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Abstract
Many neurological disorders are caused by perturbations during brain development, but these
perturbations cannot be readily identified until there is comprehensive description of the
development process. In this study, we performed mass spectrometry analysis of the synaptosomal
and mitochondrial fractions from three rat brain regions at four postnatal time points. To quantitate
our analysis, we employed 15N labeled rat brains using a technique called SILAM (Stable Isotope
Labeling in Mammals). We quantified 167,429 peptides and identified over 5000 statistically
significant changes during development including known disease associated proteins. Global
analysis revealed distinct trends between the synaptic and non-synaptic mitochondrial proteomes
and common protein networks between regions each consisting of a unique array of expression
patterns. Finally, we identified novel regulators of neurodevelopment that possess the identical
temporal pattern of known regulators of neurodevelopment. Overall, this study is the most
comprehensive quantitative analysis of the developing brain proteome to date providing an
important resource for neurobiologists.
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Introduction
Genetic1–3 and environmental 4–6 perturbations during brain development have been
reported to be responsible for devastating neurological disorders. For example,
schizophrenia is a complex disease affecting about 1% of the U.S. population. Manifesting
in late adolescence or young adulthood, symptoms include hallucinations, paranoid
delusions, disorganized cognition and social withdrawal. Although it has been estimated that
80% of the disease is heritable, the identification of definitive genetic factors has eluded the
scientific community 7. Extensive genetic research nevertheless has amassed susceptibility
genes, copy number variations, de novo mutations, and chromosomal “hotspots” associated
with different populations of patients 8. A prevalent theory of schizophrenia posits that the
disease results from aberrations during brain development long before the development of
clinical symptoms 9. Although there is a great degree of discordance between individual
genes associated with schizophrenia in existing studies, many reports have suggested an
overrepresentation of genes involved in neurodevelopment10–13. One caveat is that many of
the susceptibility genes identified have no known function in the brain, and this problem is
compounded by the inherent complexity of normal brain development. Although individual
proteins and circuits have been elegantly studied, a systematic understanding of molecular
events during brain development is still lacking, and this information has been proposed as a
prerequisite to identify perturbations in schizophrenia and other neurodevelopmental
disorders14, 15. Large scale gene expression analyses have quantified thousands of changes
in gene expression during brain development in multiple brain regions16–18. Spatial
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complexity, however, goes beyond discrete brain regions for the neuron itself possesses
spatially distinct compartments and global subcellular analysis can only be studied by
proteomics.

The goal of this study is to investigate the spatiotemporal dynamics of the brain proteome by
quantifying developmental proteomic trends in subcellular neuronal compartments. SILAM
(Stable Isotope Labeling in Mammals) analysis1920 is performed on two neuronal
subcellular structures: synapses and mitochondria. Dysfunction in both compartments has
been implicated in neurodevelopmental diseases21–25, but how these proteomes change
during development has not been studied. In humans, brain development occurs from
gestation through adolescence, while in Rattus norvegicus, many of these events, including
neuronal migration, synaptogenesis, glial proliferation, axonal proliferation, dendritic
proliferation, and myelination, occur in the first fifty postnatal days providing a convenient
model of development26. Specifically, two time points are analyzed before and after a major
burst in synaptogenesis. We chose to analyze three well-studied brain regions (cerebellum,
cortex, and hippocampus) that underlie three different functions (motor coordination,
cognition, and memory). In total, 167, 429 peptides are quantified and 3081 statistically
significant changes are found during development and 1896 statistically significant changes
between brain regions. Distinct global trends were observed between the subcellular
proteomes. We mined the dataset for potential novel regulators of neurodevelopment that
share an identical temporal pattern as known regulators of neurodevelopment. This is the
first time many of these proteins have been described in brain tissue and the temporal pattern
for a subset of these proteins is verified. We provide all our quantitative data and raw MS
data in an online searchable database (braindevelopment.scripps.edu). Overall, this study
represents the first quantitative proteomic study dissecting the temporal dynamics of brain
development at two spatial levels: brain regions and subcellular compartments.

Results
The workflow used in this study is outlined in Figure 1. To quantify the brain proteome
during postnatal development, rat brains were 95% enriched with 15N by feeding animals a
protein-free rat chow diet supplemented with 15N labeled proteins from Arthrospira
platensis20. A 1:1(wt/wt) 15N labeled total brain homogenate from postnatal day 45 (p45)
rats was mixed with cerebellar, cortical or hippocampal homogenate from unlabeled (14N)
rats at p1, p10, p20, and p45. The 15N labeled brains were not dissected, so all the analyses
would contain the same internal standard (i.e. p45 15N total brain homogenate) allowing the
quantification between the brain regions and developmental time points using a “ratio of
ratios” strategy19. For example, 14N hippocampus/15N hippocampus could not be compared
directly to 14N cerebellum/15N cerebellum, but 14N hippocampus/15N whole brain can be
compared to 14N cerebellum/15N whole brain. This resulted in twelve 14N/15N homogenate
mixtures, and each mixture was fractionated on a discontinuous sucrose gradient to isolate
the synaptosomal and mitochondrial fractions. The samples were then analyzed by MudPIT
(Multidimensional Protein Identification Technology) in duplicate 27, 28. A total of 2590 and
2857 non-redundant proteins were identified with at least two peptides from the
synaptosomal and mitochondrial fractions, respectively, at a protein false discovery rate of <
1% (Tables S1 and S2). We quantified (i.e. generated confident 14N/15N ratios) 87% and
96% of the identified proteins in the synaptosomal and mitochondrial fractions, respectively.
Over 80% of the proteins were quantified with more than two peptides resulting in greater
statistical precision in the measurements (Figure 2A). The synapse is an “open organelle”
with proteins trafficking in and out, its own translational machinery, and mitochondria.
Thus, many proteins found in the synapse are also localized to other cellular compartments
making the annotation of this dynamic compartment challenging compared to membrane
bound organelles, such as mitochondria. Throughout the remainder of this paper, the
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“mitochondrial fraction” will refer only to the Gene Ontology (GO) annotated mitochondrial
proteins.

