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Abstract. Timely and efficient removal of xenobiotics and metabolites from the brain is
crucial in maintaining the homeostasis and normal function of the brain. The choroid plexus
(CP) forms the blood-cerebrospinal fluid barrier and vitally removes drugs and wastes from
the brain through several co-existing clearance mechanisms. The CP epithelial (CPE) cells
synthesize and secrete the cerebrospinal fluid (CSF). As the CSF passes through the
ventricular and subarachnoid spaces and eventually drains into the general circulation, it
collects and removes drugs, toxins, and metabolic wastes from the brain. This bulk flow of the
CSF serves as a default and non-selective pathway for the removal of solutes and
macromolecules from the brain interstitium. Besides clearance by CSF bulk flow, the CPE
cells express several multispecific membrane transporters to actively transport substrates
from the CSF side into the blood side. In addition, several phase I and II drug-metabolizing
enzymes are expressed in the CPE cells, which enzymatically inactivate a broad spectrum of
reactive or toxic substances. This review summarizes our current knowledge of the functional
characteristics and key contributors to the various clearance pathways in the CP-CSF system,
overviewing recent developments in our understanding of CSF flow dynamics and the
functional roles of CP uptake and efflux transporters in influencing CSF drug concentrations.
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INTRODUCTION

The mammalian central nervous system (CNS) is sepa-
rated from the blood circulation by two major permeability
barriers: the blood-brain barrier (BBB) and the blood-
cerebrospinal fluid barrier (BCSFB). The BBB is formed by
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the endothelial cells of the brain capillaries, whereas the
BCSFB is formed by the choroid plexuses (CP) located in the
brain ventricles. While these barriers restrict the free entry of
circulating substances into the brain, they do not provide
complete protection of the CNS from exposure to environ-
mental substances, drugs, and other potentially harmful
compounds. Lipophilic compounds can cross these barriers
by passive diffusion whereas hydrophilic substances may
enter the brain through transporter-mediated processes.
Furthermore, metabolic wastes and neurotoxic species can
be generated within the brain by physiological and patho-
physiological processes. Thus, timely and efficient removal of
xenobiotics and metabolites from the brain is crucial for
maintaining the homeostasis and normal function of the
brain.

The CP-CSF system utilizes several different mechanisms
to maintain healthy brain homeostasis. The CP produces CSF
that bathes and cushions the brain. As the CSF flows through
the ventricular system and is reabsorbed into the general
circulation, drugs, metabolites, and macromolecules are
cleared from the brain. The CPE cells can also actively
remove solutes from the CSF by transporting them across the
BCSFB into the blood circulation. This process is conducted
through specific uptake and efflux transporters expressed by
the CPE cells. Lastly, the CPE cells also express several
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intracellular detoxifying and conjugating enzymes, which
enzymatically inactivate reactive or toxic substances. This
article provides a current and integrated review of these
clearance processes within the CP-CSF system. Following a
brief overview of the anatomical features of the CP-CSF
system, the functional characteristics and major contributors
to the major clearance pathways are summarized. Recent
developments in CSF flow dynamics and the impact of CP
transporter on CSF drug concentrations are highlighted. The
relevance of the CP drug removal mechanisms to the
interplay of drug concentrations between the CSF and the
brain interstitial fluid is also discussed.

ANATOMY AND FUNCTIONS OF CHOROID PLEXUS-
CSF SYSTEM

The brain ventricular system is highly conserved across
mammalian species and consists of a set of interconnected
cavities (lateral, third, and fourth ventricles) filled with the
CSF (1, 2). The fourth ventricle is continuous with the central
canal of the spinal cord, allowing the CSF to flow down the
canal and circulate to the subarachnoid space (Fig. 1). The CP
is a secretory tissue located in each brain ventricle that
continuously secretes CSF into the ventricles. The CP tissues
from the lateral, third, and fourth ventricles share similar
ultrastructure, consisting of an outer layer of cuboidal
epithelial cells surrounding a core of capillaries and connec-
tive tissue (Fig. 1). Unlike the endothelial cells forming the
BBB, the CP capillaries are fenestrated with leaky inter-
endothelial junctions. This facilitates the rapid exchange of
water and solutes between the general circulation and
interstitial fluids in the subepithelial space. The CPE cells
are joined by tight junctions that restrict the free exchange of
solutes and macromolecules between the blood and CSF (i.e.,
the blood-CSF barrier). The CPE cells are polarized with
their apical membrane domain facing the CSF and the
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basolateral membrane facing the blood circulation (Fig. 1).
The apical domains of the CPE cells have a brush border
lining (microvilli) that effectively enlarges the surface area by
10-30-fold (4).

A primary function of the CP is to manufacture and
secrete CSF. This process is accomplished by inorganic ion
and water transport across the CP epithelium. A network of
ion pumps, ion transporters, and channels expressed at the
basolateral and apical membranes of the CPE cells mediate
the net flux of Na*, CI", and HCOj3 ™ across the CP epithelium
from the blood side to the CSF side. This creates an osmotic
pressure gradient which then drives the flow of plasma water
across the CP membranes into the ventricles (5). On the other
hand, there is a net flux of K* from the CSF to the blood.
Overall, the CSF is 5 mOsM hyperosmolar compared to the
plasma, with a 5-mV transepithelial electrical potential
difference across the CPE epithelium (5-7).

