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Abstract: Our knowledge of the complex synaptic proteome and its relationship to physiological
or pathological conditions is rapidly expanding. This has been greatly accelerated by the
application of various evolving proteomic techniques, enabling more efficient protein res-
olution, more accurate protein identification, and more comprehensive characterization of
proteins undergoing quantitative and qualitative changes. More recently, the combination
of the classical subcellular fractionation techniques for the isolation of synaptosomes from
the brain with the various proteomic analyses has facilitated this effort. This has resulted
from the enrichment of many low abundant proteins comprising the fundamental structure
and molecular machinery of brain neurotransmission and neuroplasticity. The analysis of
various subproteomes obtained from the synapse, such as synaptic vesicles, synaptic mem-
branes, presynaptic particles, synaptodendrosomes, and postsynaptic densities (PSD) holds
great promise for improving our understanding of the temporal and spatial processes that
coordinate synaptic proteins in closely related complexes under both normal and diseased
states. This chapter will summarize a selection of recent studies that have drawn upon
established and emerging proteomic technologies, along with fractionation techniques that
are essential to the isolation and analysis of specific synaptic components, in an effort to
understand the complexity and plasticity of the synapse proteome.
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1. INTRODUCTION

Neuroscience is a discipline in which proteomics is having a growing impact. Many
neuropsychiatric and neurodegenerative diseases, such as Alzheimer’s, are thought to
involve altered expression of multiple structural and/or metabolic genes and proteins,
and therefore are well-suited for proteomic analysis (Kim et al. 2004). The study of
other conditions, such as addiction and mood disorders that likely are secondary
to altered expression of proteins involved in neurotransmission or neuroplasticity,
can also take advantage of the power of global and narrow protein profiling that
proteomics offers, for example, to examine the role of synaptic proteins in different
disease states.

However, when using proteomics to study central nervous system (CNS) function
and pathology, one is faced with a task complicated by diverse regional specialization
that is compounded by intricate cellular complexity (neurons, glia and cell projections)
and further exacerbated by synaptic heterogeneity and a huge dynamic range of protein
expression. The human brain is composed of an estimated ∼1012 heterogeneous
neurons that communicate by way of∼1015 synapses (Pocklington et al. 2006). Whole
brain tissues are variably composed of neurons and glial cells, the latter comprising up
to 90–95% of the cells (Williams et al. 1988). Because most of the glia are astrocytes
(Hansson et al. 2003), protein expression analyzed in a whole brain sample may tell us
little about neuronal function, in the classic sense. Numerous efforts have been made
to establish reference proteomes for brain tissue from various species by surveying the
whole brain or gross brain areas (Edgar et al. 1999; Fountoulakis et al. 1999; Gauss
et al. 1999; Langen et al. 1999; Beranova-Giorgianni et al. 2002). Our laboratory
demonstrated that the expressed proteome can vary in various brain regions based on
genetic selection for alcohol preference, and, within these genetic lines, by functional
nuclei (Witzmann et al. 2003). Despite these documented differences in whole brain
tissue, it is likely that many of the proteins previously identified by us and by others
in whole brain tissue preparations are of glial, not neuronal origin. For proteomics,
a meaningful analysis obligates one to by-pass the whole brain, brain region, and
even the micropunch (Leng et al. 2004) or laser-capture (Mouledous et al. 2003;
Nazarian et al. 2005) sample. Instead, one must opt for the business-end of the CNS,
the synapse.

Synapses are electrical or chemical communicative contacts between neurons.
Electrical synapses (neuronal gap junctions) function by the propagation of electrical
impulses from one cell to another (and vice versa) via direct, physical contact. As a
consequence, these synapses are characterized by a relatively simple organization of
membrane structure and associated organelles (Zoidl et al. 2002). Electrical synapses
are also less mutable, in terms of their function and molecular characteristics, and
thus exhibit little of the plasticity that typifies the chemical synapse.

Characteristically, chemical synapses contain a broad range of chemical neurotrans-
mitters and neuropeptides for intercellular communication, in addition to localized
translational machinery that is tightly coupled to signaling (Steward et al. 2003). The
latter components make these neuronal junctions particularly relevant to proteomic
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Figure 1. Electron photomicrograph a synapse (56,000X) illustrating the synaptic knob (S) as it ends on
the shaft of a dendrite (D) in the central nervous system. P, postsynaptic density; M, mitochondrion. (From:
Review of Medical Physiology, 22nd Edition, The McGraw-Hill Co., 2005)

analysis. Cell–cell communication that occurs by chemical transmission is char-
acterized by complex protein-driven molecular mechanisms of synthesis, delivery,
storage, docking, fusion, neurotransmitter release, reuptake, etc. (Purves 2004). In
general, synapses are composed of three main constituents: a presynaptic component
(presynaptic ending, axon terminal), a synaptic cleft, and a postsynaptic component
(dendritic spine). The pre- and the postsynaptic membranes are uniquely distinguish-
able by visible densities along their corresponding plasma membranes. Together with
the synaptic cleft, they are collectively referred to as the synapse (see Figure 1).

