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Activity-dependent Protein Dynamics Define
Interconnected Cores of Co-regulated

Postsynaptic Proteins*s

Jonathan C. Trinidadt§, Agnes Thalhammer§1], Alma L. Burlingame|t,

and Ralf Schoepfer||

Synapses are highly dynamic structures that mediate cell-
cell communication in the central nervous system. Their
molecular composition is altered in an activity-dependent
fashion, which modulates the efficacy of subsequent syn-
aptic transmission events. Whereas activity-dependent
trafficking of individual key synaptic proteins into and out
of the synapse has been characterized previously, global
activity-dependent changes in the synaptic proteome
have not been studied.

To test the feasibility of carrying out an unbiased large-
scale approach, we investigated alterations in the molec-
ular composition of synaptic spines following mass
stimulation of the central nervous system induced by
pilocarpine. We observed widespread changes in relative
synaptic abundances encompassing essentially all pro-
teins, supporting the view that the molecular composition
of the postsynaptic density is tightly regulated. In most
cases, we observed that members of gene families dis-
played coordinate regulation even when they were not
known to physically interact.

Analysis of correlated synaptic localization revealed a
tightly co-regulated cluster of proteins, consisting of
mainly glutamate receptors and their adaptors. This clus-
ter constitutes a functional core of the postsynaptic ma-
chinery, and changes in its size affect synaptic strength
and synaptic size. Our data show that the unbiased inves-
tigation of activity-dependent signaling of the postsynap-
tic density proteome can offer valuable new information
on synaptic plasticity. Molecular & Cellular Proteomics
12: 10.1074/mcp.M112.019976, 29-41, 2013.

Excitatory synaptic transmission is the primary mode of
cell-cell communication in the central nervous system. The
efficacy of synaptic transmission is highly regulated, and al-
terations in the strength of synaptic signaling within networks
of neurons provide a mechanism for learning and memory
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storage, as well as for overall network stability. Modulation of
synapse efficacy can occur through alterations in the struc-
ture and composition of the postsynaptic spine. The synaptic
abundance of several molecules has been shown to be reg-
ulated in response to activity (1).

The levels of individual proteins at postsynaptic spines are
regulated through multiple processes. Active transport mech-
anisms exist and have been well characterized for AMPA-type
glutamate receptors (AMPA-Rs)’ via either insertion into the
synapse or tighter association with the postsynaptic density
(PSD) following lateral diffusion within the cell membrane (2).
In addition to AMPA-Rs, other proteins known to be subject to
activity-dependent regulation include calcium calmodulin-de-
pendent protein kinase Il alpha and beta, NMDA-type gluta-
mate receptors (NMDA-Rs), and proteosome subunits (3-5).
Synaptic protein content is dysregulated in a number of neu-
ropsychiatric and neurodegenerative diseases, including Alz-
heimer’s disease and fragile X mental retardation (6-8).

Most studies reported thus far have focused on a small
number of selected molecules in individual experiments using
a subset of synapses. Whereas learning and memory rely on
the differential response of individual synapses to their spe-
cific input patterns, overall network excitability has to be
maintained by homeostatic means. This homeostasis is gov-
erned by multiple pathways, and very little is known about the
principles that regulate synaptic protein content across large
numbers of synapses and neurons. The contributions of indi-
vidual pathways and the interactions among them are largely
unknown.

In order to explore synaptic dynamics with a global view,
we took advantage of a chemically induced mass stimulation
protocol to stimulate synapses broadly throughout the central
nervous system. We employed mass spectrometry and iso-
topically encoded isobaric peptide tagging with the iTRAQ
reagent to quantify changes in the abundance of 893 proteins
(9). We then analyzed changes in the relative abundance of

" The abbreviations used are: AMPA-R, AMPA-type glutamate
receptor; Camk2, calcium-calmodulin dependent kinase Il; PCC,
Pearson correlation coefficient; NMDA-R, NMDA-type glutamate
receptors; PSD, postsynaptic density; PSD,,,, a subset of 110 PSD
proteins; SCX, strong cation exchange chromatography.
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these proteins at 0, 10, 20, and 60 min after the onset of
stimulation.

We observed evidence of the coordinated activation of
synaptic protein groups, thereby identifying functional core
complexes within the PSD. We demonstrate that adopting a
quantitative systems biology approach provides insight allow-
ing for a new level of analysis of synaptic function.

EXPERIMENTAL PROCEDURES

Pharmacological Mass Stimulation—Mice (strain C57BL/6J; male,
3 to 4 months) were injected intraperitoneally with 140 to 150 ul of a
0.05-mg/ul pilocarpine solution in 0.9% NaCl (7 to 7.5 mg/mouse)
(10). 2 to 3 min after injection they developed signs of seizures (stage
1 on the Racine scale (11)), which gradually reached stage 4 or 5
within 5 min. Animals were culled 10, 20, and 60 min after pilocarpine
injection according to UK Home Office regulations by dislocation of
the neck. The forebrain (without olfactory bulbs) was dissected in less
than 2 min after culling and flash frozen in liquid nitrogen. All animals
that did not show signs of stage 4 or 5 10 min after pilocarpine
injection (4 out of 40) were not considered for the experiment and
were culled. Control animals (time point 0) were injected with 150 ul
of 0.9% NaCl and culled 10 min later, and their brains were acquired
as above. Animal experiments were conducted under licenses of the
UK Home Office.

