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Quantification of the synaptosomal proteome
of the rat cerebellum during post-natal development
Daniel B. McClatchy,1 Lujian Liao,1 Sung Kyu Park,1 John D. Venable,2 and
John R. Yates1,3

1Department of Cell Biology, The Scripps Research Institute, La Jolla, California 92037, USA; 2Genomics Institute of the Novartis
Research Foundation, San Diego, California 92121, USA

Large-scale proteomic analysis of the mammalian brain has been successfully performed with mass spectrometry
techniques, such as Multidimensional Protein Identification Technology (MudPIT), to identify hundreds to thousands
of proteins. Strategies to efficiently quantify protein expression levels in the brain in a large-scale fashion, however,
are lacking. Here, we demonstrate a novel quantification strategy for brain proteomics called SILAM (Stable Isotope
Labeling in Mammals). We utilized a 15N metabolically labeled rat brain as an internal standard to perform
quantitative MudPIT analysis on the synaptosomal fraction of the cerebellum during post-natal development. We
quantified the protein expression level of 1138 proteins in four developmental time points, and 196 protein alterations
were determined to be statistically significant. Over 50% of the developmental changes observed have been
previously reported using other protein quantification techniques, and we also identified proteins as potential novel
regulators of neurodevelopment. We report the first large-scale proteomic analysis of synaptic development in the
cerebellum, and we demonstrate a useful quantitative strategy for studying animal models of neurological disease.

[Supplemental material is available online at www.genome.org.]

In the last decade, liquid chromatography coupled with mass
spectrometry (LC/LC-MS/MS) has emerged as a high-throughput
analysis tool for “shotgun” protein identification. One common
LC/LC-MS/MS technique is Multidimensional Protein Identifica-
tion Technology (MudPIT) (Washburn et al. 2001). In a typical
MudPIT experiment, a protein sample is digested with proteases
to create a complex mixture of peptides, separated by multidi-
mensional chromatography, and the peptides are eluted directly
into a tandem mass spectrometer, where tandem mass spectra are
generated for each peptide. Computer algorithms, such as
SEQUEST, are then used to extract the amino acid sequence from
the spectra and determine the identity of the proteins in the
sample (Eng et al. 1994). MudPIT experiments can identify hun-
dreds to thousands of proteins from a single biological sample.
The fractionation of cellular components (e.g., organelles) before
MudPIT analysis can provide additional information on protein
localization (Yates et al. 2005). Since protein expression and lo-
calization are dynamic, quantification using mass spectrometry
data has recently been under intense development.

One means of quantifying MS data is by comparing an un-
labeled or “light” peptide (composed of naturally abundant
stable isotopes) to a chemically identical peptide with the excep-
tion that the atoms are enriched with a stable “heavy” isotope
(e.g., 13C or 15N) (Oda et al. 1999; Conrads et al. 2001). An abun-
dance ratio between the labeled and unlabeled peptides can then
be calculated from the respective ion chromatograms (MacCoss
et al. 2003; Gruhler et al. 2005; Everley et al. 2006; Pan et al.
2006). Metabolic labeling is commonly employed to enrich a
protein sample with stable isotopes (Goodlett et al. 2001; Hunter
et al. 2001; Ong et al. 2002; Washburn et al. 2002; Zhu et al.
2002), and then, alterations in protein expression induced by a

stimulus can be determined by analyzing two samples utilizing
the same labeled internal standard. For example, to analyze the
yeast proteome in response to osmotic shock, a mixture of unla-
beled yeast mixed 1:1 with 15N-labeled yeast is digested and ana-
lyzed by MudPIT, and the ratio between unlabeled and labeled
proteins is calculated. A second sample is then analyzed consist-
ing of unlabeled yeast that has undergone osmotic shock mixed
with the same 15N-labeled yeast analyzed in the first sample.
Thus, the 15N peptides are used as internal standards, and the
difference in the 14N/15N ratios between the two experiments
reveals protein expression altered by osmotic shock (MacCoss et
al. 2003). Besides yeast, metabolic labeling of cultured mamma-
lian cells using one or two stable isotope-labeled amino acids
strategy is commonly employed to generate high-throughput
quantitative data (Zhu et al. 2002; Blagoev et al. 2003). Multicel-
lular organisms, such as Caenorhabditis elegans and Drosophila me-
lanogaster, have also been metabolically labeled with stable iso-
topes (Krijgsveld et al. 2003). Thus, employing metabolic labeling
for quantitative mass spectrometry has been successful in many
different biological systems and has the advantage of using the
synthetic machinery of the cell to insert labels into proteins.

