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Chapter 5
Quantitative and Targeted Proteomics 
of the Blood-Brain Barrier: Species 
and Cell Line Differences

Shingo Ito, Takeshi Masuda, and Sumio Ohtsuki

Abstract Proteomics is a powerful tool for comprehensive comparison of protein 
expression using quantitative proteomics as well as for determining the absolute 
expression levels of target proteins by quantitative targeted absolute proteomics 
(QTAP). Such proteomic techniques have been used in blood-brain barrier (BBB) 
research, and the output of these approaches has yielded substantial information. 
This chapter introduces two proteomic applications for understanding BBB models. 
One of them is QTAP, which is used for assessing species differences in a variety of 
different BBB proteins, including both transporters (e.g., ABC and SLC family 
members) and receptors. Analysis of protein expression levels of transporters such 
as MDR1/Mdr1a in isolated brain microvessels has demonstrated significant 
species- level differences. Quantitative plasma membrane proteomics is another 
technique used for comparing BBB model cell lines, which also introduces method-
ologies for plasma membrane preparations. The expression profile of membrane 
proteins in cultured cells provides helpful information and new insights for assess-
ing such cells, particularly for in vitro BBB model systems.

Keywords Quantitative proteomics · Targeted proteomics · Protein expression · 
ABC transporter · SLC transporter · Receptor · Plasma membrane · Species 
differences · Cell line differences

5.1  Introduction

Proteomics is becoming an important and essential approach for the comprehensive 
identification of proteins in the blood-brain barrier (BBB) research as well as in 
other areas of life sciences research. Currently, proteomics can be used to obtain 
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quantitative information on protein expression levels via mass spectrometry and can 
be classified into two main types: quantitative and targeted proteomics (Veenstra 
2007). Quantitative proteomics is an unbiased approach that is used to comprehen-
sively compare the relative protein levels among multiple sample groups. Targeted 
proteomics is a biased approach that is used to measure only targeted proteins. 
While quantitative proteomics can provide significantly higher proteomic informa-
tion than targeted proteomics, the sensitivity of targeted proteomics is better. 
Furthermore, targeted proteomics can be used to determine the absolute amounts of 
targeted proteins by introducing internal standard peptides along with the samples, 
and this method is known as quantitative targeted absolute proteomics (QTAP) 
(Ohtsuki et al. 2013). There are various applications of these techniques in BBB 
research. From the drug development point of view, quantitative proteomics has 
been utilized for predicting drug distribution in the human brain, which is rather 
challenging (Ohtsuki et al. 2011). In this chapter, we focus on two proteomic appli-
cations for understanding BBB models: QTAP for assessing differences in BBB 
proteins at the species level and quantitative plasma membrane proteomics for com-
paring protein expression in BBB model cell lines.

5.2  Profile of Transporter and Receptor Proteins 
in the Microvessels of the Human Brain

It is important to elucidate the molecular basis of transport function at the human 
BBB to understand the distribution of drugs and endogenous compounds in the 
human brain and to identify species-level differences. Uchida et al. investigated the 
expression of ABC and SLC transporter proteins from isolated human brain 
microvessels using QTAP (Uchida et al. 2011a). Brain microvessels were isolated 
from six frozen human cerebral cortices obtained from Caucasian patients and one 
frozen human cerebral cortex from a Japanese patient. The absolute protein expres-
sion levels of 34 ABC transporters, 66 SLC transporters, and eight receptors were 
measured in the microvessels of the isolated human brain using QTAP. Among the 
ABC transporters, ABCG2 (8.14  fmol/μg protein) was the most abundant ABC 
transporter, and MDR1/ABCB1 (6.06 fmol/μg protein) was the second most highly 
expressed ABC transporter. The mRNA expression profile of each brain cell type is 
available in the Brain RNAseq database (Zhang et al. 2016). The mRNA expression 
of ABCG2 (FPKM 48.2) in human brain endothelial cells was greater than that of 
MDR1 (FPKM 18.5), which supports that expression of ABCG2 in human brain 
microvascular endothelial cells was greater than that in MDR1.

Among the measured SLC transporters, GLUT1/SLC2A1 (glucose transporter 1, 
139  fmol/μg protein) was the most abundant SLC transporter in isolated human 
brain microvessels. High levels of EAAT1/SLC1A3 (excitatory amino acid trans-
porter 1, 24.5 fmol/μg protein) were detected. GLUT3/14/SLC2A3/14 (4.40 fmol/
μg protein), 4F2hc/SLC3A2 (3.47 fmol/μg protein), BGT1/SLC6A12 (betaine-GABA 
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transporter, 3.16 fmol/μg protein), CAT1/SLC7A1 (cationic amino acid transporter 
1, 1.13  fmol/μg protein), and MCT1/SLC16A1 (monocarboxylate transporter 1, 
2.27 fmol/μg protein) were also detected at levels greater than 1 fmol/μg protein in 
the isolated human brain microvessels. From the mRNA expression profile obtained 
from the Brain RNAseq database, the mRNA of GLUT1 (FPKM 79.5), CAT1 
(FPKM 15.8), and MCT1 (FPKM 17.1) was found to be predominantly expressed 
in the brain endothelial cells, suggesting that the amount of these proteins reflected 
their expression levels in microvascular endothelial cells. In contrast, EAAT1 
mRNA was predominantly detected in mature astrocytes (FPKM 972), and its 
expression in endothelial cells was low (FPKM 17). Since it is possible that the 
astrocytes in the isolated brain microvessels are contaminated, the EAAT1 levels 
measured using QTAP are likely to be inclusive of their levels in astrocytes.