PSD Sample Preparation and Quality Control—Three biological
replicates of the pilocarpine stimulation were conducted. For each
replicate, PSD samples from the four time points were purified in
parallel at 4 °C, as outlined elsewhere (9). The material for each time
point was obtained from three animals that were pooled prior to the
biochemical purification. The brain tissue was homogenized in a
sucrose buffer containing a mixture of phosphatase inhibitors (1 mm
NazVO,, 1 mm NaF, 1 mm Na,MoO,, 4 mm sodium tartrate, 100 nm
fenvalerate, 250 nm okadaic acid) and cleared via centrifugation. For
each brain region, the ratio of buffer volume to starting brain weight
was kept constant (10 ml buffer per gram) to ensure that each PSD
preparation was exposed to an equivalent level of inhibitors and
buffer. The membranous fraction was layered on a sucrose density
and fractionated via centrifugation. Synaptic membranes were col-
lected at the 1.0-1.2 M interface and applied onto a second gradient.
The PSD fraction was collected at the 1.4-2.2 M interface and pel-
leted. During the final pelleting stage, PSD material from a single time
point was pelleted into two or more tubes. For each of the three
biological replicates, two technical replicates (consisting of one set of
tubes) were processed as described below on separate days. The
average yield of PSD sample per brain was 0.8 mg. We did not detect
alpha-synuclein, a major soluble presynaptic protein (supplemental
Tables S1 and S2).

Proteolytic Digestion of PSD Samples—For the four time points in
a given replicate, 500 ug of each PSD sample was processed in
parallel. Each PSD sample was resuspended in 25 mM ammonium
bicarbonate containing 6 m guanidine hydrochloride. The mixture was
incubated for one hour at 57 °C with 2 mm Tris(2-carboxyethyl)phos-
phine hydrochloride to reduce cysteine side chains. These side chains
were then alkylated with 4.2 mm iodoacetamide in the dark for 45 min
at 21 °C. The mixture was diluted 6-fold with 25 mm ammonium
bicarbonate, and 5% (w/w) modified trypsin (Promega, Madison, WI)
was added. The pH was adjusted to 8.0, and the mixture was di-
gested for 12 h at 37 °C. The digests were desalted using a C,5 Sep
Pak cartridge (Waters, Milford, MA) and lyophilized to dryness using a
SpeedVac concentrator (Thermo Electron, San Jose, CA).

iTRAQ Labeling of Tryptic PSD Digests—The dried peptides were
resuspended in 80 ul of iTRAQ dissolution buffer. Each iTRAQ rea-
gent vial was reconstituted using 70 ul of ethanol, and a total of five

reagent vials were used to label each 500-ug digest of tryptic pep-
tides. The labeling reaction was allowed to proceed for one hour at
21 °C. An aliquot was then examined using a one-hour LC-MS/MS
run and searched allowing iTRAQ as a variable modification to con-
firm that over 99% of all peptides identified showed complete iTRAQ
labeling. A second aliquot containing a 1:1:1:1 mixture of the four
labeled samples was then analyzed via LC-MS/MS to determine
whether any correction for protein amount needed to be made during
the final combination of the four samples.

Strong Cation Exchange Chromatography (SCX)—SCX was per-
formed using an AKTA Purifier (GE Healthcare, Piscataway, NJ)
equipped with a Tricorn 5/200 column (GE Healthcare, Piscataway,
NJ) packed in-house with 5 um 300 A polysulfoethyl A resin (Western
Analytical, Lake Elsinore, CA). The 2.0 mg combined PSD sample was
loaded onto the column in 30% acetonitrile, 5 mm KH,PO,, pH 2.7
(buffer A). Buffer B consisted of buffer A with 350 mm KCI. The
gradient went from 1% B to 29% B over 19 ml, from 29% B to 75%
B over 14 ml, and from 75% B to 100% B over 2.5 ml. Between 90
and 100 fractions were collected and desalted using a MAX-RP
reverse phase C,g cartridge (Phenomenex, Torrance, CA) and dried
down using a SpeedVac concentrator.

Nano-LC-ESI-Qq-TOF Tandem Mass Spectrometry Analysis—Indi-
vidual SCX fractions were separated using a 75 um X 15 cm reverse
phase C,5 column (LC Packings, Sunnyvale, CA) at a flow rate of 350
nl/min, running a 3%-32% acetonitrile gradient in 0.1% formic acid
on an Eksigent. Gradient cycle times were between 1.0 and 1.5 h in
length, depending on sample complexity. The LC eluent was coupled
to a micro-ionspray source attached to a QSTAR Pulsar Elite mass
spectrometer (Applied Biosystems, Foster City, CA). MS spectra were
acquired for 1 s, and the two most intense multiple charged peaks
were selected for the generation of subsequent collision-induced
dissociation MS. For precursor ion selection, the quadrupole resolu-
tion was set to “high,” which allows for transmission of ions within
approximately =0.5 m/z units of the monoisotopic mass. The colli-
sion-induced dissociation energy was automatically adjusted based
upon the peptide charge and m/z ratio. A dynamic exclusion window
was applied that prevented the same m/z from being selected for 3
min after its initial acquisition.

Interpretation of MS/MS Spectra— Data were analyzed using Ana-
lyst QS software (version 2.0), and MS/MS centroid peak lists were
generated using the Mascot.dll script (version 1.6b18). The MS/MS
spectra were searched against the entire Uniprot Mus musculus
database (downloaded December 2008, with a total of 60,123 entries,
to which were appended SHAN1_RAT and SYGP1_RAT). To this
database, a randomized version was concatenated to allow for cal-
culations of false discovery rates. Initial peptide tolerances in MS and
MS/MS modes were 200 ppm and 0.2 Da, respectively. Trypsin was
designated as the protease, and two missed cleavages were allowed.
Carbamidomethylation and iTRAQ labeling of lysine residues were
searched as fixed modifications. The peptide amino termini were fixed
as either iTRAQ modified or protein N-terminal acetylated. Oxidation
of methionine was allowed as a variable modification. All high-scoring
peptide matches (expectation value < 0.01) from individual LC-
MS/MS runs were then used to internally recalibrate MS parent ion
m/z values within that run. Recalibrated data files were then searched
with a peptide tolerance in MS mode of 50 ppm. Peptide hits were
considered if they had peptide scores of =15 and expectation values
of =0.05. Across all six analyses, a total of 720,890 MS/MS spectra
were acquired, of which 168,513 matched to peptides (including
redundant identifications) using the initial acceptance criteria. For the
resulting output, UniGene entries were mapped onto the correspond-
ing UniProt accession numbers, and proteins were condensed to
single entries if they matched to the same UniGene entry. Peptides
that corresponded to proteins from more than one UniGene entry
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were not used. UniGene entries were considered identified if they
were found with at least two unique peptides.