The CP-CSF system carries out several physiological
functions crucial for the hemostasis and normal functions of
the brain. The CSF provides buoyancy to the brain, which
reduces the effective brain weight by about 70% in humans
and protects the brain from the adversity of gravity and
mechanical injury (2). The CP is also an entry site for
micronutrients and hormones (e.g., vitamin C, folate), which
are further carried by CSF to nourish internal brain cells. The
CP-CSF system is essential for clearing waste products and
xenobiotics from the brain, which is the focus of this review.
The CP-CSF system employs three co-existing and
intertwined pathways to clear metabolic wastes, protein
debris, drugs, and environmental substances from the CNS.
These clearance mechanisms, i.e., clearance by bulk CSF flow,
transport, and metabolism in CPE cells, will be discussed in
detail below. In addition, emerging studies suggest that CP
serves as a gateway for immune cell entry into the CNS and
also plays an active role in the regulation of neural stem cells
(1, 2). CP-associated macrophages are understood to monitor
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Fig. 1. Schematic representation of the location, structure, and clearance pathways of the CP-CSF system. The blood-CSF barrier is formed by
choroid plexus epithelial cells. These cells contribute to drug clearance by production of CSF that drives bulk flow movement out of the CSF,
biotransformation by intracellular drug-metabolizing enzymes, and active transport removal by coordinated uptake and efflux out of the CSF.
Portions of the figure are adapted from OpenStax Anatomy and Physiology under Creative Commons CC-BY-4.0 License (3)
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ventricular CSF in healthy conditions, while memory T cells
monitor the subarachnoid and leptomeningeal CSF (8-10).
During neuroinflammation, CPE cells respond by recruiting
and trafficking leukocytes into the CNS (11).

CLEARANCE VIA CSF FLOW

CSF Composition and Flow Dynamic

In humans, about 500-600 mL of CSF is produced each
day. The majority of the CSF is produced by the CPs, with the
remainder of CSF derived from drainage of brain interstitial
fluid and passage across the blood arachnoid barrier (12-14).
The CSF is not an ultrafiltrate of the plasma (15, 16) and is
slightly hypertonic compared to the plasma (5). Compared to
the plasma, the CSF has lower protein and cell density, with
slightly altered ion and solute concentrations. The Na*,
HCO3", CI” and Mg®" ion concentrations are slightly higher
in the CSF while K* and Ca®* concentrations are lower (12).
The protein concentration in the CSF is two to three orders of
magnitude lower than that in blood, ranging from 15 to 45
mg/dL in young adults (17, 18). Around 20% of the total CSF
protein originates from the brain, with the remainder derived
from the plasma (19). The CSF also contains a small
circulating cell population, estimated to be 5 cells per mL
(20). This population includes leukocytes associated with
immune surveillance.

Historically, the net circulation of CSF is thought to be
unidirectional. Following production, the CSF flows from the
lateral ventricles through the interventricular foramina into
the third ventricle. The CSF flows outward through the
cerebral aqueduct to the fourth ventricle, where it then
travels through the median aperture into the cisterna magna
and the greater cranial subarachnoid space. From there, the
CSF can also flow caudally into the spinal subarachnoid space
(20). The CSF is cleared through reabsorption at the
arachnoid villi or by drainage along the cranial nerve sheaths
into the lymphatics (14, 20). The flow of CSF is pulsatile,
corresponding with the cardiac cycle (21). While the net
movement of CSF is directional from the ventricles to
subarachnoid spaces, the second-to-second pulsatile move-
ment enables mixing of contents between the different CSF
compartments (14, 22, 23).

The average flow rate of CSF is estimated to be 0.37 mL/
min in humans, based on ventriculo-cisternal perfusion
measures (24-26). The CSF flow rate is also age-dependent.
Older populations have been shown to have impaired CSF
production and flow (27-30). Additionally, CSF production is
further reduced in patients with neurodegenerative disorders
(31-33). Neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis are
characterized by misfolded proteins or harmful protein
aggregation. Given the significance of CSF bulk flow in
clearing such wastes from the CNS, there is substantial
interest in studying the role of CSF production and flow in
pathogenesis of these diseases.

Recent evidence has also pointed to a relationship
between sleep cycles and CSF production and flow patterns.
A study utilizing magnetic resonance imaging to visualize
CSF flow found that CSF production followed the circadian
cycle, with increased production during nighttime (21). In
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addition, a study by Alperin et al. suggested that a supine
position increased the oscillatory CSF volume relative to the
upright position (34). This contributed to the hypothesis that
sleep contributes to healthy brain function by increasing CSF-
mediated clearance of waste products out of the CNS. A
study published in 2019 explored CSF flow characteristics in
humans during sleep (35). The authors were able to observe
unique patterns of CSF pulsatile flow during non-rapid eye
movement (REM) sleep. While CSF typically flows
directionally out of the ventricles in an awake state, an
opposing pulsating flow of CSF into the ventricles was
observed in subjects experiencing non-REM, slow-wave sleep
(35). This reversal of CSF flow during slow-wave sleep is
thought to facilitate the mixing of subarachnoid and ventric-
ular fluids, which may facilitate communication between fluid
compartments and the overall clearance of waste products
(36).

CSF and Brain ISF Exchange and the Glymphatic System
Hypothesis

The cells of the brain parenchyma are surrounded by the
interstitial fluid (ISF), which is essential for cell-cell communica-
tion and maintaining healthy brain homeostasis. Unlike other
organs, the brain lacks a true lymphatic system to assist in the
removal of interstitial metabolic waste products (37, 38). Instead,
the CSF maintains an analogous role for the CNS, responsible for
the clearance of metabolic wastes and cellular debris from the
brain (14). The brain ISF, containing debris and waste products
from brain cells, exchanges with the CSF. The CSF renews the ISF
and removes waste products by continuously flowing out of the
brain. While this concept is widely appreciated, how fluid and
solute exchange between the CSF and the ISF occurs has not
been fully understood.

