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Cellular/Molecular

Glutamate Receptor Exocytosis and Spine Enlargement
during Chemically Induced Long-Term Potentiation
Charles D. Kopec,* Bo Li,* Wei Wei, Jannic Boehm, and Roberto Malinow
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

The changes in synaptic morphology and receptor content that underlie neural plasticity are poorly understood. Here, we use a pHsensitive green fluorescent protein to tag recombinant glutamate receptors and monitor their dynamics onto dendritic spine surfaces. We
show that chemically induced long-term potentiation (chemLTP) drives robust exocytosis of AMPA receptors. In contrast, the same
stimulus produces a small reduction of NMDA receptors from the spine surface. chemLTP produces similar modification of small and
large spines. Interestingly, during chemLTP induction, spines increase in volume before accumulation of AMPA receptors on their
surface, indicating that distinct mechanisms underlie changes in morphology and receptor content.
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Introduction
Excitatory synapses are generally placed on dendritic spines
(Harris and Kater, 1994) and contain AMPA and NMDA-type
glutamate receptors (GluRs) (Takumi et al., 1999; Racca et al.,
2000). Glutamate receptors are tetrameric ligand-gated ion channels composed of different subunits (Mayer and Armstrong,
2004). In adult hippocampus, pyramidal neuron synapses contain AMPA receptors (AMPARs) composed of GluR1 and GluR2
or GluR2 and GluR3 (Wenthold et al., 1996). Synaptic NMDA
receptors (NMDARs) contain NR1 and NR2A or NR2B subunits
(Monyer et al., 1994; Sheng et al., 1994). The rapid movement of
transmembrane proteins on and off the surface of neuronal and
non-neuronal cells by exocytosis or endocytosis, respectively, has
been appreciated for a number of years (Burgess and Kelly, 1987).
It is only recently that such rapid processes have been examined
for the trafficking of AMPARs and NMDARs (Malinow and
Malenka, 2002; Sheng and Kim, 2002; Song and Huganir, 2002;
Bredt and Nicoll, 2003; Collingridge et al., 2004).
Excitatory synapses display activity-dependent changes in
their strength. These phenomena have attracted much attention,
because such modifications are likely to underlie learning and
memory. One form of cellular plasticity, long-term potentiation
(LTP) (Bliss and Lomo, 1973), a rapid enhancement of transmission after a brief period of high synaptic activity, has provided
insight into plastic events that are driven by experience (Lisman,
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2003; Morris et al., 2003; Tonegawa et al., 2003). Although much
is known, the cellular and molecular mechanisms responsible for
LTP are not fully understood (Malinow and Malenka, 2002;
Sheng and Kim, 2002; Song and Huganir, 2002; Bredt and Nicoll,
2003; Johnston et al., 2003; Collingridge et al., 2004).
In general, during LTP induction, NMDARs are activated,
allowing calcium entry that triggers signaling pathways (Sheng
and Kim, 2002). These events lead to synaptic incorporation of
AMPARs (Malinow and Malenka, 2002), which produces enhanced transmission. NMDARs can also be rapidly regulated after being activated, which may affect subsequent plasticity (Carroll and Zukin, 2002; Collingridge et al., 2004; Quinlan et al.,
2004). In addition to effects on glutamate receptor dynamics,
LTP can produce structural changes leading to increased number
and size of dendritic spines (Engert and Bonhoeffer, 1999;
Maletic-Savatic et al., 1999; Matsuzaki et al., 2004). Despite these
advances, the spatiotemporal dynamic relationships among
AMPARs, NMDARs, and spines during plasticity are not well
understood. For instance, although exocytosis appears required
for LTP (Lledo et al., 1998; Park et al., 2004), does exocytosis of
AMPA receptors occur during LTP? Are structural changes in
spines temporally linked to the surface appearance of AMPA receptors? Is trafficking of NMDA receptors linked to LTP? A number of similar questions that address key mechanisms during LTP
have remained unresolved.
Here, we approach these issues by making use of recent advances in imaging technology. We use dual channel time-lapse
two-photon laser-scanning microscopy (TPLSM) to monitor
trafficking of glutamate receptors and neuronal morphology simultaneously. Until now, real-time measurements of receptor
exocytosis onto the surface of neurons have not been possible.
Recently, green fluorescent protein (GFP) variants have been
generated that display strong pH-dependent fluorescence (ecliptic pHluorins) (Miesenbock and Rothman, 1998). These molecules have been used to study vesicle trafficking in presynaptic
terminals (Sankaranarayanan et al., 2000; Gandhi, 2003) and
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postsynaptic receptor endocytosis (Ashby et al., 2004). The large
pH shift experienced by proteins within the synaptic vesicles during exocytosis is translated into a large increase in absolute fluorescence (Sankaranarayanan et al., 2000). Here, we used a similar
strategy to monitor exocytosis and surface dynamics of AMPA
and NMDA receptor subtypes in organotypic hippocampal slices
after a chemically induced form of LTP (chemLTP) (Otmakhov
et al., 2004). With coexpression of a cytoplasmic marker, we captured dynamics of dendritic spines and exocytosis of receptors
simultaneously.
We show that chemLTP rapidly enhances spine size with subsequent surface incorporation of GluR1 AMPA receptors. During chemLTP, GluR1 receptors increase on spine surfaces with no
significant net change on the nearby dendrite. GluR2 receptors
increase moderately and transiently on the spine surface. NMDA
receptors show either a small decrease (NR2B) or no change
(NR2A). The increase in spine volume produced by chemLTP is
similar in small and large spines and independent of initial NR2A
or NR2B content. These results identify multiple spatiotemporal
processes that orchestrate the generation of LTP.

