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Rapid and persistent modulation of actin dynamics
regulates postsynaptic reorganization underlying
bidirectional plasticity

Ken-Ichi Okamoto!, Takeharu Nagai?, Atsushi Miyawaki? & Yasunori Hayashi!

The synapse is a highly organized cellular specialization whose structure and composition are reorganized, both positively and
negatively, depending on the strength of input signals. The mechanisms orchestrating these changes are not well understood.
A plausible locus for the reorganization of synapse components and structure is actin, because it serves as both cytoskeleton
and scaffold for synapses and exists in a dynamic equilibrium between F-actin and G-actin that is modulated bidirectionally

by cellular signaling. Using a new FRET-based imaging technique to monitor F-actin/G-actin equilibrium, we show here that
tetanic stimulation causes a rapid, persistent shift of actin equilibrium toward F-actin in the dendritic spines of rat
hippocampal neurons. This enlarges the spines and increases postsynaptic binding capacity. In contrast, prolonged low-
frequency stimulation shifts the equilibrium toward G-actin, resulting in a loss of postsynaptic actin and of structure. This
bidirectional regulation of actin is actively involved in protein assembly and disassembly and provides a substrate for

bidirectional synaptic plasticity.

The synapse is a highly specialized structure where various signal
transduction molecules and their scaffolding proteins are assembled
and interact in a hierarchical organization'. It is dynamic, rather than
static, and is susceptible to bidirectional remodeling according to the
intensity of synaptic input. In the CAl region of the hippocampus,
short bursts of synaptic input induce long-term potentiation (LTP) of
synaptic transmission, whereas prolonged low-frequency stimulation
induces long-term depression (LTD) of synaptic transmission. In past
decades, great effort has been made to elucidate the locus of persistent
change responsible for long-term plasticity. It is now generally
accepted that synaptic plasticity is at least partially a consequence of
persistent modification of two aspects of the postsynaptic organiza-
tion. First, induction of plasticity changes the postsynaptic protein
constituents. For example, LTP induction causes a postsynaptic
translocation of proteins such as the AMPA receptor and
Ca’"/calmodulin-dependent protein kinase type II (CaMKII)?.
Second, plasticity induction alters postsynaptic structure, including
the size and number of dendritic spines, a major site of excitatory
synapses®~'®. In this manner, synaptic activity bidirectionally reor-
ganizes both molecular and structural features, and this reorganiza-
tion, in turn, underlies synaptic plasticity. However, the mechanisms
that couple synaptic activity with postsynaptic structural and molec-
ular remodeling are still not well understood.

Here, we investigated the role of actin as a primary regulator of post-
synaptic structure and molecular composition. Actin exists in high

abundance postsynaptically and serves both as the primary cytoskele-
tal component of synapses and as an assembly core for various postsy-
naptic proteinsb!12722, Postsynaptic actin is highly motile, with ~85%
being exchanged within 2 min!”. This is due to a constant turnover, or
actin treadmill, between two forms—globular (G-) and filamentous
(F-) actin—in spine heads, and to a rapid diffusion between the den-
dritic shaft and spine heads!”. This indicates that subtle modulation of
one leg of the actin treadmill could rapidly disrupt the equilibrium
toward either F-actin or G-actin, making this site a compelling sub-
strate for bidirectional plasticity. In fact, reagents that affect the F-
actin/G-actin equilibrium affect various aspects of dendritic spines,
including shape, number and motility, as well as synaptic transmis-
sion and plasticity!®1>18:21.23.24 That actin acts as a regulator of the
postsynaptic assembly and its consequent function is further corrobo-
rated by the established presence of many signal transduction mole-
cules known to regulate actin and its binding proteins within
dendritic spines™!3. Given these pieces of evidence, it is reasonable to
assume that actin is involved in postsynaptic remodeling.

However, the control of actin dynamics by synaptic activity is not
well understood. There is no consensus about the direction of the shift
in the F-actin/G-actin equilibrium in response to synaptic stimuli. In
studies using a fluorescently labeled phalloidin that specifically binds
to F-actin or GFP-actin, both increases!®?> and decreases!#18:26 in
actin abundance have been reported. These studies cannot distinguish
whether this is due primarily to a modulation in the F-actin/G-actin
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equilibrium or to a consequence of a change in the total amount of
actin or the volume of the structure. In addition, the fact that fluores-
cent phalloidin can be used only in fixed tissue limits the temporal res-
olution, a crucial parameter for studying synaptic plasticity.

To resolve these issues, we developed an optical approach to meas-
ure fluorescence resonance energy transfer (FRET) between actin
monomers>”?® with two-photon laser scanning microscopy in living
neurons with single-synapse resolution. This provides the first direct
look at the dynamic equilibrium between F-actin/G-actin in intact
neurons independent of the total amount of actin, thereby introduc-
ing a new parameter to the study of actin dynamics. Using this

method, we found that the postsynaptic actin equilibrium modulates
rapidly and bidirectionally depending on the frequency of synaptic

Figure 2 Observation of F-actin/G-actin

Figure 1 FRET between CFP- and YFP-actin represents F-actin.