It was previously assumed that CSF and brain ISF freely
exchanged with one another and were in rapid equilibrium.
This led to the notion that the BCSFB could act as a drug
delivery pathway to the CNS and brain parenchyma (39).
However, failures in drug development based on this
rationale led to this notion falling out of favor. Subsequent
research began to unveil that the exchange between CSF and
brain ISF was much more nuanced than previously assumed.
In some studies, diffusion appeared to dominate, whereby
molecular size of the solute and distance from the CSF system
dictated the clearance rate from the brain ISF (40-42).
However, other studies found that compounds, regardless of
molecular size, disappeared from the brain ISF at similar
rates, suggesting a bulk flow (i.e., advection) of ISF into the
CSF (37, 43-45).

In 2013, Tliff et al. published a seminal paper on the
“glymphatic system,” a term coined to describe brain CSF-
ISF exchange routes along the perivascular spaces (46). The
authors demonstrated that cisternal CSF injection of fluores-
cent tracers into mice led to tracer accumulation alongside
cerebral surface arteries. At later time points, tracers
accumulated along parenchymal venules and cerebral veins.
Furthermore, knockout of Aquaporin-4 significantly reduced
the movement of the tracers used. Based on these observa-
tions, a brain-wide glymphatic system was proposed for fluid
movement in the brain, which includes the para-arterial influx
of subarachnoid CSF into the brain interstitium, followed by
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the clearance of ISF along large draining veins. Aquaporin-4,
a water channel protein expressed at the astrocytic end feet, is
thought to provide the driving force for the continuous
movement of fluid through the glymphatic system. This
system is thought to play a critical role in the clearance of
interstitial solutes and macromolecules including Ap1_4o from
the brain.

Since the work of Iliff et al., the idea and significance of
the glymphatic pathway has been a subject of great interest
and debate. Xie et al. demonstrated that mice showed
increased glymphatic exchange between CSF and brain ISF
when asleep through fluorescent tracer infusions (47). They
additionally demonstrated that AP, the main component of
amyloid plaques characteristic of Alzheimer’s disease, was
cleared from the brain faster in sleeping mice (47). A study by
Smith et al. demonstrated that loss of Aquaporin-4 did not
change transport of fluorescent tracers from the subarachnoid
space to the brain (48). However, a later study by Mestre
et al. demonstrated that loss of Aquaporin-4 did indeed
decrease tracer transport across four independently gener-
ated knockout lines (49). Some groups contend that diffusion
between the CSF and brain ISF is still the predominant
mechanism of solute exchange (14, 42, 48, 50, 51). There is
still no consensus on the relative contribution of glymphatic
flow to total CSF/brain ISF exchange (14, 42). Regardless,
debates surrounding the glymphatic hypothesis have renewed
discussions and interests in the relationship between brain
ISF and CSF, which is also relevant to drug distribution
kinetics in the brain and the prediction of CNS
pharmacokinetics.

TRANSPORTER-MEDIATED CLEARANCE

Membrane transporters can have a large influence on the
disposition of drugs. These drug transporters have been
extensively studied in the small intestine, liver, and kidney,
where they contribute to the systemic absorption and
clearance of their drug substrates (52). In peripheral tissues,
transporters can determine local tissue concentrations,
impacting drug efficacy or tissue-specific toxicity (53). The
BCSFB expresses xenobiotic transporters responsible for the
elimination of harmful compounds from the CSF. The apical
(CSF-facing) membranes of the CP epithelial cells have
microvillous structures, increasing the absorptive surface area
and thus enabling efficient extraction of xenobiotics from the
ventricular CSF. Clearance across the BCSFB typically occurs
in a stepwise manner. First, uptake transporters on the apical
membrane transport a substrate from the CSF into the CPE
cells. Efflux transporters on the basolateral (blood-facing)
membrane then remove the substrate out of the cell and into
the blood, where they can be further delivered to the liver or
the kidney for systemic elimination.

There are two superfamilies of transporters, the ATP-
binding cassette transporters (ABC) and the solute carrier
transporters (SLC) (54). The ABC transporters utilize ATP
hydrolysis to actively efflux substrate out of cells. There are
about 48 ABC transporter members in humans. The SLC
transporters are a more diverse superfamily of transporters,
consisting of over 400 members. Some SLC transporters
utilize electrochemical or ion gradients to actively transport
substrates across the membrane while others operate as
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facilitative transporters (55). Previous gene profiling studies
have indicated the presence of several multispecific xenobi-
otic ABC and SLC transporters at the choroid plexus (56—
58). We previously performed Slc transporter gene profiling
in the mouse brain and our results showed that Slc
transporter expression profiles at the BCSFB are substan-
tially different from those at the BBB and other brain areas
(56, 57). Recently, absolute protein expression levels of
xenobiotic transporters have been determined using quanti-
tative targeted proteomic methods in several different
species (59-61).

