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Abstract
The blood–brain barrier (BBB) maintains brain homeostasis
by tightly regulating the exchange of molecules with
systemic circulation. It consists primarily of microvascular
endothelial cells surrounded by astrocytic endfeet, pericytes,
and microglia. Understanding the make-up of transporters in
rat BBB is essential to the translation of pharmacological
and toxicological observations into humans. In this study,
experimental workﬂows are presented in which the optimization of (a) isolation of rat brain microvessels (b)
enrichment of endothelial cells, and (c) extraction and
digestion of proteins were evaluated, followed by identiﬁcation and quantiﬁcation of BBB proteins. Optimization of
microvessel isolation was indicated by 15-fold enrichment of
endothelial cell marker Glut1 mRNA, whereas markers for
other cell types were not enriched. Filter-aided sample
preparation was shown to be superior to in-solution sample
preparation (10251 peptides vs. 7533 peptides). Label-free
proteomics was used to identify nearly 2000 proteins and

Guidelines for developmental, behavioral, chemical, and
neurotoxicity testing of new therapeutic entities have been
adopted by the Food and Drug Administration (Sobotka
et al. 1996). Pre-clinical studies depend upon the use of
animal models, and rodents represent the main animals
used in mainstream neuroscience and neurotoxicity
research; in 2015, about 32% of publications in neuroscience research used rodents (Keifer and Summers 2016).
Typically, rodents are short-lived, making them a valuable
model in aging studies, where measurement over the
lifetime of the same rodent is an attractive option. Rodents
have been successfully used in studies of certain human
neurological diseases (Persidsky et al. 2006; Erickson and
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quantify 1276 proteins in isolated microvessels. A combination of targeted and global proteomics was adopted to
measure protein abundance of 6 ATP-binding cassette and
27 solute carrier transporters. Data analysis using proprietary Progenesis and open access MaxQuant software
showed overall agreement; however, Abcb9 and Slc22a8
were quantiﬁed only by MaxQuant, whereas Abcc9 and
Abcd3 were quantiﬁed only by Progenesis. Agreement
between targeted and untargeted quantiﬁcation was demonstrated for Abcb1 (19.7  1.4 vs. 17.8  2.3) and Abcc4
(2.2  0.7 vs. 2.1  0.4), respectively. Rigorous quantiﬁcation of BBB proteins, as reported in this study, should assist
with translational modeling efforts involving brain disposition
of xenobiotics.
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Banks 2013) as well as studies of brain transport and
metabolism (Cardoso et al. 2010; Uchida et al. 2014).
However, it is important that inter-species differences are
taken into consideration in the translation of ﬁndings to
human biology, especially when in vitro-in vivo extrapolation using physiologically based pharmacokinetic (PBPK)
modeling is implemented.
The concepts of model-based translation of animal observations into human consequences were recently described by
our group in two different contexts, nephrotoxicity (Scotcher
et al. 2016) and fetal exposure and developmental safety
(Abduljalil et al. 2018). In summary, these involve considerations of ‘local exposure’ in a speciﬁc organ in animal and
linking these parameters to toxicological or pharmacological
effects in humans after consideration of anatomical, physiological, and biological differences, particularly in relation to
the type and abundance of xenobiotic transporters. This
ensures that classical extrapolation of the dose–effect relationship does not lead to erroneous conclusions when there
are disparities in dose–local exposure ratios between species.
Such strategies are depicted schematically in Fig. 1.
The blood–brain barrier (BBB) consists primarily of
microvessel endothelial cells. These cells are supported by
the basal lamina and surrounded by astrocytic endfeet and
pericytes, packed between astrocytes and endothelial cells.
Microglia tend to be in close proximity to these cellular
structures, and along with pericytes and nerve terminals,
they play key roles in induction, maintenance, and function

of the BBB (Abbott et al. 2006, 2010). The BBB has an
important role in brain homeostasis by tightly regulating the
exchange of molecules between the brain and systemic
circulation, although small and lipophilic molecules easily
diffuse through the BBB. Characterization of BBB transporters is vital to understanding the disposition of molecules
between the blood and the brain interstitial ﬂuid. Carriermediated transport allows access of nutrients (such as
glucose and amino acids) to brain interstitial ﬂuid, and
receptor-mediated transport facilitates uptake of larger
molecules, including insulin, leptin, and iron transferrin
(Pardridge et al. 1985). Brain endothelial cells also efﬂux
certain substances back into the blood (Zheng et al. 2003).
ATP-binding cassette (ABC) and solute carrier (SLC)
transporters are the main transporters expressed in the
BBB. ABC transporters include P-glycoprotein (Abcb1/
Mdr1), breast cancer resistance protein (Abcg2/Bcrp), and
multidrug resistance-associated proteins (Abcc/Mrp) (Dauchy et al. 2008; Uchida et al. 2011). These transporters are
localized at the luminal membrane and efﬂux their substrates into the blood circulation by energy-dependent,
unidirectional, outwardly directed transport (Schinkel and
Jonker 2012). SLC transporters can be responsible for
uptake, disposition, and efﬂux; important members of this
class are the Slc22 subfamily (Oat, Oct, and Octn) and Slco
transporters (Golden and Pollack 2003). The physiology of
brain transporters has previously been reviewed in detail
(Giacomini et al. 2010).

Fig. 1 Prediction of pharmacological efﬁcacy and neurotoxicity using
brain physiologically based pharmacokinetic (PBPK) modeling in the
translation from pre-clinical efﬁcacy/neurotoxicity studies; a pharmacodynamic/toxicodynamic model is used to create response-exposure
relationships that connect pre-clinical efﬁcacy/neurotoxicity studies to
systemic exposure. A brain PBPK model is used to assess systemic

exposure and predict human brain tissue concentration by taking into
account parameters affected by species differences (CSF ﬂow rate,
CSF volume, weight, brain transporters abundances). Estimated
human brain tissue exposure can be further used to predict pharmacological response or toxicity when species differences are considered
in the pharmacodynamic/toxicodynamic model.
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The aim of the work described here was to quantify the
abundance of transporters in rat BBB. This is important
because the use of rat as a pre-clinical test model, for translation
into human medicine, requires such abundance data, which are
scarcely available in the literature. In this report, we describe a
systematic approach to the optimization of isolation of rat brain
microvessels and subsequent quantiﬁcation of BBB transporters using proteomic and transcriptomic methods. Isolating
microvessels from brain cortical tissue is challenging owing to
loss and contamination with other cell types; our methods were
based on those of Yousif et al. (2007) but were adapted for use
with frozen rather than fresh tissue. For the ﬁrst time, the degree
of enrichment and purity of the isolated microvessels was
assessed using a combination of RNA and protein expression
of speciﬁc gene markers of endothelial cells (Glut1), pericytes
(Cspg4), neurons (Syp), and astrocytes (Gfap). The optimization involved a comparison of two sample preparation
methodologies and two data analysis tools. Furthermore, we
deﬁned the integrity of replicate measurements by a novel
method. Finally, the abundance of endogenous and drug
transporters in isolated microvessels was quantiﬁed using a
proteomic strategy incorporating untargeted label-free measurement with targeted quantiﬁcation concatemer (QconCAT)
(Silva et al. 2006; Achour et al. 2015).