Across all six analyses (two technical replicates each of the three
biological replicates), a total of 3321 unique UniGene entries were
identified in at least one of the analyses, and 12 proteins were iden-
tified from the decoy database false discovery rate (FDR = 0.4%). A
total of 911 Unigenes (and no decoy proteins) were identified with at
least two peptides per protein in all six of the analyses.

Quantification of Protein Expression—The raw MS data in ".wiff
format were read directly using Protein Prospector (version 4.24.4).
For each peptide MS/MS spectrum, the raw area of the peaks at m/z
114.1, 115.1, 116.1, and 117.1 (=0.1 m/z) was determined. iTRAQ
area measurements were adjusted using isotope correction values
supplied by the vendor for these batches of the reagent. Only MS/MS
spectra in which the most intense iTRAQ peak was =25 counts were
used. If multiple MS/MS spectra were collected for the same peptide
at the same charge state, only the best scoring spectra were used for
quantification. To calculate the relative percentage of a given peptide
in each of the four samples, the area of that corresponding peak was
divided by the average area for all four iTRAQ diagnostic ions in those
MS/MS spectra. Relative protein expression values for each UniGene
protein entry were the log-averaged value of all peptides matching to
that entry.

Following the analysis of the expression ratios between the tech-
nical replicates, the 18 proteins (2% of 911) that showed the largest
variations between any pair of the technical replicates were consid-
ered outliers and were removed, leaving 893 proteins for bioinfor-
matic analysis, for which the two technical replicates for each protein
where averaged into one value per time point. This was followed,
separately for each biological replicate, by 10 rounds of iterative
normalization for each protein, so that the sum of the time points
equaled 4, and total protein amount per time point, so that the sum of
all proteins equaled 893.

Internal Standard Validation of iTRAQ Quantification—In two sets of
biological replicates, four proteins were spiked into the PSD pellets
prior to resuspension to estimate the magnitude of iTRAQ compres-
sion as a function of the isolation window. Bovine albumin and human
transferrin were each spiked in at a 1:2:4:8 ratio. Human hemoglobin
and bovine casein were each spiked in at a 1:3:9:27 ratio, allowing a
series of 1:2 and 1:3 ratio comparisons. The subset of peptides from
these proteins that were identical to mus musculus were excluded
from quantification. For those biological replicates with these internal
standards, all SCX fractions were analyzed twice using different Q1
isolation settings. The first setting corresponded to the “high” setting
on the QSTAR (isolation setting values 0.1 higher than “low”), and the
other represented a narrower “custom” isolation (isolation setting
value 0.45 higher than “low”). The median observed protein ratio for
expected 2- and 3-fold changes were 1.4 and 1.6 using the “high”
setting and 1.8 and 1.8 using the “custom” setting. Therefore, all PSD
quantification data were acquired using the narrow “custom” setting.
Whereas changes in protein expression 3-fold and greater showed
substantial compression at these settings, changes 2-fold (and less)
were less affected.

Nomenclature of Proteins—For all proteins, we have used the
non-italicized version of the gene name as the protein name in all
tables and figures. In the text, a protein may additionally be referred
to by its common protein name.

Bioinformatic Analysis—Expression profiles and histograms were
calculated and displayed in IGOR 6.x. (Wavemetrics, Portland, OR).
Pearson correlation coefficients (PCCs) were calculated via the Pear-
son correlation. Correlation networks were displayed using Cyto-
scape (version 2.7.0) (12). Details are given in the respective figure
legends. Statistical calculations were performed using R (version
2.11.1).

Weighted expression network analysis (13, 14) was conducted to
group proteins based upon their temporal patterns using R (version
2.11.1). Custom libraries used for the analysis included dynamic-
TreeCut, moduleColor, and WGCNA (15) using the following param-
eters: power = 9; minconnections = 0.01; hclust method = “aver-
age”; cutHeight = 0.99, minClusterSiz = 20, method: “tree”;
deepSplit = TRUE.

The PSD,,, Proteins—To reduce the influence of co-purified pro-
teins on the correlation analysis, we defined a subset of 110 proteins
(PSD, () representing generally accepted components of PSDs, and
we refer to this group as the biochemical core of PSDs. The starting
point of this list is the analysis of an affinity-purified PSD preparation
(16), which was analyzed by a less deep-reaching MS strategy than
we employed here. Our analysis had 97 proteins overlapping with the
biochemical PSD core complex from Fernandez et al. (16). We further
added the 13 proteins Lrrc7 (Densin-180), Actn1 (Actinin 1), Actn2
(Actinin 2), Ank3 (Ankyrin 3), Camk2d, Cask, Cdh2 (Cadherin 2),
Ctnnb1 (Catenin B1), Ctnnd2 (Catenin 82), Nigni (Neuroligin 1),
Shank2, Shank3, and Synpo (Synaptopodin), which (a) were part of
the Gene Ontology term “synapse” and generally accepted PSD
components (17), (b) were localized neither exclusively pre-
synaptically nor at inhibitory synapses, and (c) had at least 10%
sequence coverage in our MS analysis (supplemental Table S1). The
PSD,,, components are listed in supplemental Table S3.

RESULTS

Mass Stimulation of the Central Nervous System Induces
Changes in Protein Amounts at Synaptic Sites—In this study,
we addressed the question of how pharmacologically induced
synaptic activity affects the relative amounts of synaptic pro-
teins in preparations of murine PSDs. We investigated
changes occurring during the first 60 min following the onset
of stimulation. Changes observed during that period primarily
reflect a redistribution of proteins between the purified syn-
aptic compartment and the remaining extrasynaptic cellular
volume, plus possibly some induced protein degradation and
limited induced synthesis of new proteins, if any.

