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Protracted and Asynchronous Accumulation of PSD95-family
MAGUKSs during Maturation of Nascent Dendritic Spines

Jason T. Lambertl, Travis C. Hilll, Deborah K. Parkl, Julie H. Culp?, and Karen Zito1"
1Center for Neuroscience, University of California Davis, Davis, California, 95618

Abstract

The formation and stabilization of new dendritic spines is a key component of the experience-
dependent neural circuit plasticity that supports learning, but the molecular maturation of nascent
spines remains largely unexplored. The PSD95-family of membrane-associated guanylate kinases
(PSD-MAGUKS), most notably PSD95, has a demonstrated role in promoting spine stability.
However, nascent spines contain low levels of PSD95, suggesting that other members of the PSD-
MAGUK family might act to stabilize nascent spines in the early stages of spiny synapse
formation. Here, we used GFP-fusion constructs to quantitatively define the molecular
composition of new spines, focusing on the PSD-MAGUK family. We found that PSD95 levels in
new spines were as low as those previously associated with rapid subsequent spine elimination,
and new spines did not achieve mature levels of PSD95 until between 12 and 20 h following new
spine identification. Surprisingly, we found that the PSD-MAGUKs PSD93, SAP97, and SAP102
were also substantially less enriched in new spines. However, they accumulated in new spines
more quickly than PSD95: SAP102 enriched to mature levels within 3 h, SAP97 and PSD93
enriched gradually over the course of 6 h. Intriguingly, when we restricted our analysis to only
those new spines that persisted, SAP97 was the only PSD-MAGUK already present at mature
levels in persistent new spines when first identified. Our findings uncover a key structural
difference between nascent and mature spines, and suggest a mechanism for the stabilization of
nascent spines through the sequential arrival of PSD-MAGUKS.
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INTRODUCTION

In the cerebral cortex, the structural plasticity of dendritic spines serves as a vital component
of the experience-dependent circuit modifications that underlie learning. In particular, the
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formation and stabilization of new dendritic spines is a key initial step in the establishment
of new connections between excitatory neurons. Indeed, /n vivo imaging studies have shown
that new spine outgrowth and stabilization are associated with learning (Xu et al., 2009;
Yang et al., 2009; Roberts et al., 2010; Moczulska et al., 2013). Furthermore, new spine
growth and stabilization have also been associated with long-term potentiation (LTP), a
cellular mechanism thought to support learning and memory (Engert and Bonhoeffer, 1999;
Maletic-Savatic et al., 1999; De Roo et al., 2008; Kwon and Sabatini, 2011; Hill and Zito,
2013), and with depolarizing GABAergic signaling (Oh et al., 2016). Notably, recent
findings demonstrated that destabilization of those new spines whose growth is associated
with learning a behavioral task resulted in loss of the learned behavior (Hayashi-Takagi et
al., 2015), supporting that new spine growth and stabilization are essential for learning.
However, the molecular mechanisms that drive the growth and stabilization of new spines
remain poorly defined.

Members of the PSD95-family of MAGUK synaptic scaffolding proteins (PSD-MAGUKS),
prominent components of the postsynaptic density (PSD), represent attractive candidates for
molecules that could regulate nascent spine stabilization through their recruitment or
modification by second messengers. PSD-MAGUKS have a stereotypical domain structure,
consisting of three PDZ domains, a Src homology 3 (SH3) domain, and a nonfunctional
guanylate kinase (GK) domain (Zheng et al., 2011). Via their PDZ domains, PSD-MAGUKSs
function to anchor at the synapse both a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs) and N-methyl-D-aspartate receptors (NMDARS), the principal
glutamate receptors involved in synaptic transmission (Kim and Sheng, 2004). They also
bind to guanylate kinase associated protein (GKAP) via their GK domains, which links them
to the actin cytoskeleton (Zheng et al., 2011). PSD-MAGUKSs thus serve as critical links
between excitatory synaptic activity and the cytoskeletal proteins that determine the size and
shape of the spine. Furthermore, the presence of PSD-MAGUK proteins, most notably
PSD95, has been associated with increased synapse density and stability, while their absence
has the opposite effect (EI-Husseini et al., 2000; Okabe et al., 2001; Prange and Murphy,
2001; Nakagawa et al., 2004; Parker et al., 2004; Ehrlich et al., 2007; Woods et al., 2011;
Cane et al., 2014). Intriguingly, it has been reported that new spines lacked puncta of PSD95
(De Roo et al., 2008), which should compromise their stability. We hypothesized that a
different PSD-MAGUK acts to compensate for the absence of PSD95 and plays a greater
role in new spines.