Materials and Methods
Plasmid construction. The super-ecliptic pHluorin (SEP) coding sequence (G. Miesenbock, personal communication) was inserted three
amino acids downstream of the predicted signal peptide cleavage site of
the corresponding AMPAR subunit, after amino acid 26 in NR2A, after
amino acid 31 in NR2B. The resultant product was inserted into the
mammalian expression vector pCI (Promega, Madison, WI) to generate
pCI-SEP-GluR1, pCI-SEP-GluR2, pCI-SEP-NR2A, and pCI-SEP-NR2B.
To create NR2 mutants that permit transmission at ⫺60 mV, the N ⫹ 1
site asparagine (N596) of NR2A or equivalent site asparagine of NR2B
was mutated to glutamine (Q) by standard PCR method (Wollmuth et
al., 1998). The red fluorescent protein (tDimer dsRed), a fast maturing
obligate dimer version of dsRed (provided by R. Tsien, University of
California San Diego, La Jolla, CA), was inserted into pCI.
Slice culture and transfection. Organotypic hippocampal slices were
prepared from postnatal day 6 or 7 animals (Stoppini et al., 1991), transfected after 17–20 d in culture, and imaged 2–3 d after transfection.
Coexpression of two constructs was achieved using biolistics transfection
(Arnold et al., 1994).
Two-photon laser-scanning microscopy and chemLTP induction. Experiments were performed at 30°C in physiological artificial CSF (ACSF) (in
mM: 119 NaCl, 26 NaHCO3, 1 NaH2PO4, 11 D-glucose, 2.5 KCl, 4 CaCl2,
4 MgCl2, and 1.25 NaHPO4) gassed with 5% CO2 and 95% O2. The
chemLTP induction solution consisted of the above ACSF lacking MgCl2
and containing 100 nM Rolipram, 50 M forskolin, and 100 M picrotoxin (all dissolved in DMSO at 1000⫻). When indicated, both basal and
induction ACSF were supplemented with 100 M DL-APV. Before
TPLSM imaging, transfected CA1 pyramidal neurons were identified by
epifluorescence illumination. A standard region encompassing the initial
bifurcation of the CA1 neuron was chosen for data acquisition. Highresolution three-dimensional image stacks were collected on a custombuilt instrument based on a Fluoview laser-scanning microscope (Olympus America, Melville, NY). The light source was a mode-locked Ti:
sapphire laser (Mira 900F; Mira, Santa Clara, CA) running at 910 nm. We
used a LUMPlanFl/IR 40⫻ 0.80 numerical aperture objective. Each optical section was resampled three times and was captured every 0.5 m
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material). Two full stacks were captured (at ⫺30 and ⫺10 min) before
chemLTP induction. One stack was captured during the 16 min induction at ⫹5 min and two after induction at ⫹40 and ⫹70 min. During the
chemLTP induction, 10 ml of the induction solution was allowed to flow
through before recycling to prevent mixing of the solutions. After the 16
min induction, 10 ml of the basal solution was allowed to flow through
before recycling.
Image display. All images displayed in the manuscript are data from
two to three consecutive stacks displayed using a maximum value pro-
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jection. At any given x-y coordinate, the maximum pixel value in that
Z-column is displayed in the two-dimensional image. Ratio images are
displayed for two-channel data (green/red; i.e., receptor/volume) and
mapped in pseudocolor with red representing a high ratio and blue a low
ratio. Image analysis was conducted on raw data using full Z-stacks as
discussed below.
Acid quenching in dissociated neurons. Dissociated neuronal cultures
were prepared as described previously (Li et al., 2003). Cells were plated
at ⬃300 cells/mm 2 and cultured for 7 d followed by infection with SEPGluR2 expressing Sindbis virus and allowed to express for 36 h. Imaging
was performed as described above, except only a single optical plane was
captured every 15 s for 5 min. Three baseline images were taken in ACSF,
pH 7.4, followed by exposure to pH 5.5 ACSF [sodium bicarbonate replaced in equimolar amount with membrane impermeable acid (MES)].
Basal ACSF, pH 7.4, was then washed back through, for the remainder of
the experiment. The “before” data were the average of the first two images, and the “after” data were the average of the last two images. Puncta
were identified as bright spots, whereas dendrites were defined as the
uniform fluorescent structures between puncta.
Immunofluorescence. Living slices with cells expressing SEP or enhanced GFP (eGFP)-GluR2 (both amino-terminally tagged) were imaged as described above. Slices were immediately fixed in 4% paraformaldehyde for 60 min at 4°C and washed three times with PBS for 20 min.
The slices were then incubated in blocking solution (10% donor horse
serum in PBS) for 1 h at room temperature. The fixed slices were then
incubated in mouse monoclonal anti-GFP antibody (Roche Products,
Welwyn Garden City, UK) at 2 ng/ml in blocking solution overnight at
4°C, followed by three 20 min washes with PBS at room temperature. The
slices were then incubated in biotinylated goat anti-mouse IgG secondary
antibody (Vector Laboratories, Burlingame, CA) at 2 ng/l for 2 h at
room temperature, followed by incubation in Texas Red Avidin (Vector
Laboratories) at 15 ng/l for 2 h in the dark at room temperature. The
same dendritic regions previously imaged were identified using branch
landmarks and reimaged to capture the fixed green (receptor) and red
(anti-GFP, surface receptor) signals. This anti-GFP antibody can also
recognize SEP.
Electrophysiology. In experiments to test the effect of chemLTP on
amplitude of transmission, slices were prepared as described above, and
a glass field recording electrode (resistance, 0.5–1.5 M⍀) filled with
ACSF was inserted into the cell body layer of the CA1 region. Synaptic
transmission was evoked using a two-contact Pt/Ir cluster electrode
(Frederick Haer, Bowdoinham, ME) stimulating electrode placed ⬃300
m down the apical dendrite and displaced horizontally 200 m. Test
pulses were delivered every 30 s. During the 16 min chemLTP induction
and 20 min after, no test pulses were delivered. In these slices, no cut was
made at the CA2 region, because bursting during chemLTP induction is
required (Otmakhov et al., 2004).
To monitor synaptic delivery of recombinant GluR1, slices were infected with a Sindbis virus expressing eGFP-GluR1 (Shi et al., 2001).
Twenty-four to 36 h after infection, chemLTP was induced for 16 min in
a perfusion chamber. After wash of the chemLTP solution, slices were
transferred to a chamber under a dissecting microscope and cut in the
CA2 region to prevent subsequent stimulus-evoked bursting. Slices were
moved to the recording chamber. Bath solution (27 ⫾ 1.5°C) in the
recording chamber contained the following (in mM): 119 NaCl, 2.5 KCl,
4 CaCl2, 4 MgCl2, 26 NaHCO3, 1 NaH2PO4, 11 glucose, and 0.1 picrotoxin, pH 7.4, and gassed with 5% CO2/95% O2. TTX (1 nM) was included to prevent bursting. Patch recording pipettes (3–5 M⍀) contained the following (in mM): 115 cesium methanesulfonate, 20 CsCl, 10
HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 sodium phosphocreatine,
0.6 EGTA, and 0.1 spermine, pH 7.25. Whole-cell recordings were obtained with Axopatch-1D amplifiers (Molecular Devices, Foster City,
CA). Evoked EPSC amplitudes were recorded at ⫺60 and ⫹40 mV from
alternating infected and uninfected cells. Recordings were made within a
period of 20 min to 2 h after chemLTP induction. Rectification is defined
as the ratio of current at ⫺60/⫹40 mV (Shi et al., 2001).
Conventional LTP was induced by pairing postsynaptic depolarization
at 0 mV with presynaptic stimulation at 3 Hz for 1.5 min.
To monitor spontaneous activity during chemLTP induction, cell-
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attached recordings were obtained from organotypic slices (with no cut
at CA2 region) at 30°C using the Cs-based pipette solution described
above. Pairs of CA3 and CA1 pyramidal neurons were sampled in
current-clamp mode at 1 kHz. Continuous recordings spanned a 5 min
baseline followed by the 16 min chemLTP induction and a 10 min period
immediately after chemLTP induction.
Quantitative image analysis. Spines were analyzed using custom software written in MatLab. All analyses were conducted blind to the receptor being expressed. For each experiment, projection images of 40 – 60
consecutive z-series sections were generated for each time point. Spines
were identified using the tDimer channel, and rectangular regions of
interest (ROIs) were manually positioned to fully cover each spine. All
spines identified in the first time point were followed for all of the subsequent time images, and thus the choice was blind with respect to the
outcome. Individual spines were numbered and followed in a time-lapse
recording. When the identity of a protrusion was unclear (for instance,
two spines appear as one), the specific spine was not included in the
analysis. In addition, no effort was made to analyze spines emerging
below or above the dendrite, because the TPLSM resolution of these is
compromised. It is also possible that many small structures were not
detected, although point spread function-limited structures were observed. Dendrite ROIs were placed at the base of each spine centered on
the dendrite with approximately the same area as the corresponding
spine ROI. Total integrated fluorescence (in arbitrary units) for both
green and red channels were computed for each section in a stack. Background and spillover (from the other channel) fluorescence were subtracted to generate a background and spillover subtracted integrated
fluorescence value for each channel as a function of depth. The potential
effects of Forster resonance energy transfer (FRET) between SEP and
tDimer were not compensated given the highly unlikely occurrence of
FRET across a membrane between nonlinked fluorophores.
Z-boundaries were defined by the full-width at half-maximum of the
tDimer channel (X and Y boundaries defined by the ROI). Red and green
fluorescence was then integrated within these boundaries (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material). For
dendrite ROIs, the mean pixel fluorescence (rather than integrated fluorescence) was taken within these boundaries to negate any effect that
alterations in the size of the ROI would have. Only pixels that were ⬎3
SDs above background were included in the average. Significance was
determined by bootstrap and t test of data after chemLTP induction
versus baseline.
Enrichment of receptors on spines is defined as (spine green/spine red
fluorescence)/(dendrite green/dendrite red fluorescence). This technique is used as a relative not absolute means of determining enrichment.
Data from each group were plotted as a cumulative distribution; significant differences were determined by a Kolmogorov–Smirnov test. For all
chemLTP experiments, the fluorescence of each ROI was normalized to
the fluorescence of that ROI at the ⫺10 min time point. All ROIs for
every cell in a given condition were averaged for each time point. Statistical significance for time-lapse images of spines was determined by bootstrap and t test. Fold change (receptor or volume) was determined by
averaging the values after chemLTP induction and dividing by the average of the values before chemLTP induction. This was done individually
for each ROI. For absolute volume change, each spine volume was normalized by the average of all spines imaged on that cell. The difference
was taken between the mean after and mean before induction for each
individual spine.
For autocorrelation and Fourier analysis, data were first arrayed as the
ROIs appear in linear order along the dendrite. The autocorrelation value
for each branch was calculated at relative distances 1–5. A distance of 1
corresponds to neighboring spines, whereas a distance of 2 corresponds
to every second spine and so on. This was then compared with the value
obtained by averaging the result of 10,000 random shuffles of the data
order. Only an original value either 3 SDs above or below the random
shuffle result was considered significant. For the Fourier analysis, the
data were arrayed as described above, and power versus frequency spectra were generated for each variable tested for each branch. Peaks were
considered significant if they were ⬎3 SDs above background.