Typically, the presynaptic ending is further distinguished from the postsynap-
tic component by the conspicuous presence of neurotransmitter-filled vesicles. In
response to presynaptic membrane depolarization, the vesicles exocytose their
contents into the cleft through complicated membrane-trafficking events. The presy-
naptic axon terminal (bouton) of the presynaptic component also contains other
organelles such as mitochondria, smooth endoplasmic reticulum, microtubules, and
neurofilaments. The presynaptic membrane is variably populated by docking/fusion
apparatus, ion channels, and other protein constituents. The 20–30 nM wide synaptic
cleft separates the pre- and postsynaptic membranes and generally contains a dense
plaque of intercellular material that includes microfilaments.
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The postsynaptic membrane, particularly at the dendritic spine, is recognizable by a
collection of dense material visible by electron microscopy on its cytoplasmic surface.
This so-called post-synaptic density (PSD) (Palay 1958; Gray 1959) is a specialization
of the nerve cell’s sub-membrane cytoskeleton composed of granular/filamentous
material, contains cisternae of smooth endoplasmic reticulum, and its existence seems
to be dependent on the presence of the presynaptic ending. A subcellular fraction
enriched in structures with PSD-like morphology has been shown to contain signal-
transduction molecules thought to regulate receptor localization and function in the
CNS (Kennedy 1993).

The morphological characteristics of synapses mentioned above reflect the complex
functional dynamics of neurotransmission and its plasticity. Though well-studied for
many decades, the synaptic molecular anatomy and clues to its complex function
in learning/memory, injury, and disease, are just now being unraveled through the
application of emerging protein analytical techniques. Four compelling reasons have
been identified that underscore the importance of understanding the protein molecular
machinery of the synapse (Pocklington et al. 2006):

1. It is the most important structure for communication between nerve cells.
2. The neurotransmitter receptors and signal transduction machinery within the

synapse respond to patterns of electrical activity and instigate biochemical changes
in the nerve cell and in so doing modify the brain in response to behavioral
experience.

3. Synapse proteins correspond to many human disease genes and drug targets for
therapeutics that modulate cognitive illnesses.

4. Synapse proteomic studies have compiled a first draft of the protein composition
of the synapse, revealing an unexpectedly high degree of molecular complexity.

The fundamental role of the synapse in neurotransmission and plasticity has fueled
increasing proteomic efforts for the identification synaptic protein constituents, lead-
ing to the establishment of increasingly comprehensive mapping and profiling of the
synaptic proteome. This chapter will summarize a selection of recent studies that have
drawn upon established and emerging proteomic technologies, along with fraction-
ation techniques that are essential to the isolation and analysis of specific synaptic
components, in an effort to understand the complexity and plasticity of the synapse
proteome.

2. SYNAPTOSOME FRACTIONATION

Sample complexity reduction strategies are required to enable neuroscientists to
address the issues mentioned above, and facilitate meaningful applications of pro-
teomic analyses. The feasibility of protein enrichment by subcellular fractionation has
been demonstrated through the analysis of the rat brain sub-proteomes of cytosolic,
mitochondrial and microsomal fractions (Krapfenbauer et al. 2003). Another well-
established subcellular fractionation technique, synaptosomal isolation, has recently
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been applied in various proteomic studies, providing an enrichment of cellular com-
ponents found at the synapse. By further fractionating the synaptosomes, one can use
proteomic approaches to study even more specific synaptic regions.

2.1. Synaptosomes

The term “synaptosome” was first mentioned in a paper published in 1964 by
Whittaker’s group (Whittaker et al. 1964). At that time, the aim was to explore
the synaptosomal localization of several known and putative neurotransmitters
and their synthesizing enzymes, and to subfractionate the disrupted synapto-
somes to obtain homogeneous fractions of synaptic vesicles and other synaptic
components. In this context, rather than organelles, synaptosomes are artificial,
membranous sacs that contain synaptic components and are generated by sub-
cellular fractionation of homogenized or ground-up nerve tissue. They are often
referred to as “pinched-off nerve endings,” because the lipid bilayers naturally reseal
together after the axon terminals are torn off by the physical shearing force of
homogenization. Synaptosomes contain the complete presynaptic terminal, includ-
ing mitochondria and synaptic vesicles, along with the postsynaptic membrane
and the postsynaptic density (PSD). This typical morphology can be observed
clearly via electron microscopy (Figure 2, by permission from (Schrimpf et al.
2005)). Because all the molecular machinery for the release, uptake and storage
of neurotransmitters remain intact, synaptosomes are often used to study synaptic
transmission.