The brain proteome is most dynamic in the neonate
First, we analyzed differences between time points with a brain region. In total 1753 and
1328 significant changes were identified in the synaptosomal and mitochondrial fractions,
respectively (Tables S3–8). When the changes were pooled from all the brain regions, over
65% of these changes in both fractions were highly significant (p < 0.001) (Figure 2B).
Forty-five percent of changes in the synaptosomal fraction were greater than two-fold, while
only 22% of changes in the mitochondrial fraction were greater than two-fold (Figure 2C).
The differences between the p1 and p45 samples were significantly greater than all other
comparisons (Figure 2D and E). The magnitude of the change, however, was not
proportional to the number of days between the time points. For example, we observed the
changes between p20 and p45 samples were less than other comparisons. When we
examined how protein expression changed with age, the p1/p10 comparisons had
significantly greater change in protein expression than the p20/p45 comparisons in all brain
regions and fractions (Figure 2F and S1). Overall, this analysis reveals that the synaptosomal
and mitochondrial proteomes are most dynamic early in postnatal life, and the synaptosomal
proteome is more dynamic than the mitochondrial proteome.

Differential regulation of protein functional groups during brain development
To identify the temporal protein expression patterns in the dataset, clustering analysis was
performed. For this analysis, the input was only proteins that exhibited a significant
difference during development. Twenty clusters of proteins were observed, which could be
grouped into four temporal trends: 1) expression decreasing with age, 2) expression
increasing with age, 3) expression the highest at p10, and 4) expression the highest at p20
(Figure 2G and H, Table S9 and S10). The majority of the proteins in this analysis were
observed to increase with age (Figure 2I), which corresponds to an increase in mass and
protein content during development. Importantly, employing the p45 labeled brain as an
internal standard allowed for the normalization of the total protein content to reveal these
temporal patterns. One difference between the fractions was that there were no clusters that
peaked at p20 in the mitochondrial fraction. Next, we sought to determine if the proteins
involved in a particular function were significantly represented within a temporal pattern
(Figure S2). In the mitochondrial fraction, proteins whose expression peaked at p1 and p10
were involved in metabolism of fatty acids and amino acids. In the synaptosomal fraction,
there were no significant enrichment of functional groups amongst proteins whose
expression peaked at p1, but the p10 pattern was enriched in proteins involved in neurite
outgrowth. This included Rac1, which plays a central role in regulating the actin
cytoskeleton during axon guidance 29. Proteins that peaked at p20 in the synaptosomal
fraction and at p45 in the mitochondria fraction were associated with the metabolism of
ATP. The clusters that increased with age in the synaptosomal fraction were associated with
synaptic transmission. In addition, many of these proteins in this analysis have been reported
to be involved in neurological disorders (Figure S3 and Table S11). Overall, this data
analysis demonstrates differential regulation of protein functional groups between
subcellular compartments during brain development.

Comparison of proteomes between brain regions
Different brain regions have specialized functions and thus how protein expression differs in
these brain regions during development was determined. A total of 1050 and 846 significant
changes between the brain regions at a measured time point were identified in the
synaptosomal and mitochondrial fractions, respectively (Tables S12–19). In contrast to the
previous analysis, less than 19% of the changes were greater than two-fold in both fractions,
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but similar to the previous analysis, the majority of these changes were highly significant
(Figure 3A and B). In the synaptosomal fraction, the magnitude of these differences
increased with age, while the largest changes between brain regions in the mitochondrial
fraction were observed at p10 (Figure 3C and D). Correlation analysis was performed to
determine the similarity of regional specific proteomes during development. For the
synaptosomal fraction, the brain regions were highly correlated with one another at p1 and
p10 (Figure 3E). In contrast, the p45 and p20 synaptosomal regional proteomes correlated
the best with themselves. For example, the p45 hippocampal proteome was the most similar
to the p20 hippocampal proteome, which parallels the development of hippocampal
dependent behaviors 30. In the mitochondrial fraction (Figure 3F), the brain regions were
highly correlated at p1 and p45, and the least correlation between the brain regions was at
p10 and p20. To determine if this distinct pattern was inherent to all mitochondrial proteins,
we performed correlation analysis only on the GO annotated mitochondrial proteins that
were quantitated in the synaptosomal fraction (Figure 3G). The synaptosomal mitochondrial
proteome followed a pattern similar to the entire synaptosomal proteome. Taken together,
these results demonstrate that the synaptosomal proteomic differences between brain regions
are the greatest in the adult, but the mitochondrial proteomic analysis suggests there are
differences during development that also defines these functionally distinct brain regions.

