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ABSTRACT OF THE THESIS 

 

The Proteome of Mouse Brain Microvesel Membranes and Basal Lamina 

 

By 

 

Hyun Bae Chun 

 

Master of Science in Biology 

 

University of California, San Diego, 2011 

 

Professor Brian P. Eliceiri, Chair 

Professor Andrew D. Chisholm, Co-chair 
 

 

The blood-brain barrier (BBB) is a multi-cellular vascular structure in the 

central nervous system that separates the circulating blood from the brain 

parenchyma. It is composed of microvessels made of endothelial cells with tight 

intercellular junctions surrounded by a basal lamina, astrocytes, and pericytes. In 



 

xi 

many diseased states of the brain, the integrity of the BBB is compromised and the 

changes in protein levels of key regulators such as transporters leave the brain open 

for attack. Previous studies have generated detailed databases of the microvessel 

transcriptome, however, less information is available on the BBB at the protein level. 

The focus of this study is not to elucidate on proteins that are already widely known 

and are hallmarks of the BBB but to generate a more extensive protein database of 

relatively unknown and unique proteins that can be used to gain further insight into 

the structure and function of the BBB. We specifically focused on the characterization 

of the membrane fraction of cells within the BBB to generate a more complete 

understanding of membrane transporters, tight junction proteins, and associated 

extracellular matrix proteins. Using Multidimensional Protein Identification Technology. 

53% out of a total of 1,143 proteins found in mouse brain microvessels were 

determined to be membrane-associated. Analyses of specific classes of BBB-

associated proteins in the context of recent transcriptome and proteome reports 

provides a unique database to assess the relative contribution of genes at the RNA 

and protein level  in the maintenance of normal BBB integrity. 

 



 

 

1 

INTRODUCTION 

 

1.1 Blood-brain barrier – Physiological Function and Morphology 

The blood brain barrier (BBB) is a multi-cellular structure that consists 

primarily of endothelial cells and astrocytes endfeet separated by a basal lamina 

(Abott et al., 2006).  The functional barrier itself between the circulating blood and the 

brain parenchyma is created by apical junction complexes such as tight junctions 

between specialized endothelial cells in the brain microvasculature. The different 

cellular components (i.e. astrocytes, pericytes, and neurons) that cooperatively work 

to regulate the integrity of the BBB are termed neurovascular unit (NVU).  The 

function of these specialized endothelial-associated cells, there secreted proteins, the 

tight inter-endothelial barrier itself, the unique  transcellular transport, and active 

efflux pumps combine to yield a unique vascular barrier in the brain (Agarwal et al., 

2009; Daneman et al., 2010; Enerson and Drewes, 2006).  

1.2 Importance of BBB integrity with Focus on Structural Barriers 

The brain microvasculature consisting of densely packed microvessels contain 

the structural basis of the BBB. Due to the high capillary density in the brain, single 

capillaries are approximately 40 μm apart from each other, a distance short enough 

for small molecules to diffuse within a second (Rodriguez-Baeza et al., 2003). 

Generally, tight junction proteins are thought to act as the main physical and 

functional barrier of the BBB by sealing the space between endothelial cells to create 

a tight, non-fenestrated capillary that restricts free diffusional exchange of solutes 

(Nag, 2003), however studies with iron nanoparticles (Neuwelt et al., 1998) 

demonstrate that additional components of the neurovascular unit need to be 

considered. The iron nanoparticles used were superparamagnetic dextran-coated 
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monocrystalline iron oxide particles with sizes of the same order of magnitude as viral 

particles. Electron microscopy of brain sections from rats that have had their BBB 

permeability and also have iron nanoparticles intravenously injected, showed that the 

iron nanoparticles passed the capillary endothelial cells but did not cross beyond the 

basement membrane, which is evidence for a physiological barrier in the basal lamina 

between the astrocytes endfeet and the endothelial cells (Neuwelt et al., 1998). With 

this in mind, the NVU as a whole with its different cell components must be 

considered when exploring the BBB integrity. 

 

1.2 Integrity of the Blood-brain Barrier and Importance in Disease States  

The primary role of the BBB in brain homeostasis is to regulate the transport 

of various substances between the blood and the brain such as drugs and 

metabolites using membrane transporters (Banks, 2009).  Tight regulation of the BBB 

is integral in maintaining the metabolic homeostasis in the brain and in preventing 

toxins or pathogens from entering the brain parenchyma. In brain pathophysiology, 

the breakdown of the blood-brain barrier and alterations to its transport systems play 

a significant role in many CNS diseases including glioblastoma multiforme (GBM), 

traumatic brain injury, edema, multiple sclerosis, Alzheimer’s disease, strokes, and 

HIV-1 encephalitis (Persidsky et al.,  2006; Pottiez et al., 2009a). For example, the 

influence of gliomas on the blood-brain barrier leads to its breakdown and aggressive 

invasion of the surrounding brain parenchyma through mechanisms that still remains 

poorly understood (Lee et al., 2009).  
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1.3 Isolation of Mouse Brain Microvessels 

This study focuses on the identification of BBB protein components, especially 

membrane and extracellular components, from freshly isolated semi-intact 

microvessel. The microvessels are isolated from brain tissue using a density gradient 

centrifugation method and are purified using a glass bead column, all within a few 

hours to yield intact microvessels. These isolated and purified microvessels with a 

diameter of 1-10um maintain viability and are able to exhibit BBB function (Dallaire et 

al.,, 1991). As a form of ion affinity chromatography, the purification process works by 

extracellular matrix (ECM) glycoproteins, such as fibronectin and laminin (proteins 

found in our MudPIT results and are classically known ECM proteins surrounding 

brain capillaries), having strong interactions with the glass beads (Barnes et al.,, 

1984). This fresh isolation procedure eliminates potential fixation, cell culture, and cell 

suspension artifacts by decreasing the relative time of isolation and purification, thus 

obtaining the most complete and pure resource of BBB-associated proteins to date.  

 

1.4 Novelty of Our Proteomic Study 

Previous studies have examined gene and protein expression profiles of 

cultured brain endothelial cells which have yielded important expression profile data 

cataloging gene families using in vitro models (Agarwal and Shusta, 2009; Haseloff et 

al., 2006; Shusta et al., 2002). However, cell culture itself influences the relative 

abundance of various BBB cell subtypes, gene expression profiles and/or the ECM 

microenvironment. The integrity or the breakdown of the blood-brain barrier depends 

on the NVU as a whole. Many other techniques are currently used to isolate 

microvessels such as mechanical isolation, enzymatic isolation, and laser capture 

microdissection (Yousif et al., 2006). Microdissection strategies to recover 
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microvessels from brain tissue have yielded useful, comparative information on the 

protein expression profiles from an intact BBB. However, this approach requires 

fixation, laser dissection, immunostaining, and subsequent gel electrophoresis 

analysis. These conditions may also change the relative protein expression profiles 

like cell culture. Therefore, we focused on a fresh microvessel isolation to 

characterize the BBB proteome from mouse brains and then validated the isolation 

technique using immunoblotting to establish quality control. Based on our interest in 

developing a resource identifying ECM components and BBB membrane proteins that 

contribute to ECM interactions, we focused on a membrane-enrichment strategy for 

mass spectrometry-based protein profiling. Agrin, an ECM protein, and aquaporin-4, 

an astrocytic endfeet protein, are known to have an important impact on the 

homeostasis between the brain parenchyma and the circulating blood, but the 

mechanism cascade from the astrocytes membrane to the endothelial cells to 

maintain BBB integrity remains completely unknown (Wolburg et al., 2009a).  

 

1.5 Proteomics – MudPIT 

Historically, BBB protein analyses depended on various gel electrophoretic-

based techniques for protein separation, followed by antibody or mass spectrometry 

for protein identification. However, protein separation and identification is limited due 

to the limited insolubility of membrane/ECM proteins and gel electrophoretic 

resolution. The use of Multidimensional Protein Identification Technology (MudPIT) 

enables the discrete identification of a large number of proteins from complex protein 

mixtures obtained from freshly isolated tissues and does not require fixed/frozen 

samples or single cell suspension-based isolation techniques, i.e. flow cytometry or 

magnetic beads (Aebersold and Mann, 2003; Pottiez et al., 2009a; Wasburn et al., 
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2001; Wu et al., 2003). Moreover, a recent study has used mass spectrometry with 

the addition of isotope labeled peptide standards to provide quantitation for known 

proteins (Uchida et al., 2011).  