Current methods to study BCSFB transport function
in vitro or ex vivo include transport assays using conditionally
immortalized CPE cells, primary culture of CPE cells, and
freshly isolated CP tissue (62). While cell-based systems are
straightforward for drug transport analyses using standard
uptake or transwell assays, immortalized CP cell lines and
primary CP cells have been demonstrated to have lower
expression of xenobiotic transporters and weakened tight
junction formation (63). Freshly isolated CP tissues from
preclinical species maintain the tissue physiology, barrier
integrity, and transporter expression reflected in vivo, and
transport studies in isolated CP tissues have contributed to
much of our understanding of the functional transport systems
at the BCSFB. However, human CP tissues are difficult to
obtain and cannot typically be studied using this approach.
Furthermore, the anatomy of the isolated tissue only allows for
the study of CSF-to-blood drug transport in vitro. Recently, a
human pluripotent stem-cell-derived organoid model has been
developed for CP (64). The organoids developed tight junctions
and produced CSF-like fluid in a self-contained compartment.
They also appear to express xenobiotic transporters previously
observed at the CP (64). This newly established CP organoid
system represents a novel and promising in vitro approach to
characterize human CP function and aid in the study of drug
transport at the BCSFB.

In this section, we highlight the ABC and SLC drug
transporters whose functional roles at the BCSFB have been
unequivocally established by studies in transporter knockout
mice. These include the Slc uptake transporters organic anion
transporter 3 (OAT3), peptide transporter 2 (PEPT2), and
plasma membrane monoamine transporter (PMAT), and the
ABC efflux transporters multidrug resistance-associated pro-
teins (MRPs) 1 and 4. These transporters compose the
pathways of clearance for organic anions, small peptides,
and organic cations (Fig. 2). It is important to note that other
ABC and SLC xenobiotic transporters have been indicated to
be expressed at the BCSFB, although their functional roles in
drug transport at the BCSFB are less characterized. These
include Bcerp, P-gp, and Oatpla4/5 (58, 59, 65). Berp,
Oatpla5, and P-gp are expressed on the apical membrane of
the CPE cells, while Oatpla4 is expressed on the basolateral
membrane of the CPE cells (66). However, there is also
conflicting data in the literature regarding P-gp and Bcrp,
where limited or no expression of P-gp and Bcerp at the
BCSFB were observed (58, 60, 63, 67). Monocarboxylate
transporters (MCT/Mct) 1, 3, and 8 are also expressed at the
BCSFB (59, 68). This family of transporters is important for
hormone, nutrient, and amino acid transport (69). (For a
general review of transporter expression and localization at
the BCSFB, see the review by Morris et al. (68)).
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Uptake Transporters

OAT3 (SLC22A8)

OAT3 is a tertiary active uptake transporter that
operates through dicarboxylate exchange, typically utilizing
alpha-ketoglutarate as a counterion (70). Outside of the
BCSFB, OATS3 is expressed in the kidney, brain capillary
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endothelium, and retina (71). OAT3, alongside OATI, is
basolaterally expressed in the kidney proximal tubules and
plays a major role in mediating tubular secretion of small
organic anion compounds from the blood to urine. Drug
substrates include antineoplastic drugs, antiviral drugs, anti-
biotics, and diuretics (Table I). Oat3 knockout studies
indicate reduced clearance of methotrexate and penicillin G
due to diminished renal secretion (98, 99). The International
Transport Consortium and the Food and Drug Administra-
tion recognize OAT3, alongside OAT1, as determinants of
clinical drug interactions (54).

Active removal of organic anions from the CSF has been
observed in humans since the 1960s (100-103). Compounds
like penicillin G and methotrexate were observed to have
much lower CSF levels compared to blood when systemically
administered, limiting the utility of these compounds for the
treatment of meningitis and brain cancer. Penicillin G and
methotrexate clearance from the CSF were both observed to
be sensitive to probenecid inhibition (101, 104). Soon after
the discovery of the organic anion transporter family, Oat3
was found to be expressed at the apical membrane of the
CPE cells and confirmed to be functionally active through
knockout studies, responsible for apical uptake of substrates
from the CSF (72, 105). Radiolabel uptake studies using para-
aminohippurate, a prototype Oat substrate, showed marked
reduction in Oat3 knockout CP tissue compared to wild-type
controls. Transport was shown to be sodium-dependent and
sensitive to probenecid inhibition, consistent with Oat func-
tion. Confocal imaging studies indicated significant accumu-
lation of fluorescein in wild-type CP, while accumulation in
the Oat3 knockout CP was significantly reduced (105, 106). In
wild-type CP, fluorescein primarily accumulated in the blood
capillaries adjacent to the CP, suggesting a coupled efflux
system exists at the basolateral membrane, leading to a CSF-
to-blood directional clearance of small organic anions. As
discussed below, members of the MRP families are most
likely to mediate the efflux step of organic anions at the
basolateral membrane.

PEPT2 (SLCI5A2)

PEPT2 is a member of the proton-coupled oligopeptide
transporter family (SLC15) first identified in 1995 (107).
PEPT2 is a secondary active uptake transporter driven by the
proton gradient through proton co-transport (108). PEPT2
primarily transports di- and tri-peptides alongside
peptidomimetic drugs. Drug substrates include penicillin and
cephalosporin antibiotics (Table I). PepT2 is primarily
expressed at the kidney and the CP, but transcripts have also
been observed in the lungs, mammary glands, and spleen
(108). PepT2 is the predominant peptide transporter at the
kidney, responsible for tubular reabsorption of filtered di- and
tri-peptide substrates. Knockout of PepT2 results in 2-3-fold
reductions in systemic exposure of its substrates due to
increased renal clearance. This has been observed for GlySar,
cefadroxil, and carnosine in pharmacokinetic studies utilizing
PepT2 KO mice (109-112).