Materials and methods
Materials and reagents
Materials and chemicals were purchased from Sigma-Aldrich
(Poole, UK) unless otherwise indicated. The unlabeled nonnaturally occurring peptide calibrator [Glu1]-Fibrinopeptide B
(EGVNDNEEGFFSAR, purity 95%) was purchased from Severn
Biotech (Worcestershire, UK). Lysyl endopeptidase (Lys-C) was
purchased from Wako (Osaka, Japan). COmplete Mini, EDTA-free
protease inhibitor cocktail and recombinant proteomic-grade
trypsin were supplied by Roche Applied Sciences (Mannheim,
Germany). The QconCAT (TransCAT) was produced in-house as
previously described (Russell et al. 2013). Bicinchoninic acid
protein assay kit was purchased from Pierce (Rockford, IL, USA).
RNeasy Micro Kit was purchased from QIAGEN (Hilden, Germany). High Capacity cDNA RT Kit, TaqMan Fast Universal PCR
Master Mix, and TaqMan Gene Expression Assay were purchased
from Applied Biosystems (Foster City, CA, USA). Solvents used in
this study were of HPLC grade (Thermo Fisher, Waltham, MA,
USA).
Animals
Adult male Sprague–Dawley rat (Charles River, Kent, UK) brains
were a gift from the Centre for Applied Pharmacokinetic
Research (University of Manchester) and were by-products of
the generation of in vitro hepatocyte models under institutional
approval (license number 1001/S1). Animals had been maintained
according to institutional guidelines, in a temperature-controlled
environment with free access to food and water, and were killed
at 6–7 weeks of age. The study was not pre-registered and not
blinded. Randomization and sample size calculation were not

performed. Rat brain cortex was freshly isolated within 30 min of
death followed by freezing with liquid nitrogen and storage at
80°C until use to prepare microvessels.
Tissue preparation and isolation of rat brain microvessels
Frozen rat brain samples were thawed on ice and four pools of
3–4 brains each were prepared (average weight = 3 grams). Once
thawed, all subsequent steps were performed on ice. Brain cortex
was ﬁnely minced and homogenized using 10 up-and-down nonrotated strokes in a hand-held homogenizer in Buffer 1 (8 g/L
NaCl, 400 mg/L KCl, 185.4 mg/L CaCl2.2H2O, 60 mg/L
KH2PO4, 200 mg/L MgSO47H2O, 350 mg/L NaHCO3, 1 g/L
D-glucose, 90 mg/L Na2HPO4.7H2O, 2.4 mg/L HEPES, pH 7.4)
using volumes of 4–5 mL/g tissue in a 50 mL tube. Four
different isolations were prepared in this study (nominally labeled
1–4; Fig. 2). Protease inhibitor was added to the homogenate to
prevent proteolytic degradation in subsequent sample preparation.
The homogenates were centrifuged at 2000 g for 10 min at 4°C.
The resulting pellet was suspended in 16% dextran and subsequently centrifuged at 5500 g for 15 min at 4°C. The supernatant
was transferred to a fresh tube and centrifuged again in a similar
way before suspending the two pellets in 10 mL of Buffer 2
(Buffer 1 containing 5 mg/mL bovine serum albumin). The
suspension was then passed through a 100 lm nylon mesh and
10 mL Buffer 2 was used to rinse the tube and mesh of residual
homogenate (total volume should be <20 mL). The retained part
that passed through the mesh was then passed through a 20 lm
nylon mesh, and <20 mL Buffer 2 was used to rinse the tube and
mesh of residual homogenate. The fraction retained on the ﬁlter
was transferred to microcentrifuge tubes and centrifuged at
1000 g for 5 min at 4°C. The pellet was then dissolved in 1
mL Buffer 2 and further centrifuged at 1000 g for 5 min at 4°C.
Finally, the resultant microvessel pellet was stored in 1 mL
isotonic buffer (1 M Tris-HCl, 10 mM NaCl, 1.5 mM MgCl2, pH
7.4) at 80°C until further analysis.
RNA extraction and qRT-PCR
To assess the purity and enrichment of isolated microvessels, RNA
extraction from rat brain homogenates and corresponding microvessels, and quantitative RT-PCR of cell marker genes were carried out
as described in Appendix S1. The cell types and their corresponding
marker genes were: endothelial cells (Glut1/Slc2a1), pericytes
(Cspg4), astrocytes (Gfap), and neurons (Syp). Transporter gene
expression (Abcb1a, Abcg2, and Abcc4) was also quantiﬁed in
isolated microvessels.
Sample preparation of brain microvessel isolates for proteomic
analysis
Protein content was determined for all isolates using a bicinchoninic
acid assay. Three pools of rat brain microvessel isolates (1–3) were
prepared in-solution (labeled 1S, 2S, and 3S) in duplicate as
described previously (Harwood et al. 2015; Masuda et al. 2008).
One replicate of sample 3 (labeled 3F) and two replicates of sample
4 (labeled 4F) were prepared using ﬁlter-aided sample preparation
(FASP) (Wisniewski et al. 2009). A QconCAT standard (TransCAT) (Russell et al. 2013) was used for targeted quantiﬁcation in
sample 4F. Details of the two sample preparation protocols and
peptide desalting are included in Appendix S1.
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Fig. 2 Experimental workﬂow of the isolation, identiﬁcation, and quantiﬁcation of rat brain microvessel proteins using targeted and untargeted
proteomic strategies; S, in-solution sample preparation; F, ﬁlter-aided sample preparation; TR, technical replicates.