To test the relative roles of PSD-MAGUKS at nascent spines we used dual color two-photon
time-lapse imaging to assess which GFP-tagged PSD-MAGUKS are present in new spines at
first appearance and as the spine matured. As expected, we found that new spines had lower
PSD95-GFP levels than their mature neighbors. In fact, PSD95-GFP enrichment in new
spines was as low as that observed in mature spines destined for elimination within 1 h
(Woods et al., 2011), and did not increase until between 12 and 20 h after new spines were
first identified, yet many new spines survived. Surprisingly, new spines were also less
enriched for PSD93-GFP, SAP97-GFP, and SAP102-GFP. However, they accumulated these
PSD-MAGUKS to levels comparable to mature spines at different rates, but all within 6 h,
suggesting independent mechanisms for their incorporation and/or retention in the new spine
macromolecular complex. Our results reveal a striking difference in PSD-MAGUK content
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between new and mature spines, and suggest a mechanism for the stabilization of nascent
spines through the sequential arrival of PSD-MAGUKSs.

METHODS

Preparation and transfection of organotypic slice cultures

Organotypic hippocampal slice cultures were prepared from P6-7 rats of both sexes, as
described (Stoppini et al., 1991) in accordance with animal care and use guidelines of the
University of California. Genes were delivered 1-2 days prior to imaging using particle-
mediated gene transfer, as described (Woods and Zito, 2008), except 3—4 ug of GFP-tagged
construct and/or 10-15 pg of DsRed-Express (Clontech) were coated onto 5.5-8 mg of 1.6
um gold beads. GFP-tagged constructs included: 4 pg PSD93a-GFP (Schnell et al., 2002),
3-4 ug PSD95a.-GFP (Gray et al., 2006), 4 pg SAP978-GFP (Schnell et al., 2002), 3-4 g
SAP102-GFP (Schnell et al., 2002), and 3 pg Nrb1-GFP (Nakanishi et al., 1997).

Two-photon imaging
Image stacks (512 X 512 pixels, 1 um z-steps) of 2—6 secondary and tertiary, apical and
basal dendritic segments from hippocampal pyramidal neurons (7-12 DIV) were acquired
on a custom two-photon laser scanning microscope with a pulsed Ti::Sapphire laser (930
nm, 0.5-3 mW at the sample; Spectra Physics, Newport). Data acquisition was controlled by
Scanlmage (Pologruto et al., 2003) written in MATLAB (MathWorks). All images shown
are maximum projections of 3D image stacks after applying a median filter (3 X 3) to the
raw image data. For time-lapse experiments lasting >3 h, images were acquired in slice
culture medium at room temperature (RT) and the slice was maintained in the incubator
(35°C) between acquisitions.

Definition of a new spine and estimation of spine size

New spines were defined as any protrusion emanating from the dendrite that was absent in
the first image and present in the second image (90 min later) of the time-lapse series.
Persistent, mature spines were defined as spines that were present in all images in the time-
lapse series. If there was uncertainty concerning the status of a spine because of undulations
in the dendrite, swellings in the z-axis, or spine movement, the spine was excluded. Spine
size was estimated from bleed-through-corrected and background-subtracted red (DsRed-
Express) fluorescence intensities by normalizing the integrated spine intensity value to the
average red pixel intensity of the dendrite. Such spine brightness measurements give an
accurate estimate of relative spine size when compared with electron microscopy (Holtmaat
etal., 2005).

Quantification of relative enrichment of GFP-tagged proteins

Relative enrichment of GFP-tagged proteins in dendritic spines was calculated using bleed-
through-corrected and background-subtracted green (GFP) and red (DsRed-Express)
fluorescence intensities from spines and dendrites, similar to Woods et a/. (2011). Briefly,
the ratio of green fluorescence intensity to red fluorescence intensity (G/R) was calculated
for each new spine, neighboring persistent spines (4-14), and three representative regions on
the dendritic shaft (excluding regions containing prominent dendritic GFP puncta). To
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quantify spine fluorescence intensities, boxes were drawn around whole spines and spine
necks using custom software written in MATLAB. To remove fluorescent signal not
originating from the spine, the integrated intensity of an identical box taken from a nearby
spine-free segment of dendrite was subtracted. To compare each spine to the neighboring
persistent spines on the same dendritic segment, relative enrichment for every spine was
calculated by normalizing the G/R of the spine to the mean G/R of the persistent
neighboring spines in the same image.

(G/R)spine of interest/(G/R) dendrite (G/R)

relative enrichment=——— .. =

(G/R) neighboring spines/(G/R) dendrite (G/R) neighboring spines

spine of interest

We implemented several quality control measures. First, we excluded transfected cells that
failed to express the GFP-tagged constructs at levels sufficient for accurate quantification,
using standardized criteria: if, after background and bleedthrough subtraction, (1) the mean
green pixel intensity (G) from persistent spines was less than a minimum value (3.23 a.u.),
(2) the mean persistent spine G/R was less than a minimum value (0.01), or (3) the ratio of
the square of the mean persistent spine G/R to the absolute value of the mean dendrite G/R
was less than a minimum value (0.05). These criteria were selected because they consistently
excluded cells that yielded negative pixel intensity values after background and bleedthrough
subtraction. Second, all cells were excluded that exhibited significant photobleaching (a
significant decrease in the average integrated green fluorescence intensity of persistent
spines as compared to the first time point).