PepT2 is localized on the apical membrane of CPE cells,
responsible for uptake of substrates from the CSF (83, 113).
In CP tissues isolated from PepT2 knockout mice, uptake of
GlySar, a probe substrate of Pept2, was reduced by 90%,
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Table I. Localization and Selected Drug Substrates of Drug Transporters at the Blood-CSF Barrier with Known Function

Transporter BCSFB localization Drug class Example drug substrates Km (pM)
OAT3 Apical (72) Antineoplastic Methotrexate 10.9 (73)
Topotecan 56.5 (74)
Antiviral Zidovudine 145.1 (75)
Antibiotic Benzylpenicillin 52.1 (76)
Cefaclor Transported (77)
Diuretic Hydrochlorothiazide 134 (78)
Furosemide 21.5 (79)
PMAT Apical (80) Antihyperglycemic Metformin 1320 (81)
Beta blocker Atenolol 907 (82)
PEPT2 Apical (83) Antibiotic Cefadroxil 150.8 (84)
Cefaclor 70.2 (85)
Amoxicillin 1040 (85)
MRPI Basolateral (65) Antineoplastic Daunorubicin Transported (86)
Vincristine Transported (86)
Methotrexate 2150 (87)
Statin Atorvastatin Transported (88)
Antiviral Ritonavir Transported (89)
Antibiotic Cefadroxil 3900 (90)
MRP4 Basolateral (91) Antineoplastic Methotrexate 220 (92)
Topotecan 1.66 (93)
6-mercaptopurine Transported (94)
Aantiviral Adefovir 1000+ (95)
Antibiotic Ceftizoxime 18 (96)
Cefazolin 80 (96)
Diuretic Furosemide Transported (97)

demonstrating that PepT2 is the primary di- and tri-peptide
uptake transporter at the BCSFB (114). While coupled
uptake and efflux have been observed for small organic
anions at the BCSFB, there does not appear to be a coupled
basolateral efflux system for small peptide drugs. A study
characterizing transport properties of PepT2 in rat CP
epithelial tissue and primary culture cells observed
unsaturable cellular efflux of cefadroxil, indicating that
basolateral efflux may occur by passive diffusion (115).
Functional characterization of PepT2 has also been studied
through in vivo pharmacokinetic studies. In Pept2 knockout
mice, CSF:blood ratio of cefadroxil increased by 6-fold as
compared to wild-type animals (111). More recently, using
in vivo intracerebral microdialysis, it was shown that PEPT2
ablation significantly increased the brain ISF and CSF levels
of cefadroxil after IV infusion (116). Together, these studies
demonstrated that PEPT2 at the CP contributes to BCSFB-
mediated drug clearance from the CSF and limits brain
exposure to cefadroxil and possibly other di- and tri-peptide
drugs.

PMAT (SLC29A4)

PMAT is a newer multispecific organic cation transporter
first cloned and characterized by our laboratory (117).
Initially suspected to transport nucleosides, PMAT was found
to transport a wide range of organic cation compounds. Its
substrate profile includes monoamine neurotransmitters,
neurotoxins, and cationic drugs, with substrate overlap with
the organic cation transporters (OCT) in the SLC22 family
(118) (Table I). PMAT also strongly interacts with HIV

protease inhibitors; lopinavir acts as a potent and selective
PMAT inhibitor (119). Transport by PMAT is electrogenic,
utilizing the membrane potential gradient as its driving force
(81, 117, 118, 120). PMAT mRNA is highly expressed in the
brain, although lower levels of mRNA transcripts are also
found in the other tissues (117, 121, 122). Within the brain,
PMAT is broadly distributed with highest expression found
the CP, cerebral cortex, hippocampus, and cerebellum (121).
PMAT is believed to play a role in regulation of monoamine
neurotransmission, while also contributing to tissue-specific
disposition of organic cation drugs and toxins (118).

Work conducted in our laboratory has established the
expression and function of PMAT at the blood-CSF barrier.
PMAT is expressed and localized on the apical membrane of
CPE cells, responsible for uptake of substrates from the CSF
into CPE cells (80). Prior to the discovery of PMAT, organic
cation transporter 2 (OCT2) was thought to be a mediator of
organic cation uptake at the BCSFB. In particular, Sweet
et al. showed that mRNA expression of Oct2 by RT-PCR and
demonstrated an apical localization when GFP-tagged rat
Oct2 was transfected into rat CP (123). However, protein
expression and activity of endogenous Oct2 were never
demonstrated in the rat CP. Our laboratory and others were
unable to confirm Oct2 expression at the BCSFB (58, 59, 80).
Using quantitative real-time PCR, we compared multispecific
organic cation transporter expression at both the human and
mouse CP tissues (80). Our results showed that PMAT was
expressed at much higher levels than any other transporter
tested; other organic cation transporters, including Oct1/2/3
and Matel/2, were found to be minimally expressed. Protein
expression of PMAT was further confirmed by Western blot
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and immunostaining (80). To further establish the role of
PMAT at the BCSFB, we developed a Pmat knockout mouse
model. Using this model, we observed significant decreases in
organic cation and monoamine uptake in isolated CP from
Pmat knockouts. Inhibitors of the Octs and neurotransmitter
transporters had no effect on CP uptake of organic cations.
These results clearly demonstrated that PMAT, rather than
the OCTs, is responsible for the organic cation uptake in the
CP (80). By removing its substrates from the CSF, PMAT
could play an important role in protecting the brain from
cationic neurotoxins and other potentially toxic organic
cations.