The amounts of LAT1/SLC7A5 (large neutral amino acids transporter 1, 
0.431 fmol/μg protein), RFC/SLC19A1 (reduced folate carrier, 0.763 fmol/μg pro-
tein), and ENT1/SLC29A1 (equilibrative nucleoside transporter 1, 0.568 fmol/μg 
protein) were below 1  fmol/μg protein. The mRNA of LAT1 (FPKM 22.7) was 
predominantly expressed in human endothelial cells, but the mRNA of RFC (FPKM 
1.81) and ENT1 (FPKM 1.5) was widely expressed in the brain cells. Therefore, it 
is suggested that although LAT1 mRNA is predominantly expressed in the micro-
vascular endothelial cells of humans, its protein expression is low. Expression of 
drug transporter proteins such as peptide transporters (PEPTs), organic anion trans-
porters (OATs), organic anion-transporting polypeptides (OATPs), organic cation 
transporters (OCTs), organic cation/carnitine transporters (OCTNs), and multidrug 
and toxic compound extrusions (MATEs) could not be detected.

Among the transcytosis receptors, transferrin receptor (TFRC, 2.34 fmol/μg pro-
tein) insulin receptor (INSR, 1.09  fmol/μg protein), and low-density lipoprotein 
receptor-related protein 1 (LRP1, 1.51 fmol/μg protein) were detected in the iso-
lated human brain microvessels. The mRNA expression level of TFRC (FPKM 
21.9) was found to be the highest in human brain endothelial cells compared to 
INSR (FPKM 2.72) and LRP1 (FPKM 1.13), suggesting that among these recep-
tors, TFRC1 is predominantly expressed in the human BBB.

5.2.1  Species-Level Differences in Isolated Brain Microvessels: 
ABC Transporters

In a previous study, species-level differences in mRNA expression of ABC trans-
porters were identified in the brain microvessels of various species, including mice, 
rats, pigs, cows, and humans (Warren et al. 2009). To date, information on the pro-
tein expression of drug transporters at the BBB by QTAP for species such as mice 
(Kamiie et al. 2008; Uchida et al. 2013), rats (Hoshi et al. 2013), dogs (Braun et al. 
2017), marmosets (Hoshi et al. 2013), cynomolgus monkeys (Ito et al. 2011), and 
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humans (Uchida et al. 2011a) have been published. The protein expression levels 
for each species are summarized in Table 5.1.

Among the ABC transporters, there is cooperative action of MDR1/ABCB1 and 
ABCG2 at the brain barrier to prevent the entry of drugs into the brain by pumping 
them out from the endothelial cells into the circulating blood. The prediction of the 
drug distribution pattern in the human brain greatly depends on species-level differ-
ences in these ABC transporters at the BBB.  Furthermore, information on their 
absolute protein expression levels is essential for choosing appropriate animal mod-
els and for interpreting the results obtained using these models in preclinical stud-
ies. QTAP revealed species-level differences in the expression of MDR1 and 
ABCG2 in the isolated brain microvessels. In mouse brain microvessels, the expres-
sion of Abcg2 was approximately 70% lower than that of Mdr1a/Abcb1a. In con-
trast, in humans, the expression of ABCG2 was 1.3-fold greater than that of ABCB1, 
which was 36% and 32% of Mdr1a in mice and rats, respectively. The expression 
level of ABCB1  in monkeys is similar to that in humans and is 31% of Mdr1a 
expression in mice.

It is possible that the lower protein expression of MDR1 in human and monkey 
brain microvessels leads to the prediction of higher brain distribution of MDR1 
substrates in primates than in rodents. In fact, a previous PET analysis study has 
reported that the brain distribution of [11C]GR205171 and [18F]altanserin, which are 
MDR1 substrates, was 8.6- and 4.5-fold greater in humans than in rodents, respec-
tively (Syvanen et  al. 2009). The extent of penetration of [11C]verapamil and 
[11C]GR205171 into the brains of monkeys was also 4.1- and 2.8-fold greater than 
in rodents, respectively (Syvanen et al. 2009). As shown in Table 5.1, the brains of 
marmosets show similar expression levels of MDR1 and ABCG2 as humans. This 
suggests that marmosets are an appropriate model to predict drug distribution pat-
terns in the human brain rather than in rodents. In dogs, ABCG2 expression was 
greater than MDR1 expression as in humans. However, it should be noted that 
ABCG2 expression in dogs is 5.6-fold greater than in humans.