Statistics
Data are presented as mean + SEM, statistics were calculated across cells, and significance
was set at p < 0.05 (single-factor ANOVA with Fisher’s LSD post-hoc test, unless otherwise
noted). Single and double asterisks indicate p < 0.05 and p < 0.001, respectively.
RESULTS

New spines have lower PSD95-GFP levels than mature spines

To assess the relative levels of PSD-MAGUKS in new spines, we monitored GFP-tagged
PSD-MAGUK levels (GFP) and spine morphology (DsRed-Express) using dual-color time-
lapse two-photon imaging. We began our studies with PSD95, which was previously
reported to be absent as puncta from new spines until 5-19 h after their initial appearance
(De Roo et al., 2008). We set out to assess more quantitatively the content and accumulation
of PSD95-GFP in new spines. Images of secondary and tertiary dendrites on hippocampal
pyramidal neurons co-expressing DsRed-Express and PSD95-GFP were acquired at time
intervals of 90 min. To account for variations in spine size, we quantified ‘enrichment’ of
PSD95-GFP in new spines by normalizing the integrated fluorescence intensity in the spine
head from PSD95-GFP (green, G) with that from the freely diffusible DsRed-Express (red,
R), and this value was divided by the G/R ratio in the dendrite to normalize for expression
levels. ‘Relative enrichment” of PSD95-GFP in new spines was calculated by normalizing
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the individual new spine enrichment with the average enrichment of the mature, persistent
spines on the same dendritic segment (Fig. 1A).

We found that new spines (< 90 min old) had considerably lower enrichment levels of
PSD95-GFP relative to that of neighboring spines (0.61 + 0.04, p < 0.001; Fig. 1B, C).
Because new spines were considerably smaller than their neighbors (p < 0.001; Fig. 1D), we
also assessed whether spine size differences contributed to the observed differences in
PSD95-GFP enrichment in new spines. To do this, we separated neighboring spines into two
groups: ‘small neighbors’ were smaller than or within 1 standard deviation of the mean new
spine size, ‘large neighbors’ were all others. Notably, new spines were considerably less
enriched for PSD95-GFP when compared to small neighbors (p < 0.001; Fig. 1C), despite
there being no significant difference between their sizes (p = 0.57; Fig. 1D). Furthermore,
relative PSD95-GFP enrichment was not significantly different between small and large
neighbors (1.02 + 0.02 for small neighbors, 0.99 + 0.02 for large neighbors, p = 0.40, Fig.
1C), again supporting that maturity and not spine size determined enrichment measurements.
As new spines often are longer and thinner than mature spines, we performed a similar
analysis using length to width ratio (L:W) and found again that, although new spines have
higher L:W ratios, they were still significantly less enriched for PSD95-GFP than neighbors
with similar L:W ratios (p < 0.001; Supplemental Figure 1). We conclude that new spines
contain considerably lower levels of PSD95-GFP than their mature neighbors, independent
of spine size or shape.

We observed that the vast majority of new spines (86%) contained PSD95-GFP levels below
1 standard deviation lower than the mean relative enrichment for neighboring spines (Fig.
1E). Considering that spines exhibiting such low levels of PSD95-GFP are predominantly
those destined for elimination within 1 h (Woods et al., 2011), we expected that those new
spines that stabilized and persisted throughout the time-lapse imaging session would
accumulate enhanced levels of PSD95-GFP within an hour of outgrowth. To address
whether PSD95-GFP enriched in new spines within hours after outgrowth, we performed
extended time-lapse experiments in which dendritic segments were imaged at intervals of 90
min for 7.5 h (Fig. 2A). In contrast to our expectation, the relative PSD95-GFP enrichment
of new spines remained significantly less than that of neighboring spines (p < 0.05 for all
time-points, heteroscedastic #test; Fig. 2B, blue), and new spines did not display any
significant increase in relative PSD95-GFP enrichment over the entire imaging session (p =
0.95, paired ttest; Fig. 2C). To determine when new spines achieve mature PSD95-GFP
levels, we performed additional time-lapse experiments using longer imaging intervals.
Evenl2 h after identification, enrichment of PSD95-GFP still had not increased in new
spines (0.79 + 0.08) beyond enrichment levels observed at t = 0 (0.70 + 0.05; p = 0.13; Fig.
2D, E); however, by 20 h after identification, PSD95-GFP enrichment had finally reached
levels in new spines (1.12 £ 0.10) indistinguishable from that of mature neighbors (1.00
+0.00; p = 0.35; Fig. 2D, E). Thus, we conclude that PSD95-GFP levels do not increase in
new spines within 12 h after outgrowth, instead persisting at the low levels that are observed
in spines that are eliminating (Woods et al., 2011) until finally reaching mature levels
between 12 and 20 h. We therefore hypothesized that another PSD-MAGUK compensates
for the low levels of PSD95, acting to stabilize nascent spines in the early stages of spine
development.
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New spines have even lower levels of PSD93-GFP, but accumulate mature levels within 4.5