Currently, it is unknown how organic cations are effluxed
out of the CPE cells at the basolateral membrane. MATE1/2,
the proton-organic cation exchangers responsible for the final
OC excretion step in renal tubular cells, are minimally
expressed in CPE cells and thus may not play a significant
role in OC efflux at the BCSFB. Miller et al. previously
suggested that basolateral efflux of organic cations may occur
through a vesicular transport mechanism independent of a
carrier-mediated pathway (124).

Efflux Transporters

MRPI (ABCCI)

The MRP subfamily transporters act as primary active
ATP-dependent efflux transporters of endogenous substrates
and xenobiotics. The first member of the MRP subfamily,
MRP1, was first cloned and identified in 1992 (125). Initially
found to efflux chemotherapeutics in cancer cells, MRP1 was
later found to be ubiquitously expressed in the body with a
wide substrate profile and capable of transporting both
hydrophobic and anionic molecules. Endogenous substrates
include glutathione or other anionic conjugates, while
xenobiotic substrates include antineoplastic, antibiotic, and
antiviral drugs (126) (Table I).

MRP1 has been primarily studied in the context of
multidrug resistance in cancer. MRP1 overexpression in
cancer tissues is associated with reduced overall survival and
relapse propensity in cancer patients (127). Although MRP1
is ubiquitously expressed in the body, it does not appear to
play a significant role in systemic drug disposition. However,
tissue-specific protective effects have been observed with
MRP1. MRP1 expressed in the heart has a cardioprotective
role during chemotherapy, where polymorphisms in MRP1
expression have been linked to drug-induced cardiac dysfunc-
tion and toxicity (127-130).

Mrpl is expressed and localized to the basolateral mem-
brane of CPE cells, consistent with a role in CPE-to-blood
transport of drugs out of the CSF and preventing drug entry into
the CSF from general circulation (65, 67). Mrpl activity was
initially demonstrated by Rao e al., who demonstrated that
9MTe_sestamibi transport across rat CP was sensitive to inhibition
by MK-571, an inhibitor of MRPs (65). The role of Mrpl at the
BCSFB was further evaluated in an in vivo study in Mrpl
deficient mice by Wijnholds et al. (131). In Mrp1 KO mice, a 10-
fold increase in CSF accumulation of etoposide, a chemothera-
peutic agent, was observed after intravenous administration of the
drug (131). In contrast, there is no change in total brain and
plasma drug levels. These data suggest that Mrpl at the BCSFB
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plays an important role in determining drug levels in the CSF,
either by limiting drug entry from the blood and/or by promoting
drug efflux from the CSF.

MRP4 (ABCC4)

MRP4, first identified and cloned in 1997, also has a wide
tissue distribution, though not as ubiquitous as MRP1 (132).
Outside of the CP, MRP4 is notably expressed in the liver,
kidney, and blood-brain barrier (133, 134). In the liver, MRP4
is located at the sinusoidal membrane and mediates efflux of
compounds from the hepatocytes into the blood, which
represents an important protective function under cholestasis
(135). In the kidney, MRP4 is apically localized in proximal
tubule epithelial cells, where it contributes to the active
tubular secretion of a range of small anionic drugs (133).
Substrates of MRP4 include nucleoside analogues, diuretics,
antivirals, antibiotics, and antineoplastic drugs (133)
(Table I).

Similar to Mrpl, Mrp4 is expressed and localized to the
basolateral membrane of CPE cells, contributing to CPE-to-
blood efflux of drugs out of the CSF (91). Mrp4 has been shown to
limit the accumulation of topotecan into the CSF (91). Mrp-
deficient mice demonstrated 10-fold higher concentrations of
topotecan in the CSF compared to wild-type controls (91).
However, since Mrp4 is normally expressed at both the BCSFB
and the BBB, the relative contribution of Mrp4 at the two barriers
to brain drug levels could not be determined. Mrp4 has also been
shown to contribute to active removal of compounds from the
CSF in ex vivo tissue studies (136). Confocal imaging of
fluorescein-cyclic AMP (fluo-cAMP), a fluorescent MRP4 probe,
in isolated rat CP showed rapid accumulation of fluo-cAMP in
subepithelial blood vessel areas, indicating a rapid transcellular
flux of the fluorescent probe from the CSF side to the blood side.
Transport of fluo-cAMP was insensitive to Mrpl inhibition but
was reduced by Mrp4 selective inhibitors, indicating the involve-
ment of Mrp4 (136). Mrp4 activity and expression have also been
demonstrated using immortalized CP epithelial cell lines (63).
Recently, Mrp4 expression at the mouse CP was shown to be sex-
dependent with male mice displaying a significant reduction in
Mrp4 expression (137). Consistent with the expression data,
vascular accumulation of fluo-cAMP was markedly reduced in CP
tissues isolated from male mice (137). These studies strongly
suggested a significant role of Mrp4 in promoting drug efflux at
the basolateral membrane at the BCSFB. As many Mrp4
substrates are organic anions also transported by the apical
Oat3, it is likely that these transporters form a transepithelial
transport pathway to actively remove anionic drugs and metab-
olites from the CSF (Fig. 2).

