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The complex structural and functional organization of the mam-
malian CNS with its enormous diversity of cell types with different 
morphology, connectivity and function warrants the application of 
global and systematic approaches. Several large-scale, collaborative 
initiatives have been launched that aim to establish functional con-
nectomes and develop large-scale simulations of the brain. In addi-
tion, the Allen and the GENSAT Brain Atlas projects have taken 
global genetic approaches by generating genome-scale collections of 
gene expression profiles using in situ hybridization and BAC-EGFP  
transgenic mouse lines to resolve the expression pattern of genes  
during development and in the adult mouse brain1,2. Furthermore, 
gene profiling and transcriptome analyses of specific CNS cell 
populations have generated large collections of mRNA expression 
patterns across a variety of brain regions and cell types3–10. Given 
the enormous amount of genome and transcriptome data that has 
been generated, the question arises of whether these extensive  
databases may already represent a sufficient measure of gene expres-
sion. Several studies have reported that quantities of messenger RNA 
and proteins often correlate poorly, emphasizing the importance  
of post-transcriptional processes that control protein synthesis 
and degradation11. Thus, protein expression analyses are required, 
but a concerted effort to resolve the brain proteome is missing12. 
Until recently, mass spectrometry–based proteomics was limited to 
incomplete proteome analysis, but this situation has changed with 
the development of more sensitive and powerful high-resolution 
mass spectrometry (MS) technologies that allow in-depth coverage 
of nearly complete proteomes of mammalian cells13–17.

Proteins are the main functional components in all cells, but 
how the proteomes differ in specialized cells in tissue is not known. 
Previous studies of different human cancer cell lines have found that 
proteins tend to be ubiquitously expressed with differences in the 
level of expression of the proteins rather than in their absence or 
presence18–20. Given the marked cell specialization that occurs in the 
CNS, we asked whether these general conclusions also apply to the 
brain by analyzing the major glial subtypes and neurons. Glia are 
not only abundant (constituting 50–90% of the cells in the human 
brain), but are also highly specialized toward cell type–selective  
tasks, and therefore ideally suited for these analyses21. 
Oligodendrocytes are primarily engaged in membrane synthesis, 
as their function is to insulate axons by enwrapping them with a  
multilamellar myelin sheath22,23. Astrocytes, in contrast, provide  
nutrients to the nervous tissue, maintain the extracellular ion  
balance, recycle neurotransmitters, shape synaptic circuits and regu-
late the blood-brain barrier24. Microglia cells constitute the third class 
of glial cells with functions mainly related to immune response and 
maintaining brain homeostasis25.

To resolve the mouse brain proteome and to determine the basis for 
cellular specialization in the CNS, we performed a global analysis of 
protein levels by liquid chromatography coupled to high-resolution 
MS of the adult mouse brain with its major brain regions and cell types 
(cultured and acutely isolated neuronal and glial cells). We applied 
deep sequencing–based transcriptome analysis for an integrative 
transcripts and protein expression analysis. The combined in-depth 
database of CNS cells represents a new resource to the neuroscience 
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Brain transcriptome and connectome maps are being generated, but an equivalent effort on the proteome is currently lacking.  
We performed high-resolution mass spectrometry–based proteomics for in-depth analysis of the mouse brain and its major  
brain regions and cell types. Comparisons of the 12,934 identified proteins in oligodendrocytes, astrocytes, microglia and 
cortical neurons with deep sequencing data of the transcriptome indicated deep coverage of the proteome. Cell type–specific 
proteins defined as tenfold more abundant than average expression represented about a tenth of the proteome, with an 
overrepresentation of cell surface proteins. To demonstrate the utility of our resource, we focused on this class of proteins  
and identified Lsamp, an adhesion molecule of the IgLON family, as a negative regulator of myelination. Our findings provide  
a framework for a system-level understanding of cell-type diversity in the CNS and serves as a rich resource for analyses of  
brain development and function.

proteomic profiling 
of human samples 

for CEGS/psychENCODE



overview

1. approach to getting max coverage of the proteome (comp. to RNA) 

2. analysis of basic CNS cell-types 

3. analysis of brain enriched proteins 

4. analysis of brain-region enriched proteins 

5. some specific in-vivo followup/validation
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BRAINS! 

PROTEINS!



Figure 1  |  transcriptome vs. proteome
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community for better understanding brain development and function. 
We illustrate its power by identifying previously unknown adhesion 
molecules in oligodendrocyte and neuron interaction.

RESULTS
Adult mouse brain proteome
To resolve the adult mouse brain proteome, we analyzed four rep-
licates of 9-week-old whole mouse brains after tryptic digestion of 
lysates and fractionation of resulting peptides into six fractions using 
strong anion exchange chromatography. We performed liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analysis with  
4-h runs per fraction and higher energy collisional dissociation 
(HCD) in a quadrupole Orbitrap mass spectrometer equipped with a  

high-field analyzer (Online Methods). Combined analysis of the 
replicates using MaxQuant software26 and applying a peptide and 
protein false discovery rate (FDR) of 1% identified 13,214 protein 
groups (Fig. 1a,b and Supplementary Table 1). In addition, we ana-
lyzed lysates from mouse brain in biological quadruplicates with our  
‘single-shot analysis’ approach27 using 4-h gradients. We detected 
more than 11,500 different proteins when we matched them against 
the ‘library’ of the deep brain proteome (Fig. 1c,d). To resolve the 
proteome of the major brain regions, we used this approach to analyze 
adult mouse cerebellum, hippocampus, thalamus, striatum, brain-
stem, olfactory bulb, motor cortex, prefrontal cortex, corpus callosum 
and the optic nerve in 3–4 biological replicates. In addition, we inves-
tigated the changes in the proteome during postnatal development by  
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Figure 1 Comparison of proteome and RNA-Seq data. (a) Graphical illustration of the workflow for the cell type– and brain structure–resolved mouse 
brain proteome. DIV, days in vitro. (b) A bar chart showing number of proteins identified in adult mouse brain and each of the cultured cell type 
with FDR of 1% when analyzed as 6× SAX fractions. CGN, cerebellar granule neurons. (c) A total of 10,529 proteins were identified in all cell types 
and brain (~84% of all identified proteins) and an average of ~99% protein identifications were shared between at least two proteomes. (d) Single-
run analysis of the mouse brain, the different brain structures and the developing cerebellum; four biological replicates (triplicates for optic nerve 
and corpus callosum) were measured by single 4-h LC MS/MS runs. Numbers of identified proteins are indicated after matching between runs with 
fractionated brain and cell-type proteome runs in the MaxQuant environment. (e) RNA-Seq analysis of cultured cells and resulting density plots of gene 
expression levels. The density estimates of gene expression levels are shown for each cell type and for a combination over all cell types as indicated.  
The combined cell type was derived by extracting the largest expression value over all cell types. In all cell types, gene expression levels followed a 
binomial distribution (black). Gene expression filtered for RPKM > 1 values are shown in blue. (f) Venn diagram of the number of expressed genes on 
the mRNA level and on the protein level. 
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community for better understanding brain development and function. 
We illustrate its power by identifying previously unknown adhesion 
molecules in oligodendrocyte and neuron interaction.