(a) Strategy for detection of F-actin/G-actin equilibrium using FRET

(b) Emission spectra of HEK293T cell homogenate coexpressing CFP- and
YFP-actin before (magenta solid line) and after treatment with 10 uM
latrunculin A (magenta dotted line) and of cells expressing G13R mutant
CFP- and YFP-actin (green). The homogenate was excited at the CFP
specific excitation wavelength of 433 nm. The CFP peak in the absence of
latrunculin A was defined as 100%. A YFP peak in cells coexpressing CFP-
and YFP-actin was minimized by treatment with latrunculin A or by G13R
mutation. (c) Images of an NIH3T3 cell transfected with CFP- and YFP-
actin and observed under a two-photon laser scanning microscope upon
CFP-specific excitation at 800 nm. The CFP image (left) represents the
distribution of fluorescent actin. The FRET image (middle) is shown in
intensity-modulated display (IMD) mode. Color scale is at right. F-actin
(right) was stained with Texas Red—phalloidin after fixation. A high FRET
signal (warmer hue) is colocalized with actin filament. Scale bar, 5 um.

input. This modulation is sufficient to induce structural changes in
spines and synaptic delivery of a representative postsynaptic protein,
CaMKII. In this way, the F-actin/G-actin equilibrium represents a
previously unidentified locus of persistent modification accompany-
ing synaptic plasticity that bidirectionally reorganizes both postsy-
naptic structure and molecules.

RESULTS

FRET-based detection of F-actin/G-actin equilibrium

The distance between actin monomers in F-actin is 55 A, which is
within the typical range for FRET (10-100 A)?7-28, We therefore pro-
posed that tagging actin with cyan and yellow fluorescent proteins
(CFP and YFP) as donor and acceptor, respectively, would allow us
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of drugs. Number of spines, 16 for each drug.
The data represent six and four independent

observations, respectively. (e-g) Time-lapse images of a dendrite stimulated (0-10 min) with bath-applied NMDA. FRET was significantly higher
between 3 and 18 min after the stimulation (P < 0.01). The effect was abolished by bL.-AP5 (100 uM). Number of spines, seven without AP5 and six
with AP5. The data represent eight and three independent observations, respectively. Numbers in e are time stamp in minutes. Scale bars, 2 um.
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Figure 3 Tetanic stimulation shifts F-actin/G-
actin equilibrium toward F-actin and enlarges
spine head. (a) Configuration of a stimulation.
The electrode was loaded with fluorescent beads
(arrow) to guide the tip close to the dendritic
shaft. Inset, merge of fluorescent and bright-field
images. Scale bars, 2 um. (b) Time-lapse images
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to use FRET to observe the equilibrium between F-actin and G-
actin in living cells (Fig. 1a).

On CFP-specific excitation, the fluorescence emission spectrum of
cell homogenate coexpressing CFP- and YFP-actin showed a distinct
YFP peak (527 nm) in addition to the CFP peak (475 nm) (Fig. 1b).
Upon application of the actin depolymerizer latrunculin A, the YFP
peak decreased, and this was accompanied by a concomitant dequench-
ing of CFP signal, confirming that the FRET was due to F-actin forma-
tion between CFP- and YFP-actin. In contrast, mutations in CFP- and
YFP-actin replacing glycine 13 with arginine (G13R), which prevents the
formation of F-actin?®, greatly reduced the YFP peak. In addition, two-
photon microscopy images of living NIH3T3 cells coexpressing CFP-
and YFP-actin revealed incorporation of fluorescent actin in a filamen-
tous pattern generating high FRET levels (as expressed by YFP/CFEP ratio
throughout). This FRET signal colocalized with F-actin stained with flu-
orescent phalloidin in the same cell after fixation (Fig. 1c).

We then coexpressed CFP- and YFP-actin in CA1 pyramidal neu-
rons in hippocampal slice culture using a biolistic approach. The
ratio of YFP to CFP channel fluorescence is consistently higher in
dendritic spines than in shafts (Fig. 2a). To confirm that this was due
to FRET, we calculated the efficiency of FRET by specifically photo-
bleaching the acceptor fluorophore (see Methods for calculation).
This showed that FRET actually occurred between CFP-actin and
YFP-actin at a higher level in the spines than in shafts. This is consis-
tent with previous experiments in fixed tissue showing accumulated
F-actin in spine heads using phalloidin staining!®-1416:18-20.26 By
contrast, coexpression of YFP-CaMKIIP, a protein that similarly
accumulates at the spine head, and CFP-actin resulted in only very
weak FRET, as measured by both YFP/CFP ratio and acceptor bleach-
ing (Fig. 2b). This indicates that the FRET is not due to the simple
concentration of CFP and YFP at the spine head, but instead to spe-
cific interactions between actin monomers.