Liquid chromatography–mass spectrometry (LC–MS/MS) analysis
Desalted samples were resuspended in 10 lL of loading buffer [5%
acetonitrile in 0.1% formic acid (FA)] and 1 lL was loaded onto an
UltiMateâ 3000 (Dionex, Surrey, UK) liquid chromatography
system coupled to an on-line Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM mass spectrometer (Thermo Fisher, Bremen, Germany). For samples 1S, 2S, 3S, and 3F, peptides were reversedA,
phase separated on PepMapTM RSLC C18 column (100 
50 cm 9 75 lm i.d., 2 lm particle size) preceded by a C18
PepMapTM 100 l-Precolumn (100 
A, 5 mm 9 5 lm i.d., 5 lm)
(Thermo Scientiﬁc, Waltham, Massachusetts, United States). A
multi-step gradient was used from 4% Buffer B (80% acetonitrile,
0.1% FA) and 96% Buffer A (0.1% FA in HPLC water) to 40%
Buffer B over 100 min at a ﬂow rate of 300 nL/min. Peptides from
sample 4F were separated using a multi-step gradient from 95%
Buffer A (0.1% FA in HPLC water) and 5% Buffer B (0.1% FA in
acetonitrile) to 7% B at 1 min, 18% B at 58 min, 27% B at 72 min,
and 60% B at 75 min, at a ﬂow rate of 300 nL/min, on a
75 mm 9 250 lm i.d., 1.7 lm CSH C18 analytical column
(Waters, Milford, MA, UK).
The Q Exactive mass spectrometer acquired data in a datadependent manner alternating between full-scan MS and MS/MS
scans. The following acquisition parameters were used for positive
ionization mode: a spray voltage of 2.1 kV and capillary
temperature of 250°C. MS scans were acquired over 100–
1500 m/z, with 60 000 resolution, automatic gain control of
3 9 106, and 100 ms maximal injection time. Selected precursor
ions, top 12, were sequentially fragmented by higher energy
collisional dissociation with 28–34% normalized collision energy,
isolated window was set to 1.2 m/z. These MS/MS scans were
acquired at 30 000 resolution, automatic gain control of 5 9 104
and 120 ms maximal injection time. Dynamic exclusion was set to
30 s. Each sample was run in two technical replicates (except

sample 3F) and sample 4 was run in two analytical replicates for
each technical replicate (Fig. 2).
Data analysis and protein quantification
Proteins were identiﬁed against UniProtKB database using Mascot
search engine (http://www.matrixscience.com/). QconCAT-based
quantiﬁcation was carried out as previously described (Achour et al.
2014; Harwood et al. 2015) to measure the abundance of Atp1a1,
Abcb1, and Abcc4. Untargeted data analysis and label-free quantiﬁcation were performed on MaxQuant version 1.5.5.1 (Max Planck
Institute of Biochemistry, Martinsried, Germany) and Progenesis QI
(Nonlinear Dynamics, Newcastle upon Tyne, UK) using QconCATbased abundance of Atp1a1 as a reference, and further conﬁrmed
using Abcb1. Abundance measurement of ABC and SLC transporters used a combination of targeted and untargeted proteomic
methods (Al Feteisi et al. 2015a; Achour et al. 2017). Details of
data analysis and quantiﬁcation approaches are provided in
Appendix S1.
Percentage identical peptides and percentage identical proteins
Percentage identical peptides (PIP) was calculated as follows:
PIP ¼

Number of common peptides in replicates
 100%
Number of peptides in either or both replicates

All peptides considered had a rank of 1 and a Mascot score of at
least 15.
A razor was applied to the data. The use of more than one
database and the presence of fragment proteins in the database
required this step. The number of times each peptide appeared in
the worksheet was calculated. Starting from the top of the
worksheet, where a protein had no peptides unique to the
worksheet, it was removed and the remainder recalculated.
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Table 1 Summary of the main steps considered in optimizing tissue and sample preparation
Optimization step

Rationale

Conditions

Addition of protease inhibitor cocktail
to the homogenate during microvessel
isolation
Optimization of the centrifugation speed
and concentration of dextran solution

Protease inhibitors prevent proteolytic
degradation of microvessel proteins

According to manufacturer’s
recommendations

The type of centrifuge and nature of sample
(fresh or frozen) affect the quality of isolation;
dextran concentration in the gradient centrifugation
step helps separate microvessels, which are
heavier, from the myelin layer
Faster and easier handling than gauze ﬁltration,
enabling aseptic handling and easier collection
of retained microvessels by reversing on the tube
and ﬂushing
BSA is used to reduce adsorption of microvessels
to the surfaces of tubes and pipette tips
Detergents allow for efﬁcient protein solubilization/digestion
The chaotropic agent disrupts the integrity of the cell
and facilitates protein solubilization

Centrifuge: swinging bucket rotor;
speed: 5500 g; dextran at 14–18%

Substituting gauze ﬁlters with sieving
device (cell strainer)

Use of low-binding plastic material and
BSA in isolation Buffer 2
Use of solubilizing agent
Use of a chaotropic agent

BSA is added to Buffer 2
at 5 mg/mL
10% sodium deoxycholate
8 M Urea

BSA, bovine serum albumin.

Fragment proteins and proteins derived from cDNA were removed
preferentially, followed by small proteins. The ﬁnal datasheet
contained only proteins with at least one peptide unique to the
database and to this sheet.
The percentage identical proteins (PIPr) were then calculated in
the same way as PIP.
Subcellular localization and functional analysis
PANTHER (Protein ANalysis THrough Evolutionary Relationships)
classiﬁcation system version 12.0 (http://www.pantherdb.org/) was
used for bioinformatics analysis of all identiﬁed proteins to assign
protein class and molecular function (Mi et al. 2013). Protein data
annotation for subcellular localization was done by database search
against UniProtKB (http://www.uniprot.org/) and the Gene Ontology Project (http://geneontology.org/).
Statistical data analysis
Data were expressed as mean  SD of three replicates for gene
expression and four replicates for protein abundance (sample 4F).
Statistical difference between mean values was determined by
unpaired t-test using GraphPad Prism version 7.0b for Mac
(GraphPad Software, San Diego, CA, USA).

Results
Isolation of rat brain microvessels
Four rat brain microvessel samples (1–4) were prepared from
pools of 3–4 brain cortices. Microscopic inspection was
performed during isolation to evaluate isolation quality
(microvessels were of roughly equal size and showed deﬁned
structures). Protein content of the microvessel samples was
(mean  SD): (1) 108  18, (2) 202  02, (3) 295  12,
and (4) 247  10 lg protein per gram brain. These

