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Cellular/Molecular

Loss of PSD-95 Enrichment Is Not a Prerequisite for Spine
Retraction

Georgia F. Woods, Won Chan Oh, Lauren C. Boudewyn, Sarah K. Mikula, and Karen Zito

Center for Neuroscience, University of California, Davis, California 95618

Changes in neuronal structure are thought to underlie long-term behavioral modifications associated with learning and memory. In
particular, considerable evidence implicates the destabilization and retraction of dendritic spines along with the loss of spine synapses as
an important cellular mechanism for refining brain circuits, yet the molecular mechanisms regulating spine elimination remain ill-
defined. The postsynaptic density protein, PSD-95, is highly enriched in dendritic spines and has been associated with spine stability.
Because spines with low levels of PSD-95 are more dynamic, and the recruitment of PSD-95 to nascent spines has been associated with
spine stabilization, we hypothesized that loss of PSD-95 enrichment would be a prerequisite for spine retraction. To test this hypothesis,
we used dual-color time-lapse two-photon microscopy to monitor rat hippocampal pyramidal neurons cotransfected with PSD-95-GFP
and DsRed-Express, and we analyzed the relationship between PSD-95-GFP enrichment and spine morphological changes. Consistent
with our hypothesis, we found that the majority of spines that retracted were relatively unenriched for PSD-95-GFP. However, in the
subset of PSD-95-GFP-enriched spines that retracted, spine shrinkage and loss of PSD-95-GFP were tightly coupled, suggesting that loss
of PSD-95-GFP enrichment did not precede spine retraction. Moreover, we found that, in some instances, spine retraction resulted in a
significant enrichment of PSD-95-GFP on the dendritic shaft. Our data support a model of spine retraction in which loss of PSD-95

enrichment is not required prior to the destabilization of spines.

Introduction
Novel sensory experience and mastery of new tasks have been
associated with increased formation of dendritic spines, and also
with increased spine loss, supporting the idea that these structural
changes are important mechanisms that allow the brain to adapt
to environmental stimuli (Xu et al., 2009; Yang et al., 2009; Rob-
erts et al., 2010). Notably, extensive spine loss and synapse elim-
ination occur during the development of a diverse set of brain
regions (Wise et al., 1979; Rakic et al., 1986; Markus and Petit,
1987; De Felipe et al., 1997; Holtmaat et al., 2005; Zuo et al.,
2005), and this refinement of circuitry coincides with increased
behavioral competence (Lawrence and Hopkins, 1976; Rakic et
al., 1986). These data suggest that elimination of spine synapses
plays a critical role in mediating the circuit changes that underlie
adaptive plasticity of the brain, yet the cellular and molecular
mechanisms that lead to spine loss remain ill defined.

One molecule that has been linked to spine stability is the
postsynaptic density protein, PSD-95. Studies using PSD-95
fused to green fluorescent protein (PSD-95-GFP) have primarily
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focused on using PSD-95-GFP as a marker for assessing postsyn-
aptic density (PSD) assembly as it relates to spine formation (Ok-
abe et al., 2001; Prange and Murphy, 2001; De Roo et al., 2008).
These studies support a model in which PSD-95 is recruited to
new spines in an activity-dependent manner, where it contributes
to the stabilization of nascent spines. Indeed, spines with low
levels of PSD-95-GFP are more dynamic (Prange and Murphy,
2001; Ehrlich et al., 2007) and activity-dependent alterations in
spine shape are regulated by PSD-95 (Steiner et al., 2008). More-
over, spines that are enriched for PSD-95-GFP are almost always
juxtaposed to presynaptic markers, suggesting that these spines
are incorporated into synapses (Prange and Murphy, 2001), and
recent ultrastructural data support a key role for PSD-95 in main-
taining the integrity of the PSD (Chen et al., 2011). As adaptive
circuit changes must be associated with the retraction of spines
that were once engaged in synapses, these data suggest that desta-
bilization of dendritic spines via loss of PSD-95 enrichment
might be a prerequisite for spine retraction.

To determine whether spine retraction occurs only after a
significant loss of PSD-95 enrichment, we simultaneously mon-
itored spine morphology and PSD-95-GFP levels over time using
dual-color time-lapse two-photon imaging of hippocampal py-
ramidal neurons cotransfected with PSD-95-GFP and DsRed-
Express. By quantifying changes in spine size and PSD-95-GFP
levels during and after spine retraction, we found that, while the
majority of spines that retracted exhibited low enrichment of
PSD-95-GFP, a significant proportion had PSD-95-GFP enrich-
ment levels comparable with that of persistent neighboring
spines. In this subset of enriched spines, spine shrinkage and loss
of PSD-95-GFP were tightly coupled, suggesting that loss of
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PSD-95 enrichment is not a prerequisite A
for spine retraction. In fact, in some cases

spine retraction resulted in a significant
enrichment of PSD-95-GFP on the den-
dritic shaft. Our data strongly support a
model in which the retraction of dendritic
spines is not dependent upon a significant

loss of enrichment for PSD-95.

Materials and Methods

Preparation and transfection of organotypic slice
cultures. Organotypic hippocampal slice cul-
tures were prepared from P5 to P7 rats (both
male and female) as described previously
(Stoppini et al., 1991) in accordance with ani-
mal care and use guidelines of the University of
California. Genes were delivered at 5-8 DIV
using particle-mediated gene transfer, as de-
scribed previously (Zito et al., 2004; Woods
and Zito, 2008), except 4 ug of PSD-95-GFP
(Gray et al., 2006) and/or 10 pg of DsRed-
Express (Clontech) were coated onto 8 mg of
1.6 wm gold beads.