2.2. Synaptosome Preparation

In a manner similar to the isolation of other subcellular fractions containing relatively
pure cellular organelles, differential centrifugation or sucrose (Gray and Whittaker
1962; Whittaker et al. 1964), Ficoll/sucrose (Booth et al. 1978), or Percoll (Nagy
et al. 1984) density-gradient centrifugation techniques are used for the preparation
of synaptosomes. Though the reagents for buffering and for the formation of the
density gradient may differ from lab to lab, depending on personal preferences or
specific applications, all follow the steps involved in purifying a crude synaptosomal
fraction from their mitochondrial and microsomal contamination. For instance, here
we describe briefly a protocol used in our laboratory for the routine preparation
of synaptosomes from fresh brain tissue. Whole brain or a grossly dissected brain
region is homogenized in buffer (0.32 M sucrose, 20 mM HEPES, pH 7.4, with
proper reducing reagent and protease inhibitors) and centrifuged at 1000 × g for 10
min to pellet the membrane fragments and nuclei. The supernatant is then further
centrifuged at 17,000 × g for 15 min to obtain the pellet containing synaptosomes
contaminated with mitochondria and microsomes. This crude synaptosome fraction
is then further purified using a discontinuous sucrose density gradient consisting of
a 0.8 M sucrose layer on the top and a 1.2 M sucrose layer on the bottom. The crude
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Figure 2. Electron micrograph of a synaptosome fraction isolated from mouse brain by Ficoll density-
gradient centrifugation. SV, synaptic vesicles; M, mitochondria; SJ, synaptic junction with attached PSyD.
Bar = 0.5 mm. (From: Schrimpf et al. 2005)

synaptosome suspension is layered on top of the 0.8 M sucrose layer and centrifuged
at 54,000 × g for 90 min. The pure synaptosomal fraction can be obtained from the
interface of 0.8 M sucrose and 1.2 M sucrose. The purity of the isolated synaptosomes
can be inspected morphologically under an electron microscope (Figure 2) or analyzed
biochemically using enzymatic markers.

3. THE SYNAPTOSOMAL PROTEOME

Comprehensive studies on the synaptic proteome have been rare. Not until quite
recently has the mass spectrometric technical momentum developed for detecting
and documenting a comprehensive and coherent map of synaptic proteins, cur-
rently numbering approximately 1000 unique proteins (Grant 2006). This momentum
has been driven by an urgent need in the neuroscientific community for molecular
markers of neuropsychiatric and neurodegenerative disorders, as well as a desire to
understand the molecular mechanisms underlying synaptic neurotransmission and
plasticity. Table 1 presents a compact list of recent proteomic efforts where protein
fractions were derived from synapses, and the proteomic methods used to study them.
These studies are described further in the text that follows.
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3.1. Sample Complexity Reduction and Protein Enrichment

In addition to the direct analysis of the synaptosomal proteome (Boyd-Kimball et al.
2005; Schrimpf et al. 2005; Witzmann et al. 2005), protein subsets have been extracted
and examined either as a subcompartment or subfraction of synaptosomes, such as
synaptic vesicles (Coughenour et al. 2004; Morciano et al. 2005), or from a particular
structural component, such as synaptic membranes (Stevens et al. 2003), presynaptic
particles (Phillips et al. 2005), synaptodendrosomes (dendritic spine preparations)
(Rao et al. 1993; Leski et al. 1996; Villanueva et al. 2001; Jiang et al. 2002), and
PSD (Walikonis et al. 2000; Satoh et al. 2002; Li et al. 2004; Peng et al. 2004;
Yoshimura et al. 2004; Phillips et al. 2005; Cheng et al. 2006; Dosemeci et al. 2006;
Jordan et al. 2006). The analysis of these subproteomes holds great promise for
improving our understanding of the temporal and spatial processes that coordinate
synaptic proteins in closely related complexes under both normal physiological or
pathological conditions.

