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Abstract

The blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB) separate the
brain and cerebrospinal fluid (CSF) from the systemic circulation and represent a barrier to the
uptake of both endogenous compounds and xenobiotics into the brain. For compounds whose
passive diffusion is limited due to their ionization or hydrophilicity, membrane transporters can
facilitate their uptake across the BBB or BCSFB. Members of the solute carrier (SLC) and ATP-
binding case (ABC) families are present on these barriers. Differences exist in the localization and
expression of transport proteins between the BBB and BCSFB, resulting in functional differences
in transport properties. This review focuses on the expression, membrane localization, and
different isoforms present at each barrier. Diseases that affect the central nervous system including
brain tumors, HIV, Alzheimer’s disease, Parkinson’s disease, and stroke affect the integrity and
expression of transporters at the BBB and BCSFB and will be briefly reviewed.
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INTRODUCTION

The blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB) separate
the brain and cerebrospinal fluid (CSF) from the systemic circulation. The BBB consists of
endothelial cells that form tight junctions, which hinders the penetration of large or
hydrophilic molecules, including toxins and nutrients, into the central nervous system
(CNS). These endothelial cells express multiple substrate-specific transport systems, which
are essential for the control of nutrient transport from the blood to the brain, as well as for
transport of metabolic waste products from the brain’s interstitial fluid (ISF) into the blood
(1). The BCSFB is composed of cuboidal epithelial cells known as choroid plexus epithelial
cells, whose primary function is to secrete CSF. The transporters present at this barrier are
involved in cell and CSF homeostasis. They are essential for the movement of nutrients into
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the CSF and secretion of waste products out of the CSF (2). Differences exist in the
molecular composition and morphology between these barriers which result in functional
differences (3).

Transport across membranes can be classified as passive diffusion, paracellular diffusion,
facilitated transport, transcytosis, or active transport. The tight junctions in the BBB prevent
paracellular diffusion (4). Small, lipophilic molecules and drugs, with molecular weights
less than 400 Da and containing less than eight hydrogen bonds, can cross the BBB via
diffusion. Molecules and drugs that do not meet these criteria can only cross the BBB via
transporter-mediated processes (1). The BCSFB is less restrictive compared to the BBB, but
the presence of transporters is essential in order to maintain CSF homeostasis. Transport at
both membranes can be classified as uptake or efflux. Efflux transporters drive substrates out
of the cell while the uptake transporters facilitate the movement of substrates into the cell.
Typically, uptake of molecules is carried out by members of the solute carrier (SLC) family,
while the efflux occurs against a concentration gradient by members of the ATP-binding
cassette (ABC) family (5). However, some SLC transporters function as bidirectional or
efflux transporters.

The SLC superfamily consists of 52 families and 395 individual transporter genes (5). Their
classification into these families requires an amino acid homology of at least 25% between
family members (6) and includes facilitated transporters, ion-coupled transporters, and
exchangers (3). The facilitated transporters use the electrochemical potential difference in
the transport of substrates, while ion-coupled transporters use a sodium or proton gradient in
order to transport substrates against a concentration gradient. SLC transporters can function
as bidirectional or unidirectional transporters (7). These transporters are present ubiquitously
throughout the body in the BBB, choroid plexus, liver, intestine, kidney, blood-testis barrier,
and placenta (6). The families that have been identified in the BBB and BCSFB are SLCO,
SLC7A, SLC16A, SLC22A, SLC28A, and SLC29A (5). The SLC superfamily transports
organic cations and anions, monocarboxylates, peptides, drugs and drug conjugates, steroids,
and many other substrates (6,7).

The ABC family consists of 48 members that are classified into seven different families (A
through G) depending their amino acid sequence and phylogeny (4). These transporters are
classified as active transporters since they require an energy source, ATP, in order to
transport substrates across a membrane. In some tissues, except for liver, intestine, and
kidney, they are usually located on blood-facing membranes and are responsible for efflux of
toxic waste or drugs (7). Members of this family that have been identified and studied in the
BBB and BCSFB include ABCB1, ABCG2, and members of the ABCC subfamily.

This review focuses on transporter protein expression and localization at the BBB and
BCSFB, since the main functions of these barriers are to restrict the free diffusion of
molecules between the CNS and the blood and facilitate the transport of nutrients, ions, and
metabolic waste products (3). There are differences in transporter expression between the
BBB and BCSFB with respect to the transporter families and isoforms that are expressed, as
well as their membrane localization.
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BLOOD-BRAIN BARRIER

The BBB is comprised of a monolayer of non-fenestrated brain microvessel endothelial cells
surrounded by pericytes, astrocytes, and neurons (8). The brain microvessel endothelial cells
are joined by tight junctions that form a continuous impermeable barrier that limits
paracellular flux. The BBB also has a high transendothelial electrical resistance (TEER) of
1500-2000 Qcm? which limits the flow of water and solutes (8). A number of in vitro BBB
models have been developed to evaluate the brain penetration of drug candidates. Human
BBB cell models include cryopreserved brain endothelial cells (HBMECSs) and immortalized
cell lines hCMEC/D3 (9) and BB19 (10). Cryopreserved brain microvascular endothelial
cells (BMECs) from rats and mice are also commercially available. RBE4 cells are a rat
immortalized brain microvascular endothelial cell model utilized to evaluate brain drug
penetration (11). In addition, conditionally immortalized brain endothelial cell lines have
been developed for rats and mice (12).

A wide range of SLC and ABC transporters are expressed in brain microvessel endothelial
cells to mediate the flux of endogenous and exogenous substances across the BBB. Figure 1
illustrates human transporter expression and localization at the BBB. Species differences in
transporter protein expression (quantitative and isoform differences), localization, and
functional activity will be discussed in the following sections and are summarized in Table I.

Uptake Transporters

L-Alpha Amino Acid Transporters—t-alpha amino acid transporters (LATS) are SLC
transporters belonging to families 7 and 43 with four members identified: LAT1 (SLC7AD5),
LAT2 (SLC7A8), LAT3 (SLC43A1), and LAT4 (SLC43A2). 4F2hc cell-surface antigen
heavy chain (SLC3A2) interacts with LAT1 and LAT2 to form system L (13). LATs
transport neutral amino acids, including phenylalanine, leucine, tryptophan, and tyrosine,
with LAT1 transporting large amino acids and LAT2 transporting large and small amino
acids (13). LAT1 is primarily expressed in the brain, placenta, and tumor tissue, while LAT2
is primarily expressed in the kidney, intestine, and colon (13).

