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Spine Expansion and Stabilization Associated with Long-
Term Potentiation

Yunlei Yang,'* Xiao-bin Wang,'* Matthew Frerking,? and Qiang Zhou'
'Department of Neurology, Mount Sinai School of Medicine, New York, New York 10029, and 2Neurological Science Institute, Oregon Health & Science
University, Portland, Oregon 97006

Stable expression of long-term synaptic plasticity is critical for the developmental refinement of neural circuits and for some forms of
learning and memory. Although structural remodeling of dendritic spines is associated with the stable expression of long-term potenti-
ation (LTP), the relationship between structural and physiological plasticity remains unclear. To define whether these two processes are
related or distinct, we simultaneously monitored EPSPs and dendritic spines, using combined patch-clamp recording and two-photon
time-lapse imaging in the same CA1 pyramidal neurons in acute hippocampal slices. We found that theta burst stimulation paired with
postsynaptic spiking, which reliably induced LTP, also induced a rapid and persistent expansion of dendritic spines. Like LTP, this
expansion was NMDA receptor dependent. Spine expansion occurred even when LTP was inhibited by postsynaptic inhibition of exocy-
tosis or PKA (protein kinase A); however, under these conditions, the spine expansion was unstable and collapsed spontaneously.
Furthermore, similar changes in LTP and spine expansion were observed when hippocampal neurons were treated with protein synthesis
inhibitors. Like LTP, spine expansion was reversed by low-frequency stimulation (LFS) via a phosphatase-dependent mechanism, but
only if the LFS was applied in a critical time window after induction. These results indicate that the initial expression of LTP and spine
expansion is dissociable, but there is a high degree of mechanistic overlap between the stabilization of structural plasticity and LTP.
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Introduction
Activity-induced modification of neuronal connections is essen-
tial for the development of the nervous system and may also
underlie learning and memory functions of the mature brain.
With the induction of long-term potentiation (LTP), there is an
increase in the number and/or the activity of AMPA receptors
(AMPARs) underlying synaptic transmission (Bliss and Col-
lingridge, 1993; Malinow and Malenka, 2002), as well as an in-
crease in the number of spines (Engert and Bonhoeffer, 1999;
Maletic-Savatic et al., 1999; Toni et al., 1999) or enlargement of
the spine head (Fifkova and Van Harreveld, 1977; Desmond and
Levy, 1983, 1986; Matsuzaki et al., 2004). As with synaptic plas-
ticity, changes in spine morphology are bidirectional, with stim-
uli that induce LTP causing spine growth (Matsuzaki et al., 2004)
and stimuli that induce long-term depression (LTD) causing
spine shrinkage (Okamoto et al., 2004; Zhou et al., 2004; Hsieh et
al., 2006).

Changes in spine structures have long been proposed to con-
tribute to synaptic plasticity, perhaps by providing an anatomical
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substrate to act as the physical scaffold for synaptic modifications
(Fifkova and Morales, 1992; Harris, 1999; Yuste and Bonhoeffer,
2001; Nimchinsky et al., 2002; Kasai et al., 2003; Hayashi and
Majewska, 2005; Segal, 2005) or by allowing diffusion between
the dendrite and the spine (Bloodgood and Sabatini, 2005; Ashby
et al., 2006; Korkotian and Segal, 2006). However, the relation-
ship between spine morphology and synaptic plasticity remains
poorly understood. Individual reports differ as to whether spine
plasticity is persistent (Matsuzaki et al., 2004; Kopec et al., 2006),
transient (Lang et al., 2004; Ehrlich et al., 2007), or absent alto-
gether (Bagal et al., 2005; Stewart et al., 2005) during LTP. It has
been reported that endocytosis of synaptic AMPARSs is sufficient
to cause spine shrinkage on its own during long-term depression
(LTD) (Hsieh et al., 2006); however, a recent study found these
two processes to be independent of each other, at least on a short
timescale (Wang et al., 2007). One difficulty in evaluating the
relationship between spine and synaptic plasticity is that the
mechanisms underlying NMDAR-dependent changes in spine
morphology are poorly understood.

In this study, we used simultaneous two-photon time-lapse
microscopy and whole-cell patch-clamp recording to define the
processes underlying NMDAR-dependent spine expansion and
its subsequent stabilization or reversal, and we compared those
processes to the ones underlying LTP. We identified three mech-
anistically distinct processes involved in the spine expansion that
accompanies LTP: an initial expansion of the spine head that can
occur even under conditions in which the expression of LTP is
mostly blocked, a subsequent stabilization of that expansion that
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shares several mechanistic properties of LTP, and an activity-
dependent reversal of spine expansion that is distinct from
shrinkage of naive dendritic spines and closely correlated with
physiological depotentiation of previously established LTP.

Materials and Methods

Slice preparation and recording procedure. These procedures have been
published previously (Zhou et al., 2004; Wang et al., 2007). Briefly, coro-
nal sections (350 wm) were taken from postnatal day 13 (P13) to P18 rat
pups (Sprague Dawley) using a Leica (Nussloch, Germany) VT1000 tis-
sue slicer in 4°C artificial CSF (ACSF). Slices were allowed to recover for
30 min at 32°C, and recording and imaging started at least 1 h after
recovery.

Slices were placed in a custom-made recording chamber on the stage
of an Olympus (Tokyo, Japan) BX61W microscope and perfused at a rate
of 1-2 ml/min with ACSF. All recording and imaging experiments were
performed at 30-32°C. Whole-cell patch-clamp recordings were made
from pyramidal neurons in CA1 of hippocampus under visual guidance.
The recording pipettes were filled with the following (in mm): 128 potas-
sium gluconate, 10 NaCl, 2 MgCl,, 10 HEPES, 0.5 EGTA, 4 Na,ATP, 0.4
NaGTP, 15 phosphocreatine, and 1 calcein, pH 7.3. Calcein is a biologi-
cally inert fluorescent dye that we used for labeling of the dendritic
spines. All experiments were performed in the presence of a GABA,
antagonist, picrotoxin (50 um). Synaptic inputs were stimulated using a
glass pipette with 3 um opening positioned at ~20-30 um away from
the imaged spines. We showed previously that this local stimulation is
effective in evoking synaptic responses in the imaged spines, as revealed
by Ca*" imaging (Zhou et al., 2004).