In order to induce acute massive synaptic stimulation, mice
were treated with interperitoneal injection of pilocarpine (10).
PSD preparations were obtained for three biological repli-
cates and were each pelleted into multiple identical aliquots.
This allowed us to conduct two technical replicates on each
biological replicate, for a total of six independently conducted
analyses of the synapse. An outline of the workflow is shown
in Fig. 1. The two technical replicates provided very similar
measurements, consistent with a high degree of accuracy for
protein level quantification. For the 893 proteins that passed
our stringency criteria (see “Experimental Procedures”), the
median difference between protein measurements across
technical replicates was 5.1% for individual time point mea-
surements. For subsequent analyses, the mean of each tech-
nical replicate pair was used throughout.

To assess the biological reproducibility, we examined a
subset of 12 individual key synaptic protein values in detail
(supplemental Fig. S1). For the 12 proteins shown, the median
coefficient of variation of protein time point values was 3.8%,
whereas for the entire dataset this value was 6.6%. For the
profiling of individual protein levels, we averaged the three
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Fic. 1. Schematic of experimental design and sample process-
ing. Mice were injected with pilocarpine or sham treated (time 0 min).
At 10, 20, or 60 min post-injection, animals were sacrificed and
postsynaptic density (PSD) preparations were obtained. Proteins
were digested with trypsin, yielding peptides that were then labeled
with one of the four versions of the iTRAQ reagent. Labeled peptides
were then combined. After depletion of phosphorylated peptides, the
sample was fractionated via strong cation exchange (SCX), resulting
in 70 fractions. Each of these fractions was analyzed via LC-MS/MS
to identify and quantify relative peptide abundances.

biological replicates. For correlation analysis, the time points
from each of the three biological replicates were kept as
unique datapoints.

Dynamic Localization upon Mass Stimulation Is Consistent
within Certain Families of Key Synaptic Proteins—We first
determined the overall changes in protein levels. 95% of all
changes are within a =15% range (Fig. 2A). The variations
within the biochemical core proteins (PSD,,q; see “Experi-
mental Procedures” and below) were of comparable magni-
tude (Fig. 2C). Ratios between the minimum and maximum
levels of individual proteins had a median of 1.115 (Fig. 2B).
Taken together, massive synaptic stimulation induced rela-
tively modest overall changes in protein levels within the
complete population of forebrain synapses.

We next analyzed members of protein families that shared
a high degree of sequence similarity. The subunits of
AMPA-Rs (18), which are the main determinants of synaptic
strength, were strikingly correlated in the response to mass
stimulation. In particular, Grial, Gria2, and Gria3 (GluA1,
GluA2, and GIuAS3, respectively) displayed nearly identical
dynamics (Fig. 2D).

NMDA-Rs (19) are the primary mediators of coincident neu-
ronal stimulation and are involved in input pattern recognition.
It is clear that levels of Grin1, Grin2a, and Grin2b (GIuN1,
GIuN2A, and GIuN2B) protein behave nearly identically, with

Grin2d (GIuN2D) showing less correlation (Fig. 2E). Both
NMDA-R and AMPA-R subunits showed a profile of about
+10% change, with an initial increase peaking at 20 min and
a return to near-baseline values after 60 min.

Within the DIg family (20) of adaptor proteins, Dig4 (PSD95)
and DIg2 (PSD93/Chapsyn110) show very similar patterns,
with maximum synaptic localization at 20 min. In contrast, the
average levels of DIg1 (SAP97) protein are minimally changed
in response to stimulation (Fig. 2F).

A markedly distinctive pattern was observed for all four
isoforms of calcium-calmodulin dependent kinase Il (Camk?2)
(21), a major kinase involved in synaptic plasticity, which
showed a sustained decrease across the time-course of the
experiment (Fig. 2G). Sixty minutes post-pilocarpine injection,
there was a 10% to 20% decrease in the average Camk2
content at the synapse.

The AP2 components of the adaptor protein complex 2 (22)
were strongly co-regulated with a small increase in synaptic
protein levels during the time course of the experiment
(Fig. 2H).

A group of filament-forming GTPases, the septins, are nec-
essary for organization of the actin cytoskeleton and localize
to the neck of synaptic spines (23, 24). They display concerted
regulation in synaptic protein levels with a minimum at 20 min
after stimulation (Fig. 2/).

In these examples, members of gene families often, but
not always, show a coordinated pattern. Direct interaction
within some members of a gene family are expected and
well established, such as for AMPA-R subunits, which co-
assemble into heterooligomeric receptors (18). Further,
components of the adaptor protein complex (AP2) show
tight correlation in line with co-assembly of the components
(22). The DLG family members Dig2 (PSD93/Chapsyn110)
and Dlg4 (PSD95) showed coordinated regulation, whereas
Dig1 (SAP97) does not follow their expression pattern. This
suggests that the relative synaptic levels of DIg2 and Dig4
are being either dominated by co-assembly or, in the ab-
sence of co-assembly, co-regulated by a concerted pro-
cess. In the latter case, it is likely that cis-regulatory do-
mains must have been conserved between DIg2 and Dig4
but not with Dig1.