The complexity of the mammalian brain, however, still
presents a technical and biological challenge to mass spectrom-
etry. The brain consists of many distinct functional regions, each
of which consists of different cell types. The structural and func-
tional connections between these regions exacerbate the com-
plexity of the biology. For example, the cell body and axon ter-
minal of the same neuron are often located in two different func-
tional regions. Although some laboratories have demonstrated
MudPIT as an efficient platform for high-throughput protein
identification of the brain proteome (Wu et al. 2003; Phillips et
al. 2004; Cagney et al. 2005; Schrimpf et al. 2005; Witzmann et
al. 2005), a large-scale quantitative methodology is lacking for
analysis of the brain proteome. For example, using the AQUA
(absolute protein identification) strategy, the differential expres-
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sion of 32 proteins between brain regions has been reported
(Peng et al. 2004; Cheng et al. 2006). In this method, known
amounts of labeled peptides are mixed with a complex protein
sample, and by comparison to the labeled peptides, the protein
expression is calculated. Since the labeled peptides are made in-
dividually, the number of proteins that can be quantified is lim-
ited. Alternatively, peptides from brain tissue have been labeled
in vitro with isotope-coded affinity tag (ICAT), isotopic labeling
with a beta-elimination/Michael addition-based (BEMAD) ap-
proach, or amine-specific isobaric tags (iTRAQ) to calculate bio-
logical differences between brain samples (Hansen et al. 2003;
Haqqani et al. 2005; Jin et al. 2005; Prokai et al. 2005; Vosseller
et al. 2005; Hu et al. 2006). In these in vitro labeling strategies,
the labeled and unlabeled samples are fractionated separately,
which allows for the accumulation of systematic errors. In addi-
tion, some of these strategies only label peptides with a specific
functional group, which means only a subset of the sample is
quantifiable. Ishihama et al. (2005) took a creative approach by
using a metabolically labeled 15N Neuro2A mouse cell line as an
internal standard for mouse brain. One drawback to this strategy
is that the Neuro2A and brain proteome do not completely over-
lap. For example, neurons in vivo form synapses, while Neuro2A-
cultured cells do not. Therefore, Neuro2A cells are a suboptimal
internal standard to quantify all brain proteins.

To develop a quantitative MS method for brain tissue, we
developed SILAM (stable isotope labeling of mammals), a
method to metabolically label an entire rat by feeding it a spe-
cialized diet consisting of 15N (Wu et al. 2004). We recently re-
ported an improved SILAM method to achieve 94% labeling in
rat brains (McClatchy et al. 2007). We now report a proteomic
approach using metabolically labeled rats and MudPIT to detect
biological changes within synapses of the cerebellum during
post-natal development. The synaptic proteome of the cerebel-
lum is a complex dynamic structure with many known changes
in protein expression during post-natal development. For ex-
ample, there is a well-documented burst
in synaptogenesis during post-natal de-
velopment (Erecinska et al. 2004). We
quantified the expression of proteins in
the synapse at four different time points
using 15N-labeled brain tissue as an in-
ternal standard. Statistical analysis of the
MS data determined significant differ-
ences during post-natal development,
and Western blot analysis and previous
reports verified the accuracy of our data.
Overall, this study demonstrates the use
of SILAM as a novel strategy to quanti-
tatively study animal models of neuro-
logical disease in a large-scale fashion.

Results

Protein identification

A summary of the quantitative experi-
ment is shown in Figure 1. We dissected
the cerebellum from Sprague-Dawley
rats at four different developmental time
points: post-natal day 1 (p1), p10, p20,
and p45. The cerebella were subjected to
homogenization, upon which synapses

form closed vesicles termed synaptosomes (Whittaker et al.
1964). After each cerebellar homogenate was mixed with an
equal amount of total brain homogenate from a p45 15N-labeled
rat, synaptosomes from each mixture were isolated via a sucrose
gradient. The enrichment of synaptosomes was confirmed by
Western blot analysis (Fig. 2A). The synaptosomal fraction was
digested, and each digestion was analyzed three times by Mud-
PIT. The peptides were identified from the mass spectra by
SEQUEST, and at least two peptides were required for valid protein
identification. In all experiments, 56,684 peptides and 4001 pro-
teins were identified (Fig. 2B,C).

Protein quantification

Next, we quantified the peptides using Census, which is an al-
gorithm that converts mass spectrometry–derived data of pep-
tides into relative protein abundances. Essentially, the program
uses a linear least-squares correlation to calculate the peptide
intensity ratio for each 14N and 15N pair (Fig. 3A). In addition,
Census generates a correlation number between the labeled and
unlabeled chromatograms, which indicates the quality of the
quantitative measurement. After filtering, 18,359 peptides com-
prising 1138 proteins were quantified by high-quality ion chro-
matograms. Seventy-four percent of these proteins were quanti-
fied with two or more peptides (Fig. 3B). We performed ANOVA
analysis on the proteins quantified in at least three time points to
determine any statistical differences in expression (Fig. 3C). We
observed 196 proteins having a significant difference (P
value < 0.05) in expression during post-natal development. We
performed an additional statistical test on these proteins to de-
termine if there was a linear trend of protein expression. Out of
the identified proteins with annotated genes, we observed that
the expression of 105 proteins had a positive slope, while 19 had
a negative slope (Fig. 3D).