 

1.6 Objectives and Summary 

In our study, freshly isolated normal mouse brain microvessels were isolated, 

its membranes fractionated, underwent proteolysis, and were followed by protein 

profiling with MudPIT. We have performed multiple MudPIT runs to maximize 

coverage of membrane proteins of both high and low abundance and to establish 

standards for technical replicates within the same samples and between different 

tissue collections. Identified proteins were assigned to various BBB classes based on 

classical markers for specific cell types and as well as recent proteomic and 

transcriptome studies (Daneman et al., 2010; Enerson and Drewes, 2006). Our 

strategy enabled the identification and classification of BBB membrane transporters, 

tight junction proteins, integrins, ECM proteins and proteoglycans. We discuss the 

classes of proteins identified and their relative abundance for the purpose of providing 

a resource for the membrane protein constituents of the normal BBB.
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MATERIALS AND METHODS 

 

2.1 Mouse Brain Microvessel Isolation 

Mouse brain microvessels were isolated using a modified protocol based on 

previously published studies (Hartz et al., 2006; Yousif et al., 2007) based on the 

IACUC approval of the University of California San Diego. For each preparation, mice 

(n=6) were over-dosed with 5% isoflourane and the brains were harvested. All 

subsequent steps were carried out at 4°C or on ice. After a wash in PBS, the brains 

were homogenized using a dounce (0.25 mm clearance) (whole brain is defined as 

the S0 fraction, a nomenclature of S0, S1 and S5 to describe the microvessel 

fractionation steps consistent with the microvessel isolation procedure as described 

below and previously by Yousif et al.,. (Yousif et al., 2007)). 15 mL of 30% Ficoll was 

added to 10 mL of the homogenate and mixed thoroughly. The resulting density 

gradient was spun at 5800xg for 20 min. (Pellet was defined as the S1 fraction). The 

pellet was resuspended in 1mL of PBS and passed using PBS with 1% BSA through 

a glass bead column, with 100 μm nylon mesh filter on the top and a 20 μm nylon 

mesh filter on the bottom. The glass beads were gently agitated in PBS with 1% BSA 

to obtain the microvessels. The resulting sample was washed with BSA-free PBS 

before use in experiments, and defined as the S5 fraction. 

 

2.2 Biochemical Analyses in Isolated Endothelial Cells 

Mouse brain microvessels were isolated as described previously. Mice were 

injected with 1 mg of FITC-lectin (FL 1101-5; Vector Labs) 20 minutes prior to 

sacrifice to validate the integrity of isolated vessels. The following antibodies were 
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used to validate microvessel confirmation; anti-Synaptophysin (Abcam; 1:1,000), anti-

AQ4 (Millipore; 1:500), anti-P-glycoprotein (Abcam; 1:250). 

 

2.3 Endothelial Cell Lysis Using Nitrogen Cavitation 

At 4°C, approximately 40μL of tissue/cells were suspended 0.5mL of 

relaxation buffer (pH 7.25, 50 mM KCl, 1.5 mM NaCl, 5 mM PIPES, 1.75 mM MgCl2, 

1 mM ATP, 0.62 mM EGTA). The cell suspension was placed in a 15 mL conical tube, 

cavitation bomb tubing attached, and nitrogen pressure (500-700 psi) applied for 10 

minutes. After placing a clean 15 mL receiving tube at the end of the pressure relief 

tubing pressure relief valve was gently opened to collect lysed cells. The tubing was 

then purged to an additional 0.5 mL of relaxation buffer and pooled with the lysate. 

 

2.4 Endothelial Cell Lysate Membrane Fractionation and Protein Digest 

At 4°C, the lysate was placed in a microfuge tube and spun at 750xg for 5 

minutes. The supernatant was placed in a 5 mL ultracentrifuge tube with relaxation 

buffer to a total volume of 4.8 mL, and centrifuged at 100,000 xg for 90 min. The 

supernatant, containing the cytosolic proteins, was discarded, while the pellet, 

containing the membrane proteins, was resuspended in 15 μL 8M urea followed by 

20 μL 0.2% ProteaseMAX acid-labile surfactant (Promega, Madison, WI) in 50 mM 

ammonium bicarbonate. Aliquots of resuspended membrane proteins were analyzed 

for total protein content by Bradford protein assay (BioRad Corporation, Hercules, 

CA). Proteins were then reduced with dithiothreitol and carbamidomethylated with 

iodoacetamide prior to tryptic digestion according to the ProteaseMAX technical 

bulletin (ProteaseMAX surfactant, Trypsin Enhancer; #TB373; Promega Corporation, 
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Madison WI). Digestion was stopped by addition of 90% formic acid to obtain a final 

in-digest concentration of 5% formic acid. 

 

2.5 Multidimensional Liquid Chromatography – Mass Spectrometry (MudPIT) 

Samples in 1.5 mL microfuge tubes were diluted 1:2 with 5% acetonitrile 0.1% 

formic acid (Buffer A), centrifuged at 13,000 xg for 10 minutes, and supernatant 

proportionate to 15 µg of protein was transferred to a new microfuge tube for loading 

to a MudPIT precolumn.  The MudPIT precolumn (250 µm internal diameter) with 4 

cm of strong cation exchange 5 µm resin (Partisphere SCX, GE Healthcare) was 

preceded by 3 cm of C18 stationary phase column (5 µm particle size, Jupiter C18, 

Phenomenex Corporation).  The resolving column dimensions were 100 µm (internal 

diameter) with 10 cm of C18 stationary phase.  Operating parameters of the MudPIT 

experiment are provided in the Supplementary Data Table 2, based on the standards 

provided by the Minimum Information About a Proteomics Experiment (MIAPE, 

http://psidev.sourceforge.net/miape/)   

 

2.6 Bioinformatic Analyses 

Spectra were searched using SEQUEST, and filtered using DTASelect2 

[http://www.scripps.edu/chemphys/cravatt/protomap/dtaselect_instructions.html].  

Spectral count data were then processed using PatternLab for Proteomics (Carvalho 

et al., 2008).  The spectral count information stored in the DTAselect-filter.txt files was 

extracted by using the Perl script dtarray2.pl (Kaschani et al., 2009).  The resulting 

dtarray2.txt file was loaded into Excel (Microsoft Corp.) and further ordered. This 

arrangement is the source for the master list of protein identifications in 

Supplementary Table 1. Information for IPI is located at: 

http://psidev.sourceforge.net/miape/
http://www.scripps.edu/chemphys/cravatt/protomap/dtaselect_instructions.html
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http://www.ebi.ac.uk/IPI/IPIhelp.html. Information on Uniprot Knowledgebase is 

located at http://www.uniprot.org/help/uniprotkb. For SEQUEST searches followed by 

DTASelect2 processing, the following criteria were utilized: (a) a 1% false positive 

discovery rate; (b) a minimum of two unique tryptic peptides per identification was 

required; (c) oxidation of methionine (+16Da) was allowed as a differential 

modification; and (d) cysteines were required to be carbamidomethylated (+57 Da).   