LAT1 is expressed on the luminal and abluminal surfaces of the BBB and functions as an
antiporter (13,14). Expression of LAT1 has been quantified in brain capillaries from humans
(15,16), rats (17), and mice (18), but was below the limit of quantification in adult
cynomolgus monkeys and human hCMEC/D3 cells (9,19). LAT1 expression was five to ten
times higher in mice and rats, as compared to humans (3.00 versus 0.43-0.8 fmol/ug
protein) (17,18,20) suggesting that species differences exist in brain penetration of LAT1
substrates. LAT2 mRNA is expressed at the BBB in humans, rats, and mice at a much lower
level than LAT1 (21-23). Functional studies at the BBB suggest that LAT2 activity is
minimal or absent (24). LAT1 is involved in the BBB transport of a number of drugs that
have CNS activity including gabapentin, pregabalin, L-DOPA, and methyldopa (13,25).
Functional activity of LAT1 has been characterized in isolated rat brain capillary cells and
via in situ perfusion (24,26)and in isolated bovine brain capillaries (14) utilizing amino acid
and drug substrates.
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Monocarboxylate Transporters—Monocarboxylate transporters are SLC transporters
belonging to families 5 and 16. Fourteen members of the proton-dependent family (SLC16;
MCTs) and two members of the sodium-dependent family (SLC5A8, SLC5A12; SMCTSs)
have been identified. MCTs demonstrate a wide tissue distribution with MCT1 having
ubiquitous expression (27). SMCTs demonstrate a more restricted distribution with
expression primarily observed in the intestine, colon, and kidney (28). Of the 14 MCTs,
eight have been functionally characterized, but only four of these have been demonstrated to
function as proton-dependent transporters of monocarboxylates: MCT1 (SLC16A1), MCT2
(SLC16A7), MCT3 (SLC16A8), and MCT4 (SLC16A3). These MCTs cotransport
monocarboxylates, including lactate, pyruvate, and ketone bodies, along with a proton with a
stoichiometric ratio of 1:1 (29). MCT8 (SLC16A2) functions as a thyroid hormone
transporter and MCT10 (SLC16A10, TAT1) transports aromatic amines (27).

Only two MCT isoforms are expressed in the brain capillaries that comprise the BBB,
namely MCT1 and MCT8. MCT1 expression in brain capillaries has been quantified in
humans, monkeys, marmosets, rats, and mice with species differences observed in
expression levels. Rats (12.6 fmol/pg protein) and mice (23.7 fmol/ug protein) had
substantially higher MCT1 expression as compared to humans (1.46 and 2.27 fmol/ug
protein) (15,17,18,20). Similar MCT1 expression levels were observed in brain capillaries
isolated from humans, marmosets (3.04 fmol/ug protein), and cynomolgus monkeys (1.15
fmol/ug protein) (15,17,19). Expression was also quantified in hCMEC/D3 cells (1.87 fmol/
ug protein) (9) and was comparable to expression in freshly isolated human brain capillaries.
Age-dependent expression of MCT1 was observed in monkeys with neonates having 3-fold
higher expression than adult monkeys (19). A similar age-dependent trend was observed in
rats with 17-day-old rats having 25 times higher Mct1 expression at the BBB when
compared to adult rats (30). Mctl is localized to the luminal and abluminal membranes of
the BBB in rats (31,32) with no localization information available in other species. MCT8
was quantified in brain capillaries isolated from adult monkeys (1.48 fmol/ug protein) and
humans (1.31 fmol/ug protein) (19,20), but was not determined in brain capillaries from
other species that have been studied using quantitative proteomics. Functional activity of
MCT1 has been characterized at the BBB for the drug of abuse »-hydroxybutyrate utilizing
rat RBE4 cells, /n situ perfusion, and /n vivo brain microdialysis in rats (33-35).

Nucleoside Transporters—Nucleoside transporters can be classified into two families:
concentrative nucleoside transporters (CNTSs) and equilibrative nucleoside transporters
(ENTS) (36). CNTs belong to SLC family 28A, with three isoforms (CNT1, CNT2 and
CNT3) identified in humans. All isoforms actively transport nucleosides against a
concentration gradient and function as Na*-coupled cotransporters, but differ in their affinity
for purine and pyrimidine nucleosides. CNT1 (SLC28A1) and CNT2 (SLC28A2)
preferentially transport pyrimidine and purine nucleosides, respectively, while CNT3
(SLC28A3) transports both purines and pyrimidines. ENT and CNT drug substrates and
their transport characteristics have been reviewed elsewhere (36).

CNTs are primarily expressed in epithelial cells primarily in the kidney and liver (36), with
Cntl and Cnt2 mRNA expression demonstrated in the rodent brain (37). Cnt2 can be
detected in rodent brain capillaries and activity has been demonstrated in cultured rat brain
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endothelial cells (38). However, CNT1-3 expression was below the limit of quantification in
proteomic analysis of human, rat, and marmoset brain microvessels (15,17). Additionally,
CNT protein expression was not quantifiable in hCMEC/D3 cells (9), suggesting that these
transporters may not be involved in brain penetration of nucleosides in humans.

ENTSs are SLC transporters belonging to family 29A with four isoforms identified in
humans: ENT1 (SLC29A1), ENT2 (SLC29A2), ENT3 (SLC29A3), and ENT4 (SLC29A4).
ENT1 and ENT2 function as facilitated carriers and mediate the uptake and efflux of
nucleosides depending on the concentration gradient across the membrane (36). ENT1,
ENT2, and ENT3 transport both purines and pyrimidines with broad and overlapping
substrate specificities. In addition, ENT2 and ENT3 can transport nucleobases. All ENTs
demonstrate a wide tissue distribution with expression observed in the liver, kidney,
intestine, colon, placenta, brain, and other tissues (36,39).