Protein functional groups are differentially regulated between brain regions
Functional differences between the brain regions during development were determined using
network analysis. The three most frequent protein functional groups represented by the
differences between the brain regions in the synaptosomal fraction were synaptic
transmission, ion transport, and neurite growth (Figure S4A–C). The differences in neurite
outgrowth proteins were restricted to the earlier time points consistent with our clustering
analysis. Network analysis was performed on the proteins annotated to synaptic transmission
and ion transport function (Figure 4). The p45 time point was chosen because differences in
expression at this time point were the largest, and it was observed that many of the
differentially regulated proteins were interconnected (Table S20). For the mitochondria
fraction, proteins involved in the metabolism of ATP were the most frequent functional
category observed to be differentially regulated between brain regions (Figure S4D). All of
these proteins were components of the well-annotated electron transport chain (ETC). The
ETC network was constructed using the differentially regulated proteins at p10 where the
largest differences were observed (Figure 5D and E). In the mitochondrial fraction, many of
the proteins were highly expressed in the cerebellum, but in the synaptosomal fraction, the
highest expression levels shifted from the cerebellum to the cortex. This shift was most
evident in complex III. Thus, this analysis demonstrates common subcellular networks are
differentiated between regions by a unique combination of protein expression levels.

Novel regulators of neuronal development
As deficits in synaptic development are thought to be a basis for many diseases, the data was
mined to identify novel regulators of brain development in the synaptosomal fraction.
Proteins whose expression was up-regulated in p1 brains compared to other time points in
the synaptosomal fraction were identified, because this temporal pattern is exhibited by
known regulators of neuronal development. In total, seventy-one annotated proteins were
observed to be up-regulated at p1 (Table S21–2). Twenty-two of these proteins have been
reported to be up-regulated early in postnatal development by other protein quantitation
methods, and five additional proteins corresponded to reports quantitating mRNA or protein
activity. Consistent with our observations, some of these proteins are known regulators of
neurodevelopment, including neural cell adhesion molecule31, Rab GDP dissociation
inhibitor alpha(RabGDIα)32, collapsin response mediator protein-233, 34, and myristoylated
alanine-rich C-kinase substrate35. In addition, ~25% of these proteins have been reported as
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integral to the growth cone, which is an actin enriched extension at the tip of nascent axons
seeking synaptic targets (Figure 6A). This provides confidence that the other novel neuronal
proteins regulate synaptic development based on “guilt by association”. Quantitative western
blot analysis was performed on the synaptosomal fraction probing for nine proteins whose
temporal protein expression pattern during brain development has not been reported. Seven
proteins had a significant increase of expression in p1 samples compared to the p45 samples
(Figure 6B and C). During the preparation of this manuscript, another novel protein in this
dataset was reported to be crucial for neurodevelopment. The phosphorylation of stathmin-2
was reported to be necessary for neuronal migration36. Westerlund et al. proposed that the
regulation of microtubules by stathmin-2 at the growth cone drove the protrusive force
required for neurite extension and subsequent neuronal migration.

Discussion
Developing postnatal brain proteomes

Since we quantified subcellular proteomes during development, it is difficult to perform a
gene to gene comparison with published microarray studies, where subcellular localization
is disregarded. Nevertheless, many of the global trends we observed in our study correspond
to a previous report examining the global gene expression of the hypothalamus, cortex, and
hippocampus during brain development17. Both studies observed the largest changes within
a brain region at the earliest developmental time points examined suggesting that the later
postnatal changes represent “fine tuning” of individual brain regions. Both studies also
observed that changes during development within a brain region were larger compared to the
changes observed between the brain regions at a given time point. We observed these trends
in both fractions examined, but the synaptosomal fraction was more dynamic than the
mitochondrial fraction, which likely reflects the large burst in synaptogenesis during the
time course 37. Similar to gene expression analysis, we observed that proteins which share
function also share expression patterns during development; however, our proteomic
analysis further revealed the functional groups displayed different patterns based on the
fraction examined. Consistent with the neonate’s diet of mother’s milk resulting in an
increase of fatty acids in the body before glucose becomes the main metabolic fuel after
weaning26, proteins whose expression peaked at p1 and p10 were involved in metabolism of
fatty acids and amino acids in the mitochondrial fraction. In contrast, proteins that peaked at
p10 in the synaptosomal fraction were associated with the extension of neuronal processes.
The proteins whose expressed increase linearly with age were annotated as supporting
synaptic transmission and metabolism of ATP for the synaptosomal and mitochondrial
fraction, respectively. This is consistent with the general idea that neuronal function and
energy utilization are tightly coupled. This is best exemplified by the fact that it has been
estimated that 40–60% of the entire ATP pool in the adult brain is expended on ion
gradients, which are compulsory for neuronal function38. Overall, genomic and proteomic
data generated similar global developmental trends, but proteomic analysis allowed the
localization of protein functional groups.