Statistical validation was performed for every protein hit using statistical 

functions and parameters set within the SEQUEST search as we have previously 

described in detail (Tabb et al.,., 2002).  Additional information on the use of 

DTASelect2 is available at 

http://www.scripps.edu/chemphys/cravatt/protomap/dtaselect_instructions.html, along 

with additional information on data analysis of shotgun proteomics (Yates et al.,., 

2009).

http://www.ebi.ac.uk/IPI/IPIhelp.html
http://www.scripps.edu/chemphys/cravatt/protomap/dtaselect_instructions.html
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RESULTS 

 

3.1 Microvessel Isolation and Validation 

The cortices of normal mouse brains were dissected and subjected to a 

multistep isolation protocol (includes the key steps: homogenization, density 

centrifugation, and filtration through glass bead column; see overview in Figure 1A) 

that has been previously described and utilized for transcriptome analysis, BBB 

transporter, and cell signaling studies (Enerson and Drewes, 2006; Hartz et al., 2006; 

Yousif et al., 2007). To verify the enrichment of brain microvessel material after 

density centrifugation in comparison to a step before (after homogenization), we first 

examined the integrity of the microvessel lumens by staining the vasculature prior to 

harvest. Mice were subjected to an intravenous injection of fluorescently-labeled 

endothelial cell-binding lectin from the plant Griffonia simplicifolia (Figure 1B). After 

harvest of the labeled brain and harvest of the microvessels from the Ficoll gradient 

(termed S1 as described by Yousif et al.,. and see Materials and Methods for further 

details), samples were subjected to imaging by laser scanning confocal microscopy to 

reveal stained microvessels based on the fluorescent lectin binding to the lumen of 

the endothelia. Further enrichment of microvessel preparations were achieved by 

filtration through a glass bead column (S5; Yousif et al., 2007), leading to a significant 

reduction of cellular debris. This reduction was verified by imaging the different 

sample preparations (S1 vs. S5) by phase microscopy. The staining of the samples 

with DAPI validates the nuclear integrity and that the endothelial cells in the 

micrvoessels are intact (Figure 1C). Consistent with previous studies (Yousif et al., 

2007), microvessels were most enriched in the S5 preparation (i.e. after glass bead 

purification) vs. the S1 preparation (i.e. prior to glass bead purification), as evidenced 
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by the loss of cellular debris, such as neurons and unnecessary neuroglia. To further 

confirm the validation of enrichment by biochemical analyses, lysates of whole brain 

(i.e. S0) were compared to purified microvessels (i.e. S5) by immunoblotting. 

Antibodies to the endothelial (i.e. P-glycoprotein, Pgp/Abcb1), neuronal (i.e. 

Synaptophysin, Syn), and astrocyhte endfoot (i.e. Aquaporin-4 , Aqp4) compartments 

of the BBB were used. While both Pgp and Aqp4 were increased as predicted in the 

isolated microvessels (Figure 1D), levels of the neuronal marker (Syn) were 

decreased.  This immunblot result indicates a relative enrichment of the key 

components of the BBB, endothelial cells and vessel associated astrocytes endfeet, 

in the S5 fraction vs. the S0 fraction. These quality control techniques (i.e. lectin 

staining, microscopy, and immunoblotting) were performed on parallel samples or 

aliquots of the preparations used for proteomic analysis, to ensure the most rapid 

processing of fresh unstained microvessels for membrane fractionation and 

subsequent proteomic analysis.  

 

2.2 Proteomic Profile of Mouse Brain Microvessel Membranes 

After the microvessels have been isolated, purified, and enriched (S5), they 

were subjected to nitrogen cavitation lysis, membrane isolation, tryptic digestion, and 

prepared for mass spectrometry analysis as described in the Materials and Methods. 

The gentle lysis by nitrogen cavitation ensured that the proteins stayed intact as 

cytosolic components were separated from the membrane. The membrane proteins 

were then subject to tryptic digestion with ProteaseMAX (Promega) for maximal 

solubilization and peptide recovery. ProteaseMAX, which is a hydrophobic anionic 

sulfonate surfactant, enhances the solubilization and peptide recovery of hard to 

digest membrane proteins by allowing the proteins to become more accessible to the 
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protease trypsin. The surfactant is also classified as a cleavable detergent because 

acidic conditions would cleave it into products that will not interfere with mass 

spectrometry results downstream. The resulting peptides were then separated by 2D 

liquid chromatography composed of a strong cation exchange and reverse phase 

high performance liquid chromatography using microcapillary columns followed in-line 

by tandem mass spectrometry as previously described (i.e. MudPIT (Chen et al., 

2006)). Utilizing three of the distinct S5 microvessel membrane fractionation samples, 

independent mass spectrometry runs enabled the identification of a total of 1,645 

microvessel proteins, i.e. BBB-associated proteins. The standards and settings used 

for data acquisition (Taylor et al., 2007) (i.e. MIAPE data) for these studies are found 

in Supplementary Table 1 along with a complete list of the proteins and their spectral 

counts from all mass spectrometry runs.  

Mass spectrometry is a sampling technique by which probability of detection is 

a function of protein abundance. By counting the numbers of spectra that map to 

identified proteins, spectral counting can be used as a surrogate for relative protein 

abundance (Liu et al., 2004). The criteria used for protein inclusion for the study was 

that proteins must be identified by MudPIT in 3 technical replicates (i.e. the same 

sample analyzed at 3 different times; 153-1, 153-2, and 153-3), all of which are 

considered as a single biological sample, then in an additional 2 independent 

biological samples (118 and 153). Moreover, the average of the spectral counts from 

the 3 technical replicates and the 2 biological samples must be ≥5 (Figure 2 and 

Supplementary Table 1). However, this should not undervalue the biological 

relevance of the less abundantly identified proteins (mean spectral counts <5) from 

our study. Mean spectral counts is just an objective standard to be sure that the 

proteins are actually present and sufficiently represented. In some cases, proteins 
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were found in the technical replicates, but not in the biological replicates, as well as 

the converse (Supplementary Table 1). Each protein sample, 118, 153, and 155, was 

extracted from isolated, pooled microvessels obtained from different mice.  

The first determine the intra-sample variation of proteins identified by MudPIT, 

three samples from the same S5 microvessel fraction preparation were analyzed (i.e. 

technical replicates), then the distribution of proteins identified were compared 

(Figure 2A). For the technical replicates, we found 1,355 proteins (74% of total 

proteins) common to all three samples, with 247 proteins unique to replicate 153-1, 

160 proteins to sample 153-2, and 121 proteins to sample 153-3 (Figure 2A). The 

distribution of proteins common to any 2 samples was found to be 102 proteins 

between 153.1 and 153.2, 93 proteins between 153.2 and 153.3, and 164 proteins 

between 153.1 and 153.3. Thus, a significant degree of protein overlap, 74%, exists 

between each replicate from the same starting microvessel preparation.  

Next, we compared the distribution of proteins identified between the three 

different S5 samples, where each sample was from pooled tissue of six independent 

mice (Figure 2B). 1,143 proteins (69% of total proteins) were common to all three 

samples, whereas 73 proteins were unique to sample 118, 247 proteins to sample 

153, and 150 proteins to sample 155. The distribution of proteins common to any two 

samples was found to be 67 proteins between 118 and 153, 249 proteins between 

153 and 155, and 58 proteins between 155 and 118. As assessed with the technical 

replicates of 153, a significant portion of the proteins identified (69%) was common to 

all three independent samples and was only slightly less than that identified (74%) 

from the technical replicates. Moreover, a scatter plot comparison of the proteins 

identified following the parallel analyses of replicate samples established the degree 

of overlap in an analysis of intra-sample variation (Figure 2C).  
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Lastly, Figure2D, a summary of the bioinformatic analysis of the BBB proteins 

identified from the 3 samples obtained from different groups of mice (Figure 2B), 

provided insight as to the number of membrane proteins recovered (53%), as well as 

mitochondrial (15%), and cell junction proteins (5%) recovered. A complete listing of 

all proteins identified is found in Supplementary Table 1 and the proteins are grouped 

in Tables 1-4 based on previously published reports and a classical understanding of 

their biological function. 

 

3.3 Membrane Transporter and Channel Proteins 

The BBB is characterized by the expression of a complex range of solute 

carrier proteins (SLC), ATP-binding cassette proteins (ABC), and voltage gated 

channel proteins that are essential for normal function of the brain, i.e. import of 

nutrients and drugs and export of metabolites and toxins across the endothelium. 