h

Because PSD93 is closely related to PSD95 (Brenman et al., 1996; Kim et al., 1996), and
may be the principle MAGUK at a subset of hippocampal synapses (Elias et al., 2006), we
reasoned that PSD93 might play the primary role in stabilizing new spines. We therefore
measured the PSD93-GFP content as new spines matured on dendrites of hippocampal
pyramidal neurons co-transfected with PSD93-GFP and DsRed-Express. Surprisingly, we
found that the enrichment for PSD93-GFP in new spines relative to neighboring spines (0.29
+ 0.05, p < 0.001; Fig. 3A, B) was even lower than that of PSD95-GFP. This lower
enrichment in new spines was independent of spine size or shape, as new spines were less
enriched for PSD93-GFP than sized-matched (p < 0.001; Fig. 3B, C) or shape-matched (p <
0.001; Supplemental Figure 1) neighboring spines. Notably, extended time-lapse
experiments revealed a key difference between PSD95-GFP and PSD93-GFP: although new
spines failed to enrich for PSD95-GFP over 12 h, enrichment for PSD93-GFP gradually
increased in new spines, until reaching mature levels within 4.5 h after the new spines were
identified (0.82 £ 0.11 at t = 270 min; p = 0.12, heteroscedastic #test; Fig. 3D). We conclude
that PSD93, while even less enriched than PSD95 at the earliest stages of new spine
development, could serve a key role in stabilizing new spines within the first few hours of
new spine outgrowth.

New spines have low levels of SAP97-GFP and SAP102-GFP, but accumulate mature levels
of SAP102-GFP within 90 min and SAP97-GFP within 4.5 h

The low levels of both PSD93-GFP and PSD95-GFP at the earliest stages of new spine
development suggested that there could be an additional PSD-MAGUK with a greater role at
these earliest time points. Because the PSD-MAGUKSs SAP102 and SAP97 also have
demonstrated roles in regulating synapse stability (Nakagawa et al., 2004; Elias et al., 2006;
Chen et al., 2011; Levy et al., 2015), and SAP102 has previously been implicated in early
synapse development (Sans et al., 2000; Elias et al., 2008; Murata and Constantine-Paton,
2013), we examined whether SAP102 or SAP97 might arrive early to stabilize nascent
spines. We therefore measured the content of GFP-tagged SAP97 or SAP102 as new spines
matured on dendrites of hippocampal pyramidal neurons co-transfected with either SAP97-
GFP or SAP102-GFP and DsRed-Express. Similar to PSD93-GFP and PSD95-GFP, we
found that SAP97-GFP and SAP102-GFP were less enriched in new spines compared to
neighboring spines (0.70 £ 0.05 for SAP97-GFP, p < 0.001, and 0.63 + 0.04 for SAP102-
GFP, p < 0.001; Fig. 4A,B), even when controlling for spine size (p < 0.001 for both SAP97-
GFP and SAP102-GFP; Fig. 4B, C) and shape (p <0.001 for both SAP97-GFP and SAP102-
GFP; Supplemental Figure 1). Like PSD93-GFP, our extended time-lapse experiments
showed that SAP97-GFP reached mature levels 4.5 h after new spines were first identified
(0.91 £ 0.10 at t = 270 min, p = 0.40, heteroscedastic #test; Fig. 4D). However, in contrast to
the gradual enrichment observed for PSD93-GFP and SAP97-GFP, SAP102-GFP reached
mature levels within 90 min of new spine identification (0.87 + 0.07, p = 0.10,
heteroscedastic #test; Fig. 4D), suggesting that SAP102 indeed could be a major player at
these earliest time points.
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SAP97-GFP is at mature levels in persistent new spines when they first appear

Intriguingly, when we separately examined new spines that persisted for the entire 6 h of the
time-lapse experiment, we found that persistent new spines were already as enriched for
SAP97-GFP as their neighbors at first appearance (0.85 + 0.11, p = 0.20; Fig. 5A, B). In
contrast, transient new spines lasting <90 min were less enriched for SAP97-GFP (0.67
+0.10, p < 0.01; Fig. 5A, B) than were neighboring spines. There was no difference,
however, between the initial relative enrichment levels in transient versus persistent new
spines for any of the other PSD-MAGUKSs: SAP102-GFP (0.69 + 0.09 transient, 0.73 £ 0.10
persistent, p = 0.73; Fig. 5C), PSD93-GFP (0.31 + 0.08 transient, 0.36 + 0.09 persistent, p =
0.61; Fig. 5D) or PSD95-GFP (0.55 + 0.04 transient, 0.65 + 0.09 persistent, p = 0.12; Fig.
5E). Although new spines that persisted trended toward being larger (104.2 + 11.0) than the
transient new spines (73.1 £ 10.3; p = 0.19), both groups were considerably smaller than
mature neighbors (229.7 £ 20.8; p < 0.001 for both; Supplemental Figure 2A). In addition,
there was no correlation between a spine’s estimated size and relative enrichment for
SAP97-GFP (new spines: r = —0.10, p = 0.36; neighboring spines: r = -0.02, p = 0.71;
Pearson’s correlation; Supplemental Figure 2B, C), supporting that SAP97-GFP enrichment
associated with persistent new spines is not simply due to increased size. We therefore
conclude that the initial levels of SAP97 may be a determining factor in new spine
stabilization.