concentrations represent uncorrected values of the scaling
factor: brain microvessels protein per gram brain
(BMvPGB). Optimization of microvessel isolation needed
to be considered to achieve better yield as shown in Table 1.
Assessment of the isolation quality of brain microvessels
Visual inspection with light microscopy did not distinguish
brain endothelial cells from pericytes or astrocytes. Consequently, mRNA quantiﬁcation was implemented with sample
4 to further assess the quality of the isolation through the
assessment of marker genes speciﬁc to the neurovascular unit
cells. The relative mRNA expression of marker genes of
endothelial cells, pericytes, astrocytes, and neurons (Glut1,
Cspg4, Gfap, and Syp, respectively) were measured using
quantitative PCR in isolated microvessels relative to corresponding brain cortex homogenates (Fig. 3a). Glucose
transporter (Glut1) relative expression showed signiﬁcant
enrichment (15-fold) of endothelial cells in microvessels
compared to brain cortex homogenate (p < 0.0001).
Microvessel purity was ascertained using relative expression
of Cspg4, Gfap, and Syp. Gfap and Syp expression showed a
signiﬁcant decrease in microvessels (p < 0.05 and < 0.0001,
respectively), whereas Cspg4 expression showed no statistical difference between isolated microvessels and homogenates.
Transporter gene expression in brain microvessels
Expression of plasma membrane marker (Atp1a1) and transporters (Abcb1a, Abcg2, Abcc4) in isolated microvessels was
normalized to endothelial marker (Glut1) (Fig. 3b). Expression of these transporters in isolated microvessels indicates
localized expression in brain microvessels in relation to their
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Fig. 3 RNA expression of marker and target genes; (a) enrichment
of endothelial cells (Glut1), pericytes (Cspg4), astrocytes (Gfap), and
neurons (Syp) in isolated microvessels compared to cortex homogenates; (b) relative gene expressions of membrane marker
(Atp1a1) and drug transporter genes (Abcb1a, Abcg2, Abcc4) in
isolated microvessels relative to endothelial marker gene (Slc2a1/

Glut1); the data represent mean values  SD (number of rat brain
used = 4 rat brains per pool; number of replicates = 3 technical
replicates, were used to generate gene expression from rat brain
microvessels
and
homogenates),
*p < 0.05,
**p < 0.01,
***p < 0.001 for isolated microvessels compared to cortex homogenates using unpaired t-test.

function. Abcb1a mRNA level (2.01  0.003) was higher
than Abcg2 (0.52  0.02) which is in a similar order to data
reported in the literature (Hoshi et al. 2013). However, Abcc4
showed higher expression (2.32  0.08) than Abcb1a and
Abcg2, indicating differences in rank order between RNA and
protein expression. Abcb1b expression was assessed in these
samples but was not determined, indicating little expression of
this gene in rat BBB.

(4F1a, 4F2a = 0.67 lg and 4F1b, 4F2b = 2.0 lg) as shown
in Fig. 4(c). Although some peptides were identiﬁed in the
more dilute sample that did not appear in the more
concentrated sample, overall the higher amount increased
the number of peptides identiﬁed by approximately 2500.

Optimization of sample preparation
Comparison of two sample preparation methods was carried
out in terms of the number of peptides and transporters
identiﬁed in four pools of rat brain microvessels. Isolated
microvessel samples (1S, 2S, 3S) were prepared in-solution
(S) and samples (3F, 4F) were prepared using FASP (F).
The progress in the optimization of sample preparation can
be observed in the increase in the number of peptides
identiﬁed by LC–MS/MS in the samples processed using
FASP compared to those prepared using in-solution sample
preparation (Fig. 4a). At the peptide level, analysis of
samples (3F, 4F) identiﬁed more than 10 000 peptides
(using MaxQuant), while samples (1S, 2S, 3S) showed
fewer than 8000 peptides.
The number of ABC transporters identiﬁed was the
highest in sample 4F (Fig. 4b). Samples prepared using
FASP identiﬁed more SLC transporter in general when
compared to samples prepared in-solution (less than 40
proteins).
Two technical replicates of sample 4F (4F1 and 4F2) were
assessed and two different aliquots of each were analyzed by
LC–MS/MS. The aliquots were of different protein amounts

Protein identification
With the conditions for sample preparation established, two
different software packages (MaxQuant and Progenesis)
were evaluated. In the best replicate (4F1b), MaxQuant
identiﬁed 10041 peptides, Progenesis 8846. Of these, 7782
(70.1%) were identiﬁed by both packages (Tables S1 and
S2). The reason behind this difference might be the different
types of proﬁle data used (continuum vs. centroid). Progenesis uses continuum spectra imported from the mass
spectrometer, in which the entire peak proﬁle is stored and
analyzed, which means more information available than
centroid ﬁles imported into MaxQuant. This extra information allows Progenesis to accurately remove background
noise, leading to cleaner data. Therefore, this is expected to
identify fewer peptides with more accurate identiﬁcation and
quantitation. We therefore continued to use Progenesis for
the identiﬁcation of proteins, but manually assessed both sets
of data for the more tractable set of transporter proteins
(Table 2).
Percentage identical peptides and percentage identical
proteins
LC–MS/MS detects peptides as the primary analyte, but in
any experiment, only a small proportion of the available
peptides are, in practice, detected. Some of the factors that
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Fig. 4 Method optimization and assessment using proteomic data; (a,
b) comparison between in-solution (S) and ﬁlter-aided (F) sample
preparation methods in terms of the number of peptides and
transporters identiﬁed in four pools of rat brain microvessels (n = 4,
samples 1–4), respectively. Samples 1S, 2S, and 3S were prepared insolution (S), samples 3F and 4F were prepared using ﬁlter-aided

sample preparation (F). (a) The numbers of peptides identiﬁed in four
samples; (b) the numbers of transporters identiﬁed in four samples;
and (c) the numbers of peptides identiﬁed in two technical replicates of
sample 4F (1,2) where different amounts of sample were analyzed as
analytical replicates (a,b) (a = 0.67 lg, b = 2.0 lg). In panels (a) and
(c), MaxQuant was used to analyze the LC-MS/MS data.

determine whether a peptide is detected have been explored
for MALDI and electrospray mass spectrometry (Couto et al.
2011, unpublished), and the position of the basic residue and
the hydrophobicity of the peptide are important. Variations in
performance of the instrumentation and in the preparation of
samples can lead to different peptides being detected. In this
case, technical replicates gave rise to the detection of 72% or
67% identical peptides (using Progenesis) depending upon
the amount of analyte used. The corresponding numbers
were a little lower with MaxQuant (66% and 61%)
(Table S1). We believe these values to be satisfactory.
The initial output from Progenesis included many duplicate entries because two databases were used. A razor was
applied within Excel until each protein remaining contained
at least one peptide unique to the datasheet (Table S3). The
PIPr could now be calculated and was found to be 89% or
83%, again depending upon the amount of analyte, suggesting that the experimental conditions employed were highly
reproducible (Table S1). A summary of the proteins identiﬁed and quantiﬁed is provided in Tables S4 and S5,
respectively.

highest number of proteins had catalytic or binding function
(33%, 36%). Transport activity represented 9.8% of all
proteins (Fig. 5a), with this number expected to be higher
due to limitations in the extraction of these membrane-bound
proteins. Figure 5(c) shows assignment of proteins based on
protein class, in which the majority of proteins were
classiﬁed as nucleic acid binding proteins (217 proteins),
cytoskeletal proteins (142 proteins), hydrolases (142 proteins), enzyme modulators (140 proteins), and transporters
(98 proteins).