Synaptosomal proteins also can be enriched by immunoprecipitation and/or affinity
purification. Immunoprecipitation uses highly specific antibodies to remove individ-
ual target proteins or groups of related proteins (with similar antigenicity) from a
complex mixture. Often, those proteins closely interacting with the target protein(s)
are also recovered, making this a commonly used method to study protein-protein
interaction (Phizicky and Fields 1995). Affinity purification purifies the protein of
interest, such as antibodies, fusion-tagged proteins, and biotinylated proteins by
virtue of its specific binding properties to an immobilized ligand. For example, Con-
canavalin A (Con A) is a tetrameric metalloprotein that binds sugar moieties with C-3,
C-4 and C-5 hydroxyl groups. Con A coupled to Sepharose is routinely used for the
separation and purification of glycoproteins, specifically for proteomic analysis. The
power of sample complexity reduction and protein enrichment has been demonstrated
by the analysis of PSD components using the combination of subcellular fractionation,
immunoaffinity purification and LC-MS/MS, where more than 400 PSD components
(Walikonis et al. 2000; Jordan et al. 2004; Li et al. 2004; Peng et al. 2004; Yoshimura
et al. 2004; Jordan et al. 2006) and 186 NMDA receptor-associated proteins (Husi
et al. 2000) have been isolated and identified.

Another subsynaptic fraction derived directly from presynaptic specializations, the
presynaptic particle fraction (PPF) can be separated from PSD by adjusting the pH of
Triton X-100 extraction of isolated trans-synaptic scaffolds. As one might expect, it
has been shown that the major proteins of the PPF, clathrin and dynamin, are concen-
trated in the presynaptic compartment (Phillips et al. 2005). These investigators used
multidimensional protein identification technology (MudPIT) to compare the PPF
and the PSD fraction. Of 341 proteins identified, 50 localized in the PPF, 231 in the
PSD fraction, and 60 were found to be common to both fractions. The PPF was also
characterized by a low proportion of actin and actin-associated proteins along with a
high proportion of vesicle proteins. The authors concluded that the PPF consists of
presynaptic proteins not connected to the actin-based synaptic framework and that
clathrin may be an anchorage scaffold for many presynaptic proteins.
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3.2. Proteomic Analysis Platforms

The various technical approaches used in proteomics for synaptosomal proteome
analysis are addressed throughout this volume and therefore will not be formally
described or listed here. Whether the approach is gel-based, mass spec-based, uses
stable-isotopic labels, or is label-free; each has its own unique merits and deficiencies,
and many of the latter are shared among them all. Consequently, the suitability of a
chosen technique can dramatically affect the outcome of a study and experimental
design must therefore be done with great care. The combination of specific pro-
tein enrichment/complexity reduction strategies with appropriate protein resolution
(one- and two-dimensional gel electrophoresis (2-DE), solution isoelectric focusing
(sIEF), liquid chromatography (LC)) and identification (peptide mass fingerprint-
ing (PMF), tandem mass spectrometry (MS/MS), Western blotting) techniques for
that protein subset is the key to achieving an optimal result. Sometimes, the sim-
plest approach (e.g. Western blotting) can be highly informative (see Figure 3 below;
(Jordan et al. 2004)). Similar enrichment of PSD proteins has been demonstrated in
this manner (Morciano et al. 2005; Cheng et al. 2006; Trinidad et al. 2006).

When a global assessment of the total synaptosome proteome is desired, a com-
bination of several proteomic platforms should be used, as these have been shown
to be complementary rather than alternative ways of measuring protein abundances
in biological systems (Wu et al. 2006). The commonly used protein identification
techniques include matrix-assisted laser-desorption ionization (MALDI) based PMF
and LC-MS/MS sequencing. LC-MS/MS sequencing is particularly useful for direct
protein identification or for robust confirmation of protein IDs derived from PMF.
2-DE-based protein separation followed by the MS identification of differentially
expressed proteins remains the most commonly used platform for the quantitation of
differentially expressed proteins, particularly for a multi-group comparison. Other
quantitative proteomic approaches, such as 2-D (Fluorescence) Difference Gel Elec-
trophoresis (2D-DIGE, see below), the Isotope-Coded Affinity Tag (ICAT) reagent
approach, and label free-quantitative proteomics are in continued development and
improvement, aiming to address the problems associated with the traditional 2-DE
gel based assays.

4. TECHNICAL CHALLENGES OF SYNAPTOSOMAL PROTEOMICS

A significant challenge for neuroscientists in studying the membranous synaptosomal
proteome rests squarely in the analysis of its constituent hydrophobic and membrane-
bound proteins. These include receptors, transporters, ion channels, and the molecular
machinery for synaptic vesicle cycling. Hydrophobic and membrane-bound proteins
are poorly resolved by traditional IEF gel technology. Similarly, they tend to resist
in-gel tryptic digestion, leading to poor rates of protein identification by PMF (van
Montfort et al. 2002).

