Fig. 3, A1 and A3), which is consistent with
increased synaptic AMPAR levels reported previously (He et
al. 2009). However, the average mEPSC frequency, which
reflects either the presynaptic function or the number of synapses, was not different between S845A and WT mice (WT:
0.83 ) 0.12 Hz, n ' 10; HM: 0.77 ) 0.14, n ' 8; Fig. 3, A2
and A3). The higher spine density in the S845A-2J mice
predicts that the mice should have more synapses, because
each spine is expected to contain a synapse (Alvarez and
Sabatini 2007; Nimchinsky et al. 2002). Thus a lack of change
in mEPSC frequency may reflect either a reduced presynaptic
release probability or a higher proportion of silent synapses in
the S845A-2J mice. We tested the first possibility by measuring the paired-pulse facilitation (PPF) ratio, which is sensitive
to changes in presynaptic release probability (Manabe et al.
1993). We found no difference in the PPF ratio (measured
using a 50-ms interstimulus interval) between wild types and
S845A mutants (WT: 1.84 ) 0.05, n ' 14; HM: 1.84 ) 0.11,
n ' 14; Fig. 3B), suggestive of normal presynaptic neurotransmitter release. Therefore, we tested whether the S845A mutation leads to a higher proportion of silent synapses, which are
not activated by spontaneous glutamate release because they
lack functional AMPARs. Silent synapses often contain functional NMDARs, hence observed as a reduction in IAMPAR/
INMDAR (Busetto et al. 2008; Hsia et al. 1998). However, we
J Neurophysiol • VOL

found similar IAMPAR/INMDAR values between wild types and
S845A mutants (WT: 3.37 ) 0.45, n ' 12; HM: 2.82 ) 0.32,
n ' 11; P % 0.3; Fig. 3C). Together with the increase in
AMPAR mEPSC amplitude, this suggests that the NMDAR
response may be enhanced proportionally to the increased
AMPAR current. The strengthening of NMDAR synaptic
transmission is further supported by an increase in the level of
synaptic NR1, an obligatory subunit of NMDAR, in isolated
postsynaptic density (PSD) of S845A mutant mice (WT: 100 )
4.21%, n ' 10; HM: 159.82 ) 26.75, n ' 11; P ' 0.05,
Student’s t-test; Fig. 3D), which was not accompanied by a
general increase in the total NR1 expression (WT: 100 )
6.92%, n ' 8; HM: 100.68 ) 11.67, n ' 9; Fig. 3D).
ChemLTD causes shrinkage of spines and a reduction of
spine density in CA1 pyramidal neurons of S845A-2J mice.
LTD is associated with dephosphorylation of GluR1-S845 (Lee
et al. 2000, 2003), which is linked to AMPAR internalization
(Ehlers 2000). If AMPAR internalization is critical for driving
spine shrinkage, we expected that the absence of GluR1-S845
site would prevent this. To test this hypothesis, we induced
chemLTD in the S845A-2J mouse hippocampus. In line with
the proposed role of GluR1-S845 dephosphorylation in LTD
(Kameyama et al. 1998; Lee et al. 2000, 2003), S845A mice
showed a significant reduction in the magnitude of chemLTD
[87.53 ) 4.44% of baseline at 80 min after the onset of chemLTD, n ' 12: data from S845A (87 ) 6.3%, n ' 8) and S845A-2J
mice (89 ) 6.3%, n ' 4) were pooled together; Fig. 4A] compared
with WT mice (P ( 0.05 when the last 10 min of recording are
compared between S845A and WT mice, Student’s t-test).
However, chemLTD produced a significant reduction in spine
head volume in S845A-2J mice, which was indistinguishable
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Fig. 2. S845A mutants display higher spine density but similar spine head volume compared with wild types (WT). A: generation of S845A-2J mice.