Figure 1. Experimental outline. Cerebella were dissected and homogenized from unlabeled (14N)
rats at p1, p10, p20, or p45. Homogenates were then mixed in a 1:1 ratio with total brain homogenate
from a 15N p45 rat. The synaptosomal fraction was isolated from each mixture, and then this fraction
was digested with proteinase K. One hundred micrograms from each developmental period was
analyzed three times by MudPIT for a total of 300 µg for each developmental period. From the mass
spectra, proteins were identified by SEQUEST, and the 14N/15N ratio for each identified peptide was
calculated by Census. The peptide ratios for each protein were compared between the developmental
periods.
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Validation of quantitative data

To verify our quantification was accurate, we performed an ex-
tensive literature search for protein changes during post-natal
brain development to determine if our data corresponded to re-
ports on protein expression via other protein quantification
methods (Fig. 3D; Supplemental Table 1). Two major changes
during post-natal development involve synapses and energy uti-
lization. During the post-natal development, there is a burst in
synaptogenesis (Erecinska et al. 2004). Consistent with this in-
crease in synaptic density, we observed an increased expression
from p1 to p45 of resident presynaptic proteins essential for neu-
rotransmitter release (Fig. 4A). Following a similar time course as
synaptogenesis, neurons exhibit changes in membrane potential
during post-natal development (Crepel 1972). Membrane poten-
tial is generated by a precise distribution of ions (Na+, K+, and
Ca2+) across the membrane. Enzymes utilizing ATP, ATPases, are
required to move ions against their gradients across the mem-
brane to maintain and regulate membrane potential at the syn-

apses, which is essential for neurotransmitter release (McMahon
and Nicholls 1991; Nicholls 1993). We observed a variety of
ATPases that increased during the experimental time course (Fig.
4B). The mammalian brain has been described as a steady-state
system where ATP production equals ATP utilization (Erecinska
et al. 2004). Consistent with this theory, we observed the expres-
sion of proteins of the mitochondria, which generates 90% of
cellular ATP, increasing linearly during post-natal development
(Fig. 4C). The expression of mitochondrial proteins in this study
also demonstrated another distinct developmental pattern,
where peak expression was measured at p20 and then dropped
dramatically at p45 (Fig. 4D).

The time courses of expression that were observed during
development also corresponded to previous reports. For example,
the expression of synaptophysin, a presynaptic protein, has been
previously reported to increase dramatically up to p20 and then
gradually plateau into adulthood in the cerebellum (Wright et al.
1991). Our quantitative mass spectrometry data show a similar
trend (Fig. 5A). Consistent with antibody expression data on the
glutamate receptor 2 protein (GluR2) in the cerebellum (Hafidi
and Hillman 1997), we observed GluR2 expression at birth, and
it peaked at p20, which is then maintained into adulthood (Fig.
5B). Electrophysiological studies have demonstrated that be-
tween p10 and p20, there is a significant increase in the resting
potential of neurons, and this is the result of an increase in rest-
ing Na+/K+ pumping. Although Na+/K+ ATPase can be acutely
activated by phosphorylation, it has been demonstrated that this
electrophysiological phenomenon is due to an increase in the
expression of this enzyme (Molnar et al. 1999), consistent with
our data (Fig. 5C). We also observed different developmental pat-
terns between the two homologous proteins of the elongation 1A
(eEF1A) family. eEF1A1 and eEF1A2 share 92% amino acid ho-
mology but have distinct developmental expression profiles in
the brain. Consistent with measurements performed with iso-
form-specific antibodies (Khalyfa et al. 2001), eEF1A1 is down-
regulated, while eEF1A2 is up-regulated during post-natal brain
development (Fig. 5D,E).

We also compared our results with quantitative Western
blot analysis (Fig. 6). Our MS data were generated from one syn-
aptosomal preparation for each developmental time point, but
there can be variability between different synaptosomal prepara-
tions. To address this issue, we performed Western blot analysis
on six separate synaptosomal preparations (three from p1 and
three from p45), each consisting of three different cerebella. Sta-
tistically significant changes in the protein expression level be-
tween p1 and p45 were observed and were in agreement with the
SILAM analysis (Fig. 6). For example, the expression of GluR2 was
observed to be significantly increased during post-natal develop-
ment in both SILAM and Western blot analysis, while alpha-
tubulin expression was observed to be decreased during post-
natal development in both analyses. In addition, no significant
change was observed for the expression of cytochrome oxidase
subunit 1 between p1 and p45 in either analysis. All of the pro-
teins analyzed were consistent with the SILAM analysis, but the
magnitude of the change in protein expression appeared to be
underestimated in the SILAM analysis. This underestimation of
differences between 14N/15N peptide abundance ratios by the
LTQ linear ion trap (IT) mass spectrometer that was employed in
this study has been previously observed (Venable et al. 2004). It
is possible that the observed change in protein expression may
not actually be a change in protein expression, but a change
in localization. For example, a protein may have the same expres-

Figure 2. Western blot analysis and protein identification of the syn-
aptosomal fraction. (A) To verify the enrichment of the synaptosomes, we
performed Western blot analysis with known synaptic markers. We ob-
served a dramatic increase in the immunoreactivity of synapsin-1 (I, pre-
synaptic marker) and PSD-95 (II, postsynaptic marker) in the synapto-
somal fraction (S) compared with unfractionated homogenate (H). In
addition, we also observe an increase in the immunoreactivity of cyto-
chrome c oxidase (IV, mitochondria marker) in the synaptosomal fraction
consistent with the synaptic localization of mitochondria. We, however,
observed more immunoreactivity of H3 histone (III) in the homogenate
consistent with its localization in the nucleus and not in the synapses. In
this study, we identified 4001 proteins (C) and 56,684 peptides (B).
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sion level at p1 and p45, but the protein
may not fractionate into the synapto-
somal fraction at p1, resulting in an ob-
served decrease of the protein at p1. To
address this issue, we also performed
quantitative Western blot analysis of to-
tal cerebellar homogenate. We observed
a significant change of immunoreactiv-
ity in the total cerebellar homogenate
between p1 and p45, similar to the
change observed with the synaptosomal
fraction. This suggests these observed
changes represent differential expres-
sion not localization.