Differential trends between synaptosomal and mitochondrial fractions
Proteomic analysis between brain regions showed the synaptosomal fraction to be the most
distinct at p45, while the mitochondrial fraction was most distinct at p10 and p20.
Furthermore, the synaptosomal mitochondria did not follow the trend of the mitochondrial
fraction. This synaptic pattern suggests that during development the regional synaptic
proteomes become distinct to support specific functions (i.e. memory and motor
coordination) as previously proposed by gene expression analysis 17. The observed patterns
with the mitochondria fraction have not been reported since there is the first quantitative
proteomic analysis of the fraction in the developing brain. It suggests that there is a

McClatchy et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2013 April 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



divergence in the energy demands of the developing regions during this critical period,
which is a dynamic time with bursts in synaptogenesis, axonal and dendritic proliferation,
mitochondrial number, and mitochondrial volume. While the exact biological significance is
unclear, many studies have also observed differences between synaptic and non-synaptic
mitochondria39, 40, 41, 42, 43–48. The precise function of mitochondria localized at the
synapse remains elusive, but it has been demonstrated to be critical for normal brain
function49, 5051–53. Thus, our proteomic analysis supports previous reports that there are
biochemical differences between synaptic and non-synaptic mitochondria, which may
underlie discrete functions in the developing brain.

Synaptic Network
Synapses can be categorized based on their structure, functional characteristics, and
molecular composition proposing a diversity that is currently unfathomable. Regarding
molecular composition, synapses are historically defined by the type of neurotransmitter
released from the presynapse and the receptors on the adjoining postsynapse. Extensive
proteomic analysis has been performed on the PSD of glutamatergic synapses54–57. Our
quantitative synaptic network is smaller than these qualitative dataset for two main reasons.
First, not all proteins that are identified can be quantified (limit of quantitation (LOQ) is
higher than limit of detection (LOD)). Second, many proteins did not pass our strict filtering
and statistical analysis. Nevertheless, our study did indeed observe distinct regional
expression patterns of neurotransmitter receptors, which correlated with the literature. In
addition, we observed differential expression patterns of proteins crucial to synaptic vesicle
release. The SNARE (soluble N-ethyl maleimide sensitive factor attachment protein
receptor) complex consisting of VAMP2, syntaxin, SNAP-25, and NSF, exocytoses synaptic
vesicles at the presynaptic plasma membrane58, 59. We observed three of the core
components differentially expressed in the brain. Although the molecular composition of the
SNARE complex has been solved, the exact molecular details and sequence of events of
synaptic vesicle release is still controversial. However, it is known that there are many
auxiliary proteins that are crucial to the regulation of this process and our dataset suggests
these proteins also possess region specific expression patterns. Furthermore, altered
expression of other synaptic vesicle proteins have been implicated in neurological
disorders60–67. For example, altered expression of SNAP-25 has been observed in specific
brain regions in postmortem brains of people diagnosed with bipolar disorder68, and
synaptotagmin expression declines early in Alzheimer’s disease before the loss of
synapses65. Although these proteins support the same basic synaptic function, their varied
expression among the brain regions suggests they have a modulatory effect instead of (or in
addition to) their elementary role in neurotransmission. Similarly, imaging studies in the
intact brain have observed heterogeneity in the synaptic vesicle machinery between
inhibitory and excitatory synapses69. Overall, this data suggests a uniform synaptic network
is shared between brain regions, but a combinatorial expression pattern distinguishes each
brain region possibly to support discrete functions.

Conclusion
The brain regions examined in this study are each composed of multiple neuronal cell types
each of which can form a variety of synapses. The isolation of molecularly distinct neuronal
type or synapse from brain tissue is currently an obstacle for any biochemical analysis.
Nevertheless, our proteomic snapshot of these individual brain regions demonstrates that
synapses and mitochondria possess a protein network common between brain regions, but
each region consists of a signature array of protein expression levels. Many studies have
manipulated the genes described in our dataset to infer function based on the resulting
behavioral or biochemical phenotype. However, the functional differences between protein
networks possessing distinct expression patterns as described here has not yet been explored.
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Our study provides a useful catalog of thousands of protein expression changes for the
neuroscience community and a greater understanding of how discrete proteomes are altered
during development. Finally, with differential temporal patterns identified between these
regions and subcellular compartments, we conclude quantitative spatiotemporal proteomic
analysis is necessary for complete understanding of the molecular mechanisms underlying
animal models of neurological disease.

Experimental Procedures
Metabolic 15N Labeling of Rat brains

Sprague-Dawley rats were labeled with 15N as previously described19, 70. The labeled rats at
p45 were sacrificed using halothane and the brains were quickly removed and then frozen
with liquid nitrogen. Eight 15N labeled whole brains were homogenized together in buffer H
(4mM Hepes, 0.32M sucrose) and protease inhibitors (Roche, Indianapolis, IN ). Prior to
any mixing with 14N brain tissue, we determined the 15N labeling efficiency to be 95%
using a previous described method70.