RESULTS
Adult mouse brain proteome
To resolve the adult mouse brain proteome, we analyzed four rep-
licates of 9-week-old whole mouse brains after tryptic digestion of 
lysates and fractionation of resulting peptides into six fractions using 
strong anion exchange chromatography. We performed liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analysis with  
4-h runs per fraction and higher energy collisional dissociation 
(HCD) in a quadrupole Orbitrap mass spectrometer equipped with a  

high-field analyzer (Online Methods). Combined analysis of the 
replicates using MaxQuant software26 and applying a peptide and 
protein false discovery rate (FDR) of 1% identified 13,214 protein 
groups (Fig. 1a,b and Supplementary Table 1). In addition, we ana-
lyzed lysates from mouse brain in biological quadruplicates with our  
‘single-shot analysis’ approach27 using 4-h gradients. We detected 
more than 11,500 different proteins when we matched them against 
the ‘library’ of the deep brain proteome (Fig. 1c,d). To resolve the 
proteome of the major brain regions, we used this approach to analyze 
adult mouse cerebellum, hippocampus, thalamus, striatum, brain-
stem, olfactory bulb, motor cortex, prefrontal cortex, corpus callosum 
and the optic nerve in 3–4 biological replicates. In addition, we inves-
tigated the changes in the proteome during postnatal development by  
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Figure 1 Comparison of proteome and RNA-Seq data. (a) Graphical illustration of the workflow for the cell type– and brain structure–resolved mouse 
brain proteome. DIV, days in vitro. (b) A bar chart showing number of proteins identified in adult mouse brain and each of the cultured cell type 
with FDR of 1% when analyzed as 6× SAX fractions. CGN, cerebellar granule neurons. (c) A total of 10,529 proteins were identified in all cell types 
and brain (~84% of all identified proteins) and an average of ~99% protein identifications were shared between at least two proteomes. (d) Single-
run analysis of the mouse brain, the different brain structures and the developing cerebellum; four biological replicates (triplicates for optic nerve 
and corpus callosum) were measured by single 4-h LC MS/MS runs. Numbers of identified proteins are indicated after matching between runs with 
fractionated brain and cell-type proteome runs in the MaxQuant environment. (e) RNA-Seq analysis of cultured cells and resulting density plots of gene 
expression levels. The density estimates of gene expression levels are shown for each cell type and for a combination over all cell types as indicated.  
The combined cell type was derived by extracting the largest expression value over all cell types. In all cell types, gene expression levels followed a 
binomial distribution (black). Gene expression filtered for RPKM > 1 values are shown in blue. (f) Venn diagram of the number of expressed genes on 
the mRNA level and on the protein level. 



experiment design rationale  |  Figure 1 (a-d)

• mapping spectra to the entire proteome/transcriptome can produce lots of false 
positives (this is what makes the Gencode team rather unhappy) 

• to reduce the ‘search space’ they performed really-deep proteomics on a small number 
of samples: 
- fractionate peptides in before LC and run 6 injections for each sample 
- this is not quantitative, can only really assert presence/absence 
- basically collect as many high-quality spectra as possible 
- remove low-confidence peptides 
- create a library of high-quality peptides 

• then for the quantitative runs of each sample (no fractionation) map the spectra to 
their custom library of peptides instead of the whole proteome 

• this is what allows them to quantitate lots (>11,000) of proteins

6
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community for better understanding brain development and function. 
We illustrate its power by identifying previously unknown adhesion 
molecules in oligodendrocyte and neuron interaction.

RESULTS
Adult mouse brain proteome
To resolve the adult mouse brain proteome, we analyzed four rep-
licates of 9-week-old whole mouse brains after tryptic digestion of 
lysates and fractionation of resulting peptides into six fractions using 
strong anion exchange chromatography. We performed liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analysis with  
4-h runs per fraction and higher energy collisional dissociation 
(HCD) in a quadrupole Orbitrap mass spectrometer equipped with a  

high-field analyzer (Online Methods). Combined analysis of the 
replicates using MaxQuant software26 and applying a peptide and 
protein false discovery rate (FDR) of 1% identified 13,214 protein 
groups (Fig. 1a,b and Supplementary Table 1). In addition, we ana-
lyzed lysates from mouse brain in biological quadruplicates with our  
‘single-shot analysis’ approach27 using 4-h gradients. We detected 
more than 11,500 different proteins when we matched them against 
the ‘library’ of the deep brain proteome (Fig. 1c,d). To resolve the 
proteome of the major brain regions, we used this approach to analyze 
adult mouse cerebellum, hippocampus, thalamus, striatum, brain-
stem, olfactory bulb, motor cortex, prefrontal cortex, corpus callosum 
and the optic nerve in 3–4 biological replicates. In addition, we inves-
tigated the changes in the proteome during postnatal development by  
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Figure 1 Comparison of proteome and RNA-Seq data. (a) Graphical illustration of the workflow for the cell type– and brain structure–resolved mouse 
brain proteome. DIV, days in vitro. (b) A bar chart showing number of proteins identified in adult mouse brain and each of the cultured cell type 
with FDR of 1% when analyzed as 6× SAX fractions. CGN, cerebellar granule neurons. (c) A total of 10,529 proteins were identified in all cell types 
and brain (~84% of all identified proteins) and an average of ~99% protein identifications were shared between at least two proteomes. (d) Single-
run analysis of the mouse brain, the different brain structures and the developing cerebellum; four biological replicates (triplicates for optic nerve 
and corpus callosum) were measured by single 4-h LC MS/MS runs. Numbers of identified proteins are indicated after matching between runs with 
fractionated brain and cell-type proteome runs in the MaxQuant environment. (e) RNA-Seq analysis of cultured cells and resulting density plots of gene 
expression levels. The density estimates of gene expression levels are shown for each cell type and for a combination over all cell types as indicated.  
The combined cell type was derived by extracting the largest expression value over all cell types. In all cell types, gene expression levels followed a 
binomial distribution (black). Gene expression filtered for RPKM > 1 values are shown in blue. (f) Venn diagram of the number of expressed genes on 
the mRNA level and on the protein level. 



Figure 2  |  cell-type specific proteomes
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and presentation, defense response, or leukocyte activation. For corti-
cal and cerebellar granule neurons, we found the expected pathways 
involving the synapse and pathways, including dendrite development 

and morphogenesis, axonogenesis, calcium-mediated signaling, and 
post- and presynaptic membrane potential processes. Among the cel-
lular components, a range of neuron-specific components such as axon 
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Figure 2 Comparative analysis of cell proteomes. (a) The matrix of 162 correlation plots revealed very high correlations between LFQ intensities in 
triplicates (Pearson correlation coefficient 0.94–0.98 between cell types). The color code follows the indicated values of correlation coefficient.  
(b) PCE. The proteome of all cell types and their differentiation states measured in triplicates segregated into major cell types based on component 1  
and component 2, which account for 44.7% and 14.3% of variability, respectively. (c) Correlation plots of iBAQ intensities (proteome) versus RPKM 
values (transcriptome). The color follows the indicated values of correlation coefficient. (d) Fold expression of the indicated marker proteins in 
individual replicates is shown on a log2 scale as points with mean in the specified cell type in comparison with other cell types. (e) Heat map of proteins 
differentially expressed across different cell types (n = 3 for each cell type). The top categories enriched for clusters are shown. Heat map of z-scored 
LFQ intensities of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins are divided into four clusters 
showing the top categorical annotations enriched after a Fisher’s exact test (P = 0.02).
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and presentation, defense response, or leukocyte activation. For corti-
cal and cerebellar granule neurons, we found the expected pathways 
involving the synapse and pathways, including dendrite development 