Representative immunoblots were probed with phosphorylation site-specific antibody against the serine-845 site on type 1 glutamate receptor (GluR1-S845; top
blot), GluR1-specific antibody (middle blot), and antibody against green fluorescent protein (GFP), which is known to cross-react with yellow fluorescent protein
(YFP; bottom blot). S845A and YFP-2J mice were crossed to produce F1s (S845A!/$;YFP!/$). Hippocampal samples were obtained from the F2 offspring
resulting from the F1 crosses. As expected from a Mendelian inheritance, we obtained 4 types of F2s: WT (carrying WT GluR1 but not the YFP transgene),
WT-2J (carrying WT GluR1 and the YFP transgene), S845A-2J (carrying GluR1-S845A and the YFP transgene), and S845A (carrying GluR1-S845A but not
YFP). B1: 2 sets of representative spine images from WT-2J and S845A-2J mice. B2: S845A-2J mice had higher spine density than WT-2J mice (spine number
per 10-"m dendritic segment: WT-2J: 14.22 ) 0.62, 578 spines from 15 dendritic segments, 3 mice; S845A-2J: 17.57 ) 0.94, 1,038 spines from 18 dendritic
segments, 3 mice). *P ( 0.007, Student’s t-test. B3: neither the average spine head volume (left; WT-2J: 0.18 ) 0.01 "m3; S845A-2J: 0.19 ) 0.01 "m3) nor
the distribution of spine head volume (right) was different between WT-2J and S845A-2J mice [small ((0.3 "m3): WT-2J: 66.27 ) 3.05%; S845A-2J: 67.65 ) 2.35%;
medium (#0.3 and (0.6 "m3): WT-2J: 32.40 ) 3.00%; S845A-2J, 28.31 ) 2.02%; large (#0.6 "m3): WT-2J: 1.23 ) 0.49%; S845A-2J: 3.96 ) 0.97%]. Two-way
ANOVA, P ' 0.4.
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in magnitude with that in WT-2J (P % 0.5, ANOVA; Fig. 4, B,
C1, and C2). These results suggest that there is likely dissociation between the functional and the morphological alterations
after chemLTD. In particular, GluR1-S845 is involved in the
functional depression of synaptic transmission but not necessary for the spine structural plasticity associated with
chemLTD.
In contrast to WT-2J, the spine density of CA1 pyramidal
neurons in S845A-2J mice was reduced "20% at 1 h after
chemLTD induction (P ( 0.02 between the control and 60-min
groups, Fisher’s protected least significant difference following
ANOVA; Fig. 4D). Interestingly, because the spine density
was higher in the S845A-2J mice under basal conditions, the
spine density 1 h after chemLTD was comparable to that seen
in WT-2J mice (data not shown; WT-2J: 100 ) 3.32%, average
across all conditions, n ' 63; S845A-2J: 101.57 ) 6.26%, n '
19, normalized to WT-2J; P ' 0.83).
Shrinkage of individual spines after chemLTD induction in
both WT-2J and S845A-2J mice. Laser confocal microscopy
provides high-resolution images in thin tissue sections and
allows analysis of a large population of spines from a single
slice preparation. However, we can only compare the average
effects across different slices for each experimental condition,
because the slices need to be fixed before being imaged. To better
determine the spine changes over time, we used two-photon
microscopy on living hippocampal slices. Although there are
disadvantages to using a two-photon microscope (e.g., a lower
resolution than confocal microscopy and can only monitor a small
J Neurophysiol • VOL

number of synapses), a great advantage of this method is that it
allows us to track individual spines in real time. We imaged a
small segment of dendrite (average length ' 10.76 ) 0.90 "m,
n ' 13 dendrites from 8 mice), and z-stacked images (25–35
sections at 0.3-"m z-interval) of the dendritic segment were
taken at 5-min intervals during the baseline period and at
10-min intervals after chemLTD induction. Only the spines
that were stable for the 15- to 30-min baseline period and
were constantly visible during the whole experiment were
used for data analysis (on average, 6 spines were analyzed
per dendritic segment). Similar to what we found using
confocal microscopy of fixed tissues, chemLTD induced a
rapid and persistent shrinkage of spine head volume in both
WT-2J (57.51 ) 4.27% of baseline, averaged across all
spines analyzed from images taken between 45 and 85 min
post-NMDA, 25 spines from 4 dendrites, 3 mice; Fig. 5A)
and S845A-2J mice (68.68 ) 5.76% of baseline, average
across all spines analyzed from images taken between 45
and 85 min post-NMDA, 29 spines from 5 dendrites, 3 mice;
Fig. 5B). The shrinkage of spine head volume depended on
the activation of NMDARs, because it was completely
abolished when chemLTD was induced in the presence of
the NMDAR antagonist APV (WT-2J: 95.1 ) 7.5% of
baseline, average across all spines analyzed from images
taken between 45 and 85 min post-NMDA, 27 spines from
4 dendrites, 2 mice; Fig. 6A). Because of the small number
of spines imaged, we did not analyze the spine density.
However, we did observe a few spines disappearing during the
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Fig. 3. S845A mutants have larger !-amino-3-hydroxy-5-methylisoxazole propionic acid (AMPA) receptor (AMPAR)-mediated miniature excitatory postsynaptic currents (mEPSCs). A1: cumulative probability curve of mEPSC amplitude of S845A homozygous (HM) mice was shifted to the right compared to WT.