Subcellular localization and function of identified
microvessel proteins
Proteins identiﬁed (1980 in total) were annotated for
subcellular location, molecular function, and protein class
by analyzing accession numbers or gene names against
UniProtKB and PANTHER databases (Fig. 5). Based on
these results, the main cellular locations of identiﬁed proteins
were assigned to the cytoplasm (19%), plasma membrane
(18%) and the nucleus (14%) (Fig. 5b). In addition, the

Identification and quantification of rat BBB transporters
The strategy used in this study allowed identiﬁcation of 8
ABC and 44 SLC transporters (Table S6), of which 10 were
identiﬁed at the protein level in rat brain for the ﬁrst time
(Table 3). Assessment of the abundance of 26 proteins
(transporters, markers, and receptors) in isolated microvessels from rat brain cortices is shown in Table 2 and Fig. 6.
QconCAT-derived standard peptides (Russell et al. 2013)
were used to quantify three proteins (Atp1a1, Abcb1, Abcc4)
using one peptide each (the original QconCAT was designed
to speciﬁcally target human liver transporters). In Table 2,
additional proteins were quantiﬁed by label-free analysis
based on the plasma membrane marker, Atp1a1, as a
reference for normalization of data generated using two
proteomic data analysis software packages (MaxQuant and
Progenesis). A second reference protein, Abcb1 was then
used to conﬁrm the results. The label-free analysis was able
to generate abundances similar to targeted quantiﬁcation
(Figure S1) and in line with literature (Hoshi et al. 2013).
The limit of quantiﬁcation was estimated as previously
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Table 2 Abundances of markers, transporters, and receptors in isolated Sprague–Dawley rat brain microvessels
Protein expression (mean  SD) [fmol/lg]
Label-free (untargeted) quantiﬁcationa
Progenesis

Protein/transporter

Targeted
(QconCAT)

Plasma membrane marker
Atp1a1
26.19  1.22d
Atp1b1
ABC transporters
Abcb1 (Mdr1, P-gp)
19.65  1.35
Abcc4 (Mrp4)
2.16  0.74
Abcg2 (Bcrp)
Abcb9
Abcd3
Abcc9 (Mrp9)
SLC transporters
Slc2a1 (Glut1)
Slc7a5 (Lat1)
Slco1a4 (Oatp1a4)
Slc4a1 (Ae1)
Slc25a5 (Ant2)
Slc16a1 (Mct1)
Slc22a8 (Oat3)
Slc12a2 (Nkcc1)
Slc1a2 (Eaat2)
Slc1a3 (Eaat1)
Slc2a3 (Glut3)
Slc7a1 (Cat1)
Tight junction proteins
Claudin-5 (Cldn5)
Cell marker proteins
Slc2a1 (Glut1)
Gfap
Syp
Pecam1
c-gtp (Ggt1)
Receptors
Tfrc
Lrp1

Reference
(Abcb1)

26.51  2.79
53.58  9.67
–
1.51  0.23
2.66  0.18
11.70  2.42

93.14
2.68
1.54
7.68
19.81
6.50
1.25
1.07
8.77
12.43
3.89
2.48














13.65
0.37
0.33
0.86
5.55
1.81
0.24
0.72
1.73
0.46
0.46
0.31

10.09  1.34
93.14
101.35
11.87
4.41
2.97







13.65
41.58
2.89
0.29
0.51

5.46  0.97
0.98  0.34

Literature values
MaxQuant

Reference
(Atp1a1)

Reference
(Abcb1)

–

26.27  6.03
31.85  10.93

44.67  7.99
16.23
1.53
2.76
12.75

94.11
3.15
1.49
7.05
18.31
7.36
1.23
1.28
8.85
12.99
3.96
2.66



















1.18
0.15
0.17
4.09

7.67
0.81
0.09
1.90
1.06
1.71
0.04
0.21
1.55
0.59
0.58
1.13

9.61  1.27
94.11
110.11
11.60
3.78
2.72







7.67
33.67
2.17
0.40
0.33

6.14  1.70
0.81  0.21

–

Reference
(Atp1a1)

Ratc

–

68.60  4.5d
30.88  2.28

1.89  0.74
3.74  0.20

17.81  2.33
2.06  0.39
3.39  0.75

1.70  0.06
0.50  0.17

1.34  0.21
0.59  0.03

73.73
4.28
1.47
7.18
20.95
6.92








9.21
1.88
0.14
1.78
4.13
0.05

72.91
4.25
1.06
5.71
23.30
6.80








1.85
0.97
0.11
0.57
2.07
0.50

2.09
12.46
9.53
4.57
4.42







0.24
3.88
1.50
1.22
0.26

1.48
11.94
9.02
3.64
3.71







0.17
1.76
2.18
0.68
0.15

7.11  1.47
73.73
114.97
11.69
4.88
2.12







9.21
20.90
2.50
0.71
0.35

5.89  1.06
0.68  0.07

19.00  2.00
1.60  0.29
4.15  0.29

84.00  4.10
3.41  0.74

11.60  0.60
2.13  0.49

5.76  0.34

7.91  0.90







84.00  4.10

72.91
115.55
10.26
4.17
2.15

1.85
14.18
1.48
0.78
0.03

5.69  0.52
0.68  0.16

3.07  0.56
6.74  0.39
1.09  0.14

ABC, ATP-binding cassette; SLC, solute carrier.
a
Quantiﬁcation values used QconCAT-derived Atp1a1 and Abcb1 abundances as a reference for measurement of protein expression using
Progenesis and Maxquant data. Analysis was based on the intensities of peptides from standard and target proteins as shown in Table S2.
b
Atp1a1 is a plasma membrane marker.
c
Literature values are taken from quantitative proteomic data reported by Hoshi et al. (2013).
d
The reported literature value represents Atp1a subunits a1, a2, and a3 and not exclusively Atp1a1. The quantiﬁed protein in this study is Atp1a
subunit a1.

described (Achour et al. 2017) at 0.06 fmol of peptide on
column (translating to protein abundance of 0.1 fmol/lg
protein).
Neurovascular unit cell markers were quantiﬁed to verify
the isolation of microvessels; endothelial cell markers,

glucose transporter 1 (Slc2a1/Glut1), and platelet endothelial
cell adhesion molecule (Pecam1), were quantiﬁed. The
measured abundance of these markers at the protein level
is similar to the abundance values reported in the literature
(Hoshi et al. 2013). Protein abundance of astrocyte and
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Fig. 5 The molecular function, subcellular localization, and protein
class of identiﬁed proteins; (a) pie chart representing the proportions of
identiﬁed proteins associated with a speciﬁc molecular function (1480
proteins); (b) percentage distribution of proteins from different components of rat brain cells (1980 proteins), assigned by aligning protein

identiﬁers in the generated dataset against UniProtKB database. The
total number (2139 entries) does not match the number of proteins
identiﬁed as many proteins have more than one subcellular location;
and (c) the number of proteins identiﬁed in a particular protein class
according to the PANTHER classiﬁcation system.