and morphogenesis, axonogenesis, calcium-mediated signaling, and 
post- and presynaptic membrane potential processes. Among the cel-
lular components, a range of neuron-specific components such as axon 
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Figure 2 Comparative analysis of cell proteomes. (a) The matrix of 162 correlation plots revealed very high correlations between LFQ intensities in 
triplicates (Pearson correlation coefficient 0.94–0.98 between cell types). The color code follows the indicated values of correlation coefficient.  
(b) PCE. The proteome of all cell types and their differentiation states measured in triplicates segregated into major cell types based on component 1  
and component 2, which account for 44.7% and 14.3% of variability, respectively. (c) Correlation plots of iBAQ intensities (proteome) versus RPKM 
values (transcriptome). The color follows the indicated values of correlation coefficient. (d) Fold expression of the indicated marker proteins in 
individual replicates is shown on a log2 scale as points with mean in the specified cell type in comparison with other cell types. (e) Heat map of proteins 
differentially expressed across different cell types (n = 3 for each cell type). The top categories enriched for clusters are shown. Heat map of z-scored 
LFQ intensities of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins are divided into four clusters 
showing the top categorical annotations enriched after a Fisher’s exact test (P = 0.02).
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and presentation, defense response, or leukocyte activation. For corti-
cal and cerebellar granule neurons, we found the expected pathways 
involving the synapse and pathways, including dendrite development 

and morphogenesis, axonogenesis, calcium-mediated signaling, and 
post- and presynaptic membrane potential processes. Among the cel-
lular components, a range of neuron-specific components such as axon 
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Figure 2 Comparative analysis of cell proteomes. (a) The matrix of 162 correlation plots revealed very high correlations between LFQ intensities in 
triplicates (Pearson correlation coefficient 0.94–0.98 between cell types). The color code follows the indicated values of correlation coefficient.  
(b) PCE. The proteome of all cell types and their differentiation states measured in triplicates segregated into major cell types based on component 1  
and component 2, which account for 44.7% and 14.3% of variability, respectively. (c) Correlation plots of iBAQ intensities (proteome) versus RPKM 
values (transcriptome). The color follows the indicated values of correlation coefficient. (d) Fold expression of the indicated marker proteins in 
individual replicates is shown on a log2 scale as points with mean in the specified cell type in comparison with other cell types. (e) Heat map of proteins 
differentially expressed across different cell types (n = 3 for each cell type). The top categories enriched for clusters are shown. Heat map of z-scored 
LFQ intensities of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins are divided into four clusters 
showing the top categorical annotations enriched after a Fisher’s exact test (P = 0.02).
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terminus, axons, synaptosome, and neuronal projection were enriched. 
Processes related to cGMP metabolism and semaphoring receptor 
activity were more abundant in cortical neurons as compared with 
CGN (Supplementary Fig. 4). Pathways enriched in astrocytes were 
mainly metabolic in nature, including cellular ketone, organic acid, 
carboxylic, oxidation-reduction processes, amino acid amine and small 
molecule catabolic processes. Notably, cilium assembly was promi-
nently enriched in cultured astrocytes (Supplementary Table 8).

In the analysis of the developing cerebellum (P5, P14, P24) we observed 
that pathways related to synaptogenesis, myelination and axonal growth 
increased at P14 and P24 (Supplementary Fig. 5). Together these analy-
ses of our deep primary cell proteomes faithfully reproduce known and 
characteristic cellular functions as well as their markers, providing a solid 
foundation for their global characterization and for new discoveries.

Definition of global differences between CNS cell proteomes
The large majority of proteins were expressed in all four cell types, 
whereas only about 15% of the quantified proteins could be considered 
to be cell type specific (>10-fold more abundant in one cell compared 
with all others; Supplementary Table 6). GO-based enrichment analy-
sis revealed that cell type–specific proteins are highly enriched for cell 
surface and extracellular proteins (Supplementary Table 11). A similar 

analysis for the RNA-Seq data set revealed that cell type–specific tran-
scripts were also significantly enriched for functions related to the cell 
surface and extracellular space (Supplementary Table 12). The MS 
signal of peptides identifying each protein can also be used to estimate 
its absolute abundance using the iBAQ algorithm, which normalizes 
the summed peptide intensities by the number of theoretically observ-
able peptides of the protein. These iBAQ values yield protein copy 
number estimates of each protein in the proteome33. They determine 
the proportional contribution of any protein to the total proteome, as 
well as of every pathway or GO annotation. We performed a quantita-
tive comparison of the proteins identified as similarly or differentially 
expressed, which revealed marked differences for proteins related to 
the cell surface or being integral to the plasma membrane (Fig. 3a). 
Whereas integral membrane proteins contributed to only ~6–8% of the 
protein mass of the total proteome, they accounted for ~12–29% of the 
protein mass of the cell type–specific proteins (Fig. 3a).

For the analysis of the cell type–specific proteins in the total  
proteome, we ranked the proteins according to their abundance 
in the proteome. As previously observed in ultra-deep proteome 
analysis, a relatively small number of proteins make up for a high 
proportion of the total protein mass15,34. In fact, in all four cell types, 
~30–40 of the most abundant proteins accounted for ~25% of the 

b c
100

Q4 7,940 1 (112)
2 (9)
2 (3)
10 (3)

370
124
29

Q3
Q2
Q1

Neurons
total

Q4 8,409 7 (614)
7 (42)
6 (10)
9 (3)

400
144
34

Q3
Q2
Q1

Percent (n)
cell

specific

Oligodendrocytes Cortical neurons

75

50

C
um

m
ul

at
iv

e 
pr

ot
ei

n 
in

te
ns

ity
25

0

100

75

50

25

0

0
2,0

00
4,0

00
6,0

00
8,0

00 0
2,0

00
4,0

00
6,0

00
8,0

00

100

Astrocytes
total

Q4 7,898 2 (174)
4 (21)
6 (8)
11 (3)

368
117
28

Q3
Q2
Q1

Microglia
total

Q4 8,478 3 (299)
6 (35)
4 (6)
3 (1)

392
123
39

Q3
Q2
Q1

Astrocytes Microglia

75

50

C
um

m
ul

at
iv

e 
pr

ot
ei

n 
in

te
ns

ity

25

0

–1.0 –0.5 0 0.5 1.0
Pearson correlation

100

75

50

25

0

0
2,0

00
4,0

00
6,0

00
8,0

00

Intensity ranked proteins

Cultured Isolated Cultured Isolated Cultured Isolated Cultured Isolated
321321321321321321321 321