Acidic PAGE systems using cationic detergents such as benzyldimethyl-n-
hexadecylammonium chloride (16-BAC) are useful for resolving basic and membrane
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Figure 3. Western blots of several novel members of the PSD. Ten to 20 µg of PSD protein were separated
by SDS-PAGE and blotted using a variety of antibodies. W, whole brain extract; Syn, synaptosomal
fraction; and PSD, postsynaptic density. Known molecular markers were also blotted to demonstrate the
purity of the fractions used for MS/MS. ARP, actin-related protein; BAF-1, barrier to autointegration
1; BAP-37, B cell receptor-associated protein; ARVCF, armadillo-repeat-velo-cardio-facial syndrome
protein; ARP2/3sub5, actin-related protein complex 2/3 subunit 5; SCCA-1, squamous cell carcinoma
antigen-1, serpin3a; NAP-125, NCK-associated protein 1; LGN-1, leucine-rich repeat LGI family, member
1; DCLK, doublecortin-like kinase/mKIAA0369; ICAp69, islet cell autoantigen protein p69. (From:
Jordan et al. 2004).

proteins. Using a cationic 16-BAC polyacrylamide gel system in the first and SDS-
PAGE in the second dimension, immunoaffinity purified pools of mouse brain
synaptic vesicles have been analyzed successfully (Kramer 2006). Many integral
and membrane associated proteins were identified from a fraction containing free
synaptic vesicles and a second fraction containing synaptic vesicles plus presynaptic
membranes, using either MALDI-TOF or Western Blot analysis. Some of the proteins
detected included the integral synaptic vesicle proteins such as SV2A and SV2B, the
zinc transporter ZnT-3, synaptotagmins I and II, synaptophysin, v-SNARE VAMP
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II, t-SNARE syntaxin 1B2 and SNAP-25, vesicular neurotransmitter transporters for
acetylcholine (vAChT), glutamate (vGluT1), and GABA (vGAT), the proton pump-
ing vacuolar ATPase (V1: A1, B1, B2, C1, D, E1, E2, G2; V0: a, d1), peripheral
synaptic vesicle proteins such as the synapsins Ia, Ib, IIa and IIb, alpha subunit
of calcium/calmodulin dependent kinase II, proteins transiently associated with the
synaptic vesicle compartment such as syntaxin binding protein 1, N-ethylamide sen-
sitive factor (NSF), munc18, munc13, and presynaptic membrane protein N-type
Ca2+-channel.

In addition to the inherent difficulty of resolving membrane and basic proteins
using 2-DE, gel-gel reproducibility also has been a significant challenge. 2D-DIGE
technology was developed to address the gel variability issue. In 2D-DIGE analysis,
two samples for comparison are labeled respectively with one of the CyDye fluors.
The mixture of the labeled samples, together with a labeled standard can be resolved on
a single 2-D gel (Unlu et al. 1997). Identical protein from different samples labeled
with each of the fluors migrates to the same position on a 2-D gel, enabling the
analysis of differences in protein abundance by comparing the fluorescent intensity
of the overlaying protein spots, and subsequent identification by MS techniques.
Unfortunately, this technique is only feasible for the simultaneous comparison of
sample pairs. Though the application of 2D-DIGE has not yet been reported in the
analysis of synaptosomal proteins, a recent study using this technique for the detection
of phosphorylation pattern changes in rat cortical neuron cultures upon phosphatase
treatment has been conducted (Raggiaschi et al. 2006), and its potential relevance to
synaptosomal studies is clear.

Another technical challenge using the 2-DE-based approach relates to its narrow
dynamic range of protein detection, a limitation that makes it almost impossible
to detect and compare the expression of many very low abundance proteins, even
with sample subfractionation. Though various aforementioned protein enrichment
techniques are available, the application of LC-based protein separation coupled with
highly sensitive mass spectrometric protein identification can address the issue of
dynamic range, to a certain extent. This approach also improves the resolution and
identification of proteins with extreme pI, large mass, and, in some cases, membrane
associations.

For differential, relative protein quantitation, ICAT reagents have been employed
in concert with tandem mass spectrometry, enabling LC-MS/MS based analysis of
differentially expressed proteins from different physiological and pathological states
(Gygi et al. 1999). Each ICAT reagent contains an affinity tag (biotin moiety), an
isotopically labeled linker (contains heavy or light stable isotopes, such as d8-heavy or
d0-light), and a chemical reactive group (such as a thiol-specific reactive group). After
the free thiol groups of cysteine residues from each of the two populations of proteins
are tagged with a heavy or a light ICAT reagent, same amount of proteins are combined
and tryptic digested, followed by affinity enrichment of the labeled peptides using an
avidin column. These peptides are then analyzed by LC-MS/MS. The ratios of signal
intensities of differentially mass-tagged peptide pairs are quantified to determine the
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relative levels of proteins in the two samples. The sensitivity and reliability of the
technique have been further improved by the generation of cleavable ICAT reagents
(Hansen et al. 2003).