Dig4 (PSD95) is Highly Positively Correlated with Core Syn-
aptic Proteins—To investigate coordinated regulation over the
full set of 893 proteins, we calculated all pair-wise PCCs using
all 12 time point values per protein. The distribution histogram
had a median of essentially 0 (PCC = 0.012) (Fig. 3A), indi-
cating no correlation. The top 5% of positive correlations had
PCCs > 0.7034. The mirror threshold PCCs < —0.7034 de-
fined a group only 3.5%, indicating a preference for strongly
positive correlated changes in protein amounts. To test
whether this large-scale examination of correlation revealed
information about biological function, we investigated the key
postsynaptic synaptic protein Dig4 (20) in detail. Whereas the
median DIg4 correlation with all other 892 proteins was shifted
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Fic. 2. Comparison of synaptic localization dynamics for selected proteins. The range of synaptic protein levels is shown for all 893
identified proteins (A) and for the PSD,, proteins (C) with mean = S.D. and 95% of all values within the colored area. B, histogram of the
maximal change in the synaptic protein level for each of the 893 proteins. D-/, dynamic profile for selected protein families. For each of the
three biological replicates, the data were combined to give an average profile for each protein. Error bars represent the standard error of
the mean for each of the three replicates. All four AMPA receptors display correlated changes with a maximal localization at 20 min (D).
NMDA-type glutamate receptors display similar correlated changes (particularly for Grin1, Grin2a, and Grin2b) as shown in E. For the DIg family
of scaffolding proteins, DIg2 and Dlg4 show patterns similar to each other and to that of NMDA receptors (F). The Camk2 isoforms show a
sustained decrease throughout the experiment, with a minimum at 60 min. It is known that alpha Camk2 can originate from local translation.
The overall declining pattern supports the notion that we observed translocation, and not new protein synthesis (G). Most components of the

AP2 complex (H) and the members of the septins display a correlated dynamic profile (/).

slightly to more positive values (median PPC = 0.077;
Fig. 3B), the percentage of highest correlating (i.e. PCC >
0.7034) pairs was increased (6.4%). This shift was even stron-
ger in the subset of correlations of Dig4 with the other 109
PSD,,, proteins (see “Experimental Procedures” and supple-
mental Table S3), with a median PCC = 0.401 and with 17%
of PCCs > 0.7034 (Fig. 3C), confirming their tight correlation
in localization dynamics. We then compared our data to pub-
lished protein interactions. The IntAct database listed 46 pro-
teins that have been experimentally demonstrated to interact
with Dlg4 (supplemental Fig. S2A) (38); 22 of these proteins
were identified in our postsynaptic preparation, of which 20
were also part of the PSD,,, complex (Fig. 3D, supplemental
Fig S2B). The median PCC between Dig4 and these 22 pro-
teins (0.374) is very similar to the median value observed
between DIg4 and the 109 other PSD,,, core proteins. As an
example, the dynamic profile of Dig4 is shown (Fig. 3E) to-

gether with the strongest correlating dynamic profiles of di-
rectly interacting proteins (green in supplemental Fig. S2).

Taken together, these analyses demonstrate that the rela-
tive quantitation we performed is well suited to reveal activity-
dependent co-regulation of proteins despite the relatively
small changes in protein abundance that were observed. It
further suggests that within the group of PSD,,, proteins,
Dlg4 might be highly connected.

Correlation Network of the PSD,,, Proteins Implies an
Interconnected Core of Co-regulated Postsynaptic Pro-
teins—We next asked the question of which close interactions
exist between proteins of a biochemical PSD protein complex
that is derived from a more stringent purification procedure
and limited to the more abundant proteins (16, 17, 25). Within
the PSD,,,, we investigated the extent to which individual
protein levels were co-coordinately regulated. Overall, we
observed that individual members displayed a higher de-
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Fic. 3. Histogram of non-redundant pairwise Pearson’s correlation coefficients (PCCs). A, PCCs within entire dataset of 893 proteins
(total: 398,278). B, PCCs of DIg4 with all 892 proteins (total = 892). C, PCCs of DIg4 with PSD core complex proteins (total: 109). The highest
correlating pairs (green) with PPC > 0.7034 correspond to 5% (A), 6.4% (B), and 17% (C), and the pairs with PCC < —0.7034 (gray) correspond
to 3.5% (A), 0.8% (B), and 0% (C) of all correlation pairs. Data are skewed, with the median (orange line) shifting to 0.012 (A4), 0.077 (B), and
0.401 (C). D, histogram of PCCs of 22 identified proteins that are known interaction partners of Dig4 (IntAct; total: 46 proteins). 20 of 22
identified interaction partners are also part of the PSD,,, complex (supplemental Fig. S2). Median: 0.374. Five proteins correlate with DIig4 with
a PPC > 0.7034 (green bars; 23%). The stimulation profiles of these five are shown together with the one for Dig4 (E). F, histogram of PCCs
of DIg4 with the 99 proteins in the mitochondrial complex defined in Fig. 5B (cluster Il). There is a strong shift to negative correlations with a

median PCC = —0.420.

gree of correlated dynamics relative to the entire dataset. If
we examined those PCC values corresponding to the top
1.0% for the entire dataset (PCC > 0.853), PCC values
between pairs of PSD,,, proteins were 2.5-fold enriched
relative to the entire dataset (p < 1.99x 1072, hypergeo-
metric distribution).

A PCC of >0.7034 segregates the top 5% all correlations
(Fig. 3A, 19,913 out of 398,278). 99 of the PSD,,, proteins
were correlated with at least one other PSD,,, protein above
this threshold, defining a total of 582 connections (supple-
mental Table S4), which are indicated as edges in Fig. 4. 27
proteins accounted for more than 50% of all such connec-
tions. Included in the highly connected subset are Dig4, Grin1/
2a/2b, and Lrrc7. These proteins were among the earliest
identified PSD components, and the DIg4-Grin2 PDZ domain-

mediated interaction was one of the initially reported strong
and reversible interactions of postsynaptic proteins (25, 26).

Closer inspection revealed that this group of 27 proteins
contained all widely expressed AMPA-R (three) and NMDA-R
subunits (four), plus two co-assembling Kainate-type gluta-
mate receptor subunits (Grik2/GluK2 and Grik5/GIuKS5). In
addition, nine adaptor and scaffolding proteins were found as
the highest connected nodes (highlighted in Fig. 4). Given that
these adaptor and scaffolding molecules interact with multiple
other synaptic proteins, this suggests that the core 27 protein
cluster might regulate a larger subset of synaptic proteins
following mass stimulation.