CA1 pyramidal cells in the hippocampus were held in current-clamp
mode throughout the experiments and EPSPs were recorded with Axo-
patch 700B amplifier and analyzed with pClamp 9.0 software (Molecular
Devices, Sunnyvale, CA). The initial slope of EPSPs was used to measure
synaptic responses. Stimulation at 0.05 Hz was used to establish baseline
synaptic responses. The stimulation strength was set to evoke EPSPs
between 5 and 8 mV. A train of theta burst stimuli (TBS) consisted of five
bursts of stimuli at 5 Hz and each burst contained five pulses at 100 Hz.
Each train was repeated twice with a 20 s interval. During TBS, the
postsynaptic cells were depolarized through current injection to ensure
that at least three spikes were generated during each burst. This induction
protocol is termed theta burst paring (TBP). Low-frequency stimulation
(LFS) consisted of 1 Hz stimulation for 5 min. Electrophysiological re-
cordings were performed either with or without concurrent imaging.
Because changes in synaptic responses were similar from both experi-
ments, the data were pooled regardless of whether imaging was per-
formed concurrently. For display purposes, EPSPs shown in the figures
are averages of 5-10 consecutive EPSPs.

For most experiments, a 10-min-long baseline recording was obtained
before TBS. However, it has been reported previously that postsynaptic
infusion of BoTox abolished the delivery of AMPARs to synapses by
blocking constitutive trafficking (Liischer et al., 1999; Wang et al., 2007),
leading to a rundown of synaptic transmission for ~10 min after whole-
cell recording. To ensure that this rundown did not contaminate our
measurement of LTP, we waited 15-20 min after the start of recording
before applying the TBP in these experiments. We also used a 15- to
20-min-long baseline in all experiments in which postsynaptic agents
[BoTox, protein kinase A inhibitor (PKI), 8-Br-cAMP, cycloheximide
(cyclo)] were introduced via the patch pipette, to allow additional time
for these agents to dialyze into the cell and to reach their targets.

Image acquisition and analysis. Time-lapse imaging was performed on
a custom-made two-photon laser-scanning system modified from an
Olympus Fluoview FV 300, driven by a Chameleon two-photon laser
(Coherent, Santa Clara, CA) tuned to 810 nm. The intensity of laser
power at the entry of the microscope was 30—40 mW and monitored
continuously. Experiments were performed in the frame scan mode.

Imaging and analysis procedures were based on our previous work
(Zhou et al., 2004; Wang et al., 2007). Images were usually taken every 15
min at a resolution of 512 X 512 or 256 X 256 pixels per frame, and an
average of two was used in some experiments. For each time point, a stack
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of images covering the entire three-dimensional range of the spines were
taken with a z-step size of ~0.5 um. In all figures, two-dimensional
projections of dendritic spines were displayed with the maximal signal.

Image analysis was performed blind, with the person analyzing the
images having no knowledge of the identity of the samples during the
analysis. Spines were distinguished from filopodia based on our previous
criteria (Zhou et al.,, 2004). Analysis was performed on all spines in the
image field that were well resolved (i.e., protruding tangentially from the
dendrite) and clearly separated from other spines. Volume analysis of
individual spines was performed using a circular region of interest (ROI)
positioned to cover the entire spine head, for either thin spines or mush-
room spines. For stubby spines, the ROI covered the entire spine. All
spines identified in the first image acquisition (typically 10 min before
TBS/TBP) were analyzed in subsequent time points.

To measure spine head volume, images were first thresholded to elim-
inate background fluorescence. The integrated fluorescence intensity in-
side a spine head was measured for individual spines at different time
points and normalized to the fluorescence intensity of the dendrites from
the same image stack to correct for potential changes in excitation (Holt-
maat et al., 2005). Fold change (volume) was determined by averaged
values after TBS over the averaged values before TBS. This fluorescence
intensity is expected to be proportional to the accessible spine volume
(Holtmaat et al., 2005). To verify that this was the case, we also measured
the diameters of spines in the TBS experiments using Neuronstudio pro-
gram (Wearne et al., 2005; Rodriguez et al., 2006). Spine diameters were
measured on projected two-dimensional images using two-dimensional
rayburst algorithm. Images were first blurred to enhance the rayburst
function. Spine volume was calculated from the spine diameters ob-
tained using the Neuronstudio program, after calibration of the point-
spread density function using fluorescence beads (Invitrogen, Carlsbad,
CA). Similar results were obtained using either approach.

Statistical analysis. The Student ¢ test and Mann—Whitney U test were
used for comparison between different conditions as appropriate, de-
pending on whether or not the data were normally distributed. Paired
statistics were used to compare effects before and after TBS/TBP for
individual experimental manipulations. A minimum criterion of p <
0.05 was used to determine statistical significance in all cases. In all fig-
ures, data are presented as mean = SEM. Reagents were obtained from
Sigma-Aldrich (St. Louis, MO), except where noted.

Results

Schaffer collateral synapses undergo both synaptic potentiation
and spine growth in response to intense activation of NMDARs,
caused by tetanizing CA3—CAL1 afferents. In the present study, we
induced LTP using theta burst stimulation paired with a modest
postsynaptic depolarization, so that the EPSPs during the burst
elicited postsynaptic spikes. This TBP protocol is Hebbian, in the
sense that presynaptic bursts are temporally correlated with
postsynaptic spikes, and this activity pattern is thought to mimic
the firing patterns seen in the hippocampus during behavioral
learning in vivo (Otto et al., 1991).

Briefly, we recorded from CA1 pyramidal cells in whole-cell
current-clamp mode using an internal pipette solution contain-
ing the fluorescent dye calcein (a biologically inert fluorescent
dye) as an intracellular label, and we imaged the spines using
two-photon time-lapse fluorescence imaging. EPSPs were elic-
ited using weak stimulation applied through a theta-glass micro-
electrode positioned near the cell, and spines within ~20-30 wm
of the stimulating electrode were examined (to maximize the
likelihood that the spines being imaged were activated by the
stimulus) (Zhou et al., 2004) (see below). We then examined
whether TBP could elicit changes in synaptic strength, spine mor-
phology, or both.
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Both LTP and spine expansion require NMDAR activation
and postsynaptic spiking

After TBP, the volume of the spine head rapidly and persistently
expanded in a portion of spines imaged (Fig. 1A, arrows),
whereas other spines were unaffected (Fig. 1A, arrowheads).
When all spines within the imaged regions near the stimulating
electrode (Fig. 1 D—F) were examined as a group, the spine vol-
ume 45 min after TBP was 141 = 6% of the baseline level (Fig.
1 B) (N = 146 spines/19 cells; p < 0.001 compared with baseline,
paired t test). As is widely observed when eliciting LTP with Heb-
bian theta burst induction protocols (Magee and Johnston, 1997;
Pike et al., 1999; van Praag et al., 1999; Golding et al., 2002;
Watanabe et al., 2002), LTP immediately after TBP was small but
then gradually increased to a final, stable potentiation over the
next 30 min (Fig. 1C) (244 £ 17% at 45 min after TBP; N = 23;
p < 0.001 compared with baseline, paired ¢ test). The reason for
the slow development of LTP under these conditions remains
unknown; however, it does not involve a continual engagement
of the LTP induction process by basal activity after TBP, because
full LTP could still be observed 45 min after TBP even if stimula-
tion was turned off during this period (supplemental Fig. 1A,
available at www.jneurosci.org as supplemental material).