In a recent study, the ICAT reagent was employed for the proteomic characteri-
zation of synaptosomes isolated from mouse brain (Schrimpf et al. 2005). Though
only cysteine containing proteins were analyzed, more than a thousand proteins were
identified by LC-MS/MS, including proteins involved in synaptic vesicle exocytosis,
synaptic vesicle recycling, postsynaptic receptors and proteins constituting the PSD,
as well as a large number of soluble and membrane-bound proteins for synaptic signal
transduction and metabolism. In a similar application, the effect of chronic morphine
exposure on the synaptic plasma-membrane subproteome in rats was studied using
ICAT technology (Prokai et al. 2005). These researchers observed a number of sig-
nificant expression changes including the down-regulation of an integral membrane
protein Na+/K+ ATPase (α-subunit) involved in regulation of the cell membrane
potential that correlated to a decline in electrogenic Na+, K+ pumping of identical
magnitude.

More recently, a study was conducted on the rat brain to compare the regional
differences in the protein expression profile of PSD proteins between forebrain
and cerebellum (Cheng et al. 2006). LC-MS/MS analysis of ICAT reagent-labeled
peptides (including the absolute quantification, AQUA, strategy) revealed cru-
cial molecular differences in PSD between the brain areas. Among 296 proteins
identified and quantified, 43 differed significantly in abundance. These included
proteins involved in cell adhesion, cytoskeleton/cellular scaffold, GTPase regulation,
kinase/phosphatase regulation, membrane trafficking, mitochondria, motor function,
receptors and channels, metabolism, and others. The differences in the expression
of Nir2 (phosphatidyl inositol transfer protein), Septin 4, and GluRδ were further
confirmed by immunostaining of sagittal sections of rat brain.

It bears repeating that all proteomic approaches have an intrinsic bias toward the
detection of a certain subset or type of proteins. No single approach has the capacity
for a truly comprehensive analysis of the total proteome. Therefore, it is necessary
to combine several technical approaches to even approximate a global analysis. Our
laboratory has analyzed the proteome of rat cortical synaptosomes using two types of
proteomic approaches. The first, 2-DE separation coupled with MALDI-TOF and LC-
MS/MS identification of proteins from gel excisions detected a total of 968 protein
spots. The 94 most abundant protein spots were analyzed by MALDI-based PMF
resulting in the identification of 85, representing 61 unique proteins. Another 96 low-
abundance protein spots were analyzed by LC-MS/MS, yielding 79 identifications
and representing 46 additional unique proteins. A total of 91 unique proteins thus
were identified using the initial approach.

The second approach, a shotgun proteomic analysis (LC-MS/MS) of tryptic
solution-digests of isolated synaptosomes, identified 209 unique proteins. When
the two sets of identified proteins are compared, 46 were found to be common.
Accounting for this intersection, the total number of unique proteins identified by the
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Figure 4. Diagrammatic illustration of the major pre- and postsynaptic proteins identified by 2-DE/MS
and/or shotgun proteomics, and normally expected as constituent in synaptosomal preparations. Blue: the
proteins that were identified by 2-DE/MS; Yellow: the proteins that were identified by shotgun proteomics;
Green: the proteins that were identified by both 2-DE/MS and shotgun proteomics; and Blank (white):
those major constituents expected but not identified. ∗proteins were identified by shotgun proteomics only
after the PTM analysis; ∗∗proteins were identified as a complex with other proteins by 2-DE/MS; aEAA1,
EAA2, and GABA transporter. bpost-synaptic proteins. (From: Witzmann et al. 2005)

combined methods was 254. Of these 254 proteins, 61 were identified by PubMed
literature search as having synapse-specific function. A total of 19 identified pro-
teins were involved in synaptic vesicle trafficking or docking, 9 served receptor
or transporter functions, 9 were involved in intra-cellular signaling cascades that
affect synaptic transmission, and 24 had other synapse-specific functions. Figure 4
illustrates the major pre- and postsynaptic proteins identified by 2-DE/MS and/or
shotgun proteomics in this study, a set of proteins normally expected as constituent
in synaptosomal preparations (Witzmann et al. 2005).
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5. DELINEATION OF THE FUNCTIONAL RELATIONSHIPS
OF SYNAPTIC PROTEINS – POST-TRANSLATIONAL
MODIFICATIONS

Many published studies have significantly improved our understanding of synaptic
function by describing the protein constituency of synaptosomes, and the number of
these documented synaptic proteins is rapidly expanding. However, more efforts are
needed for an integrated functional understanding of the synapse. The analysis of the
changes in the state of protein post-translational modification (PTM) is an effective
approach for this purpose because PTM regulates nearly every aspect of synaptic
function, including neurotransmitter release, synaptic vesicle recycling, receptor/ion
channel function, and local protein synthesis (Barry et al. 2002; Lisman et al. 2002;
Korolchuk et al. 2003; Purcell et al. 2003; Waltereit et al. 2003; Han et al. 2004).