Brain tissue fractionation
At four postnatal time points (p1, p10, p20, and p45,) Sprague-Dawley rats were sacrificed
using halothane and the brains were quickly removed and dissected, and then frozen with
liquid nitrogen. For p1 and p10 rats, brains from 3 litters were dissected; for p20 rats, brains
from 2 litters were dissected; and for p45 rats, 10 brains were dissected. For each dissection,
the hippocampus, cortex, and cerebellum were isolated. For each time point, each brain
region was pooled and homogenized together in buffer H and protease inhibitors. After a
BCA protein assay (Pierce, Rockford, IL), each 25mg of pooled homogenate was mixed
with 25mg of 15N labeled rat brain homogenate, and fractionated as previously reported71.
Briefly, the 50mg mixture was centrifuged at 800 × g at 15 minutes at 4°C. The pellet is
described in this study as the nuclear fraction. The supernant was then centrifuged at 10, 000
× g for 15 minutes at 4°C. The pellet was resuspended in buffer H and fractionated using a
discontinuous sucrose gradient consisting of 0.85, 1.0, and 1.2M sucrose at 120,000 × g for
2 hours at 4°C. After centrifugation, the synaptosomal and mitochondrial fractions were
isolated at the 1.0/1.2 interface and the pellet respectively. In figure 7b, the growth cone
fraction was also isolated at the 0.85/1.0 interface. Each fraction was homogenized in buffer
H, then centrifuged at 100, 000 × g for 15min. The pellets were resuspended in buffer H and
frozen at −80°C until digestion. Each fraction was analyzed twice by MudPIT resulting two
analyses for each time point and brain region. For western blot analyses (Figure 6 and S5),
the identical protocol was followed except there was no 15N brain tissue added and a total of
50mg of 14N tissue was used. In addition, a different group of rats were used for the western
blot analysis from the MS analysis. Western blot analysis confirmed enrichment of the
organelles at each developmental time point (Figure S5).

Protein Digestion
After a BCA protein assay (Pierce, Rockford, IL), one-hundred micrograms of each 14N/15N
protein fraction was centrifuged at 18,000 × g for 10 min at 4 °C. The synaptosomal pellets
were digested with proteinase K as previously described72. The mitochondrial pellets were
solubilized with 50μl of 5X invitrosol(Invitrogen, Carlsbad, CA) with 8M urea, and next the
samples were alkylated and reduced as previously described 73. Then, 200μl of 100mM
Tris, pH 8.5, and 2mM CaCl2 was added to each sample and then digested with 4μg of
trypsin overnight in a 37 °C shaking incubator. After the digestion, the samples were frozen
at −80 °C. Prior to mass spectrometry analysis, the samples were thawed, 5% formic acid
was added, and then centrifuged at 18,000 × g at room temperature for 30 min. The
supernatants were transferred to a new eppendorf tube and loaded on a MudPIT column.
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Multidimensional Protein Identification Technology (MudPIT)
For a single analysis, 100μg of the digested sample was pressure-loaded onto a fused silica
capillary desalting column containing 2cm of 10 μm Jupiter material (Phenomenex,
Ventura, CA) followed by 2cm of 3 cm 5-μm Partisphere strong cation exchanger (SCX)
(Whatman, Clifton, NJ) into a 250-μm i.d capillary fritted with immobilized Kasil 1624 (PQ
Corperation, Valley forge, PA) following the SCX. After the sample was loaded, the
desalting column was washed with buffer containing 95% water, 5% acetonitrile, and 0.1%
formic acid. Then, a 100-μm i.d capillary with a 5-μm pulled tip packed with 15 cm 4-μm
Jupiter material (Phenomenex, Ventura, CA) was attached to a ZDV union and the entire
split-column (desalting column–union–analytical column) was placed inline with an
Eskigent Nano HPLC pump (Eksigent Technologies, Dublin, CA) and analyzed using a
modified 12-step separation described previously28. As peptides eluted from the
microcapillary column, they were electrosprayed directly into an LTQ-Orbitrap hybrid mass
spectrometer (ThermoFinnigan, Palo Alto, CA) programmed as previously described 74.

Interpretation of Tandem mass spectra
Both MS1 and MS2 (tandem mass spectra) were extracted from the XCalibur data system
format (.RAW) into MS1 and MS2 formats75 using in house software (RAW_Xtractor). At
this point, the MS1 and MS2 files for duplicate analyses were combined. Tandem mass
spectra were interpreted by SEQUEST76, which was parallelized on a Beowulf cluster of
100 computers77 and results were filtered, sorted, and displayed using the DTASelect2
program using a decoy database strategy78. For each MudPIT analysis, the protein false
positive rate was < 1%. Specifically, the distribution of SEQUEST values (i.e. Xcorr,
DeltaCN, and DeltaMass) for (a) direct and (b) decoy database hits were obtained, and the
two subsets were separated by quadratic discriminant analysis. Outlier points in the two
distributions (for example, 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 database peptides. In addition, a minimum sequence length of
7 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 by single peptide matches. After this last
filtering step, the false identification rate was reduced to below 1%. Searches were
performed against the rat International Protein Index (IPI) database (IPI, v3.05). The 14N
and 15N searches were performed separately and combined after the Census analysis.