Discussion

LC/LC-MS/MS strategies have been
proven to be invaluable in elucidating
the proteomes of many different organ-
isms. Recent reports have demonstrated
successful strategies for quantifying
these proteomes, but these strategies are
inapplicable or less efficient for the com-
plexity of brain tissue. We demonstrate,
here, the usefulness of SILAM to quan-
tify the brain proteome. We chose to ex-
amine the rat cerebellum during post-
natal development because of known
dramatic changes of electrophysiologi-
cal and structural characteristics (Alt-
man and Bayer 1997). Although this is
the first large-scale analysis of the cer-
ebellum during post-natal development,
there are many reports of changes of in-
dividual cerebellar proteins during de-
velopment using other quantification
methods to confirm our data. Overall,
we identified 196 proteins whose expres-
sion was significantly altered during
post-natal development. Of the anno-
tated proteins in our data set, >50% of
the protein expression changes were al-
ready described in the literature.

There are relatively few large scale
published analyses for quantifying brain
t issue that do not employ two-
dimensional gel electrophoresis (2-DE).
Although 2-DE followed by mass spectrometry analysis is able to
identify proteins, it is ineffective in detecting proteins of low
abundance, extreme pI, high molecular weight, or high hydro-
phobicity (Choudhary and Grant 2004). Many of the recent gel-
free approaches employ in vitro labeling of peptides. For ex-
ample, a recent study quantifying the differences of plasma
membrane proteins between different brain regions using the
HysTag reagent quantified 555 proteins (Olsen et al. 2007). Since
the HysTag reagent targets only cysteine-containing peptides,
the quantification of more than 70% of the proteins relied on
one peptide (Olsen et al. 2007). Alternatively, Hu et al. (2006)
used the iTRAQ reagent to quantify changes in the cerebellum of
a plasma membrane calcium ATPase 2 knockout mouse and
quantified 953 proteins. Unlike HysTag, the iTRAQ reagent binds

primary amine groups and has the potential to bind all peptides
unless both lysine and a reactive N-terminal group are lacking
from a peptide. Although the number of proteins quantified is
similar, our study quantified a far greater number of peptides. Hu
et al. (2006) quantified 953 proteins from 5457 peptides, while
we quantified 1138 proteins from 18,365 peptides. This iTRAQ
study employed matrix-assisted laser desorption/ionization
(MALDI) coupled with a time-of-flight (TOF) mass spectrometer,
while we employed electrospray ionization (ESI) coupled with an
IT mass spectrometer. It has been documented that an ESI-IT
results in greater protein sequence coverage compared to a
MALDI-TOF (Lim et al. 2003). The iTRAQ quantification is not
applicable to IT instruments due to their inefficiency in detecting
the low-mass iTRAQ reagent fragments, but it has been recently

Figure 3. Quantitation of the synaptosomal proteome. (A) The Census graphical output for the
peptide, MRAPPGAPEKQPAPGDAYGDA, from synaptophysin. The peptide elution peak is highlighted
in yellow, and red line represents the 15N-labeled peptide, while the blue line represents 14N peptide.
The Y-axis is relative intensity, and the X-axis is time. In the p1 sample, the 14N peptide is less intense
than the 15N peptide, but the same peptide in the p45 sample is more intense than the 15N peptide.
Census calculated the 14N/15N ratios as 0.27(p1) and 1.2(p45) consistent with the well-documented
increase in synaptophysin during post-natal development. (B) Organizing the results as the number of
quantified peptides per protein demonstrates 74% of the proteins were quantified with two or more
peptides. In C, the X-axis represents the number of developmental periods in which a protein was
quantified. (D) We performed ANOVA analysis on proteins that were quantified in at least three
developmental periods, which was 298 proteins. One hundred ninety-six proteins were determined to
have a statistical significant change in expression during development, and 141 of these proteins have
annotated genes. We further analyzed these 141 proteins with an additional statistical test to deter-
mine if there is a statistically significant (P < 0.05) linear change of protein expression. We observed
105 proteins with positive slope and 19 proteins with a negative slope during development.
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reported that pulsed-Q dissociation (PQD) aids in the detection
of these low mass fragments in IT mass spectrometers(Meany et
al. 2007). In addition, the labeled and unlabeled samples are
fractionated separately in these in vitro labeling strategies, while
the labeled and unlabeled samples were mixed before fraction-
ation using SILAM. Mixing the labeled and unlabeled samples at
the earliest point in the sample preparation helps to eliminate
the accumulation of systematic errors. Thus, SILAM combined
with an ESI-IT mass spectrometer quantifies a greater number of
peptides from brain tissue compared to previous reports using in
vitro labeling strategies.