The compensation of Mdr1a/b and Abcg2 expression was investigated in 
Mdr1a/b(–/–) double knockout, Abcg2(–/–) knockout, and Mdr1a/b(–/–) Abcg2(–
/–) triple knockout mice (Agarwal et al. 2012). There was no significant difference 
in the expression of Abcg2 between wild-type and Mdr1a/b(–/–) double knockout 
mice. Similarly, there was no difference in the expression of Mdr1a between wild- 
type and Abcg2(–/–) knockout mice. Furthermore, a similar trend was observed in 
the expression of the other transporter and receptor proteins that were measured in 
the isolated brain microvessels in the Mdr1a/b(–/–) double knockout, Abcg2(–/–) 
knockout, and Mdr1a/b(–/–) Abcg2(–/–) triple knockout and wild-type mice. Thus, 
it was concluded that there are no compensatory changes in the protein expression 
of transporters and receptors in these knockout mice.

S. Ito et al.



127

Ta
bl

e 
5.

1 
Pr

ot
ei

n 
ex

pr
es

si
on

 le
ve

ls
 o

f 
tr

an
sp

or
te

rs
, r

ec
ep

to
rs

, a
nd

 ti
gh

t j
un

ct
io

n 
pr

ot
ei

ns
 in

 th
e 

is
ol

at
ed

 b
ra

in
 c

ap
ill

ar
ie

s 
of

 d
if

fe
re

nt
 s

pe
ci

es

G
en

e 
sy

m
bo

ls
/a

lia
s

Pr
ot

ei
n 

ex
pr

es
si

on
 (

fm
ol

/μ
g 

pr
ot

ei
n)

M
ou

se
 (

dd
y)

M
ou

se
 

(C
57

B
L

/6
 J

)
R

at
 (

SD
)

R
at

 (
W

is
ta

r)
D

og
M

ar
m

os
et

M
on

ke
y 

(C
hi

ne
se

 
ad

ul
t c

yn
om

ol
gu

s)
H

um
an

C
er

eb
ru

m
C

er
eb

ru
m

C
er

eb
ru

m
C

er
eb

ru
m

C
er

eb
ru

m
C

er
eb

ru
m

C
er

eb
ru

m
C

er
eb

ru
m

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

A
B

C
 tr

an
sp

or
te

rs
A

B
C

B
1/

M
D

R
1 

(M
dr

1a
: m

ou
se

 a
nd

 
ra

t)

15
.5

 ±
 0

.8
17

.8
 ±

 1
.2

19
.0

 ±
 2

.0
19

.2
 ±

 1
.1

6.
71

 ±
 1

.8
2

6.
48

 ±
 1

.3
1

5.
12

 ±
 0

.9
1

6.
06

 ±
 1

.6
9

A
B

C
C

1/
M

R
P1

N
ot

 
m

ea
su

re
d

<
L

O
Q

<
L

O
Q

<
L

O
Q

<
L

O
Q

<
L

O
Q

<
L

O
Q

<
L

O
Q

A
B

C
C

4/
M

R
P4

1.
59

 ±
 0

.0
7

1.
51

 ±
 0

.2
7

1.
60

 ±
 0

.2
9

1.
46

 ±
 0

.0
8

<
L

O
Q

0.
32

0 
±

 0
.0

57
0.

30
3 

±
 0

.0
08

0.
19

5 
±

 0
.0

69
A

B
C

G
2/

B
C

R
P

4.
02

 ±
 0

.2
9

5.
48

 ±
 0

.3
7

4.
15

 ±
 0

.2
9

5.
74

 ±
 0

.5
0

45
.2

 ±
 1

0.
8

16
.5

 ±
 1

.4
14

.2
 ±

 1
.4

8.
14

 ±
 2

.2
6

SL
C

 tr
an

sp
or

te
rs

SL
C

2A
1/

G
L

U
T

1
90

.0
 ±

 2
.9

10
1 

±
 4

84
.0

 ±
 4

.1
98

.2
 ±

 7
.0

20
9 

±
 6

4
14

5 
±

 2
0

13
1 

±
 2

2
13

9 
±

 4
6

SL
C

3A
2/

4F
2h

c
16

.4
 ±

 0
.3

N
ot

 m
ea

su
re

d
<

L
O

Q
<

L
O

Q
24

.7
 ±

 5
.0

3.
69

 ±
 0

.3
0

N
ot

 m
ea

su
re

d
3.

47
 ±

 0
.8

3
SL

C
7A

5/
L

A
T

1
2.

19
 ±

 0
.0

9
1.

17
 ±

 0
.3

6
3.

41
 ±

 0
.7

4
2.

58
 ±

 0
.8

4
<

L
O

Q
no

t m
ea

su
re

d
<

L
O

Q
0.