neuron cell markers (Gfap and Syp) was relatively high,
indicating a level of contamination even after optimization of
the isolation process (Fig. 6a).
Measurement of Atp1a1 protein abundance contributed to
the assessment of plasma membrane transporters; this is an
abluminal membrane marker used as a quality control protein
along with luminal membrane marker gamma-glutamyl
transpeptidase (c-gtp/Ggt1). LC–MS/MS proteomic data
were used to quantify six ABC transporters as shown in
Fig. 6(b). The drug transporter Abcb1 (P-gp/Mdr1) exhibited
the highest abundance, ﬁvefold higher than Abcg2 and
ninefold higher than Abcc4. Furthermore, label-free measurement of Abcb9 and Abcd3 abundance is reported for the
ﬁrst time in this study. Out of 44 solute carrier transporters
identiﬁed (Table S6), 12 transporters were measured using

label-free quantiﬁcation (Fig. 6c). Among these transporters,
Slco1a4, Slc4a1, Slc25a5, Slc12a2, Slc1a2, Slc1a3, Slc2a3,
and Slc7a1 are quantiﬁed for the ﬁrst time in this work.
Glucose transporter 1 (Slc2a1) showed the highest measured
abundance among the quantiﬁed SLC transporters followed
by ADP/ATP carrier protein 2 (Slc25a5/Ant2), excitatory
amino acid transporter 2 (Slc1a2/Eaat2), and excitatory
amino acid transporter 1 (Slc1a3/Eaat1). Other proteins were
also measured, including the uptake transporter Slco1a4/
Oatp1a4, large neutral amino acids transporter 1 (Slc7a5/
Lat1), monocarboxylate transporter 1 (Mct1), cationic amino
acid transporter 1 (Slc7a1/Cat1), and glucose transporter 3
(Slc2a3/Glut3). Quantiﬁed receptors included transferrin
receptor 1 (Tfrc) and low-density lipoprotein receptor-related
protein 1 (Lrp1).

© 2018 International Society for Neurochemistry, J. Neurochem. (2018) 146, 670--685

Accession
code

D4A885

P97689

F1LX07

F1LZW6

Q5FVG4

B1WC67

D4A517

P31643

Protein

Abca13

Slc14a1

Slc25a12

Slc25a13
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Slc25a22

Slc25a24

Slc39a10

Slc6a6

83

79

92

102

64

480

40

94

Protein
score

70 906

95 046

53 085

25 080

54 293

72 270

42 949

495 469

Mass
(Da)

2.6

1

14.5

10.5

4.1

19.2

1

3

Sequence
coverage
(%)

2

2

6

3

3

13

2

4

Number of
peptides

Table 3 List of novel transporters identiﬁed in rat brain microvessels

1

2

6

2

1

11

2

4

Number
of
unique
peptides
407.72
453.74
458.27
410.25
454.24
463.26
787.87
419.25
667.90
620.82
970.04
678.40
491.27
618.33
621.34
465.77
482.27
723.89
747.86
667.90
621.34
482.27
656.88
852.37
555.24
567.77
529.75
755.37
599.85
514.75
572.28
730.85
472.28
495.74
587.30

Precursor
m/z

Peptide
score
23.17
13.62
19.71
13.52
16.41
23.47
77.70
42.91
17.67
44.90
90.62
59.98
44.60
62.66
33.13
49.72
58.18
58.84
55.10
17.67
33.13
58.18
14.27
88.82
17.20
17.94
51.12
25.17
19.35
14.46
22.80
36.58
40.17
42.39
40.59

z
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+3
+2
+2
+2
+2
+2
+2
+2
0.0067
0.053
0.53a
0.55a
0.049
0.039
8.6E-08
1.2E-4
0.022
6.2E-05
3.2E-09
6.8E-08
6.3E-04
2.1E-05
0.0038
9.6E-05
6.4E-05
1.9E-05
6.8E-06
0.022
0.0038
6.4E-05
0.046
4.7E-09
0.024
0.021
1.2E-04
0.0044
0.015
0.044
0.0082
5.6E-04
0.0043
1.1E-04
2.5E-04

Peptide
expected
value
NPNDLLK
FLNIQNR
ANIEILSR
DIALFLK
EFANWLK
IFYLQNK
AGQTTYSGVIDCFR
FGLYLPK
GLIPQLIGVAPEK
GTGSVVGELMYK
IAPLAEGALPYNLAELQR
IVQLLAGVADQTK
IYSTLAGTR
LATATFAGIENK
LQVAGEITTGPR
LTLADIER
LTVNDFVR
PIWLQIAESAYR
YLGLYNDPNSNPK
GLLPQLLGVAPEK
LQVAGEITTGPR
LTVNDFVR
GAAVNLTLVTPEK
GVNEDTYSGFLDCAR
SEGYFGMYR
FWAYEQYK
LDFEEFMK
MQAQATTEGAPQLSMVGLFQR
QLLAGGVAGAVSR
SMNIFGGFR
SYWLDNFAK
PLAGTDDSVVSEDR
LLVEDLNK
FPYLCYK
FYLYPNISR

Sequence
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Razor
Unique
Razor
Unique
Unique
Unique
Razor
Razor
Razor
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Unique
Razor
Unique

Type of
peptideb

(continued)

Deamidated (N)
Deamidated (N)
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
Deamidated (N)

Modiﬁcation
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Peptides with high expectation values (> 0.05) and/or low scores (< 15) were accepted as supporting evidence only when other unique peptides with high scores and low expectation values were
available for the same protein.
b
Unique peptides were used for identiﬁcation and quantiﬁcation; razor peptides (unique for but shared between a subset of proteins, e.g., a subfamily) were used as supporting evidence for
identiﬁcation only.