C
ul

tu
re

d
Is

ol
at

ed
C

ul
tu

re
d

Is
ol

at
ed

C
ul

tu
re

d
Is

ol
at

ed
C

ul
tu

re
d

Is
ol

at
ed

3
2

1
3

2
1

3
2

1
3

2
1

3
2

1
3

2
1

3
2

1
3

2
1

Intensity ranked proteins

0
2,0

00
4,0

00
6,0

00
8,0

00

d

8

6

4

2 4 6
Enrichment factor

8

Plasma membrane part

Intrinsic to plasma membrane

Integral to plasma membrane
Extracellular region part

Adherens junction
Membrane raft

External side of plasma membrane

Phagocytic vesicle
Early phagosome

Myelin sheath

35

a
Integral to membrane

Ribosome

Oligoden-
drocytes

NeuronsMicrogliaAstrocytes

30
25
20

P
er

ce
nt

ag
e

P
er

ce
nt

ag
e

15
10

5
0

14
12
10

8
6
4
2
0

P
er

ce
nt

ag
e

1.6

1.2

0.8

0.4

0

P
er

ce
nt

ag
e

5

4

3

2

1

0
Total Cell

specific

Protein mass Protein number

Total Cell
specific

Total Cell
specific

Total Cell
specific

Proteasome

Cytoskeleton

Oligoden-
drocytes

total

Percent (n)
cell

specific

Percent (n)
cell

specific

Percent (n)
cell

specific

AstrocytesOligodendrocytesNeuronsMicroglia

A
st

ro
cy

te
s

O
lig

od
en

dr
oc

yt
es

N
eu

ro
ns

M
ic

ro
gl

ia
–l

og
10

 P
 v

al
ue

2.0

Figure 3 Quantitative analysis of expressed genes. (a) Analysis of specific GO annotation terms (indicated in red above the bar graph) is shown  
as the percent of the genes corresponding to the annotation term and the percent of the protein mass that was attributed to these annotations.  
The analysis was performed separately for all proteins identified in indicated cell type or for those proteins that were specific to the indicated cell type. 
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isolated cells with cultured cells. (c) Cells were isolated using MACS microbeads coupled with antibodies to O4 for oligodendrocytes, PSA-NCAM for 
neuronal progenitors, CD11b for microglia and ACSA-2 for astrocytes. The heat map shows the Pearson correlation coefficients between acutely isolated 
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shown. −log10 P value is plotted against enrichment factor of the GOCC terms.
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total protein molecules, and some of these were cell type specific 
(for oligodendrocytes Mbp, Plp, Cnp1; for cortical neurons Atp1b1, 
Crmp1, Gpm6a; for astrocytes Gfap, Gstm1, Prdx6; and for microglia 
Gm5483; Fig. 3b).

Next, we compared the differentially expressed proteins in each cell type 
individually. The top 50 cell type–specific proteins (the most enriched 
and abundant proteins) included many well-established cell type– 
specific markers, but, based on PubMed search, also a relatively large 
number of proteins that have previously not been studied in the con-
text of the respective cell type (more than one-third of the 50 pro-
teins in the various glial types). In oligodendrocytes, several of these 
proteins had functions related to the extracelluar matrix (Col11a1, 
Col1a1, Leprl1, Bgn, Plod2), the cytoskeleton (Afap1l2, Tagln, 
Kank1, Rtkn, Tns3) and vesicular trafficking (Dnm3, Rtkn). The cell  
type–specific proteins in microglia had functions in membrane  
trafficking (Rab32, Myo1f), lipid catabolism (Apobr, Lipa) and  

signaling at the cell surface (CD180, Dock2, Nckap1l, Gpnmb, 
Fermt3), whereas proteins with designated functions in actin-related 
processes (Cnn1, Fmn2, Nebl, Pdlim7, Synpo2) and cilia (Rsph1, 
Ccdc39) were enriched in astrocytes.

We found that oligodendrocytes expressed the smallest number 
(341 proteins) of cell type–specific proteins, defined by the greater 
than tenfold fold enrichment criterion, and cortical neurons the larg-
est (669 proteins). Similar results were obtained with at least fourfold 
(and with statistical significance) difference between the different 
cells. This selection resulted in 411 oligodendrocyte-enriched and 
1,388 neuron-enriched gene products (Supplementary Table 6).  
Transcription factors (for example, Sox8, Sox10, Myt1, Myrf, 
Olig2, Nkx2.2 in oligodendrocytes; Tbr1, Bcl11b, Myt1l, Emx1, 
Bhlhe22, Arx in neurons; Sfpi1, Irf5, Irf8, Runx1, Ikzf1 in micro-
glia; Sox9 and Pax6 in astrocytes) were also among these cell type– 
specific proteins.
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Figure 4 Abundant and enriched proteins in the mouse brain and its cell types. (a) Scatter plot of log2 fold expression versus log2 LFQ intensity in the 
adult mouse brain in comparison to the mouse liver proteome. Among the top 40 most abundant and enriched proteins of the adult mouse brain are 
proteins of the myelin sheath (red), the cytoskeleton (blue) and synapses (green). (b) Scatter plot of log2 fold expression versus log2 LFQ intensity in the 
indicated cell type in comparison with other cell types with highlighting of known and previously unknown cell type–specific markers.
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total protein molecules, and some of these were cell type specific 
(for oligodendrocytes Mbp, Plp, Cnp1; for cortical neurons Atp1b1, 
Crmp1, Gpm6a; for astrocytes Gfap, Gstm1, Prdx6; and for microglia 
Gm5483; Fig. 3b).

Next, we compared the differentially expressed proteins in each cell type 
individually. The top 50 cell type–specific proteins (the most enriched 
and abundant proteins) included many well-established cell type– 
specific markers, but, based on PubMed search, also a relatively large 
number of proteins that have previously not been studied in the con-
text of the respective cell type (more than one-third of the 50 pro-
teins in the various glial types). In oligodendrocytes, several of these 
proteins had functions related to the extracelluar matrix (Col11a1, 
Col1a1, Leprl1, Bgn, Plod2), the cytoskeleton (Afap1l2, Tagln, 
Kank1, Rtkn, Tns3) and vesicular trafficking (Dnm3, Rtkn). The cell  
type–specific proteins in microglia had functions in membrane  
trafficking (Rab32, Myo1f), lipid catabolism (Apobr, Lipa) and  

signaling at the cell surface (CD180, Dock2, Nckap1l, Gpnmb, 
Fermt3), whereas proteins with designated functions in actin-related 
processes (Cnn1, Fmn2, Nebl, Pdlim7, Synpo2) and cilia (Rsph1, 
Ccdc39) were enriched in astrocytes.