Within the brain, ENT1 and ENT2 are expressed in brain capillaries of rodents and humans.
ENT?2 is localized to the luminal membrane of brain capillaries in rats (38), while the
localization of ENT1 has not been determined. Expression of ENT1 has been quantified in
brain microvessels isolated from humans, monkeys, and mice (15,19,20). Humans and
monkeys had similar expression of ENT1 with approximately 0.5-0.6 fmol/jg protein
(15,19), while mice demonstrated 2-fold greater expression (0.99 fmol/ug protein) using the
same analytical approach (15). A separate study demonstrated higher ENT1 expression in
humans (0.86 fmol/pg protein) (20) suggesting there may be substantial interindividual
variability in human expression levels. Interestingly, hCMEC/D3 cells demonstrated
substantially higher expression of ENT1 (5.94 fmol/ug protein), 11.7-fold higher than
observed in human brain capillaries (9).

Organic Anion Transporters—Organic anion transporters (OATS) are SLC transporters
belonging to family 22 with 11 members (OAT1 through 6 and URAT1) currently identified
(40,41). The OAT family has broad substrate specificity for endogenous and exogenous
compounds that bear a negative charge at physiological pH. Human OAT1 to OAT4 (rodent
Oat1 to Oat3) are primarily expressed in the liver, kidney, and brain, with OAT1 and OAT4
also expressed in the placenta and OAT3 expressed in skeletal muscle (40,41). Rodents
express Oat5, Oat6, Oat8 (rats only), and Oat9 (mice only) that are not observed in humans
and have a limited tissue distribution in rodents (primarily liver and kidney) (41).

There are distinct differences in OAT expression at the BBB. In humans, cynomologus
monkeys and marmosets, OAT1 was not detected and OAT3 expression was below the limit
of quantification v7a proteomic analysis of brain microvessel endothelial cells (15,17,19).
Additionally, OAT3 expression was below the limit of quantification in hCMEC/D3 cells
(9), but mMRNA expression was observed in hCMEC/D3 and BB19 cells (10,20). In contrast,
protein expression of Oat2 and Oat3 has been reported in rats, with Oat3 localized to the
luminal and abluminal membranes (17,42). Functional activity of Oat3 was demonstrated in
rat brain utilizing indoxy! sulfate transport which was inhibited by benzylpenicillin and para-
aminohippurate (43), and abluminal function was shown using homovanillic acid transport
(42). Oat3 expression has been demonstrated in mouse brain capillaries through proteomic
analysis (18). Functional activity of Oat3 has been reported at the murine BBB through the
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evaluation of the brain permeation of the active form of oseltamivir (44). The authors
hypothesized that Oat3 is expressed on both the luminal and abluminal membranes, which
was consistent with the observed functionality (44). OAT4 mRNA has been detected in
BB19 cells (10), but protein expression and localization data are unavailable.

Organic Anion Transporting Polypeptides—Organic anion transporting polypeptides
(OATPs) are classified as SLCO transporters (formerly SLC21A) with 11 isoforms identified
in humans and 15 rat and 14 mouse isoforms (45-47). OATPs are uptake transporters that
are ATP and sodium independent and transport a diverse range of endogenous and
exogenous compounds including bile salts, thyroid hormones, and polypeptides (48).
OATP2A1, OATP3AL, and OATP4AL have ubiquitous tissue distribution, while OATP1A2
(brain, kidney, liver), OATP1B1 (liver, placenta, ciliary bodies), and OATP1CL1 (brain, testis)
having more restricted distributions (48). OATP1B1 and OATP1B3 are only expressed in the
liver (48). There are substantial species differences in OATP expression both with respect to
isoforms and tissue distribution which have been discussed in detail elsewhere (48). A recent
review by Ronaldson and Davis (45) details OATP/Oatp substrates and functional activity in
the CNS. The present review will focus on OATP/Oatp species differences at the BBB and
BCSFB.

A number of OATP isoforms are expressed at the BBB, and there are distinct species
differences in BBB expression (8). In humans, OATP1A2 (SLCO1A2), OATP1C1
(SLCO1C1), and OATP2BL1 are expressed in brain capillaries (16,49-51). Immuno-
fluorescence staining confirmed the presence of OATP1A2 in brain microvessels and
capillaries but not in astrocytes or neurons (49). Quantitative proteomic analysis was unable
to quantify OATP expression in brain capillaries or hCMEC/D3 cells with all isoforms under
the limit of detection (9,15); however, pathological stressors in the patients may have altered
the BBB expression of OATP isoforms (45). Further functional studies are required to
elucidate the contribution of OATP isoforms to substrate flux at the BBB.

Oatplcl and Oatp2bl are also expressed in brain capillary endothelial cells of mice and rats
(32,50,52) and are the only commonly expressed isoforms between humans and rodents.
Rats express three Oatp isoforms at the BBB; Oatpla4, Oatplcl, and Oatp2bl. Oatplas and
Oatplcl are localized to the luminal and abluminal surfaces of the BBB (50,53), while
Oatp2bl expression is restricted to the abluminal surface (32). Oatpla4, an ortholog of
human OATP1AZ2, is functionally active at the BBB and mediates the brain uptake of
DPDPE ([p-Pen?°]enkephalin), pravastatin, pitavastatin, and rosuvastatin (45). A larger
compliment of Oatp isoforms is observed at the mouse BBB with mRNA expression of
Oatplal, Oatplad, Oatpla5, Oatpla6, Oatplcl, and Oatp2bl (52,54), with protein
expression observed for Oatplad, Oatpla5, and Oatplcl (50,54,55). Oatp expression was
quantified in mouse brain capillaries with Oatp2bl (2.11 fmol/ug protein) and Oatplcl (2.41
fmol/pg protein) observed (18). Compared to human brain capillaries, the amount of protein
in mouse brain capillaries is at least 10-fold greater for Oatp2bl and Oatplcl (15),
suggesting that species differences may be observed for substrates of these transporters.

Organic Cation Transporters—Organic cation transporters (OCT) are SLC transporters
belonging to family 22 with three members currently identified in humans: OCT1
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(SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3). There are three corresponding
orthologs in rats and mice, Octl, Oct2, and Oct3. OCT1 and OCT2 have limited tissue
distribution with OCT1 expressed in the liver and brain, while OCT2 is expressed in the
kidney and brain (40,56). A wider tissue distribution is observed for OCT3 with expression
observed in the liver, kidney, heart, lung, brain, muscle, and placenta (40). OCT1, OCT2,
and OCT3 are involved in the sodium-independent electrogenic transport of organic cations
and weak bases, which is bidirectional depending on the electrochemical gradient of the
substrate (40).