Figure 1. Super ecliptic pHluorin functions to specifically mark surface receptors. a, b, Dissociated hippocampal cultures were infected with Sindbis virus expressing SEP-GluR2 and imaged using two-photon laser-scanning microscopy. Cells were perfused with pH 7.4 ACSF followed by a brief exposure to pH 5.5 and then returned to pH 7.4. a, Representative image of a
dendrite and puncta before, during, and after exposure. Images are a single Z-section. b, Quantification of puncta and dendrite intensities before, during, and after exposure normalized to
baseline. n ⫽ 3 cells, 30 puncta, and 30 dendritic regions. Scale bar, 5 m. c–f, Organotypic
hippocampal CA1 pyramidal cells expressing fluorescent-tagged GluR2 were imaged. The same
cells were imaged live, after fixation (nonpermeabilizing conditions), and after immunostained
with surface anti-GFP, as indicated. c, Cell expressing SEP-tagged GluR2. d, Cell expressing
eGFP-tagged GluR2. e, f, Bar graph of the mean ratio of spine-integrated fluorescence to dendrite mean fluorescence calculated for spine and dendrite box pairs for neurons in several
conditions. e, Spine/dendrite for cells expressing SEP-GluR2 (n ⫽ 80 spines; 3 cells). f, Spine/
dendrite for cells expressing eGFP-GluR2 (n ⫽ 47 spines; 3 cells). Scale bar, 1 m. Error bars
represent SEM.