ENZYME-MEDIATED CLEARANCE

Enzyme-mediated metabolism in the CPE cells provides
another pathway for clearing xenobiotics and bioactive
compounds from the CSF. In the liver, the primary site of
drug metabolism, metabolism of xenobiotics can be divided
into two phases. Phase I metabolisms involve oxidation,
reduction, or hydrolysis of the parent drug. The cytochrome
P450s (CYPs), especially members of CYP1-3 families, are
the major Phase I enzymes involved in drug metabolism in
the liver. Phase II metabolisms involve conjugation by
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coupling the drug or its metabolites to polar species such as
glutathione, sulfate, glucuronic acid, or glycine. Phase I and 11
metabolisms generally convert more active and/or lipophilic
compounds into less reactive and more hydrophilic products
that can be more readily excreted from the body. Similar to
drug-metabolizing processes in the liver, enzymes within the
CPE cells can inactivate drugs and other potentially harmful
substances. Expression and activity analyses suggest that CP
expresses a number of phase I and II enzymes. In particular,
the CPs have been reported to harbor a high level of activities
for phase Il enzymes including glutathione S-transferase
(GST), UDP-glucuronosyltransferase (UGT), and
sulfotransferase (SULT), and thus likely represents a major
site of xenobiotic metabolism in the brain (138).

Phase I Enzymes

The expression and activities of CYP enzymes have been
studied in CP tissues from rats or mice (139, 140). Nonspecific
CYP-dependent monooxygenase activity was detected in
isolated rat CP tissues (140). However, a recent
transcriptomic analysis of more than 88 rat Cyps genes only
detected the expression of a few Cyps genes in rat CP, which
include Cyplbl, Cyp2d4, and Cyp2j4 (141). The activities and
functional significance of the individual Cyp isoforms have
not been demonstrated. Several immunohistochemical and in
situ hybridization studies showed Cyplal to be present in rat
and mouse CPs; however, they appear to be mainly localized
in endothelial, but not epithelial, cells of the CP (142). In
addition to the CYPs, the expression of several flavin-
containing monooxygenases was reported in mouse CP
(143), but their functional roles in CP metabolism and
detoxification have not been studied.

On the other hand, other phase I enzymes, including the
monoamine oxidases (MAOs), epoxide hydrolases, and class
IIT alcohol dehydrogenase appear to be highly expressed and
functional in CPE cells (139). In particular, the CP possesses
highly functional monoamine oxidases, especially MAO B
(144, 145). Located in the outer mitochondrial membrane,
MAO catalyzes the oxidative deamination of biogenic and
xenobiotic amines. Although most MAQO substrates are
endogenous amines, certain dietary amines (e.g., tyramine),
exogenous neurotoxins (e.g., MPTP), and carcinogens (e.g.,
dimethylnitrosamine) are known to be metabolized by the
MAOs (146). As discussed earlier, the PMAT transporter on
the apical membrane is the major transporter responsible for
transporting biogenic amines and organic cations from the
CSF into CPE cells (80), providing substrate access to the
intracellularly located MAOs. It is likely that PMAT and
MAO in CPE cells form a coupled system to clear biogenic
amines and xenobiotic amines from the CSF.

Phase II Enzymes

High enzymatic glutathione conjugation activities have
been reported in both human and rodent CP tissues (147).
The glutathione conjugation activities measured in the CP
tissue can reach hepatic levels and are much higher than that
of other brain regions (139). Consistent with enzyme activity,
protein and mRNA analyses have revealed the expression of
several GST enzymes in the CP including GST isoforms of the
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m, 1, and o subfamilies (139, 141, 148). In particular, GSTpl,
GSTp2, GSTa3, and possibly GSTwl were thought to be
responsible for the high conjugation activity observed in CP
during postnatal development (148). Recently, using a
functional knock-down rat model for choroidal glutathione
conjugation, Kratzer et al. showed that glutathione-dependent
enzymatic metabolism in the CP epithelium can effectively
inactivate a broad spectrum of compounds, preventing their
penetration and accumulation in the CSF in vivo (148).

Very high UDP-glucuronosyltransferase activity ap-
proaching those in the liver has also been reported in rat
CP (140). Similar to the liver, this activity is inducible by
exogenous polycyclic aromatic hydrocarbons (149). UGT1A6
is likely responsible for the observed activities as its presence
in rat CP was demonstrated by immunostaining (150).

Sulfotransferases catalyze the transfer of the sulfate
group to a hydroxy or amine acceptor in a variety of
substrates such as steroids, biogenic amines, and therapeutic
drugs (151). Sulfation is an important mechanism for
regulating the biological activity of numerous hormones and
neurotransmitters. In humans, the sulfotransferase SULT1A1
has been identified at the CP in the fetal brain (152). While
the enzyme is also present in other brain structures, the
highest activity was observed in the CP (152). Several
clinically used drugs, including acetaminophen and minoxidil,
are substrates of SULT1A. SULT1Al is also known to
catalyze the sulfation of dietary carcinogens such as the
heterocyclic aromatic amines.