Similar brain patterns of OCT expression are observed in humans, mice, and rats. OCT1/
Octl and OCT2/Oct2 are localized to the luminal surface of brain capillary endothelial cells,
based on confocal microscopy (56), with functional activity observed in cultured rat brain
endothelial cells (56). In isolated brain capillaries from humans and rats, SiRNA knockdown
of OCT1/Octl and OCT2/Oct2 resulted in decreased uptake of MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) by 90% when both transporters were silenced (56).
However, proteomic analyses in humans, monkeys, marmosets, and rats were not able to
quantify OCT1 and OCT2 expression as they were below the limit of quantification
(15,17,19). Additionally, OCT1/Oct1 and OCT2/Oct2 protein expression was below the
limit of quantification in hCMEC/D3 cells (9). Protein expression of OCT3 has been
reported in humans (16) and Oct3 mRNA expression has been observed in mice (57), but
protein expression was too low to quantify utilizing LC/MS/MS approaches in all species
evaluated (15,17-19).

Efflux Transporters

P-Glycoprotein—P-glycoprotein (Pgp) is an ABC transporter encoded by the MDRL1 gene
(ABCBL1). In rats and mice, Pgp is encoded by three genes, mdrla (Abcbla), mdrlb
(Abcblb), and mdr2. Pgp is involved in the cellular efflux of a diverse range of compounds
against a concentration gradient including antiretrovirals, anticancer agents, analgesics, anti-
histamines, and antibiotics (8). Pgp is expressed in epithelial cells in the intestine, liver,
lung, pancreas, kidney, and placenta (58) and may contribute to the multidrug resistance
observed in tumor cells (59).

Expression of MDR1/mdrla mRNA has been demonstrated in human and rodent brain
capillaries (60). Pgp expression is localized to the luminal and abluminal surfaces of brain
capillaries in humans (61-64) and to the luminal surface in rats and mice (65,66). Species
differences were observed in MDR1/mdrla expression in brain capillaries with the highest
expression observed for mdrla in rats (19.1 fmol/ug protein) and mice (14.1 fmol/ug
protein) (17,18). Similar MDR1 expression levels were observed in humans, cynomolgus
monkeys, and marmosets (3.9-6.5 fmol/ug protein) (15,17,19,20). Age-dependent protein
expression of Pgp was seen in monkeys, with adults having 0.68-fold lower expression than
child monkeys (16 months of age) in isolated brain endothelial cells (19). In contrast, Pgp
protein expression increases from birth to adulthood at the mouse BBB (67). Decreases in
Pgp expression or inhibition of Pgp function at the BBB lead to increases in brain drug
concentrations as demonstrated through the use of mdrla/lb knockout mice and selective
Pgp inhibitors (8,68). mRNA and protein expression of MDR1 were observed in
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hCMEC/D3 and BB19 cells (9,10), with hCMEC/D3 cells having lower MDR1 expression
(3.87 fmol/ug protein) than quantified in human brain capillaries. The functional expression
of Pgp has also been characterized in the human and rat immortalized brain capillary cell
lines, h\CMEC/D3and RBE4, utilizing a diverse range of compounds (69-72).

Breast Cancer Resistance Protein—Breast cancer resistance protein (BCRP; ABCG2)
is an ABC transporter, with significant overlap in substrate specificity with Pgp, involved in
the cellular efflux of sulfoconjugated organic anions and hydrophobic and amphiphilic drugs
(8). However, BCRP differs from other ABC transporters in that it is a “half-transporter”
with six transmembrane domains and a single nucleotide binding domain (4). BCRP
expression has been demonstrated in the placenta, liver, intestine, colon, kidney, heart, and
brain (73,74).

BCRP was first identified at the BBB by Galla and colleagues (75) and is localized to the
luminal membrane in humans, mice, and rats (76—78). Species differences in expression of
BCRP/Bcrp in brain capillaries have been demonstrated through quantitative proteomic
analysis. Marmosets and monkeys had the highest BRCP expression (14-16 fmol/ug
protein) (17,19), at least double the expression that was observed in humans (6.15 and 8
fmol/ug protein) (15,20). Further reduced expression of Bcrp was observed in rats and mice
(4-5 fmol/ug protein) (17,18), suggesting that brain penetration of BCRP substrates would
be higher in rodents and lower in monkeys and marmosets. Age-dependent BCRP protein
expression was observed in cynomolgus monkeys with adults having approximately 3-fold
higher expression than neonates in brain capillaries (19). In mdrla knockout mice, Berp
MRNA expression is increased in brain capillaries, suggesting that it compensates for the
loss of Pgp (79). BCRP expression is retained in the human BBB cell culture models,
hCMEC/D3 and BB19 (9,10); however, quantitative analysis of hCMEC/D3 cells showed
substantially reduced expression, 2.18 versus 8 fmol/ug protein in human brain capillaries
(9,15). Additionally, studies in human brain endothelial cells and RBE4 cells demonstrated a
lack of functional activity utilizing mitoxantrone as a BCRP/Bcrp substrate in studies in
combination with specific BCRP/Bcrp inhibitors (80).

Multidrug Resistance-Associated Proteins—Multidrug resistance-associated
proteins (MRPs) are ABC transporters that are members of the ABCC family which contains
12 members: nine members are identified as MRPs (MRP1- MRP9), the cystic fibrosis
transmembrane conductance regulator (CFTR), and two sulfonylurea receptors (SUR1 and
SUR2) (81). MRPs are responsible for the cellular efflux of a broad range of endogenous
and exogenous compounds including antiretrovirals, chemotherapeutic agents, antibiotics,
and toxins (8). Differing expression patterns are observed for MRP1 through MRP6 with
one or more isoforms expressed in the brain, liver, kidney, intestine, colon, heart, lung,
pancreas, and placenta (81,82).