We found that oligodendrocytes expressed the smallest number 
(341 proteins) of cell type–specific proteins, defined by the greater 
than tenfold fold enrichment criterion, and cortical neurons the larg-
est (669 proteins). Similar results were obtained with at least fourfold 
(and with statistical significance) difference between the different 
cells. This selection resulted in 411 oligodendrocyte-enriched and 
1,388 neuron-enriched gene products (Supplementary Table 6).  
Transcription factors (for example, Sox8, Sox10, Myt1, Myrf, 
Olig2, Nkx2.2 in oligodendrocytes; Tbr1, Bcl11b, Myt1l, Emx1, 
Bhlhe22, Arx in neurons; Sfpi1, Irf5, Irf8, Runx1, Ikzf1 in micro-
glia; Sox9 and Pax6 in astrocytes) were also among these cell type– 
specific proteins.
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Figure 4 Abundant and enriched proteins in the mouse brain and its cell types. (a) Scatter plot of log2 fold expression versus log2 LFQ intensity in the 
adult mouse brain in comparison to the mouse liver proteome. Among the top 40 most abundant and enriched proteins of the adult mouse brain are 
proteins of the myelin sheath (red), the cytoskeleton (blue) and synapses (green). (b) Scatter plot of log2 fold expression versus log2 LFQ intensity in the 
indicated cell type in comparison with other cell types with highlighting of known and previously unknown cell type–specific markers.



Figure 4  |  brain enriched proteins

14

©
20

15
N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

6 ADVANCE ONLINE PUBLICATION   NATURE NEUROSCIENCE

R E S O U R C E

total protein molecules, and some of these were cell type specific 
(for oligodendrocytes Mbp, Plp, Cnp1; for cortical neurons Atp1b1, 
Crmp1, Gpm6a; for astrocytes Gfap, Gstm1, Prdx6; and for microglia 
Gm5483; Fig. 3b).

Next, we compared the differentially expressed proteins in each cell type 
individually. The top 50 cell type–specific proteins (the most enriched 
and abundant proteins) included many well-established cell type– 
specific markers, but, based on PubMed search, also a relatively large 
number of proteins that have previously not been studied in the con-
text of the respective cell type (more than one-third of the 50 pro-
teins in the various glial types). In oligodendrocytes, several of these 
proteins had functions related to the extracelluar matrix (Col11a1, 
Col1a1, Leprl1, Bgn, Plod2), the cytoskeleton (Afap1l2, Tagln, 
Kank1, Rtkn, Tns3) and vesicular trafficking (Dnm3, Rtkn). The cell  
type–specific proteins in microglia had functions in membrane  
trafficking (Rab32, Myo1f), lipid catabolism (Apobr, Lipa) and  

signaling at the cell surface (CD180, Dock2, Nckap1l, Gpnmb, 
Fermt3), whereas proteins with designated functions in actin-related 
processes (Cnn1, Fmn2, Nebl, Pdlim7, Synpo2) and cilia (Rsph1, 
Ccdc39) were enriched in astrocytes.

We found that oligodendrocytes expressed the smallest number 
(341 proteins) of cell type–specific proteins, defined by the greater 
than tenfold fold enrichment criterion, and cortical neurons the larg-
est (669 proteins). Similar results were obtained with at least fourfold 
(and with statistical significance) difference between the different 
cells. This selection resulted in 411 oligodendrocyte-enriched and 
1,388 neuron-enriched gene products (Supplementary Table 6).  
Transcription factors (for example, Sox8, Sox10, Myt1, Myrf, 
Olig2, Nkx2.2 in oligodendrocytes; Tbr1, Bcl11b, Myt1l, Emx1, 
Bhlhe22, Arx in neurons; Sfpi1, Irf5, Irf8, Runx1, Ikzf1 in micro-
glia; Sox9 and Pax6 in astrocytes) were also among these cell type– 
specific proteins.
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Figure 4 Abundant and enriched proteins in the mouse brain and its cell types. (a) Scatter plot of log2 fold expression versus log2 LFQ intensity in the 
adult mouse brain in comparison to the mouse liver proteome. Among the top 40 most abundant and enriched proteins of the adult mouse brain are 
proteins of the myelin sheath (red), the cytoskeleton (blue) and synapses (green). (b) Scatter plot of log2 fold expression versus log2 LFQ intensity in the 
indicated cell type in comparison with other cell types with highlighting of known and previously unknown cell type–specific markers.
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Figure 5 Brain region–resolved proteome (a) PCA. The proteomes of major mouse brain regions (P60) were measured in quadruplicates (triplicates 
for optic nerve and corpus callosum) and segregated based on component 1 and component 2, which accounted for 34.8% and 24.5% of variability, 
respectively. (b) Heat map of proteins differentially expressed across the different brain regions. The heat map is based on the z-scored LFQ intensities 
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in the Allen Brain Atlas project. Images are taken from the Allen Brain Atlas (http://mouse.brain-map.org). Image credit: Allen Institute for Brain 
Science. (d) Plot of GOCC enrichment of proteins >10-fold enriched is shown. −log10 P value is plotted against enrichment factor of the GOCC terms.
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Figure 5 Brain region–resolved proteome (a) PCA. The proteomes of major mouse brain regions (P60) were measured in quadruplicates (triplicates 
for optic nerve and corpus callosum) and segregated based on component 1 and component 2, which accounted for 34.8% and 24.5% of variability, 
respectively. (b) Heat map of proteins differentially expressed across the different brain regions. The heat map is based on the z-scored LFQ intensities 
of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins with more than fourfold expression differences 
are shown. (c) Scatter plot of log2 fold expression versus log2 LFQ intensity of the top 20 proteins in the indicated brain region in comparison with  
other brain region. The larger red circles indicate proteins chosen for the comparison with the corresponding transcripts analyzed by in situ hybridization 
in the Allen Brain Atlas project. Images are taken from the Allen Brain Atlas (http://mouse.brain-map.org). Image credit: Allen Institute for Brain 
Science. (d) Plot of GOCC enrichment of proteins >10-fold enriched is shown. −log10 P value is plotted against enrichment factor of the GOCC terms.
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Figure 5 Brain region–resolved proteome (a) PCA. The proteomes of major mouse brain regions (P60) were measured in quadruplicates (triplicates 
for optic nerve and corpus callosum) and segregated based on component 1 and component 2, which accounted for 34.8% and 24.5% of variability, 
respectively. (b) Heat map of proteins differentially expressed across the different brain regions. The heat map is based on the z-scored LFQ intensities 
of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins with more than fourfold expression differences 
are shown. (c) Scatter plot of log2 fold expression versus log2 LFQ intensity of the top 20 proteins in the indicated brain region in comparison with  
other brain region. The larger red circles indicate proteins chosen for the comparison with the corresponding transcripts analyzed by in situ hybridization 
in the Allen Brain Atlas project. Images are taken from the Allen Brain Atlas (http://mouse.brain-map.org). Image credit: Allen Institute for Brain 
Science. (d) Plot of GOCC enrichment of proteins >10-fold enriched is shown. −log10 P value is plotted against enrichment factor of the GOCC terms.