Regulation of the PSD,,, Proteins with Respect to a Larger
Dataset—We next asked the question of how robust our
identification of the above-identified co-regulated functional
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Fic. 4. Correlation network of identified proteins belonging to the PSD,,, complex. Degree sorted circle representation. Nodes

represent individual proteins, and edges represent correlations within a cutoff corresponding to the top 5% of all pairwise correlations (PCC >
0.7034) within the entire dataset of 893 proteins (listed in supplemental Table S4). Lines are shown graded by strength of correlation ranging
from light gray (PCC = 0.7034) to black (PCC = 1.0000). Nodes are colored according to the number of connections above PCC > 0.7034.
The 27 highest connected proteins amounting for >50% of all connections are highlighted (black circle segment) and listed with the number
of connections. Members of the glutamate receptor family are highlighted (*), as are adaptor/scaffolding proteins (+).
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Fic. 5. Correlation network of PSD, ,, protein and near neighbors. PCC correlations displayed as spring-embedded, force-directed, and
unweighted networks. A, the best 1.3% (PCC > 0.83625) of correlation pairs are depicted (see supplemental Table S5). B, the best 0.75%
(PCC > 0.86972). The degree of connectivity of PSD,,,—PSD,,, connections is color-coded (number of connections from Fig. 4). PSD,4,
proteins (size graded by degree of connectivity) seem to often be a hub for a multitude of non-PSD,,, proteins (black). Two clusters are defined
(I, ) that are stable when raising the threshold of the PCC from A to B. These clusters contain 136 and 99 proteins, of which 38 and 21% are
PSD,,, proteins, respectively. Members of clusters | and Il are listed in supplemental Table S6. Functional annotation of proteins in clusters:
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core is when we include proteins beyond the PSD, , dataset.
We therefore extended the analysis to PCC of protein pairs
with at least one component from the PSD, ,, dataset, and the
other not necessarily a PSD,,, member, which we call here
near neighbor proteins. Under the assumption that protein
pairs showing highly correlated stimulation-dependent dy-
namics are more likely to directly interact, we looked at the
best 1% pairwise correlations (Fig. 5A).

Correlations depicted in this network are all of very similar
values (0.83625 < PPC < 0.99727). Nevertheless, a spring-
embedded layout, which groups together subsets of proteins
with a high degree of interconnection, suggested two major
clusters. These two clusters are mainly formed by the highest
correlated protein pairs, and raising the threshold to
>0.86972 kept them essentially intact (clusters | and Il) but
removed the connections linking them (Fig. 5B).

38% of the proteins in cluster | and 21% of the proteins in
cluster Il were PSD,,, proteins. Functional annotation of the
proteins within the clusters with DAVID (27, 28) revealed a
72-fold enrichment for the Gene Ontology (GO) term “ionic
glutamate receptor cluster” for cluster | (after Bonferroni cor-
rection, p < 1.4 X 10~ '") and a 6.7-fold enrichment for the GO
term “mitochondrion” (after Bonferroni correction, p < 6.4 X
10~ %2). Interestingly, the “glutamate receptor/adaptor” cluster
(cluster ) contained 27 out of the 27 core proteins from Fig. 4
and was found to be highly correlated (and thus connected)
within the PSD core proteins (as indicated by the red color).

Other PSD,,, proteins, such as kinases and phosphatases,
show many connections to other proteins (Ppp3cb/Calcineu-
rin A beta subunit: 24 connections; Mapk1: 11 connections).
Camk2 subunits form a separate minicluster within the
PSD,,, proteins (Fig. 4) and show few strong connections
when the near neighbors are included (Fig. 5A).

In all, extending the analysis beyond the set of PSD,,
proteins to their near neighbors returned a cluster of function-
ally connected proteins (cluster I, Fig. 5B) around the origi-
nally identified glutamate receptor/adaptor protein group (Fig.
4). This confirms the core position of these groups of proteins
in the activity-dependent regulation of synaptic proteins.

In addition, the extended analysis revealed a tightly co-regu-
lated group of proteins (cluster Il) connected to mitochondrial
proteins. This cluster contained a smaller fraction of PSD,4q
proteins than cluster | and had a higher degree of interconnec-
tivity (6.6 versus 4.3 connections per node, respectively).

Robustness of Core Clusters within the Complete Data-
set—To test how robust the definition of the functional core
complex was with respect to a different method of analysis,
we applied weighted expression network analysis of synaptic
protein levels to our full dataset of 893 proteins.

The clustering dendrogram for the 893 proteins in our da-
taset is shown in Fig. 6A. To partition the dendrogram into
clusters, we applied the Dynamic Tree Cut algorithm, which
detects clusters based upon the shape of the dendrogram
rather than merely utilizing a constant-height branch cut. This
resulted in portioning the proteins into 24 clusters plus 106
unassigned proteins (Fig. 6B, supplemental Table S6). Each
member of the PSD,,, protein dataset is represented with a
green tick mark above the cluster colorbar in Fig. 68. These
110 proteins are widely, but not uniformly, distributed across
the dendrogram, indicating that the majority of proteins not in
the PSD, 4 protein subset nevertheless are dynamically reg-
ulated in a pattern that correlates well with several PSD,,,
proteins. For those 27 proteins most highly connected in Fig.
4, tick marks are colored blue. 18 of these 27 proteins map to
a set of three small adjacent clusters (gray, dark turquoise,
and green-yellow), and an additional 7 proteins cluster tightly
within the turquoise cluster (Fig. 6B), consistent with the no-
tion that these proteins constitute a central functional core of
the synapse. Notably, these segments (designated alpha and
beta) are well separated from the segments to which the vast
majority of mitochondrial-associated proteins belong (black
tick marks).

Fig. 6C shows a topological overlap matrix plot in heatmap
representation. The projection of the two segments in the
dendrogram (alpha and beta) covering the majority of the 27
core clusters onto the heatmap not only revealed the high
correlation within one area, but also indicated a relatively high
correlation between the two segments (mean PCC for alpha-
beta connections: 0.2011; mean PCC for alpha-alpha corre-
lations: 0.2082; mean PCC for beta-beta correlations: 0.1426),
despite that fact that the constraints of mapping all correla-
tions along a one-dimensional hierarchical dendrogram did
not place alpha and beta adjacent to each other.