Results
pH-sensitive GFP to tag surface receptors
To monitor surface dynamics of glutamate receptors, we tagged
receptor subunits on the N terminus with a pH-sensitive form of
GFP (SEP) (Miesenbock and Rothman, 1998) (G. Miesenbock,
personal communication). The resulting receptor should display
fluorescence when on the surface membrane (which exposes SEP
to neutral environment) and should be mostly nonfluorescent
when trapped in intracellular compartments (which have lower
pH) (Anderson et al., 1984). Thus, unlike an eGFP-tagged receptor, an SEP-tagged receptor should capture the exocytosis of the
receptor from intracellular compartment onto the surface.
To test whether such a strategy is valid, we first expressed
SEP-GluR2 in dissociated hippocampal neurons using Sindbis
virus. Previous electrophysiological experiments indicate that
this molecule is readily delivered and incorporated onto the surface of synapses (Shi et al., 2001). To determine the surface fraction of SEP-GluR2 fluorescence, we rapidly and reversibly acidified the extracellular solution using a membrane impermeable
acid to quench only surface fluorescence (Fig. 1a,b). During brief
exposure to acid, 94.6 ⫾ 0.9% of fluorescence on puncta and
87.4 ⫾ 2.1% of fluorescence on dendrites was reversibly
quenched (Fig. 1b). This indicates that most of the SEP fluorescence is derived from surface receptors.
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dendritic anatomy, we coexpressed T1dimer dsRed (Campbell et al., 2002), a
protein that shows distribution in dendrites and spines similar to that of eGFP
(Fig. 2b) and can be optically separated
from SEP. Spatial distribution of SEPtagged receptor signal, displayed in a manner that is normalized for volume (pixelwise green/red fluorescence displayed in
pseudocolor; see Materials and Methods),
is shown in Figure 2a. The signal for all
receptors was greater at the edges of
dendrites, indicating that primarily recombinant surface receptors displayed
fluorescence.
To compare the relative amounts of receptor on spines for the different receptor
subtypes, we calculated a spine enrichment value (volume normalized receptor
fluorescence on spine divided by volume
Figure 2. Spine enrichment of SEP-tagged receptors is different for each receptor subtype. Spine and dendrite integrated normalized receptor fluorescence on unfluorescence collected from CA1 pyramidal cells expressing tDimer dsRed along with SEP-tagged GluR1, GluR2, NR2A, or NR2B. derlying dendrite; see Materials and MethEnrichment is the ratio of spine green/red fluorescence to dendrite green/red fluorescence. a, Ratio images (green/red) of cells ods). This measure is chosen to permit
expressing tDimer dsRed and indicated SEP-tagged receptor. Blue depicts low receptor density, and red depicts high density. b, comparisons independent of expression
Cumulative distribution of enrichment for spines expressing tDimer dsRed along with the indicated SEP-tagged receptor. GFP, n ⫽ levels (supplemental Fig. 3, available at
188 spines, five cells; GFP-GluR1, n ⫽ 136 spines, six cells; GFP-GluR2, n ⫽ 122 spines, five cells; SEP-GluR1, n ⫽ 200 spines, three www.jneurosci.org as supplemental matecells; SEP-GluR2, n ⫽ 175 spines, three cells; SEP-NR2A, n ⫽ 220 spines, seven cells; SEP-NR2B, n ⫽ 204 spines, five cells. Scale rial), although it is sensitive to changes in
bar, 1 m.
spine size and dendritic diameter (because
normalization is by spine volume and
We next wanted to determine whether SEP fluorescence from
dendrite size). The enrichment of the SEP signal at spines was
CA1 neurons in organotypic hippocampal slice cultures was also
different for the four glutamate receptors (Fig. 2b). No difference
primarily from surface receptors. For this experiment, we could
was
seen in spine size among cells expressing SEP-GluR1, SEPnot use acid quenching, because the time required for bathNR2A, and SEP-NR2B, indicating that these receptors display
applied acid to permeate a slice was too long. We therefore dedifferent trafficking under basal conditions. Expression of SEPcided to use surface antibody labeling of recombinant receptors
GluR2 did reduce spine size by 15% (Passafaro et al., 2003),
and measure the correlation between the fluorescence pattern of
which can only partially explain the 40% difference in enrichthe antibody and the recombinant receptor.
ment between SEP-GluR1 and SEP-GluR2. No difference was
Neurons expressing SEP-GluR2 via biolistic delivery (see Maseen in dendritic diameter between cells expressing any of the
terials and Methods) displayed greater fluorescence on the edges
above SEP-tagged receptors. These results indicate that surface
of large dendrites compared with their center (Fig. 1c), as exAMPARs and NMDARs are enriched on spines to varying depected if SEP-GluR2 fluorescence originated from tagged recepgrees depending on the receptor subunit composition.
tors on the dendritic surface. This pattern was not seen in neurons expressing GluR2 amino-terminally tagged with eGFP
LTP induction using a global protocol
(eGFP-GluR2) (Fig. 1d) and indicates a reserve of recombinant
We wanted to determine whether LTP produced exocytosis or
AMPARs in intracellular compartments, consistent with a signifendocytosis or lateral movement of receptors on the surface of
icant number of intracellular endogenous receptors (Petralia and
spines and dendrites. Standard LTP, induced by electrical stimuWenthold, 1992; Baude et al., 1995; Shi et al., 1999; Park et al.,
lation of afferent fibers, is not optimally suited to optical studies,
2004). Images obtained from the same neurons after fixation,
because it is difficult to stimulate reliably a large number of fibers
which collapses the pH gradient, showed a similar fluorescence
that terminate onto the synapses in the field of view. We thus
pattern for SEP-GluR2 and eGFP-GluR2. Thus, the difference in
induced LTP by bath application of a solution that favors activalive tissue was attributable to the pH of the endosomal system and
tion of NMDARs and globally drives neuronal cells to burst (Otnot localization differences caused by the fluorophore. We also
makhov et al., 2004). Simultaneous cell-attached patch recordimmunostained the same neurons for GFP under nonpermeabiings from CA1 and CA3 neurons indicated that application of
lizing conditions. We used a Texas Red-linked secondary antiLTP induction solution rapidly produced synchronous bursting
body. (Fig 1c,d). In this case, the distribution of Texas Red fluo(⬃1 Hz) of all neurons in the slice (Fig. 3a). Because in organorescence, a marker of surface recombinant GluR2, appeared like
typic
slices each synapse originates from a presynaptic cell body
the live SEP fluorescence and unlike eGFP fluorescence (Fig.
in the slice, this result indicates that each synapse observed during
1e,f ). We conclude that SEP can be used to mark surface-labeled
imaging is likely to receive burst activation during this protocol.
receptors.
We initially confirmed that this chemically induced form of LTP
Receptor subtypes display distinct surface
enhanced evoked synaptic transmission (Fig. 3a). We also
distribution patterns
showed, using electrophysiological tagging methods (Hayashi et
We next examined the distribution of SEP-tagged receptors on
al., 2000), that chemLTP drove recombinant GluR1 into synapses
dendritic spines and nearby dendritic segments. To demarcate
(Fig. 3b). And last, we showed that chemLTP led to increased
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Figure 3. chemLTP mimics tetanus-induced LTP. a, chemLTP (cLTP) drives global bursting
and enhances synaptic transmission. Top, Fifteen second periods from simultaneous cellattached paired recording of a CA1 and CA3 pyramidal neuron before, during, and after chemLTP induction. Six of six paired recordings showed simultaneous activity. Bottom, Field potential recording of evoked synaptic transmission in organotypic hippocampal slice cultures of the
CA1 region cell body layer. LTP-inducing solution was applied for 16 min as denoted by the black
bar. Field potential amplitudes are plotted for slices exposed to LTP-inducing solution ⫾ APV
(⫺APV, n ⫽ 7; ⫹APV, n ⫽ 4; p ⬍ 0.01). The period of time from 0 to 40 min is not included
because of population spikes that prevented accurate measurement of synaptic response. For
⫹APV recordings, APV was present throughout the entire recording period. b, chemLTP drives
recombinant GluR1 into synapses. CA1 pyramidal cells infected with Sindbis virus expressing
eGFP-GluR1. Evoked EPSC amplitudes were recorded at ⫹40 and ⫺60 mV after 20 min of
recovery after chemLTP induction. Rectification denotes the ratio of current (⫺60/⫹40 mV;
GluR1, n ⫽ 15; control, n ⫽ 15; p ⫽ 0.01). c, d, chemLTP (cLTP) drives spine growth. c, CA1
hippocampal pyramidal neurons expressing tDimer dsRed and SEP-GluR1 (green channel not
shown) via biolistic transfection. Images taken at ⫺30 min and ⫹40 min relative to the induction of chemLTP either ⫾APV are shown. Scale bar, 1 m. d, Mean integrated spine red
fluorescence from cells in c. The black bar denotes chemLTP induction. *p ⬍ 0.01 compared
with baseline values. ⫺APV, n ⫽ 200 spines, three cells; ⫹APV, n ⫽ 181 spines, three cells.
Error bars represent SEM.