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 lab 79. This
software, called Census80, is available from the authors for individual use and evaluation
through an Institutional Software Transfer Agreement (see http://fields.scripps.edu/census
for details).

First, the elemental compositions and corresponding isotopic distributions for both the
unlabeled and labeled peptides were calculated and this information was then used to
determine the appropriate m/z range from which to extract ion intensities, which included all
isotopes with greater than 5% of the calculated isotope cluster base peak abundance. MS1
files were used to generate chromatograms from the m/z range surrounding both the
unlabeled and labeled precursor peptides.
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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 coefficient (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 correlation 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
measurements. In this study, only peptide ratios with correlation values greater than 0.5
were used for further analysis. In addition, Census 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 peptides. The outlier algorithm is used only when there are
more than three peptides found in the same proteins, because the algorithm becomes
unreliable for a small number of measurements. When we observed splice isoforms that
possessed the identical protein 14N/15N averages, the protein name was altered to the most
basic name and only one entry was allowed in our analysis.

For the singleton analysis in the identification of novel regulators of neurodevelopment, we
required the 14N/15N ratio to be greater than 10.0 and the threshold score to be greater than
0.5. The threshold score ranges from zero to one and represents the quality of the singleton
analysis with one being the most stringent. It is possible that the corresponding 15N peptide
is not detected, because the 14N identification was incorrect. To reduce these false positives,
we required a protein in this analysis to possess at least three singleton peptides for it to be
considered valid. Another potential complication is that the internal standard was total
homogenate from labeled brains. Therefore, it is possible the identified singleton protein
could just be a singleton protein in the p1 sample, because the protein is highly enriched in a
particular brain region compared to total homogenate and not due to an up-regulation in
p1 14N compared to p45 15N. To eliminate this possibility, singleton analysis for each brain
region was also performed on the p20 and p45 samples. Any singleton proteins common to
the p1, p20 and p45 analyses were not considered potential regulators of neurodevelopment.

Statistical Analysis
Before statistical analysis, the median of the natural log of the ratios from each Census
analysis was calculated, and then, all the medians were shifted to zero81. 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 considered one measurement or N=1 and only proteins were analyzed that had
two or more quantified peptides The average of the quantified peptides and their standard
deviation were calculated by Census for each protein for the one-way ANOVA analysis. The
analysis was only performed on proteins that were quantitated in all four developmental
stages within a brain region or proteins that were quantitated in all three brain regions at a
given time point. If protein changes had a p value < 0.05, then a Bonferroni’s post-hoc test
was performed. Proteins that passed ANOVA, but did not pass the Bonferroni’s test were
not reported. All statistical tests were performed using Prism 4 Software (GraphPad, San
Diego, CA). Ingenuity software was employed to determine statistically significant
association with functions and diseases.

Ingenuity Analysis
Ingenuity software was employed to determine the functional group and neurological
disorders associated with a particular dataset 82. For a significant association with a function
or disease, we required the p-value to be < 1 ×10−6. The p-value measures how likely the
observed association between a specific function or disease and our dataset would be if it
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was only due to random chance. The two major factors in this calculation are the number of
proteins annotated to specific function or disease from our dataset and the total number of
proteins annotated to the function or disease in the Ingenuity Knowledge Base. For
determining the functional differences and networks between brain regions, the input was
the statistically significant changes between brain regions. We also included proteins that
were identified by six peptides in one brain region and not identified in another brain region
as. Linking protein abundance to all or none identifications of low abundant proteins has
previously been employed successfully83. Ingenuity was employed to generate the p45
synaptic network (Figure 4D) and the ETC networks (Figure 5D and E) and only direct
relationships were allowed into the network. For the synaptic network, some proteins have
been localized to both the presynapse and the postsynapse in the literature, but to simplify
the network, only one localization was chosen.

Identification of Novel Regulators of Neurodevelopment
Twenty-eight annotated proteins were observed to have a significantly greater expression in
p1 compared to p45 in at least one brain region. If a protein is unique to or highly expressed
at p1, then the corresponding 15N peptide from the p45 labeled brain may not be detected by
the mass spectrometer due to its limited dynamic range84. This situation is termed a
singleton peptide 85. Since a 14N/15N ratio is not generated, these peptides would have been
excluded from our statistical analyses. Census, however, is able to search for these singleton
peptides in the data80, and we identified twenty-one annotated singleton proteins. To further
identify regulators of neurodevelopment spectral counts (SC) were employed to analyze
protein expression between the p1 and p45 samples86. Thirty-three annotated proteins were
identified that possessed a five-fold greater SC in p1 compared to p45, and nine of these
proteins were also determined by Census to be up-regulated in the p1 brain. This analysis
was performed using only the 14N identifications. To identify proteins that were up-
regulated in p1 compared to p45 (Table S17), we first normalized the spectral counts of each
protein by dividing by the total number spectra identified in the analysis in which the protein
was identified. For a protein to be considered to be up-regulated in the p1 sample, we
required a five-fold increase in the normalized spectra count in the p1 sample compared to
the p45 sample within a brain region. Proteins that were up-regulated in p1 by this method,
but disagreed with the statistical analysis using Census were discarded.