Two-photon time-lapse imaging. Pyramidal
neurons were imaged 24—48 h after transfec-
tion using a custom two-photon microscope
with a pulsed Ti::sapphire laser (Mai Tai; Spec-
tra Physics) tuned to 930 nm, a wavelength that
simultaneously excites DsRed-Express and
PSD-95-GFP. The microscope was controlled
with ScanImage (Pologruto et al., 2003). For
each neuron, image stacks (512 X 512 pixels;
~0.07 pwm/pixel) with 1 wm steps were col-
lected from four to eight segments of secondary
dendrites (apical and basal). For time-lapse
with 1 h intervals, slices were imaged at room
temperature in culture medium and were re-
turned to the incubator (35°C) between imag-
ing sessions. For time-lapse with intervals of
seconds to minutes, slices were imaged at 30°C
in artificial CSF (ACSF) containing the following
(in mM): 127 NaCl, 25 NaHCO;, 25 p-glucose,
2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, and 2 CaCl,,
aerated with 95% O,/5% CO,. Where indicated,
(RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonicacid (CPP) (10 uum final; Tocris) was added directly to the ACSF.
Red and green fluorescence photons were separated using a dichroic mirror
(565 nm) and bandpass filters (BG22 glass and 607/45 nm; Chroma) and
collected using photomultiplier tubes (R3896; Hamamatsu). Epifluores-
cence and transfluorescence signals were summed. All images shown are
maximum projections of 3D stacks unless otherwise stated.

Quantification of spine densities and spine dynamics. All distinct pro-
trusions emanating from the dendritic shaft, regardless of shape, were
counted and measured in images from the red (DsRed-Express) channel
using custom software written in MATLAB. As widespread spine loss can
occur when cell health is compromised, we monitored spine density
during time-lapse imaging. For all cells included in our analysis, overall
spine density did not significantly decrease over the 2 h imaging session
(data not shown). This ensured that the spontaneous spine retractions
being examined did not take place due to a general decrease in cell health.

Quantification of fluorescence intensities in spines and dendrites. Inte-
grated red and green fluorescence intensities were measured from boxed
regions of interest (ROIs) (~0.5 wm?) on the dendrites and from boxed
ROIs (~1.0 um?) surrounding the spine heads in the single Z stack
image slice in which the spine appeared brightest. All spine and dendrite
fluorescence intensities were bleed-through corrected and background
subtracted. Bleed-through of green into the red channel and red into the
green channel, as determined by quantifying red and green signal inten-

Figure1.

Woods et al. ® Spine Retraction and PSD-95 Dispersal

B DsRed-Express

87 = PSD-95-GFP
£
-~ 6 1
€
=
8
< 4
»
]
£
3 5
Z slices: w 2
1 um steps
0 - T
Lost Gained

(@)

B DsRed-Express

17 = PSD-95-GFP
€
2 038 -
)]
g I
£
§ 06
>
2 0.4 -
[
[a)
2 02 -
Q.
(0]
0 4

Rates of spine elimination are unaltered in neurons expressing low levels of PSD-95-GFP. 4, Images of a dendrite from
a hippocampal neuron coexpressing PSD-95-GFP (green) and DsRed-Express (red) at 0 min (left panels) and at 60 min (right
panels). Colocalization of red and green signal appears yellow in the overlay. A spine present at the first time point (filled arrow-
head) eliminated within 60 min (open arrowhead). Spine retractions were confirmed by examining optical Z sections (displayed
below the maximum projection images for each time point). Scale bar, 1 wm. B, The number of spines lost (p = 0.5) and gained
(p = 0.4) was not significantly different between cells expressing both PSD-95-GFP and DsRed-Express (green bars; n = 617
spines, 12 cells) and those expressing DsRed-Express alone (black bars; n = 580 spines, 11 cells). C, Spine density (p = 0.8) was not
significantly different between cells expressing both PSD-95-GFP and DsRed-Express (green bar) and those expressing DsRed-
Express alone (black bar). Error bars indicate SEM.

sities from images of cells expressing GFP alone or DsRed-Express alone,
was subtracted from all images before intensity measurements were
made. Background subtraction for dendrites was performed by subtract-
ing “distant background” (mean pixel intensity from an ROI distant
from the labeled dendrites multiplied by the number of pixels in the
dendrite ROI) from the integrated dendritic ROI intensity. To account
for higher background fluorescence near the dendritic shaft, background
subtraction for spines was performed by subtracting “adjacent back-
ground” (integrated pixel intensity from a neighboring ROI of equal
dimensions proximal to the dendritic shaft) from the integrated spine
ROl intensity. Finally, to account for fluctuations in laser power between
time points, bleed-through-corrected and background-subtracted spine
intensity measurements were normalized to a dendrite intensity factor,
which consisted of the average mean pixel value from three boxed ROIs
(~0.3 um?) on the associated dendrite in the red (DsRed-Express)
channel.

Criterion for spine elimination. Spines were considered to have elimi-
nated when the spine red (DsRed-Express) fluorescence intensity fell
within 2 SDs of the background levels near the dendrite. Background
levels near the dendrite were calculated by measuring the mean and SD of
the “spine” intensity values (as described above, except ROIs were chosen
that did not contain a spine) for three ROIs neighboring the eliminated
spine and adjacent to the dendrite. On the graph shown, 2 SDs above and
below the mean background red fluorescence near the dendrite are plot-
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point was ambiguous, at the maximum dimen-
sion perpendicular to spine length.