Brain capillary mRNA expression of MRPs has been demonstrated for MRP1-6 (ABCCL1 to
ABCCS6) in humans (20,60), with MRP1, MRP4, and MRP5 localized to the luminal
surface, and MRP4 to the abluminal surface, determined with immunohistochemistry (83).
Protein expression has only been quantified for MRP4 in humans, rodents, marmosets, and
monkey isolated brain capillaries (15,17-20), with distinct species differences observed in
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expression levels. MRP4 expression was similar in marmosets, monkeys, and humans (0.2—
0.3 fmol/ug protein) (15,17,19,20); however, expression was approximately 10-fold higher
in rats (1.59 fmol/ug protein) (17) and mice (1.60 fmol/ug protein) (18). In contrast, brain
capillary expression of the remaining MRP isoforms was below the LC/MS/MS limits of
quantification for all species evaluated. MRP4 protein expression was also confirmed in
hCMEC/D3 cells and BB19 cells, with MRP4 expression consistent with isolated human
brain capillaries in h\CMEC/D3 cells (0.31 fmol/ug protein) (9). MRP1 protein expression
was quantified in hCMEC/D3 cells (1.65 fmol/ug protein) (9), as well as MRP2, MRP3, and
MRP5 mRNA expression (84,85), which were not quantifiable in isolated human brain
capillaries. BB19 cells demonstrated mRNA expression of MRP1, MRP2, and MRP5, with
only very low MRP1 and MRP2 staining observed with immunochemistry (10). In rats and
mice, Mrpl is localized on the abluminal surface differing from the luminal localization
observed in humans (32,66,83). Mrp2 protein expression was demonstrated in isolated
rodent brain capillaries localized to the luminal surface (86,87) indicating that species
differences may be observed in brain penetration of Mrp2 substrates. Functional activity of
Mrp2 was demonstrated at the mouse BBB through increased brain penetration of phenytoin
in Mrp2 null mice (88). Additionally, Mrp4 null mice had increased brain penetration of
adefovir suggesting Mrp4 is functionally active in brain capillary endothelial cells (89).

Novel Organic Cation Transporters—Novel organic cation transporters (OCTN) are
SLC transporters belonging to family 22 with two isoforms identified in humans (OCTN1
and OCTNZ2) and three identified in rodents (Octn1-Octn3). OCTN1 functions as an
electroneutral proton gradient-dependent antiporter that mediates substrate efflux across
membranes, while OCTNZ2 functions as a sodium-dependent carnitine cotransporter, but can
also mediate sodium-independent transport of organic cations (40). Both OCTN1
(SLC22A4) and OCTN2 (SLC22A5) have wide tissue distributions with expression
observed in the liver, kidney, intestine, colon, spleen, heart, and lung (90). In the brain,
mMRNA expression of OCTN2 has been observed in human brain capillaries and cultured
brain microvessels (20,91). Mouse and rat brain capillaries have demonstrated mMRNA
expression of Octn2 (57,91). Protein expression has not been observed for OCTN2 in
humans, cynomolgus monkeys, marmosets, rats, or mice (15,17-19). Functional activity of
OCTN2/0ctn2 has been observed in primary brain capillary endothelial cell cultures from
humans, rats, and mice utilizing carnitine (91). /n vivo Octn2 activity was observed in rats
via in situ brain perfusion of carnitine and acetyl-carnitine (91).

BLOOD-CSF BARRIER

The BCSFB is formed by the choroid plexus, which surrounds fenestrated capillaries. The
choroid plexus contains modified cuboidal epithelium connected by tight junctions near the
apical surface with dense microvilli on the apical membrane (3,5). The barrier is located in
the lateral, third and fourth brain ventricles (5). In contrast to the BBB, the BCSFB is a
leakier epithelium as evidenced by lower TEER values and leakage of plasma proteins (92).
A number of choroid plexus epithelial cell culture models have been developed. Primary
choroid plexus epithelial cells have been cultured from humans, rats, and pigs (93-95), as
well as rat (ECPC-4; 2310) and pig (CPEC) immortalized cell lines (96-98).
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The choroid plexus has a distinct complement of SLC and ABC transporters demonstrating
polarized expression involved in the uptake and efflux of drug substrates (99). Figure 2
illustrates human transporter expression and localization data available in the literature.
There is limited data on SLC and ABC transporter protein expression and functional activity
at the human BCSFB. This review will focus on available human data and species
differences with animal models. Available data for mRNA and protein expression and
species differences is summarized in Table II.

Uptake Transporters

L-Alpha Amino Acid Transporters—Species differences exist in LAT/Lat expression in
the choroid plexus with Lat2 mRNA expression observed in rats and mice. Lat2 mRNA
expression was observed in the choroid plexus via in situ hybridization; however, protein
expression was not evaluated (100). Expression of Lat2 was quantified in rat choroid plexus
(1.61 fmol/ug protein), while human LAT2 expression was under the limit of quantification
(101). The quantification limit for LAT2 was 2.08 fmol/ug protein (101), so human
expression may be similar to rats, but comparison is hindered by the higher limit of
quantification. Functional activity of LAT2/Lat2 in choroid plexus epithelial cells has not
been evaluated.

Monocarboxylate Transporters (MCTs)—In humans, MCT1 is expressed to a similar
extent in choroid plexus epithelial cells (3.47 fmol/ug protein) and brain capillaries (2.27
fmol/ug protein) (15,101). Mctl (Slc16al) protein expression has been demonstrated in rat
choroid plexus epithelial cells with low expression observed on the apical and basolateral
membranes (30). Roberts et a/. also observed faint and diffuse Mct1 staining in rat choroid
plexus through /n vivo biotinylation; however, Mctl did not appear to be localized to the
plasma membrane (32). MCT3 (SLC16A8), which has the most restricted expression pattern
of all MCT isoforms, has been detected in the choroid plexus and is localized to the
basolateral membrane (102). Mct3 expression was quantifiable in the rat choroid plexus
(2.75 fmol/ug protein); however, expression was below the limit of quantification in human
samples (101). In contrast to the observed expression patterns at the BBB, MCT8
(SLC16A2) has much greater expression in choroid plexus epithelial cells in humans, rats,
and mice and is localized to the apical membrane (50,103-105). During the rat fetal period,
Mct8 is highest in the choroid plexus likely due to its role in thyroid hormone transport
(106). In isolated human choroid plexus, MCT8 was expressed to a lower extent than MCT1
with an expression level of 1.65 fmol/ug protein (101). Functional activity has not been
demonstrated for MCT1 in choroid plexus epithelia cells. Loss of MCT8 (Allan-Herndon-
Dudley syndrome) leads to reduced CSF concentrations of free T, demonstrating functional
activity of MCT8 at the BCSFB (107).