We next tested whether we could use our FRET system to monitor
modulation of the F-actin/G-actin equilibrium. We used two drugs,

jasplakinolide and latrunculin A, that are known to shift the equilib-
rium toward F-actin and G-actin, respectively (Fig. 2c,d).
Jasplakinolide increased FRET, whereas latrunculin A decreased it,
indicating that the current method can detect modulation in both
directions. At the same time, these two drugs increased or decreased the
total amount of actin at the spine head, as estimated from acceptor
(YFP) images taken at direct acceptor excitation, which gives fluores-
cent intensity independent of the FRET status. We speculated that there
might be a positive correlation between FRET signal and total actin
content in individual spines. On the contrary, however, the spine-by-
spine plot of acceptor intensity at acceptor excitation versus FRET level
shows that the FRET value is relatively invariable across spines,
although the amount of actin varies significantly. Thus, F-actin/G-actin
equilibrium status is not a major determinant of the resting level of
actin content. In addition, jasplakinolide and latrunculin shift the over-
all distribution of the plot, and their effects were similar irrespective of
the initial abundance of actin. These results indicate that FRET meas-
ures F-actin/G-actin equilibrium independently of total actin amount.

Tetanus shifts F-actin/G-actin equilibrium toward F-actin

To test the effect of NMDA receptor activation on the actin equilib-
rium, we stimulated neurons by bath applying low concentrations of
NMDA (Fig. 2e-g). Time-lapse imaging of FRET levels in dendritic
spines showed that the F-actin/G-actin equilibrium is relatively con-
stant over time in the absence of the drug. The ratio FRET level was
increased by NMDA application, indicating a shift in equilibrium
toward F-actin, but after washout it returned to baseline, in a pattern
similar to the transient effect of iontophoretically applied NMDA on
synaptic transmission®’. In the presence of the NMDA receptor
blocker AP5, the effect of NMDA was eliminated. These results indi-
cate that activation of NMDA receptors can shift the F-actin/G-actin
equilibrium toward F-actin. In addition, this shift in actin equilibrium
induced by stimulating glutamate receptors lies within the measurable
range for our detection system, confirming the utility of our method.
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Next, we synaptically stimulated the neurons by providing tetanic
stimulation to the presynaptic fibers through a glass electrode
placed near the dendrite (Fig. 3a)25, which caused FRET levels in
dendritic spines to increase significantly (Fig. 3b—f). This increase
persisted for at least 30 min after tetanus, in contrast to the response
to bath-applied NMDA, which quickly returned to baseline after
washout (Fig. 2e,f). The onset of the FRET signal increase was rapid.
Images obtained at 20-s intervals indicated that the increase began
within 20 s after the tetanic stimulation and achieved maximal level
after about 1 min (Fig. 3g—1).
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To monitor the spatial distribution of spines undergoing changes in
FRET level, we alternately imaged two dendritic segments of the same
neuron, one close to the stimulation electrode and the other ~200 um
away (Fig. 4a—d). In spines close to the stimulation electrode, the FRET
signal increased after tetanic stimulation. In contrast, there was no
obvious change to spines at the more distant location, indicating that
the change in the FRET signal is the result of local synaptic activity
rather than neuron-wide signaling such asaction-potential generation.

We next questioned whether a single tetanus saturated the change
in FRET, by subjecting the same dendritic segment to a second
tetanus (Fig. 4e—g). This further increased FRET levels, showing that
the shift in the F-actin/G-actin equilibrium occurs in a graded man-
ner—unlike synaptic response, which shows potentiation an in all-or-
none fashion®!. To test for correlation between the amount of actin
present and the magnitude of change in FRET levels at a given spine,
we plotted the acceptor intensity at acceptor excitation (considered

Figure 5 Prolonged low-frequency stimulation induces depolymerization of
actin and shrinkage of the spine head. (a,b) Time-lapse images of a dendritic
segment that received prolonged low-frequency stimulation (1 Hz, 15 min)
typical of LTD induction. Stimulation was initiated immediately after the
image at time O was taken and ended before the image at time 15. (c) Time
course of the FRET signal. Values at time 0 and 30 min after stimulation
differed significantly; P < 0.05. n=4. (d) Plot of spine width before and
after low-frequency stimulation. n = 4. (e,f) Time-lapse images of a dendritic
segment receiving intermediate-frequency stimulation (10 Hz, 10 s), which
typically neither potentiates nor depresses synaptic transmission. (g,h) FRET
level and spine width (n = 6 for each) both increased transiently after
stimulation and then returned to baseline. The FRET signal was significantly
greater at 3 and 6 min after the stimulation (P < 0.01) than at O min, but
thereafter the difference became insignificant (P> 0.05). Scale bars, 2 um
fora,e, 1 um for b,f. Numbers are time stamps in minutes. Symbols are as
in Figure 4b. The results shown for 1-Hz and 10-Hz stimulation are each
representative of ten independent experiments with similar results.
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proportional to the amount of actin) versus the change in FRET level
after tetanic stimulations (Fig. 4g). Although the acceptor fluores-
cence intensity varies significantly across spines, the tetani changed
FRET levels in most of them and there was no clear correlation
between initial actin content and FRET signal change. At the same
time, more actin accumulated in spine heads with each tetanus, indi-
cating a net increase in F-actin content by tetanic stimulation.