Statistics. Error bars represent SEM (unless
otherwise noted), and significance was set at
p = 0.05 (two-tailed ¢ test). The single asterisks
indicate p < 0.05, and the double asterisks in-
dicate p < 0.001. ris the correlation coefficient.

Results

Eliminating spines are overall less
o enriched for PSD-95-GFP
To examine the relationship between den-
dritic spine stability and PSD-95 content,

c B Eliminating spines D
B Neighboring spines
O Smallest neighboring spines

*
*% 1.24

1
0.8
0.6 4
0.4 1
0.2 1

*%

e e =
o o = N

o
-y
Relative Volume

0.2

Relative PSD-95 Enrichment

0-

o

Figure 2.

ted as dashed lines. A spine was deemed to have eliminated at the time
point at which the integrated spine fluorescence intensity value fell
within this background variability.

Quantification of PSD-95-GFP enrichment. PSD-95-GFP enrichment
in dendritic spines was calculated from bleed-through-corrected and
background-subtracted green (PSD-95-GFP) and red (DsRed-Express)
fluorescence intensities (as described above) by dividing the green signal
in the spine by the green signal in the dendrite (Gs/Gd) and normalizing
to the value of the red signal in the spine divided by the red signal in the
dendrite (Rs/Rd). Relative PSD-95-GFP enrichment in spines was calcu-
lated by dividing the enrichment value for each individual spine by the
mean enrichment value for four neighboring persistent spines associated
with the same dendritic segment. Fold enrichment of PSD-95-GFP in
dendritic shafts following spine retraction was calculated from bleed-
through-corrected and background-subtracted green (PSD-95-GFP)
and red (DsRed-Express) signal intensities in the dendrite at the site of
spine elimination by dividing the green signal by the red signal following
spine elimination (Gd,,/Rd,,) and normalizing to the green signal di-
vided by the red signal at the first time point imaged (Gd,,/Rd,,).

Estimation of relative spine volume and spine length/width ratio. Rela-
tive spine volume was estimated from bleed-through-corrected and
background-subtracted red (DsRed-Express) fluorescence intensities by
dividing the integrated spine intensity value by the mean integrated spine
intensity value of four neighboring spines on the same dendrite. Spine
brightness measurements give an accurate estimate of relative spine vol-
ume when compared with electron microscopy (Holtmaat et al., 2005).
Spine length/width ratio was defined as the ratio of the length from the
tip of the spine head to the spine neck base (spine length) to the width
across the spine head at its widest point (spine width) or, if the widest

H Eliminating spines
H Neighboring spines
O Smallest neighboring spines

1

Eliminating spines are less enriched for PSD-95-GFP than persistent neighbors. 4, A spine with low levels of PSD-95-
GFP at 0 min (filled blue circle) eliminated within 60 min (open blue circle), whereas neighboring spines persisted (white symbols).
Scale bar, 1 wm. B, At 0 min, the eliminating spine was less enriched for PSD-95-GFP than its neighbors. The symbols correspond
to the spines identified in A. The solid bar represents the mean, and error bars represent the SD of the PSD-95-GFP enrichment for
the four neighboring spines. C, Eliminating spines (blue bar; n = 37 spines; 15 cells) were less enriched for PSD-95-GFP than
neighboring persistent spines (black bar; n = 96 spines; p << 0.001) and smallest neighboring persistent spines (white bar; n =
23 spines; p << 0.05). D, Eliminating spines (blue bar) were smaller than neighboring persistent spines (black bar; p << 0.001), but
they were not smaller than the smallest neighboring persistent spines (white bar; p = 0.4). *p < 0.05; **p < 0.001.

we monitored spine morphology (DsRed-
Express) and PSD-95 levels (PSD-95-
GFP) over time using dual-color time-lapse
two-photon microscopy. Because high
levels of PSD-95-GFP expression can al-
ter spine morphology and density (El-
Husseini et al., 2000), we first optimized
expression levels of DsRed-Express and
PSD-95-GFP. Hippocampal pyramidal neu-
rons in organotypic slice cultures from
neonatal rats were cotransfected at DIV5—
DIV6 with DsRed-Express (10 ug) and
PSD-95-GFP (2,4, or 10 ug). Dendrites of
transfected neurons were imaged either 1
or 2 d after transfection, and spine densi-
ties, lengths, and turnover rates (gains
and losses) were quantified. Spine gains
and losses were confirmed by examining
individual 1 um optical Z sections span-
ning the dendritic segment (Fig. 1A). At
optimal conditions (4 pug of PSD-95-GFP,
1 d after transfection), spine morphology
and PSD-95-GFP levels could be readily
visualized and spine densities and turn-
over rates did not significantly differ be-
tween cells expressing both DsRed-Express and PSD-95-GFP and
those expressing DsRed-Express alone (Fig. 1B, C).