spine size (Fig. 3c,d). These properties of chemLTP were blocked
by APV (Fig. 3). These results complement those conducted by
others (Otmakhov et al., 2004) and show that chemLTP displays
key features of standard electrically induced LTP (Lisman, 2003).
LTP induces GluR1 exocytosis
We next examined the effect of chemLTP on surface dynamics of
recombinant AMPARs and NMDARs while also monitoring
morphological changes in spines. To monitor surface AMPARs,
we measured the SEP fluorescence; for morphological changes,
we measured the T1-dimer signal. Signals were integrated over
multiple image stacks that fully captured structures (supplemental Fig. 1, available at www.jneurosci.org as supplemental material) (see Materials and Methods). First, to directly test for exocytosis, we calculated the total integrated SEP-GluR1
fluorescence from the entire dendrite and all attached spines in
the image window (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material) before and after
chemLTP. Here, we observed an 18 ⫾ 13% (n ⫽ 4 neurons; p ⫽
0.034) increase in fluorescence after chemLTP, indicating that
intracellular organelles containing GluR1 receptors undergo exocytosis. This increase could not be the result of lateral diffusion
from outside the image window, because we should have imaged
the stretch of dendrite outside the image window with equal likelihood. Next, we analyzed spine and dendrite compartments separately to detect where GluR1 was accumulating on the neuronal
surface (supplemental Fig. 1a, available at www.jneurosci.org as
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Figure 4. chemLTP drives SEP-GluR1 and SEP-GluR2 onto dendritic spines. a– c, CA1 pyramidal cells expressing tDimer dsRed and SEP-GluR1. a, Ratio images (green receptor/red volume) at ⫺30 and ⫹40 min relative to chemLTP induction. b, Integrated red (volume) and
green (receptor) fluorescence for spines and dendrites (n ⫽ 200 spines, 3 cells). Each region of
interest is normalized to its value at the ⫺10 min time point. The black bar denotes chemLTP
(cLTP) induction. *p ⬍ 0.01 relative to baseline. c, Spine integrated receptor and volume during
chemLTP (cLTP) induction imaged every 2 min. n ⫽ 144 spines, four cells. Dendrite receptor ⫾
chemLTP-inducing drugs (⫹chemLTP, n ⫽ 144 regions, 4 cells; ⫺chemLTP, n ⫽ 34 regions, 5
cells). Values normalized as in b. d, e, Cells expressing tDimer dsRed and SEP-GluR2. d, Ratio
images (green receptor/red volume) at ⫺30 and ⫹40 min relative to chemLTP induction. e,
Integrated red (volume) and green (receptor) fluorescence for spines and dendrites (n ⫽ 175
spines; 3 cells) normalized as in b. *p ⬍ 0.01. Scale bar, 1 m. Error bars represent SEM.

supplemental material). Within 5 min after the initiation of
chemLTP, the volume of spines and the SEP-GluR1 signal on
spines increased (Fig. 4a,b). The enhanced spine SEP-GluR1 signal was long-lasting (81 ⫾ 7.6% increase at 70 min after induction, the last time point examined). The chemLTP-induced increase in spine SEP-GluR1 was blocked by APV (data not shown).
We observed little change (⫺4 ⫾ 10%) in net dendritic signal
(entire dendrite tiled with ROIs for analysis) (supplemental Fig.
2, available at www.jneurosci.org as supplemental material), suggesting no significant net shift of receptors from dendritic surface
to spine surface (Fig. 4b). We also analyzed the dendritic edge
between spines (supplemental Fig. 1c, available at www.jneurosci.org as supplemental material). Here, again, we observed no
significant net shift in SEP-GluR1 fluorescence during chemLTP
(⫹5 ⫾ 8%; n ⫽ 3 neurons; 164 ROIs). Nevertheless, a small
amount of lateral movement from dendrite to spines could be
missed, because the dendrite contained more surface SEP-GluR1
(integrated dendritic SEP-GluR1/integrated spine SEP-GluR1 ⫽
3.35) (supplemental Fig. 2, available at www.jneurosci.org as supplemental material). Although the exact site of exocytosis cannot
be determined, we conclude that exocytosis of GluR1 occurs during chemLTP and that the net effect is a long-lasting increase in
spine surface receptor content.
Spine enlargement precedes the majority of GluR1 exocytosis
To examine the dynamics of SEP-GluR1 trafficking and morphological changes more closely, we conducted a faster acquisition

