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Abstract

Shank is a specialized scaffold protein present in high abundance at the postsynaptic density
(PSD). Using pre-embedding immunogold electron microscopy on cultured hippocampal neurons,
we had previously demonstrated further accumulation of Shank at the PSD under excitatory
conditions. Here, using the same experimental protocol, we demonstrate that a cell permeable
CaMKII inhibitor, tatCN21, blocks NMDA-induced accumulation of Shank at the PSD.
Furthermore we show that NMDA application changes the distribution pattern of Shank at the
PSD, promoting a 7-10 nm shift in the median distance of Shank labels away from the
postsynaptic membrane. Inhibition of CaMKII with tatCN21 also blocks this shift in the
distribution of Shank. Altogether these results imply that upon activation of NMDA receptors,
CaMKII mediates accumulation of Shank, preferentially at the distal regions of the PSD complex
extending toward the cytoplasm.
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INTRODUCTION

Shanks, also known as ProSAP, Synamon, SSTRIP, CortBP and Spank, are a family of
scaffold proteins at the postsynaptic density (PSD, reviews: [1], [2]). Shank proteins are
thought to promote enlargement and maturation of spines [3], [4] and have been implicated
in a number of neuronal diseases including autism (review: [5]).
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Shanks have multiple protein-interaction domains and can bind to other PSD scaffolds,
GKAPs and Homers (review: [1]). Homer and Shank are localized within the same region of
the PSD complex, an area ~30-100 nm from the postsynaptic membrane, right below the
electron dense and readily visible PSD core [6], [7]. Using immuno-electron microscopy, we
have previously demonstrated that under acute excitatory conditions more Shank
accumulates at the PSD [6] while the levels of Homer remain unchanged [7].

In the present study we tested a possible role of CaMKII in the activity-induced recruitment
of Shank to the PSD. CaMKII, a Ca2+-regulated protein kinase, is a major component of the
PSD and accumulates at the PSD under excitatory conditions [8]. CaMKII activation,
autophosphorylation and/or accumulation at the PSD is essential for NMDA receptor-
dependent long-term modification of synaptic efficacy (review: [9]). Previous work
indicated that activation and or accumulation of CaMKI| at the PSD is necessary for
NMDA-induced redistribution of two other PSD components, SynGAP [10], a small G
protein regulator, and CYLD [11], a deubiquitinase.

We used a cell-permeable CaMKII inhibitor, tatCN21, to examine the role of CaMKII in
NMDA-induced accumulation of Shank at the PSD. The inhibitor tatCN21 suppresses
Ca2+-dependent as well as autonomous activities of CaMKII towards exogenous substrates
[12] and also inhibits the accumulation of CaMKII at the PSD [13]. Our results show that
tatCN21 inhibits NMDA-induced changes in the levels and distribution of Shank at the PSD.

MATERIAL AND METHODS

Materials

Mouse monoclonal antibody against pan Shank (clone N23B/49) was from NeuroMab
(Davis, CA). Mouse monoclonal antibody against Homer 1 (pan Homer 1, clone 2G8),
rabbit polyclonal antibodies against Homer 1b/c (raised against aa 152—-354 of human
Homer 1b) were from Synaptic Systems (Go6ttingen, Germany).

The membrane-permeable peptide CaMKII inhibitor used in this study, tatCN21 [12],
contains a cell-penetrating “tat” sequence and a 21-amino acid peptide (CN21, amino acid
sequence KRPPKLGQIGRSKRVVIEDDR) derived from CaMKIIN [14]. The control
peptide contains the tat sequence fused to a scrambled sequence
(VKEPRIDGKPVRLRGQKSDRI) of CN21 [15]. N-methyl-D-asparic acid (NMDA) was
from Tocris (Ellisville, MO).

Dissociated hippocampal neuronal cultures and treatments

The animal protocol was approved by the NIH Animal Use and Care Committee and
conforms to NIH guidelines. Hippocampal cells from 21-day embryonic Sprague-Dawley
rats were dissociated and grown on a feeder layer of glial cells for 3—-4 weeks. During
experiments, culture dishes were placed on a floating platform in a water bath maintained at
37°C. Control incubation medium was: 124 mM NaCl, 2mM KCI, 1.24 mM KH,POy4, 1.3
mM MgCl,, 2.5 mM CaCly, 30 mM glucose in 25 mM HEPES at pH 7.4. Whenever
indicated, control medium was modified to include 50 uM NMDA, 20 yuM tatCN21 or tat-
control peptide. Cell cultures were washed with control medium and preincubated for 20
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min in control medium, or in media containing tatCN21 or control peptide, as indicated.
Samples were then treated for 2 min with control medium or NMDA-containing media with
the same additions (none, tatCN21, tat-control peptide) used in preincubation. Cells were
fixed with 4% paraformaldehyde (EMS, Fort Washington, PA) in PBS for 30—-45 min, and
thoroughly washed before immunolabeling.