SLC/ABC transporters were ranked based on their number of spectral counts, which 

can be used for relative quantification between identified proteins. We identified 84 

SLC/ABC transmembrane proteins by MudPIT, with proteins having a spectral count 

of <5 peptides indicated in italics below the dashed line. All of the detailed supporting 

spectral count data are provided in Supplementary Table 1.  Of these microvessel-

derived membrane proteins identified, we noted that 21 of these proteins (i.e. Slc25a4, 

Abcb1a, Slc12a5, Slc3a2, Slc2a1, Slc1a6, Slc12a2, Slc6a1, Slc38a3, Abcc4, 

Slc9a3r2, Slc16a1, Slc2a3, Slc9a3r1, Abcd3, Slc17a7, Slc30a1, Slc27a1, Asna1, 

Abcg2, and Slc7a1) were identified in an earlier study based on mRNA expression 

profiling in rat brain microvessels (Enerson and Drewes, 2006).  An additional 13 

SLC/ABC proteins (i.e. Slc9a1, Abca7, Abcb8, Abcc9, Slc25a10, Slc5a6, Slc25a20, 

Slc4a3, Abcb6, Abca2, Slc6a20, Abcc8, and Slc38a2) were detected in mouse 
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microvessels with a spectral count of <5 that were also present at the mRNA level in 

rat microvessels (Enerson and Drewes, 2006).  Moreover, 5 out of 6 ABC proteins 

recently quantified in a study of human BBB transporters (Uchida et al., 2011) were 

also identified in our study, some with spectral counts ≥ 5 (i.e. Abcb1a, Abcc4, and 

Abcg2) and others <5 spectral counts (i.e. Abca2 and Abcc8).  In a similar 

comparison, 7 out of 10 SLC proteins had spectral counts ≥ 5 (i.e. Slc1a3, Slc3a2, 

Slc2a1, Slc2a3, Slc16a1, and Slc7a1), while Slc7a5 had a spectral count <5 (See 

Table 1 and Supplementary Table 1).  An additional 36 transmembrane proteins 

identified by MudPIT in our study were also detected at the mRNA level from isolated 

mouse endothelial cells (i.e. Abcb1a, Slc3a2, Slc2a1, Slc38a3, Abcc4, Slc9a3r2, 

Slc16a1, Slc6a17, Slc25a24, Slc25a25, Slc30a1, Slc1a1, Abcg2, Slc7a1, Slc44a1, 

Slc25a20, Slc39a10, Slc44a2, Slc12a7, Slc22a8, Slc16a2, Slc7a5, Atp7a, Slc38a2, 

and Slc7a3; See Table 1, single asterisk), pericytes, (i.e. Atp1a2, Atp1b2, Slc12a2, 

Atp2a3, Atp13a5, Abcc9, and Abca9; See Table 1, double asterisk), and astrocytes 

(i.e. Atp1a2, Slc1a2, Slc4a4, Slc25a18, Slc39a12; See Table 1, triple asterisk) 

(Cahoy et al., 2008; Daneman et al., 2010).  Prototypic examples of BBB proteins in 

the endothelium, such as Abcb1a (i.e. PgP), insulin receptor (INSR), the transferrin 

receptor (Tfrc) and 2 ma croglobulin re ce ptor (Lrp1), we re  de te cte d a mong the  top 

50 proteins in our MudPIT studies as well as from mRNA profiling of microvessels 

(Enerson and Drewes, 2006), isolated endothelium (Daneman et al., 2010), and 

human microvessel studies (Uchida et al., 2011).  Table 1 provides a listing of the 

101 transmembrane SLC/ABC and voltage gated channel proteins identified by 

MudPIT with relevant references to other complementary profiling studies. Additional 

SLC/ABC and voltage gated channel proteins are listed in Supplementary Data Table 
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1. About 15% of the genes at the blood-brain barrier encode for transporters and only 

about 50% of the transporters are known (Pardridge, 2003). 

  

3.4 Tight Junction Proteins and Integrins  

The physical integrity of the endothelial component of the BBB is generally 

defined by the expression of tight junction proteins, therefore, we examined their 

relative abundance following MudPIT of mouse brain microvessels (Table 2).  In our 

analyses, 25 tight junction proteins were identified with a spectral count ≥5 (Table 2A), 

including Pecam1 (i.e. CD31), occludin, five catenins (Types α1, α2, β1, δ1, and δ2) 

and claudin (Type 11).  An additional 8 tight junction proteins were identified including 

Vcam1, Jam 2, and claudin 5, although having limited representation among 

recovered sequences (i.e. <5 spectral counts).  Cytoplasmic tight junction adapter 

proteins were also found (9 protein hits with ≥5 spectral counts; Table 2B) and 

included cadherins (Types 2 and 13), Esam1, F11r, and Tjp1 and Tjp2 as well as 15 

proteins with low representation (Table 2B).  In addition to the tight junction proteins, 

7 integrins were identified (α1, α2b, α3, α6, α7, αv, and β1), with an additional 7 

integrins detected with low recovery (α2, α 5, αm, β2, β3, β5, and β8; Supplementary 

Table 1).  These findings provide a resource for the further analysis of cell-cell and 

cell-ECM mediators expressed in the membrane fraction of brain microvessels.    

 

3.5 ECM and Basal Lamina Proteins  

To better characterize the ECM microenvironment and basal lamina proteins, 

we examined the MudPIT proteomic profile from microvessels.  We identified 24 ECM 

proteins including tenascin-R, fibrinogen β chain, 6 laminins (types α1, α2, α4, β1, β2, 

and γ1), and 5 proteoglycans (agrin, brevican, dystroglycan, perlecan, and versican).  



17 
 

 

In addition, the neuronal associated proteins contactin (Types 1 and 2), and neural 

cell adhesion molecule L1 were detected.  While only collagen IV α1 and α2, were 

detected with spectral counts ≥5, several additional collagens (types Iα2, IVα3, VIα1, 

XIIα1, XVα1, and XVIIIα1) were also detected with low spectral abundance. In 

combination our findings provide a more complete resource of the relevant ECM 

proteins present in brain microvessel microenvironment than has been previously 

reported. 

 

3.6 BBB-specific Cell Types 

The analysis of microvessel proteome included the identification of proteins 

associated with endothelial cells and their associated astrocytes and pericytes.  A 

total of 24 proteins were associated with endothelial cells based on previously 

published studies of the RNA expression in isolated cells (Daneman et al., 2010). Of 

these the ABC transporter Abcb1a was the most abundant, along with several SLC 

proteins (Slc2a1, Slc1a1; see See Table 1), von Willebrand factor-related proteins 

(Vwf and Vwa1, See Table 4A), as well as CD31 and Occludin (Pecam1 and Ocln, 

See Table 2A).  A total of 31 endothelial proteins were identified (Table 4A), in 

addition to the 36 transmembrane endothelial transporter/channel proteins annotated 

in Table 1.  VEGF receptors (Flt1 and Kdr), were also detected, although below the 5 

spectral count threshold.  Also present were the prototypic astroycte markers such as 

GFAP and Aqp4, as well as the more recently characterized astrocyte marker, 

Aldh1L1.  Similarly, recovery of pericyte markers such as Slc1a2, Slc4a4, and laminin 

α2 (Table 3) indicates that the membrane fractionation of microvessels recovers both 

transmembrane proteins as well as associated ECM proteins.  
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DISCUSSION 

 

In this study we validated a combination of brain microvessel isolation, 

membrane fractionation, proteolytic digestion, liquid chromatography, mass 

spectrometry and bioinformatic techniques to identify and catalog the protein 

expression profile in the BBB. The specific strategy enabled the profiling of 

transmembrane and membrane-associated markers of the BBB at the protein level 

(Kamiie et al., 2008; Ohtsuki and Terasaki, 2007).  We focused on the identification of 

the canonical classes of membrane-associated BBB proteins that are associated with 

solute transport functions and normal brain physiology (e.g. SLC/ABC transporters 

and voltage gated channel proteins), tight junction proteins maintaining integrity (i.e. 

the transmembrane proteins and associated cytoplasmic adapters) and basal lamina 

extracellular proteins that constitute the ECM microenvironment and indirect 

intercellular contacts (i.e. integrin mediated interactions with the basal lamina) 

(Hawkins and Davis 2005).  For the ECM proteins in particular, we were interested in 

an approach to identify basal lamina proteins from intact microvessels to provide the 

most physiologically relevant in vivo profile, in contrast to in vitro assays where cell 

culture has the potential to introduce artifacts with regard to ECM protein expression.  