P ( 0.0001, Kolmogorov-Smirnov test. Inset: average AMPAR mEPSC amplitude was significantly larger in S845A HM. *P ( 0.01, Student’s t-test.
A2: average frequency of AMPAR mEPSCs was normal in S845A HM. A3, top: average mEPSC traces from WT and HM. Scale bars, 10 ms and 3 pA. Bottom,
representative recordings (5-s traces) from WT and S845A HM. B: presynaptic release probability was normal in S845A HM as measured by paired-pulse
facilitation (PPF) ratio (slope of second FP/slope of first FP). Top: representative traces. Paired-pulse stimulation was given at 50-ms interstimulus interval (ISI).
Scale bars, 1 mV and 10 ms. C: AMPAR current-to-NMDA receptor current ratios (IAMPARINMDAR) were not different between WT and S845A HM. Top:
superimposed EPSC traces recorded at $60 mV (solid trace, IAMPAR) and at !40 mV in the absence (solid trace, compound EPSC of IAMPAR and INMDAR) or
presence of 100 "M D,L-2-amino-5-phosphonovalerate (APV; shaded trace, IAMPAR only). Scale bars, 20 pA and 20 ms. D: S845A mutants displayed an increase
in the level of NMDAR subunit NR1 at the postsynaptic densities (left; P ' 0.05, Student’s t-test) but not in the total homogenates (right).
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Fig. 4. ChemLTD induction causes spine morphological changes in S845A-2J mice. A: NMDA (20 "M, 3 min) application produced synaptic depression in S845A-2J
mice (filled circles; P ( 0.02 with 2-tailed paired t-test of averages of 10-min baseline before chemLTD and the last 10 min of recording), which was significantly less
(P ( 0.05, t-test) than that observed in WT (open circles: data duplicated from Fig. 1A for comparison). B: 2 sets of representative spine images taken from CTL and
chemLTD slices of S845A-2J. Slices were fixed at specified times after NMDA application. C1: chemLTD induction triggered a rapid spine shrinkage that lasted up
to 1 h [CTL: 100 ) 4.88% (0.19 ) 0.01 "m3), 1,038 spines from 18 dendritic segments; 0 min post-NMDA: 68.70 ) 4.02% (0.13 ) 0.01 "m3), 849 spines from 18
dendrites; 30 min post-NMDA: 72.85 ) 4.80% (0.14 ) 0.01 "m3), 642 spines from 17 dendrites; 60 min post-NMDA: 78.13 ) 4.94% (0.14 ) 0.01 "m3), 749 spines
from 19 dendrite; data from 3 mice]. ANOVA: F(3,68) ' 8.632, *P ( 0.0001. C2: cumulative probability curves of spine head volume in chemLTD groups (shaded
lines) were all shifted to the left of CTL (solid line). D: spine density in S845A-2J mice was significantly reduced 1 h after chemLTD induction [spine number per 10-"m
segment of dendrite: CTL: 100 ) 8.17% (17.57 ) 0.94); 0 min post-NMDA: 101.56 ) 8.85% (17.88 ) 1.00); 30 min post-NMDA: 93.36 ) 13.12% (15.79 ) 0.94);
60 min post-NMDA: 79.52 ) 6.80% (14.22 ) 0.88)]. ANOVA: F(3, 68) ' 3.354, P ' 0.024. *P ( 0.02, Fisher’s protected least significant difference post hoc test.

course of our experiments (1 from WT-2J, 3 from S845A-2J). The
spine loss may not necessarily correlate with chemLTD induction,
because it may reflect a basal turnover of spines. It was also
common for the small spines to disappear transiently immediately
following chemLTD induction, due to either temporary elimination or a transient large reduction in spine volume below the
detection threshold. By monitoring individual spines along the
experiment, we also observed that the persistent spine shrinkage is
not a global phenomenon, because a few spines almost completely
recovered the head volume by the end of the imaging session (2
of 25 spines from WT-2J; 5 of 29 spines from S845A-2J).
J Neurophysiol • VOL

DISCUSSION

In the present study, we found that chemLTD induction causes
a rapid and long-lasting spine head shrinkage, but no change in
spine density, of the CA1 pyramidal neurons. GluR1 S845 dephosphorylation, which is critical for homosynaptic LTD (Lee et
al. 2000, 2003, 2010; Seol et al. 2007), is also important for
chemLTD expression, because S845A mutant mice have significantly reduced chemLTD. Interestingly, S845A mutant mice
display chemLTD-induced changes in spine head volume
similar to those of wild types in both time course and
magnitude, indicating dissociation of the signaling cascades
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Fig. 5. Rapid shrinkage of individual spines following chemLTD induction
observed by 2-photon time-lapse imaging of live slices from both WT-2J and
S845A-2J mice. A1: representative spine images from WT-2J mice before and
after NMDA (20 "M, 3 min) application at indicated time points. Arrows point
to the spines that were stable for at least 15 min before chemLTD induction
and used for data analysis. A2: chemLTD induction led to about 40% reduction
in average spine head volume in WT-2J mice. B1: representative spine images
from S845A-2J mice. Arrows point to spines that were stable for at least 15
min during baseline observation and used for data analysis. B2: chemLTD
induction led to about 40% reduction in average spine head size in S845A-2J
mice.