Arrival times of the PSD-MAGUKSs at new spines are not correlated with expression levels

One potential caveat of our experiments is that PSD-MAGUK levels in new spines could be
influenced by levels of overexpression of the GFP-tagged proteins; perhaps those proteins
expressed at higher levels appear in new spines earlier. For this study, we endeavored to
overexpress GFP-tagged PSD-MAGUKS at the lowest levels possible for accurate
measurement, which was also important because strong overexpression of PSD-MAGUKSs,
such as PSD95, has been shown to increase both spine size and spine density (EI-Husseini et
al., 2000). In our experiments, we expressed PSD-MAGUKS at low enough levels that new
spine size and spine density were not different compared to control cells expressing only
DsRed-Express (Fig. 6A, B). To determine whether higher expression levels corresponded to
earlier arrival times in new spines, we estimated GFP-MAGUK expression level from the
green fluorescence intensity in persistent spines, normalized to the dendritic red
fluorescence intensity to control for image brightness (Fig. 6C). Notably, this overexpression
estimate did not correspond to the sequence of PSD-MAGUK arrival. Indeed,
overexpression was highest for cells expressing PSD95-GFP (0.11 + 0.03 a.u.), yet PSD95-
GFP did not accumulate in new spines for over 12 h. Conversely, SAP102-GFP was
intermediately overexpressed (0.06 + 0.01 a.u.) but was the earliest PSD-MAGUK to arrive
at new spines. Furthermore, expression level was not correlated with the magnitude of
change in relative enrichment of PSD-MAGUKS in new spines over the course of the time-
lapse experiment (r = —=0.57, p = 0.43, Pearson’s correlation; Fig. 6D). Thus, we conclude
that individual PSD-MAGUK:S arrive at new spines at different times, independent of
expression level, likely supported by selective targeting and/or anchoring mechanisms.
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The actin-binding protein, Neurabin |, is at mature levels in new spines

Because new spines less than 90 min old were on average less enriched for every GFP-
tagged PSD-MAGUK we had investigated, we wondered whether lowered protein
enrichment was a general property of new spines. Previous studies have shown that the first
proteins to appear in mature spines following a robust stimulus resulting in structural growth
are proteins that bind and regulate the actin cytoskeleton (Bosch et al., 2014). We therefore
decided to examine the arrival time of the actin-binding protein, Neurabin | (Nakanishi et al.,
1997), which has been shown to be highly localized to dendritic spines (Zito et al., 2004). As
expected, we found that Nrb1-GFP rapidly arrived in new spines (Fig. 7A). Indeed, new
spines were as enriched for Nrb1-GFP as neighboring spines, independent of spine size
(0.94 £ 0.07, p = 0.69; Fig. 7B, C). Thus, the asynchronous and delayed arrival of PSD-
MAGUK:S in nascent spines does not appear to be due to a difficulty of protein delivery or
retention in new spines, but instead likely signifies a tightly regulated process, which could
represent a mechanism for the stabilization of nascent spines through the sequential arrival
of PSD-MAGUKS.

DISCUSSION

In this study, we defined the relative roles of specific PSD-MAGUK family members in the
development of nascent dendritic spines by quantitatively examining their arrival times.
Given reports that new spines were devoid of PSD95 puncta for more than 5 hours after
initial outgrowth (De Roo et al., 2008), despite the critical role of PSD95 in supporting spine
stability (Ehrlich et al., 2007; Woods et al., 2011; Cane et al., 2014), we hypothesized that
additional PSD-MAGUK family members would accumulate in new spines to support their
growth and stabilization in these earliest stages of spine development. In fact, there is
considerable functional overlap between the different PSD-MAGUKS. PSD93 and PSD95,
for example, play similar roles supporting basal synaptic transmission in the hippocampus,
but in largely non-overlapping populations of synapses (Elias et al., 2006). Additionally,
expression of SAP102 is upregulated in the absence of PSD93 and PSD95, indicating a
possible compensatory mechanism (Elias et al., 2006). Indeed, SAP102 is the primary
MAGUK at excitatory synapses during early development rather than PSD95 (Sans et al.,
2000; Elias et al., 2008). For these reasons, we were surprised to find that none of the PSD-
MAGUK family members we examined showed increased expression levels to compensate
for reduced expression levels of PSD95; instead, all were initially at considerably lower
levels in new spines as compared to their persistent neighbors (summarized in Fig. 8A).