The intent of our studies was to generate a BBB protein database utilizing 

MudPIT, which provides a reference for identification of BBB membrane proteins, 

ECM, and basal lamina.  Membrane fractionation of the microvessels followed by a 

urea-assisted, acid-labile, surfactant-mediated protease digestion was used to 

identify: 1) the most abundant proteins (i.e. a standard of comparison for proteomic 

analysis and a measure of contaminants from other cellular compartments); 2) the 

profile of classical transmembrane transport proteins; and 3) the profile of tight 
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junction and ECM proteins associated with microvessels (i.e. a measure of 

proteins that define the physical barrier properties of the NVU (Wolburg et al., 2009b)).  

Previous studies by Enerson and Drewes examined the mRNA expression of 

isolated rat microvessels and validated the techniques to isolate intact fresh 

microvessels (Enerson and Drewes, 2006). We utilized a similar isolation strategy as 

described by several laboratories to isolate BBB components, then interrogated which 

proteins were associated with the BBB membrane fraction utilizing MudPIT.  We 

annotated our proteomic findings for comparison with mRNA expression profiling of 

SLC/ABC transporters (Table 1), tight junction proteins (Table 2), and endothelial 

genes (Table 4A) leading to the observation that as expected, many of the genes 

expressed at the mRNA level in rat brain were also expressed in membrane protein-

focused proteomic profiling.  For example, 62% of the SLC/ABC transporters 

expressed at the RNA level by Enerson and Drewes were also detected in our 

proteomic study.  Although a total of 217 SLC/ABC transporters and voltage gated 

channel proteins were detected by our MudPIT approach, only 58% of these proteins 

satisfied our selection threshold for identity in 3 different biological samples and with 

the average spectral count ≥5. Although additional membrane transporters were 

identified, further investigation will be necessary to validate the expression and 

biological relevance of the less abundant proteins that did not meet the stringent 

spectral count cutoff criteria.  We have compiled a complete listing of all peptides 

identified with accompanying spectral data (Supplementary Table 1). Similarly, 53% 

of the tight junction proteins identified by Enerson and Drewes were also detected by 

MudPIT, while an additional 21 tight junction proteins/adapters (Daneman et al., 2010) 

were identified along with 7 integrins that have not been previously identified through 

microvessel proteomics.  Tables 1-4 are further annotated with gene expression data 
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based on protein (Agarwal et al., 2009; Cayrol et al., 2008; Cunnea et al., 2010; 

Krishna and Redies, 2009; Li et al., 2009; Lu et al., 2008b; Ohtsuki and Terasaki, 

2007; Pottiez et al., 2009b; Yousif et al., 2007) and mRNA (Cahoy et al., 2008; 

Daneman et al., 2010; Enerson and Drewes, 2006) detection strategies. A recent 

quantitative targeting proteomics strategy, reported as sensitive to the fmol range, for 

human blood-brain transporters and receptors yielded a similar ABC/SLC transporter 

profile, with 5 of 6 ABC proteins and 7 of 10 SLC proteins identified by MudPIT 

present in the reported human study (Uchida et al., 2011). Interestingly, Uchida et. al. 

compared expression levels of ABC transporters between human and mouse 

microvessel and determined that Abca8, which was not detected in our study, and 

Abca2, which had a spectral count <5, were present in their analyses at relatively low 

concentrations in mouse microvessels.  Thus, it seems that our findings compare 

favorably with findings by Uchida et. al. (Uchida et al., 2011) consistent with a high 

degree of protein detection sensitivity in our studies. 

The recent mRNA gene profiling report (Daneman et al., 2010) on isolated endothelial 

cells, pericytes and astrocytes provided an opportunity to compare and annotate our 

protein-based findings.  We observed that by focusing on the membrane fraction for 

proteomic analyses we were able to obtain an unexpectedly large number of 

SLC/ABC transporters present in microvessels, of which the mRNA expression of 

specific family members of transporters was similar, but not identical to that observed 

in isolated cells (Daneman et al., 2010).  For example, 5 of the 6 transporters Apcdd1, 

Abcb1a, Slco1a4, Slc22a8, Slc7a5, but not Slc01c1 were highly expressed at the 

mRNA level by Daneman et al.,. (Daneman et al., 2010) and were also identified by 

proteomics, although with low spectral counts.  Similarly, while we obtained a large 

number of transporters as identified by RNA-based expression studies, the exact 
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expression profile of transporters varied.  We recognized the inherent difficulty of 

protein isolation from complex tissue sources and identification of low abundance 

proteins, as compared to RNA transcript analysis of low abundance mRNAs.  

However, the identification of proteins with low spectral counts provides a starting 

point for further studies.  Most importantly, the further understanding of the 

interdependent roles of the ~120 transporters recovered with the most abundant 

spectral counts will provide insight into BBB integrity and function.   

Interestingly, among the most abundant transmembrane transporter/channel 

proteins was Atp1a2, whose gene expression was detected in both isolated pericytes 

(Daneman et al., 2010) and astrocytes (Cahoy et al., 2008).  The expression of other 

pericyte markers such as PDGFRβ was low, or in the case of CD13 and NG2, not 

represented in the proteomic database generated herein.  Expression profiling is 

another complementary technique, which has been used by Shusta and colleagues to 

characterize membrane BBB proteins using expression cloning (Agarwal et al., 2009; 

Agarwal and Shusta 2009).  Other in vitro proteomic screening studies have focused 

on triton-soluble proteins (Pottiez et al., 2009b) and proteins lipid membrane rafts in 

cultured human endothelial cells where Alcam, AHNAK (desmoyokin), and 

intracellular trafficking proteins (clathrin light chain and Cav-1) were identified (Cayrol 

et al., 2008).  In vivo proteomic analysis of integral membrane proteins with colloidal 

silica recovery technique also identified Cav-1, GPR116, G αq, G α12, Flot-2, Fyn, 

ADAM10, and contactin-1 (Li et al., 2009).  Several of the proteins identified with 

these complementary approaches have also been identified in our study and are 

annotated in Table 4A.  In combination, these findings underscore that our MudPIT-

based approach for microvessel protein identification is useful for high coverage of 
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membrane proteins and identification of physiologically relevant proteins on specific 

BBB cell types (Pottiez et al., 2009a). 

While transcriptome profiling provides a standard from which to assess mRNA 

expression levels in microvessels or isolated primary cells, the generation and 

characterization of a BBB gene expression profile at the protein level is essential for 

comparative purposes.  Therefore, developing techniques to better analyze unknown 

constituents of the BBB proteome is essential as shown by the laser capture 

microdissection (LCM) of microvessels from mouse brain slices using 

cryopreservation, fixation, and immunostaining followed by gel electrophoresis and 

then mass spectrometry for protein identification (Lu et al., 2008b).  In a comparison 

with our MudPIT strategy of utilizing fresh intact microvessels, 58% of the BBB-

enriched/endothelial proteins identified by LCM/gel electrophoresis were also evident 

in our studies as indicated in Tables 1-4.  Quantification of the relative abundance of 

known membrane transporters from human and mouse microvessels (Uchida et al., 

2011), along with our results identifying proteins demonstrates that a MudPIT 

approach is highly appropriate for proteomic identification from isolated BBB 

membranes and provides increased protein identification coverage.  Each spectral 

count is a selected peptide precursor ion selected for fragmentation that is 

subsequently assigned for protein identification.  For spectral counts between 5 and 

500, abundance is linearly proportionate to spectral count (Collier et al., 2010; Cooper 

et al., 2010; Liu et al., 2004).    Therefore, while there are limitations with relying 

exclusively on spectral counts for relative quantitation, once protein identifications 

have been made using a procedure such as the MudPIT, other techniques can be 

deployed to quantify known proteins  (Uchida et al., 2011).  The identification of ECM 

proteins and transmembrane integrins in our study using freshly isolated tissue 
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provides a profile of the membranes in the contact with the extracellular 

microenvironment is not influenced by potential tissue culture induced artifacts 

(McCarty 2009).  While many ECM proteins were identified by MudPIT (i.e. six 

different specific laminin subtypes and five different proteoglycans), the mRNA 

encoding these and other ECM proteins appeared to be under-represented in 

transcriptome studies, suggesting the possibility that ECM proteins with a long half-

life may help explain the low abundance of their coding mRNAs.  Therefore, to better 

understand the ECM microenvironment in the BBB, a MudPIT strategy provided the 

most complete protein expression profile to date of ECM proteins.  