To determine that change in spine expansion was selectively
occurring at the spines that were close to the stimulating elec-
trode rather than a nonselective, cell-wide phenomenon, we
monitored spines in two imaged regions ~100 um apart (Fig.
1 D-F). One region was close (~20-30 wm) (Fig. 1 E, top dashed
box) away from the stimulating pipette, whereas the other was far
away (~100 wm) (Fig. 1E, bottom dashed box). After giving
TBP, only spines in the region close to the stimulating electrode
showed persistent increases in size (Fig. 1 F, top panels). This
result confirmed the local nature of spine modification (Zhou et
al., 2004); for the rest of the study, analysis was performed on
spines within the image window that was close to the stimulating
pipette, and all spines within that window were included in the
analysis.

To determine whether both spine expansion and synaptic
plasticity depend on NMDAR activation during TBP, we exam-
ined whether either effect occurred in experiments performed in
the presence of NMDAR antagonists DL-APV (100 uM) and (+)-
5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine hydrogen maleate (MK-801) (20 um). Under these condi-
tions, both LTP (Fig. 1C) (114 = 9% at 45 min after TBP; N = 15;
p = 0.78 compared with baseline) and spine expansion (Fig. 1 B)
(98 = 2% at 45 min after TBP; N = 51 spines/5 cells; p = 0.71
compared with baseline) were completely abolished.

The involvement of NMDARs in spine expansion suggests
that the induction of spine expansion may require activity in the
postsynaptic cell, to remove the Mg®" block of the NMDAR.
Theta burst stimulation led to robust LTP and spine expansion
when the EPSPs elicited spiking during the burst, as shown in a
representative example (Figs. 1 A, 2A) (for population data, see
Fig. 1B, (), but not if the theta bursts were subthreshold (Fig. 2 A;
B, C; p < 0.001 compared with Fig. 1 B, C). Thus, spine expansion
in response to TBP requires activation of NMDARs and postsyn-
aptic spiking, in common with LTP.

Spine expansion after LTP is not restricted to small spines

The spine expansion induced by TBP was highly variable, dou-
bling the volume of some spines while leaving others completely
unaffected. To estimate the fraction of spines that undergo ex-
pansion during TBP, we examined the population changes in
spine volume more quantitatively. To assess possible sources of

Yang et al. @ Spine Remodeling and LTP

noise in the measured spine volume, we normalized the volume
of each spine to 100%, and then measured the volume a second
time in the same conditions. Spine volume varied considerably
from one measurement to the next (Fig. 3A, filled circles), but
was normally distributed with no apparent drift or systematic
bias.

After TBP, the distribution of spine volumes shifted to the
right and developed a significant skew toward larger spine vol-
umes (Fig. 3A, open circles). The fraction of spines that did not
expand with TBP was estimated by scaling the control distribu-
tion to the post-TBP distribution for spine volumes of =100%.
Using this approach, we estimate that ~60% of the spines expand
in response to TBP, whereas the remaining 40% stay the same. As
expected, when the same experiment was repeated in the pres-
ence of APV and MK-801, the distribution of spine volumes after
TBP was identical to the distribution preceding TBP (Fig. 3B).
The spines that did not expand might be genuinely unable to
change in response to TBP, but an alternative is that these spines
were postsynaptic to axons that were not adjacent to our stimu-
lating electrode. We note that the overall fraction of spines that
are competent to undergo expansion will depend on the size of
the imaging window and the distance between the imaging win-
dow and stimulating electrode; however, the time course and
stability of expansion in those spines that do expand should be
independent of these factors.

It has been suggested that LTP induction selectively increases
the size of small spines, but not large ones (Matsuzaki et al.,
2004). We examined this issue by plotting the final spine volume
45 min after TBP against the initial spine volume of the same
spine before TBP (Fig. 3C). Spines that do not expand should
cluster around a line with a slope equal to 1, indicating that the
spine volume before TBP is, on average, the same as the spine
volume after TBP (Fig. 3C). Contrary to this expectation, we
found that a substantial spine expansion was induced by TBP
over the entire range of initial spine volumes. This conclusion is
consistent with that of Kopec et al. (2006), and suggests that even
large spines are competent to undergo expansion in response to
TBP.

Spine expansion occurs but does not persist under conditions
in which LTP is inhibited

It haslong been thought that structural and synaptic plasticity are
closely related, but it remains unclear how this might occur. We
reasoned that if LTP and spine expansion are coupled, either by a
direct interaction between the two processes or by shared signal-
ing cascades, then manipulations that inhibit LTP should also
prevent spine expansion.