To quantitatively determine whether eliminating spines con-
tain lower levels of PSD-95-GFP than their neighbors, we moni-
tored PSD-95-GFP and DsRed-Express levels at the first imaging
time point in spines that retracted within 1 h and in neighboring
spines that persisted (Fig. 2A, B). Because PSD-95 content is cor-
related with PSD size (Aoki et al., 2001) and PSD size is correlated
with spine size (Harris and Stevens, 1989), larger spines would be
expected to have a higher PSD-95-GFP content. Therefore, we
quantified PSD-95-GFP enrichment by normalizing PSD-95-
GFP content to spine volume using DsRed-Express measure-
ments. We found that spines that retracted were on average
relatively less enriched for PSD-95-GFP (0.76 * 0.04) than their
persistent neighbors (1.0 = 0.02; p < 0.001; Fig. 2C). Notably,
eliminating spines were also smaller in volume (0.42 * 0.07) than
their persistent neighbors (1.0 £ 0.06; p < 0.001; Fig. 2D). To
examine whether differences in spine volume contribute to dif-
ferences in PSD-95-GFP enrichment in eliminating versus
persistent spines, we compared PSD-95-GFP enrichment in
eliminating spines to PSD-95-GFP enrichment in the smallest
neighboring persistent spines. Eliminating spines were still sig-
nificantly less enriched for PSD-95-GFP than these smallest
neighbors (0.92 * 0.04; p < 0.05; Fig. 2C), even though these
smallest persistent neighbors were similarly sized to eliminating
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spines (0.50 = 0.04; p = 0.4; Fig. 2D). Therefore, we conclude
that eliminating spines are less enriched for PSD-95-GFP than
their persistent neighbors and that this decreased PSD-95-GFP
enrichment is not simply because eliminating spines are smaller.

A substantial subset of eliminating spines are enriched

for PSD-95-GFP

Spines that are enriched for PSD-95-GFP are almost always jux-
taposed to presynaptic markers, suggesting that these spines are
incorporated into synapses (Prange and Murphy, 2001). There-
fore, the finding that eliminating spines are overall less enriched
in PSD-95-GFP may be due to the fact that eliminating spines are
comprised predominantly of transient spines that are not en-
gaged in synapses. However, spine elimination is thought to con-
tribute to circuit refinement during development and to circuit
modifications during synaptic plasticity in adults (Xu et al., 2009;
Yang et al., 2009; Roberts et al., 2010), suggesting that, at least in
some cases, spine elimination must be accompanied by modifi-
cations in synaptic connectivity. For this reason, we expected that
a subset of eliminating spines would initially be engaged in syn-
apses and also enriched for PSD-95-GFP. Indeed, we often ob-
served that retracting spines were as enriched for PSD-95-GFP as
their persistent neighbors (Fig. 3A,B).

To estimate the fraction of eliminating spines that were ini-
tially either (1) less enriched or (2) comparably enriched for PSD-
95-GFP as their persistent neighbors, we divided spines that
eliminated into two groups based upon their deviation from the
mean PSD-95-GFP enrichment of four neighboring persistent
spines on the same dendrite (Fig. 3C). Eliminating spines with
PSD-95-GFP enrichment values at the first imaging time point
that were <1 SD lower than the mean PSD-95-GFP enrichment
of four persistent neighbors were considered relatively unen-
riched and classified as “type I.” Eliminating spines with relative
enrichment values at the first imaging time point that were within
1 SD of, or >1 SD higher than, the mean enrichment of four
persistent neighbors were considered comparably enriched and
classified as “type I1.” The cutoft of 1 SD lower than the mean was
optimal for matching type I and type II categories most closely to
spines classified qualitatively as “unenriched” and “comparably
enriched” for PSD-95-GFP compared with their persistent neigh-
bors. Consistent with eliminating spines being on average less
enriched for PSD-95-GFP than their persistent neighbors (Fig.
2), the distribution of relative PSD-95-GFP enrichment values
for eliminating spines was strongly shifted toward less en-
riched values, compared with the distribution for control
spines (Fig. 3C).

We examined the percentage of total spine eliminations at-
tributed to spines that were initially classified as type I versus type
IT at the first imaging time point (Fig. 3D). As expected, we found
that a majority (62%) of spines that retracted within 1 h were
classified as type I, or relatively unenriched for PSD-95-GFP
compared with their persistent neighbors, suggesting that a ma-
jority of retracting spines may not be engaged in synapses. Yet a
significant percentage (38%) of spines that retracted within 1 h
were classified as type II, or comparably enriched for PSD-95-
GFP as their persistent neighbors, suggesting that a large subset of
retracting spines might initially have been engaged in synapses.
Notably, if we limited our analysis to the subset of spines that
retracted within 15 min of the first imaging time point, we found
that the overwhelmingly majority (79%) of retracting spines were
classified as type I, or relatively unenriched for PSD-95-GFP
compared with their persistent neighbors, and only a small frac-
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Figure3. A subset of eliminating spines are as enriched for PSD-95-GFP as their persistent

neighbors. 4, A spine enriched for PSD-95-GFP at 0 min (filled blue circle) eliminated within 60
min (open blue circle). Scale bar, 1 wm. B, At 0 min, the eliminating spine was as enriched for
PSD-95-GFP as its neighbors. Symbols correspond to the spines identified in A. The solid bar
represents the mean, and error bars represent the SD of the PSD-95-GFP enrichment for the four
neighboring spines. C, Percentage of eliminating spines (blue bars; n = 44) or control spines
(chosen blindly with regards to their fate; black bars; n = 81) that were <<15D less enriched for
PSD-95-GFP (type 1), within 15D, or >1 SD more enriched for PSD-95-GFP (type II) than the
mean of four neighboring spines. D, Percentage of spines that eliminated within 15 min (n =
14) or 60 min (n = 37) that were classified as type | (gray bars) or type Il (green bars) at 0 min.
E, Type | spines (gray bar; n = 17) weresignificantly smaller than type Il spines (green bar; n =
83;p << 0.05) or persistent spines (black bar; n = 84; p << 0.05). F, Type | spines (gray bar;n =
17) had a significantly higher spine length/width ratio than that of type Il spines (green bar;
n=83;p<<0.01) or persistent spines (black bar; n = 84; p << 0.01). *p << 0.05; **p < 0.001.

tion (21%) were classified as type II, or comparably enriched for
PSD-95-GFP.