between the functional synaptic depression and spine morphological changes.
Spine structural plasticity associated with chemLTD induction.
ChemLTD induced by a brief treatment of NMDA is a form of
synaptic plasticity that shares similar induction and expression
mechanisms with LFS-induced homosynaptic LTD (Kameyama
et al. 1998; Lee et al. 1998). A major advantage of using the
chemLTD protocol is that the majority of synapses is exposed to
the NMDA treatment and undergoes LTD. Therefore, it maximizes the chance of observing spine changes associated with LTD
induction. By imaging a large population of spines using confocal
microscopy on fixed tissues, we found that the average head
volume of spines that receive input from CA3 axons (spines on
the proximal two-thirds of the secondary or tertiary apical dendrites of CA1 pyramidal neurons) is significantly reduced after
chemLTD induction (Fig. 1C). This reduction can last as long as
1 h and is not likely an artifact of longer incubation in vitro
(Johnson and Ouimet 2004), because all slices were maintained in
vitro for the same duration after dissection. The spine shrinkage is
not likely due to diminution of YFP signal caused by a reduction
in the internal pH with NMDA application (Zhan et al. 1997),
because we observed similar spine head volume changes when we
detected YFP using an anti-GFP antibody (Fig. 6, B1 and B2).
The observed reduction in spine head volume with chemLTD is
consistent with previous studies of LFS-induced LTD, which also
causes rapid and persistent spine head shrinkage (Wang et al.
2007; Zhou et al. 2004). However, unlike the LFS-induced LTD
in the cultured hippocampal slice (Nagerl et al. 2004), we did not
observe significant changes in the spine density up to 1 h (Fig.
1D), indicating that the turnover rate of spines in 3- to 4-wk-old
mice is not affected by chemLTD induction. This is in line with
another study in which LFS-LTD failed to cause a reduction in
spine density in acute hippocampal slices (Zhou et al. 2004). The
reduction in spine head size after chemLTD was further confirmed
by monitoring individual spines with time-lapsed two-photon
microscopy (Fig. 5A). Interestingly, not every spine exhibited
long-lasting shrinkage; we found that a few spines completely
recovered within 1 h. In addition, we occasionally found spines to
retract and disappear during the course of our experiment, which
was not correlated with chemLTD induction. Together with the
lack of a change in average spine density from fixed tissues, this
suggests that the hippocampal CA1 pyramidal neurons in 3- to
4-wk-old mice may have transient spines that are not regulated by
synaptic activity.
S845A mutation impairs chemLTD induction and alters
synaptic transmission. GluR1-S845 is a substrate of PKA
(Roche et al. 1996) and is thought to play a role in synaptic
plasticity (Lee 2006). In particular, both LFS-LTD and chemLTD are associated with a prolonged dephosphorylation of this
site (Kameyama et al. 1998; Lee et al. 1998, 2000) and the
removal of functional GluR1 homomers (He et al. 2009).
Preventing S845 dephosphorylation by PKA activation inhibits
the induction of LFS-LTD (Kameyama et al. 1998), and S845A
mutant mice lack LFS-LTD (Lee et al. 2010), which is at least
partly due to the loss of perisynaptic GluR1 homomers (He et
al. 2009). Consistent with the role of S845 dephosphorylation
in LTD, we found that S845A mutant mice (as well as S845A2J) display a significant reduction in chemLTD (about 46%
reduction in magnitude compared with WT; Fig. 4A). The
residual synaptic depression in the S845A mutants may be
mediated by endocytosis of synaptic GluR2/GluR3 complexes
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(Holman and Henley 2007). Interestingly, the lack of S845
phosphorylation not only impaired chemLTD induction but
also altered basal synaptic transmission. The S845A mutants
display larger AMPAR-mediated mEPSC amplitude (Fig. 3A),
which is in agreement with increased GluR2 content at synapses (He et al. 2009). These results suggest that S845A
mutants may express more synaptic AMPARs to compensate
for the loss of functional GluR1 homomers, which have a
higher single-channel conductance than the GluR2-containing
AMPARs (Swanson et al. 1997).