As the first step to test this idea, we examined whether spine
expansion was affected by selective inhibition of postsynaptic
exocytosis. We did this because postsynaptic exocytosis is known
to be required for LTP (Lledo et al., 1998), and for delivery of
AMPARs to the spine surface (Shi et al., 1999; Park et al., 2004);
thus, if spine expansion shares a common mechanism with LTP,
we expect that both LTP and spine expansion should be blocked
by inhibiting exocytosis. We therefore infused the light chain of
botulinum toxin type B (BoTox) (0.5 um), a neurotoxin that
prevents exocytosis, into the postsynaptic cell through the patch
pipette. To our surprise, the initial spine expansion after TBP
occurred as usual in BoTox-treated cells (Fig. 4 A,C) (peak expan-
sion was 137 = 3%; N = 61 spines/7 cells; p = 0.32 compared
with control spine expansion), although LTP was significantly
reduced (Fig. 4B) (121 = 7% at 40 min after TBP; N = 7; p <
0.001 compared with control LTP; p = 0.12 compared with base-
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Figure 1.  Induction of spine expansion and LTP with TBP. A, A representative experiment in which both spine size and synaptic responses (EPSPs) were monitored. TBP induces rapid expansion
of spine heads in a portion of spines imaged (arrows), while leaving the rest of the spines unaffected (arrowheads). Representative EPSPs recorded at the same time points are shown under the
images. Calibration: 5mV, 50 ms. Scale bar, 1 wm. B, Population data showing the induction of spine expression associated with TBP-LTP. Spine head expansion occurred within 30 s of TBP, which
was given at time “0.” This increase in spine volume was long-lasting, persisting for at least 45 min after TBP (black symbols), and was blocked by bath perfusion of NMDAR antagonists (APV and
MK-801; red symbols). Error bars indicate SEM. C, The expression of LTP after TBP showed a biphasic time course, with a small (~50%) but immediate increase in the EPSPs after TBP followed by
a larger but gradual increase in the potentiation that reached a plateau ~30 min after TBP (black symbols). LTP was also completely blocked by NMDAR antagonists (red symbols). D, An image
showing a representative neuron recorded and imaged, together with the stimulating and recording electrodes. The local stimulating electrode is marked as red (Stim), whereas the recording
electrode is marked green (Rec). The region inside the yellow dashed lines are shown at a higher magnification in E. Scale bar, 50 wm. E, Two regions being repetitively imaged sequentially are
marked by the yellow dashed lines. Scale bar, 10 wm. F, Changes in spine size in the two imaged regions before and after TBP. A portion of spines in the region close to the stimulating electrode (top
panel) showed persistent change after TBP (expanded spines are marked by arrows, whereas nonchanging ones are marked by arrowheads; the timing of image acquisition are indicated by the
numbers above them. TBP was given at 0 min). Spines in the region far away (bottom panel) did not show persistent changes. These two regions were imaged subsequently within 1 min. Scale bar,
1 am.
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line) (supplemental Fig. 1B, available at
www.jneurosci.org as supplemental mate- 1
rial). However, this expansion of the spine
did not persist in BoTox-treated cells, and
the average spine volume collapsed to con-
trol levels over the next 15-30 min (Fig.
4A,C). Thus, spine expansion does not re-
quire postsynaptic exocytosis, but the sta-
bility of this expansion does. This result
suggests that LTP may share a common
mechanism with the stabilization of spine
expansion, rather than the initial expan-
sion event.

To test this idea further, we reasoned
that LTP requires not only postsynaptic
exocytosis, but also postsynaptic activa-
tion of protein kinases. Postsynaptic pro-
tein kinase A (PKA) is required for LTP
under some conditions (Frey et al., 1993;
Blitzer et al., 1995; Otmakhova et al., 2000;
Duffy and Nguyen, 2003), particularly
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those involving postsynaptic spiking as
part of the induction protocol (Brown et
al., 2000; Huang et al., 2004). The specific
processes affected by PKA remain unclear
and may involve AMPAR trafficking
and/or channel properties (Banke et al,,
2000; Esteban et al., 2003; Oh et al., 2006).
However, a significant body of literature
suggests that PKA interacts with LTP in
two ways: first, by activating a signaling
cascade that involves protein synthesis and
is required for some forms of LTP (for review, see Nguyen and
Woo, 2003); second, by suppressing the activity of protein phos-
phatase 1 (PP1) to gate the induction of LTP (Blitzer et al., 1995,
1998; Brown et al., 2000). To inhibit PKA selectively in the
postsynaptic neuron, we loaded the cell with the peptide inhibitor
PKI (20 uMm) in the internal pipette solution. Postsynaptic infu-
sion of PKI reduced LTP (Fig. 5A) (153 = 5%; N = 14; p < 0.05
compared with control LTP) (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material) but not spine ex-
pansion (Fig. 5B) (139 * 19%; N = 59 spines/6; p = 0.56 com-
pared with control spine expansion), as was the case with BoTox.
Also similar to the results seen with BoTox, spine expansion in
the presence of PKI was unstable and quickly collapsed back to
baseline values (Fig. 5B; supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material).

Thus, PKA is required for the persistent expansion of spines in
response to TBP. To address whether postsynaptic PKA is suffi-
cient to drive spine expansion on its own at naive synapses, we
loaded pyramidal cells with 8-Br-cAMP (1 mM), an activator of
PKA, through the whole-cell patch pipette. Spine size was not
affected in cells infused with 8-Br-cAMP (Fig. 5C) (N = 71
spines/8 cells). In addition, baseline synaptic responses were also
not altered in cells infused with 8-Br-cAMP (Fig. 5C) (N = 7),
consistent with previous studies (Blitzer et al., 1995; Makhinson
et al., 2006). To test whether TBP-induced LTP or the associated
spine expansion are affected by previous activation of postsynap-
tic PKA, we loaded pyramidal cells with 8-Br-cAMP for 15-20
min, and then applied TBP. No apparent changes in the magni-
tude or time course of LTP was seen (Fig. 5D) (224 * 20% at 45
min after TBP; N = 8; p = 0.64 compared with control LTP), and
no changes in the occurrence or stability of spine expansion was
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Both spine expansion and LTP require postsynaptic spiking during theta burst stimulation. A, The expression of LTP
depends on postsynaptic spiking, as shown in representative experiments. A7, Top, Sample voltage traces showing spiking
activity triggered by EPSPs during TBP (top), and subthreshold EPSPs during TBS (bottom). Calibration: 25 mV, 25 ms. Bottom,
Sample EPSP traces before and after TBP (left) or TBS (right). Calibration: 3 mV, 20 ms. A2, The same experiments as in A7 are
shown, with EPSP slope plotted as a function of time. B, A summary of TBS experiments showed that TBS on its own did not alter
synaptic transmission. €, No significant spine expansion was observed after TBS. Error bars indicate SEM.

observed as well (Fig. 5E) (initial spine expansion with 142 % 9%;
N = 76 spines/6 cells; p = 0.78 compared with control initial
spine expansion; and 151 * 15% at 45 min; p = 0.56 compared
with control spine expansion at 45 min). These results indicate
that postsynaptic PKA activity is necessary for the spine expan-
sion that occurs in response to TBP to persist, but it is not suffi-
cient to elicit spine expansion in the absence of TBP.

One potential concern in the above experiments is that they
required a period of 15 min to infuse these agents into the
postsynaptic cell, before the induction of LTP. LTP is often re-
ported to “wash out” during prolonged recordings, with the mag-
nitude of LTP decreasing with time after obtaining the whole-cell
configuration. To address the possibility that the selective loss of
LTP was caused by washout, we performed control experiments
in which normal internal solution was used but TBP was not
applied until 15 min had passed (Fig. 5F). LTP under these con-
ditions was unaffected by the prolonged baseline period (227 =
23% at 45 min after TBP; N = 6; p = 0.59 compared with control
LTP with 10 min baseline). Thus, the loss of LTP during infusion
of postsynaptically loaded agents such as BoTox or PKI cannot be
explained by washout.