1
1
2.5
59 020
Slc6a7

75
P28573

Slc8a1

a

Unique
Unique
Unique
Unique
EIEQLIELANYQVLSQQQK
GNVIIPYK
GVILPIWEPQDPSFGDK
PAIDWGPSLEENR
30.49
32.08
13.68
75.29
3
3
3.8
108 185
Q01728

Protein

38

Mass
(Da)
Accession
code

Protein
score

758.74
452.27
949.48
742.36

+3
+2
+2
+2

0.003
9.8E-04
0.052
7.6E-04

Type of
peptideb
Sequence
z

Peptide
expected
value
Peptide
score
Precursor
m/z
Number of
peptides

Number
of
unique
peptides
Sequence
coverage
(%)
Table 3. (continued)

–
–
–
–
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Discussion
The quantiﬁcation of BBB transporters is important not only
in pharmacokinetic studies to understand the disposition of
drugs and their metabolites into the CNS and to elucidate
drug–drug interactions (Giacomini et al. 2010; Kalvass et al.
2013), but also as a critical step in the interpretation of
safety-related issues in animals and their extrapolation to
humans (Hamon et al. 2015). The development of PBPK
models for psychoactive drugs (and other drugs that can
penetrate the BBB), particularly when they are subject to
active uptake or efﬂux, is therefore dependent on robust and
reliable measurement of the abundances of BBB transporters
in humans as well as animal species used in pre-clinical
studies (Ball et al. 2014; Gaohua et al. 2016). Recent
applications of such PBPK models also highlight their
potential in assessing the needs of subpopulations, which are
not fully explored in clinical studies (e.g., pediatrics, brain
cancer patients) as reported previously (Spanakis et al. 2016;
Kalluri et al. 2017; Donovan et al. 2018).
In this study, we were able to optimize the isolation of rat
brain microvessels using a systematic assessment of various
combinations of density gradient centrifugation and ﬁltration.
Throughout the experiments, we applied quality control steps
in sample preparation, at multiple levels using RNA
expression to assess the enrichment and purity of microvessels. Additional quality controls included comparing the
performance of in-solution sample preparation with FASP for
proteomic analysis, assessing the required amount of sample
analyzed, and comparing reproducibility of detection of
peptides in replicates.
In addition to assessing enrichment of endothelial cells, the
purity of microvessels was assessed by the gradual decrease
in expression of marker genes for astrocytes, and neurons, in
line with published literature (Yousif et al. 2007; Dauchy
et al. 2008). These markers were also detected in isolated
samples by proteomic analysis, indicating some level of
contamination of microvessels. The contribution of astrocytes and pericytes to the composition of the BBB is still
unclear. Therefore, even though transporters relevant to BBB
drug trafﬁc are localized on the membrane of endothelial
cells, the role of these transporters in other cell types cannot
be excluded.
Factors considered to improve the isolation methodology
are shown in Table 1. The use of protease inhibitors
throughout the isolation was adopted to inhibit degradation
of protein, and sterile disposable cell strainers were used
instead of a nylon mesh sheet to remove cell debris and
decrease the possibility of contamination. In addition, empirical adjustment of centrifugation speeds improved the separation of microvessels from the myelin layer. The
improvement in isolation methodology is reﬂected in the
increased numbers of peptides observed in sample 3S versus
1S (Fig. 4a). Further optimization was then achieved at the
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level of sample preparation, where FASP led to the identiﬁcation of a larger number of peptides and transporters
compared to in-solution sample preparation (Fig. 4a and b).
The combination of deoxycholate and urea used for FASP has
been reported to increase digestion efﬁciency for both
cytosolic and membrane proteins, whereas the use of
deoxycholate only in the in-solution preparation enhances
digestion of membrane proteins (Balogh et al. 2013). In
addition, sample loss during in-solution digestion can occur
because of precipitation of deoxycholate to collect peptides in
the supernatant.
The optimization process enabled the identiﬁcation of
nearly 2000 proteins in rat brain microvessels using a
combination of LC–MS/MS and bioinformatic approaches
and a rigorous razor. Plasma membrane proteins constituted
approximately 18% of all identiﬁed proteins using Progenesis, and proteins with transport activity represented nearly
10% of identiﬁed proteins with known function. We focused
on the identiﬁcation of membrane-associated proteins with
function in molecular transport, with a total of 44 SLC and 8
ABC transporters. These results are comparable to previously
reported LC–MS/MS proteomic data on rat brain microvessels (Gomez-Zepeda et al. 2017), where 1640 proteins were
identiﬁed, including 44 SLC and 6 ABC transporters.
Although the two studies identiﬁed similar numbers of
proteins and transporters, the two datasets were rather
complementary, where the overlap was 30 SLC and 4
ABC transporters. We note, however, that the number of
transporters reported by Gomez-Zepeda et al. was based
simply on output from the Mascot search engine; we further
subjected each transporter peptide to a BLAST search (basic
local alignment search tool) against the UniProt database,
and this resulted in a reduction in the number of SLC
transporters from 58 to 44 and the number of ABC
transporters from 12 to 8 (Table S6). Using this approach,
we were able to identify 10 transporters (Table 3) for the ﬁrst
time in rat brain microvessels (Abca13, Slc14a1, Slc25a12,
Slc25a13, Slc25a22, Slc25a24, Slc39a10, Slc6a6, Slc6a7,
and Slc8a1), which are involved in physiological functions
related to maintaining brain homeostasis.
A normal limitation of untargeted proteomics and lack of
enrichment of target proteins in a plasma membrane fraction
is signal suppression and underestimation of measurements
due to matrix effects (Wegler et al. 2017). Our approach
combines the advantages of targeted and global analyses to
achieve reliable quantiﬁcation, as previously advocated (Al
Feteisi et al. 2015b) and, where literature values are
available, the dataset shows good agreement. The use of
data-dependent acquisition in this report was mainly because
of availability of mass spectrometers capable of such
technique and access to corresponding data analysis tools,
with advantages such as broad coverage at the MS/MS level
and ease of analysis (Gillette and Carr 2013). However,
owing to sampling of peptides based on intensity, this
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technique suffers from high variability and compromised
reproducibility when low abundance proteins are quantiﬁed.
Data-independent acquisition has recently been suggested to
overcome such a limitation, but this technique generates
highly complex data and it still requires development of
robust data analysis methods (Doerr 2015). Recent improvements in resolution, accuracy, and speed of mass spectrometers improved the reproducibility of data-dependent
methods, which remain the standard approach in proteomic
research.
The adopted quantitative strategy enabled quantiﬁcation of
1276 proteins. Atp1a1, Abcb1, and Abcc4 were quantiﬁed
using QconCAT-based targeted quantitative proteomics. The
main purpose of using targeted quantiﬁcation was to quantify
the reference plasma membrane marker (Atp1a1) for labelfree analysis. Further quantiﬁcation using label-free methodology generated equivalent abundance values for Abcb1 and
Abcc4. The label-free quantiﬁcation was conﬁrmed using a
second reference protein, Abcb1. Although the plasma
membrane marker (Atp1a1) was preferred as a standard, it
was reassuring that all the quantiﬁcations were the same to
within 1.5-fold when Abcb1 was used. From a translational
perspective, the two sets of values would be considered
interchangeable (Achour et al. 2018). Where quantiﬁcation
was achieved using Progenesis software, there was agreement to within 1.2-fold.
In the rat BBB dataset, Abcb1 was the most abundant
ABC transporter, in agreement with published literature
(Hoshi et al. 2013). In contrast, Abcg2 is reported to be more
abundant than Abcb1 in human and cynomolgus monkey,
which indicates inter-species differences as a result of Abcb1
being encoded by two genes (Abcb1a/b) in rodents compared
to only one in humans (Ito et al. 2011; Shawahna et al.
2011; Uchida et al. 2011). This suggests the possibility that
P-gp has a higher activity in rat, which can be important in
extrapolation to human dosing, especially with drugs that are
substrates of both P-gp and Bcrp as potential drug–drug
interaction prediction may not be accurate. For example,
studies on P-gp and Bcrp activity using knockout mice and
dual pharmacological inhibition in wild-type mice have
shown greatly increased brain accumulation of the anticancer
drug, geﬁtinib, which is believed to be efﬂuxed across the
BBB by P-gp and Bcrp transporters (Agarwal et al. 2010).
However, this may not translate to the clinical setting, as
drug–drug interactions because of inhibition of brain efﬂux
transporters are very rare in humans compared to animal
models (Kalvass et al. 2013). Therefore, these inter-species
differences raise some concerns over the reliability of
extrapolating animal data from pre-clinical studies to predict
human brain drug distribution. Abcc4 was the main Mrp
protein detected in rat brain microvessels, which is similar to
previously reported ﬁndings (Hoshi et al. 2013), with
relevance to the protective role of Mrp proteins (including
Mrp4 and Mrp9) by limiting BBB penetration of neurotoxins
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Fig. 6 Abundances of identiﬁed proteins using targeted (QconCAT) and untargeted (MaxQuant, Progenesis) methods; (a) comparison of
abundances of plasma membrane markers and neurovascular unit-speciﬁc cell markers; (b) abundances of ABC transporters; and (c) abundances
of SLC transporters; the data represent mean values  SD (n = 4 replicates) of the pooled sample 4F.