We demonstrated that individual PSD-MAGUKS reached mature levels in nascent spines at
different times (summarized in Fig. 8B): SAP102 arrived first, followed by SAP97 and
PSD93. PSD95 arrives last with a delay of up to 20 h. This parallels the progression of
development, when SAP102 provides the MAGUK scaffolding role at newly developing
synapses early in development, and is later largely replaced by PSD93 and PSD95 (Sans et
al., 2000; Elias et al., 2008). However, when we segregated new spines based on stability for
the entire 6 hours of our time-lapse experiments, we discovered a population of persistent
new spines already enriched for SAP97-GFP at their first appearance, indicating that new
spines destined to persist more than 6 hours rapidly accumulated SAP97-GFP, even before
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enriching for SAP102-GFP. Since phosphorylation of SAP97 by CaMKII drives SAP97
accumulation in spines (Mauceri et al., 2004), perhaps this rapid accumulation of SAP97 in
persistent new spines indicates a higher level of synaptic activity at these spines (Hill and
Zito, 2013) that leads to SAP97 recruitment and their stabilization. Conversely, the lack of a
difference in initial enrichment for SAP102-GFP, PSD93-GFP, and PSD95-GFP between
transient and persistent new spines might suggest an activity-independent, gradual
recruitment of these PSD-MAGUKS.

Why do spines accumulate different PSD-MAGUKS at different time-points during their
maturation? Perhaps each type of PSD-MAGUK imparts a new level of stability to the
maturing spine. SAP102, for example, could enrich the 1.5-3 h old spine with GIuN2B
containing NMDARs. This variant of the NMDAR binds to activated CaMKII and recruits it
to the synapse, placing CaMKI| in close proximity to both Ca2* (entering the spine through
the NMDAR) and substrates for phosphorylation, such as AMPARs (Barria and Malinow,
2005; Zhou et al., 2007). A new spine with a PSD composed primarily of SAP102, might
therefore be poised for plasticity. Later, the arrival of PSD93 and GIuN2A-containing
NMDARs could stabilize the response of the spine to glutamatergic inputs, perhaps slowing
spine enlargement and LTP, but also making spine shrinkage and elimination less likely. The
PDZ domains of PSD93 are remarkably similar to the PDZ domains of PSD95 in sequence
and structure (Fiorentini et al., 2009). The 4.5-6 h old spine, containing mature levels of
SAP102, SAP97, and PSD93, yet still substantially less enriched for PSD95, might recruit a
complement of proteins similar to a mature PSD, but retain the flexibility to undergo further
plasticity. The late arrival of PSD95 might therefore be reserved for those synapses that must
be stabilized only when incorporated into circuits vital for the function or survival of the
animal.

The stratification of arrival times that we observed for the different PSD-MAGUKS suggests
that they are recruited to new spines through independent mechanisms. For example,
differential requirements for palmitoylation for synaptic targeting could independently
regulate arrival times. Since PSD95 requires palmitoylation at its N-terminus in order to be
recruited to spines (El-Husseini et al., 2000; El-Husseini et al., 2002; Ehrlich and Malinow,
2004), downregulation of palmitoylating enzymes or the upregulation of depalmitoylating
enzymes could exclude PSD95 from new spines. In contrast, although it is N-terminally
palmitoylated similar to PSD95, PSD93 does not require palmitoylation for synaptic
localization (Firestein et al., 2000). Synaptic localization of PSD93 and SAP102 is N-
terminally dependent by an unknown mechanism. Chimeric proteins which graft the N-
terminus of PSD93 or SAP102 to the palmitoylation-deficient mutant PSD95 successfully
localize to synapses, even when the palmitoylated cysteines of PSD93 are mutated (Firestein
et al., 2000). The differences in arrival times between PSD93, SAP102, and SAP97 may be
due to differences in binding affinities for synaptic proteins. Although PSD-MAGUKS bind
to many of the same binding partners, differences in substrate affinity have been described
using small molecule inhibitors (Nissen et al., 2015). A-kinase Anchoring Protein (AKAP)
79/150 is one PSD-MAGUK binding partner that has been shown to regulate spine size and
density, and may recruit PSD-MAGUKS to spines (Robertson et al., 2009), making
AKAP79/150 an attractive candidate for a protein that controls the selective recruitment of
PSD-MAGUKS to new spines.
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What is the functional consequence of protracted MAGUK arrival times? Notably, new
spines have AMPAR-mediated EPSCs with amplitudes similar to pre-existing spines (Zito et
al., 2009; Kwon and Sabatini, 2011). As PSD-MAGUKSs have critically important roles for
maintaining AMPARs and NMDARs at pre-existing spines (Elias et al., 2006; Schliter et
al., 2006; Chen et al., 2015; Levy et al., 2015), it is not clear what serves as the scaffold that
supports basal synaptic transmission at nascent spines. We found that new spines that
persisted for >6 h initially had levels of SAP97-GFP that were comparable to neighboring
persistent spines. Since SAP97 binds GIuAl (Leonard et al., 1998) and has been shown to
deliver AMPARS to synapses in response to activity (Rumbaugh et al., 2003; Schluter et al.,
2006; Zheng and Keifer, 2014), SAP97 could deliver AMPARS to a subset of new spines
undergoing LTP. However, recent studies of SAP97 KO mice have indicated that SAP97
does not play a role in basal AMPAR recruitment to synapses (Howard et al., 2010), and
cannot compensate for triple-KD of the other PSD-MAGUKSs (Levy et al., 2015). SAP97
acting alone is therefore unlikely to explain how the baseline AMPAR EPSCs of new spines
resemble those of mature spines. Other AMPAR-clustering scaffolding proteins likely play a
greater role at new spines. Potential candidates include MAGI-2, a member of the
Membrane Associated Guanylate kinases with Inverted orientation (MAGISs), a protein
family that shares evolutionary history with the PSD-MAGUKSs (Danielson et al., 2012), and
the actin-spectrin-binding protein 4.1N, which binds directly to both actin and the AMPAR
subunit GIuA1 (Shen et al., 2000) and recruits SAP97 to synapses (Lue et al., 1994;
Rumbaugh et al., 2003). Future studies will determine the identity of the proteins that
regulate clustering of AMPARSs to support early synaptic transmission at nascent spiny
synapses.
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Figure 1. New spines have lower PSD95-GFP levels than mature spines
(A) Schematic representation of experiment and analysis. Relative enrichment reports the