Nucleoside Transporters—In the choroid plexus epithelium, mRNA and protein
expression of CNTs and ENTSs has been observed in humans and rodents; however, there are
species differences in the isoforms that are expressed. In humans, CNT3 and ENT1, ENT2,
and ENT3 mRNA are expressed at the choroid plexus with ENT3 having the highest
transcript expression (108). Functional studies suggest that ENT2 is active in choroid plexus
epithelial segments, with no activity of ENT1 (108). Contradicting the functional studies,
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proteomic analysis of ENT expression in the human choroid plexus was able to quantify
ENT1 expression (2.49 fmol/ug protein), but ENT2 expression was below the limit of
quantitation (LQ = 1.49 fmol/ug protein) (101). In the same quantitative proteomic analysis,
all CNT isoforms were below their limits of quantification. ENT3 is located intracellularly
on lysosomal membranes and therefore would not contribute to drug transport across the
choroid plexus (8). In rats, mRNA expression of Entl, Ent2, Cnt2, and Cnt3 is observed in
choroid plexus epithelia cells (38,109,110), with protein expression observed for Entl, Ent2,
and Cnt2 (38). Ent1 is localized to the basolateral (blood-facing) membrane, while Ent2 was
demonstrated to be localized to both the apical and basolateral membranes in choroid plexus
epithelia cells (38). In contrast, Cnt2 is localized to the apical membrane (38).

Organic Anion Transporters (OATs)—The expression of multiple OATSs has been
demonstrated at the BCSFB in humans, rats, and mice (5). In humans, OAT1 and OAT3 are
localized to the cytoplasmic membrane and cytosol of choroid plexus epithelial cells based
on immunohistochemical staining (111). Localization of Oat1 and Oat3 to the apical
membrane had been observed in the rat choroid plexus (112,113). Quantitative analysis
demonstrated species differences in OAT3/Oat3 protein expression with rats having 2-fold
higher expression than humans, with neither rats nor humans having quantifiable protein
expression of OAT1/Oatl (101,112). Functional expression of Oat3 was demonstrated in rats
utilizing transport of p-aminohippurate and benzylpenicillin and known Oat3 inhibitors
(112). In addition to Oat1/Oat3, mRNA expression of Oat2 and Oat4 has been seen in the rat
choroid plexus (114,115); however, protein expression was not quantifiable by proteomic
analysis (101), and membrane localization remains unknown. mRNA expression of Oat1,
Oat2, and Oat3 in the choroid plexus has been observed in mice (113,114), with Oat3
knockout mice demonstrating reduced transport of Oat3 substrates confirming its functional
expression at this barrier (114). In addition, functional expression of Oatl was retained in
Oat3 knockout mice, and functional expression of Oat3 was retained in Oatl knockout mice
supporting the overlap in substrate specificities between these isoforms (114).

Organic Anion Transporting Polypeptides (OATPs)—Species differences exist in the
OATP/Oatp isoforms that are expressed at the BCSFB, with rodents having a broader range
of Oatps expressed. In humans, three OATP isoforms have been observed in choroid plexus
epithelial cells, OATP1C1, OATP3AL, and OATP3A4 (5,101). OATP1CL1 is localized to the
apical and basolateral membranes while OATP3A4 is localized to the basolateral membrane
(50,116). Rats have the largest compliment of Oatp isoforms identified at BCSFB with
protein expression of nine isoforms observed in choroid plexus epithelial cells (5). Oatplad
is localized to the basolateral membrane and Oatplal, Oatpla3, Oatpla5, Oatp2al, and
Oatp2b1l are localized to the apical membrane of rat choroid plexus epithelial cells
(32,53,117-119). In contrast to other rat Oatp isoforms in choroid plexus epithelial cells,
Oatplcl is expressed at both the apical and basolateral membranes (50). Studies suggest that
Oatplab is the most abundant on rat choroid plexus with its” mRNA 500-fold higher than in
the liver, kidney, and ileum (110). Quantitative differences exist between humans and rats for
OATP/Oatp expression. Oatplcl is much greater in rats (6.66 fmol/ug protein) with human
OATP1C1 expression in choroid plexus epithelia below the limit of quantitation (LQ = 0.156
fmol/ug protein) (101). In contrast, OATP3AL protein expression was quantified in human
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choroid plexus (0.641 fmol/ug protein), while expression was not quantifiable in rats (101).
Additionally, all other OATP/Oatp isoforms were below protein quantitation limits in both
humans and rats (101). Mice express four Oatp isoforms in choroid plexus epithelial cells,
Oatplad, Oatplab, Oatpla6 (MRNA only), and Oatplcl (5). Consistent with isoform
localization in rats, Oatplab is expressed at the apical membrane and Oatplcl is localized to
both the apical and basolateral membranes (50,54). Functional activity of Oatpla5 at the
BCSFB was confirmed in conditionally immortalized rat choroid plexus epithelial cells via
estrone-3-sulfate transport and known Oatpla5 inhibitors (119).

Organic Cation Transporters—Transport of organic cations at the BCSFB demonstrates
species differences in protein expression and the primary transporter involved. Expression
and functional activity of OCTs is not observed at the human BCSFB; however, Oct2 and
Oct3 mRNA expression has been demonstrated at the rat choroid plexus (120). Oct2
expression is localized to the apical membrane with functional activity confirmed through /in
vitro choline transport in intact choroid plexus (120). In contrast, organic cation transport in
the human choroid plexus is mediated by the plasma membrane monoamine oxidase
transporter (PMAT; SLC29A4) and multidrug and toxic compound extrusion protein-1
(MATEZ; SLC47AL) (121). MATEL expression was quantified in human choroid plexus
(8.61 fmol/ug protein) with expression under the limit of quantitation in rats (101).
Localization of MATEL in the choroid plexus has not been evaluated. mMRNA and protein
expression of PMAT has been demonstrated in the human and mouse choroid plexus with
expression localized to the apical membrane (121). Protein expression of PMAT was
quantified in human choroid plexus (0.288 fmol/ug protein), with expression below the limit
of quantitation in rats (101). Functional activity was confirmed in ex vivo uptake studies
evaluating MPP+, 5-HT, and dopamine transport in isolated choroid plexus tissues from
normal and Pmat knockout mice (121).