43
1 

±
 0

.0
91

SL
C

15
A

2/
PE

PT
2

N
ot

 
m

ea
su

re
d

N
ot

 m
ea

su
re

d
N

ot
 m

ea
su

re
d

N
ot

 
m

ea
su

re
d

1.
73

 ±
 0

.5
0

N
ot

 m
ea

su
re

d
N

ot
 m

ea
su

re
d

<
L

O
Q

SL
C

16
A

1/
M

C
T

1
23

.7
 ±

 0
.9

13
.7

 ±
 0

.5
11

.6
 ±

 0
.6

13
.5

 ±
 0

.8
<

L
O

Q
3.

04
 ±

 0
.3

5
0.

75
5 

±
 0

.3
73

2.
27

 ±
 0

.8
5

SL
C

22
A

2/
O

C
T

2
N

ot
 

m
ea

su
re

d
N

ot
 m

ea
su

re
d

N
ot

 m
ea

su
re

d
N

ot
 

m
ea

su
re

d
±

N
ot

 m
ea

su
re

d
<

L
O

Q
<

L
O

Q

SL
C

22
A

8/
O

A
T

3
1.

97
 ±

 0
.0

7
2.

29
 ±

 0
.4

0
2.

13
 ±

 0
.4

9
1.

37
 ±

 0
.1

8
<

L
O

Q
no

t m
ea

su
re

d
<

L
O

Q
<

L
O

Q
SL

C
O

1A
2/

O
A

T
P1

A
2 

(S
lc

o1
a4

: m
ou

se
)

2.
11

 ±
 0

.1
2

N
ot

 m
ea

su
re

d
N

ot
 m

ea
su

re
d

N
ot

 
m

ea
su

re
d

<
L

O
Q

N
ot

 m
ea

su
re

d
0.

72
5 

±
 0

.0
46

<
L

O
Q

SL
C

O
2B

1/
O

A
T

P2
B

1
N

ot
 

m
ea

su
re

d
N

ot
 m

ea
su

re
d

N
ot

 m
ea

su
re

d
N

ot
 

m
ea

su
re

d
N

ot
 m

ea
su

re
d

<
L

O
Q

<
L

O
Q

<
L

O
Q

(c
on

tin
ue

d)

5 Quantitative and Targeted Proteomics of the Blood-Brain Barrier: Species and Cell…



128

Ta
bl

e 
5.

1 
(c

on
tin

ue
d)

G
en

e 
sy

m
bo

ls
/a

lia
s

Pr
ot

ei
n 

ex
pr

es
si

on
 (

fm
ol

/μ
g 

pr
ot

ei
n)

M
ou

se
 (

dd
y)

M
ou

se
 

(C
57

B
L

/6
 J

)
R

at
 (

SD
)

R
at

 (
W

is
ta

r)
D

og
M

ar
m

os
et

M
on

ke
y 

(C
hi

ne
se

 
ad

ul
t c

yn
om

ol
gu

s)
H

um
an

C
er

eb
ru

m
C

er
eb

ru
m

C
er

eb
ru

m
C

er
eb

ru
m

C
er

eb
ru

m
C

er
eb

ru
m

C
er

eb
ru

m
C

er
eb

ru
m

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

M
ea

n 
±

 S
E

M
M

ea
n 

±
 S

E
M

SL
C

29
A

1/
E

N
T

1
N

ot
 

m
ea

su
re

d
N

ot
 m

ea
su

re
d

N
ot

 m
ea

su
re

d
N

ot
 

m
ea

su
re

d
0.

58
1 

±
 0

.3
42

N
ot

 m
ea

su
re

d
0.

54
1 

±
 0

.0
72

0.
56

8 
±

 0
.1

34

R
ec

ep
to

rs
T

FR
C

N
ot

 
m

ea
su

re
d

5.
22

 ±
 0

.4
7

6.
74

 ±
 0

.3
9

8.
93

 ±
 1

.1
6

18
.0

 ±
 0

.8
N

ot
 m

ea
su

re
d

N
ot

 m
ea

su
re

d
2.

34
 ±

 0
.7

6

IN
SR

N
ot

 
m

ea
su

re
d

1.
13

 ±
 0

.1
8

0.
78

5 
±

 0
.1

11
1.

15
 ±

 0
.3

4
<

L
O

Q
0.

65
6 

±
 0

.1
57

1.
46

 ±
 0

.2
2

1.
09

 ±
 0

.2
1

L
R

P1
N

ot
 

m
ea

su
re

d
1.

37
 ±

 0
.3

3
1.

09
 ±

 0
.1

4
1.

16
 ±

 0
.2

1
1.

49
 ±

 0
.7

6
N

ot
 m

ea
su

re
d

1.
29

 ±
 0

.0
5

1.
51

 ±
 0

.2
6

T
ig

ht
 ju

nc
tio

n 
pr

ot
ei

ns
C

la
ud

in
-5

N
ot

 
m

ea
su

re
d

8.
07

 ±
 1

.4
7

7.
91

 ±
 0

.9
7.