©
20

15
N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

NATURE NEUROSCIENCE   ADVANCE ONLINE PUBLICATION 7

R E S O U R C E

Brainstem
Cerebellum

Olfactory bulb

Thalamus

–80

–50

50

0

–60 –40 –20 20 40 600

Corpus callosum

Optic nerve

C
om

po
ne

nt
 2

 (
24

.5
%

)

Component 1 (34.8%)

Hippocampus

Motor
cortex

Striatum

Prefrontal
cortex

Cell junction
Synapse part

Synaptic membrane

Postsynaptic membrane
Membrane part   

Transporter activity

Membrane

Regulation of synaptic transmission
Ion channel activity

Oxidative phosphorylation

Enrichment factor

–l
og

10
 P

 v
al

ue

25

20

15

10

5

1 1.5 2 2.5 3 3.5 4

Transmembrane transporter activity

lo
g 2 

pr
ot

ei
n 

in
te

ns
ity

 in
 th

e 
re

gi
on

Sncg
Ahnak2

Synm

34

32

30

Bag3
MbpItih3
Kank4Coro6Cda

Krt222
Clic6 Slc6a5

Ppp1r1c

4 5 6 7

Dao
Hebp2

Amdhd1

Serpinb1b

Prph

Sncg

Brainstem

Avil

Hapln2

34

32

30

5 6 7 8 9

Prph

Grid2
Mtss1 Pign Rps27a

Ppp1r17

Pcp2

Cerebellum

Hnrnpl
Dao
Atp13a5

Slc6a5
Arhgef33

Cox7b
Eps812

Cnbp
Fat2
Pcp2

Pvalb

Homer3
Sfn

Ca8

34

32

30

3.4 3.6 3.8 4 4.2 4.4

Synpo

Rasal1
ItpkaGrin2b

Brinp1
Plxna2

Atp10d
Cplx3 Nwd2

Grin2a
Cacng3

Plxnd1
MlipFam81aCecr6

Lrrtm4

Cacng3

Cortex

Anks1b

Shisa7
Slc30a3

Ryr2

34

36

32

30

6 7 8 9 10 11 12 13

Nqo1

Th Gnal

Igsf3
Slc27a2

Carns1 Sult1d1
Scgn

Acsm4

S100a5

Omp

Scgn

Olfactory bulb

Dcx

Rtp2 Clca1 Fstl5
Cbr2

Gng8
Kirrel2Pon3

Shisa8

34

32

30

4 5 6 7 8

Pde10a

Striatum

Cpne5

Ddc
Ache Lmo7

Ppp1r1b

Ptpn5 Gnal
Adcy5 Th

Ankrd63
Rgs9

Pde10aActn2

Rasgrp2
Rem2

Chat
Spata2l

Slc6a3

Slc18a2
Arpp21

34

32

30

3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

Hippocampus

lqgap2

lqgap2

Grin2a

Tanc1
Nrp1

Pip5k1b
Sipa1l3

Pkp2Ptk2b
Tnfaip8l3
Slc24a2

Nwd2
Cpne7

Gria1
Grin2b

Adcy9
Shisa6

Cacng8

Ptk2b
Nrgn

Ryr2

32

30

28
43 5

Thalamus
Plcb4

Ccdc136
Prkcd

Hist2h2bb
Lrrtm1

AW551984Cpne9ltih3

Dda1
Tut1

Ppp2r3a

Arhgap25

Amotl1

Synpo2 Prkcd

Tubg2Endou

Slit3
Plekhg1

Ccdc186
Necab1

C
or

pu
s 

ca
llo

su
m

O
pt

ic
 n

er
ve

B
ra

in
st

em

C
er

eb
el

lu
m

T
ha

la
m

us

S
tr

ia
tu

m

M
ot

or
 c

or
te

x

P
re

fr
on

ta
l c

or
te

x

H
ip

po
ca

m
pu

s

O
lfa

ct
or

y 
bu

lb

Fold expression over median abundance in other structures

<4-fold expression and/or insignificant difference

–2–6 20 6

log2 fold expression over other regions 

Plasma membrane

a

d

c

b

Figure 5 Brain region–resolved proteome (a) PCA. The proteomes of major mouse brain regions (P60) were measured in quadruplicates (triplicates 
for optic nerve and corpus callosum) and segregated based on component 1 and component 2, which accounted for 34.8% and 24.5% of variability, 
respectively. (b) Heat map of proteins differentially expressed across the different brain regions. The heat map is based on the z-scored LFQ intensities 
of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins with more than fourfold expression differences 
are shown. (c) Scatter plot of log2 fold expression versus log2 LFQ intensity of the top 20 proteins in the indicated brain region in comparison with  
other brain region. The larger red circles indicate proteins chosen for the comparison with the corresponding transcripts analyzed by in situ hybridization 
in the Allen Brain Atlas project. Images are taken from the Allen Brain Atlas (http://mouse.brain-map.org). Image credit: Allen Institute for Brain 
Science. (d) Plot of GOCC enrichment of proteins >10-fold enriched is shown. −log10 P value is plotted against enrichment factor of the GOCC terms.
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Figure 5 Brain region–resolved proteome (a) PCA. The proteomes of major mouse brain regions (P60) were measured in quadruplicates (triplicates 
for optic nerve and corpus callosum) and segregated based on component 1 and component 2, which accounted for 34.8% and 24.5% of variability, 
respectively. (b) Heat map of proteins differentially expressed across the different brain regions. The heat map is based on the z-scored LFQ intensities 
of the significantly differentially expressed proteins after unsupervised hierarchical clustering. Proteins with more than fourfold expression differences 
are shown. (c) Scatter plot of log2 fold expression versus log2 LFQ intensity of the top 20 proteins in the indicated brain region in comparison with  
other brain region. The larger red circles indicate proteins chosen for the comparison with the corresponding transcripts analyzed by in situ hybridization 
in the Allen Brain Atlas project. Images are taken from the Allen Brain Atlas (http://mouse.brain-map.org). Image credit: Allen Institute for Brain 
Science. (d) Plot of GOCC enrichment of proteins >10-fold enriched is shown. −log10 P value is plotted against enrichment factor of the GOCC terms.
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Proteome analysis of acutely isolated CNS cell types
Given that the results obtained thus far have been based on ex vivo 
cultured cells, we asked how they compare with data derived from 
acutely isolated cells. We used antibody-coupled microbeads for 
magnetic affinity cell sorting to isolate CD11b+ microglia, O4+ oli-
godendrocytes, ACSA-2+ astrocytes and PSA-NCAM+ neuronal pro-
genitors from P8 mice. We achieved highly purified populations of 
cells with mean purity in excess of 95% in all three biological replicates 
(Supplementary Fig. 1), in each of which we identified and quantified  
more than 11,500 proteins (Fig. 1d and Supplementary Tables 2 and 13).  
The expression levels of cell type–specific markers for astrocytes 
(Aqp4, Gfap, Aldh1l1), oligodendrocytes (Cnp1, Mbp, Plp1), micro-
glia (Iba1, Tlr2, Tlr7) and neuronal progenitors (Bcl11a, Bcl11b, Ebf3) 
showed that almost all of these markers were reproducibly enriched 
at least 16-fold, also confirming the quality of the proteome analysis 