Peptide Transporters—Peptide transporters are SLC transporters belonging to family 15
with four isoforms identified in humans: PEPT1 (SLC15A1), PEPT2 (SLC15A2), PHT1
(SLC15A4), and PHT2 (SLC15A3). These transporters function as proton-coupled
oligopeptide symporters with the uptake of small peptides coupled to the efflux of a proton
(122). The various isoforms have broad and overlapping substrate specificity and transport
di- and tri-peptides and peptidomimetic drug substrates (8). PEPT1 and PEPT2 are
expressed in the intestine, kidney, liver, and brain, with expression in choroid plexus
epithelia cells (123). PHT1 is expressed in the brain, intestine, retina, and placenta, while
PHT2 is expressed in the lung, spleen, and thymus (123).

Peptl and Pept2 mRNA expression has been identified in the rat choroid plexus epithelium
(110,124) with Pept2 having the highest transcript expression (110). Rat Pept2 mRNA
expression in the choroid plexus was greater than observed in the liver, kidney, and ileum
(110). Protein expression of Pept2 is localized to the apical membrane of the choroid plexus
epithelial cells in rats and mice (124-126). In rats, Pept2 expression in the choroid plexus
was 3.06 fmol/ug protein, while PEPT2 was below the limit of quantification in humans
(101), suggesting that there are species differences in the functionality of PEPT2/Pept?2 at
the BCSFB. Functional activity of Pept2 at the BCSFB was confirmed in Pept2 knockout
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mice who demonstrated altered uptake of cefadroxil from the CSF into choroid plexus
epithelial cells (127).

Efflux Transporters

P-Glycoprotein—Pgp mRNA and protein are expressed at the BCSFB in humans, rats,
and mice, with expression of mdrla and mdrlb in rats and mdrla in mice (5). Pgp (MDR1)
is localized to the apical side of the choroid plexus in humans (128). MDR1/mdrla protein
expression in choroid plexus epithelial cells is substantially lower than expression in brain
capillaries in both humans and rats. Rat mdrla expression in the choroid plexus is 0.320
fmol/pg protein, which is approximately 15-fold lower than expression levels in brain
capillaries (19.1 fmol/pg protein) (17,101). In vivo biotinylation studies were not able to
detect rat Pgp in choroid plexus epithelial cells (32). Pascale et al. (129) demonstrated a
significant age-dependent increase in Pgp mRNA and protein expression from 3 to 36
months in the choroid plexus epithelium of male rats. The difference between BBB and
BCSFB protein expression is less in humans with around 3-fold lower expression in choroid
plexus epithelial cells (15,101). Mdrla expression in the mouse choroid plexus epithelia has
been observed at the mRNA level, but there is a lack of protein expression and localization
data (130). In CPEC cells, minimal Pgp expression was observed on the apical membrane
with the majority of protein expression observed in sub-apical compartments (97).
Functional activity of Pgp was evaluated in CPEC cells utilizing rhodamine 123 and
verapamil with no directional transport observed suggesting that Pgp is not active in these
isolated choroid plexus cells (97).

Breast Cancer Resistance Protein—BCRP/Bcrp protein expression is observed in the
choroid plexus of humans, mice, and rats (5,101). Quantitative analysis indicated that
humans have 2-fold higher expression of BCRP in choroid plexus epithelial cells when
compared to rats (0.706 versus 0.333 fmol/ug protein) (101). These expression levels are
significantly lower than those observed at the BBB, and the interspecies differences are also
much less. BCRP/Bcrp is localized to the apical membrane of the choroid plexus in humans
and mice (75,78). Functional activity of Bcrp was confirmed in the rat choroid plexus
utilizing Z310 cells and sulfasalazine transport with Ko143, a Bcrp specific inhibitor,
altering sulfasalazine flux (131).

Multidrug Resistance Protein—At the human BCSFB, mRNA expression for MRP1
through MRP6 has been observed in epithelial cells; however, protein expression has only
been observed for MRP1, MRP4, and MRP5 (128,132,133). Both MRP4 and MRP5 protein
expression has been localized to the basolateral membrane in choroid plexus epithelial cells
(32). In rats a similar MRNA expression pattern is seen (110), with protein expression for
observed Mrp1, Mrp4, and Mrp6 (32,134). Expression of Mrps at the mouse choroid plexus
is limited to Mrp1 and Mrp4 with both mMRNA and protein expression observed (133,135).
MRP1/Mrpl and MRP4/Mrp4 have been quantified in choroid plexus epithelial cells from
rats and humans with higher protein expression observed in rats for both transporters (4-fold
higher and 2-fold higher, respectively) (101). MRP1 protein expression is higher in the
BCSFB, as compared to the BBB where expression was below quantification limits. MRP4
expression is also higher at the BCSFB with approximately 2—-3-fold higher protein
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expression in choroid plexus epithelial cells (15,101). In contrast, Mrp4 protein expression
in rat choroid plexus epithelial cells and brain capillaries was similar (17,101). Localization
of MRP1/Mrpl and MRP4/Mrp4 is consistent between species with localization on the
basolateral membrane (32,133,136,137). Mrpl mRNA and protein expression was observed
in freshly culture porcine choroid plexus and CPEC cells with localization on the basolateral
membrane (97). Functionally activity of Mrpl was established in CPEC cells utilizing
fluorescein-methotrexate (97) and /7 vivo in mice lacking Mrpl with the increased CSF
accumulation of the Mrpl substrate etoposide (135).

CHANGES IN EXPRESSION/FUNCTION OF BBB AND BCSFB
TRANSPORTERS WITH DISEASE STATES

Several diseases affect the delivery of drugs to the brain by altered expression of drug
transporters on the BBB and BCSFB, including HIV, Alzheimer’s disease, Parkinson’s
disease, and stroke (please refer to other articles in this Theme Issue on CNS Barriers in
Health and Disease). Research has primarily focused on efflux transporters, which can
prevent pharmaceutical agents from reaching sufficient brain concentrations to elicit the
desired effect.