Western Blot Analysis
For Figure 6, the samples were prepared in the following manner. The hippocampus, cortex,
and cerebellum was dissected from three litters of p1and ten p45 rats for synaptosomal
preparations following the identical synaptosomal protocol for the MS analysis except 15N
brain tissue was not added and the total 14N input was 50mg. These rats were not same rats
employed for the MS analysis. After a BCA protein assay, the synaptosomal fractions were
prepared in 5X loading buffer and reducing agent (ThermoScientific, Rockford, IL),
separated by 8–16 % Tris-Glycine gel or 3–8% Tris-acetate gel(Invitrogen, Carlsbad, CA),
and electrophoretically transferred to polyvinylidene difluoride membranes (Millipore,
Billerica, MA). Membranes were processed as previously described87. Membranes were
probed with the following antibodies: rabbit GluR 2/3 (Upstate Biotechnology, Temecula,
CA), CAND1 (Santa Cruz Biotecnology, Santa Cruz, CA), LIMPII (a gift from Ignacio
Sandoval of Instituto de Salud Carlos III ), CRIP (a gift from Dr. Wil-Jan Hendriks at
University of Nijmegen), Tom20 (BD Transduction Laboratories, San Diego, CA),
COX1(Molecular Probes, Invitrogen, Carlsbad, CA), RabGDI(a gift from Dr. William Balch
at The Scripps Research Institute), DHC (Santa Cruz Biotechnology, Santa Cruz, CA),
LRP157(a gift from Dr. Mark A. Schumacher at UCSF), and AUF1(Upstate Biotechnology,
Temecula, CA). All secondary antibodies were conjugated with HRP and purchased from
Jackson ImmunoResearch (West Grove, PA). For a particular antibody, two immunoblots
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were performed each consisting of p1 and p45 samples from the hippocampus, cortex, and
cerebellum. The immunoreactivity of each antibody was visualize by Supersignal West Pico
or Femto reagent (Invitrogen, Carlsbad, CA) and measured by PhotoShop (Adobe Systems)
on two different immunoblots. Briefly, the scanned image of an immunoblot was first
inverted, and then the threshold was adjusted until the least intense immunoreactive band
was barely visible. The mean pixel intensity was recorded for each band on the image
employing a rectangular cursor of identical dimensions for each band.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the study
Rats were labeled with 15N and the 15N labeled p45 brains (green) were removed and
homogenized (1). The hippocampus, cortex, and cerebellum were dissected from unlabeled
(14N) rats at p1, p10, p20, and p45 (2). The 15N total brain homogenate was mixed 1:1(wt/
wt) with each of the14N brain regions (3). The synaptosomal and mitochondrial fractions
were isolated from each mixture using a discontinuous sucrose gradient (4). Each fraction
was analyzed by MudPIT on an LTQ-Orbitrap hybrid mass spectrometer (MS) (5). The MS
data was searched with SEQUEST to identify the peptides and subsequent proteins in each
fraction (6). Census calculated the 14N/15N ratios for the identified peptides. An example of
the Census output with the 14N (red line) and the corresponding 15N (blue line) peptide
abundances is shown. The y-axis is relative abundance and the x-axis is time. (7). Statistical
analyses were performed on the average 14N/15N protein ratios. The 14N/15N ratios for the
protein synaptophysin from the synaptosomal fraction in the cortex are shown (8).
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Figure 2. Quantitative differences during development within a brain region
A, Eighty-two percent and 87% of the proteins quantitated from the synaptosomal and
mitochondrial fractions were quantitated by at least two peptides. B, In the synaptosomal
fraction, 69 % (1216) of the significant changes were highly significant (p < 0.001, ANOVA
followed by Bonferroni’s correction for multiple comparisons), while in the mitochondrial
fraction, 66 % (876) of these significant changes were highly significant. C, In the
synaptosomal fraction, 45 % (795) of these significant changes represented a greater than
two-fold change in protein expression, while in the mitochondrial fraction, 22 % (281) of
these significant changes represented a greater than two fold change in protein expression.
D., All the significant changes from all brain regions were plotted based on the natural log
(ln) of their magnitude of change on the x-axis. In the synaptosomal fraction, the magnitude
of the changes between the p1 and p45 samples was significantly (*p < 0.001) greater than
all other comparisons. The red bar represents the median. E., In the mitochondrial fraction,
the same pattern was observed, except the significance of the difference between p1 vs. p45
and p1 vs. p20 was **p < 0.05. F., Within each fraction, the magnitude of the changes
observed in the p1 vs. p10 comparison was significantly (***p < 0.001) greater than the p20
vs. p45 comparison. The hippocampus from the synaptosomal fraction is shown and the
other regions are in Figure S1. The significant changes were analyzed by SOM analysis,
which generated 20 temporal clusters for the synaptosomal (G) and mitochondrial (H)
fractions. The genes which compromise each cluster can found in Table S19 and S20. The y-
axis represents the average 14N/15N ratio and each line represents a group of proteins with
an identical developmental temporal trends. These protein clusters could be categorized into