Kopec et al. • Glutamate Receptor Exocytosis and Spine Enlargement

J. Neurosci., February 15, 2006 • 26(7):2000 –2009 • 2005

series. Image stacks were obtained every 2 min after the start of
the chemLTP protocol. The increase in spine volume obtained its
maximum by the first image (i.e., the difference between spine
volume at 2 min was not significantly different from the value at
6 min; 2 min, 1.70 ⫾ 0.067; 6 min, 1.69 ⫾ 0.073; p ⫽ 0.80).
However, the SEP-GluR1 signal gradually increased on spines
over the first 6 min. The value at 2 min was significantly less than
the value at 6 min (2 min, 1.33 ⫾ 0.05; 6 min, 1.78 ⫾ 0.09; p ⬍
0.001) (Fig. 4c). This temporal dissociation indicates that distinct
mechanisms control spine enlargement and receptor incorporation into spine surface.
In these faster acquisition experiments, we noted a transient
small decrease in dendritic SEP-GluR1 signal below spines, but
this change was not statistically different from a similar drop
observed in time series in which no chemLTP stimulus was delivered. The decrease in dendritic signal is likely attributable to
bleaching associated with more rapid imaging (Fig. 4c). These
results argue against the possibility that the increase in spine SEPGluR1 is a result of a net shift of receptor from dendrite surface to
spine surface. However, we cannot rule out the possibility that
movement of GluR1 from dendritic surface to spine surface is
balanced by movement from intracellular stores to the dendritic
surface.
GluR2 displays spine surface incorporation during LTP
To determine whether GluR2 displayed a similar exocytosis phenotype to GluR1, we examined the effect of chemLTP on the
dynamics of SEP-GluR2. First, we performed combined spine
dendrite analysis (same as that for SEP-GluR1 in supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
Here, we saw no net increase in SEP-GluR2 fluorescence indicating no net exocytosis (⫺13.9 ⫾ 5%). After induction of chemLTP, however, SEP-GluR2 fluorescence did increase at spines to a
degree that was significantly smaller than the increase in spine
volume (Fig. 4d,e) (31 ⫾ 3.6% for SEP-GluR2 vs 58.9 ⫾ 4.9 for
T1-dimer; p ⬍ 0.001). By the last time point (100 min after initiation of chemLTP), the increase in spine SEP-GluR2 signal had
fallen to ⬃20% above baseline values. At all time points, the
chemLTP-induced increase in SEP-GluR2 was significantly less
than that of SEP-GluR1 ( p ⬍ 0.01 for all time points).
Little NMDA receptor trafficking during LTP
The trafficking of NMDA receptors after LTP is not clear, although recent studies suggest that they can rapidly move in response to activity (Carroll and Zukin, 2002; Collingridge et al.,
2004; Perez-Otano and Ehlers, 2004). To elucidate this issue,
NMDA receptors were monitored after chemLTP in neurons expressing SEP-NR2B or SEP-NR2A. Expression of recombinant
NR2A or NR2B subunits alone sufficed for synapse incorporation as determined using electrophysiological tagging techniques
(Barria and Malinow, 2002) (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). Because NR1 is an
obligate subunit in functional NMDARs, we infer that the recombinant NR2 subunits heteromerize with endogenous NR1, which
is known to be in excess in hippocampal neurons (Huh and
Wenthold, 1999), permitting the tagged receptors to concentrate
at synapses. After induction of chemLTP, neither receptor
showed large changes, despite the increase in spine volume. SEPNR2B spine fluorescence decreased steadily after chemLTP induction reaching a 23% reduction by 70 min ( p ⬍ 0.001) (Fig.
5a,b). SEP-NR2A showed no significant changes (Fig. 5d,e). Control experiments showed that expression of SEP-NR2A at 18 –20
d in vitro permitted normal levels of electrophysiologically mea-

Figure 5. chemLTP removes spine SEP-NR2B but not SEP-NR2A. a– c, Cells expressing
tDimer dsRed and SEP-NR2B. a, Ratio images (green receptor/red volume) at ⫺30 and ⫹40
min relative to chemLTP induction. b, Integrated red (volume) and green (receptor) fluorescence for spines (n ⫽ 204 spines; 5 cells) normalized as in Figure 4. *p ⬍ 0.01. c, Initial spine
NR2B density verses spine ⌬ volume as in c. Scale bar, 1 m. d–f, CA1 pyramidal cells expressing tDimer dsRed and SEP-NR2A. d, Ratio images (green receptor/red volume) at ⫺30 and
⫹40 min relative to chemLTP induction. e, Integrated red (volume) and green (receptor) fluorescence for spines (n ⫽ 220 spines; 7 cells). Normalization is as in Figure 4. The black bar
denotes chemLTP induction. *p ⬍ 0.01. f, Initial spine NR2A density (mean green baseline
⫺30 and ⫺10 min/mean red baseline ⫺30 and ⫺10 min) verses spine ⌬ volume [mean red
after (⫹5, ⫹40, and ⫹70 min) ⫺ mean red before (⫺30 and ⫺10 min)]. cLTP, chemLTP.
Error bars represent SEM.

sured LTP (supplemental Fig. 5, available at www.jneurosci.org
as supplemental material). Because there was an increase in spine
volume and no increase in NR2A or NR2B, their density on
spines decreased.
Receptor subtypes display distinct trafficking during LTP
In Figure 6, we compare the effect of chemLTP on the different
receptor subunits. For each spine, we calculated the fractional
change in fluorescence after chemLTP by taking the average signal of all time points after chemLTP and dividing by the average
signal of all time points before chemLTP. Cumulative distributions are displayed, showing that significant heterogeneity exists
among spines for the dynamics of a given glutamate receptor.
Despite this heterogeneity, each of the four subunits demonstrated significantly different effects: GluR1 showed the largest
increase; GluR2 showed a modest increase; NR2A showed no net
change; and NR2B showed a modest decrease. The spine morphological changes during chemLTP were statistically indistinguishable between cells expressing the four receptor subtypes,
suggesting that overexpression of subunits did not have a detectable impact on their physiology. The different behaviors after
chemLTP among the different subunits further support the view
that distinct mechanisms control the dynamics of each receptor.
In particular, the dynamics of receptors cannot be explained by a
mechanism in which receptors passively follow changes in surface area.
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inant frequency for any variable measured (supplemental Table
1, available at www.jneurosci.org as supplemental material). We
thus conclude that with our methods of stimulation and recordings, we could detect neither positive nor negative local correlations. This means that for any measure of spine enlargement or
receptor accumulation, distant spines were as likely as nearby
spines to show similar enhanced values. Our findings are consistent with the view that spines behave as autonomous units (Zador
et al., 1990; Matsuzaki et al., 2004).