To investigate whether type I and type II spines represent
distinct populations of spines as defined by parameters beyond
their relative PSD-95-GFP enrichment values, we compared the
two spine types using additional parameters. We examined all
type I and type II spines, regardless of whether they eliminated.
We found that type I spines (0.61 = 0.07) were significantly
smaller than type II spines (1.08 * 0.08; p << 0.05; Fig. 3E) and
that type I spines (2.92 * 0.46) were significantly longer and
thinner than type II spines (1.41 *= 0.18; p < 0.001; Fig. 3F).
Therefore, we conclude that type I and type II spines comprise
different populations, with type I spines being relatively unen-
riched for PSD-95-GFP, smaller in volume, and more filipodia-
like compared with type II spines.

Loss of PSD-95-GFP enrichment is not a prerequisite for
spine retraction

Our finding that 79% of spines that retracted within 15 min,
compared with only 62% of spines that retracted within 1 h, were
relatively unenriched for PSD-95-GFP supports the possibility
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0.001, partial correlation analysis; n = 44
spines, 11 cells), leading to relatively
stable PSD-95-GFP enrichment levels in
individual spines. To determine whether
faster resolution time-lapse would reveal
that changes in spine volume were rou-
tinely preceded by changes in PSD-95-
GFP enrichment, we monitored spine
DsRed-Express and PSD-95-GFP fluores-
cence from neurons that were imaged at
20 s intervals for a total of 5 min (Fig.
5A,B). Again at this higher temporal res-
olution, PSD-95-GFP levels and relative
spine volume were tightly coupled (r =
0.68; p < 0.001, partial correlation analysis;
n = 43 spines, 6 cells). Shifting PSD-95-GFP
fluorescence measurements earlier or later
with respect to DsRed-Express fluorescence
. measurements (Fig. 5C) in all cases led to
decreased correlation. We found no evi-
dence that the PSD-95-GFP fluorescence
changes preceded spine volume changes
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Figure 4.

at all time points (p << 0.001). Error bars indicate SEM.

that eliminating type II spines (initially comparably enriched for
PSD-95-GFP as persistent neighbors) pass through a stage in
which PSD-95-GFP enrichment is significantly reduced before
retraction. To examine the temporal relationship between spine
retraction and PSD-95-GFP enrichment levels, we examined
PSD-95-GFP enrichment in eliminating spines relative to persis-
tent neighbors at 15 min intervals leading up to spine elimination
(Fig.4A). A spine was considered to have eliminated when its red
(DsRed-Express) fluorescence intensity fell within 2 SDs of the
mean background fluorescence level adjacent to the dendrite. We
found that fluctuations in green (PSD-95-GFP) and red (DsRed-
Express) fluorescence intensity values in individual spines (Fig.
4 B) were highly correlated during spine retraction (r = 0.79; p <
0.001, partial correlation analysis; n = 17 spines, 11 cells), and
therefore the enrichment of PSD-95-GFP was stable over time.
There was no evidence for a systematic decrease in PSD-95-GFP
enrichment in eliminating type II spines down to levels compa-
rable with that of eliminating type I spines, even at the time point
immediately before spine retraction (Fig. 4C), suggesting that
spines can destabilize and retract even while retaining PSD-95-
GFP enrichment levels comparable with neighboring persistent
spines.

Changes in PSD-95-GFP fluorescence were not only closely
matched to changes in DsRed-Express fluorescence in spines that
eliminated, but this was also true for spines that persisted for the
imaging session. Decreases and increases in PSD-95-GFP and
DsRed-Express fluorescence were highly correlated in persistent
neighbors during 15 min time-lapse intervals (r = 0.81; p <

Time before elimination (min)

Loss of PSD-95-GFP enrichment is not a prerequisite for spine retraction. 4, A type Il spine (filled blue arrowhead)
eliminated (open blue arrowhead) during time-lapse imaging of a dendrite from a hippocampal neuron coexpressing PSD-95-GFP
(green) and DsRed-Express (red). Time stamps are relative to time of spine elimination. Scale bar, 1 . B, Red (red diamonds) and
green (green triangles) fluorescence intensity of the eliminating spine in A normalized to the first time point and plotted relative
to time of spine elimination. Mean (red cross) and 2 SDs above and below the mean (red dashed lines) background red fluorescence
intensity near the dendrite at time 0 are also plotted. C, Relative enrichment for PSD-95-GFP (compared with the mean of four
persistent neighboring spines) in eliminating type | (gray circles; n = 25) or type Il (green squares; n = 18) spines did not change
during spine elimination. Eliminating type Il spines were significantly more enriched for PSD-95-GFP than eliminating type | spines

even at this high temporal resolution time-
lapse.

Because PSD-95-GFP enrichment is
maintained during spine retraction, when
spines shrink there is a corresponding de-
crease in absolute levels of PSD-95-GFP.
It is possible that there is a minimum level
of PSD-95-GFP that is required to main-
tain a spine, and that any spine below this
critical level would become unstable and
retract. However, we think that this is un-
likely. First, we found no significant dif-
ference in the PSD-95-GFP fluorescence
intensities (normalized to dendritic fluorescence to compensate
for variations in laser power between different preparations) of
type I spines that eliminated (216 = 63 A.U.; n = 10 spines)
compared with type I spines that persisted (249 = 62 A.Us;n =7
spines; p = 0.72). Second, we found no significant difference in
PSD-95-GFP enrichment level between type I spines that per-
sisted (0.52 = 0.10; n = 7 spines) and type I spines that eliminated
within an hour (0.51 = 0.048; n = 10 spines; p = 0.72). Third, we
found that type I spines with the lowest relative PSD-95-GFP
enrichment levels and the smallest relative volumes, and by infer-
ence the lowest absolute PSD-95-GFP levels, could persist for
entire imaging sessions (up to 2 h; n = 2 spines). Furthermore,
when we restricted our analysis to type II spines, we found that
11% of spines that persisted for the entire imaging session had
absolute PSD-95-GEFP levels lower than the mean absolute PSD-
95-GFP value of type II spines that eliminated. These data do not
support the hypothesis that there is a critical level of PSD-95 that
is required for spine survival.