00
 ±

 0
.8

0
N

ot
 m

ea
su

re
d

8.
03

 ±
 0

.9
8

7.
17

 ±
 0

.7
7

N
ot

 m
ea

su
re

d

M
em

br
an

e 
m

ar
ke

rs
N

a+
/K

+
 A

T
Pa

se
39

.4
 ±

 1
.0

1
39

.0
 ±

 0
.9

68
.6

 ±
 4

.5
36

.2
 ±

 5
.5

70
.5

 ±
 1

0.
8

31
.5

 ±
 3

.5
36

.1
 ±

 8
.7

35
.1

 ±
 1

2.
6

R
ef

er
en

ce
K

am
iie

 e
t a

l. 
20

08
U

ch
id

a 
et

 a
l. 

20
13

H
os

hi
 e

t a
l. 

20
13

H
os

hi
 e

t a
l. 

20
13

B
ra

un
 e

t a
l. 

20
17

H
os

hi
 e

t a
l. 

20
13

It
o 

et
 a

l. 
20

11
U

ch
id

a 
et

 a
l. 

20
11

<
L

O
Q

: B
el

ow
 th

e 
lo

w
er

 li
m

it 
of

 q
ua

nt
ifi

ca
tio

n

S. Ito et al.



129

5.2.2  Species-Level Differences in Isolated Brain Microvessels: 
SLC Transporters

Various SLC transporters are expressed in the BBB, and one of their important roles 
is to supply nutrients, such as glucose and amino acids, to the brain. The glucose 
transporters GLUT1 (SLC2A1) and GLUT3/14 (SLC2A3/14) were detected in iso-
lated brain capillary endothelial cells (Uchida et al. 2011a). The protein expression 
level of GLUT1 was 32-fold greater than that of GLUT3/14 (139 vs. 4.4 fmol/μg 
protein), suggesting that GLUT1 is mainly involved in glucose transport in the 
human BBB. The maximal velocity of glucose transport across the human BBB was 
reported to be 0.4–2.0 μmol/min/g of the brain and that across the mouse BBB was 
1.42 μmol/min/g of the brain (Pardridge 1983; Gruetter et al. 1996). The similarity 
in the transport rates in humans and mice is consistent with the GLUT1 protein 
levels in the BBB (80.4–216 and 82.1–101 fmol/μg protein, respectively) (Uchida 
et al. 2011a, 2013).

Among the glucose transporters, GLUT3/14 showed a remarkable interspecies 
difference. Although GLUT3/14 has been quantified in isolated human and monkey 
brain capillaries, it has not been performed in mouse brain capillaries. Brain RNAseq 
showed that the mRNA expression of GLUT3 in human endothelial cells (FPKM 
19.3) was the same as that in neurons (FPKM 11.6). Furthermore, mRNA expres-
sion of GLUT3 was detected in immortalized human brain microvascular endothe-
lial cells (hCMEC/D3 cells) (Meireles et al. 2013). In contrast, mRNA expression 
of GLUT3 in mouse brain endothelial cells (FPKM 0.983) was much lower than 
that in mouse neurons (FPKM 32.9). Therefore, GLUT3 is expressed in the primate 
BBB and might be involved in glucose transport from the blood to the brain.

MCT1 (SLC16A1) is a proton-coupled monocarboxylate transporter that medi-
ates the transport of lactate and ketone bodies across the BBB. Lactate and ketone 
bodies can also provide energy to the brain like glucose. Although GLUT1 showed 
similar protein expression levels among species, the protein expression of MCT1 in 
mouse and rat was more than 3.8-fold greater than that in marmosets, monkeys, and 
humans (Table 5.1). While the rate of glucose consumption in the mouse brain was 
estimated to be higher than that of the human brain (van Gelder 1989), the glucose 
transport rate and GLUT1 expression at the BBB were similar in both humans and 
mice as mentioned above. Thus, the higher expression of MCT1 in rodents is likely 
to be responsible for the supply of lactate and ketone bodies as energy sources to the 
brain to support higher energy demand in the brain.

LAT1 (SLC7A5) and 4F2hc (SLC3A2) can form a heterodimer and function as 
a transporter for large neutral amino acids, such as leucine, tryptophan, tyrosine, 
and phenylalanine. Protein expression levels of LAT1 and 4F2hc in the human brain 
microvessels were 20% and 21% of those in mice, respectively (Table 5.1). PET 
analysis has indicated that the rate of cerebral protein synthesis in the human brain 
(0.345–0.614 nmol/min/g) is lower than that in the rodent brain (3.38 nmol/min/g) 
(Hawkins et al. 1989). The concentration of serotonin, the precursor for which is 
tryptophan, is lower in the human brain than in the mouse brain (20 ng/g vs. 679 ng/g 
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brain) (Irifune et al. 1997; Young et al. 1994). Based on these results, it was sug-
gested that the supply of large neutral amino acids across the BBB is slower in 
humans than in mice due to lower expression of LAT1 and 4f2hc in human brain 
microvessels.