The increase in FRET levels after tetanus was blocked by AP5, indi-
cating that it required NMDA receptor activation (Fig. 4h). However,
after washout of AP5, another tetanus could increase FRET. These
results demonstrate that tetanic stimulation rapidly and persistently
shifts the F-actin/G-actin equilibrium toward F-actin in an NMDA
receptor—dependent manner.

Frequency-dependent modulation of F-actin/G-actin equilibrium

We next applied a low-frequency (1 Hz) stimulation paradigm, which
typically induces LTD (Fig. 5a—d). After 1 Hz stimulation, we observed
areduction in the FRET that persisted 30 min after the stimulation was
stopped. This indicates that, in contrast to tetanic stimulation, a pro-
longed low-frequency stimulation induces a shift in the F-actin/G-
actin equilibrium toward depolymerization. Next we applied a 10 Hz
stimulation, an intermediate frequency that typically does not cause
either LTP or LTD (Fig. 5e-h). Immediately after the stimulation, we

Figure 7 Spontaneous dynamics of dendritic spines are coupled with
modulation of actin equilibrium. (a) A dendritic segment of a neuron
expressing CFP-actin and YFP-actin. Scale bar, 2 um. (b) The FRET level
of spines a—c (circled in a) during a 1-h observation period. Bottom is
width of spine c. The FRET level in individual dendritic spines was
relatively stable (spines a and b). In one spine (c), however, we observed
transient decreases (*, ***) and increase (**) in FRET level. These were
accompanied by shrinkage (*, ***) and enlargement (**) of the spine
head. (c) FRET versus width, both normalized to the mean, showing a
positive correlation. (d) Higher magnification of spine c. Top, contour
drawing. Scale bar, 1 um. Numbers are time stamps in minutes.
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Figure 6 Imaging of cytosolic fluorescence confirms enlargement of the
dendritic spine as a result of tetanic stimulation. To monitor structural changes
independent of actin redistribution, a neuron coexpressing CFP- and YFP-actin
was injected with Alexa 594 and given tetanic stimulation. @) FRET and Alexa
594 images taken before and 5 min after the tetanic stimulation. Scale bar,

2 um. (b) Quantification of FRET in six spines before and after tetanic
stimulation. FRET increased in five of six spines. Symbols are as in Figure 4b.
(c) Alexa 594 fluorescence profile of a spine across the line ina. Symbols are
as Figure 3e. (d) Width of six spines before and after tetanic stimulation.

(e) Plot of FRET change versus width change, showing positive correlation.

A representative datum from three independent experiments is shown.

observed a transient increase in FRET, which then returned to base-
line. These observations indicate that the F-actin/G-actin equilibrium
can be regulated bidirectionally in accordance with synaptic plasticity.

Remodeling of dendritic spines by modulation of actin

We next examined the structural consequences in spines of shifting
the actin equilibrium. Tetanic stimulation resulted in rapid enlarge-
ment of the dendritic spine heads, beginning less than 40 s and per-
sisting up to 30 min after stimulation (Fig. 3¢,f,g,i). This effect was
limited to the vicinity of stimulation and was not observed in distant
dendritic segments, much like for the FRET change (Fig. 4c). A plot of
FRET change versus width change in each spine showed a positive
correlation between the two (Fig. 4d). Spines that did not show FRET
change also did not show any change in width.

To test whether we could observe similar enlargement when we
imaged the actual spine structure, rather than the distribution of fluo-
rescent actin, we injected the soluble fluorophore Alexa 594 into neu-
rons and sequentially imaged FRET and Alexa 594 (Fig. 6). Consistent
with the results obtained with CFP-actin, width measurements
(Fig. 6¢,d) confirmed a significant enlargement in the size of spine
heads after tetanic stimulation. Again, the changes in width and in the
FRET signal of individual spines were positively correlated, suggestive
of a causal relationship between spine enlargement and the shifting of
the F-actin/G-actin equilibrium toward F-actin formation (Fig. 6e).
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In contrast, a prolonged 1 Hz stimulation
that shifted the equilibrium toward G-actin
resulted in a reduction in spine head size
(Fig. 5a,b,d). Some spines even disappeared
completely after stimulation. A 10 Hz stimu-
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changes. When the spine shrank, FRET
decreased, and when the spine enlarged, o
FRET increased. These were isolated events
restricted to spine ¢; other spines (such as
spines a and b) did not show synchronous
changes. This observation provides further
evidence for the involvement of local modu-
lation of the F-actin/G-actin equilibrium in
the regulation of structural characteristics of
dendritic spines.