(Supplementary Fig. 6a). We observed high correlation in the fold 
enrichments of proteins when comparing the related cell types in 
culture and acutely isolated (Fig. 3c). The significantly enriched anno-
tation terms revealed very similar functional proteomics portraits 
in the corresponding cell types (Supplementary Table 14). Given 
that microglia and astrocytes are thought to undergo the largest 
changes in cell culture, we compared significantly enriched annota-
tion terms between cultured and acutely isolated preparations of these 
cells (Supplementary Fig. 6b,c). The most substantial increase was 
observed for pathways related to antigen-presentation and extracellu-
lar matrix in primary cultures of microglia and astrocytes, respectively 
(Supplementary Fig. 6b,c). To extract globally unique proteins from 
the proteome data, we determined the number of cell type–specific 
proteins (>10-fold more abundant in one cell type compared to all 
others). As in cultured cells, their total number was relatively small 
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Figure 6 Comparative pathway enrichment analysis identifies cell adhesion molecules enriched in oligodendrocytes and neurons. (a) Annotation matrix 
of KEGG pathways enriched in different cell types shown as a heat map (red indicating KEGG pathways higher abundance and blue indicating lower 
abundance) after clustering of score differences from one-dimensional annotation testing (Online Methods). (b) Scatter plot for LFQ intensities of 
proteins corresponding to KEGG pathway cell adhesion molecules (CAM) in oligondendrocytes versus neurons. (c) Label-free quantification of individual 
triplicates is shown as points with mean  s.e.m. for the IgLON family proteins in the different CNS cells types. (d) Scatter plot of log2 fold expression 
versus log2 z-normalized protein intensity of proteins corresponding to KEGG pathway cell adhesion molecules in brain versus liver.



Figure 7  |  specific gene followup
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(768 proteins). Again, as observed in cultured CNS cell types, our 
GO-based enrichment analysis of cell type–specific proteins showed 
a high enrichment for cell surface proteins (Fig. 3d).

The most abundant and enriched proteins in the brain proteome
As our analysis demonstrated that the different CNS cell types 
had a large fraction of the proteome in common, but differed in 
their expression of cell surface proteins, we asked whether this 
conclusion could be extended to the entire brain proteome when 
compared with an unrelated tissue proteome. To this end, we per-
formed a quantitative comparison of the adult mouse brain (Fig. 4  
and Supplementary Table 2) and liver proteomes and provide a 
list of the 147 most abundant brain-enriched (>10-fold enrich-
ment as compared to the liver) proteins (Supplementary Table 15).  
We plotted the proteins of the adult mouse brain proteome against 
abundance and enrichment to highlight the top proteins of this  
category (Fig. 4a). Among the top 40 most abundant and enriched 
ones were proteins of the myelin sheath (Mbp, Plp1 and Cnp), the 

cytoskeleton (Tuba1b, Actb, Sptan1, Map2, Map1a, Tubb3, Nefl, 
Map6, Nefh, Gfap), synapses (Dnm1, Syn1, Camk2b, Syt1, Camk2a, 
Syn2, Bsn, Snap25, Stx1b) and glycolysis, as well as energy path-
ways (Aldoa, Eno2, Ldhb). Similar to the comparison between the  
different cell types, GO-based enrichment analysis revealed that  
cell surface proteins were highly overrepresented in the group  
of the most abundant brain- versus liver-enriched proteins and 
four out of the top five GOCC terms were related to membranes 
(Supplementary Table 16).

Analysis of protein expression in brain regions
To directly determine the quantitative landscape of the brain pro-
teome and to identify the most specific proteins for each of the  
major brain regions, we undertook an in-depth analysis of ten  
major brain regions. We performed a quantitative comparison of 
the expression of proteins in the cerebellum, hippocampus, thala-
mus, striatum, brainstem, olfactory bulb, motor cortex, prefrontal 
cortex, corpus callosum and the optic nerve. As judged by principal  
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component analysis (PCA) and hierarchical clustering, the optic 
nerve, the cerebellum and the brain stem were the most diverging  
brain regions, whereas the remaining seven regions clustered  
more tightly (Fig. 5a,b). In total, we identified 2,901 brain region–
enriched proteins (>4-fold difference) and found that the thalamus 
expressed the smallest and the optic nerve the largest numbers 
of brain region–enriched proteins (154 and 1,179, respectively; 
Supplementary Tables 17 and 18). We plotted the abundance versus 
the enrichment of proteins in the different brain regions to highlight 
the top 20 most abundant, yet brain region–enriched, proteins. Prph, 
Sncg and Serpinb1b were most abundant and enriched in the brain-
stem, Omp and S100a5 in the olfactory bulb, Ppp1r1b, Actn2 and 
Pde10a in the striatum, and Plcb4, Prkcd and Synpo2 in the thalamus 
(Fig. 5c). These proteomic findings can be compared and contrasted 
with in situ data from the Allen Brain Atlas1,2, which allows one to 
immediately compare and contrast gene expression at the transcrip-
tome and proteome levels (Fig. 5c). GO enrichment analysis of all 
the enriched proteins together again highlighted the cell surface as 
one of the most significant components (P < 0.02; Fig. 5d).

Identification of Lsamp as a negative regulator of myelination
Having demonstrated that the different cell types can be distin-
guished by a relatively small number of proteins associated with the 

cell surface and extracellular matrix, we asked whether we can iden-
tify previously unknown cell type–specific markers. We reasoned 
that the most enriched and abundant proteins should be preferred 
candidates for such an analysis and plotted them against abundance 
and enrichment for each cell type (Fig. 4b). For the three pooled 
oligodendrocyte stages, we found three thus far unstudied proteins 
just among the top ten proteins. We overlaid cell type–specific pro-
teins for oligodendrocytes with reported protein-protein interac-
tion network based on physical interaction and known functions 
(Supplementary Fig. 7). These analyses identified proteins of the 
extracellular matrix (Col11A1, Col1A1, Col1A2, Col4A1, Col3A1, 
Col5A2), of which Col11A1 was the most highly expressed and 
enriched protein. It constitutes one of the two alpha chains of type 
XI collagen and belongs to the fibrillar class of collagens. Mutations in 
the gene are associated with a type of Stickler syndrome, a connective 
tissue disorder characterized by ocular, skeletal, orofacial and audi-
tory defects35. Using western blotting of purified CNS cell types, we 
confirmed that Col11A1 is enriched in oligodendrocytes at an early 
stage of development (Supplementary Fig. 8). Immunofluorescence 
staining of cultured cells showed that Col11A1 can be used as a new 
marker for immature oligodendrocytes and immunohistochemistry 
of brain sections revealed a weak association of Col11A1 with white 
matter tracts (Supplementary Fig. 8).
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Figure 8 Lsamp is a negative regulator  
of myelination in the fiber tracts of  
the fimbria-fornix. (a) Electron  
microscopy images of the fimbria/ 
fornix at P30 and P60 from controls  
(wild type, WT) and Lsamp knockout  
(KO) mice. Scale bar represents 1 m.  
(b) Scatter plots of g-ratios of individual  
fibers of the fimbria/fornix at P20,  
P30 and P60 from control (black)  
and Lsamp KO mice (magenta).  
(c) The histogram shows the percentage  
of myelinated axons with respect to axon diameter at 0.3- m intervals at P20, P30 and  
P60 for wild-type and Lsamp KO mice. There was a shift toward myelination of low-caliber  
axons in the mutant as compared with the control (chi-square test; from top to bottom: P = 4.5 × 10−10, P = 2.8 × 10−5, P = 0.36, ***P < 0.0001). 
More than ~250 axons for each genotype were counted (three animals per genotype) (d) Average g-ratio at P20, P30 and P60 for wild-type and Lsamp 
KO mice (Student’s t test, P = 0.0105; n = 3 mice per genotype). Error bars represent s.d. (e) Percentage of myelinated and unmyelinated axons 
counted at P20, P30 and P60. More than 1,500 axons were counted for each time point (n = 5 mice for P20 and P30, n = 4 for P60) per genotype (bars 
show mean  s.d.; Student’s t-test; **P = 0.0055, ***P = 0006). (f,g) Coverslips were coated with 10 g ml−1 Fc-fusion proteins (IgLON family proteins 
and control), and oligodendrocyte precursor cells were plated and allowed to adhere and grow for 4 d. PLL and Necl1-Fc coating were used as positive 
controls. The purified supernatant of HEK 293T cells transfected with an empty vector (pcDNA) was used as negative control (bars show mean  s.d.; 
ANOVA, P < 0.05, Dunnet post hoc test with pcDNA as control; n = 3 experiments; *P = 0.0087, **P = 0.0025). Scale bar represents 20 m.
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The complex structural and functional organization of the mam-
malian CNS with its enormous diversity of cell types with different 
morphology, connectivity and function warrants the application of 
global and systematic approaches. Several large-scale, collaborative 
initiatives have been launched that aim to establish functional con-
nectomes and develop large-scale simulations of the brain. In addi-
tion, the Allen and the GENSAT Brain Atlas projects have taken 
global genetic approaches by generating genome-scale collections of 
gene expression profiles using in situ hybridization and BAC-EGFP  
transgenic mouse lines to resolve the expression pattern of genes  
during development and in the adult mouse brain1,2. Furthermore, 
gene profiling and transcriptome analyses of specific CNS cell 
populations have generated large collections of mRNA expression 
patterns across a variety of brain regions and cell types3–10. Given 
the enormous amount of genome and transcriptome data that has 
been generated, the question arises of whether these extensive  
databases may already represent a sufficient measure of gene expres-
sion. Several studies have reported that quantities of messenger RNA 
and proteins often correlate poorly, emphasizing the importance  
of post-transcriptional processes that control protein synthesis 
and degradation11. Thus, protein expression analyses are required, 
but a concerted effort to resolve the brain proteome is missing12. 
Until recently, mass spectrometry–based proteomics was limited to 
incomplete proteome analysis, but this situation has changed with 
the development of more sensitive and powerful high-resolution 
mass spectrometry (MS) technologies that allow in-depth coverage 
of nearly complete proteomes of mammalian cells13–17.