Pre-embedding immunogold labeling and electron microscopy

Fixed cells were washed, and then blocked and made permeable with 5% normal goat serum
and 0.1% saponin for 40-60 min. Samples were incubated with primary and secondary
antibodies (Nanogold, Nanoprobes, Yaphand, NY) for 1-2 hr, fixed with 2% glutaraldehyde
in PBS for 30 min- overnight, silver enhanced (HQ kit, Nanoprobes), treated with 0.2%
osmium tetroxide in 0.1M phosphate buffer at pH 7.4 for 30 min, en block stained with
0.25-0.5% uranyl acetate in acetate buffer at pH 5.0 for 1 hr, dehydrated in graded ethanols,
and embedded in epoxy resin.

Sampling of synapses and morphometry

Synapses were identified by their typical structural characteristics: clustered synaptic
vesicles in the presynaptic terminals, rigidly apposed synaptic cleft, and prominent
postsynaptic density. At least five randomly chosen grid openings from each thin-sectioned
sample were sampled. Every cross-sectioned synaptic profile encountered was photographed
with a digital CCD camera (AMT XR-100, Danvers, MA, USA).

Intensity of label at the PSD was measured by counting all labels located within the PSD
complex and divided by the length of the PSD. The measurement area of the PSD complex
was bordered by the postsynaptic membrane, two parallel lines perpendicular to the
postsynaptic membrane, and a parallel line to the postsynaptic membrane at a 120 nm
distance (Fig. 1A). The mean values for intensity of label at the PSD under different
conditions were compared via ANOVA.

Distance of label from the postsynaptic membrane was measured from the center of the
silver-enhanced label to the outer edge of the postsynaptic membrane for every label within
the PSD complex. Because the distribution of distance measurements for Shank is skewed,
statistical analysis was carried out with a non-parametric comparison of the median values,
Wilcoxin rank sum test (KaleidaGraph, Synergy Software, Reading, PA).

RESULTS

To study the involvement of CaMKII in the NMDA-induced accumulation of Shank at the
PSD, cultured hippocampal neurons were treated with NMDA in the presence of a CaMKI|I
inhibitor (tatCN21) or an inactive control peptide (tatcontrol) followed by pre-embedding
immuno-electron microscopy. The redistribution of Shank under these conditions was also
compared to that of Homer, another scaffold protein that occupies a similar location at the
PSD. The results are shown in Figure 1 with typical electron micrographs from one
experiment presented in the top panels (Figure 1A-F) and quantified results for label
intensities at the PSD from 2-3 experiments presented in bottom panels (Figure 1G, H).
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As previously reported [6], immunogold label for Shank under basal conditions is typically
located in a broad band within the PSD complex, ~ 30-100 nm from the postsynaptic
membrane (Fig. 1A), and shows a marked increase upon application of NMDA (Fig. 1B). In
order to test an involvement of CaMKII in the observed recruitment of Shank, a cell
permeable inhibitor tatCN21 was used. We have previously demonstrated that unlike other
CaMKII inhibitors such as KN93, tatCN21 effectively blocks the translocation of CaMKI|I
to the PSD [13]. NMDA-induced increase in Shank label at the PSD is blocked when cells
were pretreated with tatCN21 (Figure 1C).

Data from three experiments show that labeling intensity for Shank (Fig. 1G) in NMDA-
treated samples is 141 + 3% of controls (significant in all three experiments), whereas in
samples treated with NMDA in the presence of tatCN21, the labeling intensity for Shank is
90 + 3 % of controls (not significant in all three experiments). The effect of tatCN21 is not
due to the “tat’ sequence used to confer cell permeability, because a control peptide with the
tat sequence did not have any inhibitory effect (not significantly different from NMDA
alone in all three experiments). Altogether these results indicate that, NMDA-induced Shank
accumulation at the PSD is mediated by CaMKII. On the other hand, tatCN21 does not have
any effect on the labeling intensity of Homer (Fig. 1H) implying that, unlike Shank, CaMKIlI
does not regulate the distribution of Homer.

Compared to the narrow laminar distribution seen for PSD-95 [16], Shank exhibits a broader
distribution of label within the PSD complex (Figure 1), extending deeper into the
cytoplasm. In order to assess whether CaMKII-mediated recruitment confers a shift in the
distribution of Shank molecules at the PSD, median distances of labels in the presence and
absence of tatCN21 were compared. Distance measurement of label for Shank from the
postsynaptic membrane indicates that application of NMDA promoted a 7-10 nm increase
in the median distance. Inclusion of CaMKII inhibitor, tatCN21, but not the tat-control
peptide, blocked this NMDA-induced shift in median distance (Table 1). These results
indicate that the NMDA-induced, CaMKII-dependent addition of Shank occurs
preferentially to the distal part of the PSD that is further away from the postsynaptic
membrane.