These structural changes were mimicked
by pharmacological induction of actin poly-
merization by bath application of the F-actin
stabilizer jasplakinolide or depolymerization
caused by latrunculin A, which led to enlarge-
ment and shrinkage, respectively, of spine
heads (data not shown; see refs. 18,20). This
result indicates that the structural changes we
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Figure 8 Pharmacological induction of F-actin is sufficient to induce synaptic delivery of CaMKII by
increasing postsynaptic binding capacity. (@) Images of neurons expressing GFP-CaMKlla, GFP-CaMKIIB,
and CFP-CaMKllo coexpressed with YFP-CaMKIIB captured before and after injection of phalloidin
through a whole-cell pipette. Scale bar, 2 um. (b) Time course of fluorescence in spine head before and
after phalloidin injection. The formation of F-actin caused an accumulation at dendritic spines of
CaMKIIB but not CaMKllea, which was gradually lost, most probably owing to wash-out into the whole-cell
pipette. But CaMKlla coexpressed with the B isoform was delivered to dendritic spines by F-actin
formation. Fluorescence at time O and 10 were significantly different: for CaMKllx, P< 0.05; CaMKIIB,
P<0.01; CaMKlla + B,
actin polymerization on the dynamics of CaMKII subunits. Kinetics were compared in the presence or
absence of a cell permeable F-actin stabilizer jasplakinolide (10 uM). (c) Time-lapse images of a dendritic
spine expressing GFP-CaMKIIp before and after photobleaching. Scale bar, 0.5 um. (d—f) Ensemble data
of FRAP analyses of GFP-CaMKlla (d), GFP-CaMKIIf (e) and CFP-CaMKIla coexpressed with YFP-
CaMKIIB (F) in the presence and absence of jasplakinolide. Numbers indicate number of spines analyzed
with and without the drug. Only the CFP channel was analyzed inf. Recovery time course was fitted to
single exponential curve and the time constant (r) (g) and the proportion of fluorescence that did not
recover at t= o (h) were calculated.

P < 0.02. Numbers of spines are indicated. (c-h) FRAP analyses of the effect of

observed were a direct consequence of actin
polymerization or depolymerization. In sum,
our results indicate that bidirectional synaptic plasticity, both positive
and negative, is accompanied by enlargement or shrinkage of the
spine head, as a result of an input frequency—dependent shift in the F-
actin/G-actin equilibrium.

Actin increases synaptic CaMKII by increasing binding capacity
Another important aspect of postsynaptic F-actin is its role as postsy-
naptic scaffold. Therefore, dynamic modulation of F-actin/G-actin
equilibrium may serve as an active regulator of postsynaptic binding
capacity, thereby contributing to the redistribution of postsynaptic
proteins. To explore this, we induced actin polymerization by inject-
ing phalloidin into the neurons and monitored the subsequent redis-
tribution of postsynaptic proteins. The use of phalloidin was
designed to isolate the effect of actin polymerization from other sig-

naling cascades, which would be activated simultaneously if tetanic
stimulation were used to trigger polymerization.

We first tested the GFP-fusion protein of CaMKIIP subunit because
it is enriched postsynaptically and binds directly with F-actin®.
Consistent with this, GFP-CaMKIIf was observed in spine heads under
basal neuronal activity. Upon induction of actin polymerization, the
abundance of GFP-CaMKIIf at dendritic spines increased rapidly
(Fig. 8a,b). To test whether this depended on direct binding with F-
actin, we imaged GFP-CaMKIla, because the o isoform does not bind
directly to actin but has a domain structure otherwise similar to that of
CaMKIIB. In contrast to that of GFP-CaMKIIB, the fluorescence of
GFP-CaMKIIa was gradually lost after phalloidin injection, most prob-
ably owing to washout into the whole-cell pipette (Fig. 8a,b). However,
when CFP-CaMKIIo was coexpressed with CaMKIIp, it was delivered
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to the synapse by actin polymerization, most probably through a het-
ero-oligomerization with (3 isoforms. This showed that CaMKIIf redis-
tribution is a specific result of F-actin formation rather than a
secondary effect of volume increase or the formation of a diffusion bar-
rier, as these would affect both o and 3 isoforms equally.

We next tested whether this effect of actin polymerization was
mediated by an increase in postsynaptic scaffold capacity or by an
increase in the propulsive force enabling transport into the spine
head3%. To distinguish these two possibilities, we conducted a fluores-
cence recovery after photobleaching (FRAP) assay!”. In this assay, the
fluorescence of small region, such as the spine head, is photobleached
and the recovery of the fluorescence is monitored. In the case of a pro-
tein that has no capacity for binding to the spine head, such as free
GFP, the fluorescence level typically recovers in an exponential fash-
ion and becomes fully restored to its original level. However, if a pop-
ulation of protein is tightly bound to the spine head, recovery is
partial, leaving an unrecoverable fraction. Therefore, an increase in
the binding capacity within the spine head would be reflected by an
increase in the unrecoverable fraction. In contrast, an increase in
transport into the spine head would be reflected as a facilitation of
recovery speed, observed as a reduction of the time constant.