PSD-95-GFP is often enriched in the dendritic shaft at the site
of spine elimination

Despite our observation that loss of PSD-95-GFP from type II
spines was tightly coupled to the loss of spine volume, we often
observed an enrichment of PSD-95-GFP on the dendrite at the
site of spine elimination (Fig. 6A), suggesting that PSD-95-GFP
did not always completely disperse when spines retracted. To
determine whether PSD-95-GFP became significantly enriched
on the dendrite following spine elimination, we quantified the
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fold enrichment of PSD-95-GFP in the
shaft at the site of spine elimination and at
the base of neighboring spines (Fig. 6B).
Opverall, we found no significant differ-
ence in PSD-95-GFP enrichment at the
base of newly eliminated spines (1.06 *
0.05) compared with the base of persistent
neighbor spines (0.99 = 0.03; p = 0.3; Fig.
6C). However, 33% of the type II spine
eliminations were associated with an in-
crease in PSD-95-GFP enrichment at the
base that was >2 SDs more than the mean
relative enrichment of neighbors; we clas-
sified these as “type IIb” spines (Fig. 6 D).
Finding such a large PSD-95-GFP fold en-
richment at the base following a type I
spine elimination was a rare occurrence (1
of 25; Fig. 6 D), strongly suggesting that
the PSD-95-GFP enrichment at the base
of type IIb spines originated from PSD-
95-GFP that was originally in the spine
head. Consistent with the idea that this
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To examine whether the enhanced en-
richment for PSD-95-GFP at the base of
newly eliminated type IIb spines was tran-
sient, or long-lasting, we quantified PSD-
95-GFP enrichment at the base in additional
time points after retraction. We found that
fold enrichment in the shaft at the base of
type IIb spines remained significantly ele-
vated relative to that of neighboring spines for the remainder of the
imaging session (15—60 min after elimination; Fig. 7A, B). In addi-
tion, the red signal from a region of the dendritic shaft at the base of
these eliminated type IIb spines compared with the surrounding
dendrite (1.28 * 0.09) was significantly higher than the red signal at
the base of neighboring spines compared with the surrounding den-
drite (0.98 = 0.05; p < 0.05; Fig. 7C). These data suggest that the
persistent PSD-95-GFP enrichment at the base of eliminated type ITb
spines might be due to persistent subresolution spines in the Z direc-
tion. Alternatively, the remaining PSD-95-GFP enrichment could
reflect a partially intact PSD, an orphan PSD without a presynaptic
partner, or the conversion of a spine synapse to a shaft synapse.
Notably, the red signal associated with immobile and persistent shaft
PSD-95-GFP puncta, which we speculated were engaged in shaft
synapses, was also significantly larger than the nearest surrounding
dendrite (1.25 = 0.06; p = 0.8; Fig. 7C).

Figure5.

NMDA receptor inhibition does not alter PSD-95-GFP
enrichment during spine elimination

NMDA receptor (NMDAR) inhibition decreases spine elimination
rates by more than twofold (Yasumatsu et al., 2008). We wondered
whether inhibition of NMDARs influences spine elimination rates

Time (sec) Time (sec)

Changes in PSD-95-GFP and spine volume are tightly coupled in persistent spines. A, Images of a dendrite from a hippocam-
pal neuron coexpressing PSD-95-GFP and DsRed-Express imaged at 20 s intervals. Scale bar, 1 um. B, Normalized red (red squares) and
green (green triangles) fluorescenceintensity of the spineidentified in A (white arrowhead) were highly correlated during rapid time-lapse.
€, Nossignificant correlation was detected in red and green fluorescence when green fluorescence was shifted with respect to red fluores-
cence 20 s earlier (left panel) or 20 s later (right panel) than the time of actual measurements (same data as in dotted box in B).

by altering PSD-95-GFP enrichment levels during spine retraction.
Therefore, we examined PSD-95-GFP enrichment in eliminating
spines in the presence of 10 um CPP to inhibit NMDARs (Fig. 8 A).
We found that in the presence of CPP, as under control conditions,
fluctuations in DsRed-Express and PSD-95-GFP fluorescence inten-
sity values (Fig. 8 B) were highly correlated during spine retraction
(r = 0.88; p < 0.001, partial correlation analysis; n = 6 spines, 5
cells). Type II spines in the presence of CPP destabilized and re-
tracted while maintaining PSD-95-GFP enrichment levels in a man-
ner not significantly different from that observed under control
conditions (Fig. 8C). Indeed, small remnants of PSD-95-GFP were
often observed on the dendritic shaft at the site of spine retraction,
and in one case the PSD-95-GFP enrichment at the base following
spine retraction was substantial enough that the eliminating spine
quantified as a type IIb (Fig. 8 A). We found no detectable difference
in the relationship between PSD-95-GFP enrichment and spine vol-
ume during spine elimination in the presence of CPP.