DISCUSSION

Acute excitatory conditions promote short-term redistribution of select PSD components.
We have so far established that certain enzymes, a protein kinase CaMKII, a small G-protein
regulator SynGAP and a deubiquitinase CYLD, redistribute in response to depolarization or
NMDA application [8], [17], [16], [18], and that the movements of all three molecules are
blocked upon inhibition of CaMKII [13], [10], [11].

Among the scaffold proteins, Shank accumulates at the PSD in response to acute excitatory
conditions, whereas the levels and distributions of at least two other scaffolds, PSD-95 and
Homer, remain unchanged [16], [7]. In the present study we demonstrate that CaMKI|I
mediates NMDA-induced recruitment of Shank at the PSD. The present result, together with
the previous studies on SynGAP and CYLD reveal that activation and accumulation of
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CaMKII at the PSD are the primary events that trigger short-term redistribution of several
other PSD components.

At the present the target protein(s) or phosphorylation site(s) responsible for the CaMKII-
mediated recruitment of Shank at the PSD are not clear. CaMKI|I is known to phosphorylate
numerous PSD components including Shank [19]. However, in in vitro experiments
investigating the association of Shank and Homer into a complex, addition of CaMKII under
phosphorylating conditions did not increase the amount of polymerized Shank [20]. While
this result suggests that CaMKII-mediated phosphorylation does not promote the association
of Shank with Homer or with other Shank molecules in vitro, additional mechanisms may
come into play in the intact cell, maybe ones that alter Shank’s affinity to other components.

Shanks bind to actin regulating factors, cortactin, Abpl and IRSp53 (BAIP2) [21], [22],
[23], [24]. Thus, accumulation of Shank at the distal parts of the PSD bordering the actin
cytoskeleton could be followed by the recruitment of these actin-regulating proteins at a
critical location to regulate the actin cytoskeleton. The role of CaMKII in the regulation of
AMPA receptor recruitment and activity is well established [25], [26]. The demonstration of
CaMKII-mediated recruitment of Shank at the distal area of the PSD offers a mechanism for
the integration of regulation of AMPA receptors and actin cytoskeleton through a common
upstream event: accumulation and activation of CaMKII at the PSD.
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Figure 1. NMDA-induced Shank increase at the PSD is dependent on CaMKII activity
Hippocampal neurons in culture were pre-incubated for 20 min with or without tat-peptides,

as indicated, and then were treated with NMDA-containing media with the same additions
or control medium for another 2 min. The cells were then immediately fixed and prepared
for antibody labeling.

Above Electron micrographs of synapses labeled for Shank (A-C) or Homer (D-F). Gold
labels appear as black particles of heterogeneous size. Label for Shank increased at the PSD
complex after NMDA treatment (B vs. A), and this increase was blocked by the CaMKI|I
inhibitor, tatCN21 (C). In contrast, distribution of label for Homer remained unchanged
under these same conditions.

Below bar graphs. PSD measurement area was marked as shown in (A) and labeling
intensity was calculated as number of labels per um PSD length. Labeling intensity at the
PSD complexes was normalized to control values for Shank (G, three experiments with a
pan Shank antibody) and Homer (H, one experiment with a pan Homer1 antibody and a
second experiment with a Homer 1b/c antibody). Statistical analyses were carried out via
ANOVA with Tukey’s post test within each experiment:

For Shank, between control and NMDA, P< 0.005 for exp 1, P<0.001 for exp 2, P<0.01 for
exp 3; between NMDA and NMDA+tatCN21, P<0.0001 for all 3 exp; between NMDA
+tatCN21 and NMDA+tatcontrol, P<0.0001 for all 3 exp. For Homer, there were no
statistically significant differences among any two treatment conditions.
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Table 1

Median distance (nm) of label for Shank from the postsynaptic membrane under different conditions

1. control 2. NMDA 3. NMDA+ tatCN21 | 4. NMDA+ tatcontrol
Exp1 | 53.3(n=268) | 60.0 (n=419) | 54.6 (n=220) 64.0 (n=242)
Exp2 | 56.7 (n=276) | 66.7 (n=359) | 53.3 (n=326) 60.0 (n=300)
Exp 3 | 53.3(n=131) | 63.3 (n=263) | 53.3 (n=354) 60.0 (n=150)

(n) number of labels measured.

Distributions were compared by Wilcoxin rank sum test within each experiment with significance level at P<0.05: significant in all three
experiments between 1 vs. 2,2 vs. 3,3 vs. 4,1 vs. 4.
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