Although previous studies have used the entire brain for
LC/LC-MS/MS methodology development, protein expression in
individual brain regions is distinctively regulated in develop-
ment and disease (Mattson et al. 1999; Erecinska et al. 2004). For

example, spinocerebellar ataxias are a group of neurodegenera-
tive disorders primarily involving cerebellar dysfunction (Duenas
et al. 2006), while Parkinson’s disease is a neurodegenerative dis-
order characterized by specific neurodegeneration of the basal
ganglia (Vernier et al. 2004). To investigate changes in protein
expression between regions using the same internal standard in
future studies, 15N total brain homogenate was employed as an
internal standard in this study instead of just the 15N cerebellar
homogenate. Consistent with using total 15N-labeled brain as an
internal standard, proteins with the largest 14N/15N ratios in the
p45 cerebellum analysis are proteins that have been reported to
be highly expressed in the cerebellum compared to other brain
regions (Supplemental Table 2). For example, the gamma-
aminobutyric-acid receptor alpha-6 subunit and metabotropic
glutamate receptor 1 are abundantly expressed in the cerebellum

Figure 4. Altered expression of different classes of proteins during post-natal development. The expression of proteins essential for neurotransmission
(A) and ATPases (B) significantly increased from p1 to p45. The expression of mitochondrial proteins exhibited two distinct trends in expression during
post-natal development. The expression of some mitochondrial proteins significantly increased from p1 to p45 (C), while the expression of other
mitochondrial proteins significantly increased from p1 to p20 but then the expression decreased dramatically (D). After the change in protein expression
was determined significant in an ANOVA analysis, a Bonferroni post-hoc test was performed. The significant difference in 14N/15N ratios between p1 and
p45 for the Bonferroni post-hoc test are represented for A, B, and C by * (P-value < 0.001) and # (P-value < 0.01). The significant difference in 14N/15N
ratios between p1 and p20 for the Bonferroni post-hoc test in D are as follows: ADP, ATP carrier protein 1, ATP synthase beta chain, ATP synthase, H+
transporting, mitochondrial F1 complex, alpha subunit, isoform 1, NADH dehydrogenase, and Ubiquinol-cytochrome c reductase core protein I had
P-values < 0.001, and Amine oxidase [flavin-containing] B, Mitochondrial 2-oxoglutarate/malate carrier protein, and Ubiquinol-cytochrome c reductase
complex 11-kDa protein had P-values < 0.05. There was no significant difference detected for any of the proteins between the 14N/15N ratios between
p1 and p45 in D. The Y-axis represents 14N/15N ratio.
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and had 14N/15N ratios of 2.14 and 2.37, respectively (Luddens et
al. 1990; Shigemoto et al. 1992). Thus, future investigation into
proteomic differences between brain regions with our SILAM
strategy will facilitate the molecular understanding of their
unique biological activity and their specific vulnerability in neu-
rological diseases.

The most complex developmental patterns were observed
with mitochondrial proteins. It has been shown that an increase
in activity of mitochondrial enzymes does occur during post-
natal development (Szutowicz et al. 1982; Bukato et al. 1992;
Almeida et al. 1995). Although enzyme activity and expression
do not necessarily correspond, we observed significant increases
in the expression of mitochondrial proteins from p1 to p45 that
correspond to reports on enzyme activity. Diverse developmental
patterns of mitochondrial activity during post-natal brain devel-
opment, however, also have been reported. For example, it has
been reported complex I activity does not change during post-
natal development, complex IV activity peaks a p20, and com-
plex V activity increases linearly from p10 to p60 in the brain
(Almeida et al. 1995). These complex developmental patterns
have also been previously reported for the expression of similar
functional mitochondrial proteins. For example, it has been re-
ported that cytochrome aa3 and cc1 expression are significantly
increased from p5 to p90, but there is no significant difference
between the expression of cytochrome b between these time
points (Kalous et al. 2001). However, cytochrome b expression
was significantly increased at p30 compared to p5 and p90
(Kalous et al. 2001). We observed two major trends of mitochon-
drial protein expression. One develop-
mental pattern was the expression in-
creasing linearly with development,
while the other pattern was expression
peaking at p20 and then decreasing rap-
idly. The biological significance of these
different developmental patterns is not
understood. One hypothesis is that spe-
cific energy demands are greater for the
developing brain compared to the adult
brain. For example, myelination is com-
plete after the first month of post-natal
development, and thus in the adult,
there are little energy demands con-
nected with the synthesis of membrane
phospholipids and lipids necessary for
myelination. Overall, it is known that
synaptic mitochondria redistribute and
enhance their activity upon neuronal
stimulation (Miller and Sheetz 2004),
but the exact role(s) of the high density
of mitochondria at the synapses remains
elusive (Ly and Verstreken 2006). Neuro-
logical diseases, such as amyotrophic lat-
eral sclerosis and hereditary spastic
paraplegia, are hypothesized to result
from the disruption of mitochondria de-
livery to the synapse (Reid 2003; Shaw
2005). Thus, further investigation of the
mitochondrial proteome during synap-
tic development will elucidate mito-
chondrial functions at the synapse and
provide insight into potential therapy
for neurological disorders.