In contrast to classical 2D isoelectric focusing/SDS-PAGE, where 

solubilization and resolution of hydrophobic proteins is limited, our solubilization and 

enzymatic fragmentation yielded experimental material sufficient for a relatively high 

content analyses of a large number of peptide fragments.  This was due, in part, to 

the use of: 1) a cell membrane lysis approach that minimized nuclear lysis; and 2) a 

relaxation buffer to better unfold membranes (Borregaard et al., 1983) prior to lysis 

and centrifugal fractionation; and 3) use of urea as a solubilizing agent and 

ProteaseMAX acid-labile surfactant to increase the efficiency of tryptic digestion.  

Similar approaches applied to the analysis of membrane proteins in yeast, heart, and 

human parotid exosomes have led to the identification of high content membrane 

protein data sets (Gonzalez-Begne et al., 2009; Lu et al., 2008a; Lu et al., 2009; 

Washburn et al., 2001).  As with most sensitive analytical tools such as MudPIT, an 

important consideration is the purity of the starting material (i.e. microvessels vs. 

other cell types) and the quality of the membrane fractionation (i.e. the yield of 

membrane proteins).  Therefore, we have relied on validation techniques consistent 

with DeCleves and colleagues (Yousif et al., 2007) and our own immunoblotting of 
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starting microvessel material to validate the expression of membrane proteins, 

enrichment of endothelium/astrocyte endfeet and a decrease in neuronal proteins.  

In a comparison of the proteins identified in this study of mouse brain blood 

vessels by MudPIT vs. RNA gene profiling and immuohiostochemistry, it remains a 

challenge to determine how source, isolation, and analytical techniques may 

influence the conclusions (Uchida et al., 2007).  For example, in the study of the BBB, 

expression of claudin 5 and cadherin 11 are widely described (Hawkins and Davis, 

2005; Nitta et al., 2003), and yet neither was a major component of the mass 

spectrometry spectral counts analyzed.  In contrast, cadherins 1 and 2 and cadherin 

11 predominated in our analysis suggesting that if extraction techniques affect 

different members of the same family, then such differences in apparent abundance 

may have other unknown explanations.  These differences may reflect the limitations 

recovery techniques, the source of the lysate (i.e. heterogeneity of brain 

microvessels), the post-translational status, ex vivo proteolytic activity, and the 

possibility that other tight junction proteins may deserve closer study in terms of the 

relative abundance and physiological relevance.  For example, a recent in situ mRNA 

study of blood vessel cadherins in developing ferret brains indicated that while many 

cadherins were expressed in development, surprisingly no mRNA was detected in 

adult brain capillaries solubilization.  This finding further supports the need to 

characterize BBB components at the protein level (Krishna and Redies, 2009).  

It has become increasingly clear that a better understanding of the BBB 

requires a more comprehensive knowledge of the protein constituents of this 

important biological barrier (Czeisler and Janigro, 2006; Neuwelt et al., 2008; 

Pardridge, 2010; Soni et al., 2010).  In our study, we have utilized MudPIT on fresh 

unfixed microvessels to provide a comprehensive database resource for membrane 
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transporter, tight junction and ECM proteins of the BBB.  Our microvessel-based 

analysis of proteome provides a novel bioinformatic resource to help place into 

perspective transcriptome and proteomic findings from intact microvessels and 

isolated cells of the BBB. 
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Figure 1. Scheme of brain microvessel enrichment (A) Flow chart of microvessel 
enrichment procedure where S0 is whole brain lysate, S1 is brain pellet after ficoll 
centrifugation and S5 is obtained from purified microvessels.  (B) Confocal imaging of 
brain microvessels following mouse intravenous injection with FITC-lectin followed by 
microvessel extraction and isolation. Bar = 50 microns. (C) Fluorescent and phase 
imaging of DAPI-stained nuclei from S1 vs. S5 microvessel fractions. (D) 
Immunoblotting of S0 vs. S5 fractions with anti-P-glycoprotein (Pgp), anti-
synaptophysin (Syn), or anti-aquaporin-4 (Aqp4) antibodies. 



27 
 

 

 
 
 
 
Figure 2. Information on proteins identified by MudPIT from technical/biological 
replicates from the S5 microvessel fraction samples. (A) Shown in a Venn 
diagram are the numbers of proteins identified by MudPIT analyses common to or 
distinct from each other in three technical replicates of the S5 microvessel fraction, 
153-1, 153-2, and 153-3. Three single samples were prepared and then stored 
individually, and then analyzed independently by MudPIT. Inclusion criteria for the 
1355 proteins common to all three replicates were ≥5 spectral counts and common 
identity to all three replicates, with 1,883 proteins (common + unique proteins) 
identified from all samples. Individual protein outliers correspond to 247 (153-1), 160 
(153-2), and 121 (153-3) proteins from each replicate. Supplementary Table 1 
contains the complete listing of all proteins identified and number of spectra from 
each replicate and all S5 microvessel fraction samples. See Materials and Methods 
for information on mass spectrometry and bioinformatic analyses. (B) A Venn diagram 
shows the numbers of proteins common to or distinct from each other in three 
biological replicates of the S5 microvessel fraction, 118, 154, and 153 (proteins 
common to 153-1, 153-2, and 153-3). Each S5 microvessel fraction sample was 
prepared as an individual sample prior to analyses.  The criteria used for inclusion of 
proteins common to, 1149, or distinct from each sample, 78 (118), 150 (154) and 274 
(153) were as discussed in A., 1,645 proteins (common + unique proteins) were 
identified from all samples (C) A comparison of the average of all spectral counts 
obtained from all mass spectrometry runs was compared to individual spectral counts 
obtained from each mass spectrometry run. The log scale regression plot presented 
the average of all spectral counts for all microvessel membrane fraction 5 analyses as 
compared to the spectral counts for individual analyses. The legend is on the plot for 
each technological replicate, 1A, 1B, and 1C, and the two biological replicates, 2 and 
3.  R2 = 0.98624. (D) The cellular location of proteins identified from microvessel 
fractions, with numbers of proteins given after the category in the bar chart, for a 
given subcellular location relative to the total number of location-annotated Uniprot 
IDs for all five MudPIT analyses of the S5 membrane factions.  For each identified 
protein the International Protein Index (IPI) (Kersey et al., 2004) identifiers were first 
mapped to Uniprot identifiers (IDs). The Uniprot Knowledgebase was then used to 
correlate IDs to subcellular location.  Membrane refers to all proteins identified that 
can be designated as a membrane protein. The percentages do not add to 100%, as 
many proteins have more than one subcellular location. For additional information 
please see Material and Methods.   
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Figure 2. continued. 
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TABLES 