Because PKA is required for both LTP expression and for
stabilizing the spine expansion, we wondered whether these pro-
cesses also depend on protein synthesis, which is thought to be a
major effector of PKA. The protein synthesis-dependent phase of
LTP is required to sustain the late-phase LTP (Huang et al., 1996;
Pfeiffer and Huber, 2006). Recent works have indicated that pro-
tein synthesis occur very rapidly after the induction of LTP (Ouy-
ang et al., 1999; Tsokas et al., 2005). It is unknown, however,
whether protein synthesis is required for spine expansion to oc-
cur or to sustain it.
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Figure 3.  Analysis of changes in spine volume associated with TBP. 4, The distribution of
spine volumes was measured immediately before TBP (filled circles) and 45 min after TBP (open
circles). In both cases, the volume of each spine was normalized to the values seen 10 min before
TBP. Before TBP, the distribution is centered around 100%, indicating that there is no systematic
driftin the measured mean spine volume between measurements. After TBP, a large number of
spines have increased in volume, causing a spread in the distribution toward larger values. B,
The distribution of normalized spine volumes was examined as in A, but when TBP was given in
the presence of NMDAR antagonists (APV and MK-801). Neither the mean volume nor the
distribution of volumes was affected by TBP in the absence of NMDAR activity. , The increase in
spine volume is not restricted to small spines. The absolute spine volumes immediately before
and 45 min after TBP were plotted against each other for each spine. The line has a slope of 1,
indicating no change in spine volume; points that fall above the line indicate an increase in
volume. Spines showed an increase in volume over the entire range of initial sizes.

First, we incubated hippocampal slices with anisomycin
(aniso) (20 uMm), a peptidyl-transferase inhibitor (Rodriguez-
Fonseca et al., 1995; Dinman et al., 1997), for 30 min before
obtaining whole-cell recording in the pyramidal neurons. Aniso-
mycin was also present in the perfusion ACSF throughout the
entire recording period. After giving TBP in the same manner as
in the previous experiments, the initial increase in EPSP slope was
indistinguishable from that in control neurons; however, the
slow rising phase of LTP was absent in these neurons (Fig. 6 A, B)
(128 = 11%; N = 11; p < 0.001 compared with control LTP).
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Figure 4.  Inhibiting postsynaptic exocytosis reduces LTP and destabilizes spine expansion

triggered by TBP. A, A sample experiment shows spine expansion occurred immediately after
TBP, but did not persist and returned to the basal level in a neuron infused with BoTox through
the patch pipette. An expanded spine is marked by an arrow, whereas an unaltered spine is
marked by an arrowhead. EPSPs at the same time points in the same experiment are also
shown. Calibration: 2 mV, 50 ms. Scale bar, 1 um. B, In a population of neurons loaded with
BoTox, TBP led to a gradual and small increase in EPSPs (open circles). In this and subsequent figures,
responses from control neurons in Figure 1 are shown with filled circles for comparison. €, In neurons
loaded with BoTox, the initial expansion occured normally in spines but the expansion was not stable
and quickly returned to the baseline level (open squares). Spine expansion from control neurons are
shown in filled squares for comparison. Error bars indicate SEM.

This concentration of anisomycin did not affect basal synaptic
transmission (supplemental Fig. 2 A, available at www.jneurosci.
org as supplemental material). Interestingly, the initial spine ex-
pansion was not affected in neurons treated with anisomycin
(Fig. 6A,C) (141 = 7%; N = 80 spines/11 cells; p = 0.69 com-
pared with control initial spine expansion), but this expansion
was destabilized and returned to the baseline level spontaneously
(Fig. 6A,C) (105 = 4%; N = 80 spines/11 cells; p < 0.001 com-
pared with control spine expansion). This behavior resembled
that in neurons infused with BoTox or PKI (Figs. 4, 5). Incuba-
tion with anisomycin alone did not significantly affect the spine
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rising phase of LTP was significantly re- Figure5. Inhibiting PKA signaling reduces LTP and destabilizes spine expansion triggered by TBP. 4, The gradually increasing

duced in the cycloheximide-filled neu-
rons (Fig. 6 D,E) (146 £ 22%; N =7;p <
0.01 compared with control LTP),
whereas the initial enhancement in spine
volume was left intact (Fig. 6D,F)
(134 = 4%; N = 76 spines/7 cells; p =
0.19 compared with control initial spine
expansion). Furthermore, spine expan-
sion did not persist in these neurons
(Fig. 6 D,F) (107 = 4%; N = 76 spines/7
cells; p < 0.001 compared with control
spine expansion), comparable with our
findings with anisomycin, PKI, and Bo-
Tox. When TBP was given in the pres-
ence of NMDAR antagonists, APV (100
uM) and MK-801 (20 uMm), there was no apparent change in
the size of EPSPs (supplemental Fig. 2C, available at www.
jneurosci.org as supplemental material) or spines (supple-
mental Fig. 2 D, available at www.jneurosci.org as supplemen-
tal material) in neurons loaded with cycloheximide. Thus, the
residual LTP that was observed in the presence of protein
synthesis inhibitors was NMDAR dependent. In addition, the
destabilization of spine expansion was not caused by rundown
of spine size that is triggered by TBP in the absence of protein
synthesis.

Together, the above results unequivocally demonstrate that
spine expansion can occur even when TBP-induced LTP is
blocked, and is independent of postsynaptic exocytosis, PKA
activity, and protein synthesis. This indicates that LTP and
spine expansion are mechanistically dissociable, downstream
of NMDAR activation. However, the expression of TBP-
induced LTP and the consolidation of spine expansion appear
to share a much stronger mechanistic overlap, because both

component of LTP (as seenin control LTP infilled circles) was blocked in neurons loaded with PKI (open circles). PKl was loaded into
the postsynaptic neurons with the recording patch pipette. B, Spine expansion occurred normally in PKI-loaded neurons but this
expansion did not persist and quickly reversed back to pre-TBP level (open squares). Spine expansion in control neurons is shown
infilled squares. C, Elevation of PKA in the postsynaptic cell is not sufficient to alter synaptic responses or spine size. In pyramidal
cells infused with 8-Br-cAMP, neither EPSP slope (topj; filled circles) nor spine size (bottom; filled squares) showed significant
changes for 60 min after the onset of whole-cell configuration. D, Activation of postsynaptic PKA activity does not affect LTP
expression. The enhancement in EPSP slopes by TBP was not different in cells loaded with 8-Br-cAMP (open circles) compared with
control neurons (filled circles). E, Previous activation of postsynaptic PKA does not affect TBP-induced spine expansion. Both the
initial occurrence and persistence of spine expansion was not affected in cells loaded with 8-Br-cAMP (open squares) compared
with control neurons (filled squares). F, LTP was not affected by long baseline recording. At naive synapses, synaptic responses
were recorded for 15-20 min before induction of LTP using TBP (open circles). This period of baseline corresponds to what was
used for BoTox, PKI, or 8-Br-cAMP experiments, to allow diffusion of reagents to their synaptic targets. This 15- to 20-min-long
baseline did not affect LTP induction or expression, because it was not different from LTP obtained with shorter baseline in control
neurons (filled circles). Error bars indicate SEM.

processes are blocked by postsynaptic interference with PKA,
exocytosis, and protein synthesis.