If protein expression increases during post-natal develop-
ment and maintains this elevated expression level in the adult
brain, this indicates the protein is necessary for the mature neu-
ronal circuits to maintain adult brain function. For example,
adult knockout mice lacking the GluR2 subunit of the AMPA
receptor appear normal but are impaired in motor coordination
and novelty-induced exploratory activities in the adult (Jia et al.
1996). If, however, the expression decreases during post-natal
development, this suggests a role in the correct formation of the
complex circuitry of the adult brain. For example, it is well
known that the neural cell adhesion molecules (NCAMs) play a
pivotal role in the formation of accurate neural connections dur-
ing development (Jessell 1988), and the expression of the NCAM
proteins decrease during post-natal development (Kamiguchi et
al. 1998). In contrast to GluR2, dramatic malformations of the
brain are observed in L1 NCAM knockout mice consistent with
the brain malformations caused by L1 NCAM mutations in hu-
man disease (Akopians et al. 2003). In our analysis, we quantified
19 proteins whose expression decreased during post-natal devel-
opment. For example, we observed a decrease in the protein ex-
pression of the neural NCAM-1, which is the founding member
of the NCAM protein family (Linnemann and Bock 1989). We
also observed a decrease in the expression of G-protein-coupled
receptor 56 during post-natal development, which has been pre-
viously described (Piao et al. 2004). Mutations in this protein
have been reported to cause a human brain cortical malforma-
tion called bilateral frontoparietal polymicrogyria (BFPP), which
is characterized by disorganized cortical lamination (Piao et al.

Figure 5. Time course of protein expression during post-natal development. We identified signifi-
cant linear trends of synaptic proteins during four developmental time points. (A) synaptophysin
(P < 0.0001, P-value of linear trend post-hoc test), (B) GluR2 (P < 0.0001), (C) Na+/K+ ATPase alpha-1
(P < 0.0001), (D) eEF1A1 (P < 0.0001), and (E) eEF1A2 (P < 0.0007).
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2004). In addition, we observed a decrease in expression of pre-
viously uncharacterized proteins. For example, the expression of
p100 was also observed to decrease from p1 to p45. Although this
protein has yet to be characterized in the brain, it has been dem-
onstrated to interact with STAT6 (Signal Transducers and Activa-
tors of Transcription member 6), whose expression has been re-
ported to decrease during post-natal development (De-Fraja et al.
1998; Yang et al. 2002). Interestingly, STAT6 has been hypoth-
esized to play a role in the neurodevelopmental disorder, atten-
tion-deficit hyperactivity disorder (ADHD), but the molecular
mechanism is not known (Tsai 2006). Another relatively unchar-
acterized brain protein, whose expression decreased during post-
natal development in our study, was solute carrier family 25

member 1 protein. Although this pro-
tein has not been studied during post-
natal development, polymorphisms in
its gene have been linked to schizophre-
nia (Williams et al. 2002), which is hy-
pothesized to manifest from abnormal
neurodevelopment (Arnold et al. 2005).
Ultimately, the decrease in the expres-
sion of the proteins observed in this
study previously with no known role in
neurodevelopment may provide novel
insight into the correct formation of
neural networks.

The synapse is a very challenging
proteome to validate our quantification
strategy. Synapses are complex organ-
elles, which are not only equipped with
the proteins required for neurotransmis-
sion and a variety of receptor signaling
pathways but also contain their own
metabolic pathways and organelles (mi-
tochondria) for local generation of en-
ergy, as well as the cytoskeletal struc-
tures for moving vesicles and for chang-
ing the shape of the synapse. These
synapses are also highly dynamic due to
changes in local translation and degra-
dation, in addition to the ease of protein
traffic in and out of this “open” organ-
elle (Sutton and Schuman 2005; Bingol
and Schuman 2006). Although the mo-
lecular understanding of functional syn-
apses is still in its early stages, the most
consistent model is that the synapse is
not one linear biochemical pathway but
a complex interplay of hundreds of pro-
teins to form a complicated molecular
network. If this is true, a complete un-
derstanding of the complexities of syn-
apses during development will require
large-scale quantitative proteomic
analysis. Thus, the global and unbiased
analysis of mass spectrometry holds
great potential to provide valuable in-
sight into brain function, but the gen-
eration of appropriate internal standards
for quantitative analysis has been prob-
lematic. We circumvented this problem
by employing SILAM. In addition, this is

the first large-scale quantitative analysis of synaptic proteins dur-
ing post-natal development, which is the beginning of a valuable
database for biomedical research. Many neurological diseases, in-
cluding Rett syndrome, autism, and schizophrenia, are caused by
alterations during neurodevelopment, but the cellular mecha-
nisms are poorly understood (Hagberg et al. 1983; Belichenko et
al. 1997; Amir et al. 1999; Belmonte et al. 2004; Arnold et al.
2005). The documentation of changes in protein expression dur-
ing normal neurodevelopment is necessary, however, before ab-
errations in protein expression of neurodevelopment diseases
can be identified. Thus, the quantitative method we describe
here provides a novel approach to study animal models of neu-
rological diseases.

Figure 6. Comparison of Western blot and mass spectrometry analysis. We probed the synapto-
somal fraction with different antibodies to confirm our quantitative mass spectrometry results. Immu-
noblot analysis was performed twice on three different synaptosomal fractions from p1 and p45, and
the intensity of the immunoreactivity was measured. A representative immunoblot is shown for each
antibody tested, and a bar graph with the immunoreactivity measurements from the synaptosomal
preparations (black). N = 6 for each development period for each antibody. The Y-axis represents mean
pixel intensity. Proteins that demonstrated a significant change in immunoreactivity in the synapto-
somal fraction were also tested to determine if the significant change was also presented in total
cerebellar homogenate (white). Statistical significance was determined by a two-tailed t-test. The
following antibodies were employed: (A) Glutamate receptor subunit 2/3, (B) Na+/K+ ATPase alpha-1
chain, (C) alpha-tubulin, (D) cytochrome c oxidase subunit 1. Next to the immunoblot is the SILAM
analysis of the same protein. The white bars represent the p1 sample, and the black bars represent the
p45 sample. The Y-axis represents the 14N/15N ratio. The SILAM data were determined to be signifi-
cantly altered (P < 0.05) during post-natal development by one-way ANOVA analysis followed by a
Bonferroni post-hoc test to determine the significant difference of the protein expression between p1
and p45. The SILAM bar graph for alpha-tubulin represents the average mass spectrometry data for
four proteins: tubulin alpha-1, tubulin alpha-2, tubulin alpha-3, and tubulin alpha-8. *P < 0.01;
**P < 0.001.
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Methods