We first tested the effects of jasplakinolide in a FRAP assay of GFP-
actin. The drug treatment markedly increased the unrecoverable frac-
tion, indicating an increase in the amount of actin tightly bound to the
spine head—a result consistent with a shift in the F-actin/G-actin
equilibrium toward F-actin (data not shown; see ref. 17). We then con-
ducted the FRAP experiment with o and f isoforms of CaMKII in the
presence or absence of jasplakinolide (Fig. 8c-h). In control spines, the
unrecoverable fraction of GFP-CaMKIIo was 15.8 = 2.4% of the base-
line level and time constant (t) was 38.7 + 3.9 s (Fig. 8d,g,h). The jas-
plakinolide affected neither the unrecoverable fraction nor the time
constant, consistent with an unaltered distribution of CaMKIla by
jasplakinolide. In contrast, jasplakinolide increased the unrecoverable
fraction of CaMKIIf in spine heads (Fig. 8e,h). The recovery speed,
however, was not statistically different in the presence of jasplakinolide
(Fig. 8e,g), ruling out facilitation of transport into dendritic spines.
The hetero-oligomer of CFP-CaMKIIo. and YFP-CaMKIIP behaved
similarly to CaMKIIP (Fig. 8f~h). Together, these data indicated that
polymerized actin increases the amount of CaMKII by providing more
binding capacity in the spine but not by facilitating movement of
CaMKII molecules.

DISCUSSION
FRET between actin monomers represents F-actin
A previous attempt to monitor the F-actin/G-actin equilibrium used
purified and chemically labeled fluorescent actin in vitro and observed
FRET between actin monomers?’. This FRET is due to intrafilament,
rather than interfilament, alignment of donor and acceptor actin, and
its efficiency does not depend on filament concentration, providing an
ideal system to detect actin equilibrium in a structure where actin dis-
tribution is heterogeneous. We updated this strategy by using geneti-
cally encoded fluorescent actins and showed that we can thereby use
FRET to monitor the actin equilibrium in living tissue. This provides
information about the equilibrium level between F-actin/G-actin.
Fluorescently labeled phalloidin stains only F-actin, providing no infor-
mation about G-actin. A GFP fusion protein of actin has been used to
determine the cellular distribution and dynamics of actin in living tis-
sue, but this cannot distinguish the two forms of actin. Thus, the infor-
mation obtained with our current technique is unique.

This method does have certain limitations. The FRET value,
obtained by measuring either acceptor bleaching or the ratio of CFP
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to YFP intensity, does not give the absolute ratio of F-actin to G-actin.
This is because the FRET efficiency depends on the relative levels of
donor actin, acceptor actin and endogenous unlabeled actin?’. The
inclusion of unlabeled actin in a filament decreases the chance that
donor and acceptor will be aligned within the effective distance. In
contrast, an excess of acceptor actin as compared to donor actin
increases the chance that the acceptor will be next to the donor,
thereby increasing the FRET level while decreasing the overall signal
intensity. Because of this limitation, we always took baseline images
and limited our comparisons to spines in the same dendrite.

Structural and molecular postsynaptic remodeling by actin

We found that F-actin/G-actin equilibrium is relatively invariable
across spines with different amount of actin and is stable under basal
neuronal activity (Figs. 2c,d and 7). But this equilibrium can be modu-
lated, both positively and negatively, by a transient synaptic activity
(Figs. 3—6). This modulation is rapid—it can change within 20 s—and
persistent up to at least 30 min. Its bidirectionality depends on the fre-
quency of synaptic input, reminiscent of the Bienenstock-Cooper-
Munro (BCM) curve of synaptic plasticity: a short burst of activity
induces LTP, prolonged low-frequency activity induces LTD, and inter-
mediate frequencies elicit a neutral response®®*%. This explains the con-
tradictions between past studies with respect to the behavior of actin in
different preparations under various stimulation protocols'®182526,
The modulation was dependent on NMDA receptor activation. These
parallels between synaptic plasticity and actin polymerization status
strongly suggest that actin polymerization is an important determinant
of the size of synaptic transmission, making it an ideal substrate for the
long-term modification underlying long-term synaptic plasticity.

Because actin is the primary cytoskeletal element in the spine head,
it is reasonable to imagine that postsynaptic actin polymerization or
depolymerization underlies the structural remodeling of spine
heads®!°. Our observations of changing spine structure in conjunc-
tion with a shifting actin equilibrium following plasticity induction
establishes strong support for this concept; actin polymerization was
accompanied by enlargement of the spine head, whereas depolymer-
ization was accompanied by shrinkage. Because the pharmacological
induction of actin polymerization and depolymerization mimicked
these structural changes, it is likely that actin polymerization and
depolymerization are the primary cytoskeletal mechanisms underly-
ing these changes. The finding that spine size can be enlarged by the
same stimulation that induces synaptic plasticity implies that the size
of the spine head may represent the history of plasticity of a synapse.