PTM also plays a critical role in synaptic plasticity and memory (Purcell et al. 2003;
Routtenberg et al. 2005). For instance, tyrosine kinase signal transduction cascades of
Trk receptor tyrosine kinases, the Src family of non-receptor tyrosine kinases and the
Eph receptor tyrosine kinases have been shown to associate with the synaptic plas-
ticity and memory processing (Purcell et al. 2003). The main protein constituent of
PSD, calcium/calmodulin-dependent protein kinase II (CaMKII) has been proposed to
act as a bi-stable switch by auto phosphorylation/dephosphorylation for the long-term
storage of synaptic memory (Lisman et al. 2002). The activity of CaMKII is regulated
by Ca2+/calmodulin, where Ca2+ release is controlled by NMDA receptor activation.
CaMKII dictates synaptic strength, mainly by affecting the functional proper-
ties of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors,
as well as their trafficking and anchorage to the postsynaptic membrane (Barry
et al. 2002).

Clathrin-mediated endocytosis is a major vesicular transport mechanism in the
neuron, which enables the internalization of plasma membrane-bound proteins, nutri-
ents, hormones and other molecules associated with the plasma membrane into
intracellular compartments. Clathrin and various adaptor and accessory proteins work
in concert at different stages of clathrin coated vesicle formation and disassembly, and
many of these proteins (such as clathrin light chain, AP-2, dynamin 1, synaptojanin 1,
and the amphiphysins) are substrates for protein kinases (Korolchuk et al. 2003). In
addition, it has been suggested that directing synaptotagmin 1 to the synaptic vesicle
is dependent on the N-terminal glycosylation of this protein (Han et al. 2004).

Using immobilized metal affinity chromatography (IMAC), phosphopeptides
haven been isolated and enriched from tryptically digested proteins extracted
from freshly isolated human cortical synaptosomes (DeGiorgis et al. 2005).
LC-MS/MS analysis identified 26 synaptic proteins with 1, 2 or 3 phospho-
serine(s), including synapsin 1, syntaxin 1, SNIP, PSD-93, NCAM, GABA-B
receptor, chaperone molecules, and protein kinases. In another study (Collins
et al. 2005a), LC-MS/MS analysis of IMAC enriched phosphopeptides from mouse
forebrain synaptosomes, identified 228 potential synaptic phosphoproteins and
characterized over 350 phosphopeptides containing 331 sites of phosphorylation,
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including the identification of highly phosphorylated MAP1B (33 sites) and Bas-
soon (30 sites). Bioinformatic tools, such as Scansite (www.scansite.mit.edu/) and
Net-PhosK (www.cbs.dtu.dk/services/NetPhos/), were employed to predict the like-
liness of these identified proteins to be phosphorylated, the possible phosphorylation
sites and the responsible kinases. Additionally, protein-protein interaction database
(www.ppid.org) was utilized to analyze the protein-protein interaction of the NMDA
receptor.

Fractionation of proteins by strong cation exchange (SCX) chromatography, fol-
lowed by IMAC enrichment of phosphopeptides from SCX fractions, led to a
comprehensive identification of phosphoproteins of PSD isolated from mouse brain
using LC-MS/MS (Trinidad et al. 2006). In this study, phosphorylation site(s) were
mapped to 287 proteins from a total of 1,264 unique proteins identified. This translates
into a 23% phosphorylation rate, comparable to an expected 33% rate in the general
proteome (Johnson et al. 2005). The 287 phosphoproteins were derived from a total
of 998 unique phosphorylated peptides, and the phosphorylations were mapped to
723 unique sites. Most of these occurred on serines, to a lesser extent on threonines,
and only minimally on tyrosines (Figure 5A).

Proteins within a broad range of functional categories were involved, including
structural proteins, scaffolding proteins, kinases and phosphatases, membrane neuro-
transmitter receptors, and voltage-gated ion channels (Figure 5B; see colour insert).
When the number of unique phosphorylation sites, was analyzed, as a function of
the protein functional class, adhesion/cytoskeleton proteins appeared to carry the
most modification followed by adaptor/sorting proteins, presynaptic proteins, and
kinases/phosphatases (Figure 5B).