Discussion

PSD-95 enrichment and spine destabilization

To quantify the relationship between PSD-95 enrichment and
spine stability, we simultaneously monitored dendritic spine
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Figure6. PSD-95-GFPisoften enriched in the dendritic shaft at the site of spine elimination. A, The dendritic shaft was enriched
for PSD-95-GFP (open blue circle) at the site of elimination of a type Il spine (solid blue circle). Scale bar, 1 wm. B, Inmediately
following spine elimination, fold enrichment (relative to the same site 60 min prior) of PSD-95-GFP on the dendritic shaft at the
base of the eliminated spine was higher than at the base of neighboring persistent spines. The symbols correspond to the spines
identified in A. The solid bar represents the mean and error bars represent two times the SD of the fold enrichment of PSD-95-GFP
atthe base of four neighboring persistent spines. C, Fold enrichment of PSD-95-GFP at the base of eliminated spines (blue bar;n =
44) was not significantly different from that at the base of neighboring persistent spines (black bar; n = 35; p = 0.3). D,
Percentage of type | (gray bars; n = 25) and type Il (green bars; n = 18) spine eliminations that were associated with a fold
enrichment of PSD-95-GFP on the dendritic shaft at the site of spine retraction that was below, within, or above 10r 2 SD of the
mean fold enrichment of PSD-95-GFP at the base of four persistent neighboring spines. One-third of type Il spines (type IIb; dark
green bar) showed a fold enrichment of PSD-95-GFP on the dendritic shaft following elimination that was >2 SD more than the
mean fold enrichment at the base of four persistent neighbors, whereas only 1 of 25 type | spines showed such a strong fold
enrichment. E, Eliminating type Ila (light green squares; n = 12) spines were significantly more enriched for PSD-95-GFP than
eliminating type | spines (gray circles; n = 25) at all time points (p << 0.01). Eliminating type llb (dark green triangles; n = 6)
spines showed a trend toward increased enrichment of PSD-95-GFP at the time point immediately before spine retraction.
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PSD-95 in dendritic spines. However,
we think it unlikely that our main find-
ings are artifacts of PSD-95-GFP over-
expression for multiple reasons. First,
we observed a broad range of spine PSD-
95-GFP enrichment levels, suggesting that
we had not swamped all individual spines
with excessive levels of PSD-95-GFP. Sec-
ond, driving excess PSD-95-GFP into pre-
viously unenriched spines would likely
have resulted in increased spine stability
(De Roo et al., 2008); however, we ob-
served no change in spine elimination
rates. Finally, because we were able to ob-
serve transient type I spines with minimal
levels of PSD-95-GFP, we feel confident
that if type II spines had transitioned to
lower enrichment levels, comparable with
those of type I spines, we would have been
able to detect this transition.

Our results are surprising in the con-
text of experiments strongly supporting
that PSD-95 enrichment regulates spine
stability during new spine formation.
Contrary to the tight coupling of PSD-95-
GFP levels and spine volume that we ob-
served during spine elimination, spine
outgrowth has been shown to precede
PSD-95-GFP accumulation with a time
delay on the order of hours (Okabe et al.,
2001; De Roo et al.,, 2008). Arrival of
PSD-95 is associated with new spine sta-
bilization, and inhibiting neuronal activ-

morphology and PSD-95-GFP levels in dendrites of developing
hippocampal pyramidal neurons. Although others have studied
the dynamics of PSD-95-GFP in living neurons (Okabe et al.,
1999, 2001; Marrs et al., 2001; Prange and Murphy, 2001; De Roo
et al., 2008), those studies have focused on PSD-95-GFP content
and clustering; none have quantified PSD-95-GFP enrichment
over time. Our results demonstrate that the majority (62%) of
spines that retracted within an hour were relatively less enriched
for PSD-95-GFP (type I) than their persistent neighbors, consis-
tent with previous reports that spines with low levels of PSD-95
are more dynamic (Prange and Murphy, 2001; Ehrlich et al.,
2007; De Roo et al., 2008). However, more than one-third (38%)
of spines that retracted within an hour were as enriched for PSD-
95-GFP (type II) as their persistent neighbors. We hypothesized
that these type II spines might pass through a step before elimi-
nating in which they experienced a dramatic decrease in enrich-
ment for PSD-95-GFP down to levels comparable with that of
type I spines. Contrary to our hypothesis, we did not detect a loss
of PSD-95-GFP enrichment in eliminating type II spines, not
even at the time point immediately before spine loss, suggesting
that spine destabilization is not regulated by PSD-95 enrichment
levels.

It is important to consider that we have used PSD-95-GFP to
infer the behavior of endogenous PSD-95 during spine elimina-
tion. Although we were careful to express PSD-95-GFP at low
levels that did not induce the elevated spine densities associated
with high levels of PSD-95-GFP expression (Craven et al., 1999;
El-Husseini et al., 2000), we cannot exclude the possibility that
even these low levels of PSD-95-GFP increased enrichment of

ity inhibits both new spine stabilization
and the percentage of new spines containing PSD-95-GFP (De
Roo et al., 2008), suggesting that enrichment of PSD-95 in new
spines plays a key role in regulating their stability. In contrast, we
found that spines shrink and retract while maintaining PSD-95-
GFP enrichment levels comparable with those of persistent
neighbors, suggesting that once PSD-95 enrichment is estab-
lished, it is by itself insufficient to ensure long-term spine stabil-
ity. Our data support a role for PSD-95 in spine destabilization
and retraction that is mechanistically distinct from its role during
spine formation and stabilization.