A close correlation between the size of spines and synaptic contact,
as well as glutamate receptor density, has been noted®” 3. Given these
correlations, a structural change must be linked with the transloca-
tion of postsynaptic proteins. Actin is an ideal mechanism for this
process as well because it can also serve as a scaffold for other postsy-
naptic proteins. Our results indicate that increased postsynaptic
F-actin provides increased binding capacity, thereby trapping
CaMKII at synaptic sites. Through direct or indirect interaction with
F-actin, this mechanism provides a reasonable explanation for the
assembly of many different postsynaptic proteins without the need to
postulate trafficking signals specific to each protein.

We speculate that this mechanism works synergistically with other
mechanism proposed for synaptic plasticity, such as persistent kinase
activation?®*!, to maintain enhanced transmission at different times
after the induction of plasticity. For instance, AMPA receptor subunits
require direct phosphorylation for targeting to the synapse, but this
alone is not sufficient for translocation*>. CaMKII trafficking is also
regulated by phosphorylation in addition to the actin-based mecha-
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nism described here*. Yet actin polymerization by itself is necessary, but
not sufficient, to induce synaptic potentiation'%?324, These facts indi-
cate that additional cellular signaling is necessary to link the increase in
F-actin to enhanced AMPA receptor-mediated synaptic transmission.
Because actin polymerization does not require new protein synthesis, it
may explain the ‘synapse tagging’ effect of synaptic plasticity, whereby
newly synthesized molecules necessary for late-phase of LTP affect only
the synapse undergoing the synaptic plasticity*.

In contrast, prolonged low-frequency stimulation shifts the actin
equilibrium toward G-actin and a loss of spine structure, which is
likely to result in the loss of postsynaptic cytoskeletal integrity, com-
promising the proteins anchored to it. AMPA receptors are anchored
postsynaptically via the actin cytoskeleton, and actin depolymeriza-
tion is a prerequisite for ligand-induced internalization of these
receptors, a proposed mechanism for LTD?%-21:44, This argues that the
shift in actin equilibrium in favor of G-actin and the resultant disrup-
tion of the AMPA receptor scaffold trigger LTD. This mechanism may
work in conjunction with other proposed mechanisms for LTD, such
as those involving phosphatase activation*> and clathrin-dependent

AMPA receptor internalization*%.

Molecular mechanism leading to persistent actin polymerization
Bath application of NMDA was sufficient to move the F-actin/G-actin
equilibrium toward F-actin. It returned to baseline level after washout
of the NMDA, however, in contrast to the persistent change in the
equilibrium induced by tetanus. This implies that NMDA receptor
activation is necessary for the equilibrium change, but that for the
shift to persist, an additional signal is also necessary.

An increase in phosphorylated cofilin in dentate gyrus LTP has
been reported previously'?. Moreover, phosphorylation of cofilin by
the LIM domain—containing protein kinase (LIM-K) impairs its actin
depolymerization activity'®. In fact, a LIM-K knockout animal
showed abnormal spine morphology and synaptic plasticity*®. Small
G-proteins located upstream of LIM-K are implicated in the mainte-
nance of normal spine morphology'l. The phosphorylated state of
cofilin may be stabilized by a phosphoserine/threonine binding pro-
tein, 14-3-3, thereby stabilizing actin filaments*’. On the other hand,
the actin-stabilizing protein profilin is translocated to spine heads by
activation of NMDA receptors*®, where it may contribute to stabiliza-
tion of actin filaments. Involvement of gelsolin in the activity-
dependent stabilization of actin has also been suggested!”.

Note added in proof: While this article was under revision, another
group published a paper in Nature®® describing a similar expansion of
dendritic spines accompanied by an increase in glutamate sensitivity.

METHODS

Molecular biology and biochemistry. CEP- and YFP-actin were constructed by
replacing EGFP in EGFP-actin (Clontech) with ECFP (Clontech) and an
improved version of YFP (Venus)*. For spectrofluorometric assays, HEK293T
cells were transfected with CFP- and YFP-actin at a ratio of 1:3, homogenized
in a buffer containing 10 mM PIPES, I mM MgCl,, I mM ATP and 0.5 mM
DTT?, and centrifuged at 3,000¢ for 1 min to clear large cell debris. This
removed part of the F-actin to the pellet, resulting in a lower FRET signal than
seen from imaging in intact cells.

Imaging in cell line. NIH3T3 cells were imaged with a custom-made two-pho-
ton laser scanning microscope in solution containing, in mM, NaCl 129; KCl 5;
CaCl, 2; MgCl, 1; glucose 30; and sodium HEPES 25 (pH 7.4). The wave-
lengths used for FRET imaging were 800 nm (excitation), 480/30 nm (CFP
emission) and 535/26 nm (YFP emission), separated by a 505 nm long-pass
dichroic mirror. This combination allows leakage of the CFP signal into the
YFP channel at about 31% efficiency. Because this leakage is purely optical and

constant irrespective of FRET conditions, we did not correct for it. YFP did not
leak into the CFP channel. Subsequently, the cells were fixed with 4%
paraformaldehyde, stained with Texas Red—phalloidin and visualized at 900
nm (excitation) and 600/100 nm (emission).