Spine stabilization and LTP consolidation are both disrupted
by activity after TBP

The above results indicate that spine expansion is labile and re-
verses in the absence of stabilization. This observation is broadly
reminiscent of LTP, which has a labile time period of ~30 min
after induction during which the reversal of LTP (or depotentia-
tion) is easier (Larson et al., 1993; O’Dell and Kandel, 1994; Zhou
etal., 2003). Within this time window, LTP can be depotentiated
by low-frequency activity (LFS), through a mechanism that re-
quires PP1 (O’Dell et al., 1994; Zhou et al., 2003). PKA can pre-
vent depotentiation by leading to phosphorylation of inhibitor 1,
which in turn inhibits PP1 (Kang-Park et al., 2003; Makhinson et
al., 2006). To determine whether the consolidation of spine ex-
pansion is subject to reversal through mechanisms that are sim-
ilar to those involved in depotentiation, we examined whether
spine expansion is subject to activity-dependent reversal, and if
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min after TBP; N = 5; p = 0.95 compared
with control LTP) or spine expansion (Fig.
7D) (140 = 15%; N = 54 spines/6 cells;
p = 0.95 compared with control spine ex-
pansion). It has been suggested that PP1
can be endogenously inactivated by PKA
(Kang-Park et al., 2003; Makhinson et al.,
2006), and so we would anticipate that
persistently elevated PKA activity in the
3 postsynaptic cell would have an effect sim-
ilar to that of okadaic acid. We tested this
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possibility by including 8-Br-cAMP in the
recording pipette solution, and we re-
peated the above experiments using LFS.
Consistent with Kang-Park et al. (2003),
LFS lost its effect on LTP (Fig. 7E) (259 *
36%; N = 8; p = 0.69 compared with control
LTP). In addition, spine expansion was not
reversed by LES (Fig. 7F ) (spine expansion at
45 min with 146 * 7%; N = 58 spines/6 cells;

Aniso

p = 0.64 compared with control spine ex-
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: I pansion and p = 0.43 compared with initial

spine expansion) in neurons loaded with
8-Br-cAMP.

The above results suggest that spine ex-
pansion can be reversed by LFS. However,
we previously found that LFS with longer
duration (15 min instead of 5 min), which
induces LTD, can induce spine shrinkage
even at naive synapses (Zhou et al., 2004).

15 30 45

Thus, it is possible that the reduction in
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Figure 6.

s0, whether the same mechanisms are involved in this reversal of
spine expansion as in synaptic depotentiation.

First, we applied TBP, and then gave LFS (1 Hz for 5 min) 15
min later. LES partially suppressed the full expression of LTP (Fig.
7A) (159 £ 14% at 40—45 min after TBP; N = 14; p < 0.05
compared with control LTP) (supplemental Fig. 3A, available at
www.jneurosci.org as supplemental material), and the spine vol-
ume after LFS fell to pre-TBP levels (Fig. 7B) (107 % 5%; N = 65
spines/7 cells; p = 0.11, compared with baseline; p < 0.001, com-
pared with spine expansion in control neurons) (supplemental
Fig. 3A, available at www.jneurosci.org as supplemental mate-
rial). Thus, spine expansion can be reversed by activity.

To identify the mechanisms underlying this effect, we exam-
ined whether spine expansion could be blocked by the PP1/2A
inhibitor okadaic acid (OA). When the same experiment was
repeated in cells loaded with the PP1/2A inhibitor okadaic acid,
LFS had no effect on either LTP (Fig. 7C) (275 * 43% at 40—45

Cyclo

time (min)

Inhibiting protein synthesis reduces LTP and destabilizes spine expansion triggered by TBP. A, A representative
experiment showing that EPSPs increased after TBP but decayed back toward baseline; spine expansion occurred but collapsed
with time, in a neuron incubated with aniso. The sample EPSP traces and spine images were acquired at the time indicated on the
graph below the images. Scale bar, 1 wm. Calibration: 5 mV, 50 ms. B, In neurons treated with aniso, TBP triggered an initial
enhancement but no gradual increase in EPSPs with time (open circles). LTP in control neurons was shown in filled circles. C, The
initial expansion of spines was unaffected by aniso treatment but the expansion was not sustained (open squares). Spine expan-
sion in control neurons was shown in filled squares. D, A sample experiment showing that internal loading of cyclo led to similar
changesin LTP and spine changes asin aniso-treated neurons. Scale bar, T um. Calibration: 5mV, 50 ms. E, Compared with control
LTP (filled circles), the slow rising component of LTP was absent although the initial enhancement was intact (open circles) in
neurons loaded with cyclo. F, Internal loading of cyclo did not affect the occurrence of spine expansion but inhibited its persistence
(open squares). Spine expansion in control neurons is shown in filled squares. Error bars indicate SEM.

T T

spine volume seen here after LFS is not a
15 30 45

reversal of spine expansion, but a spine
shrinkage that is independent of previous
expansion. One argument against this idea
is that the spine shrinkage that accompa-
nies LTD is not blocked by okadaic acid
(Zhou et al., 2004); however, to examine
this issue more completely, we considered
two experimental tests to distinguish be-
tween the two possibilities.

First, if the reduction in spine volume
after LFS is a bona fide spine shrinkage that
is independent of spine expansion, LFS
should be able to reduce spine volume in-
dependent of when the spine expansion
occurred. Contrary to this prediction, LFS applied 35 min after
TBP had no effect on either LTP (Fig. 8A) (272 * 48%; N = 10;
p = 0.85 compared with control LTP) (supplemental Fig. 3B,
available at www.jneurosci.org as supplemental material) or
spine volume (Fig. 8 B) (146.8 = 4.5%; N = 52 spines/6 cells; p =
0.88 compared with control spine expansion) (supplemental Fig.
3B, available at www.jneurosci.org as supplemental material), in-
dicating that both processes are consolidated into a stable form
within this time period.