Proteins are the main functional components in all cells, but 
how the proteomes differ in specialized cells in tissue is not known. 
Previous studies of different human cancer cell lines have found that 
proteins tend to be ubiquitously expressed with differences in the 
level of expression of the proteins rather than in their absence or 
presence18–20. Given the marked cell specialization that occurs in the 
CNS, we asked whether these general conclusions also apply to the 
brain by analyzing the major glial subtypes and neurons. Glia are 
not only abundant (constituting 50–90% of the cells in the human 
brain), but are also highly specialized toward cell type–selective  
tasks, and therefore ideally suited for these analyses21. 
Oligodendrocytes are primarily engaged in membrane synthesis, 
as their function is to insulate axons by enwrapping them with a  
multilamellar myelin sheath22,23. Astrocytes, in contrast, provide  
nutrients to the nervous tissue, maintain the extracellular ion  
balance, recycle neurotransmitters, shape synaptic circuits and regu-
late the blood-brain barrier24. Microglia cells constitute the third class 
of glial cells with functions mainly related to immune response and 
maintaining brain homeostasis25.

To resolve the mouse brain proteome and to determine the basis for 
cellular specialization in the CNS, we performed a global analysis of 
protein levels by liquid chromatography coupled to high-resolution 
MS of the adult mouse brain with its major brain regions and cell types 
(cultured and acutely isolated neuronal and glial cells). We applied 
deep sequencing–based transcriptome analysis for an integrative 
transcripts and protein expression analysis. The combined in-depth 
database of CNS cells represents a new resource to the neuroscience 
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Cell type– and brain region–resolved mouse brain 
proteome
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Brain transcriptome and connectome maps are being generated, but an equivalent effort on the proteome is currently lacking.  
We performed high-resolution mass spectrometry–based proteomics for in-depth analysis of the mouse brain and its major  
brain regions and cell types. Comparisons of the 12,934 identified proteins in oligodendrocytes, astrocytes, microglia and 
cortical neurons with deep sequencing data of the transcriptome indicated deep coverage of the proteome. Cell type–specific 
proteins defined as tenfold more abundant than average expression represented about a tenth of the proteome, with an 
overrepresentation of cell surface proteins. To demonstrate the utility of our resource, we focused on this class of proteins  
and identified Lsamp, an adhesion molecule of the IgLON family, as a negative regulator of myelination. Our findings provide  
a framework for a system-level understanding of cell-type diversity in the CNS and serves as a rich resource for analyses of  
brain development and function.
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CEGS human adult  |  analysis strategy

• these are the adult human samples we have that match brainspan: 
-  subjects:  HSB123   HSB126   HSB135   HSB136   HSB145 
-  regions:    PFC   V1C   HIP   AMY   STR   MD   CBC 

• perform highly fractionated proteomics for each of region (combine 5 individuals) 

• perform single-shot quantitative proteomics for each sample (subject+region) 

• compare benefit (sensitivity/specificity) of mapping single-shot peptides to: 
 
1 - entire annotated proteome (standard approach; high-FDR) 
2 - expressed genes/transcripts from RNA data (our favourite) 
3 - detected genes/isoforms from fractionated proteomics 
4 - detected peptides from fractionated proteomics (Mann approach)
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• single-shot MS/MS runs mapped to the entire proteome (approach 1): 
~ 14,000 peptides (1% FDR) from  
~ 6,000 genes 

• the question is: to what degree the highly-fractionated reference proteome or the 
RNA-seq can increase the number of reliably detected peptides and genes 
 
 

• fractionated MS/MS ‘master’ region proteomes (for approaches 3 & 4): 
~ 110,000 peptides (1% FDR) from  
~ 10,000 genes 

• getting pretty close to the ~12,000 ‘proteins’ (incl. isoforms) detected 
in whole brain from the Mann paper
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CEGS human adult  |  basic protein detection stats



• strategy depends on the outcome of the adult analysis 

• we expect, in terms of maximising # detected proteins by minimising FDR:  
 
master region peptides/proteins  >  RNA-seq expressed  >  whole proteome 

• how much better is the fractionated MS/MS compared to RNA-seq? 

• fractionated proteomics is very expensive, RNA-seq is cheap (and data already exist!) 

• if RNA-seq does a decent job, there are big implications for usefulness of gencode/
GTEx and the human proteome map
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• optimisation of protein 
extraction 

• 34 adult brain samples 
profiled by single-shot 
MS/MS 

• optimisation of 
fractionation 

• run highly fractionated 
MS/MS for 7 adult 
human ‘master’ regions 

• full integrated analysis 
of adult human 
samples 

• select brains + regions 
for developmental 
analysis 

• run developmental 
samples 

• select brains + regions 
for NHP analysis
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CEGS  |  timeline

year 1 year 2 year 3

~$18,000 ~$19,000 $TBD
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