four general developmental expression patterns: a decrease with age (yellow), a peak of
expression at p10 (red), a peak of expression at p20 (green), and an increase with age (blue).
I., The data from the SOM analysis is plotted by the percentage of protein in the analysis (y-
axis) that was observed in each temporal trend.
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Figure 3. Differential protein expression between brain regions during development
A., In the synaptosomal fraction, 59%(620) of these significant changes were highly
significant(p < 0.001, ANOVA followed by Bonferroni’s correction for multiple
comparisons), while in the mitochondrial fraction, 58%(490) of these significant changes
were highly significant. B, Eighteen percent (199) of these significant changes represented a
greater than two fold change in protein expression, while in the mitochondrial fraction,
14%(119) of these significant changes represented a greater than two fold change in protein
expression. C., In the synaptosomal fraction, the magnitude of the changes between the
brain regions at p45 and p20 was significantly greater than the brain regions at p1. D., In the
mitochondrial fraction, magnitude of the changes between the brain regions at p10 was
significantly greater than the brain regions at all other time points. * p < 0.001. All the
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significant changes were plotted based on the natural log (ln) of their magnitude of change
on the x-axis. The red bar represents the median. The quantitated proteins were analyzed
with Pearson’s correlation test from synaptosomal fraction (E), mitochondrial fraction (F),
and the GO annotated mitochondrial proteins from the synaptosomal fraction (G). The
darker the green color represents a high correlation coefficient (r2). All the correlations were
significant ( p < 0.0001). H = hippocampus, Cb = Cerebellum, Cx = Cortex.
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Figure 4.
Synaptic Network. The lines in the synaptic network represent direct interactions. Circles
represent proteins affiliated with synaptic vesicles. Rectangles represent transmembrane
proteins, and cytoplasmic proteins are represented by triangles. Yellow represents up-
regulated in the cerebellum, light blue represents up-regulated in the cortex, dark blue
represents up-regulated in the hippocampus, red represents up-regulated in the hippocampus
and cortex compared to the cerebellum, and green represents up-regulated in the cerebellum
and cortex compared to the hippocampus. Shapes without color are proteins not in our
dataset.
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Figure 5. Functional differences in the mitochondrial fraction between brain regions
The median 14N/15N ratio for GO annotated mitochondrial proteins from the mitochondrial
(A) and synaptosomal (B) fractions is significantly less than in the cortex (green) and the
cerebellum (blue) compared to the hippocampus (red). In A, hippocampus vs. cortex (p <
0.001); hippocampus vs. cerebellum (p < 0.001), cerebellum vs. cortex (p > 0.05). In B,
hippocampus vs. cortex (p < 0.001); hippocampus vs. cerebellum (p < 0.01), cerebellum vs.
cortex (p > 0.05). The lines in the mitochondria network represent direct interactions and the
Roman numerals represent the complex number of the ETC. Tan color represents the protein
is the greatest in the cerebellum, then the cortex, then the hippocampus. Dark green
represents the protein is up-regulated in the cerebellum compared to the hippocampus and
the cortex. Dark blue represents the protein is greater in the cerebellum compared to the
hippocampus. Red represents the protein is up-regulated in the cerebellum and cortex
compared to the hippocampus. Yellow represents the protein is the greatest in the cortex,
then cerebellum, and the least in the hippocampus. Light green represents the protein is the
greatest in the cortex compared to the hippocampus and cerebellum. Light blue represents
the protein is up-regulated in the cortex compared to the hippocampus.
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Figure 6. Regulators of Neuronal Development
A, The proteins whose expression peaked at p1 in the synaptosomal fraction are organized
by their biological function using GO. B, Three synaptosomal fractions from p1and p45
were analyzed by western blot analysis with antibodies for a subset of proteins in A. As a
positive control, the synaptosomal fractions were probed with an antibody for the glutamate
receptor subunit 2/3(GluR2/3), whose expression has been previously reported to increase
during brain development. A representative blot is shown. C, Graphical representation of the
analysis of the pixel intensity of each blot. The x-axis is the pixel intensity, black represents
p1, and red represents p45. Protein abbreviations:CAND1 (cullin associated and neddylated
dissociated protein), LIMPII (Lysosome membrane protein 2), CRIP (Cysteine rich protein
2), Tom20 (Mitochondrial import receptor subunit TOM20), COX1(Cytochrome c oxidase
subunit 1), RabGDI(Rab GDP dissociation inhibitor alpha), DHC (dynein heavy chain),
LRP157(Leucine rich protein 157), and AUF1(AU-rich element RNA-binding protein 1).
*** p < 0.0001, ** p < 0.001,* p < 0.01 indicates results of t-tests between the p1 and p45
samples of an individual protein.
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