Discussion

Figure 6. Changes in spine receptor and spine volume during chemLTP. a, Cumulative frequency distribution for spine ⌬ receptor for cells expressing SEP-tagged GluR1, GluR2, NR2A,
and NR2B. ⌬ Receptor defined as spine-integrated green (mean of fluorescence at ⫹5, ⫹40,
and ⫹70 min values)/spine-integrated green (mean of fluorescence at ⫺30 and ⫺10 min). All
time points relative to chemLTP induction are shown. b, Cumulative frequency distribution for
spine ⌬ volume. Analysis is as in a using spine red fluorescence. cLTP, chemLTP.

Spine enlargement is not correlated with initial spine state
By examining individual spines undergoing a global LTP stimulus, we were able to address two outstanding issues in the field.
First, we focused on the relationship between initial size or initial
receptor content and the subsequent amount of enlargement. For
instance, one may expect that spines that contain more NMDA
receptors would show more enlargement. However, we saw no
significant relationship between recombinant NMDAR density
(Fig. 5c,f ) or content (data not shown) and subsequent enlargement for a given spine. Furthermore, small spines and large
spines demonstrated the same absolute increase in volume (Fig.
7a,b) or receptor content (data not shown). We note that the
fractional enlargement was larger for small spines, as reported
previously (Fig. 7c) (Matsuzaki et al., 2004), but we believe this is
only because a fixed increase will produce a larger fractional
change in small spines.
Spines enlarge as autonomous units not correlated
with neighbors
Next, we determined whether the changes in spines demonstrated regional correlations (or anticorrelations). We calculated
autocorrelation values for changes in spine volume as a function
of position along sections of dendrites. Autocorrelation functions
for all variables measured (change in volume, SEP-GluR1, SEPGluR2, SEP-NR2A, and SEP-NR2B) showed no significant positive or negative local autocorrelation (see Materials and Methods), suggesting no regional effects. A similar analysis using
Fourier transformations showed no statistically significant dom-