enrichment of a GFP-tagged protein in a spine of interest normalized to its average
enrichment in neighboring spines. (B) Images of a dendrite on a hippocampal CA1 neuron
(DIV 8) expressing PSD95-GFP and DsRed-Express. A site of new spine growth is marked
with blue arrowheads before (open) and after (solid) initial appearance. Scale bar: 1 pum. (C)
New spines are less enriched for PSD95-GFP than both small and large neighboring spines.
(D) New spines were not smaller than small neighboring spines, but were considerably
smaller than large neighboring spines. (E) Percentage of new (blue bars) or neighboring
(black bars) spines that were lower than 1 SD less enriched for PSD95-GFP, within 1 SD, or
greater than 1 SD more enriched for PSD95-GFP than the mean of the neighboring spines on
the same dendrite. n = 92 new, 315 neighboring (153 small and 162 large) spines, 25 cells;
*p < 0.05, **p < 0.001.
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Figure 2. New spines do not accumulate mature levels of PSD95-GFP until 12-20 h
(A) Images of a dendrite on a CA1 neuron (DIV 10) expressing PSD95-GFP and DsRed-

Express. Blue arrowheads mark a site of new spine growth before (open) and after (solid)
initial appearance. Scale bar: 1 pm. (B) PSD95-GFP enrichment was lower in new spines
(blue; 43 spines, 15 cells) compared to neighboring spines (black; 162 spines, 15 cells) at
every time-point. (C) PSD95-GFP enrichment in new spines (blue) did not increase from
baseline levels over the course of 6 h. (D) PSD95-GFP enrichment in new spines at 12 h (79
spines, 24 persisting to 12 h, 12 cells) remained lower than neighboring spines; however, at
20 h (47 spines, 5 persisting to 20 h, 6 cells), new spines reached mature levels of PSD95-
GFP. (E) PSD95-GFP enrichment in new spines at 12 h was not different than baseline (0 h),
but had increased to mature levels by 20 h. Significance for each time-point of B and D was
determined using a heteroscedastic Student’s #test; significance for C was determined using
a paired #test; *p < 0.05, **p < 0.001.
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Figure 3. New spines have even lower levels of PSD93-GFP but accumulate mature levels within
45h

(A) Images of a dendrite on a CA1 neuron (DIV 7) expressing PSD93-GFP and DsRed-
Express. Blue arrowheads mark the site of new spine growth before (open) and after (solid)
initial appearance. Scale bar: 1 pm. (B) New spines are less enriched for PSD93-GFP than
both small and large neighboring spines. n = 121 new, 350 neighboring (180 small and 170
large) spines, 24 cells. (C) New spines were not smaller than small neighboring spines, but
were considerably smaller than large neighboring spines. (D) Relative enrichment of new
spines (blue; 61 spines, 14 cells) is plotted over time relative to neighboring persistent spines
(black; 164 spines, 14 cells). Significance for D was determined using a heteroscedastic
Student’s #test; *p < 0.05, **p < 0.001.
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Figure 4. New spines have low levels of SAP97-GFP and SAP102-GFP, but accumulate mature
levels of SAP102-GFP within 90 min and SAP97-GFP within 4.5 h