That we did not detect a loss of PSD-95-GFP enrichment
before spine shrinkage suggests that spine retraction may be
governed by a mechanism mediating parallel and simultane-
ous decrease of PSD-95 content and spine volume. Indeed, we
found that changes in spine volume and PSD-95-GFP levels
were tightly correlated both in retracting spines and in persis-
tent neighboring spines. This coupling could potentially be
explained by the fact that the actin cytoskeleton interacts with
the PSD and also maintains spine shape (Sekino et al., 2007;
Blanpied et al., 2008). Furthermore, many regulators of the
actin cytoskeleton have been shown to interact with PSD-95
(Pak et al., 2001; Penzes et al., 2001; Lee et al., 2006). Alterna-
tively, activity-dependent mechanisms could lead to indepen-
dent, but coordinated changes in spine volume and synapse
size (Matsuzaki et al., 2004; Zhou et al., 2004; Kopec et al.,
2006). In fact, long-term depression has been associated with
internalization of PSD components, including PSD-95 and
AMPA-type glutamate receptors, via endocytosis (Fitzjohn et
al., 2001; Hsieh et al., 2006; Bhattacharyya et al., 2009; Han et
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Figure 7.  Enrichment of PSD-95-GFP at the site of spine retraction is persistent. 4, Enrich-
ment of PSD-95-GFP (open blue arrowhead) persisted on the dendritic shaft following elimina-
tion ofa type lIb spine (filled blue arrowhead). Scale bar, 1 um. B, Enrichment of PSD-95-GFP on
the dendritic shaft at the site of eliminated type llb spines (green circles; n = 6) was persistently
higher than that on the shaft at the site of neighboring spines (black circles; n = 20; p < 0.05
atalltime points). €, Red fluorescence from an ROl on the dendritic shaft at the site of eliminated
type llb spines compared with the nearest surrounding dendrite (green bar; n = 6) was signif-
icantly higher than that at the base of neighboring persistent spines (black bar; n = 6; p <
0.05), but no different from that of persistent and immobile shaft PSD-95-GFP puncta (gray bar;
n = 6;p = 0.8). Error bars indicate SEM. *p < 0.05.

al., 2009). Even independent of neural activity, as in the pres-
ence of CPP, similar endocytic mechanisms might be respon-
sible for the coupling of spine shrinkage and loss of PSD-95-GFP
during spine retraction.
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Relationship between spine loss and synapse loss

Many transient spines likely form and are lost without ever en-
gaging in mature synapses. Because accumulation of PSD-95-
GFP in new persistent spines occurs over the time course of many
hours (De Roo et al., 2008), it is likely that transient spines are
unenriched for PSD-95-GFP and therefore fall within our type I
category. Supporting this possibility, in our experiments, only
39% of type I spines survived for 1 h, compared with 93% of type
IT spines. However, almost one-half of spines eliminating within
1 h were type I, or comparably enriched for PSD-95-GFP as their
neighbors, suggesting that they were initially engaged in synapses.
How is spine loss related to synapse loss in these cases? Our ob-
servation that spine volume decreases and loss of PSD-95-GFP
were highly correlated for type II spines suggests that, in most
cases, spine retraction and postsynaptic disassembly are tightly
linked.

We observed that the dendritic shaft sometimes became en-
riched for PSD-95-GFP at the site of spine elimination. This
could be explained by the persistent presence of a small subreso-
lution spine. However, previous comparisons between two-
photon imaging and retrospective serial section EM of the same
dendritic segments confirm a robust ability to identify all spines
with two-photon imaging (Holtmaat et al., 2005; Knott et al.,
2006). In addition, our fluorescence measurements indicated
that these dendritic PSD-95-GFP enrichments were indistin-
guishable from long-lived and immotile shaft PSD-95-GFP
puncta, suggesting that they might be shaft synapses. In the ma-
ture brain, the maintenance of synaptic contacts during spine
retraction is unlikely because the neuropil is very entangled
(Knottetal., 2006). Indeed, in vivo time-lapse imaging of axons in
the adult mouse has revealed that boutons are relatively immo-
bile compared with dendritic spines (De Paola et al., 2006), and
therefore it seems unlikely that active zones “chase” retracting
PSDs, maintaining functional synapses. However, bouton move-
ment may be less restricted in young in vitro organotypic slices,
and it is possible that some synapses remained intact following
spine retraction. Alternatively, these dendritic PSD-95-GFP en-
richments could represent orphan PSDs without presynaptic
partners and, during the period that the interconnected PSD-95
lattice (Blanpied et al., 2008) remains intact, there may exist a
window of opportunity for accelerated synapse reformation. Ul-
timately, the precise nature of these shaft puncta will remain
speculative until experiments using retrospective EM reveal the
dendritic ultrastructure at these sites.

Recent studies suggest that long-term decreases in synaptic
strength induced by low-frequency stimulation (LFS) are likely
governed in part by the loss of synapses that takes place via both
presynaptic and postsynaptic structural rearrangement, includ-
ing the shrinkage and loss of dendritic spines (Zhou et al., 2004;
Bastrikova et al., 2008; Becker et al., 2008). However, the fate of
the PSD in such studies has not yet been examined; it remains to
be determined how LES affects PSD-95 enrichment in dendritic
spines, and whether activity-dependent changes in PSD stability
are integral for structural plasticity in response to LES. Further
examination of how LFS influences presynaptic and postsynaptic
morphology, including a more direct assessment of how those
structural changes affect synapse composition and function, will
ultimately help elucidate the important role of spine synapse
elimination in mediating adaptive plasticity of the brain.
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