OAT3 (SLC22A8) is an organic anion transporter involved in the brain-to-
blood efflux transport of anionic drugs and neurotransmitter metabolites across 
the rodent BBB (Mori et al. 2003, 2004). Although OAT3 was detected in mouse 
and rat brain microvessels, it was found to be under detection limits in human, 
monkey, and dog brain microvessels (Table 5.1). This species-level difference was 
supported by the RNAseq data. While the mRNA expression of OAT3 was selec-
tively higher in the microvascular endothelial cells (FPKM 188) in the mouse 
brain, its expression in human microvascular endothelial cells was lower (FPKM 
0.225). The differences in the protein and mRNA expressions suggest that OAT3 
plays a weaker role in the brain-to-blood efflux of anionic compounds across the 
BBB in humans than in mice. Similarly, ASCT2 (SLC1A5), TAUT (SLC6A6), and 
Oatp2 (Slco1a4) were detected in mouse brain microvessels but not in human 
brain microvessels.

5.2.3  Species-Level Differences in Isolated Brain 
Microvessels: Receptors

TFRC, INSR, and LRP1 are expressed at the BBB; therefore, their antibodies and 
ligand peptides can be considered as BBB-permeable carriers for drug delivery to 
the brain. The protein expression levels of TFRC in humans are 45%, 30%, and 13% 
of that in mouse, rat, and dog, respectively (Table 5.1). Although TFRC is a promis-
ing target for the delivery of macromolecules across the BBB, differences in its 
protein expression suggest the possibility that prediction of delivery efficiency 
using anti-TFRC antibodies to the human brain of animal models based on the 
delivery efficiency in animal models might be overestimated. The protein expres-
sion levels of INSR and LRP1 were similar among the species (Table 5.1).

5.3  Necessities of Plasma Membrane Proteome Analysis 
for BBB Research

BBB transport functions are mainly regulated by plasma membrane proteins, such 
as transporters, receptors, and tight junction proteins. To maintain CNS health, 
selective permeability of endogenous metabolites by the BBB is required, and these 
various plasma membrane proteins cooperate with each other for this purpose. In 
case of the tight junction as the physical barrier of the BBB, a study has shown that 
knockout of the claudin-5 gene in mice showed only a minor effect on the BBB 
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physical barrier, despite the fact that claudin-5 is considered to be an essential pro-
tein at the tight junctions (Nitta et al. 2003). This indicates that the tight junctions 
might be formed of other proteins in addition to claudin-5. Moreover, for the trans-
port functions of the BBB, the concentration of small compounds in the CNS is 
regulated by multiple transporter proteins that are responsible for efflux or influx 
actions.

The subcellular localization of plasma membrane proteins is dynamically 
changed, which affects their functions. It has been reported that the protein level of 
ABCG2 on the plasma membrane is highly correlated with its transporter activity 
(Liu et al. 2017). The expression level of plasma membrane proteins is relatively 
low within the proteome. The mRNA levels do not correlate completely with pro-
tein expression levels (Ohtsuki et al. 2012). Therefore, to understand the role of the 
expression of plasma membrane proteins in the BBB functions, it is important to 
enrich the plasma membrane fraction from the cells and comprehensively analyze 
the membrane proteins by quantitative and targeted proteomic approaches.

5.4  Methodologies of Plasma Membrane Preparation

To perform plasma membrane proteomics, it is necessary to collect the plasma 
membrane fraction using a compatible sample preparation method for proteomic 
analysis. To date, several plasma membrane enrichment protocols have been 
reported. Sucrose density gradient centrifugation was reported by Boone et  al. 
(Boone et al. 1969) and has been applied to analyze various cell types and tissues. 
This protocol has been established since long, and it is possible to obtain other cel-
lular organelles at the same time. However, it requires a gradient maker as well as 
an ultracentrifuge. Affinity chromatography-based purification protocols use anti-
bodies or lectins to target cell surface proteins (Lee et al. 2008; Pahlman et al. 1979; 
Lawson et al. 2006). The enrichment efficiency of plasma membranes by these pro-
tocols was greater than that of sucrose density centrifugation. However, the plasma 
membrane fractions include several contaminants of antibodies or lectin proteins, 
which affect the accurate quantification of proteins in the subsequent steps. In addi-
tion, these traditional separation protocols require a large number of cells (at least 
109 cells as the starting material). On the other hand, large-scale proteome profiling 
methods require lesser amounts of starting materials owing to the continual advance-
ments in LC-MS techniques.