Available treatments for brain tumors are surgery followed by chemotherapy and/or
radiotherapy; however, even with this treatment regimen the survival rate is low due to the
presence of a multidrug resistance phenotype (MDR) characterized by overexpression of
efflux transporters. Most chemotherapy agents are substrates of ABC transporters, which
contribute to the MDR phenotype due to increased drug efflux in cancer cells (8,138). On et
al. (139) demonstrated that after 12 days of brain tumor implantation in Balb/c mice, the
BBB integrity is compromised increasing the permeability of small molecules. This was
confirmed by MRI analysis of Gad-DTPA contrast agent brain uptake, which was
significantly enhanced 12 days post-implantation (139). However, Pgp expression in brain
capillary endothelial cells was not different in brain regions containing tumor as compared to
tumor free brain regions (139).

HIV is a retrovirus that has the ability to compromise the immune system by infecting
immune cells, like monocytes, CD4*T lymphocytes, dendritic cells, and macrophages and
leads to acquired immunodeficiency syndrome (AIDS) in humans. It infects the CNS right
after transmission, causing neuropathological complications (140). As the infection
progress, it results in HIV-endocephalitis (HIVE) which is characterized by multinucleated
giant cells, elevated infiltration of monocytes/macrophages into the brain, myelin pallor,
reactive astrocytosis, and microglial nodules (8,140). HIV infection, especially HIVE,
results in increased inflammatory and neurotoxic cytokines, including interferon, tumor
necrosis factor alpha and interleukin-1p; this chronic inflammation can lead to alterations in
brain capillary endothelial cells and BBB integrity thereby increasing the leakiness of the
BBB (8,140). The presence of pro-inflammatory cytokines results in decreased Pgp
expression in astrocytes, while glial expression is increased (8). In primary mouse brain
capillary endothelial cells, Pgp and MRP1 mRNA and protein expression were increased in
the presence of HIV Tat protein, with no changes observed for MRP2-MRP7 (141,142).

AAPS J. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morris et al.

Page 15

Protease inhibitors utilized in HIV therapy have also been shown to induce Pgp protein
expression at the BBB (69). Increased protein expression of MRP1 and Pgp at the BBB
further limits the brain penetration of antiretrovirals and may contribute to the variability in
response to HIV therapies (140). BCSFB integrity, analyzed by the CSF albumin/serum
albumin quotient (Qap = Albcse/Albgerym), Was reduced in HIV patients but not in
uninfected controls; however, there is a lack of information on transporter expression in
choroid plexus epithelial cells in HIV infection (143).

Alzheimers’s disease (AD) is a neurodegenerative disorder that causes decreased mental and
memory processing (8). Accumulation of amyloid-p (Ap) plaques and neurofibrillary
tangles are characteristic neurological changes observed in AD. Transport of Ap from the
brain to blood is mediated by Pgp (8). Decreased Pgp expression has been associated with
accumulation of AB and age progression, confirming the role of this transporter at the BBB
(8,144,145). Immunohistochemical analyses of Pgp and AP expression in human brain
samples indicated that they have an inverse relationship (146).

Parkinson’s disease (PD) is the second most common neurodegenerative disease and is
characterized by progressive loss of dopamine neurons in the substania nigra leading to
motor impairment, muscle rigidity, and tremor (8,147). PD etiology is related to
environmental or genetic factors, with disease progression related to a decrease in the ability
to detoxify neurotoxins via Pgp. Genetic polymorphisms in the MDR1 gene have been
associated with PD. Bartels ef al. (148) studied the uptake of verapamil, a Pgp substrate, and
reported that the functional activity of Pgp changes with disease progression likely due to
increased Pgp expression. A decrease in Pgp expression was observed with PD progression,
with an initial increase in Pgp during early disease stages when compared with healthy
individuals (148). Decreases in MDR1 mRNA expression in the brains of patients with
Parkinson disease compared to healthy controls have also been observed (8,147).

Studies have demonstrated a time-dependent increase in Pgp expression at the BBB after
induced ischemia in rats (149). Deprivation from oxygen and glucose when the blood flow is
interrupted during ischemic stroke causes irreversible damage to the ischemic core and
surrounding tissue (8). Functional activity of Pgp has been studied using Rh123 and
nimodipine, with decreased concentrations observed after 4 h and elevated ratios observed
after 6 h after the ischemic event, demonstrating that even with an increase in protein
expression, the elevated Pgp functional activity was not enough to prevent agents from
penetrating through the disrupted BBB (149). Ennis et a/. (150) demonstrated in three
different ischemia models that the BCSFB is disrupted earlier as compared to the BBB.
Ischemia disrupts the BCSFB enhancing the movement of compounds from the blood to
areas close to the ventricular system (150,151).

SUMMARY

The BBB is comprised of a monolayer of non-fenestrated brain microvessel endothelial cells
surrounded by pericytes, astrocytes, and neurons and joined by tight junctions that form a
continuous impermeable barrier that limits paracellular flux. A wide range of SLC and ABC
transporters are expressed at the BBB to mediate the flux of endogenous and exogenous
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substances across the BBB. The BCSFB, on the other hand, is formed from the choroid
plexus and contains modified cuboidal epithelium connected by tight junctions. In contrast
with the BBB, the BCSFB represents a leakier barrier and is characterized with a distinct
complement of SLC and ABC transporters. In vitroand /n vivo models of the BBB and
BCSFB have been developed in order to study the expression, membrane localization, and
functionality of transporters. Human models of the BBB include isolated brain microvessel
endothelial cells and immortalized cell lines hCMEC/D3 and BB19. For other species,
including mouse and rat, there are commercially available cryopreserved brain
microvascular endothelium cells, immortalized brain microvascular endothelial cells
(RBE4), and immortalized brain endothelial cell lines. For BCSFB, primary choroid plexus
epithelial cells have been cultured from humans, rats, and pigs, as well as rat (ECPC-4;
Z310) and pig (CPEC) immortalized cell lines. This review highlights the reported
expression, localization, and species differences in the SLC and ABC transporters at the
BBB and BCSFB. Neurological diseases including brain tumors, HIV, Alzheimer’s disease,
Parkinson’s disease, and stroke affect the integrity of the BBB and BCSFB and the
expression of transporters at these CNS barriers.
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Fig. 1.
Expression and localization of human drug transporters in brain capillary endothelial cells

that form the blood-brain barrier
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Fig. 2.
Expression and localization of human drug transporters in choroid plexus epithelial cells that

form the blood-CSF barrier
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