The alpha and beta segments are shown in more detail in
Fig. 6D. The alpha segment contains the key glutamate re-
ceptors Grin1, Grin2a, Grin2b, Gria1, Gria2, Gria3, and Gria4.
In addition, this segment also contains the structural/scaffold-
ing molecules Shank1, Lrrc7, Digap1, Digap2, Dig2, and Dig4.
Other proteins found in this segment include a number of ion
channels (Cacnala, Cacnb4, Gabbr1, and Ttyh1).

While CaMKIl subunits displayed dynamics distinct from
this cluster, kinases included here are Kalrn, Cask, and Cit.
Finally, these segments included several proteins involved in
membrane trafficking and reorganization of the actin cytoskel-
eton, including Ablim3, Cask, Ctnna2, Fnbp1l, Ppp1r9a,
Shank1, Syngap1, and Synpo. The absolute abundance of
these proteins (as roughly indicated by peptide count) varies
substantially. For example, on average, 57.3 peptides were

() 72 enrichment score for the GO term “ionic glutamate receptor complex” (Pgonterroni < 1.4 X 1071); (Il) 6.7 for GO term “mitochondrion”
(Paonferroni < 6.4 X 1074?) (27, 28). Average stimulation profiles for each of the clusters are shown in C. Mean = S.D. All 27 core proteins (from
Fig. 4) are within cluster I. Their combined profile is very similar to the cluster | profile.
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Fic. 6. Weighted expression network analysis of the entire PSD dataset. A, weighted expression network analysis was performed to yield
the dendrogram. B, to group proteins within the dendrogram, the program Dynamic Tree Cut was applied, resulting in 24 clusters plus 106
proteins not assigned to a distinct cluster (gray). Hashmarks above the clusters represent the location within the dendrogram of the PSD, 4
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found for Syngap1, whereas 6.5 peptides were found for
Grik5.

Taken together, our results demonstrated that synaptic
composition is highly regulated by activity. We identified two
distinct clusters whose proteins showed highly coordinated
stimulation-dependent regulation. The first cluster is domi-
nated by ionotropic glutamate receptor subunits and adaptor
proteins, and the second by mitochondria-associated
proteins.

DISCUSSION

Synapses are dynamic subcellular compartments with pro-
tein compositions that are regulated by a large number of
interconnected pathways in an activity-dependent fashion.
Here we sought to identify functional core clusters represent-
ing the most co-regulated groups of synaptic proteins follow-
ing synaptic stimulation, independent of whether the individ-
ual members are governed by direct physical interaction. We
have chosen to use a chemical mass-stimulation protocol that
relies on intraperitoneal injection of the muscarinic acetylcho-
line agonist pilocarpine. This is a well-established model for
acute seizure induction, which we take here as an expression
of high synaptic activity during the 60 min duration of the
experiment.

Biological Relevance of Observed Dynamic Profiles—We
observed relatively modest changes in protein levels, even for
proteins such as Grial and Camk2, which have been reported
to undergo large changes in localization in response to activ-
ity. Several possibilities exist for reconciling these observa-
tions. Firstly, our stimulation protocol might not have acti-
vated all synapses, and therefore the magnitude of changes at
the most regulated synapses might have been diluted. Sec-
ondly, our preparation contains a heterogeneous population
of synapses that might not be equally affected by stimulation
(in either magnitude or kinetics). The latter dilution effect could
be overcome with the investigation of synapses from smaller
brain regions or specific neuronal cell populations once more
sensitive robust quantitation strategies can be employed.
Lastly, iTRAQ quantitation of complex samples is prone to
range compression (39) and is not suitable for precisely mea-
suring large ratios in complex samples. However, measure-
ments of spiked internal protein standards demonstrate that
iTRAQ range compression is mild at the fold-changes we
observed using our specific mass spectrometric acquisition
parameters (see“Experimental Procedures”).

In principle, the changes in synaptic composition we de-
tected might result from redistribution into/out of extrasynap-
tic regions and/or protein synthesis/turnover. Dendritic pro-

tein synthesis is well characterized in several instances (29),
although this is limited to a small subset of synaptic proteins
and thus will not explain the majority of our observations.
Protein degradation is unlikely to be directly responsible for
decreases in protein levels. We did not detect substantial
increases in ubiquitin, and given that proteosomes are not
enriched at the synapse, targeted degradation would be sec-
ondary to translocation out of synaptic compartments. Upon
sacrifice, mouse cortexes were immediately dissected and
frozen in liquid nitrogen. Nevertheless, we cannot rule out the
possibility that some of the changes we observe occurred
peri- or post-mortem.

Despite changes only on the order of =15%, the very
similar expression profiles observed for co-assembling mem-
bers of gene families substantiated the validity of our
measurements.

Our analysis, however, does not have the resolution to
address mixed populations of co-assembled subunits. One
example of this is that the precise subunit composition of
AMPA-Rs can vary from synapse to synapse. Another exam-
ple is the Grin2d subunit, whose limited presence in a small
fraction of NMDA-Rs (19) and restriction to a small subset
number of neurons can easily explain its more deviant behav-
ior with respect to other members of the Grin family, even if
their overall patterns are similar.

The analysis of protein profiles within selected gene families
revealed a conserved profile for most members. This can be
partially explained by their physical co-assembly, but it also
might indicate that protein domains governing activity-de-
pendent subcellular distribution have been maintained during
the evolution of the individual family. The most obvious ex-
ception is DIg1/Sap97, for which we did not observe activity-
dependent redistribution. A similar flat DIg1 profile has been
observed for different stimulation protocols in primary neuro-
nal cultures at comparable time points (31).