ChemLTD induction causes loss of spines in S845A-2J mice.
In addition to the normal spine head shrinkage, chemLTD induction also caused a loss of spines in S845A-2J mice (Fig. 4D).
Interestingly, chemLTD reduced the spine density of S845A-2J
mice to levels comparable to those seen under basal conditions in
WT-2J mice. The higher basal spine density in S845A-2J mice
could be due to several factors. Because the higher basal spine
density was not correlated with changes in mEPSC frequency, we
surmise that the additional spines are functionally silent and lack
synaptic AMPARs. However, we did not see a disproportional
increase in NMDAR function, which is normally used as a
signature of silent synapses. It may be that the NMDAR level per
spine is not different between S845A and WT, but S845A have
increased AMPAR content at nonsilent synapses. Alternatively, it
may be that S845A mice express more AMPAR and NMDAR per
spine, but some of the spines are presynaptically silent and lack a
functional bouton. In any case, we surmise that the population of
spines that is lost in S845A mutants following chemLTD may be
the additional silent synapses. This is consistent with the
Fig. 6. Spine morphological changes after chemLTD induction depend on
NMDAR activation and were verified using immunohistochemical staining of
YFP. A1: representative spine images from WT-2J slices treated with 100 "M
APV before and after NMDA (20 "M, 3 min) application at indicated time
points. A2: in the presence of 100 "M APV, spine head volume did not change
with chemLTD induction. B1: representative confocal images of WT-2J dendritic spines in CTL slices and chemLTD-induced slices (60 min). Top: green
channel shows YFP signal. Middle: red channel (magenta) shows immunohistochemical labeling of YFP using an anti-GFP antibody (Alexa633-linked 2nd
antibody). Bottom: overlay between the 2 channels (overlap of green and
magenta is shown as white). B2: a similar level of spine shrinkage was
observed 60 min after chemLTD induction in both green (YFP: CTL: 0.16 )
0.01 "m3; 60 min post-NMDA: 0.13 ) 0.01 "m3; P ( 0.05, Student’s t-test)
and red channels (anti-GFP labeling: CTL: 0.18 ) 0.02 "m3; 60 min postNMDA: 0.13 ) 0.01 "m3; P ( 0.02, Student’s t-test). CTL: 225 spines from
16 dendritic segments; 60 min post-NMDA: 175 spines from 16 dendritic
segments.
J Neurophysiol • VOL
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Fig. 7. Proposed signaling cascades for synaptic plasticity and spine structural
plasticity after chemLTD induction. ChemLTD induction requires the activation of NMDARs, which recruit protein phosphatases (PPases, such as PP2B)
and PLC. These 2 signaling pathways lead to long-term synaptic depression
and spine head shrinkage. Dephosphorylation of GluR1-S845 is involved in
synaptic depression but not in structural changes of dendritic spines. The
residual chemLTD in S845A mutants may be PLC mediated and/or GluR2
dependent.
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However, our data cannot rule out the possibility that endocytosis of GluR2/GluR3 AMPARs, which may be responsible for
the residual synaptic depression in S845A-2J mice, is sufficient
to account for the normal spine shrinkage. Indeed, GluR2mediated AMPAR endocytosis is found to be necessary and
sufficient to drive spine loss (Hsieh et al. 2006). Because
LFS-induced LTD is completely absent in the S845A mice
(Lee et al. 2010), further study is needed to examine spine
morphological changes using this protocol.
Combining our results with those from previous studies (Horne
and Dell’Acqua 2007; Kameyama et al. 1998; Wang et al. 2007;
Zhou et al. 2004), we propose that the signaling pathways for
synaptic depression and spine shrinkage following chemLTD
induction are only partially shared (Fig. 7). NMDAR activation
increases the activity of protein phosphatases and phospholipase C (PLC), leading to both synaptic depression and spine
shrinkage. PLC activation is required for both spine structural
changes and AMPAR endocytosis after chemLTD induction
(Horne and Dell’Acqua 2007) and is required for LTD expression (Horne and Dell’Acqua 2007; Lee et al. 2005; ReyesHarde and Stanton 1998). Protein phosphatases, such as calcineurin, dephosphorylate downstream molecules like cofilin
(Zhou et al. 2004) and act in parallel with PLC (Horne and
Dell’Acqua 2007) to destabilize F-actin, leading to spine
shrinkage. Protein phosphatases are also implicated to dephosphorylate GluR1-S845 (Kameyama et al. 1998; Lee et al.
2000), leading to endocytosis of GluR1-containing AMPARs
(Ehlers 2000). However, this signaling pathway is specific to
functional depression, and not morphological plasticity.
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