Asasecond test to differentiate the reversal of spine expansion
from spine shrinkage, we applied LFS (1 Hz for 5 min) to naive
synapses. LES had no effect on EPSP slope (Fig. 8C) (107 = 12%;
N = 5; p = 0.58 compared with baseline) or spine volume (Fig.
8D) (97.1 = 6.6%; N = 52 spines/5 cells; p = 0.47 compared with
baseline) at naive synapses, providing additional evidence that
the reduction in spine volume induced by LEFS is a reversal of
spine expansion rather than spine shrinkage. These experiments
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Our results indicate that spine expansion
after TBP can be separated into three
mechanistically dissociable phases: (1) an
initial expansion, which requires postsyn-
aptic spiking and NMDAR activation but
not postsynaptic exocytosis, PKA activity,
or protein synthesis; (2) a labile phase, in
which expansion is stabilized by a mecha-
nism that requires postsynaptic exocyto-
sis, PKA, and protein synthesis, and can be
disrupted by LFS via a PP1/2A-dependent
mechanism; and (3) a consolidated state,
in which expansion is no longer destabilized by LFS. This third
phase occurs ~30 min after the initial expansion.

It is somewhat unexpected that we found postsynaptic exocy-
tosis not to be required for the initial spine expansion. The sur-
face area of the spine presumably increases during expansion,
generating an expectation that additional membrane must be
incorporated to accommodate this increase. Consistent with this,
postsynaptic exocytosis has been reported to provide membrane
for spine expansion during chemically induced LTP in cultured
hippocampal neurons (Park et al., 2006) or cultured hippocam-
pal slices (Kopec et al., 2007). Park et al. used live-cell imaging
and serial section electron microscopy to demonstrate that the
stimuli to induce LTP promoted the mobilization of recycling
endosomes and vesicles into spines, and blockade of recycling
endosomal transport abolished LTP-induced spine formation.
Kopec et al. (2007) found that both LTP and spine expansion
were blocked when exocytosis is inhibited by the expression of a
dominant negative syntaxin-13 construct.

However, it seems unlikely that rapid insertion of new mem-
brane is an absolute requirement for rapid spine expansion, be-
cause the surface area of a single spine (<1 wm?) (Park et al.,
2006) is negligible compared with the total surface area of a py-
ramidal cell (>10,000 um?>) (Ambros-Ingerson and Holmes,
2005), and lipids are presumably free to diffuse within the plasma

Figure7.

LFS reverses spine expansion and blocks LTP. A, LFS (1 Hz for 5 min; bar) given at 15 min after TBP prevented the full
expression of LTP (open circles). LTP from control neurons are shown in filled circles. B, Stable expansion of spines was disrupted
by LFS given at 15 min after TBP (open squares). This reversal developed after the termination of LFS. Spine expansion in control
neurons is shown in filled squares for comparison. €, Internal loading of PP1/2A inhibitor, A, abolished the effect of LFS on LTP.
Experiments were performed as in A, except that neurons were loaded with OA through the recording pipette (open circles).
Control LTP is shown in filled circles. D, Internal loading of OA also prevented the LFS-induced reversal of spine expansion (open
squares). Spine expansion was persistent in OA-loaded neurons, although LFS was given as in B. Spine expansion in control neurons is
shown in filled squares. E, Activation of postsynaptic PKA inhibited the effect of LFS on LTP. The full expression of LTP in cells loaded with
8-Br-cAMP (open circles) was not different from that in the control neurons (filled circles). F, Elevation of postsynaptic PKA blocked
LFS-induced reversal of spine expansion. Both the initial occurrence and persistence of spine expansion were not different between cells
loaded with 8-Br-cAMP (open squares) and control neurons (filled squares). Error bars indicate SEM.

membrane from the dendrite into the spine. One possible reso-
lution for the discrepancy between our findings and those of Park
et al. and Kopec et al. is that the surface area becomes more
important as a limiting factor when LTP is simultaneously in-
duced at all spines on a neuron by chemical induction protocols
(used in those studies) than when it is induced at a small fraction
of spines using extracellular stimulation (our method).

The spine expansion that we have observed is presumably a con-
sequence of cytoskeletal reorganization during LTP. Theta burst
protocols are known to cause long-lasting actin polymerization in
dendritic spines (Okamoto et al., 2004; Lin et al., 2005), and this
effect is presumably triggered by a rapid, phosphorylation-
dependent inactivation of the actin depolymerizing protein cofilin
(Fukazawa et al., 2003; Chen et al., 2007). This actin polymerization
is required for spine expansion to occur (Matsuzaki et al., 2004) and
can be reversed by LFS in a discrete time window 30 min after deliv-
ery of the theta bursts (Kramar et al., 2006), indicating that the time
and activity dependence of actin dynamics is strikingly similar to our
observations regarding spine size.

Are LTP and spine expansion related?

A key question is whether structural and physiological plasticity are
coordinated and, if so, how this coordination takes place. The initial
spine expansion superficially resembles LTP in that it requires both
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Does this conclusion depend on the
specific mechanisms by which our manip-
ulations interfere with LTP expression? A
considerable body of evidence suggests
that postsynaptic exocytosis is an integral
part of the mechanisms directly underly-
ing LTP. However, the literature regarding

PKA and protein synthesis is somewhat
more controversial. Some evidence sug-
gests that these components are integral to
the signaling cascade that directly under-
lies a component of LTP that occurs late
(>1 h) after tetanization (Frey et al,
1993); it has also been suggested that this
component might be preferentially in-
duced by theta burst induction protocols
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*¥%p < 0.001, all compared with control TBP experiments. Error bars indicate SEM.

Table 1. Summary of changes in EPSPs and spine volumes after TBP under all the
conditions examined

Experiments EPSP slope (%) Spine volume (%)
Control 2479 =179 1412 £ 6.4
APV 109.9 = 10.3*** 98.7 = 1.6***
BoTox 1213 &= 7.1%%* 101.9 &= 5.3%**
PKI 159.0 = 28.1* 100.8 £ 4.6***
8-Br-cAMP 2243 £19.8 151.8 £ 14.6
Aniso 128.0 &= 17.1%** 104.8 == 3.6%**
Cyclo 146.2 = 22.0** 107.8 £ 3.5%**
LFSat30s 130.2 = 18.8*** 99.8 & 5.7%**
LFSat 15 min 159.2 &= 13.8%** 106.6 == 4.6%**
LFS at 15 min (0A) 2753 =429 139.8 £ 14.6
LFS at 15 min (8-Br) 259.5 +35.8 1464 £ 7.1
LFSat 35 min 271.9 £ 482 146.8 = 4.5

Normalized changes are calculated for each condition, typically around 40~45 min after TBP. The numbers are
mean = SEM.