Recently, we have demonstrated that the Plasma Membrane Extraction Kit 
(BioVison, USA) with a modified protocol is effective for the enrichment of the 
plasma membrane fraction from as low as 5 × 106 cells using HEK293 cells and 
human BBB model cell lines, and it is a proteomics compatible approach (Fig. 5.1) 
(Masuda et al. 2019). In this method, Na+/K+ ATPase, which was used as a plasma 
membrane marker protein, was highly enriched in the plasma membrane fraction, 
whereas GM130 and COX4 proteins, which are organelle markers, were effectively 
eliminated from the plasma membrane fraction. One of the tips for using this kit is 
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to use a fully thawed cell pellet. It is important to uniformly break the cells to obtain 
a highly pure plasma membrane fraction. A partially frozen cell pellet results in a 
lack of uniformity in cell disruption. Moreover, this kit does not require ultracentri-
fugation and yields a few micrograms of plasma membrane proteins, which is suf-
ficient for recent large-scale quantitative proteomics (Fig. 5.1). In addition, the 
plasma membrane fraction can be collected as a pellet, which is directly applied to 
sample preparation for LC-MS/MS-based proteomics.

5.5  Comparison of Plasma Membrane Proteome Between 
Two BBB Cell Lines

In a previous study by Kubo et al., luminal-rich and abluminal-rich fractions of the 
plasma membrane of brain microvessels were prepared from 100 g of porcine brain 
using Ficoll density gradient centrifugation (Kubo et  al. 2015). From the values 
quantified for each fraction by QTAP, they successfully determined the luminal- and 
abluminal-distribution ratios of membrane transporter proteins in brain microves-
sels comprehensively. Although plasma membrane proteomics of intact brain 
microvessels can provide important information, large amounts of brain are neces-
sary for sample preparation. Due to this limitation in analyzing the human BBB, 

Fig. 5.1 Schematic representation of plasma membrane preparation procedure using the Plasma 
Membrane Extraction Kit
The subcellular fractions, including the cytosol, crude membranes, and plasma membrane frac-
tions, were prepared from cultured cells. Detailed information regarding the preparation procedure 
has been described in our previous report (Masuda et al. 2019)
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in vitro human BBB cell models have been established and used not only for the 
development of drugs targeting the CNS but also for studying BBB biology. Several 
groups have reported different approaches to study the BBB model cell line, such as 
immortalizing the human brain microvascular endothelial cells (HBMEC) (Kamiichi 
et al. 2012; Stins et al. 2001; Weksler et al. 2005) and deriving them from human 
embryonic, pluripotent, or cord blood hematopoietic stem cells (Boyer-Di Ponio 
et al. 2014; Cecchelli et al. 2014; Lippmann et al. 2012). The expression of major 
signature proteins of BBB, such as GLUT1, LAT1, MCT1, MDR1, ZO-1, and 
occludin, was confirmed by mRNA and/or protein expression analysis. In addition, 
it was validated that all these models have selective permeability and physical bar-
riers, which are observed in the in vivo BBB. The uptake and efflux activities were 
measured using marker compounds, such as acetylated low-density lipoproteins, 
rhodamine, and verapamil. Interestingly, stem cell-derived BBB models show rela-
tively high transendothelial electrical resistance values (TEER) compared to immor-
talized BBB model cell lines (Helms et al. 2016). However, MDR1 expression was 
insufficient in stem cell-derived models (Kurosawa et  al. 2018; Ohshima et  al. 
2019). To assist researchers in selecting the most appropriate cell line for specific 
purposes, information on the large-scale plasma membrane protein expression pro-
file of these BBB model cell lines would be beneficial.

hCMEC/D3 and HBMEC/ciβ cells are brain microvascular endothelial cell lines 
and were established by immortalization through transduction of a human telomer-
ase reverse transcriptase (hTERT) subunit and a simian virus 40 large T antigen 
(SV40T) (Weksler et al. 2005) or temperature-sensitive SV40T (tsSV40T) (Kamiichi 
et al. 2012). Both cell lines showed similar TEER values (5–20 Ω cm2) and sodium 
fluorescein permeability values (1–3 × 10−5 cm/s) (Eigenmann et al. 2013; Furihata 
et al. 2015). Recently, to assist researchers in selecting the most appropriate cell 
line, large-scale quantitative proteomic data of the plasma membrane fractions was 
reported (Masuda et  al. 2019). The plasma membrane fractions enriched by the 
Plasma Membrane Extraction Kit were subjected to comparative proteomics, and 
2350 proteins were quantified. This dataset contains 345 plasma membrane pro-
teins, and the expression levels of 100 and 35 out of the 345 proteins were signifi-
cantly increased or decreased in hCMEC/D3 to HBMEC/ciβ, respectively.