Table 1. Transporters and Channel Proteins   

Protein Gene Mean S.D. Ref 
IPI00752412 Atp1a3 1954.7 211.5 3 
IPI00420569 Atp1a2 1249.7 99.1 2**, 5*** 
IPI00311682 Atp1a1 1135.0 79.9  
IPI00468481 Atp5b 1033.0 318.0  
IPI00130280 Atp5a1 849.0 158.4  
IPI00378485 Atp1a4 639.7 48.0  
IPI00115564 Slc25a4 568.0 50.5 1 
IPI00875419 Slc1a2 500.0 110.0 5*** 
IPI00127841 Slc25a5 397.3 11.9  
IPI00857092 Slc4a4 211.0 13.1 5*** 
IPI00308162 Slc25a12 209.0 53.7  
IPI00114279 Slc1a3 208.3 35.3 7 
IPI00121550 Atp1b1 184.3 46.2  
IPI00119113 Atp6v1b2 178.7 35.0  
IPI00831180 Atp2b2 175.0 16.1  
IPI00313475 Atp5c1 166.3 53.3  
IPI00553834 Abcb1a 150.0 46.7 1,2*,4,6,7 
IPI00556827 Atp2b1 140.7 19.8  
IPI00407692 Atp6v1a 130.7 29.7  
IPI00341282 Atp5f1 121.3 35.0  
IPI00407499 Abat 118.0 41.6  
IPI00338964 Atp2a2 118.0 18.7 3 
IPI00828950 Atp6v0a1 113.0 19.3  
IPI00751474 Atp2b4 107.7 28.9  
IPI00265299 Atp2b3 107.0 18.0  
IPI00877254 Slc12a5 91.0 6.1 1 
IPI00124771 Slc25a3 88.3 8.7 3 
IPI00109275 Slc25a22 79.7 16.3  
IPI00114641 Slc3a2 75.3 15.0 1,2*,6,7 
IPI00313841 Atp6v0d1 69.7 23.7  
IPI00230507 Atp5h 58.7 5.0  
IPI00230680 Atp4a 56.3 8.1 6 
IPI00118986 Atp5o 56.0 9.2  
IPI00315999 Atp6v1f 52.7 7.4  
IPI00123704 Atp1b2 51.0 14.9 2** 
IPI00230754 Slc25a11 49.3 10.1  
IPI00119115 Atp6v1e1 49.3 5.5  
IPI00752501 Slc4a10 42.0 5.0  
IPI00120761 Slc4a1 39.0 9.2 3 
IPI00311654 Atp2a1 32.0 27.9  
IPI00308691 Slc2a1 29.7 4.5 1,2*,4,6,7 
IPI00626793 Cacna2d1 26.3 5.9  
IPI00131666 Slc1a6 25.7 3.1 1 
IPI00111770 Atp5k 25.0 7.8  
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Protein Gene Mean S.D. Ref 
IPI00135324 Slc12a2 21.7 4.0 1,2** 
IPI00875016 Slc25a18 18.7 2.3 5*** 
IPI00227928 Slc6a1 17.7 2.3 1 
IPI00322156 Slc38a3 17.0 7.5 1,2* 
IPI00111686 Abcc4 17.0 3.6 1, 2*,6,7 
IPI00308063 Slc9a3r2 16.7 4.7 1,2* 
IPI00828762 Abca1 15.7 5.1 7 
IPI00311200 Atp2a3 12.7 2.5 2** 
IPI00137194 Slc16a1 11.7 4.7 1,2*,6,7 
IPI00134191 Slc2a3 11.3 2.1 1,7 
IPI00109311 Slc9a3r1 11.3 1.5 1 
IPI00553576 Abcd3 11.0 3.0 1 
IPI00109153 Slc17a7 10.0 4.6 1 
IPI00229554 Slc6a17 10.0 2.6 2* 
IPI00468924 Slc25a24 9.3 5.5 2* 
IPI00221921 CD9 8.0 6.6 7 
IPI00265568 Slc25a25 7.3 1.5 2* 
IPI00120166 Slc30a1 7.3 5.9 1,2* 
IPI00420244 Slc1a1 7.0 3.6 2* 
IPI00468691 Abcg2 6.7 3.2 1,2*,4,6,7 
IPI00120097 Slc27a1 6.3 1.5 1 
IPI00624501 Asna1 6.0 5.6 1 
IPI00121634 Slc7a1 6.0 5.3 1,2*,7 
IPI00122522 Ggt1 5.3 3.1 6* 
 
Table 1. Continued 
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Protein 
IPI00225534 

Gene 
Atp13a5 

Mean 
4.7 

S.D. 
1.5 

Ref 
2** 

IPI00622815 Slc9a1 4.3 1.5 1 
IPI00125970 Abca7 4.0 4.0 1,7 
IPI00459383 Abcb8 4.0 2.0 1 
IPI00136334 Abcc9 3.7 3.2 1,2**,8 
IPI00317074 Slc25a10 3.7 2.1 1 
IPI00828826 Slc44a1 3.7 1.5 2* 
IPI00553414 Slc5a6 3.3 2.9 1 
IPI00131584 Slc25a20 3.0 1.7 1,2* 
IPI00128358 Insr 3.0 3.6 7 
IPI00858037 Abca9 2.7 3.1 2** 
IPI00273801 Slc39a10 2.7 0.6 2* 
IPI00750694 Slc39a12 2.7 3.1 5*** 
IPI00169896 Slc44a2 2.7 2.3 2* 
IPI00470963 Slc4a3 2.3 2.1 1 
IPI00120094 Abcb6 2.0 1.7 1 
IPI00112616 Abca2 1.7 1.5 1,7 
IPI00331175 Slc12a7 1.7 1.5 2* 
IPI00387413 Slc22a8 1.7 1.5 2*,6 
IPI00742415 Abca3 1.3 2.3 7 
IPI00353962 Slc16a2 1.3 1.2 2* 
IPI00331577 Slc7a5 1.3 2.3 2*,6 
IPI00314205 Slc6a20 1.0 1.7 1 
IPI00624726 Abcc8 0.7 1.2 1,2,7 
IPI00830169 Atp7a 0.7 1.2 2* 
IPI00453817 Slc38a2 0.7 1.2 1,2*,6 
IPI00109242 Slc7a3 0.7 1.2 2* 
 
Table 1. Continued 
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Table 2A. Tight Junction Transmembrane Proteins 
 

Protein Gene Mean S.D. Ref 
IPI00122971 Ncam1 205 51 3 
IPI00850457 Cadm2 42.7 9.1   
IPI00380273 Gja1 35.3 7 1 
IPI00121378 Alcam 32.7 7.4 1 
IPI00115762 L1cam 31.7 2.5 3 
IPI00136135 Ctnnd2 22.3 3.8   
IPI00395042 Nrcam 21.7 4.2 1 
IPI00127556 Ncam2 21.7 2.5   
IPI00471176 Hepacam 21.3 8.5   
IPI00856723 Cadm1 19.3 7.1   
IPI00857780 Cadm3 19 6.1   
IPI00877299 Icam5 18 3.6 1 
IPI00229475 Jup 17 1 1,3 
IPI00473693 Pkp4 16.7 5 1 
IPI00749860 Cdh2 14.3 4 2 
IPI00875877 CD47 10.7 1.2   
IPI00153840 Cadm4 9.7 4.9   
IPI00406901 Pecam1 8 3.5   
IPI00120295 Cldn11 7.7 1.2 1,3 
IPI00154057 Pcdh1 6.7 1.5 5 
IPI00117828 Ocln 4.3 1.5 2,6 
IPI00775975 Cdh13 4.3 1.2 1,2 
IPI00117424 Icam2 3.3 1.5 1,2,6 
IPI00410802 CD44 3 1 4,5 
IPI00111902 Gjb6 2.3 2.1 4 
IPI00138180 Cdh5 2.3 2.1 1,2,5,6 
IPI00138190 Cdh11 2 2 1,2,5 
IPI00755700 Pcdh9 2 2 5 
IPI00469123 Mcam 1.7 1.5 1,4 
IPI00848632 Pcdh10 1.3 2.3 5 
IPI00122973 Icam1 1.3 1.2 6 
IPI00356667 Pcdh17 1.3 1.2 5 
IPI00119893 Cldn5 1 1.7 1,2 
IPI00346482 Cdh10 1 1.7 2 
IPI00775835 Cdh6 1 1.7 2,5 
IPI00109330 Cdh15 0.7 1.2 2 
IPI00622727 Jam2 0.7 1.2 2 
IPI00653571 Vcam1 0.7 1.2 4,6 
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Table 2B. Tight Junction Cytoplasmic Adapters 