and chemotherapeutic drugs (Leggas et al. 2004; Nelson
et al. 2015). Another role of Mrp9 (Abbc9) is its function in
neuronal excitability by regulating potassium channels in
neurons (Nelson et al. 2015). Furthermore, the label-free
quantiﬁcation strategy was able to measure Abcb9 and
Abcd3 for the ﬁrst time. Although the role of Abcb9 is yet to
be elucidated, this transporter appears to be related to
lysosomal function (Zhang et al. 2000). Abcd3, along with
other Abcd transporters which function in the peroxisomal
membrane, is involved in fatty acid homeostasis (Baker et al.
2015).
In addition to ABC transporters, 44 SLC transporters were
identiﬁed, of which 27 were quantiﬁed. Solute carrier transporters play an important role in delivering nutrients across the
BBB. These include glucose (Glut1, Glut3) and amino acid
(Cat1, Lat1, Eaat1, and Eaat2) transporters, which are involved
in brain homeostasis and can therefore be implicated in several

disease states. Glut1 has the highest transporter expression in
the BBB and is localized on both the luminal and abluminal
sides of the barrier (Ohtsuki and Terasaki 2007). Amino acid
transporters, Cat1, Eaat1, and Eaat2, are quantiﬁed for the ﬁrst
time. The combined label-free/targeted strategy was also used
to measure bidirectional drug transporters Slco1a4 (Oatp1a4)
and Slc22a8 (Oat3). In human brain microvessels, both
SLCO1A4 and SLC22A8 were reported to be below the limit
of quantiﬁcation (Uchida et al. 2011). Rat Slco1a4 is involved
in the transport of digoxin, opioids, and organic anions across
the BBB (Ohtsuki and Terasaki 2007), while Slc22a8 plays a
role in the efﬂux of oseltamivir and the dopamine metabolite,
homovanillic acid (Uchida et al. 2014). Slc16a1 (Mct1)
transports lactates and ketones as an alternative source of
energy to the brain (Abbott et al. 2010; Ohtsuki et al. 2014).
Lat1 is an endogenous transporter for large neutral amino acids
and its ability to transport substrates to the brain was previously
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utilized to deliver drugs, such as L-DOPA and gabapentin, into
the brain (Gomes and Soares-Da-Silva 1999; Dickens et al.
2013). Cross-species differences have been reported in the
expression of Lat1, with higher levels in rodents than in
humans (Uchida et al. 2011). The quantitative strategy
adopted in this study also allowed the measurement of two
receptors, low-density lipoprotein receptor-related protein
(Lrp1) and transferrin receptor 1 (Tfrc), with abundances
similar to those previously reported (Hoshi et al. 2013).
Characterization of brain receptors can be useful in
understanding the pharmacodynamics of psychoactive drugs
and the implications of neurodegenerative diseases, including
dementia.
In conclusion, this study reports successful optimization of
brain microvessel isolation and sample preparation. A
substantial number of BBB proteins, including transporters,
were identiﬁed and quantiﬁed using a combination of
proteomic approaches and bioinformatics tools. Although
differences in proteomic methods can result in discrepancies
in reported end-point abundances (Wegler et al. 2017),
optimization and standardization, such as this work, should
lead to reliable quantiﬁcation and subsequently valid pharmacokinetic/pharmacodynamic conclusions (Harwood et al.
2016; Rostami-Hodjegan 2017). Inter-species differences
between rats and humans are highlighted, in line with
published literature. These differences reiterate the challenges of using pre-clinical models for CNS drug pharmacokinetic/pharmacodynamic studies, which may necessitate
avoiding direct extrapolation and employing model-based
translation (Fig. 1). Considering neurotoxic effects of psychoactive and non-psychoactive drugs that can cross the
BBB is dependent on elucidating transporter abundance and
activity, which are key to bridging the gap in translation from
animal models to human clinical practice. Other implications
include stratiﬁcation of patients with different susceptibilities
and requirements for dose adjustment as demonstrated
recently by examples in pediatrics in relation to hepatic
transporters (Elmorsi et al. 2016).
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Figure S1. Correlation analysis showing agreement between
targeted QconCAT measurements and two intensity-based label-free
analysis approaches (MaxQuant and Progenesis) that used Atp1a1
abundance as a reference.
Table S1. Percentage identical peptides and proteins between
replicates and between software packages.
Table S2. Summary of quantiﬁcation of each peptide using two
different software packages.
Table S3. Razor applied to peptide data.
Table S4. Protein identiﬁcation using Progenesis.
Table S5. Protein quantiﬁcation using Progenesis data.
Table S6. List of peptides used in the identiﬁcation of
transporters in rat brain microvessels (44 SLC transporters and 8
ABC transporters).
Appendix S1. Supplementary Materials and methods.
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