As shown in Fig. 5.2, hCMEC/D3 cells expressed higher levels of amino acid 
transporters (SNAT1, SNAT2, SNAT5, ASCT1, CAT1, and LAT1), ABC transport-
ers (BCRP, MDR1, and MRP4), and GLUT1 than HBMEC/ciβ. The expression 
level of TFRC was also 4.56-fold greater in hCMEC/D3 cells. In another report, the 
absolute amounts of plasma membrane proteins were compared between hCMEC/
D3 cells and human brain microvessels (Ohtsuki et  al. 2013). MDR1 levels in 
hCMEC/D3 cells were similar to those in human brain microvessels, indicating that 
hCMEC/D3 cells are more suitable for efflux assays than HBMEC/ciβ cells. In 
addition to P-gp, the protein expression profile suggested that the sensitivity and 
dynamic range of the ABC transporter-mediated efflux assay and TFRC-mediated 
uptake assay is higher in hCMEC/D3 cells than in HBMEC/ciβ cells. The internal-
ization of plasma membrane proteins was comprehensively identified in hCMEC/
D3 cells by the combination of surface biotinylation and quantitative proteomics 
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(Ito et al. 2020). Among the identified internalized proteins, TFRC showed the most 
abundant levels in the internalization fraction.

In contrast, junction proteins, such as PECAM1, JAM1, JAM3, and ESAM as 
well as neonatal Fc receptor (FcRn), were highly expressed in HBMEC/ciβ cells 
compared to hCMEC/D3 cells. FcRn mediates the clearance of IgG from the CNS 
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Fig. 5.2 Comparison of protein expression levels between two types of cells used as BBB models
The ratios of the proteins expressed in hCMEC/D3 cells were compared to that in HBMEC/ciβ 
cells. The original protein expression data have been reported in our previous paper (Masuda 
et al. 2019)
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to the blood across the BBB (Zhang and Pardridge 2001). For efficient pharmaco-
logical treatment with antibodies, it is important to understand the FcRn-mediated 
clearance of IgG from the brain, which might indicate that HBMEC/ciβ cells are a 
more suitable model cell line for antibody retention assays. In addition, HBMEC/
ciβ cells might form better tight junctions than hCMEC/D3 cells as tight junction 
protein levels in HBMEC/ciβ cells were higher (2.19-fold on an average of eight 
proteins) than in hCMEC/D3 cells. From these results, it was concluded that 
HBMEC/ciβ cells might be a more suitable BBB model cell line than hCMEC/D3 
for IgG-clearance assay and for integrity assays of tight junctions. Similarly, plasma 
membrane proteome analysis is also an effective technique for assessing the effect 
of culture conditions on cellular functions as a BBB model.

5.6  Conclusion

This chapter summarizes the application of quantitative and targeted proteomics for 
assessing animal and cultured cell models for human BBB. However, this is only one 
aspect of the applications, and proteomics can also be used for identifying novel tar-
gets for drug development and brain delivery at the BBB. The unique characteristics 
of the protein are due to their posttranslational modifications, such as phosphoryla-
tion. Phospho-proteomics has also been conducted to understand the posttransla-
tional regulation of MDR1 activity at the BBB (Hoshi et al. 2019). Currently, highly 
sensitive proteomic methods are available, and the expression levels of a number of 
proteins can be compared from samples whose amounts are as low as 1 μg. For the 
progress of BBB proteomics, one of the important challenges is the purification of 
brain microvessels. As mentioned above, contamination of other brain cells cannot be 
excluded in the proteomic data from isolated brain microvessels. Furthermore, at 
least five mouse brains are necessary to isolate brain microvessels. To overcome this, 
protein expression can be confirmed using immunohistochemical analysis, but it is 
difficult to obtain antibodies for specific modifications in the target proteins. Recently, 
we developed a new method to isolate brain microvessels from single frozen mouse 
brains with higher purity than the standard isolation method (Ogata et al. 2021). This 
method can produce multiple sample preparations in parallel using a bead homoge-
nizer. Despite higher purity, contaminants from other brain cells were still observed. 
Therefore, purification methods need to be improved for brain microvessels to obtain 
better omics data, including proteomics.

The absolute amounts of transporters obtained using QTAP are also important 
information for predicting drug distribution in the brain. Such prediction studies 
have been reported in terms of in vitro to in vivo extrapolation from the liver and 
intestine using the relative expression factor method. Uchida et al. reported that the 
transporter activity of MDR1/Mdr1a in the mouse BBB and the drug distribution in 
the mouse and monkey brain can be reconstructed using the absolute amounts of 
MDR1/Mdr1a in vitro and in vivo (Uchida et al. 2011b, 2014a, b). Since proteins are 
functional molecules in our body, proteomics will help us to promote BBB research.
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Points of Discussion
• How do the function and molecular expression differ in the BBB of different 

brain regions?
• How does the BBB proteome change as a function of age and sex?
• How is the BBB proteome altered in disease conditions, and what are the species 

differences in the changes?
• What kind of transporters are involved in organic anion and cation transport 

across the human BBB?
• Which subtypes of ABCC/MRP are expressed in the human BBB, and which one 

has the highest contribution to BBB transport?
• What types of membrane proteins are involved in macromolecular transport 

across the BBB?
• How can the purity of isolated brain microvessels for omics analysis be improved?
• How can the polarized proteome in brain microvascular endothelial cells be 

addressed?
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