In this study, we examined structural modifications as well as
glutamate receptor surface dynamics after plasticity-inducing
stimuli. There has been debate regarding the magnitude and time
course of structural changes during LTP (Desmond and Levy,
1983; Hosokawa et al., 1995; Sorra and Harris, 1998; Engert and
Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni et al., 1999;
Ostroff et al., 2002; Lang et al., 2004; Matsuzaki et al., 2004; Okamoto et al., 2004). Here, we briefly drive bursting of endogenous
synaptic activity in organotypic hippocampal slices to produce
synaptic enhancement that mimics LTP (Otmakhov et al., 2004).
This protocol produced an increase in spine size that was rapid
and persistent. Some studies using electrical stimulation of axons
to produce LTP have found slower (Engert and Bonhoeffer, 1999;
Maletic-Savatic et al., 1999) or transient (Lang et al., 2004) increases in spine size. It may be that driving neurons to exhibit
endogenous bursting patterns (Lisman, 1997) produces more robust effects. Using one chemical-induction protocol, investigators failed to detect changes in spine size (Hosokawa et al., 1995),
perhaps because their labeling and imaging methods were not
sufficiently sensitive, or because their electrical stimulation during the chemical treatment lead to potentiation of a subset of
synapses.
Although the LTP protocol in this study uses epileptiform
bursting to potentiate synapses, it differs significantly from seizure protocols. First, seizure protocols invariably induce subsequent persistent spontaneous bursting (Traub and Wong, 1982).
In contrast, after removal of the chemLTP solution, we never
observed spontaneous bursting. Second, some seizure protocols
are only partially sensitive to APV (Morgan and Teyler, 2001),
whereas the effects of chemLTP are completely sensitive to APV.
Third, many seizure protocols result in little immediate spine
changes followed later by spine loss (Nevander et al., 1985; Jiang
et al., 1998; Swann et al., 2000; Mizrahi et al., 2004; Rensing et al.,
2005; Wong, 2005). Here, we show rapid and persistent increases
in spine size. Third, some epilepsy studies have observed dendritic beading and neuronal death, none of which we observed
(Nevander et al., 1985; Swann et al., 2000; Wong, 2005). Finally,
chemLTP drives GluR1 into synapses, as seen with pairinginduced LTP (Hayashi et al., 2000) and experience-driven plasticity (Takahashi et al., 2003; Rumpel et al., 2005). Together,
although this chemLTP protocol uses endogenous epileptiform
bursting to potentiate synapses, which may be at the strong end of
the LTP-induction spectrum, its resulting LTP shares features of
LTP induced by standard protocols and displays substantial differences to standard seizure models.
To test for exocytosis of glutamate receptors, we used SEP, a
pH-sensitive form of GFP introduced by Miesenbock and Rothman (1998). SEP undergoes a nearly 30-fold increase in fluorescence when it moves from pH 5.5 to 7.4. Such a pH and fluorescence gradient is expected between receptors residing in late
endosomes in the dendrite (Park et al., 2004), which display low
pH (Anderson et al., 1984), and the surface membrane. A similar
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volume and that occur before the receptor
appears at the surface. Subsequently, receptors are delivered to the surface by fusion events (Park et al., 2004). It is possible
that the cargo of this fused membrane
provides receptors as well as proteins that
stabilize the actin-induced structural
growth.
After chemLTP, we see a net increase in
SEP-GluR1 signal in regions containing
dendritic segments and spines. This demonstrates that exocytosis of SEP-GluR1
occurs. We examined the potential movement of SEP-GluR1 from dendritic surface to spine surface, a process suggested
in one model of LTP (Bredt and Nicoll,
2003). With slow (every 5 min) or fast (every 2 min) time resolution, we fail to see a
decrease in dendritic SEP-GluR1 that
matches the increased signal in the spine.
It is possible that a movement of SEPGluR1 from dendrite surface to spine surface is compensated, in a quantitatively
undetectable manner, by delivery of SEPGluR1 to the dendritic surface. We also
performed auto correlation, variance, and
Fourier analysis on the dendrite in an attempt to detect a chemLTP-induced shift
of GluR1 on the dendritic surface. No consistent shift was found by any test (supplemental Table 1, available at www.jneurosci.org as supplemental material). Our
Figure 7. Spine enhancement is independent of initial spine size. a, Example images of small, medium, and large spines before results indicate that vesicles containing
and after chemLTP induction. Scale bar, 1 m. b, Spine absolute ⌬ volume for all cells during chemLTP, normalized as in a. GluR1 receptors undergo exocytosis and
Absolute ⌬ volume ⫽ (mean of volume at ⫹5, ⫹40, and ⫹70 min) ⫺ (mean of volume at ⫺30 and ⫺10 min). c, Spine fold reach spines within minutes, although the
⌬ volume for all cells during chemLTP. Each spine is normalized by mean initial volume for each cell. Fold ⌬ volume ⫽ (mean of exact site of exocytosis and the path from
fluorescence at ⫹5, ⫹40, and ⫹70 min)/(mean of fluorescence at ⫺30 and ⫺10 min). No data from cells expressing SEP-GluR2 intracellular sites to spine remain to be
were used in this analysis, because spines on those cells had a slightly reduced basal volume. n ⫽ 15 cells. d, Model of volume determined.
increase before receptor exocytosis during chemLTP. Error bars represent SEM.
Previous studies have stressed the importance of GluR1 in LTP (Zamanillo et
strategy has recently been used to monitor endocytosis of GluR2
al., 1999; Hayashi et al., 2000) with no apparent requirement for
(Ashby et al., 2004). Here, we show that SEP, fused to the N
GluR2 (Jia et al., 1996; Shi et al., 2001). Here, we find that chemterminus of glutamate receptors, can selectively mark the surface
LTP increases SEP-GluR2 content on spines, suggesting a previpool on spines and dendrites. After expression of individual gluously unappreciated contribution of this receptor to LTP. Howtamate receptor subunits tagged with SEP, they can be clearly
ever, the SEP-GluR2 increase is considerably less than that
demonstrated on dendritic spines. The accumulation on spines is
observed for SEP-GluR1. Furthermore, the SEP-GluR2 signal at
different for the different receptors with SEP-NR2A ⬎ SEPspines may be perisynaptic and not synaptic, or it may represent
NR2B ⬎ SEP-GluR2 ⬎ SEP-GluR1. The differential accumulaa fraction of SEP-GluR2 that generates heteromeric receptors
tion in spines indicates different mechanisms controlling their
with endogenous GluR1 and therefore moves into synapses as
localization. This is consistent with the view that the cytoplasmic
GluR1 (Passafaro et al., 2001; Shi et al., 2001). We note that by
termini of receptors, which differ for these four receptors, control
100 min after chemLTP induction, the SEP-GluR2 signal is altheir localization by interacting with different scaffolding
most back to baseline levels. It will be interesting to monitor
proteins.
SEP-GluR2 for longer periods, perhaps days, at which point one
We find that within 2 min, chemLTP induces stable structural
may expect to see increased SEP-GluR2 in spines as it exchanges
enlargement of spines. In contrast, surface SEP-GluR1 appears
for GluR1 at LTP-driven “slots” (Malinow and Malenka, 2002).
slower, peaking at ⬃6 min. This temporal disparity suggests disA number of electrophysiological studies have examined the
tinct cellular mechanisms underlying the two processes. For inincrease in AMPA- and NMDA-mediated components of transstance, if vesicular delivery of receptors into spines were responmission after LTP. In general, an increase in AMPA-mediated
sible for the increased volume, then the volume and receptor
transmission was detected, which strongly supports a postsynapsignal would be expected to match temporally. We suggest that
tic modification in transmission after LTP (Kauer et al., 1988;
after LTP induction, there are events, likely mediated by rapid
Muller et al., 1988). Here, we find a large increase in surface
actin rearrangement (Fischer et al., 1998; Fukazawa et al., 2003;
AMPAR with no increase in surface NMDAR content on spines,
Okamoto et al., 2004) that are responsible for the increased spine
providing independent support for the electrophysiological ob-
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servations. NR2B content decreases after chemLTP. Thus, as with
longer stimuli, such as 2 h of visual experience (Quinlan et al.,
1999) or learning (Quinlan et al., 2004), acute stimuli can lead to
rapid reduction in NR2B surface content. Reduction of NR2B at
synapses may decrease subsequent plasticity (Quinlan et al., 2004;
Barria and Malinow, 2005).
Recent studies have examined interactions between nearby
spines during plasticity (Fonseca et al., 2004; Matsuzaki et al.,
2004). In this study, we deliver a global stimulus and examine the
behavior of a large number of spines that cover dendritic segments ⬃70 –100 m in length. We considered two possible scenarios. In one case, potentiation may occur regionally, if there
were some synergy between nearby spines. Alternatively, one may
expect that nearby spines compete for “potentiation” molecules
(Fonseca et al., 2004), in which case there may be anticorrelation
between spines or regions. We performed autocorrelation analyses by examining the potential correlation between spines at different distances and saw no significant positive or negative correlation. We also performed a Fourier analysis in an attempt to
detect any global patterns in the enlargement. No signal above a
random distribution was found. This may indicate that spines act
as independent units (Zador et al., 1990; Matsuzaki et al., 2004)
or that we are not able to detect interspine interactions with this
experimental paradigm, in which spines along the dendrite were
activated more homogeneously.
We also examined whether the level of potentiation (as measured by surface AMPA receptors or spine size) depends on the
initial value of any of the optical parameters measured. When
normalized to initial size, we confirm that small spines show
larger fractional increases than large spines (Matsuzaki et al.,
2004). However, if measured as an absolute increase (in volume
or AMPARs), we find that the potentiation does not depend on
the initial value: small spines and large spines provide similar
amounts of increase. One possible interpretation is that the magnitude of LTP is determined by the AMPA receptor load of intracellular membrane, and that this load is independent of spine
size. Interestingly, the level of spine enlargement was also not
correlated to recombinant NMDAR content. This observation
may reflect the possibility that our stimulus protocol is sufficiently suprathreshold to drive a maximal modification of spines.
We conclude that the modification of spines can be independent
of their initial size and NMDAR content.
In conclusion (see model in Fig. 7), we find that LTP induces
a rapid structural increase that is followed within minutes by
spine surface accumulation of AMPA receptors. Spine surface
incorporation of GluR1 occurs by exocytosis from intracellular
sites, although the path remains to be identified. Spine surface
delivery of GluR2 is less than GluR1 and decays. NR2A content
changes little, whereas NR2B content decreases. With chemLTP,
spines behave autonomously: potentiation levels are independent of initial spine size, receptor content, or location relative to
neighbors. These results demonstrate multiple distinct mechanisms during LTP, controlling spine structural changes as well as
trafficking of different glutamate receptors.
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