Neuron imaging. Organotypic slice cultures of hippocampus were prepared as
described in accordance with institutional guidelines’. The CA1 pyramidal
neurons were biolistically cotransfected with CFP- and YFP-actin at a ratio of
1:3. The o and f isoforms of CaMKII were transfected at a ratio of 1:1 and
CFP-actin and YFP-CaMKII at a ratio of 1:3. Imaging was carried out 4-7 d
after transfection in solution containing, in mM, NaCl 119; KCl 2.5; CaCl, 4;
MgCl, 4; NaHCO; 26.2; NaH,PO, 1 and glucose 11, aerated with 95% O, and
5% CO,. FRET imaging was carried out as above. YFP was imaged at 900 nm
(excitation) and 535/26 nm (emission); GFP at 860 nm (excitation) and 570
nm short-pass (emission); and Alexa 594 at 800 nm (excitation) and 565 nm
long-pass (emission). In the acceptor bleaching experiment, YFP was specifi-
cally photobleached at 525/45 nm for 1 min.

NMDA (2 uM) was applied in the presence of tetrodotoxin (1 uM) and
Mg?* (0.1 mM). For electrical stimulation, a glass electrode, filled with 1 M
NaCl with fluorescent beads (1 um) to allow visualization under fluorescence
(~5 MQ; A. Piccini, C. Kopec and R. Malinow, Soc. Neurosci. Abstr. 375.3,2003),
was placed within 5-15 um of the dendrite. We and others confirmed that the
tetanic stimulation at 100 Hz for 1 s given in this configuration provokes Ca**-
response, LTP, insertion of AMPA receptors and generation of dendritic
spines®>7%, whereas stimulation for 15 min at 1 Hz induces LTD and removal
of AMPA receptors (A. Piccini, C. Kopec and R. Malinow, Soc. Neurosci. Abstr.
375.3,2003). Phalloidin (100 uM) or Alexa 594 (20 uM) was injected through a
whole-cell patch pipette filled with internal solutions containing, in mM,
cesium methanesulfonate 115, CsCl 20, HEPES 10, MgCl, 2.5, adenosine
triphosphate disodium salt 4, guanosine triphosphate trisodium salt 0.4,
sodium phosphocreatine 10, and EGTA 0.6, at pH 7.25, under voltage clamp at
—60 mV. For FRAP experiments, photobleaching was achieved by scanning a
spine of interest at maximal excitation power (~1.4 W of pump laser output)
for 5-10 times (~5 s).

Image analysis. The probability of stimulating multiple spines in a given den-
dritic segment was not high and the number of spines that responded to the stim-
ulation varied significantly, most probably as a result of differences in the
effectiveness of stimulation. We often moved the stimulation electrode, typically
to a more proximal position (at least 100 um away), before we found a number of
spines that changed in response to the stimulation. We did not see any systematic
difference in response among different levels of branches of apical dendrites. We
analyzed dendritic segments on which >40% of spines showed changes in FRET
level. We included all spines separated from dendrite shaft and adjacent spines.

For analyses, image stacks typically composed of 15-20 sections taken at
0.5-um intervals were z-projected (summation), median-filtered and back-
ground-subtracted (Metamorph, Universal Imaging Corporation). The FRET
images were displayed in intensity-modulated display mode, where warmer
hue indicates a higher YFP/CFP ratio or FRET and the brightness indicates the
intensity of the CFP channel.

FRET efficiency was calculated from the efficiency of dequenching of the CFP
signal after specific photobleaching of the acceptor according to the formula:

where Fepppefore ad Feppafier represent the CFP signal before and after YFP
bleaching.
The FRAP data were normalized by the baseline fluorescence and fitted
to a single exponential curve using the following equation (Igor Pro,
‘Wavemetrics):

fwf,x_m:q:{--;-]
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where F,_,, represents unrecoverable fluorescence, considered to be a fixed
population of fluorescent protein, and 7is the time constant for recovery.

To measure the spine width independently of the change in fluorescence,
the CFP fluorescence profile was obtained along a line drawn across the mid-
dle of the dendritic spine perpendicular to the axis. In theory, the profile
should be semielliptical, assuming that spine heads are spherical; but in most
cases the profile was broadened owing to a convolution effect. In practice,
therefore, we used a Gaussian fit (Origin, Microcal) to obtain the width as an
index independent of the brightness of the structure, as follows:

Here x is the position along the profile and x;, is the peak position. The width
represents twice the s.d. of the profile, corresponding to the half the width
where fluorescence is 13.5% of the peak value (arrows in Fig. 3e). We con-
firmed that this measurement was independent of brightness by analyzing the
same structure in the YFP channel, which, although it is weaker than the CFP
channel, gave almost the same width.

Results are reported as mean = s.e.m. and statistical significance was defined
at P < 0.05. Statistical differences were determined using Wilcoxon tests except
for Figure 8, where a nonpaired ¢-test was used.
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