Metabolic 15N labeling of rat brains
Sprague-Dawley rats were labeled with 15N as previously de-
scribed (Wu and MacCoss 2004; McClatchy et al. 2007) Briefly, a
female rat was fed an 15N-labeled protein diet starting after wean-
ing, remaining on the 15N diet through its pregnancy and while
weaning its pups. On post-natal day 45 (p45), the pups were
subjected to halothane by inhalation until unresponsive, and the
brains were quickly removed and frozen with liquid nitrogen.
The brains were homogenized in 0.32 M sucrose, 4 mM HEPES,
and protease inhibitors, and the homogenates were stored at
–80°C. The 15N enrichment was determined to be 94% using a
previously described protocol (MacCoss et al. 2005). All methods
involving animals were approved by the Institutional Animal
Research Committee and accredited by the American Association
for Accreditation of Laboratory Animal Care.

Isolation and digestion of synaptosomes
Sprague-Dawley rats at four post-natal development time points
(p1, p10, p20, and p45,) were sacrificed, and the brains were
quickly removed, dissected, and then frozen with liquid nitro-
gen. The cerebella from multiple rats from the same age group
were homogenized together in 0.32 M sucrose, 4 mM HEPES, and
protease inhibitors. After a BCA protein assay (Pierce), each de-
velopmental cerebellar homogenate was mixed in a 1:1 (w/w)
ratio with 15N-labeled rat brain homogenate, and synaptosomes
were isolated as previously described (Carlin et al. 1980). Aliquots
of the same 15N-labeled rat brain homogenate were used for each
developmental period to ensure uniform quantitation. The syn-
aptosomal fraction was digested with proteinase K (Roche Ap-
plied Science) as previously described (Wu et al. 2003).

Western blot analysis
Synaptosomal fractions and total cerebellar homogenate were
prepared in 2% SDS, separated by 8%–16% Tris-Glycine gel (In-
vitrogen), and electrophoretically transferred to polyvinylidene
difluoride membranes (Millipore). Membranes were processed as
previously described (Berkeley and Levey 2000). Membranes were
probed with the following antibodies: rabbit glutamate receptor
2/3 antibody, rabbit Na+/K+ ATPase alpha-1 chain antibody, and
H3 histone antibody (Upstate Biotechnology), mouse alpha-
tubulin antibody (Sigma), mouse cytochrome c oxidase subunit
1, mouse PSD-95 antibody, and rabbit synapsin antibody (Mo-
lecular Probes).

Quantitative Western blot analysis
Three synaptosomal fractions were generated from p1 cerebella,
and three synaptosomal fractions were generated from p45 cer-
ebella. The starting material for each preparation was cerebellar
homogenate pooled from three cerebella. In total, 18 cerebella
were homogenized. For a particular antibody, two immunoblots
were performed each consisting of three p1 and three p45
samples. For antibodies where both the synaptosomal fraction
and total homogenate was analyzed, two immunoblots were per-
formed for each fraction making a total of four immunoblots.
The immunoreactivity of each antibody was determined by Pho-
toShop (Adobe Systems) on two different immunoblots, and
thus, N = 6 for each developmental period for each antibody.
Briefly, the scanned image of an immunoblot was first inverted,
and then the threshold was adjusted until the least intense im-
munoreactive band was barely visible. The mean pixel intensity
was recorded for each band on the image employing a rectangu-
lar cursor of identical dimensions for each band.

Multidimensional Protein Identification Technology (MudPIT)
The digestion products from each developmental period were
analyzed three times by MudPIT. For a single analysis, 100 µg of
the digested sample was pressure-loaded onto a fused silica cap-
illary desalting column containing 5 cm of 5 µm Polaris C18-A
material (Metachem) packed into a 250-µm i.d. capillary with a
2-µm filtered union (UpChurch Scientific). The desalting column
was washed with buffer containing 95% water, 5% acetonitrile,
and 0.1% formic acid. After desalting, a 100-µm i.d. capillary
with a 5-µm pulled tip packed with 7 cm of 5-µm Aqua C18

material (Phenomenex) followed by 3 cm of 5-µm Partisphere
strong cation exchanger (Whatman) was attached to the filter
union, and the entire split-column (desalting column–filter
union–analytical column) was placed inline with an Agilent 1100
quaternary HPLC and analyzed using a modified 12-step separa-
tion described previously (Washburn et al. 2001). The buffer
solutions used were 5% acetonitrile/0.1% formic acid (buffer A),
80% acetonitrile/0.1% formic acid (buffer B), and 500 mM am-
monium acetate/5% acetonitrile/0.1% formic acid (buffer C).
Step 1 consisted of a 100-min gradient from 0%–100% buffer B.
Steps 2–11 had the following profile: 3 min of 100% buffer A, 2
min of X% buffer C, a 10-min gradient from 0%–15% buffer B,
and a 97-min gradient from 15%–45% buffer B. The 2-min buffer
C percentages (X) were 10%, 15%, 20%, 25%, 30%, 35%, 40%,
45%, 50%, and 60%, respectively, for the 12-step analysis. The
final step, the gradient contained: 3 min of 100% buffer A, 20
min of 100% buffer C, a 10-min gradient from 0%–15% buffer B,
and a 107-min gradient from 15%–70% buffer B.