*p < 0.05; **p < 0.01; ***p < 0.001.

postsynaptic spiking and NMDAR activation. However, this rapid
expansion of the spine still occurs under several different experimen-
tal conditions in which LTP is either blocked entirely or strongly
reduced, during the postsynaptic infusion of BoTox or PKI, or under
protein synthesis blockade. Thus, the mechanisms underlying spine
expansion and LTP are both triggered by NMDARs, but are distinct.

15 30 45
time (min)

Reversal of spine expansion and inhibition of LTP is time dependent. 4, LTP was not affected when TBP was given at 35 min
after TBP (open circles). LTP from control neuronsis shown infilled circles. B, Spine expansion was unaffected when LFS was given at 35 min
after TBP (open squares). Expansion in control neuronsis showninfilled squares. , LFS did not alter responses at naive synapses. D, LFS also
did not affect the size of naive spines. £, Summary of the effects of LFS on LTP consolidation under various conditions. All experiments
except those in the last panel (LFS without TBP) received TBP before LFS. Values were taken from 40 to 45 min after TBP, or 40 — 45 min
after LFS (for LFS without TBP). F, Summary of the effect of LFS on spine size. Results are displayed in the same manner asin £. *p << 0.05;

(Huang and Kandel, 2005). However,
some caution is warranted. Protein syn-
thesis has been found to be permissive,
rather than a direct mediator, for other
forms of synaptic plasticity in the hip-
pocampus (Nosyreva and Huber, 2006),
and our present data do not rule out this
alternative. We emphasize that, for the
purposes of this study, our main interest is
not in defining the sequence of events that
is integrally involved in LTP; rather, our
interest is in whether structural plasticity is
subject to the same requirements as phys-
iological plasticity or whether the two pro-
cesses can be dissociated. As a result, our
conclusion that spine expansion can be dis-
sociated from LTP is robust, regardless of
whether our experimental manipulations
interfere directly with the mechanisms that
underlie LTP, or indirectly via regulation of
the competence to undergo LTP.

However, we found that LTP has a sub-
stantially stronger overlap with the spine sta-
bilization after expansion. To summarize our different experiments
and the range of effects observed on LTP and persistent spine expan-
sion, we grouped our results according to different experimental
manipulations and plotted the increase in spine volume seen after
40—45 min or more against the increase in synaptic strength seen in
the same experiments during the same time window (Table 1). The
data indicated that the two processes were strongly correlated, with
most manipulations either abolishing or strongly reducing both pro-
cesses (APV, BoTox, PKI, aniso, cyclo, LFS at 30 s after TBP, LFS at
15 min after TBP) or having little effect on either (LFS at 35 min after
TBP, LFS at 15 min after TBP in the presence of okadaic acid or
8-Br-cAMP).

How to account for these diverse requirements (PKA, exocy-
tosis, and protein synthesis) for both the full expression of LTP
and persistent spine expansion? One possibility is that these sig-
naling components regulate both LTP and spine expansion
through parallel, but distinct, effector mechanisms. However, an
alternative is that structural and synaptic plasticity are coordi-
nated, so that one does not occur without the other. A recent
study by Kopec et al. (2007) favors the latter possibility, reporting
that manipulations that selectively interfere with synaptic incor-
poration of AMPARs also block the persistent spine expansion
associated with chemical LTP. Our own data do not decisively
address the idea that structural and synaptic plasticity are coordi-
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nated, although it is generally compatible with it; however, if such a
coordination takes place, our data indicate that it likely occurs after
initial expression of plasticity, during consolidation of the plasticity.
Additional investigation of this issue will be of interest.

If LTP and the stabilization of spine expansion share overlap-
ping mechanisms, we might expect that the two processes would
be reversed in parallel as well. Consistent with this, we found that
both processes are subject to activity-dependent disruption for
~30 min. In both cases, reversal of the TBP-induced plasticity
requires the activity of PP1/2A. The simplest explanation for this
result is that LTP and spine stabilization are similar because of a
common dependence of both processes on overlapping signaling
cascades or targets; however, an alternative is that the stability of
spine expansion is directly regulated by the successful expression
of LTP. We note that the activity-dependent reversal of spine
expansion by LFS is clearly distinct from the de novo spine shrink-
age we previously described (Zhou et al., 2004): (1) it has a lower
activity threshold for induction, (2) it requires elevation of PP1/
2A, and (3) it can be induced only in a discrete time window after
the expansion. To our knowledge, this is the first report of a
physiologically relevant mechanism by which NMDAR-
dependent spine plasticity can be reversed.

Our results are generally compatible with a model of sequen-
tial expression of synaptic plasticity (Edwards, 1995; Liischer et
al., 2000; Lisman and Raghavachari, 2006), in which spine expan-
sion and initial physiological potentiation constitute a first step in
plasticity, which is followed by additional subsequent physiolog-
ical changes over the next 15-30 min and eventually consolida-
tion of both processes. A recent model (Lisman and Raghava-
chari, 2006) appears to account for most of the events examined
in this study. The early expression of LTP and spine plasticity do
not require protein synthesis and most likely are mediated by
phosphorylation of existing AMPARs and actin polymerization.
In the next 15-30 min, LTP and spine modification enter a pro-
tein synthesis-dependent phase. Synapse growth may be likely to
occur (Toni et al., 2001; Ostroff et al., 2002), accompanied with
the enlargement of PSDs (postsynaptic densities) and perhaps the
formation of perforated synapses. These processes are accompa-
nied with slow increase in the AMPAR responses, likely to be
mediated by incorporation of new AMPARs at the synapses. In-
teraction between these events leads to stabilization of both func-
tional and structural modifications.

In summary, the stabilization and reversal of LTP and spine
expansion appear to share similar mechanisms, whereas the ini-
tial events of spine expansion appear to be distinct from those
underlying LTP. Our results indicate that physiological and mor-
phological plasticity share several mechanistic requirements dur-
ing the consolidation phase that takes place late in the expression
of synaptic plasticity, rather than during the initial expression
phase of the plasticity that takes place shortly after induction.
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