(A) Images of dendrites on CA1 neurons (DIV 7-12) expressing DsRed-Express and either
SAP97-GFP (left panels) or SAP102-GFP (right panels). Blue arrowheads mark the sites of
new spine growth before (open) and after (solid) initial appearance. Scale bar: 1 um. (B)
Relative enrichment of SAP97-GFP or SAP102-GFP in new spines is less than that of
neighboring spines. SAP97-GFP: 136 new and 416 neighboring (187 small, 229 large)
spines, 27 cells; SAP102-GFP: 97 new, 346 neighboring (144 small, 202 large) spines, 21
cells. (C) New spines are not different in size from small neighboring spines, but are smaller
than large neighboring spines. (D) Relative enrichment of new spines (blue) is plotted over
time relative to neighboring persistent spines (black) for SAP97-GFP (93 new and 291
neighboring spines, 20 cells) and SAP102-GFP (39 new and 151 neighboring spines, 12
cells). Significance for each time-point of D was determined using a heteroscedastic
Student’s #test; *p < 0.05, **p < 0.001.
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Figure 5. SAP97-GFP is at mature levels in persistent new spines when they first appear
(A) Time-lapse images of a dendrite expressing SAP97-GFP identifies two new spines, one

with high levels of SAP97-GFP (blue), and one with low levels of SAP97-GFP (light blue),
on the same dendritic segment. 90 min after initial appearance, the new spine with low levels
of SAP97-GFP had disappeared, but the new spine with high levels of SAP97-GFP persisted
until the end of the experiment at 360 min. Scale bar: 1 um. (B) Relative enrichment of
SAP97-GFP in new spines persisting to the end of the experiment (>360 min after spine
identification, “persistent new spines”, blue; 35 spines, 16 cells) was not different than that
of persistent neighboring spines (black; 291 spines, 20 cells). However, new spines surviving
<90 min (“transient new spines”, light blue; 39 spines, 17 cells) had lower relative
enrichment of SAP97-GFP than their persistent neighbors. (C) SAP102-GFP, (D) PSD93-
GFP, and (E) PSD95-GFP were at lower levels in both transient and persistent new spines
compared to their persistent neighbors. n = (spines, cells): SAP102: transient new (19, 10),
persistent new (9, 8) neighboring (151, 12); PSD93: transient new (18, 11), persistent new
(26, 10) and neighboring (164, 14); PSD95: transient new (19, 10), persistent new (7, 7),
neighboring spines (158, 15). *p < 0.05, **p < 0.001.
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Figure 6. Arrival times of the PSD-MAGUKSs at new spines are not correlated with expression
levels

(A) New spines on cells expressing GFP-tagged PSD-MAGUKSs and DsRed-Express were
not different in size compared to those from cells expressing DsRed-Express alone. n = (new
spines, cells): PSD93 (67, 14), PSD95 (45, 15), SAP97 (101, 20), SAP102 (51, 12). (B)
Spine densities (from a randomly selected subset of the time-lapse data) were comparable
between cells expressing GFP-tagged PSD-MAGUKS and DsRed-Express and those
expressing DsRed-Express alone. n = (dendrites, cells): PSD93-GFP (13, 6), PSD95-GFP (8,
5), SAP97-GFP (11, 4), SAP102-GFP (14, 4), DsRed-Express (12, 5). (C) Estimated
expression level of GFP-tagged PSD-MAGUKS. Expression level was estimated by

Dev Neurobiol. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lambert et al.

Page 20

normalizing the green signal in persistent spines to the red signal of the dendritic shaft. n =
(persistent spines, cells): PSD93-GFP (164, 14), PSD95 (158, 15), SAP97 (291, 20),
SAP102 (151, 12). (D) There was no correlation between PSD-MAGUK expression level
and change in the relative enrichment for PSD93-GFP, PSD95-GFP, SAP97-GFP, and
SAP102-GFP in new spines from initial appearance (t = 0 min) to the final time point of the
6 h time-lapse (t = 360 min). Significance for D was determined using Pearson's correlation.
*p < 0.05, **p < 0.001.
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Figure 7. The actin-binding protein, Neurabin I, is at mature levels in new spines
(A) Images of a dendrite on a CA1 neuron (DIV 10) expressing Nrb1-GFP and DsRed-

Express before and after a 90 min time-lapse revealing a new spine (blue arrowhead). Scale
bar: 1 um. (B) Relative enrichment for Nrb1-GFP is not different between new spines (blue)
and either small (light gray) or large (dark gray) neighboring spines. (C) New spines are the
same size as small neighboring spines, but are smaller than large neighboring spines. n = 24
new spines, 99 neighboring spines (34 small spines and 65 large spines), 8 cells. *p < 0.05,

**p < 0.001.
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Figure 8. Summary Figure
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(A) Relative enrichment of GFP-tagged PSD-MAGUKS or Nrb1 in new spines (<90 min
old) compared to neighboring persistent spines. New spines are less enriched for PSD93-

GFP, PSD95-GFP, SAP97-GFP, and SAP102-GFP, but not Nrb1-GFP.

(B) Summary

timeline of PSD-MAGUK enrichment in new spines. In general, new spines <90 min old
are, on average, less enriched for all PSD-MAGUKS. New spines gained levels of SAP102-
GFP comparable to persistent neighboring spines within 90 min of identification (<180 min
old), and new spines gained mature levels of SAP97-GFP and PSD93-GFP within 270 min
of identification (<360 min old). New spines that persisted to the end of the experiment
(<450 min old) remained less enriched for PSD95-GFP. *p < 0.05, **p < 0.001.
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