PHARMACOKINETIC RELATIONSHIP BETWEEN
CSF AND BRAIN ISF

The relationship between CSF and brain ISF has been the
subject of great interest, particularly with respect to the effective
drug concentration in the brain. Based on the free drug
hypothesis, the free or unbound drug concentration is assumed
to be responsible for its pharmacological effect. The unbound
brain ISF drug concentrations thus reflect the pharmacologically
active drug concentrations and are used as a measure to model
the pharmacokinetic and pharmacodynamic relationship of CNS-
acting drugs (153, 154). Knowledge of the unbound brain ISF
drug concentrations can be used to predict efficacy and toxicity of
CNS drugs during drug development, which can better inform the
design of the first-in-human doses. However, the brain ISF site
cannot typically be sampled directly in humans, due to its
inaccessibility and the invasiveness in sampling techniques. In
contrast, CSF collection through lumbar puncture provides an
alternative to direct CNS sampling. Protein concentrations in the
CSF are several orders of magnitude lower than plasma protein,
so it is typically assumed that drug in the CSF remains unbound
(155). Predictive modeling techniques based on unbound parti-
tion coefficients (Kp,,) between CSF and plasma in preclinical
animal species and surrogate CSF measurements in humans are
used to estimate unbound brain drug concentrations in humans
(155-157).

Our understanding of how CSF and brain ISF drug
concentrations relate to one another is still evolving. Transport
and metabolism processes at both the BBB and the BCSFB can
alter drug concentrations in the ISF and CSF. In addition,
physiological processes, such as CSF and ISF bulk flow and
glymphatic exchange, will contribute to drug distribution and
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Fig. 3. Simple schematic diagram showing exchange pathways between cerebral blood, brain interstitial fluid, ventricular
CSF, and subarachnoid CSF. BBB, blood-brain barrier; BCSFB, blood-CSF barrier; BAB, blood-arachnoid barrier

clearance. However, it is important to note that the CSF should
not be considered a uniform compartment and that the processes
of blood, CSF, and brain ISF exchange are compartmentalized
and may differ between the different regions of the CSF
compartment. Although there is no physical divide between
ventricular and subarachnoid CSF, the slow turnover rate of CSF
enables uneven drug distribution within the CSF (155). Conse-
quently, it is important to consider that different CSF sampling
sites can yield different CSF drug concentrations, and the CSF-
ISF relationship can vary based on the specific region of CSF
sampled (i.e., ventricular, cisterna magna, lumbar) (155, 158).
Drugs present in ventricular CSF can diffuse through the leaky
ependyma into the brain ISF, efflux or undergo metabolism by the
BCSFB, or otherwise distribute to the subarachnoid space
through the cisterna magna via bulk flow (Fig. 3). Drug present
in subarachnoid CSF can alternatively enter the brain ISF by
glymphatic exchange or by diffusion through the pia mater.
Reverse flow of CSF back into the cisterna magna and ventricles
can occur during sleep. Drug in the subarachnoid CSF is primarily
cleared by bulk CSF flow through arachnoid granulations or
lymphatic drainage to venous blood. Additionally, there is some
evidence of transporter-mediated clearance at the blood-
arachnoid barrier, which may contribute to the subarachnoid
CSF clearance of organic anions (159).

The pia mater and ventricular ependyma are porous
membranes, and diffusion across these membranes is limited
by molecular size. The brain ISF is not a well-stirred
compartment. Diffusion in the ISF is complex and influenced
by physicochemical properties of the drug and its interaction
with the extracellular matrix. The extracellular matrix in the
brain ISF carries a negative charge, which can affect diffusion
of charged molecules (160). Glymphatic exchange may play a
more significant role for large molecule biologics for ISF
distribution due to their larger size. However, there is some
evidence of a “sieving” effect on larger macromolecules
exiting the perivascular space into the parenchyma during
glymphatic flow (42, 46, 161). Further research is needed to
clarify how molecular weight can influence the extent of
glymphatic exchange.

Physiologically based pharmacokinetic models can take
the advantage of integrating these processes to predict drug

pharmacokinetic behaviors in the brain. A detailed under-
standing of the transport, metabolism, and CSF flow in the
CP-CSF system can improve the predictive capacities of these
models. Notably, most models of the CNS do not consider
active transport by the BCSFB, and transport processes at the
BCSFB remain understudied. Several transporters shown to
be expressed at the BCSFB have yet to be functionally
characterized. Additional study of these transporters could
clarify their role in CSF clearance, improving our predictions
of CSF and ISF drug concentrations. Furthermore, we may
expect considerations of glymphatic exchange in physiologi-
cally based models as its role on drug distribution is further
clarified. Indeed, Chang et al. recently developed a physio-
logically based pharmacokinetic model incorporating
glymphatic flow to describe monoclonal antibody disposition
in the brain (162).

CONCLUSIONS

The CP-CSF system plays a significant role in clearing waste
products and xenobiotics from the brain, critical for healthy brain
homeostasis. Understanding the underlying mechanisms that drive
drug concentrations in the CSF can improve our capacity to predict
drug concentrations in the CNS, a key determinant for local drug
efficacy and toxicity. It is well established that drug transporters and
drug-metabolizing enzymes are key determinants for systemic
absorption, distribution, and elimination characteristics. In the CSF,
BCSFB transporters and metabolic enzymes act alongside physi-
ological processes (i.e., CSF bulk flow, exchange between brain ISF
and CSF) to impact drug concentrations in the CSF. While the
significance of these processes is well recognized, the underlying
mechanisms that ultimately determine drug concentrations in the
CSF are still not fully understood. With recent technological
advances and a renewed interest in studying the CP-CSF system,
further investigations should shed new insights on the complex
interplay of CSF flow, CSF-ISF exchange, and BCSFB transport
and metabolism. Furthermore, the CP-CSF system is known to
show marked morphological and functional changes during aging
or in neurodegenerative diseases. Understanding how these
physiological and pathophysiological processes affect drug trans-
porters, metabolizing enzymes, and CSF dynamics may help to
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better predict changes in CSF and CNS pharmacokinetics in the
affected populations.
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