Protein Gene Mean S.D. Ref 
IPI00125899 Ctnnb1 55 4.4 2,4 
IPI00119870 Ctnna2 49 3   
IPI00112963 Ctnna1 43.3 7.6   
IPI00874522 Tjp1 24.3 10 1,2,3 
IPI00125861 Dlg1 20 3 2 
IPI00752108 Ctnnd1 16.7 4.2   
IPI00126827 Esam1 9.7 5.5 1,2 
IPI00136498 Lin7c 9 1.7 2 
IPI00137706 Mpp1 8.7 3.1 2 
IPI00124051 Mpp5 6 2 2 
IPI00323349 Tjp2 6 2.6 1,2 
IPI00330186 Dlgap4 5 1 2 
IPI00121362 F11r 5 3 1,2 
IPI00877180 Cgnl1 3.3 1.5 2 
IPI00761693 Mpp7 2 2 2 
IPI00129388 Scrib 2 2 2 
IPI00399953 Wnk1 1 1.7 2 
IPI00761515 Magi3 0.7 1.2 2 
IPI00762889 Tjp3 0.7 1.2 2 

 

 
Table 2C. Integrins 
 

Protein Gene Mean S.D. Ref 
IPI00132474 Itgb1 44.7 9.6 4 
IPI00620873 Itga6 25.3 4.2  
IPI00466371 Itga1 22.3 6.4 4 
IPI00877232 Itga2b 11.7 5.8  
IPI00466276 Itga7 11.3 1.5  
IPI00857195 Itgav 8.7 1.5 6 
IPI00468674 Itga3 5.3 0.7  
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Table 3. Extracellular Matrix Proteins 
 

Protein Gene Mean S.D. Ref 
IPI00123058 Cntn1 125.0 16.5 8* 
IPI00515360 Hspg2 60.3 44.0  
IPI00227126 Tnr 53.7 4.2  
IPI00854028 Cntnap1 46.0 14.8  
IPI00400016 Lamc1 43.0 36.4  
IPI00109612 Lamb2 33.0 24.6  
IPI00756745 Lama2 30.3 34.5 2** 
IPI00648938 Agrn 26.7 20.4  
IPI00111793 Nid1 24.7 17.5  
IPI00676957 Lama5 24.0 23.6  
IPI00420554 Cntnap2 18.7 3.8  
IPI00620601 Astn1 16.7 0.6  
IPI00122273 Dag1 16.7 9.0  
IPI00113726 Lama1 13.3 7.4  
IPI00279079 Fgb 13.0 6.1  
IPI00119970 Cntn2 12.7 3.8  
IPI00338785 Lamb1 12.3 6.0  
IPI00223446 Lama4 12.0 5.3  
IPI00109588 Col4a1 11.7 15.3  
IPI00121038 Vcan 11.0 3.5  
IPI00338452 Col4a2 10.7 11.0  
IPI00719919 Nid2 10.0 9.2  
IPI00270915 Cntn3 8.3 3.5  
IPI00869394 Bcan 6.3 2.1  
IPI00115522 Fga 6.3 1.2  
IPI00113539 Fn1 6.3 5.5  
IPI00830749 Col6a3 5.0 5.6  
IPI00469123 Mcam 1.7 1.5 5* 
IPI00480306 Cntn4 0.7 1.2 5* 
IPI00129240 Vtn 0.7 1.2 2** 
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Table 4A. Endothelial Proteins 
 

Protein Gene Mean S.D. Ref 
IPI00227299 Vim 191.3 63.0 3,5,8 
IPI00115240 Mbp 75.3 28.4 1,3 
IPI00119063 Lrp1 57.0 12.2 11 
IPI00228618 Gnaq 37.3 0.6 7 
IPI00553798 Ahnak 37.3 22.9 5 
IPI00121378 Alcam 32.7 7.4 5 
IPI00224776 Hspa12b 31.7 14.6 2 
IPI00620256 Lmna 24.7 6.7 4 
IPI00131138 Flna 24.0 6.9 8 
IPI00313884 Podxl 23.0 1.0 4 
IPI00124700 Tfrc 22.3 12.9 1,11 
IPI00408495 Bsg 20.0 3.5 2,5 
IPI00653398 Flot2 18.0 4.0 7 
IPI00118569 Gna13 16.0 3.5 5 
IPI00648927 Clta 14.3 2.5 5 
IPI00311671 Nos3 13.0 2.6 6 
IPI00130589 Sod1 12.7 4.7 6 
IPI00134131 Scp2 12.3 1.5 4 
IPI00114594 Rras 11.7 3.8 5 
IPI00127942 Dstn 10.7 1.5 4 
IPI00331609 Vwa1 10.7 6.0 2 
IPI00762435 Fyn 10.3 2.3 7 
IPI00117829 Cav1 9.7 5.0 5,7 
IPI00129253 Ly75 8.0 3.0 2 
IPI00131881 Adam10 7.7 4.9 7 
IPI00278804 Scamp1 7.7 1.5 4 
IPI00315280 Sema7a 6.7 0.6 2 
IPI00120066 Prom1 6.3 1.5 2 
IPI00133608 Ociad1 5.7 0.6 4 
IPI00849927 Rpl10 5.7 4.0 4 
IPI00113377 Rplp1 5.0 4.4 4 
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Protein Gene Mean S.D. Ref 
IPI00338094 Bmpr2  4.0  2.0  3  
IPI00762331 Cobll1 4.0 3.6 2 
IPI00828826 Slc44a1 3.7 1.5 2 
IPI00322245 Fmo2 3.3 2.9 2 
IPI00222369 Itih5 3.3 3.5 2 
IPI00111600 Spock2 3.3 0.6 2 
IPI00321477 Eng 3.0 2.6 2,3  
IPI00128358 Insr  3.0  3.6  11  
IPI00129423 Thbd  3.0  3.6  6  
IPI00798576 Vwf  2.7 0.6 1 
IPI00876541 Gpr116 2.3 2.5 2,7 
IPI00221547 Tek  2.3 2.1 1 
IPI00458230 Mfsd2 2.0 2.0 2 
IPI00131498 Cd93 1.7 1.5 2 
IPI00467127 Chid1 1.7 2.9 4 
IPI00625441 Tpd52 1.7 1.5 2 
IPI00133257 CD34  1.3  2.3  1  
IPI00124497 Flt1 1.3 1.2 1,2,6 
IPI00230191 Gna12  1.3  2.3  7  
IPI00123996 Nrp1  1.3  2.3  7  
IPI00137172 Ppapdc2 1.3 2.3 2 
IPI00226730 Clic5 1.0 1.7 2 
 
Table 4A. Continued 
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Table 4B. Astrocyte Proteins 
 

Protein Gene Mean S.D. Ref 
IPI00117042 Gfap 282.0 5.2 1,3,9,12 
IPI00119458 Aldoc 66.3 5.7 9 
IPI00230738 Aqp4 51.3 12.1 9 
IPI00153317 Aldh1l1 17.0 6.9 9 
IPI00453834 Acsbg1 16.0 4.0 9 
IPI00131995 Hapln1 11.0 7.2 9 
IPI00322760 Prodh 7.7 2.1 9 
IPI00119130 1500005I02Rik 6.7 2.5 9 
IPI00830222 Mlc1 4.7 2.5 9 
IPI00118069 F3 1.3 1.2 9 
IPI00329896 Pla2g7 1.3 2.3 9 
 
 
Table 4C. Pericyte Proteins 
 

Protein Gene Mean S.D. Ref 
IPI00117043 Acta2 133.3 116.4 1 
IPI00416906 Gnas 33.3 2.5 10 
IPI00134585 Enpep 31.0 12.8 2,10 
IPI00756745 Lama2 30.3 34.5 2 
IPI00113517 Ctsb 26.0 4.6 10 
IPI00153202 Ace2 21.7 6.4 2 
IPI00136716 Grm3 14.3 0.6 2 
IPI00126186 Mrc1 12.0 9.2 10 
IPI00133208 Hspa1a 6.0 10.4 10 
IPI00344142 Lin7a 5.3 5.0 2 
IPI00118880 Gucy1b3 5.0 1.0 2 
IPI00128915 Cspg4 4.3 1.5 2 
IPI00229516 Itgb5 4.3 2.3 2 
IPI00121827 Pdgfrb 2.7 1.2 2 
IPI00329896 Pla2g7 1.3 2.3 2 
IPI00123125 Xtrp3s1 1.0 1.7 2 
IPI00221980 Pde8b 0.7 1.2 2,10 
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SUPPLEMENTARY TABLES 

 

Supplementary Table 1. Complete listing of all proteins identified from the 

microvessel S5 fraction 
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