As peptides eluted from the microcapillary column, they
were electrosprayed directly into an LTQ 2-dimensional IT mass
spectrometer (ThermoFinnigan) with the application of a distal
2.4-kV spray voltage. A cycle of one full-scan mass spectrum
(400–1400 m/z) followed by six data-dependent tandem mass
spectra was repeated continuously throughout each step of the
multidimensional separation. All tandem mass spectra were col-
lected using normalized collision energy (a setting of 35%), an
isolation window of 3 m/z, and 1 µscan. Application of mass
spectrometer scan functions and HPLC solvent gradients were
controlled by the XCalibur data system (ThermoFinnigan).

Interpretation of tandem mass spectra
Both MS and tandem mass spectra were extracted from the XCali-
bur data system format (.RAW) into MS1 and MS2 formats (Mc-
Donald et al. 2004) using in house software (RAW_Xtractor).
Tandem mass spectra were interpreted by SEQUEST (Eng et al.
1994), which was parallelized on a Beowulf cluster of 100 com-
puters (Sadygov et al. 2002), and results were filtered, sorted, and
displayed using the DTASelect2 program using a decoy database
strategy (Elias and Gygi 2007). For each MudPIT analysis, the
protein false-positive rate was <1%. Specifically, the distribution
of SEQUEST values (i.e., Xcorr, DeltaCN, and DeltaMass) for (1)
direct and (2) decoy database hits was obtained, and the two
subsets were separated by quadratic discriminant analysis. Out-
lier points in the two distributions (e.g., matches with very low
Xcorr but very high DeltCN) were discarded. Full separation of
the direct and decoy subsets is not generally possible; therefore,
the discriminant score was set such that a false-positive rate of
5% was determined based on the number of accepted decoy da-
tabase peptides. In addition, a minimum sequence length of
seven amino acid residues was required, and each protein on the
list was supported by at least two peptide identifications. These
additional requirements—especially the latter—resulted in the
elimination of most decoy database and false-positive hits, as
these tended to be overwhelmingly present as proteins identified
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by single peptide matches. After this last filtering step, the false
identification rate was reduced to below 1%. Searches were per-
formed against the rat International Protein Index (IPI) database
(IPI, v3.05).

Quantitative analysis using Census
After filtering the results from SEQUEST using DTASelect2, ion
chromatograms were generated using an updated version of a
program previously written in our laboratory (MacCoss et al.
2003). This software, called Census (Park et al. 2006), is available
from the authors for individual use and evaluation through an
Institutional Software Transfer Agreement (for details, see http://
fields.scripps.edu/census).

First, the elemental compositions and corresponding isoto-
pic distributions for both the unlabeled and labeled peptides
were calculated, and this information was then used to deter-
mine the appropriate m/z range from which to extract ion inten-
sities, which included all isotopes with >5% of the calculated
isotope cluster base peak abundance. MS1 files were used to gen-
erate chromatograms from the m/z range surrounding both the
unlabeled and labeled precursor peptides.

Census calculates peptide ion intensity ratios for each pair
of extracted ion chromatograms. The heart of the program is a
linear least-squares correlation that is used to calculate the ratio
(i.e., slope of the line) and closeness of fit (i.e., correlation coef-
ficient [r]) between the data points of the unlabeled and labeled
ion chromatograms. Census allows users to filter peptide ratio
measurements based on a correlation threshold because the cor-
relation coefficient (values between zero and one) represents the
quality of the correlation between the unlabeled and labeled
chromatograms, and can be used to filter out poor quality mea-
surements. In this study, only peptide ratios with correla-
tion values >0.5 were used for further analysis. In addition, Cen-
sus provides an automated method for detecting and removing
statistical outliers. In brief, standard deviations are calculated for
all proteins using their respective peptide ratio measurements.
The Grubbs test (P < 0.01) is then applied to remove outlier pep-
tides. The outlier algorithm is used only when there are more
than three peptides found in the same proteins, because the al-
gorithm becomes unreliable for a small number of measure-
ments.

Statistical analysis
Before statistical analysis, the median of the natural log of the
ratios from each MudPIT analysis was calculated, and then,
all the medians were shifted to zero. The calculated medians
were very similar, and it was assumed any shift in the median
was due to human error in the protein mixing. For statistical
analysis, each 14N/15N peptide ratio for a given protein was con-
sidered one measurement or N = 1. The peptide ratios from the
three analyses for one development stage were combined for a
given protein. First, one-way ANOVA analysis was performed on
proteins that were quantified in at least three developmental
stages. If protein changes had a P value < 0.05, then two post-hoc
tests were performed: Bonferroni test and a test for a linear trend.
All statistical tests were performed using Prism 4 Software
(GraphPad).
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