Definition of Functional Core Clusters within PSDs—Dlg4 is
one of the more abundant proteins in PSD preparations. It
constitutes about 1% of the PSD protein content and has
multiple known protein—protein interactions (17). In our data-
set, DIg4 showed a strong positive correlation with most of its
known interaction partners, indicating that our dataset is well
suited for a more detailed analysis of co-regulated protein
behavior.

One shortcoming with many types of bioinformatic analysis
of co-regulation lies in the fact that a priori each protein is
given equal weight. In particular, the absolute abundance of
proteins might differ by 3 orders of magnitude or more within

proteins (green), the 27 most highly connected core PSD proteins as determined in Fig. 4 (blue), cluster | from Fig. 5 representing (red), and
the mitochondria-associated cluster Il (black). C, a topographical overlap matrix plot of the dataset. A high degree of similarity is represented
in red. Low similarity is represented in green. The a and B segments enclose the branches containing the two groups of blue hashmarks. D,
a more detailed representation of the « and 8 segments. Protein abundance as measured by peptide count is indicated by the color of the

protein name.
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the PSD. Yet absolute abundance data are not available for
most PSD components. The analysis is further complicated
by the possibility that certain components of the prepara-
tion might be partial contaminants due to imperfect initial
separation or secondary association during the purification
procedure. We therefore analyzed co-regulation initially on a
restricted subset of proteins that are generally accepted as
genuine PSD components, the PSD,,, proteins. This anal-
ysis suggested a group of 27 highly co-regulated proteins,
containing nine ionotropic glutamate receptor subunits and
nine adaptor proteins. The composition of this cluster im-
plies that it will directly affect synaptic strength and size
(32).

When the analysis was expanded to allow one member of
the interaction to not belong to the PSD,,, set of proteins, the
original cluster of 27 proteins still grouped together. This is an
important observation, as it supports the centrality of this
group of proteins and the robustness of this grouping when
the scope of the analysis is expanded.

Noteworthy, in our experiments, NMDA-R and AMPA-R
subunits were found to have similar dynamic responses (com-
pare the patterns in Figs. 2C and 2D). This is in contrast to
observations made in certain electrophysiological experi-
ments at individual synapses that have shown independent
regulation of AMAP-R and NMDA-R activity (33). Our mea-
surements differ from these recordings in that (i) we measure
all PSD-associated subunits and not only surface receptors,
and (ii) our measurements reflect a bulk behavior of the entire
pool of synapses, whereas electrophysiological measure-
ments emphasize the behavior of single or few synapses.
Therefore, our data suggest that despite independent regula-
tion of AMPA-Rs versus NMDA-RS at the level of individual
synapses, there is an overarching co-regulation at the level of
the whole brain.

Synaptic activity has been reported to induce the relocation
of Camk2 into spines and, by implication, into PSDs. Our data
suggest a minor increase of Camk2a, the dominant Camk
subunit, at 10 min and a global decrease over the course of
the experiments. Previous studies have indicated a fast re-
versibility of Camk2 translocation, indicating a low-affinity
interaction with the PSD, which is also dependent on the
phosphorylation status of Camk2 subunits (34-36). Our data
showed surprisingly limited correlated co-regulation of
Camk2 within the PSD,,, group of proteins. The same limited
co-regulation was observed with respect to proteins in the
extended dataset. Our data are fully compatible with models
of multiple low-affinity interactions of Camk2 with PSD com-
ponents, which might obscure any predominant co-regulated
behavior. Any further-reaching interpretation of Camk2 be-
havior would require quantitative information about the phos-
phorylation status of the Camk2 subunits.

The second tightly co-regulated cluster contains mainly
mitochondria-associated proteins. This cluster is also present
in the extended datasets, where its membership increases

considerably, as most mitochondria-associated proteins are
not considered biochemical core components of PSDs. Being
part of an established organelle, their clustering is not surpris-
ing. The spatial distribution of dendritic mitochondria is known
to be activity dependent (37); however, the precise relation-
ship to the PSD remained unclear. Our data suggest that
massive synaptic stimulation leads to a slight decrease in
mitochondrial proteins within 60 min. Noticeable is the strong
negative correlation between Dlig4 (Fig. 3F), the signature
molecule of cluster |, and the mitochondrial cluster. We are
studying relative protein levels, so if a subset of proteins
increases or decreases, then by definition the remaining pro-
teins will appear to be regulated even if their levels are un-
changed. Our data indicated a compensatory balance be-
tween the relative amounts of the glutamate receptor/adaptor
protein cluster | and the mitochondria associated protein clus-
ter Il (Fig. 5C, supplemental Fig. S3).

CONCLUSIONS

The major focus of large-scale neuronal quantitative studies
to date has been on the genome and the transcriptome. Here
we present a large-scale quantitative approach for assessing
levels of the full postsynaptic proteome targeting a function-
ally highly specialized subcellular compartment following
massive synaptic stimulation.

This led us to identify two functional clusters of strongly
co-regulated proteins in vivo. One cluster is related to mitochon-
dria and contains a smaller number of major synaptic proteins.

Our major insight consists of the delineation of a second,
tightly co-regulated cluster of proteins, composed of mainly
glutamate receptors, their adaptors, and closely associated
proteins. We propose that this cluster is a functional core of
the postsynaptic machinery, and to our knowledge this is
the first delineation of a group of activity-dependent co-
regulated proteins within the PSD. Because it contains the
ensemble of subunits of ionotropic glutamate receptors and
the predominant postsynaptic scaffolding and adaptor pro-
teins, changes in its abundance will affect synaptic strength
and size.

These results demonstrate the potential of our quantitative
approach as a model for future quantitative studies of PSD
composition. Changes in synaptic levels of one or a few
proteins can influence synaptic function by changing the op-
timal settings of the synaptic signaling network (8), likely by
influencing the otherwise coordinated behavior of co-regu-
lated clusters. Therefore, it will be of future interest to apply
quantitative proteomic approaches combined with bioinfor-
matic analysis to address dynamic synaptic protein levels and
their interconnected regulation in genetic mouse models of
neuropsychiatric diseases.
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