Another PMT with functional importance and complex interplay with phosphoryla-
tion in the brain is the cytosolic- and nuclear-specific O-linked N -acetylglucosamine
(O-GlcNAc) glycosylation. This is an abundant, dynamic, and inducible carbo-
hydrate modification of serines and threonines by N -acetylglucosamine that plays
a role in protein regulation of cellular signaling networks, nuclear transcription,
protein turnover, and the cell cycle (Slawson et al. 2006). O-GlcNAc transferase
(OGT) and O-GlcNAcase, which are responsible for the addition and removal of
O-GlcNac protein modifications, are highly expressed in the brain (Gao et al. 2001;
Iyer et al. 2003).

Recently, a chemoenzymatic approach was employed for the identification of
O-GlcNAc modified proteins from rat brain. This approach allows the transfer of
a ketone-containing galactose analogue selectively to the C-4 hydroxyl of GlcNAc
by an engineered α-1,4-galactosyltransferase enzyme. The ketone functionality is
further reacted with an aminooxy biotin nucleophile, which enables the enrich-
ment of O-GlcNAc modified peptides using avidin affinity chromatography. Using
this approach, 25 unique proteins were identified from rat forebrain, including 23
newly identified and 2 previously reported proteins in O-GlcNAc-glycosylated form
(microtubule-associated protein 2B and host cell factor) (Khidekel et al. 2004). As
expected, these proteins were functionally categorized as proteins associated with
gene expression, neuronal signaling, and synaptic plasticity.
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Figure 5. (A) The relative distribution of phosphoserines (pS), phosphothreonines (pT), and phosphoty-
rosines (pY). The majority of identified sites were phosphoserines (739) followed by phosphothreonines
(79) and lastly phosphotyrosines (three). (B) The number of unique phosphorylation sites as a function of
the protein functional class. Proteins involved in adhesion/cytoskeleton represent the most prevalent class
followed by proteins involved in adaptor/sorting functions. (From: Trinidad et al. 2006)

Using in situ hybridization and immuno-labeling, Akimoto et al. (2003) found
OGT transcripts and proteins to be enriched in the cortical neurons of rat cerebellum,
particularly in the Purkinje cells. In nerve terminals, the OGT enzyme was observed
around synaptic vesicles, in the pre- and post-synaptic terminals. The localization of
immuno-labeled O-GlcNAc was also in general agreement with the distribution of
OGT. In a related study, abundant OGT and O-GlcNAcase activities were detected
in intact, functional synaptosomes, particularly in the soluble portion of the synap-
tosomal fraction (Cole et al. 2001). Using wheat germ agglutinin-based lectin weak
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affinity chromatography for the enrichment of O-GlcNAc modified peptides, 145
unique O-GlcNAc modified peptides were identified from a PSD preparation of
mouse brain (Vosseller et al. 2006). Sixty five of these O-GlcNAc modified pep-
tides were sequenced, and belonged to such functional classes as synapse assembly,
synaptic vesicle trafficking, and post-synaptic signaling.

It is widely acknowledged that the efficient implementation of currently avail-
able and newly emerging bioinformatic tools has become critical for the extraction
of physiological and biological principles from extremely complex proteomic data
sets. This, in turn, can facilitate the elucidation of mechanisms and disease pro-
cesses, and the development of effective therapeutics. Continuous improvement in
proteomic technologies has facilitated a rapid expansion of identified synaptic com-
ponents. However, the biological interpretation of these data has lagged behind.
Systems Biology approaches (Ideker et al. 2001; Grant 2003; Jordan et al. 2006) that
seek to integrate multiple levels of information (e.g. gene and protein networks) to
understand how biological systems function, are needed to overcome this deficiency.
Exactly such an approach has been recently applied for the analysis of NMDAreceptor
complex, using the protein-protein interaction network maps and annotated functions
of individual components (Pocklington et al. 2006).

6. CONCLUSION

A significant goal of understanding synaptic molecular composition and function is
to determine the pathogenic mechanisms through which neuropsychological disor-
ders develop, and eventually to devise efficacious interventions, be they biological or
pharmaceutical. To achieve this goal, the mapping and profiling of structural and func-
tional synaptic protein components is merely a first step. Reliable and reproducible
determination of quantitative or qualitative changes, or both, in these components
is ultimately essential. With recent technological advances that have produced mass
spectrometers with unprecedented sensitivity/resolution, LC apparatus with great
flow stability and compositional accuracy, and auto-samplers with very high injec-
tion precision, our knowledge of identified synaptic components and their myriad
modifications has exploded. This chapter has merely touched the surface of synap-
tic molecular complexity. In doing so, we hope it has illuminated the tremendous
possibilities that lie ahead for neuroscientists when the powerful tools of cellular
subfractionation and proteomics are skillfully combined.
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